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SOME NON-HETEROCYCLIC POLYCYCLIC AROMATIC 

HYDROCARBONS AND SOME RELATED EXPOSURES 

The compounds covered in this monograph are listed in Table 1.1 

1. Exposure Data 

Polycyclic aromatic hydrocarbons (PAHs) are very widespread environmental 
contaminants, due to their formation during the incomplete combustion or pyrolysis of 
organic material. They are found in air, water, soils and sediments, generally at trace 
levels except near their sources. Tobacco smoke contains high concentrations of PAHs. 
They are present in some foods and in a few pharmaceutical products that are applied to 
the skin. 

Occupational exposure to PAHs in several work environments can lead to body 
burdens among exposed workers that are considerably higher than those in the general 
population. In particular, industrial processes that involve the pyrolysis or combustion of 
coal and the production and use of coal-derived products are major sources of PAHs and 
are the focus of this monograph.  

1.1 Chemical and physical data  

1.1.1 Nomenclature, structure and properties 

The term polycyclic aromatic hydrocarbons (PAHs) commonly refers to a large class 
of organic compounds that contain only carbon and hydrogen and are comprised of two 
or more fused aromatic rings. 

The PAHs that have been chosen for inclusion in this monograph are presented in the 
Appendix; their nomenclature is listed in Table 1 and their structures are given in Figure 1 
therein. The International Union of Pure and Applied Chemistry (IUPAC) Systematic 
Name (IUPAC, 1979; Sander & Wise, 1997), the Chemical Abstracts Services (CAS) 
Registry Number, the molecular formula and the relative molecular mass for each 
compound are given in Table 1 of the Appendix. The chemical and physical properties, 
the latest Chemical Abstracts Primary Name (9th Collective Index), common synonyms 
and sources for spectroscopic data are given in Table 2 and the main text of this 
Appendix. The nomenclature of PAHs has been inconsistent and the more commonly 
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used names that appear in this monograph may not be those used in the primary CAS 
Index or by IUPAC.  

Table 1.1.  IARC Monographs volume
a
 and evaluation of the polycyclic 

aromatic hydrocarbons covered in this monograph 

Common name Volume(s) Group 

Acenaphthene – – 
Acepyrene – – 
Anthanthrene 32 3 
Anthracene 32 3 
11H-Benz[b,c]aceanthrylene – – 
Benz[j]aceanthrylene – – 
Benz[l]aceanthrylene – – 
Benz[a]anthracene 3, 32 2A 
Benzo[b]chrysene – – 
Benzo[g]chrysene – – 
Benzo[a]fluoranthene – – 
Benzo[b]fluoranthene 3, 32 2B 
Benzo[ghi]fluoranthene 32 3 
Benzo[j]fluoranthene 3, 32 2B 
Benzo[k]fluoranthene 32 2B 
Benzo[a]fluorene 32 3 
Benzo[b]fluorene 32 3 
Benzo[c]fluorene 32 3 
Benzo[ghi]perylene 32 3 
Benzo[c]phenanthrene 32 3 
Benzo[a]pyrene 3, 32 2A 
Benzo[e]pyrene 3, 32 3 
Chrysene 3, 32 3 
Coronene 32 3 
4H-Cyclopenta[def]chrysene – – 
Cyclopenta[cd]pyrene 32 3 
5,6-Cyclopenteno-1,2-benzanthracene – – 
Dibenz[a,c]anthracene 32 3 
Dibenz[a,h]anthracene 3, 32 2A 
Dibenz[a,j]anthracene 32 3 
Dibenzo[a,e]fluoranthene 32 3 
13H-Dibenzo[a,g]fluorene – – 
Dibenzo[h,rst]pentaphene 3 3 
Dibenzo[a,e]pyrene 3, 32 2B 
Dibenzo[a,h]pyrene 3, 32 2B 
Dibenzo[a,i]pyrene 3, 32 2B 
Dibenzo[a,l]pyrene 3, 32 2B 
Dibenzo[e,l]pyrene – – 
1,2-Dihydroaceanthrylene – – 
1,4-Dimethylphenanthrene 32 3 
Fluoranthene 32 3 
Fluorene 32 3 
Indeno[1,2,3-cd]pyrene 3, 32 2B 
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Table 1.1  (contd) 

Common name Volume(s) Group 

1-Methylchrysene 32 3 
2-Methylchrysene 32 3 

3-Methylchrysene 32 3 
4-Methylchrysene 32 3 
5-Methylchrysene 32 2B 
6-Methylchrysene 32 3 
2-Methylfluoranthene 32 3 
3-Methylfluoranthene 32 3 
1-Methylphenanthrene 32 3 
Naphtho[1,2-b]fluoranthene – – 
Naphtho[2,1-a]fluoranthene – – 
Naphtho[2,3-e]pyrene – – 
Perylene 32 3 
Phenanthrene 32 3 
Picene – – 
Pyrene 32 3 
Triphenylene 32 3 

a Vol. 3 published in 1973, Vol. 32 in 1983 and Suppl. 7 in 1987 (IARC, 1973, 1983, 1987). 

The chemical structures and ring numbering shown in the Appendix follow the 
IUPAC rules for fused-ring systems. Structures are typically oriented such that (i) the 
greatest number of rings in a row are aligned horizontally, (ii) the maximum number of 
rings is positioned in the upper right quadrant and (iii) the least number of rings is 
positioned in the lower left quadrant. Numbering begins with the uppermost ring the 
furthest to the right; the most counterclockwise carbon atom is not involved with ring 
fusion. The numbering proceeds clockwise around the structure with hydrogenated 
carbon atoms. The numbering of anthracene and phenanthrene are ‘retained exceptions’ 
to this rule. Numbering of atoms engaged in ring fusion (numbers not shown in this 
monograph) are given letters, such as a, b and c, after the number of the preceding atom. 

The 35 IUPAC ‘parent compounds’ are used in the nomenclature, and structures are 
built from these by adding prefixes (e.g. benzo-, cyclopenta- or a group of rings such as 
indeno-), followed by an italic letter or letters denoting the bond or bonds of the base 
(which has as many rings as possible) at which fusion occurs. The letter a refers to the 
1,2-bond, and all bonds are then lettered sequentially whether or not they carry hydrogen 
atoms (Lee et al., 1981). The IUPAC parent compounds are given an order of increasing 
priority with increasing ring number. The parent with the highest priority is used to name 
the structure. An exception to this rule is the choice of benzo[a]pyrene over 
benzo[def]chrysene.  

The important chemical and physical properties of each pure PAH are summarized in 
Table 2 of the Appendix and include, where available: melting-point, vapour pressure, 
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partition coefficient for n-octanol:water (log Kow), water solubility, and Henry’s law 
constant. These physicochemical properties of PAHs — namely, very low water 
solubility, low vapour pressure and high log Kow — control the transport and distribution 
of PAHs in the environment. A more complete set of data that includes the available 
descriptions of crystals, and data on boiling-point, density and rate constant for 
atmospheric gas-phase reactions (low molecular weights only) are given in the Appendix. 
Only experimental data are reported here and, for consistency, log Kow values generally 
include evaluated values only (Sangster Research Laboratories, 2005). 

1.1.2 Analysis  

(a) Analysis of ambient exposure to PAHs 

Chemical analysis of PAHs often requires extensive separation schemes because of 
their lack of distinct functional groups, the existence of numerous structural isomers and 
the need to analyse PAHs in diverse environmental matrices. Methods for the analysis of 
PAHs were described in detail in the 1980s (for example, Lee et al., 1981; Bjorseth, 1983; 
IARC, 1983; Bjorseth & Ramdahl, 1985) and have recently been updated (IPCS, 1998; 
Neilson, 1998). Unfortunately, the PAHs that have been quantified in ambient and 
occupational samples are often very limited in number; for example, the 16 ‘US 
Environmental Protection Agency priority pollutant PAHs’ are often measured, and the 
larger PAHs (molecular weight >300), which have been suggested to have an important 
carcinogenic impact (Grimmer et al., 1984), have been addressed only recently (Schubert 
et al., 2003). 

(i) Collection and sampling 

Two- to four-ring PAHs are present, at least partially, in the gas phase in ambient and 
industrial atmospheres (Coutant et al., 1988), and sampling of total PAHs requires that an 
adsorbent be placed downstream from the filter that samples the particle-associated 
PAHs. In addition, air stripping, that is caused by the passage of large volumes of air, can 
cause volatile components to be lost from the filter, and, again, it is very important that 
sampling techniques include adsorbents downstream of the filter (NIOSH, 2000). 
Common adsorbents used include Amberlite XAD resins, polyurethane foam and Tenax-
GC (Chuang et al., 1987; Reisen & Arey, 2005). Size-fractionated sampling of particles is 
now often used to apportion the sources of ambient particles and to investigate the health 
impact of ambient particles. The US Environmental Protection Agency classifies particle 
diameters as ‘coarse’ (2.5–10 µm), ‘fine’ (≤2.5 µm) and ‘ultrafine’ (<0.1 µm). 

During ambient sampling, reaction of the PAHs on the filter with ambient gaseous 
species such as ozone can result in an underestimation of the actual concentrations 
(Schauer et al., 2003). Such ‘artefacts’ are probably less important in workplace 
atmospheres where higher PAH concentrations allow shorter sampling times. 
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(ii) Extraction 

Extraction techniques used include solvent, Soxhlet, ultrasonic, microwave-assisted, 
supercritical fluid, accelerated solvent and solid-phase extraction, and these have been 
evaluated for use with different sample matrices (Colmsjö, 1998). The addition of 
deuterated internal standards of specific PAHs and quantification by ‘isotope-dilution’ 
mass spectrometry (MS) is one technique that is often employed to correct for losses of 
analyte during sample preparation (Boden & Reiner, 2004).  

(iii) Quantification and identification of PAHs in isolated mixtures 

of polycyclic aromatic compounds 

Due to the existence of numerous structural isomers of the PAHs, chromatographic 
separation either by gas chromatography (GC) or high-performance liquid chroma-
tography (HPLC) is generally employed for isomer-specific identification and quanti-
fication. In addition, HPLC provides a useful fractionation technique for isolating PAHs 
from complex sample mixtures and allows quantification with universal or selective 
detectors after further separation, for example, by GC with MS (GC–MS) (Reisen & 
Arey, 2005). The development of standard reference materials (SRMs) with certified 
values for PAHs in complex environmental matrices allows evaluation of new analytical 
techniques (Wise et al., 1993; Schubert et al., 2003).  

(iv) Liquid chromatography (LC) 

The development of reverse-phase (RP) HPLC columns coupled with ultraviolet 
(UV) absorbance and fluorescence detection has improved the analysis of a range of 
PAHs including high-molecular-weight species (Fetzer & Biggs, 1993; Wise et al., 1993). 
The length:breadth ratio is a shape-descriptive parameter that has been used in numerous 
studies of PAH retention in both LC and GC (see Poster et al., 1998 and references 
therein), and a useful listing of length:breadth ratio for many of the PAHs has been 
compiled (Sander & Wise, 1997). For a comprehensive review of the selectivity of 
monomeric and polymeric C18 RP HPLC columns for PAH analysis, the reader is referred 
to Poster et al. (1998).  

(v) Gas chromatography 

High-efficiency capillary GC columns with thermally stable stationary phases are 
used routinely for the analysis of PAHs. Using GC–MS and three different GC stationary 
phases, 23 isomers of molecular weight 302 and four isomers of molecular weight 300 
were recently quantified in four different environmental–matrix SRMs: coal tar (SRM 
1597), sediment (SRM 1941) and air particulate matter (SRMs 1648 and 1649a) 
(Schubert et al., 2003). 

(vi) Other methods of quantification 

Laser-excited time-resolved Shpol’skii spectroscopy has recently been reported as a 
method for the unambiguous determination of dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, 
dibenzo[a,i]pyrene, dibenzo[a,l]pyrene and dibenzo[e,l]pyrene in HPLC fractions (Yu & 
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Campiglia, 2004). The use of multidimensional GC, LC, coupled LC–GC and 
supercritical fluid chromatography have been reported (Sonnefeld et al., 1982; Benner, 
1998; Poster et al., 1998; Marriott et al., 2003). The use of single-particle or particle-beam 
MS offers the possibility of real-time analysis of PAHs on size-resolved particles but, 
without chromatographic separation, complete information on structural isomers cannot 
be achieved (Noble & Prather, 2000).  

(b) Analysis of occupational exposure 

Since the 1940s, the exposure of workers to PAHs has been assessed by 
measurements of workroom air. In the 1970s, personal air sampling of inhalable dust 
replaced static air sampling (Kenny et al., 1997). In many studies, a surrogate — namely 
coal-tar pitch volatiles as benzene-soluble or cyclohexane-soluble matter — has been 
used as an indicator of airborne PAH. Only in the last decade has the direct determination 
of the 16 ‘priority pollutant’ PAHs or that of a single marker — namely benzo[a]pyrene 
— in workroom air been chosen to measure industrial exposure to PAHs. The sampling 
method used to evaluate PAH exposures has been changed so that not only the 
particulates are sampled, but also the gaseous fraction of the PAH (Notø et al., 1996). 
Methods for the extraction and analysis of ambient air samples are also applied to 
occupational air samples. 

There are currently no standardized methods to measure dermal exposures to PAH. 
Using polypropylene pads as adsorbing materials, Jongeneelen et al. (1988a) evaluated 
dermal exposures among workers exposed to coal-tar pitch. Wolff et al. (1989) measured 
dermal exposures among roofers by collecting pre- and post-shift skin wipes from 
measured areas of each worker’s forehead. These samples are extracted and analysed by 
methods similer to those used for air samples. 

(c) Analysis of PAH metabolites in urine 

A specific metabolite of pyrene, 1-hydroxypyrene, in urine has been suggested as a 
biomarker of human exposure to PAHs (Jongeneelen et al., 1985; Jongeneelen, 2001). 
Recently, the glucuronide of 1-hydroxypyrene has also been used as an indicator of 
exposure, since the majority of 1-hydroxypyrene is conjugated and the fluorescence 
intensity of the conjugate is higher, but its additional value has not yet been assessed 
(Strickland et al., 1996). The measurement of various hydroxylated phenanthrenes has 
also been reported as a biomarker of exposure; analysis by GC–MS (Grimmer et al., 
1991, 1993) and HPLC has been used to measure hydroxylated phenanthrenes and 3-
hydroxybenzo[a]pyrene (Gundel et al., 1996; Popp et al., 1997; Gendre et al., 2002). A 
recent attempt at immunoaffinity separation of PAH metabolites from the urine of 
exposed workers showed the presence of both 1-hydroxypyrene and several 
hydroxyphenanthrenes (Bentsen-Farmen et al., 1999). Urinary 1-hydroxypyrene remains, 
at the present time, the most reliable and pratical marker for monitoring individual 
exposures or exposures of the population to PAHs (Dor et al., 1999). 
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1.2 Occurrence and exposure 

1.2.1 Sources of exposure to PAHs for the general population 

Sources of PAH exposure for the general population have been reviewed previously 
(IARC, 1983) and also more recently (IPCS, 1998). Exposures to PAHs can occur 
through tobacco smoke, ambient air, water, soils, food and pharmaceutical products. 
PAHs are ubiquitous in the environment, and result in measurable background levels in 
the general population (IPCS, 1998). Biological monitoring of 1-hydroxypyrene in the 
urine of occupationally non-exposed individuals or representative samples of the general 
population has shown detectable levels in nearly all individuals at median concentrations 
that are typically less than 0.1 µmol/mol creatinine (reported in Huang et al., 2004). In the 
USA, the National Health and Nutrition Examination Survey (NHANES) analysed 
2312 urine samples collected from the general population in 1999–2000 and showed a 
geometric mean concentration of 1-hydroxypyrene of 0.039 µmol/mol creatinine 
(95% confidence interval (CI), 0.034–0.046 µmol/mol). Adult smokers had a three-fold 
higher level than nonsmokers (geometric mean, 0.080 versus 0.025 µmol/mol). These 
data are comparable with other recent data on occupationally non-exposed populations in 
Europe and Canada (Huang et al., 2004). Occupational exposures in some industries can 
result in urinary levels of 1-hydroxypyrene that are orders of magnitude higher (see 
Section 1.2.2). The NHANES survey data for 2001–2002 (CDC, 2005) also include 
urinary analyses of 22 PAH metabolites in over 2700 individuals. 

Mainstream tobacco smoke is a major source of exposure to PAHs for smokers 
(IARC, 2004). A recent study (Ding et al., 2005) reported PAH levels in mainstream 
smoke from 30 US domestic brands of cigarette. The 14 PAHs measured (of the 
16 priority PAHs of the Environmental Protection Agency) had either sufficient or limited 
evidence of carcinogenicity in experimental animals. Levels of total PAHs in mainstream 
smoke ranged from 1 to 1.6 µg/cigarette. Sidestream smoke is a source of PAHs in indoor 
air; levels of benzo[a]pyrene in sidestream smoke have been reported to range from 
52 to 95 ng/cigarette — more than three times that in mainstream smoke (IARC, 2004). 

PAHs are widely detected as ambient air pollutants, primarily bound to particulate 
matter but also in the gas phase (especially the lower-molecular-weight PAHs). Average 
concentrations of individual PAHs in the ambient air of urban areas typically range from 
1 to 30 ng/m3 (excluding naphthalenes), and the more volatile PAHs are generally more 
abundant; however, concentrations up to several tens of nanograms per cubic metre have 
been reported in road tunnels or in large cities that use coal or other biomasses as 
residential heating fuels extensively (IPCS, 1998). Estimates of annual emissions of 
PAHs from anthropogenic sources in the 1990s were 8600 tonnes/year in Europe 
(Boström et al., 2002) and 2000 tonnes/year in Canada (Government of Canada, 1994). 
Major sources of PAHs in ambient air (both outdoors and indoors) include residential and 
commercial heating with wood, coal or other biomasses (oil and gas heating produce 
much lower quantities of PAH), other indoor sources such as cooking and tobacco smoke, 
motor vehicle exhaust (especially from diesel engines), industrial emissions and forest 
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fires (IARC, 1983; IPCS, 1998). PAHs present in ambient air in the gas phase generally 
have durations of less than a day, whereas particle-associated PAHs may persist for 
weeks and undergo long-range atmospheric transport (Arey & Atkinson, 2003).  

Most PAHs in water originate from surface run-off, particularly in urban areas; 
smaller particles derive from atmospheric fall-out and larger particles from the abrasion of 
asphalt pavement. Industrial effluents can also contribute to PAH loads in surface waters, 
and sediment levels may range up to several thousand micrograms per kilogram. 
Although concentrations of PAHs in water are usually very low because of the low 
solubility of these compounds, surface water concentrations are typically 1–50 ng/L, with 
higher concentrations in some contaminated areas (IPCS, 1998). Comparison of PAH 
levels in rainwater with those in surface waters showed higher levels in rainwater (10–
200 ng/L, with levels up to 1000 ng/L in snow and fog) (IPCS, 1998). Recently, it has 
been reported that urban run-off from asphalt-paved car parks treated with coats of coal-
tar emulsion seal could account for the majority of PAHs in many watersheds in the USA 
(Mahler et al., 2005). PAH levels in drinking-water are typically much lower (IPCS, 
1998). 

Food is a major source of intake of PAHs for the general population (see 
Section 1.2.3). Estimates of PAH intake from food vary widely, ranging from a few 
nanograms to a few micrograms per person per day. Sources of PAHs in the diet include 
barbecued/grilled/broiled and smoke-cured meats; roasted, baked and fried foods (high-
temperature heat processing); breads, cereals and grains (at least in part from gas/flame 
drying of grains); and vegetables grown in contaminated soils or with surface 
contamination from atmospheric fall-out of PAHs (IARC, 1983; IPCS, 1998; JECFA, 
2005). 

Skin contact with PAH-contaminated soils and the use of dermal pharmaceutical 
products based on coal tar have also been identified as sources of exposure to and uptake 
of PAHs for the general population (Jongeneelen et al., 1985; Wright et al., 1985; Viau & 
Vyskocil, 1995; IPCS, 1998). 

1.2.2 PAHs in occupational settings: production processes and exposure 

(a) Processing and use of coal and coal-derived products 

The processing and use of coal and coal-derived products is fundamental to many of 
the industries described below. A brief introduction to coal pyrolysis and liquefaction is 
informative. 

Pyrolysis (also called thermolysis) is the thermal decomposition of organic substances 
such as coal during heating to more than 300 °C in an oxygen-free atmosphere. It is the 
generic term for carbonization, coking and devolatilization. It is also the primary reaction 
in gasification, combustion and direct liquefaction. The decomposition products of 
pyrolysis are pyrolysis gas (mainly hydrogen, carbon monoxide, carbon dioxide, methane 
and C2–C5 hydrocarbons), liquid products (tar, oil, crude benzene and water) and coke as 
a solid residue and the main product. Depending on the properties of the coal, different 
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sulfur and nitrogen compounds are formed during the pyrolysis process. The distribution 
and composition of pyrolysis products are mainly determined by the type of coal but can 
be influenced by parameters in the process such as heating rate, temperature, atmosphere 
and pressure (Crelling et al., 2005). 

Low-temperature carbonization and coking involve the heating of coal with the 
exclusion of air. This process removes condensable hydrocarbons (pitch, tar and oil), gas 
and gas liquour, which leaves a solid residue of coke. Low-temperature carbonization (up 
to 800 °C) and coking (> 900 °C) are differentiated by the final temperature. The two 
processes also differ considerably in the rate of heating of the coal and the residence time 
in the reactor. These parameters have a direct effect on the product yields. Low-
temperature carbonization produces fine coke and fairly large quantities of liquid and 
gaseous products, whereas high-temperature coking is used primarily for the production 
of a high-temperature lump coke for blast furnaces and cupola ovens (Crelling et al., 
2005).  

High-temperature coking of coal is carried out entirely in batch-operated coke ovens, 
the majority of which are of the horizontal chamber type. The feedstock is a coking coal 
of given size and composition. The coking properties depend chiefly on softening and 
resolidification temperatures and on swelling behaviour. Coking takes place at 1000–
1300 °C for 15–30 h. The coking time depends on the operating conditions and width of 
the oven. The main product is metallurgical coke that is required for the production of pig 
iron. Metallurgical coke is characterized by its suitable size and high resistance to 
abrasion even under the conditions of a blast furnace. Coke-oven gas and liquid by-
products are also produced. In western Europe, these by-products influence the economy 
of coking and, therefore, are reprocessed (Crelling et al., 2005). High-temperature coking 
is associated with higher levels of exposure to PAHs than low-temperature processes 
(Price et al., 2000). 

Considerable technical improvements in coke production have led to greater cost 
effectiveness. These include the mechanization and automation of oven operations, the 
reduction of coking time and an increase in specific throughput by the use of thinner 
bricks of higher thermal conductivity and larger oven sizes (Crelling et al., 2005). 

Tables 1.2–1.13 summarize the information available on exposures from 1983 to 
2005 for the 10 industrial sectors addressed in this monograph. Each table was con-
structed to identify the country in which the sampling was carried out, the year in which 
measurements were made, the identity of the job or task sampled, the number subjects for 
whom measurements were made, the number of measurements taken, tobacco-smoking 
status of the subjects (when reported), levels of total PAHs, pyrene and benzo[a]pyrene in 
the air and dermal levels of pyrene and benzo[a]pyrene, as well as composite measures 
such as benzene-soluble fractions and cyclohexane-soluble material. The air samples 
reported are personal exposure measurements. In most cases, the study did not take into 
account concomitant exposures in the workplace; however, when this information was 
reported, it has been indicated in the text on the relevant industrial sector. Approximately 
one-third of the studies reported measurements of urinary metabolites, usually 1-pyrenol 
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(1-hydroxypyrene). These have also been indicated below, together with results of the 
dermal sampling that was usually conducted to measure levels of pyrene and 
benzo[a]pyrene on the skin surface.  

(b) General considerations 

Based on the CAREX database, it has been estimated that in 15 countries in Europe in 
1990–93 almost 1 000 000 people were exposed to PAHs above background levels 
through their occupations (Kauppinen et al., 2000). A study in Costa Rica showed that 
17 700 men and women were occupationally exposed to PAHs, excluding environmental 
tobacco smoke and diesel exhaust (Partanen et al., 2003). 

The production and use of coal tar and coal tar-derived products are major sources of 
occupational exposure to PAHs. Crude coal tar is a by-product of coke production and 
was formerly also a by-product of gas works. Crude coal tar is usually distilled, and 
blends of distillation fractions are used for various purposes, such as wood conservation, 
paints, road tars and roofing materials. PAH concentrations in coal-tar products may 
range from less than 1% up to 70% or more (Jongeneelen, 2001; ATSDR, 2002).  

Most PAHs are relatively non-volatile compounds. Airborne PAHs with fewer than 
four aromatic rings (molecular weight range, 128–178) are sufficiently volatile to be 
present as gaseous compounds in the working environment. PAHs with four rings 
(molecular weight, 202) may be present both in the gas phase and as adsorbed 
particulates. PAHs with higher molecular weights (>228) are typically bound to airborne 
particulates (Jongeneelen, 2001). 

Occupational exposure to PAHs occurs primarily through inhalation and skin contact. 
Monitoring of workplace air and personal air sampling for individual PAHs, sets of PAHs 
or surrogates (e.g. coal-tar pitch volatiles) have been used to characterize inhalation 
exposures; more recently, biological monitoring methods have been applied to 
characterize the uptake of certain PAHs (e.g. pyrene, benzo[a]pyrene) as biomarkers of 
total exposure (see Sections 1.1.2 and 1.3). 

There is growing awareness that occupational uptake of PAHs through the skin is 
substantial (Jongeneelen, 2001). For example, uptake of pyrene by the dermal route was 
estimated to account for as much as 75% of total body dose for coke-oven workers 
(VanRooij et al, 1993a); for creosote-impregnating workers, dermal pyrene uptake was 
on average 15-fold higher than the estimated respiratory uptake (VanRooij et al., 1993b). 

Geographical distribution of the industries described in the following sections varies 
considerably from industry to industry and over time within an industry. Coke production 
increased more than fivefold in the People’s Republic of China between 1970 and 1995, 
with concomitant decreases in Europe and North America. In 1995 and 1999, the 
People’s Republic of China provided over one-third of the world’s production of coke and 
more than half of global coke exports (Terjung, 2000).  
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(c) Coal liquefaction 

Coal liquefaction is a conversion process in which liquid fuels and liquid chemicals 
are obtained from solid coal. Coal liquefaction can be accomplished in two ways. In the 
first, which is called direct liquefaction or coal hydrogenation, the coal is suspended in 
suitable oils and treated with either hydrogen in the presence of a catalyst or 
hydrogenating solvents to yield oil products and some unreactive residue. In the second, 
which is called indirect liquefaction, coal is gasified to yield a mixture of hydrogen and 
carbon monoxide (synthesis gas) from which liquid products can be synthesized in one or 
more steps. Both methods were developed into industrial-scale processes during the 
1930s and were used extensively during the Second World War in Germany. Currently, 
(indirect) coal liquefaction is employed on an industrial scale only in South Africa. 
Further improvements were made to develop large pilot plant operations, mainly in 
Germany, Japan and the USA. These activities reached their peak between 1975 and 
1985, and have continued at lower levels since that time (Quinlan et al., 1995a,b,c; 
Crelling et al., 2005). 

Concentrations of PAHs in the air and the skin and urine of workers in coal 
liquefaction are summarized in Table 1.2. 

Quinlan et al. (1995a) studied a pilot coal liquefaction plant. Inhalation exposures to 
cyclohexane-soluble material were measured and spot urine samples were collected. 
There were no statistically significant relationships between the levels of cyclohexane-
soluble material and those of 1-hydroxypyrene, and the authors attributed elevated levels 
of 1-hydroxypyrene primarily to dermal absorption of PAHs among engineers.  

Quinlan et al. (1995b) also conducted an in-depth study to investigate the relation-
ships between work activities, exposures to PAHs and excretion of 1-hydroxypyrene 
among coal liquefaction workers. The study demonstrated that there was an increase in 
the daily (pre- versus post-shift) levels of 1-hydroxypyrene excretion, as well as an 
increase in the day-to-day levels (shift 1 to shift 4). The levels of exposure to cyclo-
hexane-soluble material ranged from < 5 to 49 µg/m3. Pyrene was reported to comprise 
7% of the extract; its concentration in the particulate phase ranged from 0.8 to 2.8 µg/m3, 
while benzo[a]pyrene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene 
and dibenzo[a,h]pyrene totalled 0.5% of the cyclohexane-soluble extract.  

(d) Coal gasification 

Coal gasification is the process of reacting coal with oxygen, steam and carbon 
dioxide to form a gas that contains hydrogen and carbon monoxide. Gasification is 
essentially incomplete combustion. The chemical and physical processes in gasification 
and combustion are quite similar, the main difference being the nature of the final 
products. With regard to processing, the main difference in operations is that gasification 
consumes the heat evolved during combustion. Under the reducing environment of 
gasification, sulfur in the coal is released as hydrogen sulfide rather than sulfur dioxide 
and nitrogen in the coal is converted mostly to ammonia rather than nitrogen oxides. These 
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reduced forms of sulfur and nitrogen are easily isolated, captured and used, and thus 
gasification is a clean-coal technology with better environmental performance than coal 
combustion (Shadle et al., 2002). 

Depending on the type of gasifier and the operating conditions, gasification can be 
used to produce a fuel gas that is suitable for a number of applications. A low heating-
value fuel gas is produced from an air-blown gasifier for use as an industrial fuel and for 
power production. A medium heating-value fuel gas is produced from enriched oxygen-
blown gasification for use as a synthesis gas in the production of chemicals such as 
ammonia, methanol and transportation fuels. A high heating-value gas can be produced 
by passing the medium heating-value gas product over catalysts to produce a substitute or 
synthetic natural gas (Shadle et al., 2002). 

The earliest gasification processes were developed using a countercurrent, fixed-bed 
gasifier. In a fixed-bed gasifier, coal is fed onto the top of the bed and travels downwards 
against the current to the flow of gases. Atmospheric fixed-bed gasifiers of various design 
are still occasionally found in small-scale industrial use. On a large scale, some Lurgi 
fixed-bed pressurized gasification plants are currently operating commercially, e.g. in the 
Republic of South Africa and in the USA (Shadle et al., 2002; Crelling et al., 2005). 

Fluidized-bed gasification, invented in 1922 by Winkler at BASF, has the advantage 
of a fairly simple reactor design. In this process, the reactor vessel is designed so that the 
air and steam flow required for gasification is sufficient to fluidize the bed of coal, char 
and ash. Fluidization occurs when the velocity of the gas flow lifts the particles and 
causes the gas–solid mixture to flow like a fluid (Shadle et al., 2002; Crelling et al., 
2005).  

Entrained-flow gasification takes place in a flame-like reaction zone, usually at a very 
high temperature, to produce a liquid slag. For economical operations, a high-standard 
heat recovery system is mandatory, but the gas product typically has a very low methane 
content and is free of tars, oils and phenols, which thereby simplifies gas and water 
treatment considerably. Entrained-flow gasifiers of the Koppers-Totzek design that are 
operated at atmospheric pressure are used industrially in many countries to produce 
hydrogen or synthesis gas (Shadle et al., 2002; Crelling et al., 2005).  

The moving-bed gasifiers produce tars, oils, phenols and heavy hydrocarbons, and the 
concentrations in the gas product are controlled by quenching and water scrubbing. 
Fluidized-bed gasifiers produce significantly smaller amounts of these compounds 
because of higher operating temperatures. Entrained-flow gasifiers that operate at even 
higher temperatures (in excess of 1650 °C) can achieve carbon conversions of more than 
99.5% while generating essentially no organic compounds heavier than methane (Shadle 
et al., 2002). 

Concentrations of PAHs in the air of workers in the coal gasification industry were 
reported by Gustavsson and Reuterwall (1990) to be similar to those described by 
Lindstedt and Sollenberg (1982) in American plants [data not presented in Tables or 
Figures]. In addition to PAHs, workers in coal gasification may be exposed to many 
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compounds, including asbestos, silica, amines, arsenic, cadmium, lead, nickel, vanadium, 
hydrocarbons, sulfur dioxide, sulfuric acid and aldehydes (IARC, 1984). 

(e) Coke production and coke ovens 

Coke was first produced commercially in England in the early eighteenth century. By 
the early to mid-1800s, coke was being widely produced in Europe and the USA as the 
major fuel for blast furnaces.  

Coal carbonization is the process of producing metallurgical coke for use in iron-
making blast furnaces and other metal-smelting processes. Carbonization entails heating 
the coal to temperatures as high as 1300 °C in the absence of oxygen in order to distill out 
tars and light oils. A gaseous by-product, referred to as coke-oven gas, together with 
ammonia, water and sulfur compounds are also removed thermally from the coal. The 
coke that remains after this distillation largely consists of carbon in various crystallo-
graphic forms, but also contains the thermally modified remains of various minerals that 
were in the original coal. These mineral residues, commonly referred to as coke ash, do 
not combust and are left after the coke is burned. Coke also contains part of the sulfur 
from the coal. Coke is principally used as a fuel, a reductant and a support for other raw 
materials in iron-making blast furnaces. A much smaller amount of coke is used similarly 
in cupola furnaces in the foundry industry. The carbonization by-products are usually 
refined, within the coke plant, into commodity chemicals such as elemental sulfur, 
ammonium sulfate, benzene, toluene, xylene and naphthalene. Subsequent processing of 
these chemicals produces a large number of other chemicals and materials. Coke-oven 
gas is a valuable heating fuel that is used mainly within steel plants, for example, to fire 
blast-furnace stoves, to soak furnaces for semi-finished steel, to anneal furnaces and lime 
kilns as well as to heat the coke ovens themselves (Kaegi et al., 1993).  

The vast majority of coke is produced from slot-type by-product coke ovens. 
Individual coke ovens are built of interlocking silica bricks that are produced in numerous 
shapes for special purposes. It is not uncommon for batteries of modern coke ovens to 
contain 2000 different shapes and sizes of brick. Typical coke ovens are 12–14 m in 
length, 4–6 m in internal height and be less than 0.5 m in internal width. On each side of 
the oven are heating flues that are also built of silica brick. Batteries of adjacent ovens, 
where ovens share heating flues, contain as many as 85 ovens. At each end of each oven, 
refractory-lined steel doors are removed and re-seated for each oven charge and push. 
Coke batteries are generally heated with part of the coke-oven gas that is generated in the 
process of coke production; however, they can also be heated with blast-furnace gas and 
natural gas. Once heated, the battery generally remains hot for its entire life because 
cooling causes a mineralogical change in the silica that lowers the strength of the silica 
brick (Kaegi et al., 1993).  

Above the ovens is a roof system that is capable of supporting the moving Larry car 
from which coal is discharged into each oven through three to five charging holes in the 
top of each oven. The Larry car is filled for each oven charge from a large blended coal 
silo that is constructed above the rail of the Larry car, usually at one end of the coke 
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battery. Modern Larry car technology includes telescopic charging chutes to minimize 
dust emissions during charging. Many facilities also include automatic removal and 
replacement of the charging-hole lid. After completion of charging and replacement of the 
charging-hole lids, a small flap at the top of one of the oven doors is opened and a steel 
levelling bar is inserted along the length of the oven above the coal charge. The levelling 
bar is moved back and forth over the coal to produce a level charge that has sufficient free 
space above it. This free space is important to ensure balanced heating of the coal and is 
needed to convey the volatile carbonization products out of the oven. Most coke batteries 
charge wet coal into the ovens; however, a few facilities are equipped with pre-heaters 
that not only remove all moisture from the coal, but pre-heat it to 150–200 °C in order to 
expedite the carbonization process. The pre-heated charge facilities function very simi-
larly to wet charge facilities except that more attention is paid to potentially higher levels 
of charging emissions caused by the dryness of the coal (Kaegi et al., 1993). 

On top of the battery, at either one or both ends of each oven, refractory-lined 
standpipes are mounted on additional roof openings into each oven. The volatile gases 
generated from the coal during carbonization flow to the top of the oven, into the free 
space and out through the standpipes. The standpipes are all connected to large collecting 
mains that run along the length of the battery. These mains transport the gases to the by-
product plant in which they are processed into various materials. Water is sprayed into the 
mains in order to cool the gases and to condense out some of the tar (Kaegi et al., 1993). 

At the end of the coking cycle, which ranges from about 15 to 30 h depending on 
production needs and on the condition of the battery, the doors are removed from each 
oven. A pusher machine equipped with a large water-cooled ram then pushes the coke 
from the oven into a hot or quench car. After the coke is pushed from the oven, the doors 
are replaced to maintain oven heat and oven carbon content. The hot car may or may not 
have a moveable or partial roof to minimize gaseous and particulate emissions. The car 
moves on rails and positions the hot coke beneath a large water tank that is equipped with 
nozzles on its underside. The water flow is regulated to quench the coke with a minimal 
amount of excess water remaining on the cooled coke. After quenching, the hot car moves 
again to dump the coke onto a refractory, covered coke wharf that is sloped away from 
the hot car. The coke flows to the bottom of the wharf, at which point it drops onto a 
conveyor system for transportation to a blast furnace, storage pile or out of the plant 
(Kaegi et al., 1993; Crelling et al., 2005). 

In 1990, total worldwide coke production was about 378 million tones and was 
essentially unchanged since that in 1970. In 1990, the former USSR was the largest coke 
producer (80 million tonnes), followed closely by the People’s Republic of China 
(73 million tonnes). Japan produced 53 million tonnes and the USA produced about 
27 million tonnes. Since 1970, production in the former USSR has remained in the range 
of 75–85 million tonnes, but massive shifts in production have occurred in the USA, 
Japan and the People’s Republic of China. Between 1970 and 1990, production in the 
USA decreased by more than 50% while Japanese production increased by 50%. During 
the same period, the People’s Republic of China increased coke production by over 300% 
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(Kaegi et al., 1993). By 1999, worldwide coke production had declined to about 326 
million tonnes, of which 121 million tonnes were produced in the People’s Republic of 
China (Terjung, 2000). 

Concentrations of PAHs in the air and urine of workers in coke ovens are summarized 
in Table 1.3 and Figure 1.1.  

More than 30 studies of exposure among coke-oven workers have been reported since 
1983, six of which included profiles of three or more PAHs; seven others reported levels 
of pyrene, benzo[a]pyrene or both; and the remainder reported composite measurements 
(benzene-soluble fraction, cyclohexane-soluble material) or urinary measurements only. 
A variety of sites in the coke plants were sampled, and the overall pattern (regardless of 
the exposure that was measured) was that topside workers (including lidmen, tar chasers 
and Larry car operators) had the highest exposures, followed by workers by the side of the 
ovens (such as coke-side machine operators, benchmen, door repairers, wharfmen, 
quenchers, pushers and temperature controllers). Workers in other areas of the plant such 
as maintenance, office and control workers had the lowest exposures (see Table 1.3). It 
has been reported that modernization of coke plants, including improved control 
measures, can substantially reduce exposures (Quinlan et al., 1995c). 

In addition to PAHs, coke-oven workers may be exposed to a large number of 
compounds, including asbestos, silica, amines, arsenic, cadmium, lead, nickel, vanadium, 
hydrocarbons, sulfur dioxide, sulfuric acid and aldehydes (IARC, 1984).  

(f) Coal-tar distillation 

Coal tar is the condensation product obtained by cooling the gas that evolves from the 
destructive distillation of coal to approximately ambient temperature. It is a black, viscous 
liquid that is denser than water and is composed primarily of a complex mixture of 
condensed-ring aromatic hydrocarbons. It may contain phenolic compounds, aromatic 
nitrogen bases and their alkyl derivatives, and paraffinic and olefinic hydrocarbons. Coal-
tar pitch is the residue from the distillation of coal tar. It is a black solid that has a 
softening-point of 30–180 °C (Betts, 1997). Figure 1.2 portrays the process of coal-tar 
production and its conversion to coal-tar distillates and residual coal-tar pitch, and also 
illustrates the uses of creosote (see this section) and of coal-tar pitch (see Sections 
1.2.2(e),(g),(h)). 

The largest source of tar and pitch is the pyrolysis or carbonization of coal. The 
importance of coal tar as an industrial raw material dates back to the first half of the 
eighteenth century, when the carbonization of coal and the production of tar as a by-
product were expanding rapidly in the United Kingdom. Initially, the crude tar was 
subjected to a simple flash distillation in pot stills to yield a solvent (naphtha), creosote for 
timber preservation and a residue of pitch that was used as a binder for coal briquettes. 
Later, coal tar was the main source of aromatic hydrocarbons, phenols and pyridine bases 
that were needed by the rapidly expanding dyestuffs, pharmaceuticals and explosives 
industries. The development of by-product coke ovens and recovery of crude benzene at 
both coke ovens and gas works greatly increased the supplies of crude tar and tar distillates 
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for the recovery of tar chemicals, i.e. benzene, toluene, xylenes, phenol, cresols and 
cresylic acids, pyridine and methylpyridines, naphthalene and anthracene, in addition to 
the so-called bulk products, e.g. creosote, tar paints, road tars and pitch binders (Betts, 
1997). 

Until the end of the Second World War, coal tar was the main source of these 
aromatic chemicals. However, the large increase in demand from the rapidly expanding 
plastics and synthetic fibre industries has greatly surpassed the potential supply from coal 
carbonization, which has led to the development of petroleum-based processes. This 
situation was exacerbated in the early 1970s by the cessation of the manufacture in 
Europe of town gas from coal, a process that was carried out preponderantly in 
continuous vertical retorts. By the 1990s, over 90% of the world production of aromatic 
chemicals was derived from the petrochemical industry, and coal tar became chiefly a 
source of anti-corrosion coatings, wood preservatives, feedstocks for the manufacture of 
carbon black and binders for electrodes (Betts, 1997). 

Apart from the presence of a few per cent (usually below 5%) of aqueous liquor that 
contains inorganic salts and 1 or 2% of coal–char–coke dust that arises from the carry-
over of particles in the carbonization process, coal-tar distillation products comprise 
essentially two components: (i) the distillate, which distills at up to ∼400 °C at atmos-
pheric pressure, is primarily a complex mixture of mono- and polycyclic aromatic 
hydrocarbons, a proportion of which are substituted with alkyl, hydroxyl and amine 
and/or hydro sulfide groups and, to a lesser extent, their sulfur-, nitrogen- and oxygen-
containing analogues. For those tars produced from coal carbonization at lower 
temperatures, the distillate also contains hydroxy aromatic compounds, alkanes and 
alkenes. The distillate is typically removed by way of several fractions, which include 

Coal 

Figure 1.2.  Simple schema for generation of coal tar and coal-tar products 
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‘chemical oils’ and creosote; (ii) the second product is the residue from the distillation 
(pitch), which represents at least 50% of the coal-tar products formed by high-temperature 
carbonization and consists of a continuation of the sequence of mono- and polycyclic 
aromatic and heterocyclic compounds, but also extends to molecules containing 20–
30 rings (Betts, 1997). 

Crude coal tar is of value only as a fuel. Although large amounts were formerly 
burned, this practice has largely been abandoned. In the 1990s, 99% of the tar produced in 
the United Kingdom and Germany and 75% of that produced in the USA were distilled. 
In the USA, most of the crude tar is first topped in simple continuous stills to recover a 
chemical oil, i.e. a fraction that distills at 235 °C and contains most of the naphthalene 
(Betts, 1997). 

Although smaller mild-steel or wrought-iron pot stills, that are equipped with 
fractionating columns, may still be used, continuous stills that have daily capacities of 
100–700 tonnes are the primary means of coal-tar distillation worldwide (Betts, 1997). 

The various designs of continuous tar stills are basically similar. The crude tar is 
filtered to remove large-sized solid particles, dehydrated by heat exchange and passage 
through a waste-heat coil, then heated under pressure to ~360 °C and flashed to separate 
volatile oils from the non-volatile pitch. The volatile oils are separated into a series of 
fractions of increasing boiling range by fractional condensation in a sidestream column or 
a series of columns. The diverse designs differ in the extent to which heat exchange is 
used, in the plan of the pipe-still furnace, in the distillation pressure (i.e. atmospheric 
pressure or reduced pressure) and the recycling or not of pitch or base tar (Betts, 1997). 

The tars recovered from commercial carbonization plants are not primary products of 
the thermal decomposition of coal, since the initial products undergo a complex series of 
secondary reactions. Even tars produced at the lowest commercial carbonization 
temperatures are very different from primary tars. Low-temperature tar, continuous 
vertical-retort tar and coke-oven tar form a series in which the yield of tar decreases, the 
aromaticity of the tar increases, the content of paraffins and phenols decreases and the 
ratio of substituted aromatic and heterocyclic compounds to their unsubstituted parent 
molecules decreases. These differences are reflected in the densities and carbon:hydrogen 
ratios of the tars. Higher aromaticity correlates with higher density and carbon:hydrogen 
ratio. The reactions that account for these changes (i.e. cracking and cyclization of 
paraffins, dehydration of phenols and dealkylation of aromatic and heterocyclic ring 
compounds) are those that would be expected, on thermodynamic grounds, to occur at the 
temperatures that prevail in carbonization retorts (Betts, 1997). 

The part of coke-oven tar that is normally distillable at atmospheric pressure boils at 
up to ~400 °C and amounts to up to 50% of the whole. It contains principally aromatic 
hydrocarbons. In particular, benzene, toluene and the xylene isomers, tri- and tetra-
methylbenzenes, indene, hydrindene (indane) and coumarone occur in the first fraction 
that is normally removed; this represents about 3.5% of the tar and boils at up to ~200 °C. 
This fraction also contains polar compounds including tar acids (phenol and cresols) and 
tar bases (pyridine, picolines (methylpyridines) and lutidines (dimethylpyridines)). The 
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most abundant component of this type of tar is naphthalene, which is taken in the second 
fraction and represents about 10% of the tar. It is contaminated with small but significant 
amounts of thionaphthene, indene and other compounds. The next fraction contains the 
two methylnaphthalene isomers and is equivalent to 2% of the tar. Subsequent fractions 
contain biphenyl, acenaphthene and fluorene (each in the range of 0.7–1% of the tar) and 
then diphenylene oxide (about 1.5% of the tar). Anthracene and phenanthrene are usually 
present at about 1 and 6%, respectively. The series continues with components that boil at 
up to 400 °C, which represents approximately the limit of the usual commercial distillation 
range, i.e. pyrene and fluoranthene (Betts, 1997). 

Continuous vertical-retort tars differ from coke-oven tars in that, whereas the latter 
contain relatively small amounts of non-aromatic hydrocarbons, continuous vertical-retort 
tars contain a relatively high proportion of normal straight-chain or slightly branched-
chain paraffins, alkylated aromatics and phenols (Betts, 1997). 

Of the total tar bases in coke-oven and continuous vertical-retort tars in the United 
Kingdom, pyridine makes up about 2%, 2-methylpyridine, 1.5%, 3- and 4-methyl-
pyridines, about 2%, and ethylpyridine and dimethylpyridines, 6%. Primary bases, 
anilines and methylanilines account for about 2% of the bases in coke-oven and contin-
uous vertical-retort tars and 3.5% of the bases in low-temperature tars. The main basic 
components in coke-oven tars are quinoline (16–20% of the total), isoquinoline (4–5%) 
and methylquinolines. These dicyclic bases are less prominent in continuous vertical-
retort and low-temperature tars, in which only a minority of the basic constituents have 
been identified (Betts, 1997). 

Much less is known about the composition of pitch, the residue from coal-tar distil-
lation. Studies of coke-oven pitch indicate that it contains the following high-molecular-
weight constituents: aromatic hydrocarbons with four rings, e.g. chrysene, fluoranthene, 
pyrene, triphenylene, naphthacene and benzanthracene; five-membered ring systems are 
represented by picene, benzopyrenes (benzo[a]pyrene and benzo[e]pyrene), benzo-
fluoranthenes and perylene; the main components of the next highest fraction are six-
membered ring systems such as dibenzopyrenes, dibenzofluoranthenes and benzo-
perylenes; seven-ring systems, e.g. coronene, have also been identified. These basic 
hydrocarbon structures are accompanied by methyl and polymethyl derivatives and, in the 
case of the pitches from continuous vertical-retort and low-temperature tars, by mono- 
and polyhydroxy derivatives. As in the case of the distillate oil range, heterocyclic 
compounds are also present (Betts, 1997). 

Above this relatively low-molecular-weight range, which constitutes approximately 
40–50% of a medium-soft coke-oven pitch, the information concerning the chemical 
structure of pitch is only qualitative and is derived mainly from statistical structural 
analysis and mass spectra. As molecular weight increases, more heterocyclic atoms 
appear in the molecule, whereas the number and length of alkyl chains decreases and the 
hydrocarbon structures are not fully condensed. In the lower-temperature pitches, some 
ring structures appear to be partly hydrogenated (Betts, 1997). 
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Concentrations of PAHs in the air and urine of workers in coal-tar distillation are 
summarised in Table 1.4 and Figure 1.1. The levels of exposure to PAHs overall were 
similar among the high-temperature processes and much lower in the low-temperature 
distillation facility.  

(g) Paving and roofing involving coal-tar pitch  

The exposures associated with roofing are the result of two operations. First, the old 
roof is removed by cutting, prying and scraping the existing roofing material from the 
roof, and discarding it. A new roof is then installed by melting solid blocks of coal-tar 
pitch, then pumping or carrying buckets of the molten material to the roof, where layers of 
roofing felt and liquid coal-tar pitch are spread upon the surface to produce a build-up. In 
recent years, coal-tar pitch has been removed from paving and roofing asphalts and has 
been replaced by bitumen (NIOSH, 2000; IPCS, 2004). 

Concentrations of PAHs in the air of workers who used coal-tar pitch in roofing are 
summarized in Table 1.5 and Figure 1.1. 

NIOSH conducted three health hazard evaluations (Reed, 1982; Zey, 1983; Behrens 
& Liss, 1984) between 1982 and 1984 of the tear-off and installation of coal-tar roofs. In 
the three investigations, air samples were collected to measure exposures to total PAHs, 
the benzene-soluble fraction and six to 12 individual PAHs. Exposures varied widely 
between sites. In one study, the majority of exposures were below the limits of detection; 
in another study, exposures ranged up to 64.5 µg/m3 for benzo[a]pyrene. 

Wolff et al. (1989) evaluated dermal and inhalation exposure among roofers by 
collecting pre-shift and post-shift skin wipes from a measured area of each worker’s 
forehead and air samples from the workers’ breathing zone. Samples were collected 
during the portion of each job when old coal-tar roofs were cut into pieces, ripped up and 
cleared away. Substantial increases were measured in the levels of skin contamination 
(pre- to post-shift) for seven PAHs and total PAHs (mean pre-shift, 83.9 ng/9 cm2 skin 
area versus post-shift, 1521 ng/9 cm2 skin area). Mean inhalation exposure levels during 
the tear-off of coal-tar roofs ranged from 9.6 to 23.0 µg/m3 for the sum of eight PAHs. 

Other exposures of roofers include silica, diesel exhaust, asbestos and organic 
solvents. 

Roadway paving can be conducted by several methods, including hot-mix laying and 
chip sealing. In hot-mix laying, the mixture of a binder (coal tar, bitumen or a blended 
product containing both) and aggregate (stone chips) is spread on the roadway by a 
paving machine, followed by a roller. In the chip-sealing process (also known as surface 
dressing), the liquid binder (coal tar, bitumen or a mix) is sprayed directly onto the road, 
then the aggregate stone is spread on top and rolled (Darby et al., 1986). 

Detailed information on cessation of the use of coal tar in the European paving 
industry has been collected in the course of an IARC study on cancer mortality among 
asphalt workers. In Table 1.6, the last reported year of use of coal tar in paving by any 
company that participated in the cohort study is presented. The data originated from a 
company questionnaire and its ensuing evaluation by country-specific experts (Burstyn et  
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Table 1.6.  Cessation of use of coal tar in 
asphalt paving (surface dressing) 

Country Last year of use 

Finland 1965 
Denmark 1974 
Sweden 1974 
Norway 1984 
Netherlands 1990 
France 1992 
Germany 1995 

From Burstyn et al. (2003) 

al., 2003). A gradient in cessation of use can be seen, with Scandinavian countries ending 
use earlier than central and southern European countries, such as the Netherlands, France 
and Germany. However, even within countries, large differences in the use of coal tar 
have occurred between companies, depending on the supplier of the asphalt mixes and the 
presence of coke ovens in the neighbourhood. Even after the cessation of use of coal tar, 
workers in paving have been exposed to coal tar due to the use of recycled asphalt that 
contained coal tar in some countries.  

Concentrations of PAHs in the air and urine of workers in paving that involves coal 
tar are summarized in Table 1.7 and Figure 1.1. 

Darby et al. (1986) investigated the exposure of workers who performed coal-tar chip 
sealing as part of road paving operations in New Zealand. Personal exposures to six PAHs 
were measured in two samples taken in the area of workers’ breathing zones and were 
reported to contain up to 9 µg/m3 benzo[a]pyrene.  

Jongeneelen et al. (1988a) measured exposures in highway chip sealing with coal-tar 
and reported inhalation levels of cyclohexane-soluble material, dermal levels of pyrene 
and pre- and post-shift levels of urinary excretion of 1-hydroxypyrene. The geometric 
mean for inhalation exposures to cyclohexane-soluble material was 0.6 mg/m3 and that 
for dermal exposure to pyrene was < 10 ng; mean pre- to post-shift urinary 1-hydroxy-
pyrene levels increased from 0.7 to 0.9 µmol/mol creatinine. In another study of road 
surfacing with blends of bitumen with refined coal-tar, the mean increase between pre- 
and post-shift levels of urinary 1-hydroxypyrene was 0.54 µmol/mol creatinine 
(Jongeneelen et al., 1988b).  

Knecht and Woitowitz (1989) measured air samples located in the breathing zone of 
workers who applied a coal tar–bitumen blend in road paving. Median air concentrations 
of benzo[a]pyrene were reported to be 0.7 µg/m3. 
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(h) Creosote as a wood preservative 

Coal-tar creosote is a distillate of coal tar that generally distills in the 200–400 °C 
range and is composed primarily of about 85% PAHs and 2–17% phenolic compounds. 
PAHs in coal-tar creosote are mainly two- and three-ring structures (Price et al., 2000; 
ATSDR, 2002). 

Coal-tar creosote has been used as a wood preservative since the nineteenth century, 
and wood preservation accounts for over 97% of its current use. Coal-tar creosote is 
applied to wood by commercial pressure treatment at 50–60 °C or, at least in the past, by 
individuals dipping or brushing the wood by hand. It is applied to railroad ties, utility 
poles, marine pilings, fence posts and other wood products for outdoor use (Price et al., 
2000; ATSDR, 2002). 

Several studies have investigated exposure to PAHs among workers involved in the 
treatment of timber with creosote (Table 1.8 and Figure 1.1). Total PAH concentrations 
can be very high, especially due to relatively high concentrations of low-molecular-
weight PAHs such as naphthalene, acenapthene and phenanthrene. In this industry, 
exposure to PAHs may occur both through inhalation and via the skin by contact with 
treated timber and contaminated surfaces. Based on urinary 1-hydroxypyrene levels, 
Elovaara et al. (1995) showed that the major uptake of PAHs was attributable to exposure 
to creosote through the skin. An intervention study (VanRooij et al., 1993b) also provided 
evidence that skin is the main route of uptake of PAHs in this industry. Workers who 
wore a coverall under their working clothes had a 35% reduction in dermal exposure to 
pyrene and their urinary concentration of 1-hydroxypyrene was halved from 6.6 µg to 
3.2 µg over a period of 22 h.  

Workers involved in the creosote industry are also exposed to diesel exhaust, 
asbestos, silica, sulfur-substituted hydrocarbons, solvents, aliphatic amines and aldehydes. 
Other potential exposures may include other wood preservatives such as inorganic 
arsenicals or pesticides based on pentachlorophenol. 

(i) Aluminium production, including the manufacture of anodes 

Aluminium, the third most abundant element in the earth’s crust, is usually combined 
in nature with silicon and oxygen as aluminium silicate. When aluminium silicate is 
subjected to tropical weathering, aluminium hydroxide may be formed. Rock that 
contains high concentrations of aluminium hydroxide is called bauxite. Although bauxite 
is normally the starting material for the production of aluminium, the industry generally 
refers to metallurgical grade alumina (Al2O3) that is extracted from bauxite by the Bayer 
process as the ore, from which aluminium is obtained by electrolysis (Sanders, 2002). 

Since the discovery of the process by Hall and Héroult in 1886, nearly all aluminium 
has been produced by electrolysis of alumina dissolved in a molten cryolite (Na3AlF6)-
based bath. The aluminium is deposited in molten form on a carbon cathode, which also 
serves as the melt container. Simultaneously, oxygen is deposited on and consumes the 
carbon–carbon anode(s) of the cell. Pure cryolite melts at 1012 °C, but alumina and additives,  
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namely 4–8% calcium fluoride, 5–13% aluminum fluoride, 0–7% lithium fluoride and 0–
5% magnesium fluoride, lower the melting-point, which allows operations to proceed at 
920–980 °C (Sanders, 2002). Commercialization of the Hall-Héroult process was rapid, 
and led to the swift growth of the aluminium industry in Europe and North America in the 
last decade of the nineteenth century (Frank et al., 2005). 

A modern alumina-smelting cell consists of a rectangular steel shell which is lined 
with refractory insulation that surrounds an inner lining of baked carbon. Few materials 
other than carbon are able to withstand the combined corrosive action of molten fluorides 
and molten aluminium. Thermal insulation is adjusted to provide sufficient heat loss to 
freeze a protective coating of electrolyte on the inner walls but not on the bottom, which 
must remain uncovered to allow for electrical contact with the molten aluminium cathode. 
Steel (collector) bars are joined to the carbon cathode at the bottom to conduct the electric 
current from the cell. The current enters the cell either through pre-baked carbon anodes 
or through a continuous self-baking Søderberg anode (Sanders, 2002). 

The Søderberg anode is formed continuously from a paste of petroleum coke and 
coal-tar pitch which are typically added to the top of a rectangular steel casing. When it 
passes through the casing, the paste bakes to form carbon and replaces the anode that is 
being consumed. The baked portion extends past the casing into the molten electrolyte. 
The electric current enters the anode through vertical or sloping steel spikes (also called 
pins), and molten aluminium is generally removed from the cells daily by siphoning into a 
crucible. Normally, the metal is 99.6–99.9% pure, and the principal impurities (iron, 
silica, titanium, vanadium and manganese) derive mainly from the anode, but also from 
the alumina (Sanders, 2002). 

Pre-baked anodes are produced by molding petroleum coke and coal-tar pitch binder 
into blocks which are baked at 1000–1200 °C. Petroleum coke is used because of its low 
impurity (ash) content. The more noble impurities, such as iron and silicon, deposit in the 
aluminium whereas less noble impurities, such as calcium and magnesium, accumulate as 
fluorides in the bath. Coal-based coke could be used, but extensive and expensive pre-
purification would be required. Steel stubs seated in the anode that uses cast iron support 
the anodes (via anode rods) in the electrolyte and conduct electric current into the anodes 
(Sanders, 2002).  

In industrial electrowinning (separation by electrolysis) of aluminium, part of the 
energy required to reduce the alumina is supplied by electricity and part derives from 
consumption of the carbon anode. Carbon is also used to line the cathode. For each 
kilogram of aluminium produced, 0.4–0.5 kg of anode is consumed and this represents the 
major carbon requirement. High-purity carbon is desirable because any ash from the 
carbon would contaminate either the aluminium produced or the electrolyte. In addition, 
certain impurities, such as vanadium, are particularly harmful because they catalyse air 
burning of the carbon; other impurities, such as phosphorus, accumulate in the electrolyte, 
undergo cyclic redox reactions (partial reduction followed by re-oxidation) and consume 
electric current unproductively. The coke residue from petroleum refining is reasonably 
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pure and has therefore been used as the major source of carbon for anodes (Frank et al., 
2005). 

Anthracite has been the major constituent of cathode blocks in the cells, although 
graphite and metallurgical coke have also been used to some extent. Anthracite is calcined 
at 1200 °C or above, crushed and sized, mixed with coal-tar pitch, molded into blocks and 
baked. These blocks, mortared together with a carbonaceous seam mix, form the pot 
lining, which is the container for both the aluminium and the electrolyte. High purity is 
not as important for the cathode blocks because leaching of impurities is very slow. 
Consumption of cathode carbon amounts to 0.02–0.04 kg per kilogram of aluminium 
produced (Frank et al., 2005). 

Workers in the aluminium industry and the related carbon-electrode manufacturing 
industry have been monitored most intensively for exposure to PAHs and large studies 
have recently been conducted in Europe and South America (Table 1.9 and Figure 1.1). 
Exposure studies up to the early 1980s were reviewed previously (IARC, 1984), and only 
studies published since that time are reviewed below. 

Exposure to PAHs, sulfur dioxide and fluorides have decreased over time (Benke et 
al., 1998). At two plants that operated the vertical stud Søderberg potrooms in Norway, 
exposures decreased on average by a factor of four between the late 1950s and the late 
1980s (Romundstad et al., 1999). The decrease in exposure is most probably a result of 
the implementation of improved technology in combination with increased use of 
effective personal protective devices. In addition, the increasing predominance of pre-
bake potrooms also probably contributed to the decline of exposures to PAHs (Benke et 
al., 1998), although this might apply to the anode pre-baking plants. Urinary levels of 1-
hydroxypyrene in anode manufacturing for the aluminium industry did not decrease 
considerably between the mid-1980s and mid-1990s (Table 1.10 and Figure 1.1). 

Dermal exposure to PAHs and consequent uptake through the skin may contribute to 
the internal exposure to PAHs of workers. VanRooij et al. (1992) showed that dermal 
exposure does not necessarily correlate with exposure by inhalation in workers in 
potrooms and the anode pre-bake plants. Levels of benzo[a]pyrene on the wrists of 
workers in the bake-oven area were twice as high as those of workers from the paste 
plant. The exposure of bake-oven workers to benzo[a]pyrene by inhalation, however, 
appeared to be four times lower than that of workers in the paste plant. Exposure to 
pyrene by both inhalation and dermal contact was higher in the paste plant. No 
information was available for temporal trends in dermal exposure in these workplaces. 

In addition to exposures to sulfur dioxide and fluorides, several other exposures can 
occur among aluminium workers, including aluminium fluoride, fibrous sodium 
aluminium tetrafluoride particles, fluorspar, alumina, carbon monoxide, carbon dioxide 
and various trace metals (e.g. vanadium, chromium and nickel) (Benke et al., 1998). 
Exposure to asbestos has also been reported (Dufresne et al., 1996). In addition to these 
chemical exposures, workers in the aluminium industry are also exposed to extreme heat 
and high static magnetic fields (Benke et al., 1998).  
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(j) Carbon-electrode manufacture other than for aluminium production 

With the exception of the use of carbon in the manufacture of aluminium, the largest 
use of carbon and graphite is as electrodes in electric-arc furnaces. In general, the use of 
graphite electrodes is restricted to open-arc furnaces of the type used in steel production, 
whereas carbon electrodes are employed in submerged-arc furnaces used in the manu-
facture of phosphorus, ferroalloy and calcium carbide (Criscione et al., 1992). 

Graphite electrodes are produced commercially in many sizes ranging from 32 mm in 
diameter by 610 mm in length to 700 mm in diameter by 2800 mm in length; each 
diameter is generally available in two or three lengths. These electrodes are used in open-
arc furnaces for the manufacture of steel, iron and steel castings, brass, bronze, copper and 
its alloys, nickel and its alloys, magnesium, lead, tin, fused cast refractories, fused 
refractory grain and mineral wool insulation and for the treatment of toxic wastes. The 
largest use of graphite electrodes by far is in the manufacture of steel and, as a 
consequence, the growth of graphite production has been closely related to the growth in 
steel production in electric furnaces. A small but growing number of arc furnaces now use 
direct current and a single-electrode column positioned in the centre of the furnace. In 
both cases, steel is produced by filling the cylindrical shell with ferrous scrap, directly 
reduced iron or occasionally molten pig iron, then melting and refining the metallic 
charge with the intense heat derived from the electric arc that is generated at the tips of the 
electrodes (Criscione et al., 1992). 

Before the mid-1940s, the arc furnace was used almost exclusively for the production 
of low-tonnage, high-quality steels such as stainless and alloy steels. Since then, its use 
has been extended to production of the more common high-tonnage steel grades, 
including sheet steels. The growth of steel production in arc furnaces in the USA has been 
dramatic; it rose from 6% of total steel production in 1950, to 20% in 1975 and 36% in 
1990. Worldwide, over 210 million tonnes of steel were produced in electric-arc furnaces 
in 1990 (approximately 26% of total world steel production) and these furnaces consumed 
over 800 000 tonnes of graphite electrodes (Criscione et al., 1992). 

Graphite electrodes are consumed in the melting process. For iron and steel 
production, the average consumption is approximately 2–5 kg/tonne, depending on the 
quality of the charge material, the quality of the electrodes and numerous factors related 
to the productivity and operation of the arc furnace. A combination of these factors has 
resulted in a reduction of about 40% in specific electrode consumption over the past 
15 years (Criscione et al., 1992). 

Graphite electrodes are produced in two broad-grade classifications — regular grade 
and premium grade. The principal differences between the two grades are that the 
premium grade is made from a super premium needle coke and is impregnated with pitch 
before graphitization. The premium-grade electrode is used when very high performance 
is required, such as in ultrahigh-powered arc furnaces. The capacity of an electrode 
column to carry current depends on many characteristics of the furnace operation as well 
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as those of the electrode and electrode joint, and, over the years, significant progress has 
been achieved in improving this capacity (Criscione et al., 1992).  

Concentrations of PAHs in the air and urine of workers in the carbon-electrode 
industry are summarized in Table 1.11 and Figure 1.1. Exposure conditions in these 
carbon manufacturing plants are relatively similar to those in anode manufacturing for 
aluminium plants. Three recent studies from Belgium (Buchet et al., 1992), Germany 
(Angerer et al., 1997) and Norway (Øvrebø et al., 1994) reported differences in PAH 
concentrations within the plants. Much higher exposures were observed at the beginning 
of the production process when raw materials are mixed and the electrode is dipped in 
liquid tar in the studies in Belgium and Germany. 

(k) Chimney sweeping and other exposures to soot  

For hundreds of years, chimneys have been swept with long steel brushes inserted 
manually into the chimney from the top and from the bottom. By this procedure, chimney 
sweepers are exposed to soot particulates. 

Soots are black particulate matter that are formed as by-products of combustion or 
pyrolysis of organic (carbon-containing) materials, such as coal, wood, fuel oil, waste oil, 
paper, plastics and household refuse. Their chemical compositions and properties are 
highly variable and depend on the type of starting material and the conditions of 
combustion. Soots vary considerably with respect to their relative amounts of carbon, 
their particle type, size and shape, and the types of organic and inorganic compounds 
adsorbed to the particles. In general, soots have a total carbon content below 60% and a 
high content of inorganic material and soluble organic fraction. The soluble organic 
fraction of soot is extractable with organic solvents and consists of PAHs and their 
derivatives. Inorganic constituents may include oxides, salts, metals, sulfur and nitrogen 
compounds, water, and other adsorbed liquids and gases (IARC, 1985; Watson & 
Valberg, 2001). 

Two German studies investigated the exposure of chimney sweeps to PAHs 
(Table 1.12 and Figure 1.1). Knecht et al. (1989) assessed exposures in the breathing zone 
of chimney sweeps during so-called ‘dirty’ or ‘black work’ over a period of 11 days. 
Samples were taken per ‘job’ that was classified based on the fuel fired: oil fuel, oil/solid 
or solid fuels. Twenty PAHs were quantified in a total of 115 samples. Higher 
concentrations were seen when solid fuels had been fired. A more recent biomonitoring 
study carried out in Germany and Poland in 1995 reported 1-hydroxypyrene levels in the 
urine ranging from below the detection limit of 0.1 µg/L to 12.8 µg/L (Letzel et al., 
1999). Urinary concentrations in Poland were on average five times higher, most 
probably due to the fact that coal and wood are more often used there as fuel. The urinary 
concentrations in workers in Germany were relatively low. The use of personal protective 
devices among this group of 100 chimney sweeps was not reported. 

Chimney sweeps have also been reported to be exposed concurrently to sulfur dioxide 
and arsenic (Bagchi & Zimmerman, 1980).  
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(l) Thermoelectric power plants  

Thermal power plants use the energy of heat to make electricity. Coal is burned to 
heat water in a boiler and convert it to high-pressure steam. The high-pressure steam is 
directed into a steam turbine which turns the turbine shaft. This shaft is connected to an 
electrical generator which produces electricity. A condenser converts the exhausted steam 
from the turbine back into water which is re-used in the boiler. The condenser contains 
tubes that have water circulating through them to cool the steam. The water is supplied by 
a nearby reservoir or river. This condensing process increases the efficiency of electricity 
generation (ATCO Power, 2008).  

Coal for the generating stations may be extracted from a nearby coal mine or brought 
in by rail or ship. At the generating station, the coal is crushed and stockpiled. A conveyor 
belt carries the crushed coal from the stockpile to bunkers within the power station. The 
coal is fed as required into pulverizers, where it is ground to a fine dust, the consistency of 
talcum powder. A fan blows the coal into the boiler’s furnace. Water flows through tubes 
that form the walls of the furnace and the intense heat of the burning coal causes the water 
inside the tubes to boil. The boiling water rises into the steam drum at the top of the boiler 
where the steam is separated from the water. The steam, at high pressure, is super-heated 
to still higher temperatures and then used to turn the steam turbine and an electricity 
generator. After leaving the turbine, the steam — now at a lower temperature and lower 
pressure — passes through the condenser, which condenses the steam back into water that 
is pumped back to the boiler to repeat the cycle. The fine, powdery ash produced when 
coal is burned is called fly-ash. The hot gases and fly-ash move out of the boiler’s furnace 
and into electrostatic precipitators, which are a series of electrically charged metal plates 
that attract and hold the fly-ash particles. The collected fly-ash is either sold for use as an 
additive to concrete or transported to the mine site to be used for fill (ATCO Power, 
2008). 

Few studies have focused on the exposure to PAHs of workers in power plants that 
transform coal into electricity. A recent study by the Health and Safety Executive (Price et 
al., 2000) evaluated exposures to PAHs of workers employed in a coal-fired power station 
(Table 1.13 and Figure 1.1). Twelve individuals (including drivers of bulldozers and other 
equipment, operators and fitters and welders) were monitored. The overall mean exposure 
was low (1.4 µg/m3) and none of the end-of-shift urine samples contained levels of 1-
hydroxypyrene above the detection limit (0.5 µmol/mol creatinine). 

Other potential exposures present in the environment of workers in thermoelectric 
power plants are to residual coal or oil fly-ash, trace metals such as chromium, vanadium, 
nickel and mercury, and combustion gases such as sulfur dioxide and nitrogen oxides. 
Depending on the fuel that is used to drive vehicles such as bulldozers and other heavy 
equipment, there is also potential exposure to diesel exhaust emissions. Since the majority 
of workers in a power plant are involved in maintenance work, exposure to solvents, 
greases and oils, asbestos and welding fumes should also be taken into account (Price et 
al., 2000). 



 POLYCYCLIC AROMATIC HYDROCARBONS 95 

 

T
a
b
le
 1
.1
3
. 
 C
o
n
ce
n
tr
a
ti
o
n
s 
o
f 
P
A
H
s 
in
 t
h
e 
a
ir
 a
n
d
 u
ri
n
e 
o
f 
w
o
rk
er
s 
in
 t
h
er
m
o
el
ec
tr
ic
 p
o
w
er
 p
la
n
ts
 (
u
ti
li
ty
 

in
d
u
st
ry
) 

A
ir

 le
ve

ls
 (

µ
g/

m
3 ) 

U
ri

na
ry

 le
ve

ls
 (

µ
m

ol
/m

ol
 c

re
at

in
in

e)
 

R
ef

er
en

ce
, 

co
un

tr
y,

 
ye

ar
 o

f 
st

ud
y 

Jo
b/

ta
sk

 
N

o.
 o

f 
su

bj
ec

ts
 

N
o.

 o
f 

sa
m

pl
es

 
N

o.
 o

f 
sm

ok
er

s 
P

A
H

 

M
ea

n 
R

an
ge

 
M

ea
n 

R
an

ge
 

S
ev

er
al

 
12

 
12

 
6 

S
um

 o
f 

19
 P

A
H

s 
1.

42
 

0.
46

–2
.1

5 
 

 
 

 
 

 
H

S
E

11
a  

0.
14

 
0.

04
–0

.4
9 

 
 

 
 

 
 

B
en

zo
[a

]p
yr

en
e 

 
0.

02
 

0.
00

7–
0.

11
 

 
 

 
 

 
 

P
yr

en
e 

0.
02

5 
0.

00
6–

0.
05

5 
 

 

P
ri

ce
 e
t 
a
l. 

(2
00

0)
, 

U
ni

te
d 

K
in

gd
om

, 
19

98
 

 
 

 
 

1-
H

yd
ro

xy
py

re
ne

 
 

 
0.

25
 

0.
25

–0
.2

5 

P
A

H
, p

ol
yc

yc
li

c 
ar

om
at

ic
 h

yd
ro

ca
rb

on
 

a   B
en

z[
a

]a
nt

hr
ac

en
e,

 c
hr

ys
en

e,
 b

en
zo

[b
]f

lu
or

an
th

en
e,

 b
en

zo
[j

]f
lu

or
an

th
en

e,
 b

en
zo

[a
]p

yr
en

e,
 b

en
zo

[g
h
i]

pe
ry

le
ne

, i
nd

en
o[

1,
2,

3-
cd

]p
yr

en
e,

 
di

be
nz

o[
a
,h

]a
nt

hr
ac

en
e,

 a
nt

ha
nt

hr
en

e,
 c

yc
lo

pe
nt

a[
cd

]p
yr

en
e 

 



96 IARC MONOGRAPHS VOLUME 92  

 

(m) Overall ranking of industries by level of PAHs 

To rank exposure to PAHs by industry, the Working Group compared the 
measurements of the analytes most frequently reported in air samples collected 
throughout the 10 industrial sectors. Relatively few of the studies conducted a detailed 
analysis to identify six or more of the component PAHs that comprised the overall 
exposure. Therefore, airbone concentrations of benzo[a]pyrene and urinary levels of 1-
hydroxypyrene were compared across industries. Urinary levels of 1-hydroxypyrene also 
reflect dermal uptake and therefore should be interpreted as a measure of uptake via both 
inhalation and the skin. Ranges of personal measurements of benzo[a]pyrene and urinary 
levels of 1-hydroxypyrene were plotted by year and study (Figure 1.1). The relative 
ranking of the industries for 1-hydroxypyrene in urine and benzo[a]pyrene in air is 
summarized in Figure 1.3. 

In the case of inhalation exposures to benzo[a]pyrene, reported levels were highest in 
the aluminium production industry (operating the Søderberg process), with values of up to 
100 µg/m3. These levels were substantially higher than those measured in the pre-bake 
aluminium production process. Levels in electrode manufacturing for aluminium reduction 
or manufacture of graphite electrodes for the metal industry were also considerably lower 
(up to 10 µg/m3).  

The levels of benzo[a]pyrene observed in studies of coke ovens were somewhat 
lower than those observed in aluminium production, and there was some evidence of a 
trend towards lower exposures over time within the studies conducted in western Europe 
and the USA; a study from Sweden documented substantial reductions by comparing 
exposures before and after a major plant renovation in 1990 (Levin et al., 1995). A 
distinct reduction in exposures to PAHs was also evident from the analysis of longitudinal 
data from two Norwegian Søderberg plants that covered three decades (Romundstad et 
al., 1999). 

Studies conducted after 1995 do not support the downward trend in exposure, 
although this may be because more recent studies were performed in coke manufacture in 
Asian and eastern European countries. This coincides with a shift in coke production 
away from Europe and the USA. The extent to which controls of coke-oven emissions 
and associated exposure are in place in these facilities has not been reported. Given the 
reported (sometimes extreme) concentrations, it is unlikely that the control measures in 
place meet modern standards. 

Comparison of the urinary levels of 1-hydroxypyrene between aluminium production 
and coke-oven workers shows a pattern of higher exposures among the coke-oven 
workers (up to 3261 µmol/mol creatinine), which is probably a result of the higher levels 
of exposure to pyrene in coke-oven environments than those in aluminium reduction 
plants.  

Concentrations of benzo[a]pyrene measured during roofing and paving with coal tar 
were relatively similar, with ranges generally up to 10–20 µg/m3. One exception was a 
study in the USA, in which exposure to benzo[a]pyrene ranged up to 64.5 µg/m3 during 
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tear-off of coal-tar roofing; however, no measures of 1-hydroxypyrene were reported 
among roofers. One study that measured 1-hydroxypyrene among pavers found levels of 
up to 3.2 µmol/mol creatinine, which are much lower than urinary levels seen in workers 
in aluminium production plants, electrode manufacturing plants, coke ovens and tar 
distillation plants. No trends in exposure to PAHs were apparent for roofers and pavers in 
the studies reviewed for the period 1982–89. The fact that coal tar had stopped being used 
in these applications would have resulted in greatly reduced exposures to PAHs. 
However, during tear-off in roofing and recycling in paving, exposure to coal tar can still 
occur. 

The lowest tier of exposure to benzo[a]pyrene (at or below 1 µg/m3) included 
workers in coal-tar distillation, coal liquefaction, power plants, chimney sweeping and 
wood impregnation (Figure 1.3). The pattern of urinary 1-hydroxypyrene among these 
industrial groups did not parallel airborne levels of benzo[a]pyrene; workers in coal 
liquefaction and wood impregnation with coal-tar creosote had levels of 1-hydroxypyrene 
of 10–100 µmol/mol. This may reflect the poor correspondence between exposure to 
PAHs by inhalation and urinary excretion of 1-hydroxypyrene, since dermal absorption 
may be a very significant route of exposure to PAHs. For wood impregnation, the high 
urinary levels of 1-hydroxypyrene may reflect a predominance of low-molecular-weight 
PAHs in this environment.  

Substantial differences in exposures have been reported within industries and time 
periods. In Figure 1.1, more detailed temporal and geographical information is given. 
Differences between job/task within industries are shown in the tables. 

(n) PAH profiles 

A comparison of industries by composition of the PAH profiles is to some extent 
limited by the differences in the sets of PAH compounds that were measured in the 
individual studies. The set of PAHs measured also changed over time, as sampling and 
analytical methods evolved, making it possible to identify and quantify more components 
of these complex mixtures. Since the mid-1980s, benzo[a]pyrene and pyrene were 
measured more frequently. The heavier PAHs (heavier than coronene) have not been 
measured in these industries to date, largely because of the lack of SRMs in the past and 
difficulties in analytical techniques. 

Studies that reported at least six individual PAHs are presented in Table 1.14. Some 
patterns are apparent in the profiles by industry, which are strongly influenced by the 
source material in the particular process and the temperature at which the operations were 
conducted. For example, coke ovens operate at high temperatures (up to 1300 °C), at 
which extensive pyrolysis of coal constituents occurs very readily. As a result, the studies 
showed higher levels of exposure over the entire range of PAH compounds and the 
greatest prevalence of high-molecular-weight PAH compounds (molecular weight > 252). 
At the other extreme, wood impregnation with creosote reflects a lower-temperature 
process that uses a distillate fraction of coal tar as a preservative. The resulting PAH 
exposure profile for this process is rich in low-molecular-weight PAH compounds (such 
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as naphthalene, acenaphthylene, acenaphthene and fluorene), while very low to non-
detectable levels of PAHs with a molecular weight of > 216 (benzo[a]fluorene) are 
reported. Some industries present intermediate profiles; for example, carbon electrode 
manufacture uses coal-tar pitch as the process material but does not raise the pitch to 
temperatures that promote the volatilization of the higher-molecular-weight compounds 
(molecular weight, 252 and above). The profiles for these operations reflect this, as the 
highest exposures in these industries are to pyrene (molecular weight, 202) and lower-
molecular-weight PAHs. No profiles were available for the aluminum pre-bake process, 
coal gasification or chimney sweeps.  

1.2.3 Dietary exposure to PAHs 

The general population can be exposed to PAHs via grilled and smoked foods, foods 
grown in polluted environments, polluted air, drinking-water and tobacco smoking. Due 
to the ubiquitous nature of PAHs in foods, the estimation of their dietary consumption is 
challenging; thus, etiological studies of cancer must rely on exposure measures of dietary 
intake from questionnaires as well as on biological markers, such as urinary metabolites 
(Roth et al., 2001; Strickland et al., 2002) and DNA adducts (see Ramesh et al., 2004 for 
a comprehensive review of dietary PAHs).  

Two general approaches have been used to measure PAH levels in the diet. The first 
approach is to measure a large number of PAHs (see Guillén, 1994; Phillips, 1999), while 
the second method measures benzo[a]pyrene as a surrogate marker for all PAHs 
(Kazerouni et al., 2001). The first approach provides a more realistic notion of the total 
burden from diet but individual PAHs in any particular foods may vary widely. Measure-
ment of many of the PAHs was previously found to be difficult, and many studies have 
measured only benzo[a]pyrene as a marker of total PAHs in foods because of its 
carcinogenic potency in experimental animals.  

To verify that benzo[a]pyrene is a representative marker of total PAHs in food, 
Kazerouni et al. (2001) calculated the correlation coefficients (r) between values of 
benzo[a]pyrene and the concentrations of individual and total PAHs in a selection of food 
items. Selected samples from each major food group were analysed for acenaphthene, 
anthracene, benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]-
perylene, benzo[a]pyrene, chrysene, cyclopenta[cd]pyrene, fluoranthene, fluorene, indeno-
[1,2,3-cd]pyrene, naphthalene, phenanthrene and pyrene by HPLC. The correlation co-
efficient between concentrations of total PAHs (the sum of all those measured in this 
study) and benzo[a]pyrene was 0.87 (p-value = 0.0001). The correlation value between 
PAHs that are known to have carcinogenic potential in experimental animals (i.e. 
benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, chrysene, 
cyclopenta[cd]pyrene and indeno[1,2,3-cd]pyrene) and benzo[a]pyrene was 0.98 (p-value 
= 0.0001). 

A large body of international data on PAHs in food has recently been reviewed 
(http://epic-spain.com/libro.html) (Jakszyn et al., 2004). The data consist of information  
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Table 1.14.  PAH profiles of the industries reviewed in this monograph
a 

No. of 
rings 

PAH MW Coke ovens 
 
 

Coke 
production 
 

Coal-tar 
distillation 
 

  

 (top) 
 

 
 

 
 

 
 

 
 

High 
temp. 

Low 
temp. 

High 
temp. 

Low 
temp. 

 

 Reference:  A B C D E F F F F 

2/3 Naphthalene 128 5    5 4 4 5 3 
 Acenaphthylene 152  4  3 5 3 3 2 1 
 Acenaphthene 154  3  3 0 3 2 4 3 
 Fluorene 166 5 4  3 4 3 3 3 2 
 Anthracene 178 5 4 4 2 3 2 3 2 1 
 Phenanthrene 178 5 4 5 3 4 3 3 4 2 
4 Fluoranthene 202 5 4 4 3 4 3 2 2 1 
 Pyrene 202  4 4 3 3 2 2 2 1 
 Benzo[a]fluorene 216 5 3 3       
 Benzo[ghi]fluoranthene 226  2 3       
 Cyclopenta[c,d]pyrene 226  3 3       
 Benzo[a]anthracene 228 5 3 4 2 3 2 2 1 0 
 Benzo[c]phenanthrene 228  2 3       
 Chrysene 228 5 3 4 2 3 2 2 1 0 
5 Benzo[a]pyrene 252 4 3 4 3 3 2 2 2 0 
 Benzo[b]fluoranthene 252 4 2 3 4 3 2 2 1 0 
 Benzo[e]pyrene 252  3 4 3      
 Benzo[j]fluoranthene 252  2 3       
 Benzo[k]fluoranthene 252 4 2 2 3 3 2 2 1 0 
 Perylene 252  2 3       
6 Anthanthrene 276  3 3   2 0 0 0 
 Benzo[g,h,i]perylene 276  3 3 3 3 2 1 1 0 
 Indeno[1,2,3-c,d]pyrene 276  3 3 4 3 2 0 0 0 
 Benzo[b]chrysene 278          
 Dibenzo[a,c]anthracene 278  2  2      
 Dibenzo[a,h]anthracene 278   3  1 2 0 0 0 
 Picene 278          
 Coronene 300  3 3       

a No profiles were available to the Working Group for coal liquefaction, coal gasification, aluminium 
production by the prebake process or chimney sweeps. 
MW, molecular weight; PAH, polycyclic aromatic hydrocarbon; temp., temperature 
A, Andersson et al. (1983); B, Haughen et al. (1986); C, Grimmer et al. (1993); D, Winker et al. 
(1996); E, Strunk et al. (2002); F, Price et al. (2000); G, Reed (1982); H, Zey (1983); I, Behrens & 
Liss (1984); J, Wolff et al. (1989); K, Darby et al. (1986); L, Knecht & Woitowitz (1989); 
M, Heikkilä et al. (1987); N, Tjoe Ny et al. (1993); O, Carstensen et al. (1999); P, Petry et al. (1996) 
Categorised levels of exposure to selected PAHs: 0: < detection limit; 1: < 0.1 µg/m3; 2: 0.1–2 µg/m3; 
3: 2–10 µg/m3; 4: 10–50 µg/m3; 5: > 50 µg/m3 
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Table 1.14  (contd) 

Coal-tar roofing 
 
 

Paving 
 
 

Creosote 
 
 

Aluminium 
production  
 

Carbon 
electrode 
manufacturing 

Thermo-
electric 
power plants 

 
 
 

 
 
 

Tear 
off 

only 

 
 
 

Coal 
tar 

 

Tar 
bitumen 

blend 

 
 
 

 
 
 

Søderberg 
 
 

Anode 
manufac-

turing 

 
 
 

 
 
 

G H I J K L M F N O P F F 

      5 5 5  3 4 2 
       2 3  2 2 1 
 0     5 5 4  4 3 1 
 0  3   2 4 4  3 3 1 

3 0  2    2 3 1 2 2 1 
3 2 5    3 4 4 2 3 3 1 
4 3 5   5  2 5 2 3 2 1 
4 3 5 3  5 2 2 3 2 3 2 1 
     4 1   2    
    3 3     1   
             

3 2 5 2 3 4  1 3 2 2 1 1 
 0    1     1   

3 2 5  3 4 2 1 4 3 2 2 1 
3 2 5 2 3 3 1 2 4 2 2 1 1 
 3  2  2  0 4 3 2 1 1 
 0 5  3 3 1   2 2   
  5   2    2 2   
   2  2 1 0 4 2 2 1 1 
     1    2 2   
     1  0   2 0 1 
  5 2  1 1 0 3 2 2 1 0 
    2 1  0 4 2 2 1 0 
          2   
          2   
    2 1 1 0 4  2 0 0 
         2    
     1     1   
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on food type, methods of cooking and preservation, benzo[a]pyrene and total PAH 
content, analytical technique, sampling method, authors and year of the study and the 
country where the food was obtained (see Table 1.15 as an example).  

PAHs can contaminate foods by two major routes. They are generated through 
pyrolysis during the grilling/barbecueing of meat products when fat drips from the meat 
onto hot coals or a heated surface and produces smoke that coats the food with the 
compounds (Larsson et al., 1983; Lijinsky, 1991). They are also introduced by certain 
methods of preserving meat and other food products. The other major source of PAH 
contamination of food is from environmental sources such as petroleum or coal-tar 
combustion by-products (Lijinsky, 1991). 

Grilled foods of any type that are exposed to smoke are likely to have a high content 
of PAHs. The benzo[a]pyrene content of meat items depends on the method, temperature 
and duration of cooking (Larsson et al., 1983; Larsson, 1986; Lodovici et al., 1995). 

Smoke curing of foods is commonly used for preservation and to add flavour. 
Although the methods differ, they all expose the food to potentially carcinogenic 
compounds such as PAHs. The level of contamination with PAHs can vary substantially 
depending on the procedure used in the smoking (Gomaa et al., 1993; García Falcón et 
al., 1999; Anastasio et al., 2004). Currently, traditional smoking techniques are being 
partially replaced by liquid smoke flavour. The advantage is a more uniform flavour, 
which is easier to reproduce and allows greater control of the levels of toxic compounds. 
However, the level of benzo[a]pyrene in liquid smoke flavour samples can vary 
substantially, from not detected to 336.6 µg/kg (Gomaa et al., 1993; Yabiku et al., 1993). 

Unprocessed foods such as vegetables, fruits, vegetable oils, dairy products and 
seafood can be contaminated with PAHs from the atmosphere, and by deposition and 
uptake from soil, water and sediment. The higher content in green leafy vegetables such 
as kale and collards compared with other vegetables is probably due to greater surface 
contact with ambient air and consequently deposition of airborne contaminants 
(Kazerouni et al., 2001; Ramesh et al., 2004). Vegetables can be highly contaminated 
when grown close to highways or on contaminated soils. As a result of stricter air 
emission regulations and improved environmental conditions in several developed 
countries, levels of PAHs in vegetables and fruits are now lower than those reported in the 
1970s. Oils from different vegetable sources, such as rapeseed, olive oil, sunflower, soya 
bean and maize, contain considerable levels of PAHs (Ramesh et al., 2004), which are 
probably formed during processing rather than as a result of airborne contamination. 
Similarly, PAH levels are low in cereals and beans, but drying techniques used for 
preservation, such as combustion-gas heating and smoking, increases concentrations of 
PAHs (Roth et al., 1998; Ramesh et al., 2004). 

In addition to grilling and smoking processes, the accumulation of PAHs in foods of 
animal origin, especially livestock, is also due to the consumption of contaminated feed. 
Consumption of seafoods, in particular bottom-feeding shellfish and finfish, may con-
tribute considerably to the amount of PAHs in the diet (Ramesh et al., 2004). [High trophic- 
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level consumers, such as humans, do not bioaccumulate due to a higher capacity to 
metabolize PAHs.] 

A comparison of daily intakes of PAHs across studies requires the consideration of 
various issues, such as selection of food items, methodology used for extraction, iden-
tification and quantification. Estimated daily dietary intake of PAHs in selected countries 
has been summarized (Ramesh et al., 2004) (Table 1.16). 

Table 1.16.  Dietary intakes of PAHs in various countries 

Country Intake (µg/person/day) Reference 

USA 0.16–1.6 Santodonato et al. (1981) 
 0.04–0.06a Kazerouni et al. (2001) 
 0.12–2.8a Hattemer-Frey & Travis (1991) 

United Kingdom 3.7 Dennis et al. (1991) 

Germany 0.02–0.04 State Committee for Air Pollution Control 
(1992) 

Austria  3.4 (0.7–15.6)b Pfannhauser (1991) 

Italy 3.0 Lodovici et al. (1995) 

Spain 6.3–8.4 Falćo et al. (2003) 

Greece 1.6–4.5 Voutsa & Samara (1998) 

Netherlands 5–17 de Vos et al. (1990) 

Sweden 0.08 Beckman Sundh et al. (1998) 

PAH, polycyclic aromatic hydrocarbon 
From Ramesh et al. (2004) 
a Values reported were for benzo[a]pyrene concentrations only. 
b Median and range for the sum of 16 PAHs 

The FAO/WHO Joint Expert Committee on Food Additives and Contaminants 
(JECFA) recently selected a representative mean intake of 4 ng/kg bw benzo[a]pyrene per 
day and a high-level intake of 10 ng/kg bw per day for their evaluation of PAHs (JECFA, 
2005). It also noted that some population groups who regularly consume food cooked 
over open fires or barbecues, or people who habitually consume foods from areas of 
higher contamination, may have higher intakes.  

In spite of the differences observed in international studies, it is clear that dietary 
intake is the major route of exposure to PAHs for a large proportion of the nonsmoking, 
non-occupationally exposed population (Ramesh et al., 2004). In a study in the USA, 
Phillips (1999) estimated that, for nonsmokers who are not exposed occupationally, about 
70% of exposure to PAHs typically comes from dietary sources. For a nonsmoking man 
aged between 19 and 50 years, total PAH intake was estimated at 3.12 µg per day, of 
which 96.2% was from food, 1.6% from air, 0.2% from water and 1.9% from soil 
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(Menzie et al., 1992). However, in a study in which the relative contributions of dietary 
and inhalation exposures were compared directly, weekly intakes of benzo[a]pyrene by 
inhalation (mainly from indoor air) were greater than those from the diet in half of the 
subjects mostly because the range of dietary exposure to benzo[a]pyrene (1–500 ng/day) 
was wider than that of inhalation exposure (10–50 ng/day) (Lioy et al., 1988; Lioy & 
Greenberg, 1990). 

In a study conducted in the USA on the distribution of dietary intake of 
benzo[a]pyrene in 228 subjects, approximatively 31% of the subjects had an intake in the 
range of 40.1–60 ng/day (Kazerouni et al., 2001). 

Figure 1.4 presents the percentage contribution of various food groups to the mean 
daily intake of benzo[a]pyrene. The dietary information was collected using a food-
frequency questionnaire that included detailed questions on the cooking methods of meat 
combined with a newly developed benzo[a]pyrene database (Sinha et al., 2005). Bread 
and other cereal products (29%) followed by grilled/barbecued meat (21%) contributed 
most to the total daily intake of benzo[a]pyrene. In contrast, fat, sweets and dairy food 
groups contributed the least. Taking into account the concentration of benzo[a]pyrene in 
individual items in the cereal, fruit and vegetable food groups, the large contribution of 
each group is due to the size of the portion consumed. In terms of the percentage contri-
bution to total dietary intake of benzo[a]pyrene, this result is consistent with the study by 
Lodovici et al. (1995) with regard to cereal products, vegetables and fruit groups, but not 
to grilled/barbecued meats. The studies by Larsson (1986) and by de Vos et al. (1990) 
reported a much higher contribution from fat/oil and from sugar and sweets, respectively.  

A database has been developed that can be used in conjunction with a food-frequency 
questionnaire to estimate the intake of PAHs (Kazerouni et al., 2001; Sinha et al., 2005). 
Multiple meat samples were cooked by different methods and to varying degrees, and 
additional foods were sampled and measured for benzo[a]pyrene as a marker for PAHs. 
The software application, CHARRED, which was developed to compute PAH values 
from meat intake, is now available (www.charred.cancer.gov).  

1.3 Regulations and guidelines 

Several countries have set occupational exposure limits for coal-tar pitch volatiles 
(CTPVs) or particulate PAHs. The values are typically based on the benzene- or 
cyclohexane-soluble matter of the particulates present in air. Some countries have 
exposure limits for individual PAHs, notably for benzo[a]pyrene. 

For CTPVs, Belgium, Canada (Alberta, British Columbia, Ontario [short-term 
exposure limit (STEL)], Quebec), China, Malaysia, New Zealand, Spain and the USA 
have set the occupational exposure limit at a 0.2-mg/m3 time-weighted average (TWA) 
for the benzene-soluble fraction (which includes acridine, anthracene, benzo[a]pyrene, 
chrysene, phenanthrene and pyrene). This value has also been suggested as the threshold 
limit value (TLV) by the American Conference of Governmental Industrial Hygienists 
(ACGIH) in the USA. China has set a STEL of 0.6 mg/m3 for this parameter. Also in the  
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Figure 1.4.  Percentage of total daily benzo[a]pyrene (BaP) intake 

from selected food groups among 228 subjects in Maryland, USA
a 
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From Kazerouni et al. (2001) 
a Data read from graph 

USA, the National Institute of Occupational Safety and Hygiene (NIOSH) has suggested 
a recommended exposure limit of a 0.1-mg/m3 TWA for the cyclohexane-extractable 
fraction of CTPVs; this value also is applied in Hong Kong, Ireland and South Africa. 
The Netherlands report a value of 0.2 mg/m3, but without a designation of soluble 
fraction. Mexico has set a limit for CTPVs at 0.002 mg/m3, without a designation of 
soluble fraction. 

Mexico has set the limit for PAH particulates at a 0.2-mg/m3 TWA and a 0.3-mg/m3 
STEL; the corresponding values for Canada (Alberta) are a 0.2-mg/m3 TWA and a 
0.6-mg/m3 STEL as benzene solubles; Norway has set a limit of 0.04 mg/m3 for total 
PAHs (ACGIH, 2005; OSHA, 2005a). 

In Germany, benzo[a]pyrene is the indicator for external exposure to PAHs. The 
German technical guiding concentration for benzo[a]pyrene in the air is 0.005 mg/m3 for 
the production, loading and unloading of pencil pitch and in the area near the ovens in 
coking plants and 0.002 mg/m3 for all other workplaces (Bundesministerium für Arbeit 
und Sozialordnung, 2000; ACGIH, 2005). The Czech Republic has set the limit for 
benzo[a]pyrene at a 0.005-mg/m3 TWA (with a skin irritation notation) and a 0.025-mg/m3 
STEL; Canada (Quebec) has set a limit of 0.005 mg/m3; Poland, Sweden and Switzerland 
have set a limit of 0.002 mg/m3; and Finland has set a limit of 0.01 mg/m3 (ACGIH, 2005; 
Suva, 2005). 
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The US Occupational Safety and Hygiene Administration (OSHA) has established a 
permissible exposure limit for workers exposed to coke oven emissions; the concentration 
cannot exceed 0.15 mg CTPV/m3 of air, averaged over any 8-h period (ACGIH, 2005; 
OSHA, 2005b,c,d). China has set the limit for coke-oven emissions at a 0.1-mg/m3 TWA 
and a 0.3-mg/m3 STEL (ACGIH, 2005). 

While not determining an actual biological exposure index value, the US ACGIH® 
recommends that a benchmark value of 1 µg/L 1-hydroxypyrene/L (0.49 µmol/mol 
creatinine) in urine be considered as a postshift level that indicates occupational exposure 
to PAHs. The benchmark level is based on exposures to PAHs that result in urinary levels 
of 1-hydroxypyrene that are greater than those of at least 99% of the population with no 
occupational or significant environmental exposure. The biological exposure index is 
applicable to all exposures that involve PAHs, and is designed to assist industrial 
hygienists and other occupational health professionals to control occupational exposure to 
PAHs from all routes (ACGIH, 2005).  

On the basis of the measured levels of 1-hydroxypyrene in the urine of workers 
exposed in the various industries surveyed, the Health and Safety Executive adopted a 
biological monitoring guidance value of 4 µmol/mol creatinine (Health and Safety 
Executive, 2005). This value represents the 90th percentile of measurements taken from 
industries that are deemed to have good controls, which includes the CTPV industries but 
excludes data from one timber impregnation site. This value was also approved by 
WATCH (Pedersen, 2003). 

PAH mixtures are very variable qualitatively and quantitatively. The relative amounts 
of pyrene and benzo[a]pyrene in the applicable exposure matrix (air and/or 
dermal/surface contamination) should be determined; the benchmark level of 1 µg/L can 
then be adjusted to take into account different pyrene:benzo[a]pyrene ratios in the specific 
exposure matrix. The adjustment should be based on data collected from air, surface or 
skin samples, as follows: 

 

 

 

 
The ratio of 2.5 (pyrene:benzo[a]pyrene) was selected as the default ratio to provide a 

realistic, although in some cases conservative, estimate of the proportion of carcinogens 
in the mixture. Some reports of the relative amounts of pyrene:benzo[a]pyrene are 
summarized in Table 1.17 (ACGIH, 2005). 

The 1993 WHO Guidelines for Drinking-water Quality concluded that there were 
insufficient data available to derive drinking-water guidelines for PAHs other than 
benzo[a]pyrene, for which the guideline value was calculated to be 0.7 µg/L and remains 
the current guideline value (WHO, 2004). 

The European Union has set the drinking-water guideline for PAHs at 0.1 µg/L for the 
sum of four compounds (benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]perylene 

adjusted recommended level = 

1 µg 1-hydroxypyrene/L ×   (pyrene measured/benzo[a]pyrene measured) 
 2.5 
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Table 1.17.  Reported ratios of pyrene:benzo[a]pyrene 

Mixture Pyrene: 
benzo[a]-
pyrene 
ratio 

Reference 

Aluminum workers: Anode factory (air) 3.7 van Schooten et al. (1995) 
Aluminum workers: Bake oven (air) 4.3 van Schooten et al. (1995) 
Aluminum workers: Electrolysis (air) 4.0 van Schooten et al. (1995) 
Aluminum workers: Foundry (air) 2.0 van Schooten et al. (1995) 
Aluminum workers: Pot relining (air) 30.8 van Schooten et al. (1995) 
Bitumens (bulk) average of 8 samples 1.5 IARC (1985) 
Chisellers of creosoted rails (air) 1.3 Heikkila et al. (1995) 
Coal tar asphalt pavers (air) 9 Jongeneelen et al. (1988b) 
Coal tar asphalt pavers (bulk) 4.0 Jongeneelen et al. (1988b) 
Coal tar asphalt pavers (hand skin) 6 Jongeneelen et al. (1988b) 
Coal tar asphalt pavers (wrist pad contamination) 8 Jongeneelen et al. (1988b) 
Coke oven (air samples) 2.4 IARC (1985) 
Creosote 7.2 Elovaara et al. (1995) 
Creosote (bulk) 38 Elovaara et al. (1995) 
Electrode manufacturing high exposure (air) 2.0 van Delft et al. (1998) 
Electrode manufacturing intermediate exposure (air) 1.4 van Delft et al. (1998) 
Electrode paste plant: all workers (air) 1.9 Bentsen et al. (1998) 
Electrode paste plant: mixing (air) 11.5 Bentsen et al. (1998) 
Electrode paste plant: mold filling (air) 2.5 Bentsen et al. (1998) 
Electrode paste plant: truck drivers (air) 1.3 Bentsen et al. (1998) 
Graphite electrode production (air) 4.0 IARC (1985) 
Medicinal coal tar (bulk) 1.2 Godschalk et al. (1998) 
Medicinal coal tar (bulk) 1.1 VanRooij et al. (1993c) 
Protective paints (bulk) 3.6 IARC (1985) 
Range of bulk samples in petrochemical industries 0.4–220 Boogaard & van Sittert (1994) 
Road tars (bulk) average of 2 samples 3.4 IARC (1985) 
Roofers (air) 3.2 Wolff et al. (1989) 
Roofers (skin wipes) 2.1 Wolff et al. (1989) 
Shale oils (bulk) average of 5 samples 3.8 IARC (1985) 
Soots (bulk) average of 3 sites hardwood fireplace 2.2 IARC (1985) 
Tobacco smoke 5 Guérin (1980) 

From ACGIH (2005)    

and indeno[1,2,3-cd]pyrene), and at 0.01 µg/L for benzo[a]pyrene (European Union, 
1998). 

Canada has set a guideline for the maximum acceptable concentration of 
benzo[a]pyrene in drinking-water at 0.01 µg/L (Health Canada, 1986, 2004). 

The Environmental Protection Agency of the USA (2004) has set a drinking-water 
standard (maximum contaminant level) for benzo[a]pyrene at 0.2 µg/L. 

In the USA, coal tar may be used as an active ingredient in external drug products at a 
concentration of 0.5–5% for control of dandruff, seborrheic dermatitis and psoriasis (Food 
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and Drug Administration, 2005). When a coal-tar solution, derivative or fraction is used 
as the source of the coal tar, the labelling must specify the identity and concentration of 
the source of the coal tar used and the concentration of coal tar present in the final 
product. 
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2.  Studies of Cancer in Humans 

2.1 Cohort and nested case–control studies by industry 

2.1.1 Coal gasification (Table 2.1) 

Kennaway and Kennaway (1947) analysed the mortality from cancer of the lung and 
larynx by occupation in England and Wales in 1921–38 that had been reported earlier 
(Kennaway & Kennaway, 1936). Data on occupation were obtained from death 
certificates; the population at risk in each occupation was estimated from national census 
data, which allowed the calculation of age-adjusted expected numbers of cancers by 
occupation. [Since different sources were used to obtain occupational titles for the 
numerator and denominator, this may have caused a bias in the estimated risks.] Among 
gas works labourers, 96 deaths from lung cancer (standardized mortality ratio [SMR], 
1.29; 95% confidence interval [CI], 1.04–1.57) and 43 deaths from laryngeal cancer 
(SMR, 0.90; 95% CI, 0.65–1.22) occurred; among male gas producers, 12 deaths from 
lung cancer (SMR, 2.03; 95% CI, 1.05–3.55) and two deaths from laryngeal cancer 
(SMR, 0.59; 95% CI, 0.07–2.12) occurred. No data on tobacco smoking habits were 
available.  

Bruusgaard (1959) analysed causes of death among current and former employees at 
a Norwegian gas producing plant over a 15-year period, during which 125 deaths 
occurred. Of these, 12 were from cancers of the respiratory tract, four of which were lung 
cancers. Among all cancer deaths, the proportion of cancer of the respiratory tract was 
higher than that in the general population. [This comparison was made on crude death 
rates that were not adjusted for the age distribution among the gas workers.] 

Kawai et al. (1967) reported the findings of a cohort study of all 504 generator gas 
production workers who were employed at a Japanese steel factory until it was closed 
down in 1953. Earlier publications from the plant included a report of a series of 12 cases 
of lung cancer among the generator gas workers during 1931–35 (Kuroda & Kawahata, 
1936). Mortality in the cohort was followed prospectively until 1965, up to a maximum 
age of 55 years. Causes of death were obtained from medical records from the two 
hospitals that served the area. Expected numbers of deaths were obtained by the person–
year method that used mortality in a reference cohort of 25 760 steel workers who had not 
worked at the generator gas plant. Six cases of lung cancer occurred among the gas 
workers in comparison with 0.18 expected (SMR, 33.33; [95% CI, 12.20–72.60]). [Only 
eight deaths from lung cancer occurred in the reference cohort, but the authors stated that 
the age-specific mortality from lung cancer in the reference group did not differ from that 
among Japanese men in general. However, the precision of the estimates of the expected 
numbers of cases among the gas workers was low.]  
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Doll (1952) and Doll et al. (1965, 1972) reported mortality among a cohort of British gas 
workers that originally comprised 11 499 men employed at, or in receipt of a pension 
from, four British gas boards (North Western, West Midlands, South Eastern and North 
Thames) in 1953. Men aged 40–65 years with a minimum duration of employment of 
5 years were included. Job titles at the start of employment were used to classify the 
degree of contact with coal gas: coal carbonizing process workers (heavy exposure, Class 
A); intermittent exposure in gas-producing plants or process work other than in retort 
houses (intermittent exposure, Class B); process and maintenance workers in chemical 
and by-product plants (low exposure, Class C1); or pre-payment meter collectors, credit 
meter readers and gas fitters (low or no exposure, Class C2). For the final follow-up, the 
cohort was restricted to 3023 men who were classified into Class A or C1. In addition, 
employees at four other gas boards were included (South Western, North Eastern, 
Southern and East Midlands), using similar inclusion criteria and exposure classification 
processes, and thereby increased the number of men in the cohort by 4687. The original 
cohort was followed for mortality from 1953 to 1965, and workers from the additional gas 
boards were followed from 1957 (one gas board from 1959) to 1965. Follow-up was 
nearly 100% complete, and data were missing for only one individual. Underlying causes 
of death were obtained from death certificates. Age-standardized death rates were 
calculated and compared within the cohort as well as with the general death rates for 
England and Wales. Local death rates were also used for some analyses to take into 
account geographical differences in cancer rates. In the four original gas boards, there was 
an increased risk for lung cancer among men who were heavily exposed to coal gas 
(Class A) [SMR, 1.79; 95% CI, 1.46–2.18]. In Class C (with low or no exposure), there 
was no excess risk for lung cancer [SMR, 0.75; 95% CI, 0.37–1.34]. Ten deaths from 
bladder cancer occurred in Class A, which was in excess of the expected number [SMR, 
2.35; 95% CI, 1.13–4.33], and only one death in Class C1 versus 1.3 expected. Three 
deaths from skin cancer were observed in Class A, which indicated an excess risk [SMR, 
6.00; 95% CI, 1.24–17.50]. In the four additional gas boards, there was increased 
mortality from lung cancer among both Class A [SMR, 1.34; 95% CI, 0.85–2.01] and 
Class B [SMR, 1.72; 95% CI, 1.23–2.35] workers. Thus, the excess was higher among 
intermittently exposed and not statistically significant among regularly exposed workers. 
[The authors discussed various explanations for this unexpected finding, the most 
plausible of which appeared to be random variation.] Only two cases of bladder cancer 
occurred in Class A and two in Class B, which were within the limits of those expected 
by chance. An internal analysis based on a matched case–control approach indicated that 
work as a top man or hydraulic mains attendant, both associated with high exposure to 
coal gas, was especially associated with an increased risk for lung cancer. Smoking habits 
were studied in a 10% sample of the cohort from the original four gas boards and 
indicated no excess among the gas workers (Doll et al., 1965). [The Working Group 
noted that the findings of the analysis of atherosclerotic and degenerative heart disease did 
not indicate that smoking habits were in excess among the gas workers.]  
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Hansen et al. (1986) studied mortality among 47 gas workers in Esbjerg, Denmark, 
who had been employed for >1 year at any time during 1911–70. A reference cohort was 
formed by selecting age-matched referents from the population registers of the 
Municipality of Esbjerg. Three referents were selected per cohort member (141 persons). 
Dates of death were obtained from population registers, and causes of death were 
obtained from death certificates. The mortality of gas workers was compared with that of 
the reference cohort using a Kaplan-Meier survival analysis. Odds ratios were also 
calculated. Thirty-three of the gas workers and 78 of the referent cohort had died at the 
end of follow-up. [The Working Group noted that the analytical methods were not 
sufficiently described. The end of follow-up was not specified but a maximum survival of 
60 years was noted.] Mortality from all causes did not differ between gas workers and the 
reference cohort. However, mortality from cancer, and especially from lung cancer, was 
higher among the gas workers than the referent cohort (odds ratio, 3.84; p <0.01; and odds 
ratio, 3.94; p <0.05, respectively). Restriction of the analysis to those with at least 10 
years of employment and allowing for a latency of 10 years gave similar results. No data 
on tobacco smoking were available.  

Wu (1988) reported summary results for a number of occupational epidemiological 
studies in the People’s Republic of China. Mortality in a cohort of 3107 workers from six 
coal gas plants was compared with that in a cohort of steel workers. [The Working Group 
noted that an increased risk for lung cancer has been observed among steel workers, 
which may underestimate the true risk.] Workers employed in 1971 were followed for 
mortality up to 1981, and 234 deaths occurred among gas workers (standardized rate ratio 
[SRR], 1.29; 90% CI, 1.16–1.44). The SRR among workers in the gas departments of the 
coal gas plant was increased (SRR, 3.66; 90% CI, 2.36–5.43). [It is not possible to assess 
the validity of the study from this short report.] 

Gustavsson and Reuterwall (1990) studied mortality and cancer incidence among gas 
workers employed by the Stockholm Gas Company in Sweden. All men who had been 
employed for at least 1 year between 1965 and 1972 were followed for mortality from 
1966 to 1986 and for cancer incidence from 1966 to 1983. In total, 300 individuals were 
identified from company records; four had emigrated and one could not be traced, and the 
analyses were based on the remaining 295 workers. Follow-up was carried out via 
computerized population registers, underlying causes of death were obtained from death 
certificates and incident cases of cancer were obtained from the national cancer register. 
Expected numbers of deaths were calculated from gainfully employed men in Stockholm 
using the person–year method; expected numbers of cancers were based on national 
cancer rates. Overall mortality was slightly higher among gas workers than in the 
reference population (84 deaths; SMR, 1.27; 95% CI, 1.01–1.57). Four incident cases of 
lung cancer occurred which was close to the expected number (standardized incidence 
ratio [SIR], 1.35; 95% CI, 0.36–3.46). A significant increase in the incidence of cancer of 
the nose and nasal sinuses was found (SIR, 29.57; 95% CI, 3.57–106.89). [The Working 
Group noted that this is a rare tumour, and that the observed increase was based on only 
two cases.]  
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Berger and Manz (1992) studied mortality among 4908 male workers at a gas 
production plant in Hamburg, Germany. All male blue- and white-collar workers who had 
been employed for >10 years during 1900–89 were included and were followed for 
mortality from 1952 until 1989. Three exposure groups were formed: 789 gas furnace 
workers (Group I), 3401 workmen in other parts of the plant (Group II) and 718 white-
collar workers (Group III). The average duration of employment was 26.7, 26.1 and 
38.0 years, respectively. Causes of death were obtained from autopsy records, medical 
records from hospital or family doctors and statements from relatives. SMRs were 
computed using the person–year method and two reference cohorts: the general 
population of Germany and Group III as an internal comparison. Tobacco smoking habits 
were obtained from occupational health service registers, colleagues, next of kin and the 
subjects themselves when alive. Of the initial 4928 men, 20 could not be traced and the 
analyses were based on the remaining 4908. A total of 2240 cohort members had died at 
the end of follow-up, which was somewhat below the expected number based on national 
death rates (SMR, 0.83; 95% CI, 0.80–0.87). Gas furnace workers (Group I) showed a 
highly increased rate of mortality from lung cancer (SMR, 2.88; 95% CI, 2.28–3.59) and 
from stomach cancer and cancer of the colon and rectum. Mortality from lung cancer was 
close to the expected rate in Group II (SMR, 0.96; 95% CI, 0.78–1.17), whereas it was 
lower than that expected among the white-collar workers (SMR, 0.45; 95% CI, 0.23–
0.79). A clear relation with duration of employment was observed for lung cancer but not 
for stomach or colorectal cancer. [The analysis of mortality in relation to duration of 
employment was published in a non-peer reviewed report (Manz et al., 1983).] The 
authors recognized the methodological problem raised by the fact that causes of death 
were obtained using different methods within the cohort, including data from next of kin, 
and national reference rates. An internal analysis using white-collar workers as a 
reference cohort addressed this question and showed a higher SMR for lung cancer 
(SMR, 7.28; 95% CI, 5.79–9.03) than that obtained with external rates. [It is questionable 
whether white-collar workers constitute a suitable reference group.] The analysis of 
tobacco smoking habits showed a higher rate of smokers among the gas furnace workers 
(69.2%) than among other labourers (64.1%) and white-collar workers (48.7%). It should 
be noted that smoking habits could not be obtained for 18, 16 and 22% of Groups I–III, 
respectively. [It is improbable that all of the high excess of lung cancer among gas 
furnace workers could be explained by tobacco smoking.] 

Martin et al. (2000) reported a case–control study of lung cancer nested within a 
cohort of all men who had been employed for at least 1 year at a French electricity and 
gas producing company (EDF–GDF) between January 1978 and December 1989. Cases 
of lung cancer were identified from the company’s cancer registry. Using incidence 
density sampling, four individually age-matched referents per case were selected from the 
cohort, which resulted in a total of 310 cases and 1225 referents in the study. 
Occupational exposure to over 20 agents or exposure situations was assessed by a 
industry-specific job–exposure matrix. The relative risk for lung cancer was estimated by 
conditional logistic regression with adjustment for exposure to asbestos and 
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socioeconomic status, which served as a proxy for tobacco smoking habits. The relative 
risk for lung cancer was increased among workers in coal gas production (odds ratio, 
1.64; 95% CI, 0.80–3.40). An analysis of exposure–response based on an index of 
cumulative exposure showed a statistically significant excess risk in the highest quartile of 
exposure (odds ratio, 3.87; 95% CI, 1.15–12.9). [There may be residual confounding from 
tobacco smoking since socioeconomic status is not a good proxy for tobacco smoking 
habits. Also, adjustment for socioeconomic status may lead to overmatching and result in 
underestimation of relative risks.] 

2.1.2 Coke production (Table 2.2) 

In the study by Kennaway and Kennaway (1947) (reported in detail in Section 2.1.1), 
85 deaths from lung cancer (SMR, 2.84; [95% CI, 2.27–3.52]) and 37 deaths from 
laryngeal cancer (SMR, 2.13; [95% CI, 1.50–2.93]) occurred among gas stokers and 
coke-oven chargers. No data on tobacco smoking habits were available.  

Reid and Buck (1956) reported a mortality study of British coke workers, in which 
deaths among coke plant workers from 1949 to 1954 were identified from the 
Carbonization Department of the National Coal Board. Causes of death were ascertained 
either from claims to the trade union’s funeral fund that required death certificates, or 
from the General Registrar’s Office. The population at risk was estimated from a census 
in 1952, which allowed estimation of person–years by job category and age group, and 
was approximately 8000 persons. Expected numbers of deaths were calculated from death 
rates obtained from ‘a large industrial organization’ [It was not stated that the death rates 
were said to be similar to those of the General Post Office]. During the study period, 
14 deaths from respiratory cancer occurred [SMR, 1.40; 95% CI, 0.77–2.35]. A 
proportionate mortality analysis was performed for retired workers but was uninformative 
due to the small numbers of deaths. [Insufficient details were given regarding the data 
sources, the methods used to estimate the population at risk and the reference cohort to 
assess the validity of the study.] 

Sakabe et al. (1975) reported mortality among 2178 coke-oven workers in Japan who 
retired (at age 55 years) between 1947 and 1973 from 11 companies, and who were 
followed for mortality from 1949 to 1973. Expected numbers of deaths were calculated 
from the general Japanese male population, with adjustment for age. Overall mortality 
was not reported. Fifteen deaths from lung cancer were observed in comparison with 
11.67 expected [SMR, 1.29; 95% CI, 0.72–2.12]. [The methods for tracing the vital status 
of the retired workers was not reported.]  

Davies (1977) reported mortality among 610 coke production workers who were 
actively employed in May 1954 at two coke plants located at steel industries in South 
Wales, United Kingdom, and who were followed for mortality until June 1965. The 
cohort was identified from personnel registers of the companies that also kept information 
on job departments. Follow-up was achieved through company records, through mail and 
National Insurance numbers, and underlying causes of death were obtained from death  
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certificates. Follow-up was complete for all 610 workers. [The follow-up period was 
short.] Expected numbers of deaths for the entire follow-up period were computed by the 
person–year method using death rates for England and Wales in 1958–61. A total of 
82 deaths occurred in the cohort [SMR, 0.86; 95% CI, 0.68–1.06], eight of which were 
from lung cancer [SMR, 0.82; 95% CI, 0.35–1.62].  

Hurley et al. (1983) reported mortality in two cohorts that together constituted a large 
part of all British coke workers. One cohort comprised all male manual workers at coke 
production plants owned by the British Steel Corporation (BSC), who were actively 
employed for the full period 1 January 1966 to 31 July 1967. The second cohort 
comprised all male manual workers in coke production plants owned by National 
Smokeless Fuels Limited (NSF) who were employed on 1 January 1967. Information on 
work histories, including job departments, was obtained from company registers. In total, 
6767 men from 14 BSC and 13 NSF works in England, Scotland and Wales were 
included and followed up to 1979. Follow-up was achieved through population registers. 
SMRs were calculated by the person–year method using national death rates to calculate 
expected numbers of deaths. Surveys of tobacco smoking habits were performed among 
those employed by the BSC in 1971–73 and by the NSF in 1968 and 1973. Follow-up 
was completed for all but 159 men (2.3%) who were excluded from the analyses which 
were performed on the remaining 6608 men. Four hundred and three deaths occurred in 
the BSC cohort and 734 deaths in the NSF cohort, giving a total of 1137 deaths during the 
follow-up period; 480.2 and 802.5 deaths were expected, respectively, giving a combined 
SMR for both cohorts of 0.89 (95% CI, 0.84–0.94); 167 deaths were from lung cancer 
(SMR, 1.17; 95% CI, 1.00–1.37). A subdivision of the cohort into the categories ‘non-
oven work’ (SMR, 0.93; 95% CI, 0.71–1.18; n=65 deaths), ‘part oven work’ (SMR, 1.22; 
95% CI, 0.84–1.72; n=33 deaths) and ‘oven work’ (SMR, 0.99; 95% CI, 0.76–1.26; 
n=66 deaths) showed no evidence of a dose–response pattern. Based on a small subset, no 
trend in the SMR for lung cancer was observed with duration of employment. [The 
limited data on tobacco smoking did not permit an assessment of the contribution of 
smoking habits to the increased risk for lung cancer.]  

Wu (1988) reported summary results for a number of occupational epidemiological 
studies in the People’s Republic of China. Mortality in a cohort of 21 995 workers 
employed before 1965 in 19 coke plants in the metallurgical industry in China was 
compared with that among workers in a primary rolling mill in the steel industry from 
1971 to 1982. Among the coke plant workers, 837 deaths occurred (SMR, 1.33; 95% CI, 
1.24–1.42); 93 deaths from lung cancer (SMR, 2.55; 95% CI, 2.06–3.13) occurred in the 
cohort and 40 occurred among the coke-oven workers (SMR, 4.97; 95% CI, 3.55–6.77). 
The highest risk was observed in workers on top of the oven. [It is not possible to assess 
the validity of the study from this short report.] 

Swaen et al. (1991) reported the findings of a cohort study of 5659 male workers who 
had been employed for at least 6 months at any of three Dutch coke plants at any time 
between 1945 and 1969; 5740 workers who had been employed at a fertilizer plant during 
the same period were used as a reference cohort. Information on job histories was 
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obtained from company records, and study and reference cohorts were followed for 
mortality up to 1984, using company registers, registers of retired workers or municipal 
population registers. Although access to causes of death for individuals in the cohort was 
denied for reasons of confidentiality, numbers of deaths from different causes were 
obtained from the Central Bureau of Statistics. Mortality in both the study and reference 
cohort was compared with that of the general male Dutch population by calculation of 
SMRs, using the person–year method. Of the 5659 coke plant workers, 1374 had died, 
127 had emigrated and four were lost to follow-up. The coke plant workers had worked 
either at the coke ovens or at the by-product plant. There were 520 deaths among the 
coke-oven workers (SMR, 1.19; [95% CI, 1.09–1.29]) and 854 among the by-product 
workers (SMR, 0.97; [95% CI, 0.91–1.04]). Among the coke-oven workers, 62 deaths 
from lung cancer (SMR, 1.29; 95% CI, 0.99–1.65), seven deaths from bladder cancer 
(SMR, 0.98; 95% CI, 0.39–2.02) and no deaths from skin cancer occurred. The SMR for 
lung cancer among the coke by-product workers was 1.00 [95% CI, 0.82–1.21] and that 
among the fertilizer plant workers was 0.87 [95% CI, 0.71–1.05].  

Chau et al. (1993) investigated mortality among male manual workers who had 
retired from two coke plants in Lorraine, France, between 1 January 1963 and 
31 December 1982. The 536 workers identified were followed for mortality from 
retirement until 31 December 1987. A report by Bertrand et al. (1987) included follow-up 
of the same cohort until 1982. Underlying causes of death were sought from medical 
records from hospitals, occupational physicians and general practitioners. Work histories 
were obtained from company and occupational health records, as well as from foremen. 
SMRs were calculated by the person–year method using the French male population to 
obtain expected numbers. Data on tobacco smoking (ever smoker/nonsmoker) were 
collected from medical records, next of kin or from the individuals themselves and were 
obtained for 87% of the cohort. By the end of follow-up, 182 deaths had occurred (SMR, 
1.41; 95% CI, 1.21–1.63), of which 25 were from lung cancer (SMR, 2.38; 95% CI, 1.54–
3.51). A subdivision by work area showed that two lung cancer cases had worked at the 
ovens (SMR, 175; 95% CI, 21–632) and eight cases had worked near the ovens (SMR, 
2.52; 95% CI, 1.09–4.97). Workshop workers had an SMR of 4.33 (95% CI, 1.59–9.42; 
six cases), by-product workers had an SMR of 2.37 (95% CI, 0.29–8.56; two cases) and 
non-exposed workers had an SMR of 2.28 (95% CI, 0.84–4.96; six cases). The authors 
noted that the Lorraine region had a 40% higher rate of death from lung cancer than the 
national average, on which the expected numbers were based. [The Working Group noted 
that an indirect adjustment for tobacco smoking habits gave ambiguous results; the 
proportion of smokers among coke plant workers (74%) was lower than the national 
average (80% smokers), but adjustment for tobacco smoking habits reduced the SMR for 
lung cancer to close to unity. It remains unclear whether the findings were confounded by 
tobacco smoking.] 

Franco et al. (1993) investigated mortality among 538 male production workers who 
had been employed for at least 1 year between January 1960 and December 1985 at a 
coke plant in Carrara, Italy, which first started to operate in 1943 and was closed down in 
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1989. The cohort was identified from company records and was followed for mortality 
from January 1960 to December 1990. Vital status and causes of death were traced via 
municipal registers. SMRs were calculated according to the person–year method, using 
national, regional (Tuscany) and provincial (Massa Carrara) mortality rates to calculate 
the expected numbers. Follow-up was complete for 98.1% of the cohort. At the end of 
follow-up, 118 persons had died (SMR, 1.04; 95% CI, 0.86–1.25) (using regional 
reference rates), and 19 deaths from lung cancer occurred (SMR, 1.70; 95% CI, 1.02–
2.65) (regional rates). Applying reference rates obtained from the local area (Massa 
Carrara), the SMR was reduced to 1.47 (95% CI, 0.89–2.30). Work histories were 
complete only for a subset of the cohort, and it was not possible to investigate SMRs by 
department in the plant. No data on tobacco smoking habits were available.  

A cohort study of over 59 000 steel workers from seven plants in Allegheny County, 
OH (USA) was first reported by Lloyd and Ciocco (1969) and included all steel workers 
who were employed in 1953. Subdivision by work area showed a high risk for lung 
cancer among the 2552 coke-oven workers (Lloyd et al., 1970; Lloyd, 1971). An update 
and extension of the study that focused on coke plant workers was reported by Redmond 
et al. (1972), and included 1356 workers from the two coking facilities of the original 
cohort and 4661 coke plant workers (all workers who had been employed any time 
between 1951 and 1955) in 10 plants in the USA and Canada. A further update was 
published by Redmond (1983). The most recent report (Costantino et al., 1995) covered 
all coke-oven workers from the original study (two coke-oven facilities) as well as those 
from the new cohort to give a total cohort of 5321 persons. Work histories and vital status 
were updated through to 1982. Similar procedures were used for cohort identification and 
follow-up for both cohorts. Company registers were used to identify individuals and work 
histories and company and federal registers were used to assess vital status. Underlying 
causes of death were obtained from death certificates. Follow-up for the original cohort of 
steel workers (in 1966) was complete for all but 61 workers (0.1%), while 40 of 
3305 men (1.2%) were lost to follow-up in the new cohort (Redmond et al., 1972). 
Mortality among coke-oven workers was compared with a reference cohort, individually 
matched (2:1) with regard to race, age, plant and start of hire, that was selected from 
among non-oven workers at the steel industries involved. The relative risk for death 
among coke-oven workers versus the reference cohort was estimated by the Mantel-
Haenszel procedure. There were 2291 deaths among coke-oven workers (relative risk, 
1.08; 95% CI, 1.02–1.14), of whom 255 had died from lung cancer (relative risk, 1.95; 
95% CI, 1.59–2.33). Excess mortality was also noted for prostatic cancer (58 deaths; 
relative risk, 1.57; 95% CI, 1.09–2.30). The earlier report by Redmond et al. (1972) 
regarding the original Allegheny cohort identified that work on top of the ovens was 
especially hazardous with regard to risk for lung cancer. The extended study that included 
follow-up through to 1982 showed a positive association between the risk for lung cancer 
and number of years as a coke-oven worker. The relative risks for lung cancer in 
categories of increasing duration of employment as a coke-oven worker are shown in 
Table 2.2 (p for trend <0.001). An even more pronounced trend was noted for duration of 
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work in top-side jobs: 1.0 (reference), 1.67 (95% CI, 1.41–2.51), 2.58 (95% CI, 1.75–
4.23), 4.25 (95% CI, 2.91–7.14), 4.45 (95% CI, 2.79–7.56) and 4.34 (95% CI, 2.89–6.97) 
for categories of duration of 0 (reference), 1–5, 5–9, 10–14, 15–19 and >20 years (p for 
trend <0.001). A positive trend in relative risk was also noted for cumulative exposure to 
coal-tar pitch volatiles (CTPV). An analysis of mortality from lung cancer in relation to 
the period of follow-up indicated that the high risks noted among the coke-oven workers 
were greater in the period up to 1965 and lower, but still significantly elevated, for the 
periods 1966–75 and 1976–82. The relative risk for lung cancer was higher among non-
white coke-oven workers (173 deaths; relative risk, 2.22; 95% CI, 1.70–2.84) than among 
white coke-oven workers (82 deaths; relative risk, 1.62; 95% CI, 1.20–2.17). Further 
analysis of risk for prostatic cancer was reported only for all coke oven workers by 
weighted exposure index and indicated no clear exposure–response pattern (p for trend, 
0.11).  

An analysis of exposure–response within this cohort was published by Mazumdar et 
al. (1975), using follow-up data up to 1966. Data on hygiene measurements were used to 
classify jobs with regard to exposure to CTPV, and a personal cumulative exposure of 
CTPV–years was calculated based on work histories. A positive association between 
cumulative exposure to CTPV and risk for lung cancer was found for non-white, but not 
for white, coke-oven workers. Similar findings were made when exposure–response was 
further investigated by Moolgavkar et al. (1998) using follow-up data until 1982 and 
based on more detailed work histories. There was a positive association between 
cumulative exposure to CTPV and risk for lung cancer among non-whites, both in the 
Allegheny and non-Allegheny part of the cohort, while no evident exposure–response 
relationship was found among the whites. However, the risk for lung cancer was clearly 
elevated amongst both white and non-white coke-oven workers in general in comparison 
with the steelworker reference cohort. The life-time unit risk associated with an exposure 
to 1 µg/m3 CTPV was estimated to be 1.5 × 10–4 (95 % CI, 1.2 × 10–4–1.8 × 10–4). 

Bye et al. (1998) followed mortality and cancer incidence among 888 male workers 
employed for >1 year in a Norwegian coke plant in 1962–88 until 1993. Exposure to 
polycyclic aromatic hydrocarbons (PAHs) was assessed based on individual job histories 
and time-weighted average exposures using personal measurements. Vital status, causes 
of death and cancer diagnoses were obtained from national registries and expected 
numbers were computed based on national statistics. During follow-up, 122 deaths 
occurred (SMR, 0.87; 95% CI, 0.72–1.04); overall, an excess risk for stomach cancer was 
observed (nine cases; SIR, 2.22; 95% CI, 1.01–4.21), but not for lung cancer (seven cases; 
SIR, 0.82; 95% CI, 0.33–1.70). In dose–response analyses, the highest SIRs for cancers of 
the lung and stomach were observed in categories of high cumulative exposure, and the 
test for trend was statistically significant for stomach cancer after taking into account a 
latency period of 20 years.  



 POLYCYCLIC AROMATIC HYDROCARBONS 139 

 

2.1.3 Coal-tar distillation (Table 2.3) 

Relatively few studies distinguish tar distillation workers in particular. 
An early study by Henry et al. (1931) examined 11 429 male deaths from cancer of 

the urinary bladder and prostate in relation to last recorded occupation (as given on the 
death certificate) of 13 965 cases that occurred in England and Wales from 1921 to 1928. 
Expected numbers of deaths were calculated from death rates for cancers of the urinary 
bladder and prostate in 5-year age groups and were applied to the population of workers 
in each 5-year age group according to census occupation tables. Among 2665 tar-
distillery workers, four deaths from urinary bladder cancer were observed with 
1.2 expected, and one death from prostatic cancer with 1.2 expected. [Different sources 
were used to obtain occupational titles for the numerator and denominator of the 
occupational death rates, which may have caused bias in the estimated risks.]  

Henry (1946) described a large series of epitheliomatous ulcerations or cancers of the 
skin that were notified as occupational diseases during 1920–43 in England and Wales. 
The second largest occupational category cited was tar distillers that comprised 767 cases 
among a total of 3333 notifications. Of these, 451 were on the head and neck, 195 on the 
hands and arms and 152 on the scrotum. Mortality rates for scrotal cancer were estimated 
using deaths over the period 1911–38 and the total working population in the relevant job 
categories taken from the 1921 and 1931 censuses. Tar-distillery workers showed one of 
the higher rates, with a mortality rate of 213 per million based on 31 cases, compared with 
a rate in the general population of 4.2 per million. [The Working Group noted that these 
rates were not age-adjusted, that there may be better case identification and diagnosis in 
jobs with known tar exposure and that job classification data differed for the numerator 
and denominator. However, in view of the 50-fold difference in rates, many of these cases 
can reasonably be attributed to exposure to coal-tar pitch.] 

Schunk (1979) reported on the mortality of 76 male blue-collar tar-distillation 
workers in Gotha, German Democratic Republic. Between 1962 and 1972, on average 38 
were employed on an annual basis and, by 1972, a total of 38 had retired. Eight deaths, 
including seven deaths from cancer (four from lung cancer and two from stomach 
cancer), were observed. The duration of employment of the deceased workers varied 
between 7.9 and 15.5 years. In comparison with workers at a local rubber manufacturing 
plant or with the national reference population, the mortality from cancer and lung cancer 
was increased approximately threefold. [The Working Group noted that only crude 
mortality rates were reported.]  

Maclaren and Hurley (1987) followed 259 British tar-distillery workers, who 
represented all those employed at four tar distillation plants on 1 January 1967, until 1983. 
Occupational histories were extracted from employment records from date of hire to 
1975. All but four were successfully traced through the national health service central 
register, which left 255 for analysis. Comparisons were made with appropriate regional 
mortality rates to compute SMRs. Twelve lung cancers were observed (7.5 expected; 
SMR, 1.60 [95% CI, 0.83–2.79]) and three urinary bladder cancers (0.7 expected; SMR,  
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4.29 [95% CI, 0.88–12.5]). The SMRs for lung cancer increased with increasing time 
since hire (p for trend = 0.25). Nested case–control studies were carried out to investigate 
associations with specific job categories, but these were reported to be non-significant. 
[The Working Group noted that numbers were small and that the power to subdivide 
these small case groups was low.] 

Moulin et al. (1988) studied the mortality of a cohort of 963 men who had worked for 
at least 1 year in a tar distillery and who had been employed on or after 1 January 1970. 
The population was followed up to 1984 by contacting the company, physicians, family 
and registers from the place of birth. Follow-up was 100% successful. Information was 
sought from next of kin so that treating physicians could be contacted to establish the 
cause of death. Proportionate mortality ratios (PMRs) and SMRs were computed using 
national reference rates; SMRs were also computed using local (‘département’) rates; and 
a nested case–control study was carried out. Five deaths from lung cancer occurred and 
expected rates varied from 10.7 in the PMR analysis to 7.1 and 9.4 in the SMR analyses 
(SMR relative to national rates, 0.70; 95% CI, 0.23–1.64). There were no cases of 
laryngeal cancer (2.4–3.5 expected in the various analyses), but a significant excess of 
cancer of the buccal cavity and pharynx was observed (10 deaths; SMR relative to 
national rates, 2.94; 95% CI, 1.41–5.41). [The Working Group noted that the method of 
retrieving cause of death for the cohort may have led to some misclassification of deaths 
relative to the assignment of cause by death certificate for cause-specific reference rates.] 

In a study of the mortality of coke plant workers (described in detail in Section 2.1.2), 
Swaen et al. (1991) reported results for a group of tar-distillery workers. An SMR of 154 
was reported for lung cancer among the tar-distillery workers; however, this was stated to 
be non-significant [no observed or expected numbers were given; p-value not stated]. 

Swaen and Slangen (1997) reported on a cohort 907 tar-distillery workers who were 
identified from pension records and met the criterion that they had been employed for at 
least 6 months between January 1947 and January 1980. Women and workers with 
foreign nationality were excluded. Subjects were traced through municipal registers, with 
a no-trace rate of 4.2% (for roofers and tar distillers combined). Follow-up was carried 
out through to 1988. Expected deaths were calculated using Dutch national death rates. 
Job histories were available for all tar-distillery workers. Forty-eight deaths from lung 
cancer occurred (SMR, 1.18; 95% CI, 87–157), two deaths from urinary bladder cancer 
(3.6 expected; SMR, 0.55; 95% CI, 0.06–2.01) and no death from kidney cancer 
(2.4 expected).  

Letzel and Drexler (1998) described an extended case series of skin tumours among 
German tar-refinery workers. The occupational health records of 606 workers who had 
been recorded as having had tar dermatitis between 1946 and 1996 were searched for a 
mention of tumours; 4754 skin tumours had been identified and surgically removed up to 
the end of 1996, of which 90% (4280) had histological diagnoses. Most (2456) were 
keratoses that were classified as precancerous lesions. Among the various histologies, 
380 squamous-cell carcinomas, 218 basal-cell carcinomas and 182 keratoacanthomas 
were reported. Some cases had multiple tumours, and one individual was reported to have 
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had 88 squamous-cell carcinomas over the period of observation. The 598 squamous-cell 
and basal-cell carcinomas occurred in 207 persons (34.2% of the total). The authors noted 
that the ratio of squamous- to basal-cell carcinomas was 1.7:1 in contrast to a ratio of 1:10 
in the German population. Most of the tumours occurred in areas that had been in contact 
with the tar or tar fumes, notably the facial area, forearms and hands. In addition, 
20 squamous-cell carcinomas of the scrotum were reported. Latency from first exposure 
to diagnosis ranged up to 69 years with a median latency of 28 years for squamous-cell 
carcinoma and 35 years for basal-cell carcinoma. [The size of the population within which 
these 606 individuals with dermatitis were reported was not given. However, the large 
proportion of subjects with at least one malignant tumour, the high proportion of 
squamous-cell carcinomas and the occurrence on exposed areas suggest that occupational 
exposures at this tar refinery represented a risk factor for these tumours.] 

2.1.4 Roofing and paving (Table 2.4) 

Roofing and flooring, and paving of roads have involved the use of bitumen and coal-
tar pitch. Coal-tar pitch has been phased out in most countries and, in some areas, bitumen 
has been used exclusively because of local availability. Some studies of road pavers and 
roofers include workers who have been only exposed to coal-tar pitch only or to both 
bitumen and coal-tar pitch and both are considered here. Other studies which are largely 
or completely restricted to bitumen exposure are not reviewed here and they will be 
addressed in a later monograph on bitumen (Maizlish et al., 1988; Bender et al., 1989; 
Hansen, 1989a,b, 1991; Watkins et al., 2002). 

Kennaway and Kennaway (1947) analysed mortality from lung and laryngeal cancer 
in 1921–38 in England and Wales using the occupation recorded on the death certificate 
and occupational data from the census to calculate expected deaths by occupation. In the 
category ‘paviours, street masons, concretors, asphalters’, 26 deaths from lung cancer 
occurred (SMR, 1.64; [95% CI, 1.07–2.40]) and 13 deaths from laryngeal cancer occurred 
(SMR, 1.40; [95% CI, 0.75–2.39]). [The Working Group noted that this SMR is 
vulnerable to some numerator/denominator bias. While the proportion of asphalters in this 
group was unknown, it was believed that, during those years, coal tar would have been 
used in asphalting tasks.] 

A 12-year mortality study was carried out on 5939 members of a roofers’ union in the 
USA who were alive in 1960 and who had had at least 9 years of union membership; 
5788 were traced through to 1971 (Hammond et al., 1976). Employment as a roofer in the 
USA entails the application of hot pitch or hot bitumen. Coal-tar pitch was used more 
frequently than bitumen in the past but bitumens are now more commonly used. Most of 
the men were reported to have worked with both substances. Expected numbers of deaths 
were computed on the basis of US life-tables specific for age and single calendar year. 
The SMR for all deaths was 1.03 in the first 6 years of the study and 1.10 in the 
second 6 years. The SMRs for lung cancer generally increased with increasing time since  
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joining the union: 9–19 years: 22 deaths observed; SMR, 0.92; [95% CI, 0.58–1.39]; 20–
29 years: 66 deaths observed; SMR, 1.52; [95% CI, 1.17–1.93]; 30–39 years: 21 deaths 
observed; SMR, 1.50; [95% CI, 0.93–2.29]; and ≥40 years: 12 deaths observed; SMR, 
2.47; [95% CI, 1.28–4.32]. In the group with 20 or more years of membership in the 
union, increases in SMRs were reported for cancer of the oral cavity, pharynx, larynx and 
oesophagus (31 deaths observed; SMR, 1.95; [95% CI, 1.32–2.76]), cancer of the 
stomach (24 deaths observed; SMR, 1.67; [95% CI, 1.07–2.49]), leukaemia (13 deaths 
observed; SMR, 1.68; [95% CI, 0.89–2.87]) and cancer of the urinary bladder (13 deaths 
observed; SMR, 1.68; [95% CI, 0.90–28.8]). In the total cohort, five deaths from skin 
cancer other than melanoma occurred (1.18 expected [SMR, 4.24; 95% CI, 1.38–9.89]). 
[No data on tobacco smoking were available.] 

In a study by Menck and Henderson (1976) of occupational differences in lung cancer 
rates among white men in Los Angeles County, USA, mortality data for 1968–70 and 
morbidity data from the county cancer registry for 1972–73 were pooled. The 3938 men 
under study were classified by their last recorded occupation and the industry in which 
they were employed. This information was obtained from death certificates for mortality 
and from hospital records for incident cases. Age-adjusted expected numbers of deaths 
and incident cases were calculated on the basis of a 2% sample of 1970 census records for 
Los Angeles County classified by occupation and industry. Among roofers, a significantly 
increased risk for lung cancer was observed (six deaths observed; SMR, 4.96; [95% CI, 
1.82–10.80]). [No data on tobacco smoking were available.]  

Milham (1982) conducted a proportionate mortality analysis of deaths among white 
male residents in the State of Washington during 1950–79. Among roofers and slaters, 
four deaths from laryngeal cancer (PMR, 2.70; [95% CI, 0.74–6.91]) and 53 deaths from 
cancer of the bronchus and lung (PMR, 1.61; [95% CI, 1.21–2.11]) occurred. [No data on 
tobacco smoking were available. It is not known whether workers in Washington State 
were likely to use coal tar in these jobs.] 

Engholm et al. (1991) followed 704 roofers and 2572 road-paving asphalt workers 
who were part of the larger Swedish Bygghälsan cohort (the Swedish Construction 
Industry’s Organization for Working Environment, Safety and Health). These men had 
had at least one annual medical examination during 1971–79 and were followed for 
mortality and cancer incidence for an average of 11.5 years. The SIR for lung cancer 
among roofers and asphalt workers was 3.62 ([95% CI, 0.99–9.27]; four cases) and 1.24 
([95% CI, 0.54–2.44]; eight cases), respectively. 

Hrubec et al. (1992) reported a smoking-adjusted relative risk of 3.00 ([95% CI, 
1.16–7.73]; four cases) for respiratory cancer in a cohort of US veterans who had an 
occupation as ‘roofer and slater’. Follow-up for mortality was conducted from 1954 to 
1980. 

Pukkala (1995) reported a cancer incidence follow-up study from the Finnish 1970 
census (which consisted of 98% of inhabitants as at 31 December 1970 who completed a 
questionnaire on occupation, family structure, living conditions, etc.). Eighteen lung 
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cancers occurred among asphalt roofers (unadjusted SIR, 3.50; 95% CI, 2.07–5.53; SIR 
adjusted for social class, 3.25; 95% CI, 1.92–5.13). 

Swaen and Slangen (1997) reported a cohort of 866 roofers who had been employed 
for at least 6 months between 1947 and 1980 in The Netherlands and who were followed 
up until 1988. They were identified from pension records and traced through municipal 
registers; the no-trace rate was 4.2% (for roofers and tar distillers combined). Women and 
workers of foreign nationality were excluded, and no exposure data were reported. During 
follow-up, 39 deaths from cancer of the lung (SMR, 1.31; 95% CI, 0.93–1.80), three 
deaths from urinary bladder cancer (SMR, 1.15; 95% CI, 0.23–3.37) and one death from 
laryngeal cancer (SMR, 1.36; 95% CI, 0.02–7.95) were observed.  

Stern et al. (2000) carried out a proportionate mortality analysis of unionized roofers 
and waterproofers in the USA. A total of 11 370 male deaths were identified. Death 
certificates could not be retrieved for 72 (0.6%) and date of entry into the union was 
missing for a further 152; consequently, 11 144 men were available for analysis. PMRs 
were calculated using race-, age- and calendar year (5-year groups)-specific data for US 
men. The PMR for lung cancer was 1.39 (95% CI, 1.31–1.48; based on 1071 deaths). 
PMRs for other sites were: laryngeal cancer, 1.45 (95% CI, 1.06–1.93; based on 
46 deaths); and urinary bladder cancer, 1.38 (95% CI, 1.11–1.70; based on 89 deaths). 
Results were subdivided by decade of first membership in the union (up to 1935, 1935–
44, 1945–54, 1955–64, 1965–74 and in 1975 and thereafter). The PMRs for lung cancer 
were 1.41, 1.70, 1.39, 1.42, 1.53 and 1.69, respectively. [The Working Group noted the 
absence of a reduction in trend over a time when exposure to coal tar relative to that to 
bitumen was believed to have a downward trend.] 

The largest study of exposure to asphalt/bitumen is a European multicentre cohort 
study of workers engaged in road paving, asphalt mixing and roofing (Boffetta et al., 
2003a,b). Cohorts were assembled in Denmark, Finland, France, Germany, Israel, the 
Netherlands and Norway from road paving and asphalt mixing companies; a further 
cohort in Sweden was drawn from a national surveillance programme for the building 
industry. The study was designed to include workers exposed to bitumen and to minimize 
the inclusion of those with exposure to coal-tar pitch, although some longer-term workers 
were exposed to both. The cohort included 29 820 workers employed in paving, roofing, 
waterproofing and asphalt mixing, 32 245 workers employed in building or ground 
construction work only and other bitumen-exposed jobs, and 17 757 workers who were 
not classifiable as bitumen workers. The mean follow-up was for 16.7 years which 
yielded a total of 1 287 209 person–years of observation. The cohort was also analysed in 
relation to bitumen, coal tar and other exposures. Exposure histories were developed by 
assembling information from the literature, unpublished industrial hygiene reports and 
from questionnaires sent to the participating plants. Exposure to the various agents was 
classified as ever/never. The expected numbers of deaths used to calculate SMR were 
computed based on national rates for each country and by Poisson regression for internal 
comparisons. Of the population, 27.5% was classified as having had some exposure to 
coal tar (334 509 person–years among those exposed and 861 102 person–years among 
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those not exposed). Exposure to coal tar was assessed from information on the use of coal 
tar collected from company questionnaires and from expert judgement. The SMR for 
head and neck cancer (oral cavity, pharynx and larynx) was 1.11 (95% CI, 0.91–1.34), the 
SMR for lung cancer for those exposed to coal tar was 1.05 (95% CI, 0.93–1.17; based on 
308 cases), while the SMR for those who were not exposed to coal tar was 1.08 (95% CI, 
0.98–1.19; based on 431 cases).  

2.1.5 Creosote (Table 2.5) 

O’Donovan (1920) reported three cases of skin cancer in men exposed occupationally 
to creosote. One of them had been applying creosote to timber for 40 years, and warts had 
appeared on his hands, legs and behind his ears for 7 years. Additional reports of indi-
vidual cases have also been published (Cookson, 1924; Shimauchi et al., 2000; Carlsten 
et al., 2005). 

Henry (1946) also calculated crude mortality rates for scrotal cancer for some groups 
that were considered to be occupationally exposed to creosote. The crude mortality rate 
for scrotal cancer during 1911–38 for brickmakers exposed to ‘creosote oil’ was 29 per 
million men, based on nine verified cases compared with a rate of 4.2 per million for the 
national average in the United Kingdom and rates of one per million or less for groups not 
exposed to suspected skin carcinogens. In addition, there were several other creosote-
exposed groups who had increased rates based on fewer cases. 

Henry (1947) reviewed 3753 (3921 sites) cases of cutaneous epitheliomata reported to 
the British Medical Inspector of Factories from 1920 to 1945 and reported that 35 cases 
(39 sites), 12 of which were of the scrotum, had been exposed to creosote. Of these 
35 cases, 14 (15 sites) occurred among workers who had treated timber with creosote, 
nine (11 sites) among people who had handled creosote in storage and 10 (11 sites) 
among people who had used creosote as a releasing agent for brick moulds. 

Axelson and Kling (1983) reported a cohort study of 123 Swedish workers who 
applied creosote to wood between 1950 and 1980. Fifty of these men were exposed to 
arsenic in addition to creosote. Among the entire cohort, eight workers died from 
tumours, whereas 6.0 deaths from tumours were expected from national statistics [SMR, 
1.33; 95% CI, 0.58–2.63]. In a subgroup of 21 workers who had been exposed to creosote 
only for 5 years or longer, three deaths from cancer (leukaemia, pancreas and stomach) 
were observed compared with 0.8 expected deaths [SMR, 3.75; 95% CI, 0.77–10.96]. 
[Levels of exposure were not reported.] 

Tornqvist et al. (1986) conducted a cohort study of 3358 power linesmen and 
6703 power station operators in Sweden who were identified in the 1960 census and 
followed up for cancer incidence between 1961 and 1979. SIRs were calculated in 
relation to the expected number of cancers for all blue-collar workers in the census. The 
SIRs for power linesmen showed a deficit for lung cancer (SIR, 0.7; 95% CI, 0.4–1.0; 
based on 17 cases). Some cancer sites showed non-significant excesses: urinary organs  
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excluding kidney (SIR, 1.2; 95% CI; 0.8–1.8; based on 18 cases), kidney (SIR, 1.3; 95% 
CI, 0.8–2.0; based on 15 cases) and non-melanoma skin cancer (SIR, 1.5; 95% CI, 0.7–
2.6, based on eight cases). As power linesmen are exposed to creosote and other 
chemicals in addition to electrical and magnetic fields, the authors discussed the possible 
role of exposure to creosote. [The Working Group noted that the findings could be due to 
chance and that there may be other relevant exposures.] 

Steineck et al. (1989) applied a job–exposure matrix to the Swedish 1960 census 
population, which was linked to the national Swedish Cancer Registry to identify incident 
cases of urothelial cancer during 1961–79. When subjects classified as having been 
exposed to creosote were compared with men who had no exposure to any industry-
related urothelial carcinogen, there was an increased risk for renal pelvic cancer (relative 
risk, 2.13; 95% CI; 0.94–4.80, based on six cases) and urinary bladder cancer (relative 
risk, 1.35; 95% CI; 1.10–1.79, based on 48 cases;). Non-differential exposure 
misclassification was probable and therefore may have underestimated the magnitude of 
association. [It should be noted that there is substantial overlap in the study populations of 
Steineck et al. (1989) and Tornqvist et al. (1986).] 

Karlehagen et al. (1992) reported on a follow-up of impregnators exposed to creosote 
at 13 plants in Norway and Sweden that were known to have used creosote regularly. All 
those who had been employed for at least 1 year between 1950 and 1975 were included; 
34 were excluded because of missing information (mainly loss to follow-up) which left 
992 eligible subjects. Cancers were identified through linkage to national cancer 
registries, with follow-up covering 1958–85 in Sweden and 1953–87 in Norway. In the 
cohort, 129 cancers occurred (SIR, 0.94; 95% CI, 0.78–1.10), of which 13 were lung 
cancers (SIR, 0.79; 95% CI, 0.42–1.35), 10 were bladder cancers (SIR, 1.11; 95% CI, 
0.53–2.04) and nine were non-melanoma skin cancers (SIR, 2.37; 95% CI, 1.08–4.50). 
The authors discussed the possibility that a joint effect of sunlight and creosote may be 
relevant to the excess mortality from non-melanoma skin cancer.  

Pukkala (1995) analysed the Finnish cancer registry data during 1971–85 in relation 
to occupational categories in the 1970 census and found a significant excess of non-
melanoma skin cancer among timber workers (SIR, 4.64; 95% CI, 1.51–10.8; based on 
five cases; adjusted for social class). Heikkilä (2001) commented that these job categories 
include workers exposed to creosote. 

Martin et al. (2000) (described in detail in Section 2.1.1) estimated the risk for lung 
cancer for exposures assessed by a job–exposure matrix in a case–control study nested in 
the French cohort of gas and electricity workers. For creosotes, the odds ratio was 1.56 
(95% CI, 1.08–2.27; based on 50 cases; adjusted for socioeconomic status and exposure 
to asbestos). [The Working Group noted that the published values of case and control 
numbers have been transposed in the published paper.] 

Wong and Harris (2005) reported a cohort study and nested case–control studies of 
workers in 11 plants in the USA that used creosote to treat wood, particularly railway ties 
and utility poles. Individuals employed at some point between 1 January 1979 and 
31 December 1999 were included and vital status up to December 2001 was established 
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from company records and linkage to national death indices. Vital status was established 
for 100% of the cohort and SMRs were computed on the basis of national rates. In the 
cohort of 2179 individuals, most (92.2%) were male and most were hourly paid 
employees (87.2%), whose potential exposure to creosote was much higher than that of 
salaried employees. For hourly paid employees, the SMR for all causes of death was 0.90 
(95% CI, 0.80–1.02) based on 260 deaths; 34 deaths were from lung cancer (SMR, 1.34; 
95% CI, 0.93–1.87), two deaths were from laryngeal cancer (SMR, 1.83; 95% CI, 0.22–
6.62), three deaths were from kidney cancer (SMR, 1.88; 95% CI, 0.39–5.49), four deaths 
were from pancreatic cancer (SMR, 1.18; 95% CI, 0.32–3.02) and no deaths from urinary 
bladder cancer occurred. Furthermore, the SMR for lung cancer did not show a trend with 
latency. There was a non-significant excess of ‘cancer of other lymphopoeitic tissue’ 
(primarily non-Hodgkin lymphoma and multiple myeloma) among hourly paid 
employees (SMR, 1.79; 95% CI, 0.66–3.90; based on six cases); however, all six cases 
were multiple myeloma, for which the SMR was somewhat higher (SMR, 4.01; 95% CI, 
1.47–8.73).  

Two case–control studies nested within this cohort were carried out on lung cancer 
and multiple myeloma. Up to five deceased controls were selected for each case and 
matched on plant, 5-year age group and gender. Detailed employment histories were 
abstracted from employment records and tobacco use was ascertained from fellow 
workers. Exposure to creosote was investigated by classifying jobs in terms of degree and 
intermittency of routine exposure to creosote directly or indirectly through handling 
creosote-treated wood. Results from conditional logistic regression in the nested case–
control study of lung cancer found no significant results for variables of exposure to 
creosote, with non-significant and wide confidence intervals for all odds ratios. Routine 
exposure to creosote preservatives had an odds ratio of 0.58 (95% CI, 0.11–3.03) for lung 
cancer cancer while routine exposure to creosote-treated products had an odds ratio of 
1.45 (95% CI, 0.28–7.51). The nested case–control study of multiple myeloma involved 
too few numbers to be informative. 

2.1.6 Aluminium production (Table 2.6) 

Konstantinov and Kuz’minykh (1971) compared cancer mortality rates in two 
aluminium production plants in the former USSR, one of which used the Söderberg 
process and the other pre-bake anodes. Expected figures were computed from regional 
rates. Excesses of all cancers and of lung cancer were reported for the Söderberg-process 
workers over the 10-year period 1956–66; an increase in the incidence of skin cancer was 
also reported, particularly in young workers. [No detailed figures were given.] 

Konstantinov et al. (1974) reported an investigation of mortality from cancer among 
pot-room workers in three aluminium plants in the former USSR, two of which used the 
Söderberg process and the other pre-bake anodes. Mortality from cancer in the plants was 
compared with that of the general population of the cities and provinces in which the 
aluminium plants were located. Elevated ratios were reported for lung cancer in the two  
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plants that used the Söderberg process and for skin cancer in one of the two. [The absence 
of information on both the study population and the reference population precludes 
evaluation of these results. It was not possible to establish whether any of the factories 
included in the study had already been surveyed in the earlier report by the same authors.] 

A series of overlapping studies assessed cancer risk related to aluminium production 
in Québec, Canada. In a letter, Wigle (1977) reported a high incidence of bladder cancer 
in the Chicoutimi census division of Québec, where aluminium is produced. During the 
5-year period 1969–73, in a population of 163 350 (1971), 81 newly diagnosed cases of 
urinary bladder cancer were recorded; 51 were expected on the basis of incidence rates for 
the Province of Québec [SMR, 1.59; 95% CI, 1.26–1.97]. The hypothesis that this finding 
was related to the presence in that area of an aluminium production industry which is 
mainly based on the Söderberg process was tested in a case–control study (Thériault et 
al., 1981). In the Chicoutimi census division, 96 cases of urinary bladder cancer were 
diagnosed between 1970 and 1975 and were identified from records of the Province 
Tumor Registry and the Regional Hospital. The case–control study was carried out on the 
81 men in the group, who were matched by age and sex with neighbours as controls. 
There was no difference between cases and controls with regard to previous urinary tract 
disease (22:19), alcohol intake (45:46) or coffee drinking (61:60). The tobacco smoking-
adjusted odds ratio for urinary bladder cancer for men who worked in the aluminium 
production plant was 2.83 (25 exposed cases; 95% CI, 1.06–7.54).  

The mortality of 5881 men employed in three Canadian aluminium production plants 
in Québec that used the Söderberg process was examined between 1950 and 1977 and 
compared with the pertinent rates for the Province of Québec (Gibbs & Horowitz 1979; 
Simonato, 1981; Gibbs, 1983, 1985). Cohort 1 consisted of all 5406 workers employed on 
1 January 1950 at plant A or C, and cohort 2 included all 485 men employed on 1 January 
1951 at plant B. In cohort 1, workers ever exposed to condensed pitch volatiles (‘tar’) 
exhibited significantly increased mortality from all cancers (SMR, 1.23; [95% CI, 110–
138]; 304 observed) and from oesophageal and stomach cancer (SMR, 1.52; [95% CI, 
1.13–2.01]; 50 observed), lung cancer (SMR, 1.43; [95% CI, 1.16–1.74]; 101 observed) 
and other malignancies (60 observed, 45.3 expected). Analysis of mortality from lung 
cancer by increasing years of exposure, tar–years of exposure and years since first 
exposure to tar revealed a statistically significant, increasing trend. Deaths from cancer of 
the urinary organs (20 observed; SMR, 1.46; [95% CI, 0.89–2.25]) and urinary bladder 
(12 observed, 7.5 expected; SMR, 1.60; [95% CI, 0.83–2.79]) were more numerous than 
expected. When mortality from cancer at each of these sites was analysed according to 
tar–years of exposure, significantly increasing trends were noted. For cancers of the 
oesophagus or stomach; SMRs increased with increasing tar–years of exposure. Among 
workers classified as never exposed to tar, mortality was not elevated above that expected 
for any cancer site.  

The risk for urinary bladder cancer was further investigated in a population-based 
case–control study based on 488 male cases of bladder cancer that occurred in 1970–79 in 
different regions of the Province of Québec where five aluminium plants were operating 
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using the Söderberg production process (Thériault et al., 1984). The aluminium 
companies identified 96 of these men as being current or former employees. After 
exclusion of 11 cases who were employed for less than 12 months; 85 remained. For each 
case, three controls were selected matched on age, year of hire in the same company and 
length of work. Of the 85 cases, 73 came from one plant in Arvida. A statistically 
significant odds ratio of 2.70 (95% CI, 1.64–4.43; 45 exposed cases) was found for 
employment in Söderberg reactor rooms. The risk increased steadily with length of time 
worked in this department; odds ratios ranged from 1.86 for those who had worked for 1–
9 years up to 4.50 for those who had worked in the department for over 30 years, a trend 
that was statistically significant. The risk also increased steadily with increasing estimated 
exposure to ‘tar’ and PAHs and remained almost unchanged after adjustment for cigarette 
smoking and length of employment. This set of data was later re-analysed in an attempt to 
quantify better the noted exposure–response relationship (Armstrong et al., 1986). More 
refined quantitative estimates of historical workplace exposure and more complete 
information on tobacco smoking habits were used. Estimates of risk for urinary bladder 
cancer were statistically significantly related to three exposure indices: years spent in the 
Söderberg pot-room, cumulative exposure to benzene-soluble material, an indicator of 
overall exposure to tar volatiles, and cumulative exposure to benzo[a]pyrene, an indicator 
of exposure to PAHs. It was estimated that an aluminium smelter worker who had been 
exposed to 0.2 mg/m3 benzene-soluble material for 40 years had a likelihood of 
developing urinary bladder cancer that was approximately 2.5-fold that of an unexposed 
person. Workers who had been exposed to 5 µg/m3 benzo[a]pyrene for 40 years had a 
likelihood of developing urinary bladder cancer that was approximately fivefold that of an 
unexposed person. Tobacco smoking did not confound the relationship. Tremblay et al. 
(1995) expanded the previous study and included 138 cases of bladder cancer, 66 cases of 
the previous study, 69 cases diagnosed between 1980 to 1988 and three additional cases 
diagnosed before 1980. Three matched controls were taken from the previous studies or 
selected from a subcohort of 1138 men enumerated by Armstrong et al. (1994, see below) 
drawn mainly from the same subcohort. The smoking adjusted odds ratios increased with 
years of employment in Södberg rooms and with estimated exposure to benzo[a]pyrene 
and benzene-soluble matter.  

Mortality from lung cancer up to 1988 was analysed for exposure–response 
relationships using a case–cohort design (Armstrong et al., 1994) in a population of men 
who had worked for at least 1 year between 1950 and 1979 at one plant in Québec, 
Canada. Cases were identified from the Québec tumour registry, from records of the 
single local hospital and from the study by Gibbs (1985). A total of 338 deaths from lung 
cancer (including 131 from the previous study) were observed and were compared with a 
random sample (subcohort) of 1138 men drawn from the 16 297 aluminium workers 
eligible for inclusion. Exposure to benzo[a]pyrene and total PAHs measured as benzene-
soluble material was estimated and relative risks by cumulative exposure were computed. 
The smoking-adjusted relative risks for lung cancer rose with increasing duration of 
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employment in Söderberg rooms: rate ratios were 1.0, 1.32, 1.37 and 2.00 for <1, 1–9, 
10–19 and 20–41 years of employment, respectively. 

Giovanazzi and D’Andrea (1981) examined the mortality of 494 workers in a primary 
aluminium production plant in Trentino, Italy, that mainly used the Söderberg process 
during the period 1965–79. Among 212 pot-room workers, 40 deaths (2115 person–
years) occurred and, among 282 workers in other departments, 13 deaths (3191 person–
years) occurred. Expected figures were computed on the basis of national mortality data 
and municipal data. In pot-room workers, more deaths than expected were observed for 
all tumours (14 deaths; SMR, 1.75; [95% CI, 0.96–2.94]) and for liver cirrhosis (seven 
deaths; SMR, 3.89; [95% CI, 1.56–8.01]); a statistically non-significant excess of lung 
cancer (four deaths; SMR, 1.74; [95% CI, 0.47–4.46]) was also observed. 

Milham (1976) noted an elevated PMR in aluminium workers in Washington State, 
USA, during the period 1950–71 for all neoplasms and for cancer of the pancreas (PMR, 
204) and lymphoma (PMR, 250) among pot-room workers. Mortality was subsequently 
investigated in a cohort of 2103 men who had worked for at least 3 years, and at least for 
1 year between 1946 and 1962, at a pre-bake aluminium plant in Washington State 
(Milham, 1979). The cohort was followed up for 30 years from 1946 to 1976. Expected 
figures were computed on the basis of national rates. The SMR for respiratory cancer was 
1.17 ( [95% CI, 0.82–1.63]; 35 cases). An excess was noted for lymphosarcoma and 
reticulosarcoma (SMR, 3.16; [95% CI, 1.27–6.51]; 17 cases) and for pancreatic cancer 
(SMR, 1.80; [95% CI, 82–342]; nine cases). The cohort was divided into exposed and 
unexposed workers: exposure was defined as those incurred in carbon plants, rodding, 
pot-lining, pot-rooms and quality control; ‘unexposed’ workers were defined as 
mechanics, maintenance workers, electrical workers, yard workers, metal product 
workers, guards, janitors, storeroom workers, south plant workers, exempt workers, 
welders, carpenters, pipe-shop workers and masons. The SMR for respiratory cancer was 
1.29 ([95% CI, 0.74–2.10]; 16 cases) for exposed and 1.09 ([95% CI, 0.66–1.71]; 
19 cases) for non-exposed workers. No cases of urinary bladder cancer were observed 
(1.0 expected in exposed, 1.5 expected in unexposed). The SMR for lymphosarcoma/ 
reticulosarcoma was 6.43 ([95% CI, 2.36–14.0]; six cases) among ‘exposed’ workers. 
[There were no data on tobacco smoking.] 

Rockette and Arena (1983) reported a cohort of 21 829 workers who had had 5 or 
more years of employment in 14 aluminium production plants in the USA between 1946 
and 1977, and who were followed up to 1977. The plant studied by Milham (1979) was 
included (plant 11). The earliest date when production started was 1903. Three types of 
process were used in the plants: pre-bake (seven plants), vertical-stud Söderberg (one 
plant) and horizontal-stud Söderberg (five plants). In addition to studying overall patterns 
of mortality for selected causes of death, a more detailed analysis was made for individual 
processes in relation to years of cumulative employment. SMRs were used to compare 
cause-specific mortality of the workers with that of the US male population. Data from 
plant 3 were analysed separately, since all three processes were used in this plant but, in 
most cases, no indication was given in the job history of the process in which an 
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employee worked. Overall, the SMR for lung cancer was 0.96 ([95% CI, 0.83–1.06]; 
272 deaths;); among workers in plants using the Söderberg process, 64 deaths from lung 
cancer occurred (SMR, 0.87; [95% CI, 0.67–1.11]); among workers in plants using the 
pre-bake process, 161 deaths from lung cancer occurred (SMR, 1.0; [95% CI, 0.82–
1.13]); and among the remainder, 47 deaths from lung cancer occurred (SMR, 0.99; 
[95% CI, 0.72–1.30]). Analyses by plant, work area and cumulative duration of 
employment were carried out and the authors noted that the only significant excess of 
lung cancer was for plant 3 in the carbon department for workers with ≥25 years of 
employment (1.64 expected; SMR, 3.66; [95% CI, 1.34–7.96]; six deaths). The excess 
was concentrated in the pre-bake process which is reported to have one of the highest 
exposures to CTPV. However, the SMR for lung cancer for the same area in the 
remainder of the plants was 0.83 [95% CI, 0.50–1.30], based on 19 observed deaths. For 
men employed in the pot-room or carbon department of the Söderberg plants for 5 or 
more years, the SMR for urinary bladder cancer was found to be 2.36 (95% CI, 0.46–
2.73; six deaths). This excess occurred in whites, for whom the SMR was 4.08 ([95% CI, 
1.50–8.88]; six deaths). Among the 94 deaths from haematolymphopoietic cancers, 22 
were from lymphosarcoma and reticulosarcoma; 13 of these occurred in plants 1 and 11 
(pre-bake) for which the SMRs were 1.77 and 2.82, respectively, but were not statistically 
significant. For men in plant 11 who had been employed in the pot-room or carbon 
department, the SMR was 3.40 (p <0.05). The largest SMR in the haematolymphopoietic 
category was for leukaemia and aleukaemia (1.28 [95% CI, 0.90–1.68]; 43 deaths). For 
men who had less than 15 years of cumulative employment in the pot-room or carbon 
department in plants using the Söderberg process, there was a statistically significant 
excess (SMR, 2.75; [95% CI, 1.32–5.05]; 10 deaths). Although it was not statistically 
significant, there was a more than 20% excess of stomach cancer in white workers in both 
the pre-bake and Söderberg processes. Of the 55 deaths observed in the cohort, 22 
occurred in plant 1 (pre-bake) (SMR, 1.74; p <0.05). This excess occurred in men with 
exposure in the pot-room and time since first employment of at least 30 years (SMR, 
2.96; p <0.01). Examination of the work histories revealed no common factor that might 
explain the excess. Men employed for 15 or more years in the pre-bake and horizontal-
stud Söderberg process and in plant 3 had an increased risk for pancreatic cancer (SMR, 
2.22; p <0.05; 2.71; p <0.05; and 1.68, respectively). Because an estimated 16% of the 
cohort from plant 11 (pre-bake) was lost to follow-up, it was not included in the analysis 
that was based on duration of employment. However, an excess of pancreatic cancer was 
also seen in the pot-rooms in this plant (SMR, 1.97), as noted by Milham (1979) in a 
different cohort from the same plant. 

Mur et al. (1987) reported mortality in a cohort of 6455 aluminium smelter workers 
who had worked for at least 1 year in one of 11 plants in France between 1950 and 1976, 
during which time they were also followed up for mortality, giving a total of 113 671 
person–years. The earliest date of exposure was 1907, and several of the plants used both 
pre-bake and Söderberg processes. The majority of workers (about two-thirds) had been 
employed for more than 10 years and one-third for over 20 years. Vital status was 
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established for about 95% of the cohort by consulting registry offices at cohort members’ 
birthplaces (for French-born workers) and consulates for foreign workers. Cause of death 
was ascertained by contacting attending physicians or consulting hospital records. Cause 
was established for only 71.3% of deaths. Cause-specific deaths were ‘corrected’ by the 
ratio of the total number to deaths with a known cause. Expected deaths were based on 
national rates. Confidence intervals were calculated on the basis of these corrected 
observed deaths, rounded to nearest integer. [The Working Group noted that the use of 
different sources of cause of death other than death certificates may lead to mis-
classification. This may be compounded by the method of compensating for missing 
information on cause of death.] Tobacco smoking habits were surveyed in workers who 
were still employed in 1976. The overall SMR for all causes was 0.85, based on 
996 deaths, with 37 deaths from lung cancer (SMR, 1.14; 95% CI, 0.85–1.48) and seven 
from urinary bladder cancer (SMR, 2.09; 95% CI, 0.96–3.68). 

In one of the French plants, Moulin et al. (2000) updated the study of Mur et al. 
(1987) to cover mortality among 2133 male workers who had been employed in the plant 
for at least 1 year between 1950 and 1994. The cohort was followed up for mortality for 
an average of 16.5 years from 1968 to 1994, giving a total of 35 145 person–years. Cause 
of death was obtained by matching with the national file of all causes of death given on 
French death certificates. Risks for lung and urinary bladder cancer were reported by time 
since first employment and duration of exposure and were based on comparison with 
regional rates. Both pre-bake and Söderberg anodes were used in this plant, although only 
pre-bake had been used since 1982. Overall, 335 deaths occurred (SMR, 0.81), with 
19 deaths from lung cancer (SMR, 0.63; 95% CI, 0.38–0.98) and seven from urinary 
bladder cancer (SMR, 1.77; 95% CI, 0.71–3.64). Among a subset of workers in 
workshops where exposure to PAHs was judged to be probable, six urinary bladder 
cancers occurred (SMR, 2.15; 95% CI, 0.79–4.68). Analyses by time since first 
employment and duration of employment did not indicate any trend. 

Spinelli et al. (1991) reported morbidity risks for both lung and urinary bladder 
cancer by cumulative exposure to CTPV (measured as benzene-soluble material) in a 
cohort of 4213 men who had worked for at least 5 years at a Söderberg aluminium plant 
in British Columbia, Canada, between 1954 and 1985. A total of 60 590 person–years 
were observed, with 2.9% accounted for by 204 men with more than 20 benzene-soluble 
material–years of exposure. Risks were compared with regional rates, with a 3-year lag 
period and follow-up from 1959 to 1985 for mortality and from 1970 to 1985 for cancer 
incidence. Overall, the SMR for all causes was 0.77 (based on 337 deaths), with 32 deaths 
from lung cancer (SMR, 0.93; [95% CI, 0.64–1.31]) and 37 incident cases (SIR, 0.97; 
[95% CI, 0.69–1.34]). For bladder cancer, three deaths (SMR, 1.37; [95% CI, 0.28–4.00]) 
and 16 incident cases (SIR, 1.69; [95% CI, 0.97–2.74]) occurred. There was a significant 
increasing trend in the incidence of urinary bladder cancer with cumulative exposure to 
CTPV (p <0.01), and the SIR rose to 5.0 based on nine cases with ≥10 benzene-soluble 
material–years of exposure. No significant trend was observed for lung cancer, although 
there was some suggestion of an increase with increasing cumulative exposure; the 
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highest SMRs of 1.24 (seven cases) and 1.43 (three cases) were found for the highest 
categories of 10–19.9 and ≥ 20 benzene-soluble material–years. When a lag of 10 years 
was applied, the corresponding SIRs were 1.53 (seven cases) and 2.23 (two cases). This 
study was updated and results were available as an abstract (Friesen et al., 2005). Among 
6444 men employed at least 3 years between 1954 and 2000, patterns of the incidence of 
lung cancer and urinary bladder cancer were reported to be more consistently, 
monotonically increased with cumulative exposure than in the earlier reports, with a 
significant trend for both cancer outcomes with or without a 20-year lag. There was a 
twofold risk for lung and bladder in the highest versus lowest category of exposure 
expressed as CTPV or benzo[a]pyrene. 

Romundstad et al. (2000a) updated the results from previous cohort studies of 
workers in six aluminium plants in Norway (Andersen et al., 1982; Rønneberg & 
Andersen, 1995; Rønneberg et al., 1999; Romundstad et al., 2000b,c). Cancer incidence 
was investigated among 11 103 men who had been employed for more than 3 years 
between 1953 and 1996, during which time they were also followed up to provide 
272 554 person–years. The earliest date at which the plants started production was 1914. 
A job–exposure matrix was constructed to estimate cumulative exposure to PAHs and 
fluorides. Information on smoking habits was available for 5107 workers from three of 
the six plants. No increase in the risk for lung cancer was observed (SIR, 1.0; 95% CI, 
0.9–1.2; 189 cases) though an increased risk for bladder cancer was observed (SIR, 1.3; 
95% CI, 1.1–1.5; 130 cases). Poisson regression analysis in relation to estimated 
cumulative exposure to PAHs showed evidence of an increasing trend for cancer of the 
urinary bladder but not of the lung. The rate ratio for bladder cancer increased with 
increasing dose (1.0, 1.3, 1.3 and 1.6; p for trend = 0.05) and with 30 years of latency 
(1.0, 1.0, 1.3 and 2.0; p for trend = 0.03). Results were similar after adjustment for 
smoking. Further analyses were conducted using a cumulative fluoride measurement and 
only a ‘weak association’ with urinary bladder cancer was reported for lag times of 
<20 years, possibly due to some correlation with exposures to PAHs. [Fluoride has been 
shown to be associated with urinary bladder cancer in a Danish cryolite mill (Grandjean 
& Olsen, 2004); however, the evidence for a higher risk in pot-room areas where 
exposure to PAHs but not necessarily to fluoride is higher points to PAHs as the causal 
factor rather than fluoride.] Positive exposure–response associations were also reported 
for cumulative exposure to PAHs and pancreatic and kidney cancer.  

Carta et al. (2004) followed mortality from cancer up to 2001 in a population of 
1152 men who had been employed at a pre-bake aluminium smelter in Sardinia, Italy, for 
at least 1 year between 1972 and 1980. Results were presented for various sites including 
the lung (SMR, 0.70; 95% CI, 0.39–1.26; 11 deaths), urinary bladder (SMR, 0.79; 95% 
CI, 0.26–2.44; three deaths), lymphoma and leukaemia (SMR, 2.03; 95% CI, 1.03–4.00; 
eight deaths) and pancreas (SMR, 2.41; 95% CI, 1.11–5.23; six deaths). Analyses by 
increasing rank of exposure to PAHs showed an increasing trend only for pancreatic 
cancer among these four sites. In a small nested case–control study, employment in the 
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anodes factory was associated with an increased risk for pancreatic cancer (four exposed 
cases) after adjustment for smoking.  

2.1.7 Carbon electrode manufacture (Table 2.7) 

Teta et al. (1987) reported the findings of a mortality surveillance system at the 
carbon product department of the Union Carbide Corporation; 2219 white men who were 
employed at the beginning of 1974 and who had a prior service of ≥10 years were 
followed for mortality from 1974 to 1983; six of these men were lost to follow up. To 
assess the potential impact of differences in socioeconomic status and job exposures on 
the healthy worker effect, three exposure groups were formed based on job tasks: 
supervisory, office and research (A), crafts (B) and operations, labour and service (C). 
Vital status was ascertained annually from payroll registers, the company’s benefits 
department and from the Social Security Administration. Underlying causes of deaths 
were obtained from death certificates. SMRs were calculated according to the person–
year method, using death rates among US white men to calculate the expected numbers. 
In all, 223 of the cohort members had died at the end of follow-up (SMR, 0.67; 95% CI, 
0.55–0.72). The number of deaths was small for all types of cancer (SMR, 0.93; 95% CI, 
0.74–1.17; 78 deaths) and for respiratory cancer (SMR, 0.85; 95% CI, 0.57–1.21; 
29 deaths). An internal analysis of mortality by job category showed that mortality from 
respiratory cancer was lowest among the low-exposed workers (group A; three deaths; 
40% of the average risk in the cohort), highest among the craftsmen (group B; six deaths; 
1.3 times the average risk in the entire group) and intermediate among labourers (group 
C; 20 deaths, 1.2 times the average risk); SMRs were not calculated. There was a non-
significant trend of increasing mortality with increasing time since entry into 
employment. High mortality from respiratory cancer was noted in a particular location 
(SMR, 3.36; significant at the 5% level; five deaths) where asbestos had been used and 
where use of coal-tar pitch had been abandoned in 1928. [The Working Group noted a 
strong healthy worker effect in the cohort.] These five men who had died from respiratory 
cancers had smoked cigarettes, had been hired after 1934 and had worked at that location 
for at least 25 years; however, these data are insufficient to confirm that exposure to 
asbestos and tobacco were involved in the etiology of their death. 

Moulin et al. (1989) reported the findings of an epidemiological study of two carbon 
electrode manufacturing plants in France. In plant A (which produced graphite 
electrodes), all male workers employed at the beginning of 1975 were followed for cancer 
incidence in 1975–85. In plant B, all workers employed at the beginning of 1957 were 
followed for mortality in 1957–84. Cohort definitions and outcome (mortality or 
incidence) were chosen depending on the availability of data. Causes of death were 
obtained from attending physicians. SIRs for plant A were computed by the person–year 
method. Local cancer rates were not available, and cancer rates for the population from an 
adjacent district were used, after verification that cancer mortality did not differ 
substantially between the two districts. SMRs for plant B were computed using national  
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mortality rates, stratified by cause, sex, 5-year groups and calender year. In plant A, 
1302 workers were identified and 11.8% were lost to follow-up. In plant, B 1115 workers 
were identified and 13.5% were lost to follow-up. Those lost to follow-up were assumed 
to be alive. [The Working Group noted that this procedure would lead to an under-
estimation of the risk.] Tobacco smoking habits for plant A were obtained from the 
personnel office. In plant A, 38 cases of cancer were observed during follow-up (SIR, 
0.87; 95% CI, 0.61–1.19), seven cases of lung cancer (SIR, 0.79; 95% CI, 0.32–1.63), no 
case of urinary bladder cancer and two cases of kidney cancer occurred (ICD-8 189; SIR, 
1.71; 95% CI, 0.21–6.17). In plant B, 164 deaths were observed (SMR, 0.82; 95% CI, 
0.70–0.96); 13 deaths from lung cancer (SMR, 1.18; 95% CI, 0.63–2.01) and three deaths 
from urinary bladder cancer (SMR, 1.94; 95% CI, 0.40–5.66) occurred, but none from 
kidney cancer. Nested case–control studies of lung cancer and cancer of the pharynx, 
larynx and buccal cavity were performed for both plants in relation to occupational 
exposure to PAHs; however, the numbers of cases were too small and the confidence 
intervals were too wide to allow for meaningful interpretation.  

Gustavsson et al. (1995) reported the mortality from and incidence of cancer among 
901 employees at a Swedish graphite electrode manufacturing company. The plant started 
operations in 1968 and was closed down in 1990. All employees who had been employed 
for at least 3 months between 1968 and 1988 were included in the study, regardless of 
age, gender or work task; 914 individuals were identified, but 13 could not be traced so 
the analysis was based on the remaining 901. Follow-up was carried out via national 
population registers: underlying causes of death were obtained from death certificates and 
cancer incidence was obtained from the national cancer registry. The cohort was followed 
from 1969 to 1989 for mortality and from 1969 to 1988 for cancer incidence. SMRs and 
SIRs were calculated by the person–year method, using national death and cancer 
incidence rates (standardized for age, gender, calendar time and county) to calculate the 
expected numbers. Aggregate personal historical exposure to benzo[a]pyrene was 
calculated from assessments of job-specific exposure, based on current and previous 
hygiene measurements and personal work histories obtained from company records. The 
number of benzo[a]pyrene–years (µg/m3 benzo[a]pyrene × years) was computed by 
multiplying the task-specific level of benzo[a]pyrene and the duration of exposure, 
aggregated over the entire work history. At the end of follow-up, 15% of the cohort 
members had no exposure to benzo[a]pyrene, 48% had >0–5 benzo[a]pyrene–years, 15% 
had 5–10 benzo[a]pyrene–years and 22% had >10 benzo[a]pyrene–years of exposure. 
Tobacco smoking habits were investigated by means of a questionnaire given to workers 
who were employed in 1990. Forty-two deaths occurred in the cohort (SMR, 1.30; 95% 
CI, 0.94–1.76), and 14 incident cases of cancer were observed (SIR, 1.13; 95% CI, 0.62–
1.90). Two cases of lung cancer (SIR, 1.80; 95% CI, 0.22–6.51) and one case of laryngeal 
cancer (SIR, 10; 95% CI, 25–55.64) were observed. The investigation of tobacco 
smoking habits among those in employment in 1990 showed that graphite electrode 
manufacturing workers smoked slightly less than the general population in the same 
region.  
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Liu et al. (1997) reported the mortality among 6635 male workers from various 
carbon plants in the People’s Republic of China. The cohort included workers from six 
carbon plants that mainly manufactured carbon electrodes and a carbon department and 
pot-room in an aluminium reduction plant. All workers who had been employed for more 
than 15 years since January 1971 were followed for mortality up to 1985. Information on 
occupational history and tobacco smoking habits were obtained from a questionnaire that 
was completed by the individuals themselves or by next-of-kin for deceased subjects. 
SMRs were calculated by the person–year method, using the mortality in a cohort of 
11 470 Chinese steel workers to calculate the expected numbers of deaths. The level of 
exposure to ‘carbon compounds’ was coded from the occupational title of the job in 
which the employees had worked the longest. In the cohort, 390 deaths occurred (SMR, 
1.10; [95% CI, 1.00–1.22]) and 50 persons had died from lung cancer (SMR, 2.16; 
[95% CI, 1.61–2.85]). There was a positive trend in SMR with increasing contact with 
carbon compounds (see Table 2.7). An elevated risk for lung cancer remained in the 
exposed and highly exposed workers when the study was limited to nonsmokers. [The 
Working Group noted that this study included an unspecified number of aluminum 
reduction plant workers in addition to carbon electrode manufacturing workers.]  

Donato et al. (2000) studied the mortality of workers at a plant manufacturing carbon 
(graphite) electrodes in Umbria, Italy, that had started to operate in 1901. A cohort of 
1006 male workers who had been employed for ≥ 1 year in 1945–71 was identified from 
company registers and followed up for mortality in 1955–96. Vital status was assessed 
from municipal registers, and 44 (4.4%) of the cohort members were lost to follow-up. 
SMRs were calculated by the person–year method, using both national and local death 
rates to compute expected numbers. Poisson regression was used to study the effect of 
duration of employment and time since first exposure. During follow-up, 424 deaths 
occurred, giving an SMR of 0.85 (95% CI, 0.77–0.93), and 125 deaths from cancer gave 
an SMR of 0.84 (95% CI, 0.70–1.00). Thirty-four deaths were from lung cancer 
(SMR, 0.77; 95% CI, 0.53–1.08), four deaths were from laryngeal cancer (SMR, 0.79; 
95% CI, 0.21–2.02), three deaths were from skin cancer (including melanoma) 
(SMR, 2.29; 95% CI, 0.47–6.69) and seven deaths were from urinary bladder cancer 
(SMR, 1.04; 95% CI, 0.42–2.14); SMRs were based on national death rates because the 
Umbria region has slightly lower death rates than Italy as a whole. However, use of the 
regional reference rates did not change the results substantially. Analysis by duration of 
employment showed no trend for lung cancer or urinary bladder cancer, but an increased 
risk for gastric cancer was observed among those who had been employed for >20 years 
compared with those who had been employed for 1–9 years (based on seven deaths; 
relative risk, 7.06; 95% CI, 1.27–39.3; p value for trend, 0.03). Analysis by time since 
first exposure showed a positive trend for mortality from all causes and cancer of the lung 
(10–19 years since first employment: relative risk, 1.38; 95% CI, 0.39–4.80; >20 years 
since first employment: relative risk, 2.06; 95% CI, 0.49–8.72). 

Mori (2002) reported the findings of a cohort mortality study at a graphite electrode 
manufacturing plant in Japan, which had started to operate in 1934 and was relocated in 
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1974. All male workers who had been employed for ≥5 years from 1951 to 1974 in the 
manufacturing, transportation and maintenance divisions of the plant were identified from 
its labour union registers; 336 workers were identified and four were excluded due to 
incomplete identification data; 21 of the remaining 332 were lost to follow-up but were 
assumed to be alive at the end follow-up. The cohort was followed for mortality from 
1951 to 1988 via population registers. Underlying causes of death were obtained from 
death certificates, the attending physician, the families of the deceased or from the 
municipal cancer register. SMRs were calculated by the person–year method, using 
Japanese national death rates as well as approximate local rates to compute expected 
numbers. During follow-up, 52 deaths occurred in the cohort (SMR, 0.68; 95% CI, 0.51–
0.89), 22 of which were from cancer (SMR, 1.01; 95% CI, 0.63–1.53) and nine from lung 
cancer (SMR, 2.62; 95% CI, 1.20–4.98). Analyses by department, time period, time since 
first exposure and duration of employment gave little additional information due to the 
small number of workers in these subgroups. A survey of smoking habits in a subset of 
the cohort, based on 65 skilled workers, was reported. [However, the Working Group 
questioned the representativity of this survey and noted the possibility that incomplete 
ascertainment of individuals in the cohort for the early years may have contributed to the 
low overall SMR.] 

Merlo et al. (2004) investigated mortality among 1291 male workers at a graphite 
electrode manufacturing plant in Brescia, Italy, which had started to operate in 1929 and 
was closed down in 1994. All male blue-collar workers who had been employed for 
>1 year from 1950 to 1989 were identified from company registers and followed up for 
mortality in the period 1950–97 through municipal and local health unit registers. SMRs 
were calculated by the person–year method. Expected numbers were calculated from 
national death rates, supplemented by analyses based on local death rates for selected 
causes which were only available for 1970–97. At the end of follow-up, 747 (57.9%) 
members of the cohort were still alive, 541 (41.9%) had died and three (0.2%) people 
were lost to follow-up. The 541 deaths gave an SMR for all causes of 1.44 (95% CI, 
1.32–1.56); 141 of the deaths were from cancer (SMR, 1.27; 95% CI, 1.07–1.50). There 
was a marked excess of cancers of the liver (24 deaths; SMR, 4.19; 95% CI, 2.68–6.23). 
It was noted that numbers of observed deaths were greater than those expected for cancers 
of the lip, mouth and pharynx as well as oesophagus, but SMRs for these sites were not 
significantly increased. Thirty-two deaths from lung cancer gave an SMR of 0.97 
(95% CI, 0.67–1.37). Five deaths were from urinary bladder cancer (SMR, 1.08; 95% CI, 
0.35–2.53) and five were from laryngeal cancer (SMR, 1.32; 95% CI, 0.43–3.07). A very 
large number of deaths from silicosis occurred (79 observed versus 1.19 expected; 
SMR, 66.39; 95% CI, 52.56–82.74). Silicosis was mentioned as a contributing cause of 
death on another 21 death certificates. The use of local death rates to calculate expected 
numbers generally produced lower SMRs, but these were still significantly elevated for 
mortality from all causes and from liver cancer. No clear exposure–response pattern was 
observed for lung cancer. [The Working Group noted that several potential causes of liver 
cancer, including viral infections (the rates of which are known to be high in the area), 
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alcohol consumption and other occupational exposures may have contributed to the 
excess mortality from liver cancer.]  

2.1.8 Calcium carbide production 

Kjuus et al. (1986) reported on the incidence of cancer in a cohort of 790 male 
Norwegian calcium carbide production workers. All workers who had been employed for 
at least 18 months between 1953 and 1970 were followed for cancer incidence and 
mortality until 1983. SMRs and SIRs were calculated by the person–year method and 
expected numbers were calculated from national statistics. Söderberg electrodes were 
used in the plant, but PAHs were not considered to be a main occupational hazard by the 
authors. The workers were exposed to calcium carbide and asbestos among other 
substances. In the cohort, 234 deaths occurred (SMR, 0.93; 95% CI, 0.81–1.06). Excesses 
of prostatic cancer (25 cases; SIR, 1.78; 95% CI, 1.16-2.63) and colon cancer (12 cases; 
SIR, 2.09; 95% CI, 1.08–3.66) were observed and 10 lung cancers occurred (SIR, 1.15; 
95% CI, 0.55–2.11). No significant excesses were noted at other sites. A subdivision by 
department showed that the excess of prostatic cancer was mostly found among furnace 
workers. A subdivision by duration of employment showed that the excess of prostatic 
and colonic cancer occurred in workers who had been employed for ≥25 years. [The 
Working Group noted that there were few cases of either tumour who had less than 
25 years of employment.]  

2.1.9 Chimney sweeps and other exposures to soot (Table 2.8) 

As early as 1775, Sir Percival Pott documented the occurrence of scrotal cancer 
among chimney sweeps in London (Pott, 1775). Several subsequent cases of skin or 
scrotal cancer among chimney sweeps have been reported (e.g. Earle, 1808; Butlin, 1892; 
Henry & Irvine, 1936). A report to the Registrar General for England and Wales (Henry, 
1937) indicated a clear excess of skin cancer among chimney sweeps. 

Kennaway and Kennaway (1947) reported mortality among chimney sweeps in 
England and Wales; 21 deaths from lung cancer occurred compared with 17.6 expected 
(SMR, 1.19; [95% CI, 0.74–1.82]). [Different sources were used to obtain occupational 
titles for the numerator and denominator of the occupational death rates, which may have 
caused bias in the estimated risks.] (see IARC (1985) for further details) 

Kupetz (1966) reported analyses of mortality and morbidity among chimney sweeps 
in Berlin, Germany. Age-adjusted expected numbers of deaths were calculated using 
5-year age groups and the male population of Berlin as the reference. Among an average 
of 255 chimney sweeps, 31 died (33.8 expected) between 1954 and 1963. Among the 
nine deaths from cancer, seven were histologically confirmed lung cancers (2.0 expected; 
[SMR, 3.50; 95% CI, 1.41–7.21]); the average duration of exposure was 49 years. The 
incidence rate for respiratory cancer among chimney sweeps in former East Germany 
between 1956 and 1958 was 13.7/10 000 (eight observed, 6.7/10 000 expected). 
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Hansen et al. (1982) investigated mortality from cancer and non-cancerous diseases 
among all male chimney sweeps in Copenhagen, Denmark, who were also members of 
the Copenhagen Chimney Sweeps’ Pension Fund from 1958 to 1977. Membership in the 
pension fund was mandatory both for employed and self-employed chimney sweeps. A 
total of 106 chimney sweeps were identified and followed for mortality until 1977. 
Follow-up was complete and underlying causes of death were obtained from death 
certificates. A life-table survival analysis was performed, which compared mortality from 
cancer and non-cancerous diseases among chimney sweeps with that of the male 
population of Copenhagen, adjusted for age and calendar period. The ratio of observed to 
expected number of deaths was calculated; 33 deaths occurred in the cohort (SMR, 1.32; 
[95% CI, 0.91–1.86]), of which 11 were from cancer (SMR, 1.77; [95% CI, 0.88–3.16]). 
Of these, four deaths were from lung cancer but the expected number was not given. 

Cadez (1983) reported a study on all chimney sweeps in Slovenia. Tar concentrations 
were reported to exceed the maximum accepted concentration (0.2 mg/m3) by 30–96-fold. 
Of 479 chimney sweeps employed in 1969, 54 died between 1969 and 1981, 23% of 
whom died from cancer — 11 from lung cancer, eight from laryngeal cancer and four 
from stomach cancer but none from cancer of the scrotum. [The Working Group noted 
that only crude numbers of deaths were reported.] 

Hansen (1983) investigated mortality among all male Danish chimney sweeps 
identified from the national census in 1970, and 713 were followed for mortality in 1970–
75 by linkage with national population registries. Expected numbers of deaths were 
calculated by the person–year method, based on the death rates among all employed 
Danish men. The study group partly overlapped with a previous study (Hansen et al., 
1982). During follow-up, 38 deaths were observed [SMR, 2.08; 95% CI, 1.47–2.85], 
12 of which were from cancer [SMR, 2.27; 95% CI, 1.17–3.97]. 

Evanoff et al. (1993) investigated mortality and cancer incidence among a cohort of 
5313 Swedish chimney sweeps from previous studies (Hogstedt et al., 1982; Gustavsson 
et al., 1988). All male members of the Swedish chimney sweeps’ trade union from 1918 
to 1980 and who were still alive in the beginning of 1951 were included. This trade union 
represented approximately 95% of all Swedish chimney sweeps. The cohort was followed 
for mortality from 1951 to 1990 (restricted to persons aged <80 years at death) and for 
cancer incidence from 1958 to 1987. Underlying causes of death were obtained from 
death certificates and cancer diagnoses from the national cancer register. SMRs were 
calculated by the person–year method, using national mortality and cancer rates to 
calculate expected numbers of deaths. Tobacco smoking habits were available for 
1040 chimney sweeps employed in 1972 and were used to additionally calculate 
smoking-adjusted SIRs and SMRs. Of the cohort members, 919 had died at the end of 
follow-up, which was complete for 98.2%. The SMR for all causes of death was 1.35 
(95% CI, 1.27–1.44) and was 1.46 for all cancers (95% CI, 1.27–1.67). Three hundred 
and thirty-five incident cases of cancer were observed (SIR, 1.43; 95% CI, 1.28–1.59). 
Significant excess risks were noted for lung cancer (SIR, 2.09; 95% CI, 1.55–2.76; based 
on 50 cases), urinary bladder cancer (SIR, 2.53; 95% CI, 1.78–3.49; based on 37 cases), 
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oesophageal cancer (SIR, 3.87; 95% CI, 1.93–6.93; based on 11 cases) and 
haematolymphatic malignancies (SIR, 1.51; 95% CI, 1.06–2.09; based on 36 cases). 
Three pleural mesotheliomas were observed versus 0.6 expected (SIR, 4.69; 95% CI, 
0.94–13.70). No excess incidence of skin cancer was noted. Analysis of cancer incidence 
by duration of employment (categories 1–9, 10–19, 20–29 and ≥ 30 years) showed 
statistically significant positive trends for all cancer and for lung cancer. The recalculated 
effect estimates adjusted for smoking habits in 1972 showed somewhat higher expected 
numbers of lung (SMR) and urinary bladder (SIR) cancers, but the SMRs and SIRs still 
remained significantly elevated. Three cases of pleural mesothelioma indicated that the 
cohort had been exposed to asbestos. [The ratio of the excess number of lung cancers to 
the number of mesotheliomas (27:3) does not suggest that asbestos was an important 
confounder for lung cancer.] 

A study in Finland (Pukkala, 1995) linked the occupations of individuals in the 1970 
census with cancer incidence during 1971–85, as ascertained through the Finnish Cancer 
Registry. SIRs were calculated and adjusted for age, time period and social class. The 
entire national economically active population was used as the reference population. The 
SIR for lung cancer was 1.35 (95% CI, 0.86–2.03; based on 23 incident cases) for male 
chimney sweeps. 

Haldorsen et al. (2004) investigated the incidence of lung cancer among all 
Norwegian men aged 25–64 years included in the census of 1970, who were followed 
from 1971 to 1991 and for whom occupational titles were obtained from censuses. Deaths 
and cancer cases were identified from national registers. Adjustment was made for 
tobacco smoking habits at the group level by an indirect method. Fourteen lung cancers 
occurred among chimney sweeps (SIR, 1.19; 95% CI, 0.7–2.0; adjusted for smoking).  

2.2 Case–control studies by cancer site 

2.2.1 Lung cancer (Table 2.9) 

Blot et al. (1983) conducted a case–control study in Pennsylvania, USA, of all deaths 
from primary lung cancer among white men aged 30–79 years resident in Lehigh and 
Northampton counties during 1976–77 and in Carbon county during 1974–77. These 
counties had a substantial population that was employed in the steel industry. A total of 
360 cases were identified at the files of the Pennsylvania Division of Vital Statistics. 
Three hundred and sixty deceased controls matched to cases on sex, race, age, county of 
residence and year of death were selected at random from among deaths from causes 
other than respiratory cancer, chronic respiratory disease or suicide: the majority of the 
controls had acute heart conditions or non-respiratory cancer as the cause of death. 
Personal interviews were conducted by trained interviewers, blinded to case/control 
status, to obtain information from the next of kin on residential, occupational and smoking 
histories and demographic data. Usual industry, adapted partly from the Standard 
Industrial Classification system, and usual job title were defined as those in which largest  
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number of years were spent. After exclusions, most of whom were non-respondents 
(response rate, 96% in cases and 94% in controls), the effective numbers of cases and 
controls were 335 and 332, respectively. The odds ratio (adjusted for the matching 
variables) for coke-oven worker in the steel industry as the longest job held was 1.2 (95% 
CI, 0.2–6.9; based on two cases and two controls in that job).  

Schoenberg et al. (1987) conducted a case–control study among 763 white male cases 
of lung cancer who were identified in 1980–81 in New Jersey (USA) municipalities that 
have high mortality from lung cancer and 900 population controls matched to cases by 
race, age, area of residence and closest date of death (for deceased persons). Occupational 
histories were obtained from the subjects or their next of kin. The odds ratio for roofers 
and slaters, adjusted for tobacco smoking, was 1.7 (95% CI, 0.68–4.40; based on 
13 exposed cases). 

Zahm et al. (1989) conducted a case–control study of 4431 male residents in Missouri 
(USA) who were identified as lung cancer cases in 1980–85 at the Missouri Cancer 
Registry. Controls were selected from this Registry during the same period and comprised 
11 326 white male Missouri residents who did not have cancer of the lip, oral cavity, 
oesophagus, lung, urinary bladder, ill-defined sites or unknown sites. Occupation at the 
time of cancer diagnosis was abstracted and coded from the Cancer Registry records; this 
information was available for only 52% of the cases of 45% of the controls. Data on 
tobacco smoking were coded into seven categories, including ‘unknown smoking 
history’. The odds ratio for roofers, adjusted for age and tobacco smoking, was 2.1 (95% 
CI, 0.6–8.2; based on six exposed cases). 

Morabia et al. (1992) conducted a case–control study of 1793 male cases of lung 
cancer who were identified in 24 hospitals in the USA and 3228 cancer and non-cancer 
hospital controls matched to cases on race, age, hospital and cigarette smoking history. 
All subjects were identified between 1980 and 1989. Data on usual occupation, tobacco 
smoking and other potential confounders were obtained by interviews of the subjects. Job 
titles were coded according to the standard of the United States Bureau of Census codes. 
The odds ratio for roofers and slaters, adjusted for race, age, geographical location, 
version of the questionnaire (I and II) and tobacco smoking, was 2.1 (95% CI, 0.7–6.2; 
based on seven exposed cases). [The Working Group noted that the control group 
included some cancer sites that are possibly related to exposure to PAHs, and thereby the 
odds ratio is potentially understimated.] 

Partanen and Boffetta (1994) conducted a meta-analysis of the results of Schoenberg 
et al. (1987), Zahm et al. (1989) and Morabia et al. (1992) for roofers and slaters. The 
overall relative risk was 1.88 (95% CI, 1.23–2.76; based on 26 exposed cases). 

Bovenzi et al. (1993) conducted a case–control study of 756 cases among 938 male 
deaths from primary lung cancer who were identified at the records of the cancer registry 
of the province of Trieste, Italy, during 1979–81 and 1985–86, and for whom next of kin 
could be located and interviewed. For each case, one male control of similar age, who had 
died within the same 6-month period, was randomly selected at the registry of the 
Department of Pathology that holds the autopsy records of 70% of all deaths of the 
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province. The controls represented causes of death other than chronic lung diseases or 
cancers of the upper aerodigestive tract, urinary tract, pancreas, liver or gastrointestinal 
system; the majority died from circulatory or gastrointestinal disease. Telephone 
interviews were conducted with the next of kin of the subjects at least 1 year after their 
death to obtain information on residential, occupational (jobs, industries, places of work, 
employers and durations of employment in each job) and tobacco smoking histories and 
demographic data. The principal source of occupational histories was the subjects’ 
employment cards which were carefully kept by the families for social security purposes. 
No next of kin refused the interview. The industries/occupations were classified into two 
lists by an occupational physician: those that were considered to be causally associated 
with lung cancer and those suspected of being related to an increased risk for lung cancer. 
Of the single occupational titles, gas workers had a smoking-adjusted odds ratio of 1.43 
(95% CI, 0.45–4.47; seven cases) for risk for lung cancer and asphalt workers had an 
odds ratio of 2.27 (95% CI, 0.50–10.3; based on seven cases) compared with subjects 
who had presumably not been exposed to occupational lung carcinogens. [It was unclear 
whether ‘gas workers’ referred to coal gasification and whether coal tar was used in the 
asphalt mix of asphalt workers.].  

In a case–control study in the People’s Republic of China (Wu-Williams et al., 1993), 
965 confirmed cases of primary incident lung cancer among women aged 29–70 years in 
the general population of Shenyang and Harbin (the major industrial cities of northern 
China) were identified, located and interviewed during 1985–87 through the cancer 
registries of the two cities. The refusal rate among cases was 0.3%. The 959 control 
women were randomly selected from the general populations of the two cities, frequency 
matched to the cases by 5-year age group and interviewed. Subjects were interviewed at 
the hospital, at home or at work with a structured questionnaire that addressed 
occupational histories and exposures, tobacco smoking histories, indoor and outdoor 
sources of pollution, medical and dietary histories and demographic data. The odds ratio 
for self-reported exposure to coke-oven emissions, adjusted by unconditional logistic 
regression for tobacco smoking, study area, age and education, was 1.5 (95% CI, 0.9–2.5; 
based on 51 exposed cases). An increase in trend for mortality from lung cancer (p=0.04) 
was found for increasing years of exposure to coke-oven emissions (odds ratios, 1.2, 1.4 
and 3.0 for 1–10, 11–20 and >20 years of exposure, respectively). The point estimates of 
the odds ratios were similar when analyses were restricted to nonsmokers only.  

A population-based case–control study of occupational cancer in Montréal, Canada 
(Nadon et al. 1995), included 857 histologically confirmed male cases of lung cancer, 
aged 35–70 years, who were newly diagnosed between 1979 and 1986 and ascertained in 
all large hospitals that serve Montréal, as well as 533 population controls and 1523 non-
lung cancer controls. The two control series were pooled for the analyses because parallel 
analyses showed little difference between results based on each control group used 
separately as the referent. The cases included 159 small-cell (oat-cell) cancers, 
359 squamous-cell cancers and 162 adenocarcinomas. Cases were rapidly ascertained and 
personally interviewed to obtain information on each job held during their lifetime and on 
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potential confounders. The interviewers were trained to probe for as much information as 
the subjects could supply on the employer’s or company’s activities, the raw materials 
used, the type of room or building in which he had worked, the activities of workmates, 
the presence of gases, fumes or dusts and other pertinent data. The exposure of each 
subject to approximately 300 occupational agents was assessed by a group of hygienists 
and chemists on the basis of job descriptions and lung cancer cases were compared with 
the rest of the study population, after adjustment for age, ethnic group, family income, 
cumulative tobacco smoking index and exposure to asbestos, silica and chromium, nickel 
and arsenic compounds. Occupational exposure was defined as levels that exceeded 
general environmental levels; 68% of all subjects were classified as ever having been 
exposed to PAHs from any source, 24% were thought to have been exposed to 
benzo[a]pyrene and 9% had been exposed to PAHs from coal. Cumulative exposures at 
low, medium or high levels were also computed, based on the sum product of duration, 
frequency and concentration of exposure. Table 2.9 summarizes the odds ratios and 
confidence intervals for exposure to total PAHs, benzo[a]pyrene and coal-derived PAHs 
for all lung cancers and small-cell (oat-cell) and squamous-cell lung cancers and lung 
adenocarcinomas. None of the associations with type of PAH were significant and the 
odds ratios were generally close to unity. However, effect modification was observed 
between tobacco smoking and exposure to PAHs. Among heavy smokers (800 cigarette–
years or more), there was no effect on the risk for lung cancer with different levels of 
exposure to PAHs. However, among ‘light smokers and nonsmokers’ (<800 cigarette–
years), there was evidence of an increasing risk for lung cancer with increasing exposure 
to total PAHs and benzo[a]pyrene. The odds ratio for exposure to high levels of total 
PAH was 1.8 (95% CI, 1.1–3.0; based on 31 exposed cases) for ‘light smokers and 
nonsmokers’ and 6.0 (95% CI, 4.1–8.9; based on 175 exposed cases) for heavy smokers 
compared with those not exposed to total PAHs. For high-level exposure to 
benzo[a]pyrene, the odds ratio was 2.4 (95% CI, 1.3–4.4; based on 16 exposed cases) for 
‘light smokers and nonsmokers’ and 3.9 (95% CI, 2.6–5.8; based on 53 exposed cases) 
for heavy smokers compared with those not exposed to benzo[a]pyrene.  

In 1986, the Netherlands Cohort Study was initiated as a prospective follow-up for 
cancer incidence in relation to lifestyle factors within a cohort of 340 439 men and 
women aged 55–69 years selected from the general population of the Netherlands (van 
Loon et al., 1997). Prevalent cases of cancer were excluded. A self-administered 
questionnaire was sent to all cohort members regarding job history, diet, lifestyle and 
other sociodemographic factors. Only 36% of the cohort responded and after comparing 
several variables between the cohort and Dutch population, it was considered that the 
remaining members of the cohort were still representative of the Dutch population. A 
case–cohort study of lung cancer was designed in the remaining cohort of 58 279 men, 
and 677 cases of incident lung cancer were determined between September 1986 and 
December 1990 through the national pathology register and the regional cancer registers. 
Person–years at risk were estimated from a subsample of 1630 men who were followed 
up biennially for vital status. A self-administered baseline questionnaire enquired about 
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lifetime job history with job titles, type of company, periods and duration of employment 
as well as the company’s products up to September 1986. Exposure assessment was 
conducted with no knowledge of health outcomes. Experts classified the job histories for 
probabilities of exposure to asbestos, paint dust, PAHs and welding fumes into four 
categories: no exposure, possible exposure (probability of exposure <30%), probable 
exposure (30–90% probability) and nearly certain exposure (>90% probability). 
Cumulative exposure to each agent was calculated as the product of the midpoint of the 
probability in each of the four exposure categories (scored as 0, 0.15, 0.6 and 0.95, 
respectively) and the duration of exposure. Distributions of cumulative probability were 
then compared between the cases and the subcohort. Case–cohort analyses were 
completed by calculating rate ratios for each occupational cumulative probability, 
adjusted for age, other occupational exposures, tobacco smoking and dietary intake of 
vitamin C, β-carotene and retinol. The adjusted rate ratio for ever versus never exposure 
to PAHs was 0.53 (95% CI, 0.26–1.07; based on 34 exposed cases); thus, exposure to 
PAHs was inversely associated with the risk for lung cancer. The adjusted rate ratios for 
the non-zero tertiles of cumulative probability of exposure to PAHs were all below unity: 
the highest tertile was associated with a risk ratio of 0.28 (95% CI, 0.09–0.89; based on 
12 cases) and the p value associated with this negative trend was <0.01. The odds ratios 
were considerably higher (but not significantly so) when adjusted for age and other 
occupational exposures or age only. 

Another population-based case–control study was conducted in Norway (Grimsrud et 
al., 1998); the national cancer registry was used for the ascertainment of 88 incident cases 
of lung cancer registered among male residents of the municipality of Rana during 1980–
92. Rana is located in northern Norway and had had an iron and steel plant (since 1955) 
and a separate coke plant (since 1964) that were in operation until the late 1980s. Three 
male population controls were selected for each case, were matched on year of birth, were 
free of lung cancer and lived in the municipality at the time of diagnosis of the case. 
Occupational histories (period of employment, department, details on section and job) 
were gathered from personnel files of the iron, steel and coke plants and by personal 
interviews with subjects or their next of kin. All interviews were performed by one 
interviewer who addressed occupational and tobacco smoking histories, dietary habits, 
education and residential history. After refusals, exclusions because of insufficient data 
and replacement of controls, 86 cases and 196 controls remained for data analysis. 
Subjects exposed to PAHs only at the iron, steel and coke plants had a smoking-adjusted 
odds ratio of 1.9 (95% CI, 0.8–4.6; 13 exposed cases).  

Droste et al. (1999) conducted a hospital-based case–control study of lung cancer and 
exposure to occupational carcinogens in the Antwerp region of Belgium. A total of 
478 histologically confirmed male cases and 536 male controls without cancer or primary 
lung disease (mainly admitted from cardiovascular surgery wards) were identified and 
interviewed personally in 10 hospitals during 1995–97. The catchment area of the 
participating hospitals had to include the total Antwerp area so that there would be no 
selection bias for socioeconomic status, occupational conditions or potential exposures. 
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The interviews covered information on occupation (job tasks, industries and duration of 
employment), exposure to 16 potential carcinogens, hobbies and tobacco smoking 
histories. Job titles were coded into a standard classification, and exposures were assessed 
by self-reporting and through an exposure matrix that converted data on jobs and tasks 
into selected exposures. Exposure data were reviewed by occupational hygienists. Odds 
ratios were calculated with logistic regression models, adjusting for age, tobacco smoking 
history, marital status and socioeconomic status. The time lag between the onset of 
exposure and diagnosis of disease was set at 10 years; the same time lag was also used for 
other covariates that may have acted as confounders. Relative to no exposure, the odds 
ratio for self-reported exposure to PAHs was 1.1 (95% CI, 0.7–1.7; 77 exposed cases). 
For exposure matrix-based exposure to PAHs, the odds ratio was 1.2 (95% CI, 0.9–1.6; 
235 exposed cases). [The Working Group noted that the job–exposure matrix for PAHs 
included several occupations in which exposure to PAHs is questionable.] 

Data from two German case–control studies of lung cancer were pooled for joint 
analysis (Brüske-Hohlfeld et al., 2000). One study was carried out by the Bremen 
Institute for Prevention Research and Social Medicine in Bremen, the area surrounding 
Bremen and the Frankfurt/Main area to determine the association between lung cancer 
and occupational risk factors among 1004 cases and 1004 population controls randomly 
selected from mandatory community registries and matched on age, sex and region of 
residence in 1988–93. The other study was carried out to determine the risk for lung 
cancer from exposure to indoor radon in West and East Germany (covering the regions of 
Nordrhein-Westfalen, Rheinland-Pfalz, Bayern, Saarland, Thüringen and Sachsen) 
among 3180 cases and 3249 controls matched by sex, age and region in 1990–94. A 
standardized questionnaire was administered by trained interviewers in both studies to 
collect data on occupational exposure, residential history, tobacco smoking and other risk 
factors. The response rates were 69% for cases and 68% for controls (in the Bremen BIPS 
study) and 77% for cases and 41% for controls (in the ‘indoor radon study’). The final 
pooled analyses were restricted to 3541 male controls and 3498 male cases that were 
cytologically and/or histologically verified, excluding metastases secondary to other 
primary tumours. Using ‘never exposed’ as the reference category, odds ratios were 
calculated for workers who had been ‘ever exposed’, for duration of exposure and for 
cumulative exposures through a job–exposure matrix. The ‘ever’ category of exposure to 
PAHs was associated with an odds ratio of 1.53 (95% CI, 1.04–3.95), adjusted for 
tobacco smoking and exposure to asbestos. Duration of exposure to PAHs did not show a 
clear trend, while job–exposure matrix-based cumulative exposure to benzo[a]pyrene did, 
yielding risk ratios of 1.15 (95% CI, 0.77–1.71) for 0–20 benzo[a]pyrene–years and 
2.09 (95% CI, 1.36–3.22) for 20 or more benzo[a]pyrene–years. The risk was highest for 
workers in coking plants; no increased risk was seen for chimney sweeps or those 
working in smelters, after adjustment for tobacco smoking and exposure to asbestos. 
[TheWorking Group noted the low response rate among controls of the indoor radon 
study.] 
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Gustavsson et al. (2000) conducted a study among male residents of Stockholm 
County, Sweden, aged 40–75 years: 1042 lung cancer cases and 2364 population controls, 
matched on age and year of inclusion (1985–90). Questionnaires were mailed to the 
subjects or their next of kin on detailed lifetime occupational history, residential history, 
tobacco smoking habits and other potential risk factors for lung cancer. Response rates 
were 87% in cases and 85% in controls. Intensity, probability and duration of exposure 
were assessed for seven specific occupational exposures for each work period by an 
occupational hygienist who was blinded to case/control status. For combustion products, 
odds ratios were elevated for the highest categories of exposure intensity, assessed as 
≥5 µg/m3 benzo[a]pyrene (odds ratio, 2.10; 95% CI, 1.25–3.53; based on 35 exposed 
cases), cumulative exposure of ≥23.9 µg/m3–years benzo[a]pyrene (odds ratio, 1.60; 
95% CI, 1.09–2.34; based on 73 exposed cases; adjusted additionally for exposure to 
diesel exhaust and asbestos) and duration of exposure of 10–29 years (odds ratio, 1.37; 
95% CI, 1.01–1.85) and ≥30 years (odds ratio, 1.37; 95% CI, 0.98–1.91). The odds ratios 
were adjusted for age, year of inclusion, tobacco smoking, residential radon level and 
environmental exposure to nitrogen oxide. 

2.2.2 Cancer at sites other than the lung 

(a) Renal-cell carcinoma (Table 2.10) 

A population-based case–control study was conducted in the seven-county 
Minneapolis–St Paul Standard Metropolitan Statistical Area (USA): eligible cases were 
white residents of the area who were diagnosed with renal-cell carcinoma (International 
Classification of Diseases (ICD) 8, 189.00) in 1974–79 (McLaughlin et al., 1984). A total 
of 506 cases, aged 30–85 years, were ascertained; 495 interviews were conducted, more 
than half of which were with the next of kin because 237 (47%) cases were deceased and 
14 were too ill to be interviewed. A group of 714 population controls was identified, who 
were an age- and sex-stratified random sample of white residents of the area. Those who 
were 30–64 years of age were chosen at random from a complete listing of telephone 
subscribers that included 98% of the households in this area; those over 65 years of age 
were chosen at random from a health care financial administrative list that included 95% 
of US residents in this age group. A total of 697 controls were interviewed. To account 
for the possible influence of interviews with next of kin, a second control group of 495 of 
subjects who had died from causes other than urinary tract cancer during the period 1974–
79 was constituted from death certificates and were frequency-matched to deceased cases 
on the age and year of death and gender. For this group, 493 next of kin answered the 
questionnaire, which included a category on occupation, although occupational exposures 
were not reported in detail and exposure to specific PAHs was not described. A very high 
response rate was observed (approximately 95% in the different groups of cases and 
controls). Statistical models were systematically adjusted for age, and separate odds ratios 
were estimated to take into account the type of respondent (index subject or next of kin). 
A final model included all different exposures studied in the analysis to adjust simultaneously 
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for age, tobacco smoking, body mass index, use of phenacetin, kidney infection, kidney 
stones, nationality of the parents, consumption of tea, beer and meat and exposure to 
petroleum, tar and pitch. Few results concerned occupational exposure to PAHs. The 
results were presented according to the industry in which the index subject worked the 
greatest number of years but did not include sectors that are of interest to this monograph. 
The authors studied some occupational exposures that included the group petroleum, tar 
and pitch and found a significant relationship with renal-cell carcinoma (odds ratio, 1.7; 
95% CI, 1.0–2.9; based on 36 exposed cases). This relationship was reinforced when 
persons who had been exposed for 20 years or more (odds ratio, 2.6; 95% CI, 1.2–5.7) 
were compared with those who had been exposed for less than 20 years (odds ratio, 1.1; 
95% CI, 0.5–2.5). No other estimation was made (i.e. level or latency). In the final model 
that included all items studied, the odds ratio for renal-cell carcinoma in relation to 
petroleum, tar and pitch was 1.6 (95% CI, 0.9–2.7) for men and 4.6 (95% CI, 0.4–51) for 
women.  

In a hospital-based case–control study in Canada, cases who were diagnosed between 
1982 and 1987 were determined retrospectively from the medical records of nine 
hospitals in the Montréal area (Sharpe et al., 1989). Eligible cases were alive at the time 
of the review and had a histologically confirmed diagnosis (ICD-8, 189.00). Of the 
403 cases identified, only 168 were able to participate; 163 had died, 43 could not be 
traced, the physician refused to participate for 25 and four were too ill to participate. 
Controls were patients who attended the same hospital departments for haematuria during 
the same 5-year interval as the cases, and for whom a non-neoplastic diagnosis had been 
given. One control per case was selected and matched for sex, 5-year age group and 
urologist. A total of 164 cases and 161 controls completed a mailed questionnaire (97% 
overall response rate); a telephone interview was conducted to clarify and complete 
missing information. No information was given on the content of the questionnaire, 
particularly on the occupational section. The authors highlighted that information on 
exposure to hydrocarbons was requested for regular and repeated exposure (at least once a 
week). Statistical analysis was carried out using unconditional logistic regression. All 
models were adjusted for the matching variables and the other exposures studied; 
however, it is unclear which variables were included in the final models. Although 
tobacco smoking was studied, the authors did not consider it to be a significant 
confounder and therefore excluded it from the final models. Exposure to coke was 
associated with a non-significant increase in risk for renal-cell carcinoma (odds ratio, 
2.00; 95% CI, 0.49–8.14; based on six exposed cases and three exposed controls). Those 
considered to be occupationally exposed to coke were persons who had been exposed to 
burning fuels (e.g. janitors, foundry workers, locomotive engineers, forced labourers, 
sailors and those involved in heating buildings). Exposure to tar or pitch was related to a 
large increase in risk for renal-cell carcinoma (odds ratio, 9.29; 95% CI, 1.16–74.20; 
based on nine exposed cases (three in roofing, three in the construction industry, one 
laboratory worker, one petrochemical salesman and one prisoner of war) and one control 
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exposed through road paving). A statistically significant trend (p <0.025) of increasing 
odds ratios was seen with increasing intensity of exposure to burning coal. 

A population-based case–control study carried out in Finland included men and 
women aged 20 years or above who were diagnosed in 1977–78 as having renal 
adenocarcinoma (ICD-7, 189.0) registered with the Finnish Cancer Registry (Partanen 
et al., 1991). Two controls per case were identified at random from the Population 
Register Centre, and matched by year of birth, gender and vital status. A total of 672 cases 
and 1344 controls were thus identified. Information was collected by questionnaire sent to 
the index person for live subjects or to a next of kin for deceased subjects. Response rates 
were almost identical between cases and controls, and were slightly higher for subjects 
who were alive (78%) than for those who were deceased (66%). After exclusion of 
subjects without employment, the study included 408 cases (98 alive and 310 deceased) 
and 819 controls (195 alive and 624 deceased). Information included in the questionnaire 
concerned the whole occupational history (jobs, time period, employers) as well as 
information on tobacco smoking history, coffee consumption and obesity. Occupational 
histories from the period 1920–68 were reconstructed on an annual basis to examine 
occupational exposure to PAHs and eight other agents. An industrial hygienist scored 
each annual exposure into three classes: background (<0.01 µg/m3 benzo[a]pyrene), low 
level (0.01–1 µg/m3 benzo[a]pyrene if exposed for more than 30% of the normal annual 
worktime) and high level (>1 µg/m3 benzo[a]pyrene if exposed for more than 30% of the 
normal annual worktime). Statistical analysis was carried out using a dichotomous 
exposure indicator: 0 (background exposure) and 1 (≥5 years at a low or high level or 
≥1 year at a high level). Odds ratios were estimated by conditional logistic regression, 
adjusted for tobacco smoking (never/ever), coffee consumption (no/medium/heavy) and 
obesity (five classes) as potential confounders. Odds ratios were estimated for selected 
industries, job titles and the nine occupational exposures. Very few subjects were 
classified as having been exposed to PAHs (seven cases). The estimated odds ratio for the 
whole population was 1.10 (95% CI, 0.39–3.09). Exclusion of women did not modify the 
result (odds ratio, 1.21; 95% CI, 0.43–3.45; based on seven exposed cases). Restriction to 
blue-collar workers increased the association (for men and women combined: odds ratio, 
4.4; 95% CI, 0.4–43; for men only: odds ratio, 5.5; 95% CI, 0.5–58.9). 

An international population-based case–control study was carried out in Australia, 
Denmark, Germany, Sweden and the USA using a similar protocol in the participating 
centres (Mandel et al., 1995). Cases were patients with incident renal-cell carcinoma 
[ICD-9, 189.0], histologically confirmed and diagnosed between 1989 and 1991. Cancer 
registries were the main source of ascertainment of cases, except in Germany, where 
cases were identified through active surveillance. Controls were chosen at random from 
different population sources (registries, electoral rolls, residential lists) and frequency-
matched to cases on sex and age. Personal interviews were conducted at home for most 
centres except Germany, where subjects were interviewed at the hospital. Most centres 
requested information on selected occupations or industries of interest to the study 
(German centres collected complete occupational histories) in addition to information on 
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demographics, personal and family medical history, lifestyle factors, and use of tobacco, 
alcohol and medication. All centres coded occupations and industries according to 
standard occupational and industrial classification codes. The response rates were 72% for 
cases and 75% for controls, resulting in 1732 cases and 2309 controls available for 
analysis. Statistical analysis was carried out using logistic regression separately for men 
and women, adjusted for age, smoking status, body mass index, education and study 
centre. A minimum of 1 year in a specific job or exposure was considered as being 
exposed. Working at least 1 year in the ‘blast furnace and coke ovens’ industry was 
associated with an increased risk for renal-cell carcinoma (odds ratio, 1.7; 95% CI, 1.1–
2.7; based on 57 exposed male cases). The exposures incurred in other industries were not 
relevant to the topic of this monograph. Duration of exposure in the blast furnace industry 
was studied, but no dose–response was seen (odds ratio for 1–2 years of exposure: 1.9; 
95% CI, 0.9–4.0; 21 exposed cases; 3–7 years: 1.6; 95% CI, 0.7–3.3; 18 exposed cases; 
8–41 years: 1.6; 95% CI, 0.7–3.4); 14 exposed cases.  

A large population-based case–control study was carried out in Canada (Nadon et al., 
1995) as part of a larger study (described in detail in Section 2.2.1). A total of 181 male 
renal-cell carcinoma patients [ICD, 189.0] were selected from the database of all cancer 
patients registered during 1979–85. and 2196 male population and cancer controls were 
selected after exclusion of those with lung and urinary bladder cancer. Odds ratios derived 
from unconditional logistic regression were adjusted for age, family income, ethnicity and 
cumulative tobacco smoking index. Results related to PAHs derived from coal did not 
show any association with renal-cell carcinoma. 

A population-based case–control study was carried out in five regions of Germany 
(two in East Germany and three in West Germany) (Pesch et al., 2000). Cases were male 
and female patients at large German hospitals and of German nationality, with no 
restriction on age, who had had histologically confirmed renal-cell carcinoma diagnosed 
between 1991 and 1995. Local residency registries provided controls, who were 
frequency-matched by region, sex and age. A total of 935 incident cases of renal-cell 
carcinoma (570 men and 365 women) and 4298 controls (2650 men and 1648 women) 
were included in the study. The response rate was 88% for cases and 71% for controls. 
Cases and controls were interviewed personally using a questionnaire to obtain full 
occupational histories, as well as supplemental information on job tasks with suspected 
exposure to different agents. Job titles were coded according to the International Standard 
Classification of Occupations (ISCO) code. Retrospective evaluation of exposure was 
made using a job–exposure matrix (English or German). In addition, German experts 
created a job–task–exposure matrix that accounted for the probability and intensity of 
exposure to a specific agent. To assess the effect of occupational exposures, the ISCO 
code (three-digit) of the longest job held was used for statistical analysis. The total 
number of years worked in a job title represented a subject’s lifetime exposure, whereas 
the quantification of exposures in job tasks involved summing of the number of years 
worked, weighted by the percentage of time spent at the specific task (‘duration’). The 
results according to duration were given for job groups that represented an aggregate of 
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job titles or job tasks with similar exposure circumstances. The job groups constituted 
were not relevant to the topic of this monograph. The job–exposure matrix (English or 
German) or the job–task–exposure matrix allowed the construction of an index that 
corresponded to the product of the duration × intensity × probability of exposure. This 
exposure index was divided into four categories according to the 30th, 60th and 90th 
percentiles. All odds ratios were adjusted for age, region and sex. Results given for the job 
title (three-digit ISCO code) included only those with a significant odds ratio. The English 
job–exposure matrix included a category entitled ‘tar, pitch and mineral oil’ that showed a 
non-significant association that increased with the level of the exposure index (odds ratio: 
medium, 1.1; 95% CI, 0.9–1.5; based on 86 exposed cases; high, 1.2; 95% CI, 0.9–1.6; 
based on 96 exposed cases; substantial, 1.4; 95% CI, 0.9–2.1; based on 34 exposed cases). 
The same trend was observed for women and was of borderline significance with 
‘substantial’ exposure (odds ratio: medium, 1.0; 95% CI, 0.6–1.7; based on 15 exposed 
cases; high, 1.2; 95% CI, 0.7–2.0; based on 16 exposed cases; substantial, 2.1; 95% CI, 
1.0–4.5; based on 10 exposed cases). Similar estimates could not be made with the 
German job–exposure matrix. The English job–exposure matrix also considered exposure 
to PAHs. The results were similar to those for ‘tar, pitch and mineral oil’. Results for 
PAHs using the German job–task matrix were available only for men and did not show 
any increased risk (odds ratio, 0.9; 95% CI, 0.7–1.2; 0.8; 95% CI, 0.6–1.0; 0.9; 95% CI, 
0.6–1.4 for medium, high and substantial exposure; based on 80, 67 and 26 exposed 
cases, respectively). 

(b) Urinary bladder cancer (Table 2.11) 

Baxter and McDowall (1986) conducted a case–control study in London, United 
Kingdom, based on death certificates. Cases were all deaths from urinary bladder cancer 
(ICD-8, 188) from 1968 to 1978 among male residents of six London boroughs. Two 
controls per case were selected, one from among male deaths from all other cancers and 
one from among all deaths including cancer, and matched on borough, age and year of 
death. A total of 1080 cases were included [the number of controls was not given but was 
assumed to be 2160, given two per case]. Occupational information was abstracted from 
death certificates by one of the authors. The occupation of ‘gas worker’ had odds ratios of 
0.8 and 1.4 using the control groups of deaths from all other cancers and deaths from all 
other causes including cancer, respectively [confidence intervals were not given and the 
results were not statistically significant].  

A hospital-based case–control study was carried out in 27 hospitals in the 
Copenhagen area, Denmark (Jensen et al., 1988). Cases were 97 incident cancers of the 
renal pelvis and ureter diagnosed between 1979 and 1982. The authors estimated that 
their case population represented approximately 80% of all Danish incident cases. Three 
hospital controls per case were matched for hospital, sex and age. Patients with urinary 
tract or tobacco smoking-related diseases were excluded from the controls, leaving 
288 controls enrolled. Trained interviewers used a detailed questionnaire to obtain infor-
mation on tobacco smoking, consumption of beverages, use of analgesics and occupational 
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and related exposures; 99% of cases and 100% of controls were enrolled and most (94%) 
of these subjects were interviewed at the hospital. Results were listed by occupation; 
however, no details were given on which jobs were concerned [i.e. the longest job held, 
the job held at the time of diagnosis]. Significant associations were obtained for 
occupational exposure to: coke and coal (odds ratio, 4.0; 95% CI, 1.2–13.6; based on 
eight exposed cases and seven exposed controls) and asphalt and tar (odds ratio, 5.5; 95% 
CI, 1.6–19.6; based on nine exposed cases and six exposed controls); only male subjects 
worked in these industries. All of the results were adjusted for lifetime tobacco 
consumption. [This study is qualified by the authors as an “explorative study with regard 
to occupational exposure”. Neither temporal associations (duration, latency) nor the effect 
of the level of exposure was tested.] 

Risch et al. (1988) conducted a population-based case–control study in Canada. 
Incident cases of urinary bladder cancer, diagnosed between 1979 and 1982 and aged 35–
79 years, were included. Identification of the cases differed according to their residential 
region (registry, active review of medical records in main hospitals). A total of 1251 cases 
were identified, and a response rate of 67% resulted in a group of 835 cases. Controls 
were randomly selected through population listings, matched for year of birth, sex and 
area of residence; 1483 controls were selected and 792 accepted to participate (53% 
response rate). Questionnaires were completed at the subjects’ home by trained 
interviewers. The occupational component included a list of 26 specific industries/ 
occupations selected a priori by the authors, and subjects were asked whether they had 
ever worked in such industries. In the case of a positive answer, duration of employment 
was also requested. In addition, a list of substances was proposed to the subjects. Data 
were analysed in terms of ever versus never and duration of exposure, for which the 
authors defined a window of exposure from 8 to 28 years [the Working Group queried the 
choice of the time window] before case diagnosis in which they investigated an 
association with industries/occupations and with occupational exposure to agents. 
Statistical analysis was performed using conditional logistic regression models that 
systematically included tobacco smoking history. Among the industries/occupations 
studied, the odds ratio for ever working in aluminium smelting was 1.91 (95% CI, 0.64–
6.43; based on 14 exposed cases). Interestingly, this association was reinforced when 
exposure occurring between 8 and 28 years before diagnosis was considered (odds ratio, 
2.61; 95% CI, 0.70–12.50) as well as the trend with duration of exposure (odds ratio, 
5.92; 95% CI, 1.07–3.20; for a unit of 10 years of duration). With regard to occupational 
exposure to substances, the odds ratio for urinary bladder cancer for the group ‘tar 
asphalt’ was 1.44 (95% CI, 0.78–2.74; based on 46 exposed cases) for subjects ever 
exposed versus never exposed, 3.11 (95% CI, 1.19–9.68) for subjects exposed 8 to 
28 years before diagnosis and 2.02 (95% CI, 1.08–4.97) for a trend with a 10-year 
duration of exposure. [Some (n = 64) of the total (n = 826) cases that were included in the 
analysis were of borderline malignancy. However, exclusion of these cases and their 
matched controls did not modify the results.] 
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Bonassi et al. (1989) carried out a population-based case–control study in the 
Bormida valley (Italy) that focused on urinary bladder cancer and occupational exposure 
to PAHs. Cases were 150 histologically confirmed bladder cancers that were identified 
through hospital admission discharges and diagnosed between 1972 and 1982; 52% of 
cases were deceased at the time of interview. Population controls were randomly selected 
from the demographic registries of the region at the time of the diagnosis of the case, and 
were matched to cases on sex and age; 5% of the controls were deceased. The response 
rate among subjects (or the next of kin for the deceased) was 96% among cases and 90% 
among controls. A questionnaire was administered in 1983. Women were finally 
excluded from the analysis because of their small number and absence of exposure to 
PAHs, which left 144 male cases and 405 matched controls for the analysis. An a-priori 
list of 11 occupational categories of interest for bladder cancer was devised based on 
previous literature. A subject was classified as exposed if he had worked for more than 
1 year in one of these categories (none of the subjects had worked in more than one 
category). In addition, a job–exposure matrix was constructed specifically for this study. 
According to the literature, some occupations were classified as having definite exposure 
to PAHs: coke worker, mechanic, railroad worker, glass worker, road mender, stoker (in a 
distillery), welder, coalman and mason (in a kiln). Imprecise occupational exposure to 
PAHs was classified as possible exposure. Odds ratios were adjusted for tobacco smoking 
using unconditional logistic regression. Among the list of the nine occupational 
categories, the odds ratio for road menders was 1.40 (95% CI, 0.27–7.28; based on two 
exposed cases and six exposed controls). Analysis for definite exposure to PAHs showed 
a non-significant increase in the risk for bladder cancer (odds ratio, 2.14; 95% CI, 0.82–
5.60; based on 25 exposed cases and 48 exposed controls; also adjusted for exposure to 
aromatic amines). This increase in risk was not observed for subjects with possible 
exposure to PAHs (odds ratio, 1.05; 95% CI, 0.45–2.44; based on 74 exposed cases and 
199 exposed controls; also adjusted for exposure to aromatic amines). In addition, an 
analysis stratified for exposure to aromatic amines showed that the odds ratio related to 
definite exposure to PAHs among subjects not exposed to aromatic amines was 
2.53 (95% CI, 0.56–11.50; based on three exposed cases and five exposed controls). [The 
‘possible’ category included jobs with imprecise occupational histories that are very 
heterogeneous with regard to exposure to PAHs (craftsman, carpenter, blacksmith) and 
therefore suffered from non-differential exposure misclassification, biasing the odds ratios 
towards the null value.] 

A population-based case–control study was conducted in Utah, USA (Schumacher et 
al., 1989). Eligible cases were Utah residents, aged 21–84 years, who had had a urinary 
bladder cancer diagnosed between 1977 and 1983, and were identified through the Utah 
Cancer Registry. Controls, matched to cases by sex and age, were identified through 
random-digit dialling (for those aged 21–64 years) or through the Health Care Financial 
Administrative list (for those aged 65–84 years). The response rate was 76% for cases and 
79% for controls, leading to a final sample of 417 cases and 877 controls after exclusion 
of subjects who did not have any occupation listed. Interviews were conducted at home 
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and provided information on several items including tobacco smoking, coffee 
consumption and complete lifetime occupational history (with the time period worked for 
each job). Occupations were coded using the 1970 US Bureau of Census Alphabetic 
Index of Industries and Occupations and a job–exposure matrix was applied (Hoar et al, 
1980). Duration of exposure was classified as ever/never exposed or less than 10 or more 
than 10 years. Odds ratios and confidence intervals were generated using logistic 
regression models that were stratified by sex, smoking status and/or age. Men that had 
been ever exposed to coal tar and pitch did not have a significantly increased risk for 
bladder cancer (odds ratio, 1.08; 95% CI, 0.78–1.49; based on 92 exposed cases and 
160 exposed controls). Taking duration of exposure into account did not modify the 
results (odds ratio, 1.10; 95% CI, 0.78–1.49; and 1.04; 95% CI, 0.64–1.68, respectively, 
for the categories <10 years and ≥10 years). These associations were adjusted for age, 
tobacco smoking, religion and education. Very few women were assessed as ever having 
been exposed to coal tar and pitch (odds ratio, 2.30; 95% CI, 0.30–17.5; based on three 
exposed cases and three exposed controls). 

Clavel et al. (1994) conducted a multicentre, hospital-based case–control study in 
France to investigate occupational risk factors and urinary bladder cancer. A total of 
765 histologically confirmed bladder cancers, diagnosed between 1984–1987 and aged 
<80 years, were identified as well as 765 controls who had been admitted to the same 
hospitals for different diseases, excluding cancer, haematuria and work accidents. The 
controls were matched to cases on sex, age, hospital, place of residence and ethnicity. 
Analysis was restricted to men (658 cases and 658 controls), since few women had been 
exposed to PAHs. A questionnaire was developed specifically for occupational history in 
which each job held by the subject was described. Job titles were further coded with the 
International Labour Office code and the French code of industrial sectors. Occupational 
exposure was assessed on a case-by-case basis by a hygienist team following the 
procedure developed by Gérin et al. (1985). Exposure to PAHs was considered in three 
categories (<10 ng/m3, 10–999 ng/m3 and ≥1000 ng/m3), in terms of maximum dose, 
average or cumulative exposure to PAHs and according to time-related variables (total 
duration, age at start, time since starting, time since cessation of exposure). Statistical 
analysis was performed using unconditional logistic regression models adjusted for the 
matching variables, tobacco smoking and/or coffee consumption. Associations were also 
re-estimated after exclusion of subjects who had possibly been exposed to aromatic 
amines. When all job titles with exposure to PAHs were considered, regardless of the 
level, an odds ratio of 1.3 (95% CI, 1.0–1.7; adjusted for the matching variables, 
cumulative smoking and coffee consumption; excluding subjects possibly exposed to 
aromatic amines) was observed. A more restrictive definition of exposure to PAHs (>30% 
of workers exposed to the medium or high level) resulted in an association of 1.6 (95% 
CI, 1.0–2.5; based on 64 exposed cases; adjusted for matching variables and smoking 
status). Significant dose–response relationships (p-value for trend <0.05) were observed 
with average and maximum exposure to PAHs (odds ratio for categories of maximum 
exposure to PAHs compared to unexposed: low exposure, 1.2; 95% CI, 0.9–1.7; medium 



212 IARC MONOGRAPHS VOLUME 92  

 

exposure, 1.3; 95% CI, 0.9–2.1; high exposure, 1.8; 95% CI, 0.9–3.6). The dose–response 
relationship with cumulative exposure was more heterogeneous and therefore the test for 
trend was not significant (odds ratio: <100 ng/m3, 1.7; 95% CI, 1.2–2.4; 100–499 ng/m3, 
0.8; 95% CI, 0.5–1.3; 500–14 999 ng/m3, 1.3; 95% CI, 0.8–2.0; ≥ 15 000 ng/m3, 1.8; 95% 
CI, 0.8–3.9; adjusted for matching variables, cumulative smoking, coffee consumption; 
excluding subjects possibly exposed to aromatic amines). No significant trend was seen 
with total duration of exposure or time since start or cessation of the exposure. Taking 
latency into account, the highest association was observed for the category 20–29 years 
since start of exposure (odds ratio, 1.8; 95% CI, 0.9–3.5; adjusted for matching variables, 
cumulative smoking, coffee consumption; excluding subjects possibly exposed to 
aromatic amines). 

The study by Nadon et al. (1995) (described in detail in Section 2.2.2(a)) also 
reported results for urinary bladder cancer among 486 male cases and 2196 male 
population and cancer controls (excluding cancers of the lung and kidney). Overall, there 
were no significant associations between bladder cancer and exposure to different types of 
PAHs; however, high exposure to benzo(a)pyrene was associated with a significantly 
reduced risk for bladder cancer (odds ratio, 0.5; 95% CI, 0.3–0.8; based on 176 exposed 
cases). The odds ratios for low and high exposure to coal were 0.8 (95% CI, 0.6–1.3; 
based on 154 cases) and 0.6 (95% CI, 0.3–1.2; based on 67 exposed cases), respectively. 
There was no interaction between exposure to PAHs and smoking status in the risk for 
bladder cancer. 

A population-based case–control study was carried out in the municipality of Rana, a 
town in Norway where iron, steel and coke plants are located (Grimsrud et al., 1998), and 
was aimed at determining why the incidences of lung and urinary bladder cancer in this 
area increased steadily during 1980–92 whereas the national incidence rates stabilized 
during the late 1980s. Lung cancer was the main end-point studied, although bladder 
cancer was included in the protocol. Fifty-two incident cases of bladder cancer diagnosed 
among male residents of Rana in 1980–92 and registered at the cancer registry constituted 
the case group. A group of 156 controls (three per case), matched to cases on sex and year 
of birth, was identified from the national registrar and selected from among residents 
living in Rana on January 1993 and deceased persons who had Rana as their last place of 
residence. Information on job titles and work area were taken from personnel files of the 
plants studied. Evaluation of exposure to PAHs was based on measurements in the job–
exposure matrix used for lung cancer. Positive exposure was assigned for those who had 
worked for more than 1 year in the pig iron department of the iron or steel plants or those 
who had worked at the coke plants and had been exposed to PAHs according to 
environmental measurements made previously by industrial hygienists. Odds ratios and 
confidence intervals for urinary bladder cancer were derived from unadjusted conditional 
logistic regression models. Information on smoking habits and occupations outside the 
industry was not available. There was no increased risk for bladder cancer related to 
employment in the iron, steel and coke plants: the odds ratio for exposure to PAHs was 
0.5 (95% CI, 0.1–1.9; based on three exposed cases and 19 exposed controls), and was 
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1.4 (95% CI, 0.7–2.9; based on 20 exposed cases and 45 exposed controls) for non-
exposed workers at the same plants. The authors mentioned that the highest level of 
exposure to PAHs for top-side coke-oven workers was <300 µg/m3 in the late 1970s, 
which was less than reported levels from American coke plants. The PAH level in the pig 
iron department of the iron and steel foundries was 25 µg/m3, which was less than the 
national occupational exposure limit. 

(c) Skin cancer (Table 2.12) 

Kubasiewicz et al. (1989, 1991) conducted a population-based case–control study 
among men in Poland which also included a hospital-based control group. A total of 
534 incident cases of skin cancer were identified from a hospital registry during 1983–88 
and 376 of these were enrolled. Two age-matched (2:1) control groups comprised 
752 subjects each, one from the general population and one from hospital clinics in the 
same area, which included dermatological outpatients who were treated for conditions 
other than skin cancer. A personal interview was conducted in the subjects’ homes, in 
which detailed lifetime occupational history was collected using a questionnaire. 
Substances that contain PAHs were extracted from the occupational history (grease, tar, 
pitch, soot, mineral oil, creosote oil, anthracene oil, coke, petrol, paraffin, gasoline, 
paraffine oil, soft asphalt, mazout, bituminous mass, petroleum and asphalt). Only 
significant confidence intervals were reported. The frequency of exposure among cases, 
population controls and hospital controls was 57%, 54% and 57%, respectively. The 
association between exposure to PAHs and skin cancer was non-significant, regardless of 
the control group used (odds ratios, 1.15 and 1.14 for population and hospital controls, 
respectively; based on 216 exposed cases). There was also no significant association with 
duration of exposure. The study of each PAH considered separately, ignoring potential 
concomitant exposure to other PAHs, showed a statistically significant relation only for 
mineral oils (odds ratio, 1.46; 95% CI, 1.06–2.05; based on 99 exposed cases). This 
association was significant with the population control group but not with the hospital 
controls and was confirmed when a latency of 30 years or more was considered (1.60; 
95% CI, 0.98–2.63; based on 36 exposed cases; odds ratio). [The Working Group noted 
that the description of the population was poor for both the cases and the controls. The 
histology of the skin cancer was not described and was not confirmed (except for the fact 
that they were selected from the registry). The assessment of exposure was not well 
described, and statistical analysis was also poor. Confounding factors were not taken into 
account, and confidence intervals were not given, except when significant. Therefore, the 
results of this study should be considered with caution.] 

Gallagher et al. (1996) conducted a population-based case–control study among men 
in Canada. Eligible cases were men aged 20–79 years who had been diagnosed with a 
first primary basal-cell carcinoma (n=314) or a first primary squamous-cell carcinoma 
(n=225) and who were selected through the cancer registry. The group with basal-cell 
cancer included every fourth man registered with a head and neck basal-cell cancer and 
all men with a basal-cell cancer at any other anatomical site. Response rates were slightly  
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higher for the group with squamous-cell carcinoma (80%) than for the basal-cell cancer 
patients (72%). A total of 226 basal-cell and 180 squamous-cell carcinomas were finally 
included. Eligible controls were 573 age-matched subjects randomly selected from the 
files of Alberta Health care insurance plan subscribers, who had had no prior basal-cell 
cancer or squamous-cell carcinoma. A 71% response rate resulted in 406 enrolled 
subjects. Subjects were interviewed at home by trained interviewers who were unaware of 
the objectives of the study and were blinded to case–control status. The questionnaire 
included questions on phenotype and pigmentation factors, factors related to the medical 
history, smoking history and detailed lifetime occupational history (job titles, periods). 
Detailed information on exposure assessment was not given. A list of specific substances 
to which subjects might have been exposed was created that included ‘coal dust’ and 
‘pitch tar and tar products’. To test for a dose–response effect, a ‘duration’ variable was 
constructed from the duration of the jobs held weighted with the source of exposure 
(direct job, job environment, hobby, home) and intensity of exposure (<1 h/week, 1–
4 h/week, 5–19 h/week, ≥20 h/week). Subjects were dichotomized to compare exposed 
with unexposed subjects. The same control group was used for comparisons between the 
two case groups (basal-cell cancer and squamous-cell carcinoma). Statistical analysis was 
carried out using conditional logistic regression models adjusted for age, skin and hair 
colour, mother’s ethnic origin and exposure to sunlight as potential confounding factors. 
No association was noted with pitch tar and tar products (odds ratio, 1.2; 95% CI, 0.7–2.1; 
32 exposed cases of basal-cell cancer; odds ratio, 0.9; 95% CI, 0.5–1.7; 27 exposed cases 
of squamous-cell carcinoma), but an association of borderline significance was noted with 
exposure to coal dust (odds ratio, 1.4; 95% CI, 0.9–2.1; 67 exposed basal-cell cancer 
cases; odds ratio, 1.6; 95% CI, 1.0–2.4; 69 exposed squamous-cell carcinoma cases). All 
the results were adjusted for age, mother’s ethnicity, and skin and hair colour. [The 
frequency of exposure was 16% for pitch tar and 43% for coal dust. Job titles that were 
considered to entail exposure to these substances were not specified. The duration–effect 
relationship with squamous-cell carcinoma, observed for exposure to petroleum products 
and coal dust, increased the credibility of the association.] 

(d) Laryngeal cancer (Table 2.13) 

Ahrens et al. (1991) conducted a hospital-based case–control study in a main general 
hospital of the Bremen region, Germany. Cases included in the study were 55 incident 
male patients who were diagnosed with histologically confirmed laryngeal cancer in 1986 
and 30 prevalent male cases diagnosed during 1984–85. Age, localization of the tumours 
and region of last residence were distributed equally between the two groups of cases, and 
all but one were squamous-cell carcinomas. Controls were selected from among the 
admission list of the same hospital, excluding neoplastic diseases and tobacco smoking-
related diseases. Patients were interviewed with a standardized questionnaire that included 
questions on smoking and drinking habits as well as lifetime occupational history 
(industry, job titles, period). Industries and job titles were coded blinded to case–control 
status using standard German codes. Analysis was performed by grouping industries and  
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job titles into 31 occupations and 21 branches of industry. In addition, the subjects 
declared at the end of the occupational history if they had been exposed to any substance 
on a list of 19 occupational exposures. Statistical analysis was performed using 
unconditional logistic regression, adjusting for age, tobacco smoking and alcohol drinking 
as potential confounders. With regard to self-reported occupational exposures, there was 
no association with coal tar/bitumen (odds ratio, 0.6; 95% CI, 0.2–1.9 [the number of 
exposed subjects was not given]). The coal tar/bitumen group included subjects who had 
been employed in the following industries: manufacture of machinery and transport 
equipment, general construction and interior construction; and for the following 
occupations: bricklayers and reinforced concreters, stone masons, road and other 
construction workers, stationery engine, crane and hoist operators, earth-moving machine 
operators, managers and accountants. [The Working Group considered that the category 
coal tar/bitumen was too wide to be considered in the scope of this monograph.] 

Gustavsson et al. (1998) conducted a population-based case–control study of oral 
cancer in Sweden. Incident male cases of oral cancer (oral cavity, oropharynx, 
hypopharynx, oesophagus and larynx; ICD-9: 141, 143, 144, 145, 146, 148, 150 and 161), 
aged 40–79 years, who were registered in the cancer registry as being from Stockholm or 
living in the southern health care region and who were diagnosed between 1988 and 1991 
were included. Controls were selected from population registers, and were frequency-
matched to cases for region and age group. The response rates were 90% in cases and 
85% in controls. A total of 157 cases of laryngeal cancer and 641 controls were included 
in the analysis. A standardized questionnaire included questions on lifestyle, tobacco and 
alcohol consumption as well as lifetime occupational history. Occupational history was 
reviewed blinded to the case–control status by an occupational hygienist who coded job 
titles according to a standard Swedish classification as well as the intensity and 
probability of exposure to 17 specific occupational exposure factors, including PAHs. 
Intensity of exposure to PAHs was assessed on a four-level scale, using benzo[a]pyrene 
as an indicator of exposure; level 3 represented exposures that were greater than one-fifth 
of the threshold limit value (TLV) for benzo[a]pyrene. The ratio between levels 1, 2 and 3 
was 1, 10 and 100 for PAHs. Probability of exposure was also assessed on three levels: 
>70%, 33–70% and <33%. Cumulative exposure was calculated as the product of 
intensity, probability and duration of exposure; the contribution over the entire work 
history was also added. Statistical analysis was performed using unconditional logistic 
regression, adjusted for region, age group, tobacco smoking (current/former/never) and 
alcohol consumption (average level of alcohol intake in the past 5 years in grams of 
ethanol per week). Exposure to PAHs was first dichotomized in two classes (low, high), 
using the median of the cumulative index for the exposed controls as the cut-off point. 
Low exposure was not significantly related to laryngeal cancer (odds ratio, 0.77; 95% CI, 
0.46–1.28; 26 exposed cases). For high exposure to PAHs, the odds ratio increased to 
1.47 (95% CI, 0.96–2.24; 53 exposed cases). Among controls, the authors assessed the 
level of exposure to PAHs to be high for 1 year of employment as a coke or gas worker or 
10 years as a steel or foundry worker and to be low for car repairers, garage workers and 
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iron miners because they would never accumulate enough exposure to be included in the 
high-exposure group. 

Elci et al. (2003) carried out a hospital-based case–control study among men in 
Turkey. A total of 940 laryngeal cancer patients (ICD 161.0, 161.1, 161.2 and 161.9), 
diagnosed between 1979 and 1984 in the oncology treatment centre, and a control group 
of 1308 other cancer patients and 211 non-cancer subjects were analysed. During a 
personal interview, subjects were asked about tobacco smoking, alcohol drinking and 
lifetime occupational history. Each job held was coded for industry and occupation 
according to standard US codes by an industrial hygienist who created a job–exposure 
matrix that allowed assessment of exposure to several agents including PAHs and diesel 
exhaust. Exposure was assessed in terms of probability (lower than 25%, 25–75% and 
>75%) and intensity (<TLV, between TLV and 2 TLV and >2 TLV). Probability and 
intensity were then combined to achieve a final score that was categorized into 
unexposed, and low, medium and high exposure. Statistical analysis was performed using 
unconditional logistic regression, adjusted for age, tobacco smoking and alcohol drinking. 
Data on tobacco smoking and alcohol drinking were included in the models as ever/never 
exposure. Results were given only according to the occupational exposure assigned by the 
job–exposure matrix. The most prevalent exposure among cases was to PAHs (40%) 
followed by diesel exhaust (32%). The association between exposure to PAHs and all 
laryngeal cancers was significant (odds ratio, 1.3; 95% CI, 1.1–1.6; 376 exposed cases 
and 486 exposed controls), and was similar for the individual subsites (supraglottic, 
glottic and others). However, these results were mainly influenced by exposure to diesel 
exhaust since all subjects exposed to diesel exhaust were also exposed to PAHs. After 
exclusion of the subjects exposed to diesel exhaust, the association with PAHs was no 
longer significant (odds ratio, 0.8; 95% CI, 0.6–1.1). The association was further explored 
by intensity and probability of exposure. For intensity, no dose–response relationship was 
observed with exposure to PAHs in general (odds ratio: low, 1.4; 95% CI, 1.1–1.7; 
medium, 1.3; 95% CI, 1.0–1.6; high, 1.5; 95% CI, 1.0–2.2), although a dose–response 
was observed for supraglottic cancers only (odds ratio: low, 1.2; 95% CI, 0.9–1.6; 
medium, 1.4; 95% CI, 1.0–1.9; high, 1.7; 95% CI, 1.1–2.8). [The Working Group noted 
the poor adjustment for tobacco smoking and alcohol consumption, which are strong risk 
factors for laryngeal cancer. In addition, consideration of exposure to these factors with a 
covariable ‘ever use’ may lead to an underadjustment. The analysis clearly shows that the 
association with PAHs is actually governed by exposure to diesel exhaust, which is 
outside of the scope of this monograph.]  

Becher et al. (2005) conducted a population-based case–control study in Germany 
among citizens aged up to 80 years. Cases were selected from the clinics of the different 
cities, and had been diagnosed with a histologically confirmed laryngeal tumour during 
1998–2000. Local practitioners were also contacted to verify complete case 
ascertainment. Controls were randomly selected from population registries, and were 
frequency matched to cases (1:3) on age and gender. Personal interviews were carried out 
on 257 cases (89% response rate) and 769 controls (62% response rate). Occupational 
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exposure was assigned using three sources of the questionnaire: a detailed lifetime 
occupational history, an exposure checklist and supplementary job questionnaires. 
Industries and occupations were coded using standard German and International Labour 
Organization codes. Job titles were grouped into broader categories, which were analysed 
for their association with laryngeal cancer. Exposure to PAHs was assessed from selected 
jobs known to entail such exposures: roofer and installer of house siding, insulation 
installer, and workers in road construction, civil engineering, building construction, 
agriculture and forestry. In addition, the following substances were also listed in the 
questionnaire: coal tar, pitch, carbolineum and coal or graphite electrodes. Odds ratios 
were obtained using conditional logistic regression, adjusting for tobacco smoking and 
alcohol consumption and stratifying by age and gender. The category of road construction 
worker (on an ‘ever held job’ basis) was strongly associated with laryngeal cancer (odds 
ratio, 6.4; 95% CI, 2.4–17.3; based on 22 exposed cases and nine exposed controls). [It 
was not clear to the Working Group the type of exposures that were covered by the 
definition of road construction.] Exposure to PAHs assessed by the supplementary job 
questionnaire was statistically related to laryngeal cancer (odds ratio, 2.3; 95% CI, 1.1–
5.2; based on 19 exposed cases and 15 exposed controls), although the relation 
diminished when assessment was based on the checklist of the questionnaire (odds ratio, 
1.6; 95% CI, 0.9–3.1; based on 25 exposed cases and 29 exposed controls). Duration of 
exposure was explored in three categories, and the relation was significant only for the 
highest class (odds ratio, 3.8; 95% CI, 1.3–11.1; corresponding to >1300 h of exposure; 
15 exposed cases and seven exposed controls). The odds ratio for the intermediate class 
(>0–1300 h) was 1.06 (95% CI, 0.3–4.0; four exposed cases and eight exposed controls).  

(e) Pancreatic cancer (Table 2.14) 

Kauppinen et al. (1995) conducted a population-based case–control study in Finland, 
on 1419 deceased cases of pancreatic cancer (ICD-9, 157), aged 40–74 years, who were 
identified from the Finnish Cancer Register files during 1984–87. Controls comprised 
3150 subjects who had died from cancer at other sites (stomach, colon, rectum), at the 
same age and time period as the cases. Lifetime occupational histories were collected by a 
postal questionnaire sent to the next of kin, for which the response rates were 47% and 
50% for cases and controls, respectively. After exclusions, mainly non-respondents 
(n=2497), the study included 595 cases and 1622 controls. Occupational histories were 
reviewed by industrial hygienists. Statistical analysis was performed using unconditional 
logistic regression models, adjusted for age, gender, history of diabetes mellitus, and 
smoking and alcohol use in the 1960s. The odds ratio for exposure to PAHs, based on 
industrial hygienist expertise of work histories, was 1.33 (95% CI, 0.69–2.57; based on 
14 exposed cases). 

Alguacil et al. (2000) conducted a hospital-based case–control study in Spain. Cases 
were incident pancreatic cancer patients who were diagnosed in one of the five hospitals 
included in the study. A total of 185 cases were identified, and 164 (96 men and 
68 women) were included in the analysis (participation rate, 89%). Hospital controls were  
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selected from the same hospital as the case, and were free of pancreatic cancer, but an 
initial diagnosis was suspicious of pancreatic cancer, biliary cancer or chronic 
pancreatitis. Controls were diagnosed with acute or chronic pancreatitis, benign biliary 
pathology as well as lymphoma, periampullary neoplasms, abdominal digestive 
neoplasms of unspecified origin, metastasis and cancers of the colon, lung, liver, small 
intestine and oesophagus. Of the 264 eligible controls, 238 patients (167 men and 
71 women) accepted to participate (90%). A panel of experts reviewed the diagnoses of 
all patients. Interviews took place during hospitalization by trained monitors who 
recorded occupation and lifestyle histories. A list of 10 work-related activities, defined 
a priori as being potentially related to pancreatic cancer, was proposed to the subjects. 
Subjects were also asked to describe jobs held for more than 6 years. Two industrial 
hygienists assessed exposure to 22 substances and classified them by level of exposure 
(exposed, unexposed or unknown) as well as by intensity of exposure (low, medium, high 
or unknown). In addition, the Finnish job–exposure matrix was used to assess exposure to 
21 substances (unexposed, low, substantial). The cut-off point between low and 
substantial was at the 75th percentile of the distribution of the product of probability × 
intensity. Statistical analysis was performed by unconditional logistic regression, adjusted 
for age, gender, tobacco smoking and alcohol use. An assessment of exposure to PAHs by 
industrial hygienists was associated with an odds ratio of 0.81 (95% CI, 0.37–1.76; 
13 exposed cases (8%) and 34 exposed controls (13%)). Although the results were non-
significant, the relation increased when intensity, duration and latency were accounted 
for: low exposure for at least 10 years, 10 years before diagnosis (odds ratio, 1.08; 95% 
CI, 0.39–3.00; eight cases (5%) and 17 controls (7%)) and high exposure for at least 
10 years, 10 years before diagnosis (odds ratio, 1.73; 95% CI, 0.22–13.8; two cases (1%) 
and two controls (<1%)). The association between exposure to PAHs (>0.35 µg/m3) and 
pancreatic tumours using the Finnish job–exposure matrix as a method of assessment was 
not significant (odds ratio, 0.78; 95% CI, 0.12–5.18; two cases (1%) and three controls 
(2%) exposed for at least 10 years, 10 years before the diagnosis).  

In the case–control study conducted by Nadon et al. (1995) in Canada (described 
in detail in Section 2.2.2(a)), 117 pancreatic cancer patients were included, and 
2741 population and cancer controls were enrolled after exclusion of lung cancers. No 
significant association was observed between pancreatic cancer and exposure to PAHs.  

A meta-analysis on occupational exposures and pancreatic cancer (Ojajärvi et al., 
2000) identified four informative studies of occupational exposures to PAH compounds 
(Cammarano et al., 1986; Moulin et al., 1989; Siemiatycki, 1991; Kauppinen et al., 
1995). The meta-risk ratio for pancreatic cancer associated with exposure to PAHs was 
1.5 (95% CI, 0.9–2.5). 

(f) Stomach cancer (Table 2.15) 

In the case–control study conducted by Nadon et al. (1995) in Canada (described in 
detail in Section 2.2.2(a)), 250 stomach cancers were included, together with a total of  
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2514 population and cancer control patients (excluding cancers of the lung and 
oesophagus). Results are presented in Table 2.15 but no significant results were observed. 

Cocco et al. (2005) carried out a case–control study in 24 states of the USA based 
on death certificates. The authors obtained deaths from stomach cancer for the period 
1984–96 among persons aged ≥25 years for 20 878 white men, 14 125 white women, 
4215 African–American men and 2739 African–American women. Controls were deaths 
from non-malignant disease, matched (2:1) on region, gender, age and race. Occupation 
and industry, coded routinely since 1984 according to the 1980 US census occupation and 
industry codes, were extracted from the certificates. A job–exposure matrix was 
developed by two of the authors, which assessed a probability of exposure and an 
intensity level for each three-digit occupation and industry code. A probability and 
intensity score was then built. This score was based on the product of the subject’s 
probability (and intensity) score attributed to the occupation with that of industry, if 
industry was the main contributor to exposure assessment. If the information on exposure 
came from occupation irrespective of the industry (i.e. plumber, welder), the score was 
based on the square of the occupational score. Odds ratios derived from logistic 
regression models included the following covariables: age, ethnic origin, marital status, 
urban/non-urban residence and socioeconomic status (based on Green’s standardized 
score for specific occupation). Among white men, there was no association with exposure 
to PAHs, regardless of the intensity of exposure: low (odds ratio, 1.0; 95% CI, 0.95–1.04; 
4047 exposed cases), medium (odds ratio, 1.08; 95% CI, 1.02–1.15; 1983 exposed cases) 
or high (odds ratio, 1.0; 95% CI, 0.90–1.10; 616 exposed cases). A weak association 
among white women was found at the low (odds ratio, 1.29; 95% CI, 1.06–1.59; 
159 exposed cases) and medium levels of intensity (odds ratio, 1.39; 95% CI, 1.13–1.70; 
158 exposed cases) but not at the high intensity level of exposure (odds ratio, 0.89; 
95% CI, 0.67–1.18; 72 exposed cases). There were no significant associations with 
different exposure intensities observed among the African–American men and women. 
Probability of exposure gave similar results in white men for low (odds ratio, 1.04; 
95% CI, 0.97–1.12; 1356 exposed cases), medium (odds ratio, 1.06; 95% CI, 1.00–1.13; 
1896 exposed cases) and high probability (odds ratio, 0.99; 95% CI, 0.95–1.05; 
3394 exposed cases).  

(g) Oesophageal cancer (Table 2.16) 

Gustavsson et al. (1998) (described in detail in Section 2.2.2(d)), included 122 cases 
of oesophageal cancer and 641 age- and region-matched population controls. Results for 
exposure to PAHs showed a significant relation at both low levels (odds ratio, 2.01; 95% 
CI, 1.16–3.48; based on 32 exposed cases) and high levels (odds ratio, 1.87; 95% CI, 
1.11–3.16; based on 37 exposed cases) of exposure. However, no increase in the effect 
was observed with increasing exposure. 

Parent et al. (2000) studied male oesophageal cancer patients (63 squamous-cell, 
23 adenocarcinoma and 13 of uncertain morphology) aged 35–70 years, selected from a 
database of all cancer patients registered during 1979–85, who were included in a large  
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Canadian case–control study. Controls were selected from electoral lists by random digit 
dialling. The response rates were 82% for cases and 75% for controls, which resulted in a 
final sample size of 99 cases and 1066 age-matched controls (533 population controls and 
533 cancer controls) for analysis. Odds ratios were estimated by unconditional logistic 
regression, adjusted for age, birthplace, education, respondent (self or proxy), tobacco 
smoking, alcohol consumption and β-carotene intake. Branches of occupation and 
industry were coded using standard classification systems and were analysed by duration 
of employment, excluding the 5 years preceding diagnosis or enrolment into the study. 
The odds ratio for exposure to PAHs from coal in the ever-exposed category for all 
histological types was 1.2 (95% CI, 0.6–2.5; 10 exposed cases) and that for a substantial 
level of exposure was 2.0 (95% CI, 0.8–5.3; six exposed cases). Results were also non-
significant for exposure to benzo[a]pyrene. When squamous-cell carcinoma was 
considered separately, the results were not significantly modified. When other potential 
exposures to carcinogens (sulfuric acid, toluene, chrysotyle asbestos, other paints and 
varnishes, iron compounds) were taken into account, the results remained similar for 
exposure to carbon black (odds ratio, 2.1; 95% CI, 0.8–5.3; nine exposed cases). [No 
industrial branches or occupations for which odds ratios were estimated were within the 
scope of this monograph.]  

(h) Prostatic cancer (Table 2.17) 

Aronson et al. (1996) studied occupational risk factors for prostatic cancer within a 
large Canadian case–control study (Gérin et al, 1985). Male patients with histologically 
confirmed prostatic cancer were selected from a database of all cancer patients registered 
in Montréal during 1979–85 (557 eligible patients) and 449 were interviewed (response 
rate, 81%). The statistical analysis was carried out with a pooled control group of 
533 population-based (response rate, 72%) and 1550 other cancer controls for 
17 occupations, 11 industries and 27 substances using unconditional logistic regression, 
adjusted for age, family income, ethnicity, Quetelet (body mass) index and respondent 
status. Each occupation, industry or substance was included in separate models. Exposure 
to the substances was assessed as non-substantial/substantial according to an index that 
combined confidence of assessment, latency, duration and the product of the 
concentration of and frequency of exposure to the substance (both scored as low, medium 
and high). Results by industry or occupation were reported according to duration 
(dichotomized into greater or less than 10 years of employment). Results for the 
assessment of exposure to PAHs from any sources showed no relation with either non-
substantial or substantial exposure (odds ratio for non-substantial, 0.84; 95% CI, 0.63–
1.12; odds ratio for substantial, 1.21; 95% CI, 0.68–2.17). With regard to exposure to 
PAHs from coal, a significant relation was observed at the non-substantial level 
(odds ratio, 1.99; 95% CI, 1.24–3.20) which was not confirmed at the substantial level 
(odds ratio, 1.08; 95% CI, 0.40–2.95). The relationship between prostatic cancer and 
exposure to PAHs from coal was further explored according to confidence of assessment,  
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concentration of exposure and duration. Results are included in Table 2.17 and are of 
moderate magnitude (range, 1.3–2.0) and mostly of borderline significance. 

Krstev et al. (1998) conducted a population-based case–control study in the USA that 
included 981 incident cases of prostatic cancer (479 African–American and 502 white 
men) diagnosed between 1986–89 and 1315 controls (594 African–American and 
721 white men category matched by age and race), aged 40–79 years, who resided in 
Atlanta, Detroit and 10 counties in New Jersey that were covered by population-based 
cancer registries. Lifetime occupational history was obtained from the subjects and job 
titles were coded according to standard occupational codes. The odds ratio for power 
plant operators adjusted for age, study site and race was 2.28 (95% CI, 1.00–5.21; based 
on 16 exposed cases). When stratified by race, the odds ratio was 3.96 (95% CI, 1.05–
14.90; based on nine exposed cases) among African–Americans and 1.68 (95% CI, 0.55–
5.08) among whites. A trend (p = 0.03) was observed for duration of exposure 
(odds ratios, 1.51, 3.68 and 4.04 for <5, 5–19 and ≥20 years of exposure, respectively). 

2.3 Meta-analyses of studies of workers exposed to PAHs  

Partanen and Boffetta (1994) reviewed 20 studies of asphalt workers and roofers that 
included 11 cohort and nine case–control studies of exposure to asphalt/bitumen or coal 
tar. All of the cohort studies addressed lung cancer and some provided data on additional 
sites. The case–control studies addressed cancers of the lung, urinary bladder and 
stomach, leukaemia and non-melanoma skin cancer. The meta-analysis excluded some 
studies that specified occupational categories poorly. Pooled relative risks were presented 
for the cohort and case–control studies separately, as well as for all cohort and case–
control studies combined; the results were presented together with a test for heterogeneity 
between individual studies. Results were presented for the whole population and 
separately for three categories of occupational exposure: pavers and highway 
maintenance workers, roofers and miscellaneous or unspecified workers. For roofers, the 
overall pooled relative risk was 1.76 (95% CI, 1.46–2.11; based on 118 cases) for lung 
cancer in four cohort studies and 1.88 (95% CI, 1.23–2.76; based on 26 cases) in three 
case–control studies. The pooled relative risk across both designs was 1.78 (95% CI, 
1.50–2.10; based on 144 cases; p-value for heterogeneity, 0.03). For pavers and highway 
maintenance workers, the overall pooled relative risk for lung cancer in three cohort 
studies was 0.87 (95% CI, 0.74–1.01; based on 167 cases). For stomach cancer, the 
pooled relative risks in three cohort studies were 1.33 (95% CI, 1.05–1.66; based on 
77 cases) for all asphalt workers, 1.71 (95% CI, 1.12–2.51; based on 26 cases) for roofers 
and 1.14 (95% CI, 0.83–1.53; based on 44 cases) for pavers and highway maintenance 
workers. [The potential separate contributions of exposure to coal tar and bitumen to the 
observed excess risks could not be distinguished. The potential for exposure to coal tar 
was probably higher for roofers than for pavers.] For urinary bladder cancer, the pooled 
relative risks in cohort studies were 1.38 (95% CI, 1.06–1.78; based on 60 cases) for all 
asphalt workers, 1.68 (95% CI, 0.90–2.88; based on 13 cases in one study) for roofers and 
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1.20 (95% CI, 0.74–1.83; based on 21 cases in two studies) for pavers and highway 
maintenance workers. Only cohort studies investigated non-melanoma skin cancer and 
the pooled relative risks were 1.74 (95% CI, 1.07–2.65; based on 21 cases in four studies) 
for all asphalt workers, 4.0 (95% CI, 0.83–11.7; based on three cases in one study) for 
roofers and 1.20 (95% CI, 1.19–3.66; based on 14 cases in one study) for pavers and 
highway maintenance workers. Only cohort studies investigated leukaemia and the 
pooled relative risks were 1.41 (95% CI, 1.05–1.85; based on 51 cases in six studies) for 
all asphalt workers, 1.73 (95% CI, 0.94–2.90; based on 14 cases in two studies) for 
roofers and 1.31 (95% CI, 0.92–1.81; based on 36 cases in three studies) for pavers and 
highway maintenance workers. 

Armstrong et al. (2002, 2004) performed a meta-analysis of published cohort studies 
in which PAHs were judged to be the predominant carcinogens implicated in lung 
(Armstrong et al., 2004) or urinary bladder (Armstrong et al., 2002) cancer; 39 cohorts 
met these criteria. For each study, a unit relative risk for lung cancer was calculated in 
relation to cumulative exposure to benzo[a]pyrene. Eleven studies provided measure-
ments of exposure to PAHs indexed as benzo[a]pyrene, five provided measurements of 
exposure to PAHs that were converted to benzo[a]pyrene from benzene-soluble matter, 
total PAHs or carbon black and, in 20 studies, benzo[a]pyrene was estimated by industrial 
hygienists from published measurements in comparable workplaces (Armstrong et al., 
2002). These latter estimations were carried out blind to the relative risks in the studies 
to which they were applied. To calculate cumulative exposure (as benzo[a]pyrene 
concentration–years), duration of employment was taken from the studies or, for those 
studies that did not provide duration of employment, a default value of 20 years was 
chosen, which was close to the average duration reported in other studies. Unit relative 
risks for each study were calculated by Poisson regression, assuming a log-linear relative 
risk model, and these were presented with 95% confidence intervals for the risk per 
100 µg/m3 benzo[a]pyrene–years of cumulative exposure. In studies that provided more 
than one contrast, internal comparisons were used rather than external comparisons, and 
higher contrasts in estimated exposure were used rather than lower ones. For all the 
studies combined and for groupings of results by industrial sector, heterogeneity of unit 
relative risk was estimated, and pooled unit relative risk values were estimated by meta-
regression, using a log-linear random effects model with restricted maximum likelihood. 
Twenty-eight (72%) of the unit relative risks were >1, with the lower confidence limit 
>1 (p <0.05) in 14 of these. The pooled unit relative risk estimates were 1.17 (95% CI, 
1.12–1.22; based on 10 studies) for coke ovens, 1.15 (95% CI, 1.11–1.20; based on four 
studies) for gas distillation and 1.16 (95% CI, 1.05–1.28; based on eight studies) for 
aluminium reduction. The test for heterogeneity between the three latter estimates was not 
significant (p >0.2). Higher values were found for other sectors: the pooled unit relative 
risk was 17.50 (95% CI, 4.21–72.78; based on three studies) for asphalt workers, 12.28 
(95% CI, 0.48–314.4; based on three studies) for tar distillers, 16.24 (95% CI, 1.64–160.7; 
based on two studies) for chimney sweeps and 4.30 (95% CI, 0.81–22.79; based on four 
studies) for carbon electrode manufacturers. In addition, estimates were made for workers 
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in thermoelectric power plants that resulted in a very high but unstable unit relative risk 
(>1000; lower CI, 0; based on three studies) and in carbon black plants that gave a unit 
relative risk of 0 (upper CI, >1000; based on two studies). [The latter two industries had 
very low estimated levels of of benzo[a]pyrene and, as they do not use or process coal-tar 
derivatives, were not considered to be directly relevant to this monograph. Two of the 
three studies of thermoelectric power plants used fuel oil or both coal and fuel oil 
combustion. The one study of coal-fired plants (Petrelli et al., 1989) was of limited 
power; six lung cancer deaths were observed whereas 4.39 were expected (SMR, 1.36; 
95% CI, 0.50–2.97).] 

In the meta-analysis of urinary bladder cancer (Armstrong et al., 2002), 27 eligible 
cohorts were identified and meta-regression results were more heterogeneous between 
industries than those for lung. Only the overall result for the aluminium industry was 
statistically significant, with a unit relative risk of 1.42 (95% CI, 1.23–1.65; based on six 
studies) at 100 µg/m3–years of benzo[a]pyrene. Other unit relative risks were 1.04 
(95% CI, 0.79–1.37; based on six studies) for coke ovens, 8.80 (95% CI, 0.08–967.8; 
based on two studies) for gas works, 4.40 (95% CI, 0.27–70.67; based on three studies) 
for asphalt and >1000 (95% CI, 0.04–>1000; based on three studies) for tar distillery.  

[The studies included in the meta-analyses have been summarized separately in this 
monograph. The Working Group noted that a number of exposures had to be imputed by 
the authors. However, it was considered that these meta-analyses added to the information 
available by providing a comparable exposure metric and unit relative risks across these 
studies and industrial sectors. Those derived for gasworks, aluminium works and coke 
ovens were very similar and each was statistically significant in the analysis of lung 
cancer.] 

Ojajärvi et al. (2000) conducted a meta-analysis of pancreatic cancer and 
environmental or occupational exposures. The meta-risk ratio for occupational exposure 
to PAHs was 1.50 (95% CI, 0.90–2.50) based on the results of two cohort studies 
(Cammarano et al., 1986; Moulin et al., 1989) and two case–control studies (Siemiatycki, 
1991; Kauppinen et al., 1995). 

2.4 Dietary exposure to PAHs and cancer 

PAHs are formed during the grilling, barbecueing, curing or smoking of meats and 
other foods (Kazerouni et al., 2001). Few epidemiological studies have investigated 
directly the association between dietary intake of PAHs and cancer at different sites; 
however, with the development of targeted meat-cooking questionnaires and PAH 
databases (CHARRED http://charred.cancer.gov/), results from epidemiological studies 
are becoming increasingly available (Kazerouni et al., 2001; Sinha et al., 2005a).  

Three studies of colorectal adenoma and one of colonic cancer have investigated the 
association between PAH and colonic tumours. A hospital-based case–control study in 
Maryland, USA, that included 146 cases and 228 negative screening (by sigmoidoscopy 
or colonoscopy) controls was specifically designed to address the hypothesis that dietary 
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intake of PAHs is associated with risk for colorectal adenoma (Sinha et al., 2005b). The 
study used a food-frequency questionnaire with a module that contained detailed 
questions on method and degree of cooking of meat in conjunction with the benzo[a]-
pyrene database (as a surrogate for total and carcinogenic PAHs) that was derived from 
the collection and analysis of a wide range of food samples and referred to the time period 
1 year before the interview (Sinha et al., 2005a). Odds ratios were adjusted for age, 
gender, total caloric intake, reason for screening (routine or other), level of physical 
activity, pack–years of cigarette smoking and use of non-steroidal anti-inflammatory 
drugs. Additional adjustment for consumption of total fat, saturated fat, fruit, vegetables, 
fibre or alcohol, education, race, body mass index, frequency of bowel movements and 
family history of colorectal cancer did not alter the findings substantially. The estimated 
median, 10th and 90th percentiles of benzo[a]pyrene intake in controls were 5, 0.2 and 
66 ng/day, respectively, from meat and 73, 35 and 140 ng/day, respectively, from all 
foods. The estimated median, 10th and 90th percentiles of benzo[a]pyrene intake in cases 
were 17, 0.5 and 101 ng/day, respectively, from meat and 76, 44 and 163 ng/day, 
respectively from all foods. The odds ratios for exposure to dietary benzo[a]pyrene from 
meat with the 1st quintile of intake as the referent group were: 1.19 (95% CI, 0.51–2.80) 
for the 2nd quintile, 1.71 (95% CI, 0.76–3.83) for the 3rd quintile, 2.16 (95% CI, 0.96–
4.86) for the 4th quintile and 2.82 (95% CI, 1.24–6.43) for the 5th quintile (p for trend, 
0.01). The increased risk for colorectal adenomas was more strongly associated with 
benzo[a]pyrene intake estimated from all foods (odds ratio, 2.61; 95% CI, 1.08–6.29 for 
the 2nd quintile; odds ratio, 4.21; 95% CI, 1.79–9.91 for the 3rd quintile; odds ratio, 2.45; 
95% CI, 0.98–6.12 for the 4th quintile; and odds ratio, 5.60; 95% CI, 2.20–14.20 for the 
5th quintile; p for trend = 0.002).  

[The Working Group noted that one of the strengths of this study was that the 
questionnaire was designed to investigate the role of carcinogens found in cooked meats. 
Other strengths were that the cases had adenomas rather than cancer and were thus less 
likely to have changed their current dietary habits following diagnosis. Furthermore, their 
responses to questions about usual dietary habits were less likely to be influenced by 
medical treatment. Finally, cases and controls were recruited from a well-defined base of 
individuals and the study had high participation rates. One of the limitations for this and 
other case–control studies is the potential for recall bias because the subjects were 
interviewed after diagnostic and treatment procedures; this is probably less of a problem 
when studying pre-malignant tumours compared with malignant lesions. Cases had a 
colonoscopy while the controls had only a sigmoidoscopy; as a consequence, some 
controls might have had undetected adenomas in the right-side of the colon. However, 
when analysis was restricted to cases with left-sided colonic adenomas that were 
detectable by sigmoidoscopy, the results were essentially unchanged.]  

A second study investigated whether the intake of benzo[a]pyrene was associated 
with colorectal adenoma in the context of a polyp-screening study conducted in southern 
California, USA (Gunter et al., 2005). Benzo[a]pyrene intake was estimated using a 
meat-cooking module and CHARRED database. Covariates included were study centre, 
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age, gender, ethnicity, total calorific intake, consumption of fruit, vegetables, saturated fat 
and alcoholic beverages, physical activity, past and current tobacco smoking (using 
separate indicators), use of non-steroidal anti-inflammatory drugs, body mass index and 
family history of colorectal cancer. There was a 6% increase in risk for large (>1 cm) 
adenoma per 10 ng benzo[a]pyrene consumed per day (odds ratio, 1.06; 95% CI, 1.00–
1.12; p for trend = 0.04). Consistent with this finding, an incremental increase of 
10 g barbecued red meat per day was associated with a 29% increase in risk for large 
adenoma (odds ratio, 1.29; 95% CI, 1.02–1.63; p for trend = 0.04). Individuals in the top 
quintile of barbecued red meat intake were at increased risk for large colorectal adenoma 
(odds ratio, 1.90; 95% CI, 1.04–3.45) compared with those who never consumed 
barbecued red meat.  

[The Working Group noted that one of the strengths of this investigation was that the 
study population had participated in a polyp-screening trial; hence, the control group was 
free of neoplastic lesions in the left-side of the colon. However, the possibility that polyps 
in the right-side of the colon were undetected cannot be excluded, thus attenuating the 
results through the assumption that benzo[a]pyrene is a risk factor for both left- and right-
sided adenomas. Another potential concern is that, although detailed information on meat-
cooking practices was given, responses were provided retrospectively, which introduces 
the potential for recall bias; however, there was no change in the risk estimates when 
analyses were restricted to those who reported no dietary change. One further limitation 
of the questionnaire is that participants reported only habitual diet from the past year. This 
fails to account for dietary patterns in the past, which may be more relevant for the 
initiating stages of carcinogenesis. Although detailed data on cooking practices were 
available, the participation rate was low (56% for the cases and 59% for the controls) 
which raises the possibility of selection bias.]  

A large case–control study within the Prostate, Lung, Colorectal, and Ovarian Cancer 
Screening Trial in the USA investigated the role of benzo[a]pyrene in colorectal adenoma 
in 3696 cases of left-sided (descending and sigmoid colon and rectum) adenoma and 
34 817 endoscopy-negative controls (Sinha et al., 2005c). Dietary intake was assessed 
using a 137-item food-frequency questionnaire with additional questions on meats and 
meat-cooking practices which was linked to CHARRED to estimate benzo[a]pyrene 
intake. The analyses controlled for ethnicity (American Indian/Alaskan Native, Asian, 
Hispanic, non-Hispanic black, non-Hispanic white or Pacific Islander), educational 
attainment (<8 years at school, 8–11 years at school, 12 years at school/high school 
equivalent, post-high school other than college, some college, college graduate or post-
graduate), tobacco use (never, smoked cigar or pipe, quit smoking ≥20 years and smoked 
≤1 pack/day, quit ≥20 years and smoked >1 pack/day, quit <20 years and smoked 
≤1 pack/day, quit <20 years and smoked >1 pack/day or unknown), alcohol use (<1, ≥1–
15, >15–30 or >30 g/day), use of aspirin and ibuprofen separately (no regular use, <2, 2–
3, 4, 8, 12–16, 30 or 60 per month), vigorous physical activity (none, <1, 1, 2, 3 or 
≥4 h/week), body mass index (calculated as kilograms per square metre), total folate 
intake (micrograms per day), calcium intake (milligrams per day) and dietary fibre intake 
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(grams per day). When the 5th quintile was compared with the 1st quintile, 
benzo[a]pyrene resulted in a marginally elevated risk for colorectal adenoma (odds ratio, 
1.15; 95% CI, 1.02–1.29). In investigating the subtypes, an increase in risk for adenomas 
in the descending colon and sigmoid colon were observed for benzo[a]pyrene (odds ratio, 
1.18; 95% CI, 1.02–1.35) but not in the rectum. In addition, benzo[a]pyrene was 
associated with an increased risk for non-advanced colorectal adenoma (odds ratio, 1.18; 
95% CI, 1.02–1.37) and for single adenomas (odds ratio, 1.17; 95% CI, 1.03–1.34). 

[The Working Group noted that the Prostate, Lung, Colorectal, and Ovarian Cancer 
Trial contained a very large number of well-characterized cases of colorectal adenoma, 
which provided good power to investigate the role of meat and meat-related mutagens as 
risk factors for colorectal adenoma in relation to various end-points, including location 
and number of adenomas. This study included detailed questions on meat and meat-
cooking methods in the dietary questionnaire which were linked to a database of meat-
related mutagens. Although these methods of dietary assessment are the most com-
prehensive available, they are still probably associated with a degree of measurement 
error. Random measurement error can lead to attenuated risk estimates and, therefore, the 
actual risks may be higher. This cross-sectional study may be subject to dietary recall 
bias, although most participants (89%) completed the questionnaire before or on the same 
day as sigmoidoscopy screening, and hence before diagnosis. This potential bias was 
investigated and no appreciable differences were noted in risk estimates for meat intake 
among participants who completed the dietary questionnaire before, on the day of, or 
subsequent to the day of the sigmoidoscopy screening, which suggests that the time when 
the questionnaire was completed did not affect the associations between meat intake and 
adenoma.] 

A population-based case–control study of colon cancer that included 701 African–
Americans (274 cases, 427 controls) and 957 whites (346 cases, 611 controls) in North 
Carolina, USA. This study also used the meat-cooking module and CHARRED database. 
Covariates included consumption of fruit, vegetables, dietary fibre, total fat and dietary 
folate, total energy intake, physical activity, height, weight and body mass index 
(kilograms per square metre); fat intake was adjusted for total caloric intake using the 
residual method. No overall relationship was observed between benzo[a]pyrene intake 
and colon cancer; however, when stratified by race, an association was seen among 
African–Americans (odds ratio, 1.7; 95% CI, 0.9–3.2) but not among whites (odds ratio, 
0.9; 95% CI, 0.6–1.5) (Butler et al., 2003). 

[The Working Group noted that the strength of this study was the inclusion of an 
ethnically diverse population. In this population, African–Americans tended to consume 
higher levels of total and white meat. However, most notably, no differences in the 
association were observed between categories of meat intake and colonic cancer by race. 
Rapid ascertainment was used in an attempt to reduce recall difficulties, and cases were 
identified within 3 months of diagnosis. Selection bias represents another potential source 
of error, as indicated by an overall response rate of 61%, with a 10% greater response 
among cases than among controls.]  
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A population-based case–control study in Minnesota (USA) of 192 cases of exocrine 
pancreatic cancer and 670 controls collected information using the meat-cooking module; 
intake of benzo[a]pyrene was estimated using the CHARRED database (Anderson et al., 
2002, 2005). The median intake of benzo[a]pyrene for each quintile was 0.3, 0.8, 1.8, 
10.4 and 53.7 ng/day for the 1st, 2nd, 3rd, 4th and 5th quintiles, respectively. The 
corresponding odds ratios for benzo[a]pyrene intake were: 1.6 (95% CI, 0.9–2.8), 1.4 
(95% CI, 0.8–2.6); 2.0 (1.1–3.7) and 2.2 (1.2–4.0) with a p-value for trend of 0.05. These 
estimates were adjusted for age, sex, tobacco smoking, education, race and diabetes. 
Grilled/barbecued red meat as a proxy for PAH intake was also a statistically significant 
predictor of risk for pancreatic cancer (Anderson et al., 2002).  

[The Working Group noted that this study was designed to address the hypothesis that 
dietary benzo[a]pyrene intake is associated with risk for pancreatic cancer. Detailed 
information on cooking practices and degree of cooking for specific types of commonly 
consumed meats was collected from direct interviews. This is essential to estimate most 
accurately the carcinogen intake and mutagenicity index associated with meat con-
sumption. However, similarly to estimates of dietary nutrient intakes, estimates of dietary 
carcinogen intakes are imperfect and may lead to misclassification of exposure. Because 
approximately half of all pancreatic cancer cases die within 3 months of diagnosis, case–
control studies of this disease are particularly challenging. The proportion of all eligible 
cases enrolled was low (approximately 30%), thus creating the potential for selection bias. 
In addition, pancreatic cancer cases who do enroll are usually quite ill and as a result may 
report their food intake history differently from controls.] 

Other studies have investigated the relationship between benzo[a]pyrene and prostatic 
cancer and non-Hodgkin lymphoma but have found no association. In a prospective 
analysis of prostatic cancer in the Prostate, Lung, Colorectal and Ovarian Cancer 
Screening Trial, benzo[a]pyrene intake was estimated for 29 361 men. During follow-up, 
1338 cases of prostatic cancer were ascertained but no association between prostatic 
cancer and benzo[a]pyrene intake was observed (Cross et al., 2005). No association 
between benzo[a]pyrene intake and non-Hodgkin lymphoma was seen in a population-
based case–control study in Iowa, Detroit, Seattle and Los Angeles (USA) that included 
458 cases and 383 controls (Cross et al., 2006).  

2.5 References  

Ahrens, W., Jockel, K.H., Patzak, W. & Elsner, G. (1991) Alcohol, smoking, and occupational 
factors in cancer of the larynx: A case–control study. Am. J. ind. Med., 20, 477–493 

Alguacil, J., Kauppinen, T., Porta, M., Partanen, T., Malats, N., Kogevinas, M., Benavides, F.G., 
Obiols, J., Bernal, F., Rifa, J. & Carrato, A. (2000) Risk of pancreatic cancer and occupational 
exposures in Spain. PANKRAS II Study Group. Ann. occup. Hyg., 44, 391–403 

Andersen, A., Dahlberg, B.E., Magnus, K. & Wannag, A. (1982) Risk of cancer in the Norwegian 
aluminium industry. Int. J. Cancer, 29, 295–298 



234 IARC MONOGRAPHS VOLUME 92  

 

Anderson, K.E., Sinha, R., Kulldorff, M., Gross, M., Lang, N.P., Barber, C., Harnack, L., 
DiMagno, E., Bliss, R. & Kadlubar, F.F. (2002) Meat intake and cooking techniques: 
associations with pancreatic cancer. Mutat. Res., 506-507, 225-231 

Anderson, K.E., Kadlubar, F.F., Kulldorff, M., Harnack, L., Gross, M., Lang, N.P., Barber, C., 
Rothman, N. & Sinha, R. (2005) Dietary intake of heterocyclic amines and benzo(a)pyrene: 
Associations with pancreatic cancer. Cancer Epidemiol. Biomarkers Prev., 14, 2261–2265 

Armstrong, B.G., Tremblay, C.G., Cyr, D. & Thériault, G.P. (1986) Estimating the relationship 
between exposure to tar volatiles and the incidence of bladder cancer in aluminum smelter 
workers. Scand. J. Work Environ. Health, 12, 486–493 

Armstrong, B.G., Tremblay, C., Baris, D. & Thériault, G. (1994) Lung cancer mortality and 
polynuclear aromatic hydrocarbons: A case–cohort study of aluminum production workers in 
Arvida, Quebec, Canada. Am. J. Epidemiol., 139, 250–262 

Armstrong, B.G., Hutchinson, E. & Fletcher, T. (2002) Cancer Risk Following Exposure to 
Polycyclic Aromatic Hydrocarbons (PAHs): A Meta-Analysis (Rep. No. 068), Sudbury, Health 
and Safety Executive. Available at: http://.hse.gov.uk/research.rrhtm/rr068.htm [accessed 
19 May 2004] 

Armstrong, B.G., Hutchinson, E., Unwin, J. & Fletcher, T. (2004) Lung cancer risk after exposure 
to polycyclic aromatic hydrocarbons: A review and meta-analysis. Environ. Health Perspect., 
112, 970–978 

Aronson, K.J., Siemiatycki, J., Dewar, R. & Gérin, M. (1996) Occupational risk factors for prostate 
cancer: Results from a case–control study in Montréal, Québec, Canada. Am. J. Epidemiol., 
143, 363–373 

Axelson, O. & Kling, H. (1983) [Mortality among wood preservers with creosote exposure] 
(Abstract). In: 32nd Nordic Occupational Hygiene Conference, Solna, Arbetarskyddsstyrelsen 
(National Board of Occupational Safety and Health), pp. 125–126 (in Swedish) 

Baxter, P.J. & McDowall, M.E. (1986) Occupation and cancer in London: An investigation into 
nasal and bladder cancer using the Cancer Atlas. Br. J. ind Med., 43, 44–49 

Becher, H., Ramroth, H., Ahrens, W., Risch, A., Schmezer, P. & Dietz, A. (2005) Occupation, 
exposure to polycyclic aromatic hydrocarbons and laryngeal cancer risk. Int. J. Cancer, 116, 
451–457 

Bender, A.P., Parker, D.L., Johnson, R.A., Scharber, W.K., Williams, A.N., Marbury, M.C. & 
Mandel, J.S. (1989) Minnesota Highway Maintenance Worker Study: Cancer mortality. Am. J. 
ind. Med., 15, 545–556 

Berger, J. & Manz, A. (1992) Cancer of the stomach and the colon–rectum among workers in a 
coke gas plant. Am. J. ind. Med., 22, 825–834 

Bertrand, J.P., Chau, N., Patris, A., Mur, J.M., Pham, Q.T., Moulin, J.J., Morviller, P., Auburtin, 
G., Figueredo, A. & Martin, J. (1987) Mortality due to respiratory cancers in the coke oven 
plants of the Lorraine coalmining industry (Houillères du Bassin de Lorraine). Br. J. ind. Med., 
44, 559–565 

Blot, W.J., Brown, L.M., Pottern, L.M., Stone, B.J. & Fraumeni, J.F., Jr (1983) Lung cancer among 
long-term steel workers. Am. J. Epidemiol., 117, 706–716 

Boffetta, P., Burstyn, I., Partanen, T., Kromhout, H., Svane, O., Langård, S., Järvholm, B., 
Frentzel-Beyme, R., Kauppinen, T., Stücker, I., Shaham, J., Heederik, D., Ahrens, W., 
Bergdahl, I.A., Cenée, S., Ferro, G., Heikkilä, P., Hooiveld, M., Johansen, C., Randem, B.G. & 
Schill, W. (2003a) Cancer mortality among European asphalt workers: An international 



 POLYCYCLIC AROMATIC HYDROCARBONS 235 

 

epidemiological study. II. Exposure to bitumen fume and other agents. Am. J. ind. Med., 43, 
28–39 

Boffetta, P., Burstyn, I., Partanen, T., Kromhout, H., Svane, O., Langard, S., Jarvholm, B., 
Frentzel-Beyme, R., Kauppinen, T., Stucker, I., Shaham, J., Heederik, D., Ahrens, W., 
Bergdahl, I. A., Cenee, S., Ferro, G., Heikkila, P., Hooiveld, M., Johansen, C., Randem, B. G. 
& Schill, W. (2003b) Cancer mortality among European asphalt workers: An international 
epidemiological study. I. Results of the analysis based on job titles. Am. J. ind. Med., 43, 18–27 

Bonassi, S., Merlo, F., Pearce, N. & Puntoni, R. (1989) Bladder cancer and occupational exposure 
to polycyclic aromatic hydrocarbons. Int. J. Cancer, 44, 648–651 

Bovenzi, M., Stanta, G., Antiga, G., Peruzzo, P. & Cavallieri, F. (1993) Occupational exposure and 
lung cancer risk in a coastal area of northeastern Italy. Int. Arch. occup. environ. Health, 65, 
35–41 

Brüske-Hohlfeld, I., Mohner, M., Pohlabeln, H., Ahrens, W., Bolm-Audorff, U., Kreienbrock, L., 
Kreuzer, M., Jahn, I., Wichmann, H.E. & Jockel, K.H. (2000) Occupational lung cancer risk 
for men in Germany: Results from a pooled case–control study. Am. J. Epidemiol., 151, 384–
395 

Bruusgaard, A. (1959) [Incidence of certain forms of cancer in gas workers.] Tidsskr. Nor. 
Laegeforen., 79, 755–756 (in Norwegian) 

Butler, L.M., Sinha, R., Millikan, R.C., Martin, C.F., Newman, B., Gammon, M.D., Ammerman, 
A.S. & Sandler, R.S. (2003) Heterocyclic amines, meat intake, and association with colon 
cancer in a population-based study. Am. J. Epidemiol., 157, 434–445 

Butlin, H.T. (1892) Three lectures on cancer of the scrotum in chimney sweeps and others. III. Tar 
and paraffin cancer. Br. med. J., iii, 66–71  

Bye, T., Romundstad, P.R., Rønneberg, A. & Hilt, B. (1998) Health survey of former workers in a 
Norwegian coke plant: Part 2. Cancer incidence and cause specific mortality. Occup. environ. 
Med., 55, 622–626 

Cadez, E. (1983) [Ergebnisse langjähriger Untersuchungen über den Einfluss von Schadstoffen auf 
die Gesundheit von Schornstein-fegern]. Staub. Reinhalt Luft, 43, 116–117 (in German) 

Cammarano, G., Crosignani, P., Berrino, H. & Berra, G. (1986) Additional follow-up of cancer 
mortality among workers in a thermoelectric power plant. Scand. J. Work Environ. Health, 
12, 631–632 

Carlsten, C., Hunt, S.C. & Kaufman, J.D. (2005) Carcinoma of the skin and coal tar creosote 
exposure in a railroad worker. Environ. Health Perspect., 113, 96–97 

Carta, P., Aru, G., Cadeddu, C., Gigli, G., Papi, G., Carta, F. & Nurchis, P. (2004) Mortality for 
[sic] pancreatic cancer among aluminium smelter workers in Sardinia, Italy. G. Ital. Med. lav. 

Ergon., 26, 83–89 
Chau, N., Bertrand, J.P., Mur, J.M., Figueredo, A., Patris, A., Moulin, J.J. & Pham, Q.T. (1993) 

Mortality in retired coke oven plant workers. Br. J. ind. Med., 50, 127–135 
Clavel, J., Mandereau, L., Limasset, J.C., Hemon, D. & Cordier, S. (1994) Occupational exposure 

to polycyclic aromatic hydrocarbons and the risk of bladder cancer: A French case–control 
study. Int. J. Epidemiol., 23, 1145–1153 

Cocco, P., Ward, M.H. & Dosemeci, M. (1999) Risk of stomach cancer associated with 12 
workplace hazards: Analysis of death certificates from 24 states of the United States with the 
aid of job exposure matrices. Occup. environ. Med., 56, 781–787 



236 IARC MONOGRAPHS VOLUME 92  

 

Cookson, H.A. (1924) Epithelioma of the skin after prolonged exposure to creosote. Br. med. J., i, 
368 

Costantino, J.P., Redmond, C.K. & Bearden, A. (1995) Occupationally related cancer risk among 
coke oven workers: 30 years of follow-up. J. occup. environ. Med., 37, 597–604 

Cross, A.J., Peters, U., Kirsh, V.A., Andriole, G.L., Reding, D., Hayes, R.B. & Sinha, R. (2005) A 
prospective study of meat and meat mutagens and prostate cancer risk. Cancer Res., 65, 
11779–84  

Cross, A.J., Ward, M.H., Schenk, M., Kulldorff, M., Cozen, W., Davis, S., Colt, J.S., Hartge, P., 
Cerhan, J.R. & Sinha, R. (2006) Meat and meat-mutagen intake and risk of non-Hodgkin 
lymphoma: Results from a NCI-SEER case–control study. Carcinogenesis, 27, 293–297  

Davies, G.M. (1977) A mortality study of coke oven workers in two South Wales integrated 
steelworks. Br. J. ind. Med., 34, 291–297 

Doll, R. (1952) The causes of death among gas-workers with special reference to cancer of the 
lung. Br. J. ind. Med., 9, 180–185 

Doll, R., Fisher, R.E.W., Gammon, E.J., Gunn, W., Hughes, G.O., Tyrer, F.H. & Wilson, W. 
(1965) Mortality of gasworkers with special reference to cancers of the lung and bladder, 
chronic bronchitis, and pneumoconiosis. Br. J. ind. Med., 22, 1–12 

Doll, R., Vessey, M.P., Beasley, R.W.R., Buckley, A.R., Fear, E.C., Fisher, R.E.W., Gammon, 
E.J., Gunn, W., Hughes, G.O., Lee, K. & Norman-Smith, B. (1972) Mortality of gasworkers 
— Final report of a prospective study. Br. J. ind. Med., 29, 394–406 

Donato, F., Monarca, S., Marchionna, G., Rossi, A., Cicioni, C., Chiesa, R., Colin, D. & Boffetta, 
P. (2000) Mortality from cancer and chronic respiratory diseases among workers who 
manufacture carbon electrodes. Occup. environ. Med., 57, 484–487 

Droste, J.H., Weyler, J.J., Van Meerbeeck, J.P., Vermeire, P.A. & van Sprundel, M.P. (1999) 
Occupational risk factors of lung cancer: A hospital based case–control study. Occup. environ. 
Med., 56, 322–327 

Earle, J. (1808) The Chirurgical Works of Percivall Pott, F.R.S., Vol. III, London, Wood & Innes, 
pp. 176–183 

Elci, O.C., Akpinar-Elci, M., Blair, A. & Dosemeci, M. (2003) Risk of laryngeal cancer by 
occupational chemical exposure in Turkey. J. occup. environ. Med., 45, 1100–1106 

Engholm, G., Englund, A. & Linder, B. (1991) Mortality and cancer incidence in Swedish road 
paving asphalt workers and roofers. Eur. Asphalt Mag., 1, 62–67 

Evanoff, B.A., Gustavsson, P. & Hogstedt, C. (1993) Mortality and incidence of cancer in a cohort 
of Swedish chimney sweeps: An extended follow up study. Br. J. ind. Med., 50 450–459 

Franco, F., Chellini, E., Seniori Costantini, A., Giola, A., Carra, G., Paolinelli, F., Martelli, C. & 
Vigotti, M. (1993) Mortality in the coke oven plant of Carrara, Italy. Med. Lav., 84, 443–447 

Friesen, M.C., Demers, P.A., Spinelli, J.J., Lorenzi, M. & Le, N.D. (2005) Specificity of exposure 
metric in dose–response relations in a retrospective aluminum smelter cohort. Occup. environ. 
Med., 62 [http://www.occenvmed.com/cgi/content/full/62/11/e22]  

Gallagher, R.P., Bajdik, C.D., Fincham, S., Hill, G.B., Keefe, A.R., Coldman, A. & McLean, D.I. 
(1996) Chemical exposures, medical history, and risk of squamous and basal cell carcinoma of 
the skin. Cancer Epidemiol. Biomarkers Prev., 5, 419–424 

Gérin, M., Siemiatycki, J., Kemper, H. & Bégin, D. (1985) Obtaining occupational exposure 
histories in epidemiologic case–control studies. J. occup. Med., 27, 420–426 



 POLYCYCLIC AROMATIC HYDROCARBONS 237 

 

Gibbs, G.W. (1983) Mortality experience in Eastern Canada. In: Hughes, J.P., ed., Health 
Protection in Primary Aluminium Production, Vol. 2, Proceedings of a Seminar, Montreal, 

22–24 September, 1981; London, International Primary Aluminium Institute, pp. 59–69 
Gibbs, G.W. (1985) Mortality of aluminum reduction plant workers, 1950 through 1977. J. occup. 

Med., 27, 761–770 
Gibbs, G.W. & Horowitz, I. (1979) Lung cancer mortality in aluminum reduction plant workers. J. 

occup. Med., 21, 347–353 
Giovanazzi, A. & D’Andrea, F. (1981) [Causes of death among workers in an aluminium 

electrolytic reduction plant.] Med. Lav., 72, 277–282 (in Italian) 
Grandjean, P. & Olsen, J.H. (2004) Extended follow-up of cancer incidence in fluoride-exposed 

workers. J. natl Cancer Inst., 96, 802–803 
Grimsrud, T.K., Langseth, H., Engeland, A. & Andersen, A. (1998) Lung and bladder cancer in a 

Norwegian municipality with iron and steel producing industry: Population based case–control 
studies. Occup. environ. Med., 55, 387–392 

Gunter, M.J., Probst-Hensch, N.M., Cortessis, V.K., Kulldorff, M., Haile, R.W. & Sinha, R. (2005) 
Meat intake, cooking-related mutagens and risk of colorectal adenoma in a sigmoidoscopy-
based case–control study. Carcinogenesis, 26, 637–642 

Gustavsson, P. & Reuterwall, C. (1990) Mortality and incidence of cancer among Swedish gas 
workers. Br. J. ind. Med., 47, 169–174 

Gustavsson, P., Gustavsson, A. & Hogstedt, C. (1988) Excess of cancer in Swedish chimney 
sweeps. Br. J. ind. Med., 45, 777–781 

Gustavsson, P., Bellander, T., Johansson, L. & Salmonsson, S. (1995) Surveillance of mortality and 
cancer incidence among Swedish graphite electrode workers. Environ. Res., 70, 7–10 

Gustavsson, P., Jakobsson, R., Johansson, H., Lewin, F., Norell, S. & Rutkvist, L.E. (1998) 
Occupational exposures and squamous cell carcinoma of the oral cavity, pharynx, larynx, and 
oesophagus: A case–control study in Sweden. Occup. environ. Med., 55, 393–400 

Gustavsson, P., Jackobsson, R., Nyberg, F., Pershagen, G., Järup, L. & Schéele, P. (2000) 
Occupational exposure and lung cancer risk: A population-based case–referent study in 
Sweden. Am. J. Epidemiol., 152, 32–40 

Haldorsen, T., Andersen, A. & Boffetta, P. (2004) Smoking-adjusted incidence of lung cancer by 
occupation among Norwegian men. Cancer Causes Control, 15, 139–147 

Hammond, E.C., Selikoff, I.J., Lawther, P.L. & Seidman, H. (1976) Inhalation of benzpyrene and 
cancer in man. Ann. N.Y. Acad. Sci., 271, 116–124 

Hansen, E.S. (1983) Mortality from cancer and ischemic heart disease in Danish chimney sweeps: 
A five-year follow-up. Am. J. Epidemiol., 117, 160–164 

Hansen, E.S. (1989a) Cancer mortality in the asphalt industry: A ten year follow up of an 
occupational cohort. Br. J. ind. Med., 46, 582–585 

Hansen, E.S. (1989b) Cancer incidence in an occupational cohort exposed to bitumen fumes. 
Scand. J. Work Environ. Health, 15, 101–105 

Hansen, E.S. (1991) Mortality of mastic asphalt workers. Scand. J. Work Environ. Health, 17, 20–
24 

Hansen, E.S., Olsen, J.H. & Tilt, B. (1982) Cancer and non-cancer mortality of chimney sweeps in 
Copenhagen. Int. J. Epidemiol., 11, 356–361 

Hansen, K.S., Viskum, S. & Pedersen, M.S. (1986) [Mortality among gas workers.] Ugeskr. 
Laeger, 148, 610–612 (in Danish) 



238 IARC MONOGRAPHS VOLUME 92  

 

Henry, S.A. (1937) The study of fatal cases of cancer of the scrotum from 1911 to 1935 in relation 
to occupation, with special reference to chimney sweeping and cotton mule spinning. Am. J. 
Cancer, 31, 28–57 

Henry, S.A. (1946) Cancer of the Scrotum in Relation to Occupation, New York, Oxford 
University Press 

Henry, S.A. (1947) Occupational cutaneous cancer attributable to certain chemicals in industry. Br. 
med. Bull., 4, 389–401 

Henry, S.A. & Irvine, E.D. (1936) Cancer of the scrotum in the Blackburn registration district, 
1837–1929. J. Hyg., 36, 310–340 

Henry, S.A., Kennaway, N.M. & Kennaway, E.L. (1931) The incidence of cancer of the bladder 
and prostate in certain occupations. J. Hyg., 31, 125–137 

Hoar, S.K., Morrison, A.S., Cole, P. & Silverman, D.T. (1980) An occupation and exposure 
linkage system for the study of occupational carcinogenesis. J. occup. Med., 22, 722–726 

Hogstedt, C., Andersson, K., Frenning, B. & Gustavsson, A. (1982) A cohort study on mortality 
among long-time employed Swedish chimney sweeps. Scand. J. Work Environ. Health, 8 
(Suppl. 1), 72–78 

Hrubec, Z., Blair, A.E., Rogot, E. & Vaught, J. (1992) Mortality Risks by Occupation among U.S. 

Veterans of Known Smoking Status 1954–80 (NIH Publication No. 92-3407), Bethesda, MD, 
National Institutes of Health 

Hurley, J.F., Archibald, R.M., Collings, P.L., Fanning, D.M., Jacobsen, M. & Steele, R.C. (1983) 
The mortality of coke workers in Britain. Am. J. ind. Med., 4, 691–704 

IARC (1985) IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to 

Humans, Vol. 35, Polynuclear Aromatic Compounds, Part 4, Bitumens, Coal-tars and Derived 
Products, Shale-oils and Soots, Lyon, p. 233 

Jensen, O.M., Knudsen, J.B., McLaughlin, J.K. & Sorensen, B.L. (1988) The Copenhagen case–
control study of renal pelvis and ureter cancer: Role of smoking and occupational exposures. 
Int. J. Cancer, 41, 557–561 

Karlehagen, S., Andersen, A. & Ohlson, C.G. (1992) Cancer incidence among creosote-exposed 
workers. Scand. J. Work Environ. Health., 18, 26–29 

Kauppinen, T., Partanen, T., Degerth, R. & Ojajärvi, A. (1995) Pancreatic cancer and occupational 
exposures. Epidemiology, 6, 498–502 

Kawai, M., Amamoto, H. & Harada, K. (1967) Epidemiologic study of occupational lung cancer. 
Arch. environ. Health, 14, 859–864 

Kazerouni, N., Sinha, R., Hsu, C.H., Greenberg, A. & Rothman, N. (2001) Analysis of 200 food 
items for benzo[a]pyrene and estimation of its intake in an epidemiologic study. Food chem. 
Toxicol., 39, 423–436  

Kennaway, N.M. & Kennaway, E.L. (1936) A study of the incidence of cancer of the lung and 
larynx. J. Hyg., 36, 236–267 

Kennaway, E.L. & Kennaway, N.M. (1947) A further study of the incidence of cancer of the lung 
and larynx. Br. J. Cancer, 1, 260–298 

Kjuus, H., Andersen, A. & Langård, S. (1986) Incidence of cancer among workers producing 
calcium carbide. Br. J. ind. Med., 43, 237–242 

Konstantinov, V.G. & Kuz’minykh, A.I. (1971) Tarry substances and 3, 4-benzpyrene in the air of 
electrolysis shops of aluminum works and their carcinogenic significance. Hyg. Sanit., 36, 
368–373 



 POLYCYCLIC AROMATIC HYDROCARBONS 239 

 

Konstantinov, V.G., Simakhina, P.G., Gotlib, E.V. & Kuz’minykh, A.I. (1974) [Problem of the 
carcinogenic hazard in aluminium electrolysis halls.] In: Professional’nyi Rak, Moscow, 
Academy of Medical Sciences, pp. 87–91 (in Russian) 

Krstev, S., Baris, D., Stewart, P.A., Hayes, R.B., Blair, A. & Dosemeci, M. (1998) Risk for prostate 
cancer by occupation and industry: A 24-state death certificate study. Am. J. ind. Med., 34, 
413–420 

Kubasiewicz, M. & Starzynski, Z. (1989) Case–referent study on skin cancer and its relation to 
occupational exposure to polycyclic aromatic hydrocarbons. I. Study design. Pol. J. occup. 
Med., 2, 221–228 

Kubasiewicz, M., Starzynski, Z. & Szymczak, W. (1991) Case–referent study on skin cancer and 
its relation to occupational exposure to polycyclic aromatic hydrocarbons. II. Study results. 
Pol. J. occup. Med. environ. Health., 4, 141–147 

Kupetz, G.-W. (1966) [Tumour of the Respiratory Tract and Chimney Sweep Occupation], 
Inaugural Dissertation, Berlin, Humboldt University (in German) 

Kuroda, S. & Kawahata, K. (1936) [On the occupational origin of lung cancer among generator gas 
workers.] Z. Krebsforsch., 45, 36–39 (in German) 

Letzel, S. & Drexler, H. (1998) Occupationally related tumors in tar refinery workers. J. Am. Acad. 
Dermatol., 39, 712–720 

Liu, N., Wang, Z., Dong, D., Chen, K. & Quin, L. (1997) Cancer mortality among carbon workers 
in China: Retrospective cohort study. J. occup. Health, 39, 325–330  

Lloyd, J.W. (1971) Long-term mortality study of steelworkers. V. Respiratory cancer in coke plant 
workers. J. occup. Med., 13, 53–68 

Lloyd, J.W. & Ciocco, A. (1969) Long-term mortality study of steelworkers. I. Methodology. J. 
occup. Med., 11, 299–310 

Lloyd, J.W., Lundin, F.E., Redmond, C.K. & Geiser, P.B. (1970) Long-term mortality study of 
steelworkers. IV. Mortality by work area. J. occup. Med., 12, 151–157 

van Loon, A.J., Kant, I.J., Swaen, G.M., Goldbohm, R.A., Kremer, A.M. & van den Brandt, P.A. 
(1997) Occupational exposure to carcinogens and risk of lung cancer: Results from the 
Netherlands cohort study. Occup. environ. Med., 54, 817–824 

Maclaren, W.M. & Hurley, J.F. (1987) Mortality of tar distillation workers. Scand. J. Work 

Environ. Health, 13, 404–411 
Maizlish, N., Beaumont, J. & Singleton, J. (1988) Mortality among California highway workers. 

Am. J. ind. Med., 13, 363–379 
Mandel, J.S., McLaughlin, J.K., Schlehofer, B., Mellemgaard, A., Helmert, U., Lindblad, P., 

McCredie, M. & Adami, H.O. (1995) International renal-cell cancer study. IV. Occupation. 
Int. J. Cancer, 61, 601–605 

Manz, A., Berger, J. & Waltsgott, H. (1983) [Occupational Cancer in Gas Industry Worker.], 
(Wirtschaftsverlag, NW, Report No. 352) Bremerhaven, German Federal Department for 
Worker Safety and Accident Research, (in German) 

Martin, J.C., Imbernon, E., Goldberg, M., Chevalier, A. & Bonenfant, S. (2000) Occupational risk 
factors for lung cancer in the French electricity and gas industry. Am. J. Epidemiol., 151, 902–
912 

Mazumdar, S., Redmond, C., Sollecito, W. & Sussman, N. (1975) An epidemiological study of 
exposure to coal tar pitch volatiles among coke oven workers. J. Air Pollut. Control Assoc., 25, 
382–389 



240 IARC MONOGRAPHS VOLUME 92  

 

McLaughlin, J.K., Mandel, J.S., Blot, W.J., Schuman, L.M., Mehl, E.S. & Fraumeni, J.F., Jr (1984) 
A population-based case–control study of renal cell carcinoma. J. natl. Cancer Inst., 72, 275–
284 

Menck, H.R. & Henderson, B.E. (1976) Occupational differences in rates of lung cancer. J. occup. 
Med., 18, 797–801 

Merlo, D.F., Garattini, S., Gelatti, U., Simonati, C., Covolo, L., Ceppi, M. & Donato, F. (2004) A 
mortality cohort study among workers in a graphite electrode production plant in Italy. Occup. 
environ. Med., 61, e9 

Milham, S. (1982) Occupational Mortality in Washington State 1950–1979, Prepared under 
Contract No. 210-80-0088, Cincinnati, OH, National Institute for Occupational Safety and 
Heath 

Milham, S., Jr (1976) Cancer mortality pattern associated with exposure to metals. Ann. N.Y. Acad. 
Sci., 271, 243–249 

Milham, S., Jr (1979) Mortality in aluminum reduction plant workers. J. occup. Med., 21, 475–480 
Moolgavkar, S.H., Luebeck, E.G. & Anderson, E.L. (1998) Estimation of unit risk for coke oven 

emissions. Risk Anal., 18, 813–825 
Morabia, A., Markowitz, S., Garibaldi, K. & Wynder, E.L. (1992) Lung cancer and occupation: 

Results of a multicentre case–control study. Br. J. ind. Med., 49, 721–727 
Mori, I. (2002) Cancer mortality among man-made graphite electrode manufacturing workers: 

Results of a 38 year follow up. Occup. environ. Med., 59, 473–480 
Moulin, J.J., Mur, J.M., Wild, P., Demonchy, A., Eloy, E., Jeannot, A. (1988) [Epidemiological 

study of mortality among coal tar distillery workers]. Rev. epidemiol. Santé publique, 36, 99–
107 (in French) 

Moulin, J.J., Wild, P., Mur, J.M., Lafontaine, M., Lefer, M., Mercier-Gallay, M., Villemot, P., 
Whebi, V. & Coulon, J.P. (1989) Risk of lung, larynx, pharynx and buccal cavity cancers 
among carbon electrode manufacturing workers. Scand. J. Work Environ. Health, 15, 30–37 

Moulin, J.J., Clavel, T., Buclez, B. & Laffitte-Rigaud, G. (2000) A mortality study among workers 
in a French aluminium reduction plant. Int. Arch. occup. environ. Health, 73, 323–330 

Mur, J.M., Moulin, J.J., Meyer-Bisch, C., Massin, N., Coulon, J.P. & Loulergue, J. (1987) 
Mortality of aluminium reduction plant workers in France. Int. J. Epidemiol., 16, 257–264 

Nadon, L., Siemiatycki, J., Dewar, R., Krewski, D. & Gérin, M. (1995) Cancer risk due to 
occupational exposure to polycyclic aromatic hydrocarbons. Am. J. ind Med., 28, 303–324 

O’Donovan, W.J. (1920) Epitheliomatous ulceration among tar workers. Br. J. Dermatol. Syphilis, 
32, 215–228 

Ojajärvi, I.A., Partanen, T.J., Ahlbom, A., Boffetta, P., Hakulinen, T., Jourenkova, N., Kauppinen, 
T.P., Kogevinas, M., Porta, M., Vainio, H.U., Weiderpass, E. & Wesseling, C.H. (2000) 
Occupational exposures and pancreatic cancer: A meta-analysis. Occup. environ. Med., 57, 
316–324 

Parent, M.E., Siemiatycki, J. & Fritschi, L. (2000) Workplace exposures and oesophageal cancer. 
Occup. environ. Med., 57, 325–334 

Partanen, T. & Boffetta, P. (1994) Cancer risk in asphalt workers and roofers: Review and meta-
analysis of epidemiologic studies. Am. J. Ind. Med., 26, 721–740  

Partanen, T., Heikkila, P., Hernberg, S., Kauppinen, T., Moneta, G. & Ojajärvi, A. (1991) Renal 
cell cancer and occupational exposure to chemical agents. Scand. J. Work Environ. Health, 17, 
231–239 



 POLYCYCLIC AROMATIC HYDROCARBONS 241 

 

Pesch, B., Haerting, J., Ranft, U., Klimpel, A., Oelschlagel, B. & Schill, W. (2000) Occupational 
risk factors for renal cell carcinoma: Agent-specific results from a case–control study in 
Germany. MURC Study Group. Multicenter urothelial and renal cancer study. Int. J. 
Epidemiol., 29, 1014–1024 

Petrelli, G., Menniti-Ippolito, F., Taroni, F., Raschetti, R. & Magarotto, G. (1989) A retrospective 
cohort mortality study on workers of two thermoelectric power plants: Fourteen-year follow-
up results. Eur. J. Epidemiol., 5, 87–89 

Pott, P. (1775) Chirurgical Observations Relative to the Cataract, the Polypus of the Nose, the 
Cancer of the Scrotum, the Different Kinds of Ruptures, and the Mortification of the Toes and 

Feet, London, Hawes, Clarke & Collins 
Pukkala, E. (1995) Cancer Risk by Social Class and Occupation, Vol. 7, Contributions to 

Epidemiology and Biostatistics, Basel, Karger 
Redmond, C.K. (1983) Cancer mortality among coke oven workers. Environ. Health Perspect., 52, 

67–73 
Redmond, C.K., Ciocco, A., Lloyd, J.W. & Rush, H.W. (1972) Long-term mortality study of 

steelworkers. VI. Mortality from malignant neoplasms among coke oven workers. J. occup. 
Med., 14, 621–629 

Reid, D.D. & Buck, C. (1956) Cancer in coking plant workers. Br. J. ind. Med., 13, 265–269 
Risch, H.A., Burch, J.D., Miller, A.B., Hill, G.B., Steele, R. & Howe, G.R. (1988) Occupational 

factors and the incidence of cancer of the bladder in Canada. Br. J. ind. Med., 45, 361–367 
Rockette, H.E. & Arena, V.C. (1983) Mortality studies of aluminum reduction plant workers: 

Potroom and carbon department. J. occup. Med., 25, 549–557 
Romundstad, P., Andersen, A. & Haldorsen, T. (2000a) Cancer incidence among workers in six 

Norwegian aluminum plants. Scand. J. Work Environ. Health, 26, 461–469 
Romundstad, P., Haldorsen, T. & Andersen, A. (2000b) Cancer incidence and cause specific 

mortality among workers in two Norwegian aluminum reduction plants. Am. J. ind. Med., 37, 
175–183 

Romundstad, P., Haldorsen, T. & Andersen, A. (2000c) Lung and bladder cancer among workers 
in a Norwegian aluminium reduction plant. Occup. environ. Med., 57, 495–499 

Rønneberg, A. & Andersen, A. (1995) Mortality and cancer morbidity in workers from an 
aluminium smelter with prebaked carbon anodes — Part II: Cancer morbidity. Occup. environ. 
Med., 52, 250–254 

Rønneberg, A., Haldorsen, T., Romundstad, P. & Andersen, A. (1999) Occupational exposure and 
cancer incidence among workers from an aluminum smelter in western Norway. Scand. J. 
Work Environ. Health, 25, 207–214  

Sakabe H., Tsuchiya K., Takekura N., Nomura S., Koshi S., Takemoto K., Matsushita H. & 
Matuso Y. (1975) Lung cancer among coke oven workers. Ind. Health, 13, 57–68  

Schoenberg, J.B., Stemhagen, A., Mason, T.J., Patterson, J., Bill, J. & Altman, R. (1987) 
Occupation and lung cancer risk among New Jersey white males. J. natl Cancer Inst., 79, 13–
21 

Schumacher, M.C., Slattery, M.L. & West, D.W. (1989) Occupation and bladder cancer in Utah. 
Am. J. ind. Med., 16, 89–102 

Schunk, W. (1979) [Zur Frage der Beziehung zwischen der Exposition gegenüber polyzyklischen 
Kohlenwasserstoffen und der Häufigkeit von Krebserkrankungen in zwei Chemiebetrieben 
Thüringens]. Z. ärztl. Fortbild., 73, 84–88 (in German) 



242 IARC MONOGRAPHS VOLUME 92  

 

Sharpe, C.R., Rochon, J.E., Adam, J.M. & Suissa, S. (1989) Case–control study of hydrocarbon 
exposures in patients with renal cell carcinoma. Can. med. Assoc. J., 140, 1309–1318 

Shimauchi, T., Rikihisa, W., Yasuda, H., Yamamoto, O. & Asahi, M. (2000) [A case of squamous 
cell carcinoma that developed on chronic tar dermatosis.] J. UOEH, 22, 183–187 (in Japanese) 

Siemiatycki, J. (1991) Risk Factors for Cancer in the Workplace, Boca Raton, FL, CRC Press 
Simonato, L. (1981) Carcinogenic risk in the aluminium production industry: An epidemiological 

overview. Med. Lav., 72, 266–276 
Sinha, R., Cross, A., Curtin, J., Zimmerman, T., McNutt, S., Risch, A. & Holden, J. (2005a) 

Development of a food frequency questionnaire module and databases for compounds in 
cooked and processed meats. Mol. Nutr. Food Res., 49, 648–655  

Sinha, R., Kulldorff, M., Gunter, M.J., Strickland, P. & Rothman, N. (2005b) Dietary 
benzo[a]pyrene intake and risk of colorectal adenoma. Cancer Epidemiol. Biomarkers Prev., 
14, 2030–2034  

Sinha, R., Peters, U., Cross, A.J., Kulldorff, M., Weissfeld, J.L., Pinsky, P.F., Rothman, N. & 
Hayes, R.B. (2005c) Meat, meat cooking methods and preservation, and risk for colorectal 
adenoma. Cancer Res., 65, 8034–8041 

Spinelli, J.J., Band, P.R., Svirchev, L.M. & Gallagher, R.P. (1991) Mortality and cancer incidence 
in aluminum reduction plant workers. J. occup. Med., 33, 1150–1155 

Steineck, G., Plato, N., Alfredsson, L. & Norell, S.E. (1989) Industry-related urothelial 
carcinogens: Application of a job–exposure matrix to census data. Am. J. ind. Med., 16, 209–
224 

Stern, F.B., Ruder, A.M. & Chen, G. (2000) Proportionate mortality among unionized roofers and 
waterproofers. Am. J. ind. Med., 37, 478–492 

Swaen, G.M.H. & Slangen, J.M.M. (1997) Mortality in a group of tar distillery workers and 
roofers. Int. Arch. occup. environ. Health, 70, 133–137  

Swaen, G.M.H., Slangen, J.J.M., Volovics, A., Hayes, R.B., Scheffers, T. & Sturmans, F. (1991) 
Mortality of coke plant workers in the Netherlands. Br. J. ind. Med., 48, 130–135 

Teta, M.J., Ott, M.G. & Schnatter, A.R. (1987) Population based mortality surveillance in carbon 
products manufacturing plants. Br. J. ind. Med., 44, 344–350 

Thériault, G., De Guire, L. & Cordier, S. (1981) Reducing aluminum: An occupation possibly 
associated with bladder cancer. Can. med. Assoc. J., 124, 419–422, 425 

Thériault, G., Tremblay, C., Cordier, S. & Gingras, S. (1984) Bladder cancer in the aluminium 
industry. Lancet, 323, 947–950 

Tornqvist, S., Norell, S., Ahlbom, A. & Knave, B. (1986) Cancer in the electric power industry. Br. 
J. ind. Med., 43, 212–213 

Tremblay, C., Armstrong, B., Thériault, G. & Brodeur, J. (1995) Estimation of risk of developing 
bladder cancer among workers exposed to coal tar pitch volatiles in the primary aluminum 
industry. Am. J. ind. Med., 27, 335–348 

Watkins, D.K., Chiazze, L., Jr, Fryar, C.D. & Fayerweather, W. (2002) A case control study of 
lung cancer and non-malignant respiratory disease among employees in asphalt roofing 
manufacturing and asphalt production. J. occup. environ. Med, 44, 551–558 

Wigle, D.T. (1977) Bladder cancer: Possible new high-risk occupation. Lancet, ii, 83–84 
Wong, O. & Harris, F. (2005) Retrospective cohort mortality study and nested case–control study 

of workers exposed to creosote at 11 wood-treating plants in the United States. J. occup. 
environ. Med., 47, 683–697 



 POLYCYCLIC AROMATIC HYDROCARBONS 243 

 

Wu W. (1988) Occupational cancer epidemiology in the People’s Republic of China. J. occup 
Med., 30, 968–974 

Wu-Williams, A.H., Xu, Z.Y., Blot, W.J., Dai, X.D., Louie, R., Xiao, H.P., Stone, B.J., Sun, X.W., 
Yu, S.F., Feng, Y.P. et al. (1993) Occupation and lung cancer risk among women in northern 
China. Am. J. ind. Med., 24, 67–79 

Zahm, S.H., Brownson, R.C., Chang, J.C. & Davis, J.R. (1989) Study of lung cancer histologic 
types, occupation, and smoking in Missouri. Am. J. ind. Med., 15, 565–578 



244 IARC MONOGRAPHS VOLUME 92  

 

3.  Studies of Cancer in Experimental Animals 

Acenaphthene 

Dermal application (see also Table 3.1) 

Mouse 

A solution of acenaphthene in 90% benzene was tested in a group of 100 mice [strain, 
sex and age unspecified] by dermal application for a period of 9 months. No tumours 
were observed (Kennaway, 1924a,b). [The Working Group noted that no controls were 
available.] 

Dermal initiation-promotion (see also Table 3.2) 

Mouse 

A group of 85 male white mice was treated weekly for 1 year with three drops of a 
5% croton oil solution that contained approximately 3% ‘pure’ acenaphthene. A group of 
160 control mice received croton oil solution only. After 12 months, 5/85 acenaphthene-
treated mice were still alive, two of which had skin tumours, and 13/160 croton oil control 
mice were still alive, one of which had a skin tumour (Graffi et al., 1953). [The Working 
Group noted the poor survival.] 

Acepyrene  

Dermal application (see also Table 3.1)  

Mouse 

Groups of 30 female Swiss mice, 9 weeks of age, received twice weekly applications 
of the same doses of acepyrene for 30 weeks. Repeated applications resulted in tumour 
incidences of 0/30 (0%), 0/28 (0%), 1/30 (3%) and 1/30 in the control, low-, mid- and 
high-dose groups, respectively (Cavalieri et al., 1981). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

In a mouse skin initiation–promotion study, groups of 30 female CD-1 mice, 9 weeks of 
age, received dermal applications of a total dose of 0.02, 0.06 or 0.18 µmol acepyrene in 
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16.7 µL acetone as 10 single subdoses administered on alternate days. The control group 
received acetone alone. One week later, all mice received dermal applications of 
0.017 µmol 12-O-tetradecanoylphorbol-13-acetate (TPA) in 33.3 µL acetone twice a 
week for 40 weeks. After 40 weeks of promotion, the incidences of skin papillomas were 
3/29 (10%), 0/30 (0%), 1/30 (3%) and 4/30 (13%) in the acetone controls, low-, mid- and 
high-dose groups, respectively, with an average number of skin tumours/mouse of 0.14, 
0.0, 0.03 and 0.13, respectively (Cavalieri et al., 1981). 

Anthanthrene 

Previous evaluation 

Anthanthrene was considered in February 1983 (IARC, 1983) by a Working Group 
that evaluated four bioassays in which anthanthrene was administered dermally to mice, 
one of which produce skin tumours. Three initiation–promotion studies in mice were also 
evaluated, one of which gave positive results. A study in mice by subcutaneous 
administration was judged to be inadequate, whereas intrapulmonary administration to 
rats was considered to give positive results. These studies are summarized in Tables 3.1–
3.4. On the basis of the available data, the Working Group concluded that there was 
limited evidence that anthanthrene was carcinogenic to experimental animals. Additional 
studies that have been published since that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 27 female SENCAR mice [weight unspecified], 8 weeks of age, received 
a single dermal application of 800 nmol [221 µg] anthanthrene (purity >99% by high-
performance liquid chromatography (HPLC)) in 100 µL dioxane:dimethylsulfoxide 
(DMSO) (75:25). A vehicle-control group of 23 mice was treated with 100 µL 
dioxane:DMSO alone. Starting 1 week later, all mice were treated topically with 
4.26 nmol (2.6 µg) TPA in 100 µL acetone twice weekly for 25 weeks. The mice were 
killed after the 25th week of promotion and complete necropsies were performed. At the 
end of the experiment, 3/27 mice in the anthanthrene-treated group and 2/23 mice in the 
control group had developed skin papillomas. The first skin papillomas appeared after 
15 weeks in the anthanthrene-treated group compared with 20 weeks in the control group 
(Cavalieri et al., 1989). 
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Intramamillary administration (see also Table 3.5) 

Rat 

A group of 20 female Sprague-Dawley rats [weight unspecified], 8 weeks of age, 
received a single intramamillary injection of 4 µmol [1.1 mg]/gland anthanthrene (purity 
>99% by HPLC; total dose, 32 µmol [8.8 mg]) dissolved in 100 µL trioctanoin. One 
control group of 21 rats was treated with 100 µL solvent and another control group of 
20 rats remained untreated. The animals were monitored weekly by palpation for tumour 
development and were killed when tumours were ≥2 cm in diameter; all the remaining 
animals were killed and necropsied at 40 weeks. Survival rates (mean ± standard 
deviation (SD)) were 38 ± 0, 37 ± 4 and 40 ± 0 weeks in the anthanthrene-treated, 
untreated and vehicle control groups, respectively. Tumour latencies were 36 ± 0 and 25 ± 
13 weeks in the anthanthrene-treated and untreated groups, respectively. At the end of the 
study, 1/20 rats in the anthanthrene-treated group and 2/20 rats in the untreated group had 
developed mammary epithelial tumours (one adenofibroma in the anthanthrene-treated 
rat; one adenofibroma and one adenocarcinoma in the untreated rats). No tumours were 
observed in the vehicle control group (Cavalieri et al., 1989). 

Anthracene 

Previous evaluation 

Anthracene was considered in February 1983 (IARC, 1983) by a Working Group that 
evaluated bioassays in which anthracene was fed to rats, administered dermally to mice, 
administered by subcutaneous, intraperitoneal or pulmonary injection to rats and implanted 
into the brain or eyes of rabbits. These studies are summarized in Tables 3.1–3.4 and 3.6–
3.8. On the basis of the available data, the Working Group concluded that there was 
inadequate evidence that anthracene was carcinogenic to experimental animals (IARC, 
1987). Additional bioassays that have been published since that time are summarized below. 

Dermal application (see also Table 3.1) 

Mouse 

A group of 20 male C3H/HeJ mice, 6–8 weeks of age, was treated twice weekly with 
dermal applications of 50 µL of a 0.1% toluene solution of anthracene (99.5% pure by 
HPLC; 50 µg per treatment) for 104 weeks. A control group of 50 male mice was treated 
with toluene alone. Lesions (≥1 mm3) that persisted for at least 1 week were diagnosed as 
papillomas. After 104 weeks, no benign or malignant skin tumours had developed in the 
surviving 14 experimental or 39 control mice. Gross examination of internal organs 
indicated no tumours in either the experimental or control groups (Warshawsky et al., 
1993). 
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Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 20 female Swiss albino mice (ICR/BR) [age and weight not specified] 
received dermal applications of 100 µL of a 0.1% solution of anthracene (purity >99%) 
10 times on alternate days (total dose, 1 mg). Ten days after the last application, the mice 
received 2.5 µg TPA in 100 µL acetone thrice weekly for 20 weeks. Three treated mice 
(15%) developed skin tumours compared with two mice (10%) treated with acetone only 
and then TPA (LaVoie et al., 1983, 1985). 

Subcutaneous administration (see also Table 3.3) 

Mouse 

A group of 40 male and female NMRI mice, 2 days of age, received a single 
subcutaneous injection of 50 µL of an aqueous solution (1% gelatin, 0.9% saline, 0.4% 
Tween 20) that contained 71.3 µg anthracene (400 nmol; 99.9% pure). A control group of 
49 male and female mice was treated with the solvent alone. After 40 weeks, 1/12 treated 
female and 2/17 treated male mice had developed pulmonary tumours compared with 
1/19 control females and 1/14 control males (Platt et al., 1990) 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

A group of five male Swiss albino mice received a single intraperitoneal injection of 
25 mg anthracene in 750 µL olive oil. A control group of six males received olive oil 
only. After 5 months, no tumours had developed in the surviving four experimental mice 
or four control mice (Shubik & Della Porta. 1957). 

11H-Benz[b,c]aceanthrylene  

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 20 female CD-1 mice [age and body weight unspecified] were treated on 
alternate days with 10 subdoses of 0.05, 0.2 and 0.4 µmol [12, 48 and 96 µg] (total doses, 
0.5, 2.0 and 4.0 µmol] 11H-benz[b,c]aceanthrylene (purity >99% by HPLC) in 100 µL 
acetone. A control group of 20 mice was treated with acetone alone. Ten days after the 
last dose, promotion began with applications of 2.5 µg TPA in 100 µL acetone thrice 
weekly for 20 weeks. At the end of the study, tumour incidences [type not specified] were 
75% (15/20), 90% (18/20) and 90% (18/20) in the low-, mid- and high-dose treatment 
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groups, respectively, compared with 5% (1/20) in the control group (p <0.005 at all dose 
levels). The corresponding numbers of tumours/mouse were 1.60, 4.90 and 7.90 
compared with 0.05 in the control group (Rice et al., 1988). 

Subcutaneous administration (see also Table 3.3) 

Mouse 

A group of 15 male C3H mice, 3–5 months of age [body weight unspecified], 
received a single subcutaneous injection of 1 mg 11H-benz[b,c]aceanthrylene [purity 
unspecified] in 500 µL tricaprylin. The mice were monitored weekly and kept alive as 
long as possible; upon death, autopsies were performed and all tissues suggestive of 
neoplasia were examined histologically. No control group was used in the study. At 
6 months, the survival rate was 14/15. At 539 days, one mouse had developed three 
tumours (a pulmonary adenoma, a hepatic adenoma and a benign haemangioma of the 
rump) (Dunlap & Warren, 1946). 

Benz[j]aceanthrylene 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 20 female SENCAR mice, 7 weeks of age, received a single dermal 
application of 40, 200 or 400 µg benz[j]aceanthrylene [purity not specified] in 200 µL 
acetone. One week later, the mice were treated twice weekly for 21 weeks with 2 µg TPA 
in 200 µL acetone. A control group of 20 mice received TPA only. At the end of the study 
(22 weeks), the incidence of skin papillomas was 100% in each group treated with 
benz[j]aceanthrylene compared with ~5% in the TPA-treated control group (Nesnow et 
al., 1993). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Groups of 27 male A/J mice, 6–8 weeks of age, received a single intraperitoneal 
injection of 20, 50 or 100 mg/kg bw benz[j]aceanthrylene [purity not specified] in 
tricaprylin. A control group received tricaprylin alone. At the end of the study (after 
8 months), the incidence of lung tumours (primarily adenomas) was 100% in each group 
treated with benz[j]aceanthrylene compared with 56% in the solvent-treated control 
group. The number of tumours/mouse was 0.85, 60.3, 140.6 and 97.6 in the 0-, 20-, 50- 
and 100-mg/kg bw benz[j]aceanthrylene-treated groups, respectively (Mass et al., 1993; 
Nesnow et al., 1998a).  
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Benz[l]aceanthrylene 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 20–22 male and 20–22 female SENCAR mice, 7 weeks of age, received a 
single dermal application of 50, 100, 250, 500 or 1000 nmol [12.6, 25.2, 63.1, 126 or 
252 µg] benz[l]aceanthrylene [purity not specified] in 200 µL acetone or the solvent 
alone. One week later, all mice were treated twice weekly for 30 weeks with 2 µg TPA in 
200 µL acetone. The experiment lasted 31 weeks. At the end of the study, the incidence of 
skin papillomas [histology not specified] was 12/20 (1.4 papillomas/mouse), 16/17 
(2.3 papillomas/mouse), 21/21 (8.4 papillomas/mouse),16/16 (10.8 papillomas/mouse) 
and 19/20 (8.7 papillomas/mouse) male mice treated with 12.6, 25.2, 63.1, 126 or 252 µg 
benz[l]aceanthrylene compared with 0/20 control male mice. In females, the incidence of 
skin papillomas was 13/20 (1.1 papillomas/mouse), 18/19 (3.1 papillomas/mouse), 19/21 
(4.7 papillomas/mouse), 20/21 (6.6 papillomas/mouse) and 20/20 (10.8 papillomas/ 
mouse) after treatment with 12.6, 25.2, 63.1, 126 or 252 µg benz[l]aceanthrylene 
compared with 1/19 (0.05 papillomas/mouse) controls (Nesnow et al., 1984a). 

Benz[a]anthracene  

Previous evaluations 

Benz[a]anthracene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated multiple bioassays in which benz[a]anthracene was administered 
orally to mice and dermally to mice, rats and hamsters, injected subcutaneously into adult 
and newborn mice or intramuscularly and intravenously into rats and implanted into the 
bladders of mice. The transfer of injection sites following subcutaneous injections to mice 
was also analysed. Among these studies (which are summarized in Tables 3.1–3.3, 3.6, 
3.9 and 3.10), some gave negative results, while others were positive. Benz[a]anthracene 
was also assessed in February 1983 (IARC, 1983) by a Working Group that evaluated the 
same bioassays as those considered previously and concluded that there was sufficient 
evidence that benz[a]anthracene was carcinogenic to experimental animals. Additional 
bioassays that have been published since that time are summarized below. 

Dermal application (see also Table 3.1) 

Mouse 

Two groups of 40 female Swiss mice, 7 weeks of age [body weight unspecified], 
received twice-weekly dermal applications of 0.396 µmol [90.4 µg] benz[a]anthracene 
(recrystallized; purity verified by melting-point) in 16.7 µL acetone or solvent alone for  
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30 weeks. The animals were observed until death or were killed when moribund. Mean 
survival rates were 65 ± 15 weeks (mean ± SD) in the benz[a]anthracene-treated group 
and 65 ± 11 weeks in the vehicle-control group. At the end of the experiment, 
1/39 benz[a]anthracene-treated mice had developed a skin papilloma compared with 
0/29 acetone-treated controls (Cavalieri et al., 1977). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 30 female CD-1 mice, 8 weeks of age, received a single dermal 
application of 2.2 µmol [502 µg] chromatographically purified benz[a]anthracene in 
benzene [concentration unspecified], followed 1 week later by twice-weekly applications 
of 10 µmol TPA for 34 weeks. A control group of 30 female mice of the same strain was 
treated with 10 µmol TPA only [the dose of TPA was probably 10 µg] twice weekly for 
34 weeks. At week 35, 29/30 benz[a]anthracene-treated animals and all controls were still 
alive. At that time, 62% [18/29] of benz[a]anthracene-treated mice had developed skin 
papillomas; one skin tumour had occurred in 1/30 (3%) TPA controls by week 25, but this 
had regressed by the end of the study, at which time no tumours were found in the control 
group (Scribner, 1973). 

A group of 30 female CD-1 mice, 7–9 weeks of age [body weight unspecified], 
received a single dermal application of 2 µmol benz[a]anthracene [457 µg; volume 
unspecified]. One week later, mice received twice-weekly applications of 10 µg TPA in 
acetone [volume unspecified] for 26 weeks. A control group was treated with TPA alone. 
At the end of the study, 57% of the mice in the benz[a]anthracene-treated group had 
developed skin papillomas (1.2 papillomas/mouse) compared with 6% (0.1 papillomas/ 
mouse) of the TPA-treated controls (Slaga et al., 1978).  

Groups of 30 female CD-1 mice, 8 weeks of age [body weight unspecified], received 
a single dermal application of 0, 1.0 or 2.5 µmol [228 or 571 µg] benz[a]anthracene in 
200 µL acetone. Beginning 1 week later, animals received twice-weekly applications of 
16 nmol [9.9 µg] TPA in 200 µL acetone for 27 weeks. At the end of the study, 17% of 
the mice in the low-dose group and 38% of the mice in the high-dose group had 
developed skin tumours [type not specified] compared with 4% of the TPA-treated 
controls. The corresponding numbers of tumours/mouse in the benz[a]anthracene-treated 
groups were 0.17 ± 0.07 and 0.67 ± 0.17 (mean ± standard error (SE)) compared with 
0.04 ± 0.04 in the TPA-treated controls (Wood et al., 1980). 

In a similarly designed initiation-promotion study in CD-1 mice that used initiating 
doses of 0.4 or 2.5 µmol [91 or 571 µg] benz[a]anthracene and promotion with TPA for 
25 weeks, skin tumours [type not specified] were found in 14% of the mice treated with 
0.4 µmol (0.14 ± 0.07 tumours/mouse) and 36% of the mice treated with 2.5 µmol (0.64 ± 
0.20 tumours/mouse) compared with 7% (0.07 ± 0.05 tumours/mouse) in the TPA-treated 
control group. At the highest dose, both the tumour incidence and the number of 
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tumours/mouse were significantly higher than those in the control group (p <0.05) (Levin 
et al., 1984).  

Buccal pouch application (see also Table 3.11) 

Hamster 

Two groups of 26 male Syrian golden hamsters [age unspecified] received twice-
weekly applications of a 20 mM solution of benz[a]anthracene in paraffin oil [volume 
unspecified] to the buccal pouch for either 5 or 20 weeks. A group of 20 control animals 
was available. The animals were monitored for up to 44 weeks, with no evidence of 
tumours in any of the groups (Solt et al., 1987). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Groups of 140 newborn male and female Swiss Webster BLU:Ha (ICR) mice 
received a total intraperitoneal dose of 0 (controls) or 2800 nmol [63.9 µg] 
benz[a]anthracene in DMSO [volume not specified] (1/7 of the dose was administered on 
postnatal day 1, 2/7 on postnatal day 8 and 4/7 on postnatal day 15). A control group of 
100 mice was treated with DMSO alone. The incidence of pulmonary tumours was 10/47 
treated males (0.26 tumours/mouse), 7/43 control males (0.19 tumours/mouse), 4/38 
treated females (0.18 tumours/mouse) and 2/24 control females (0.08 tumours/mouse) 
(Wislocki et al., 1979). 

Groups of 90 newborn male and female BLU:Ha(ICR) mice received intraperitoneal 
injections of a total dose of 0 (controls) or 2.8 µmol [639 µg] benz[a]anthracene [purity 
>99%] in 35 µL DMSO [1/7, 2/7 and 4/7 of the dose on days 1, 8 and 15 of life, 
respectively] and were monitored for 26–32 weeks. A control group of 80 mice was 
treated with DMSO alone. The incidence of pulmonary adenomas was 63% [17/27] in 
treated males (1.44 tumours/mouse), 4% [1/28] in control males (0.04 tumours/mouse), 
64% [14/22] in treated females (2.00 tumours/mouse) and 11% [4/37] in control females 
(0.11 tumours/mouse). Hepatic tumours (mostly type A and neoplastic nodules) were 
observed in 8% [2/27] of treated males (0.08 tumours/mouse) and 4% [1/28] of control 
males (0.04 tumours/mouse) but not in treated or control females. A significant increase 
in the incidence and number of pulmonary tumours per mouse compared with the controls 
was found when the results from male and female mice were combined (Levin et al., 
1984). 

A group of newborn male and female CD-1 mice received a total intraperitoneal dose 
of 2.8 mmol benz[a]anthracene in DMSO [1/7 on postnatal day 1, 2/7 on postnatal day 8 
and 4/7 on postnatal day 15]. The incidence of liver tumour was 79% (6/39 adenomas and 
25/39 carcinomas; 3.0 nodules/tumour-bearing animal) in treated male mice compared  
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with 7% (2/28 adenomas and 0/28 carcinomas; 1.0 nodule/tumour-bearing animal) in 
control males (p <0.05 for liver carcinomas and for combined liver tumours); that of 
pulmonary tumours in treated males was 15% (5/39 adenomas and 1/39 carcinoma) 
compared with 4% (1/28 adenoma and no carcinomas) in control males. No liver tumours 
were observed in treated females which had an incidence of pulmonary tumours of 19% 
(6/32 adenomas and no carcinomas) compared with 0% in the control group (p <0.025) 
(Wislocki et al, 1986).  

Intratratracheal administration (see also Table 3.12) 

Hamster  

A group of 48 male Syrian golden hamsters, 9–10 weeks of age (average weight, 
98 g), was treated intratracheally with 30 weekly doses of 0.5 mg benz[a]anthracene 
[purity > 99% by thin layer chromagraphy; total dose, 15 mg] that was ground to a finely 
aggregated dust [1:1, w:w] with haematite [particle size < 1 µm] and then suspended in 
200 µL saline [0.9% aqueous]. A second group of 36 male hamsters of the same strain 
and age was treated in a similar manner with 15 weekly doses of 3.0 mg benz[a]-
anthracene [total dose, 45 mg] and an additional group of 90 hamsters remained 
untreated. No control group received intratracheal instillation of the vehicle alone. The 
animals were monitored daily, weighed once a week, died spontaneously or were killed 
when moribund. At 120 weeks, only one animal remained in the 3.0-mg treatment group 
and all animals in the remaining groups had died. Tumours of the respiratory tract were 
not observed in any of the groups (Sellakumar & Shubik, 1974). 

Intramammary administration (see also Table 3.5) 

Rat 

A group of 20 female pathogen-free Sprague-Dawley rats, 50 days of age [body 
weight unspecified], was subjected to a small incision over the right fifth inguinal 
mammary gland, which was exposed, had finely powdered benz[a]anthracene (purity 
>99% by HPLC; 4 or 16 µmol) [913 µg or 3.65 mg, respectively] dispersed over it and 
was subsequently closed. The untreated contralateral left gland served as a negative 
control. All animals were killed at 20 weeks. No mammary tumours were present in the 
benz[a]anthracene-treated animals (Cavalieri et al., 1988a). 
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Benzo[b]chrysene  

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 30 female CD-1 mice, 8 weeks of age, received a single dermal 
application of 2.5 µmol [695 µg] benzo[b]chrysene (chromatographically purified) in 
benzene [concentration unspecified], followed 1 week later by twice-weekly applications 
of 5 µmol TPA (total dose, 10 µmol) for 34 weeks. A control group of 30 female mice of 
the same strain was treated twice weekly with 10 µmol TPA only for 34 weeks. At week 
35, 29/30 benzo[b]chrysene-treated mice and all controls were still alive. At that time, 
48% (14/29) of benzo[b]chrysene-treated mice had developed skin papillomas; only one 
skin tumour had occurred in 3% (1/30) of TPA controls by week 25, but this had 
regressed by the end of the study, at which time no tumours were found in the control 
group (Scribner, 1973). 

Benzo[g]chrysene 

No data were available to the Working Group. 

Benzo[a]fluoranthene 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

In a mouse skin initiation–promotion study, groups of 20 female CD-1 mice, 50–
55 days of age, received 10 subdoses on alternate days of benzo[a]fluoranthene in 100 µL 
acetone (total initiating doses, 0, 1.0 or 4.0 µmol). Ten days later, 2.5 µg TPA in 100 µL 
acetone were applied thrice weekly for 20 weeks. The incidence of tumour-bearing 
animals was 95% (19/20) and 90% (18/20) with averages of 3.3 and 4.3 skin tumours/ 
mouse in the low- and high-dose groups, respectively. Papillomas occurred in 10% (2/20) 
of TPA controls with an average of 0.1 tumours/mouse (Weyand et al., 1990). 

Benzo[b]fluoranthene 

Previous evaluation 

Benzo[b]fluoranthene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated three bioassays in which the compound was administered dermally 
or subcutaneously to mice. On the basis of the available data, the Working Group 
concluded that benzo[b]fluoranthene induced skin tumours and local sarcomas. 
Benzo[b]fluoranthene was also considered in February 1983 (IARC, 1983) by a Working 
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Group that evaluated the same bioassays as those considered previously and concluded 
that there was sufficient evidence that benzo[b]fluoranthene was carcinogenic to 
experimental animals. Additional bioassays that have been published since the previous 
evaluation are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

In separate skin initiation–promotion studies with female outbred albino Crl:CD-1 
(ICR) BR mice, total initiating doses of 0–100 nmol (Amin et al., 1985a, 1991), 0–100 µg 
(LaVoie et al., 1982a) and 0–400 nmol (LaVoie et al., 1993) benzo[b]fluoranthene 
resulted in dose-related increases in the numbers of mice with skin papillomas. Similar 
results were obtained in female outbred albino Crl:CD-1 (ICR) BR mice with total 
initiating doses of 100 or 400 nmol benzo[b]fluoranthene (Geddie et al., 1987), and in 
other studies in female CD-1 mice with total initiating doses of 0, 30 or 100 µg (Weyand 
et al., 1989) and 0, 1.0 or 4.0 µmol benzo[b]fluoranthene (Weyand et al., 1990). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Intraperitoneal injection of 0 or 0.5 µmol benzo[b]fluoranthene into newborn CD-1 
mice induced lung and liver adenomas in treated males and lung adenomas in treated 
females (LaVoie et al., 1987). A single injection of 0, 10, 50, 100 or 200 mg/kg bw 
benzo[b]fluoranthene into male strain A/J mice resulted in dose-related increases in the 
incidence and multiplicity of lung adenomas (Nesnow et al., 1995; Ross et al., 1995; 
Mass et al., 1996; Nesnow et al., 1998a). 

Intrapulmonary administration (see also Table 3.4) 

Rat 

Intrapulmonary implantation of 0, 0.1, 0.3 or 1.0 mg benzo[b]fluoranthene into 
Osborne-Mendel rats induced dose-related increases in the incidence of pulmonary 
squamous-cell carcinomas and sarcomas (Deutsch-Wenzel et al., 1983). 

Benzo[ghi]fluoranthene 

Benzo[ghi]fluoranthene was considered in February 1983 (IARC, 1983) by a 
Working Group that evaluated one study in which female mice were treated by dermal 
application; no skin tumours were observed. The Working Group concluded that the 
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available data were inadequate to permit an evaluation of the carcinogenicity of 
benzo[ghi]fluoranthene in experimental animals. No new studies were available. 

Benzo[j]fluoranthene 

Previous evaluation 

Benzo[j]fluoranthene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated a bioassay in which the compound was administered dermally to 
mice and concluded that benzo[j]fluoranthene induced a high incidence of skin tumours. 
It was also considered by a Working Group in February 1983 (IARC, 1983) that, in 
addition to the previous assay, evaluated studies in which benzo[j]fluoranthene was 
administered dermally to mice (repeated administration and initiation–promotion 
protocols) and by intrapulmonary injection to rats. The Working Group concluded that 
there was sufficient evidence that benzo[j]fluoranthene was carcinogenic to experimental 
animals. Additional bioassays that have been published since that time are summarized 
below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

In initiation–promotion studies in female CD-1 mice, total initiating doses of 0–
3.0 µmol (Rice et al., 1987), 0–2.0 µmol (Weyand et al., 1992) and 0–1000 nmol (LaVoie 
et al., 1993) benzo[j]fluoranthene resulted in dose-related increases in the incidence and 
multiplicity of skin papillomas. In female Crl:CD-1 (ICR)BR mice, total initiating doses 
of 0–1000 µg also resulted in dose-related increases in the incidence and multiplicity of 
skin papillomas (LaVoie et al., 1982a). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

In two studies in male and female newborn CD-1 mice, intraperitoneal injection of 
benzo[j]fluoranthene at doses of 0–1.1 µmol increased the incidence and multiplicity of 
lung (adenomas) and liver (hepatomas) tumours (LaVoie et al., 1987, 1994a). 

Intrapulmonary administration (see also Table 3.4) 

Rat 

Intrapulmonary implantation of 0, 0.2, 1.0 or 5.0 mg benzo[j]fluoranthene into 
35 Osborne-Mendel rats induced a dose-related increase in the incidence of pulmonary 
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squamous-cell carcinomas (0, 2.9, 8.6 and 51.4%, respectively) (Deutsch-Wenzel et al., 
1983). 

Benzo[k]fluoranthene 

Previous evaluation 

Benzo[k]fluoranthene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which the compound was administered dermally to 
mice (repeatedly and initiation–promotion protocols), by subcutaneous injection to mice 
and by intrapulmonary injection to rats. On the basis of the available data, the Working 
Group concluded that there was sufficient evidence that benzo[k]fluoranthene was 
carcinogenic to experimental animals. Additional bioassays that have been published 
since that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

In an initiation–promotion study, total initiating doses of 4 µmol benzo[k]-
fluoranthene induced squamous-cell papillomas in 37% [effective number not specified] 
of female CD-1 mice (Amin et al., 1985b). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Intraperitoneal injection of 2.1 µmol benzo[k]fluoranthene into newborn CD-1 mice 
induced lung adenomas in 6.3% and 16.7% of males and females, respectively, and liver 
hepatomas and adenomas in 18.8% of males (LaVoie et al., 1987). 

Intrapulmonary administration (see also Table 3.4) 

Rat 

Intrapulmonary implantation of 0, 0.16, 0.83 or 4.15 mg benzo[k]fluoranthene into 
35 Osborne-Mendel rats induced a dose-related increase in the incidence of pulmonary 
squamous-cell carcinomas (0, 0, 9.7 and 44.4%, respectively) (Deutsch-Wenzel et al., 
1983). 
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Benzo[a]fluorene 

Previous evaluation 

Benzo[a]fluorene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which benzo[a]fluorene was administered dermally and 
subcutaneously to mice; each of the studies gave negative results. The Working Group 
concluded that these data were inadequate to permit an evaluation of the carcinogenicity 
of benzo[a]fluorene to experimental animals. No new studies were available. 

Benzo[b]fluorene 

Previous evaluation 

Benzo[b]fluorene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated an initiation–promotion bioassay in mice, which gave positive 
results. The Working Group concluded that these data were inadequate to permit an 
evaluation of the carcinogenicity of benzo[b]fluorene to experimental animals. No new 
studies were available. 

Benzo[c]fluorene 

Previous evaluation 

Benzo[c]fluorene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which benzo[c]fluorene was administered dermally to 
mice (repeated administration and initiation–promotion protocols). Both studies gave 
negative results. The Working Group concluded that these data were inadequate to permit 
an evaluation of the carcinogenicity of benzo[c]fluorene to experimental animals. 
Additional bioassays that have been published since that time are summarized below. 

Oral administration (see also Table 3.6) 

Mouse 

Groups of 30 female A/J mice, 7 weeks of age, were fed benzo[c]fluorene (purity 
≥98% by HPLC) at doses of 27 or 397 µmol/kg of diet for up to 260 days, at which time 
all surviving mice were killed. A group of 30 control mice was fed basal diet. Gross 
necropsies were performed on the lungs, liver, stomach, small intestine, kidney, ovaries, 
uterus and urinary bladder, and all stomachs were examined histologically. Lung 
adenomas were observed in 46% [13/28] of the mice fed 27 µmol/kg (0.57 ± 0.13 
tumours/mouse) and 100% [29/29] of the mice fed 397 µmol/kg (46.0 ± 2.8 tumours/ 
mouse) compared with 24% [7/29] of the control mice (0.31 ± 0.11 tumours/mouse). At 
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the highest dose, the number of tumours per mouse was significantly greater than that 
observed in the control group (p <0.001). There was a 15% incidence of squamous 
hyperplasia in the forestomach in both groups treated with benzo[c]fluorene compared 
with 3% in the control group. No carcinomas were found in the forestomach in any of the 
groups (Weyand et al., 2004).  

Intraperitoneal administration (see also Table 3.7) 

Mouse 

A group of 30 female A/J mice, 7 weeks of age, was administered a single 
intraperitoneal injection of 1.75 mg (100 mg/kg bw; purity ≥98% by HPLC) in 250 µL 
tricaprylin. A control group of 30 mice received tricaprylin alone. All surviving mice 
were killed at 260 days. Gross necropsies were performed on the lungs, liver, stomach, 
small intestine, kidney, ovaries, uterus and urinary bladder, and all stomachs were 
examined histologically. Lung adenomas were observed in 92% [26/28] of the mice 
administered benzo[c]fluorene (4.0 ± 0.53 tumours/mouse) compared with 48% [12/29] 
of the controls (0.6 ± 0.14 tumours/mouse). The number of tumours per mouse in the 
treated group was significantly greater than that observed in the control group (p <0.01). 
There was an 8% incidence of squamous hyperplasia in the forestomach in the group 
treated with benzo[c]fluorene compared with 0% in the control group. No carcinomas 
were found in the forestomach in any of the groups (Weyand et al., 2004).  

Benzo[ghi]perylene 

Previous evaluation 

Benzo[ghi]perylene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which benzo[ghi]perylene was administered dermally 
to mice (repeated administration and initiation–promotion protocols), subcutaneously to 
mice and by intrapulmonary injection into rats. The study on intrapulmonary injection 
was considered to be inadequate for evaluation; the other studies gave negative results. 
The Working Group concluded that these data were inadequate to permit an evaluation of 
the carcinogenicity of benzo[ghi]perylene to experimental animals. No new studies were 
available. 

Benzo[c]phenanthrene 

Previous evaluation 

Benzo[c]phenanthrene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which benzo[c]phenanthrene was administered 
dermally to mice (repeated administration and initiation–promotion protocols) and by 
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subcutaneous injection into mice and rats. Benzo[c]phenanthrene was considered to be 
active as a tumour initiator in the initiation–promotion assay. The other bioassays 
(repeated dermal application to mice and subcutaneous injection into mice and rats) were 
considered to be inadequate for evaluation. The Working Group concluded that these data 
were inadequate to permit an evaluation of the carcinogenicity of benzo[c]phenanthrene 
to experimental animals. An additional bioassay that has been published since that time is 
summarized below. 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Groups of male and female newborn CD-1 mice received three intraperitoneal 
injections of benzo[c]phenanthene in DMSO on days 1, 8 and 15 of life (total doses, 0, 50 
or 150 nmol). The incidence of lung tumours (number of tumours/tumour-bearing animal) 
was increased in the high-dose groups: male control, 3% [1/31] (0.06); male low-dose, 
6% [2/36] (0.06); male high-dose, 57% [16/28] (1.6); female control, 5% [2/44] (0.07); 
female low-dose, 9% [3/32] (0.09); and female high-dose, 65% [23/35]. The carcino-
genicity of seven suspected activated metabolites of benzo[c]phenanthene was also 
examined. Some of these metabolites substantially increased the incidence of lung 
tumours in both sexes of mice and those of liver tumours in male mice. The activated 
metabolites also showed a significant activity in an initiation–promotion experiment in the 
same study (Levin et al., 1986) and in a previous experiment (Levin et al., 1980). 

Benzo[a]pyrene  

Previous evaluation 

This compound was considered by earlier Working Groups in December 1972 
(IARC, 1973), October 1982 (IARC, 1982) and February 1983 (IARC, 1983). The 
Working Group of December 1972 (IARC, 1973) concluded that benzo[a]pyrene 
produced tumours in all species (mouse, rat, hamster, guinea-pig, rabbit, duck, newt, 
monkey) for which data were reported following exposure by different routes (oral, 
dermal, inhalation, intratracheal, intrabronchial, subcutaneous, intraperitoneal, 
intravenous). It had both a local and a systemic carcinogenic effect, was an initiator of 
skin carcinogenesis in mice and was carcinogenic in single-dose studies and following 
prenatal and tranplacental exposure. The 1983 Working Group (IARC, 1983) did not 
evaluate the studies of carcinogenicity in animals published since 1972 but concluded that 
there is sufficient evidence that benzo[a]pyrene is carcinogenic to experimental animals. 
This conclusion was based on the data evaluated by the Working Group of December 
1972 (IARC, 1973) and on a number of reviews, such as those of Dipple (1976), 
Freudenthal and Jones (1976), Bingham et al. (1980) and Conney (1982).  
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Studies described below are illustrative of the various routes of administration used in 
experimental animals or of various recently developed methods in carcinogenicity testing. 

Inhalation exposure (see also Table 3.13) 

Hamster 

Groups of 24 male Syrian golden hamsters, 8–14 weeks of age, were exposed by 
inhalation to 0, 2.2, 9.5 or 46.5 mg/m3 benzo[a]pyrene (mixed with an aerosol of 0.1% 
saline solution) for 4.5 h per day on 7 days per week for 10 weeks and then for 3 h per 
day for the rest of their life. Tumours (papillomas, polyps and squamous-cell carcinomas) 
were found in the upper respiratory tract (nose, larynx and trachea) and the upper 
digestive tract (pharynx, oesophagus and forestomach) of mid- and high-dose animals but 
not in controls or low-dose animals. The tumour response was dose-related. No 
bronchogenic tumours were detected (Thyssen et al., 1981). In a similar liftetime study 
with small numbers of animals (three groups of 10 males exposed to 0, 9.8 or 44.8 mg/m3 
benzo[a]pyrene) and short exposure periods (10 and 16 weeks for the high- and low-dose 
groups, respectively), only one tumour was found (a tracheal polyp in a low-dose animal) 
(Thyssen et al., 1980).  

Oral administration (see also Table 3.6)  

Mouse 

Following oral administration of benzo[a]pyrene by gavage or in the diet to different 
strains of mice, increased tumour responses were found in several organs including the 
lung, forestomach, liver and lymphoreticular system (see Table 3.6). Compared with 
controls, significant dose-related increases in the incidence of tumours and in the number 
of tumours per animal were observed in the lung and the forestomach of female strain A/J 
mice fed a gel diet containing 16 or 98 ppm benzo[a]pyrene for 260 days (Weyand et al., 
1995). In female B6C3F1 mice fed diets containing 0, 5, 25 or 100 ppm benzo[a]pyrene 
for 2 years, significantly increased incidences of squamous-cell papillomas and/or 
carcinomas were observed in the oesophagus and tongue of high-dose animals and in the 
forestomach of mid- and high-dose animals (Table 3.6) (Culp et al., 1998). 
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Transgenic mouse 

In a study of male Eµ-pim-1 transgenic mice administered benzo[a]pyrene by gavage 
at doses of 0, 4.3, 13 or 39 mg/kg bw thrice weekly for 13 weeks and observed for a 
period of up to 287 days, a significantly increased incidence of lymphomas and fore-
stomach tumours was found in the two highest-dose groups (Kroese et al., 1997). 
Administration of benzo[a]pyrene by gavage to mice that lack the nucleotide excision 
repair gene (XPA–/–) resulted in a high incidence of lymphomas; the tumour response was 
significantly stronger than that in similarly treated XPA+/– and XPA+/+ mice (de Vries et 
al., 1997). When treated with benzo[a]pyrene by gavage, XPA–/–/p53+/– double transgenic 
mice developed tumours (mainly splenic lymphomas and forestomach tumours) much 
earlier and at a higher incidence than similarly treated single transgenic (XPA–/– or p53+/–) 
and wild-type counterparts (C57/B1/6) (van Oostrom et al., 1999). These cancer-prone 
XPA

–/– or XPA–/–/p53+/–-deficient mice also developed a high incidence of tumours (80–
87%; mainly forestomach tumours) after being fed a diet that contained 75 ppm 
benzo[a]pyrene for 13 weeks followed by a 6-month observation period, whereas 
similarly treated wild-type counterparts showed only a 10% incidence of forestomach 
papillomas (Hoogervorst et al., 2003). 

Rat 

In a lifespan study of Sprague-Dawley rats fed diets that contained benzo[a]pyrene at 
levels that resulted in total doses of 0, 6 or 39 mg/kg bw per year, a slightly higher 
incidence of forestomach papillomas was observed in high-dose animals (10/64 versus 
3/64 controls; p <0.1) (Brune et al., 1981). The incidence and total number of mammary 
gland tumours (fibroadenomas, adenomas and adenocarcinomas) were markedly 
increased in female CD rats treated with benzo[a]pyrene (50 µmol [13.21 mg]) by gavage 
once a week for 8 weeks followed by an observation period of 41 weeks (El-Bayoumy et 
al., 1995). 

Dermal application (see also Table 3.1) 

Mouse  

Benzo[a]pyrene was found to induce skin tumours (mainly papilloma and squamous 
cell carcinomas) in different strains of mice following repeated skin painting for 
prolonged periods of time. 

Mice that lack the aryl hydrocarbon receptor (AhR–/–) did not develop tumours after 
weekly dermal application of 200 µg/animal benzo[a]pyrene for 25 weeks, whereas over 
90% of their similarly treated AhR-positive counterparts (AhR+/+ or AhR+/–) developed 
skin tumours, mainly squamous-cell carcinomas (Shimizu et al., 2000).  
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Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Benzo[a]pyrene has been found to possess tumour-initiating activity in the skin of a 
range of strains of mice subsequently treated with TPA in acetone or in acetone/DMSO 
or, in once case, with croton oil (DiGiovanni et al., 1980) as the tumour-promoting agent. 
The predominant type of skin tumour was papilloma.  

Buccal pouch application (see also Table 3.11) 

Hamster 

A high incidence of forestomach papillomas (8/10) and one buccal pouch tumour (a 
squamous-cell carcinoma) were observed in male Syrian golden hamsters that received 
applications to the surface of both buccal pouches with 20 mM 5.2g/L benzo[a]pyrene 
dissolved in paraffin oil twice a week for up to 20 weeks. No tumours were observed in 
these organs in controls (Solt et al., 1987).  

Intraperitoneal administration (see also Table 3.7) 

Mouse  

In studies of newborn mice of various strains, intraperitoneal injection of 
benzo[a]pyrene resulted in an increased incidence of (mainly benign) liver and lung 
tumours. In some of these studies, an increased incidence of forestomach tumours 
(papillomas and squamous-cell carcinomas) and lymphoreticular tumours (mainly 
reticulum-cell sarcomas) was also found (Vesselinovitch et al., 1975a; Weyand et al., 
1995).  

Rat  

In rats, a single intraperitoneal injection of benzo[a]pyrene resulted in a high 
incidence of abdominal mesotheliomas and sarcomas (Roller et al., 1992). 

Subcutaneous administration (see also Table 3.3) 

Mouse  

In a series of experiments in female NMRI mice that received single subcutaneous 
injections of a range of doses of benzo[a]pyrene, malignant tumours (mainly 
fibrosarcomas) were found at the injection site. The tumour incidences were invariably 
dose-related but varied from one study to another and appeared to be affected by the 
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nature of the vehicle (tricaprylin, 0.9% saline solution or lutrol 9 (polyethylene-oxide)) 
and the concentration of benzo[a]pyrene in this vehicle (Pott et al., 1973a,b). 

Transgenic mouse 

Mice that lack the aryl hydrocarbon receptor (AhR–/–) did not develop tumours after 
two subcutaneous injections of 2 mg benzo[a]pyrene/animal whereas 100% of their 
similarly treated AhR-positive counterparts (AhR+/+ or AhR+/–) developed malignant 
tumours at the injection site that were mainly fibrosarcomas (Shimizu et al., 2000). 

Rat 

Dose-related increases in the incidence of malignant tumours (mainly fibrosarcomas) 
were found at the site of injection in groups of female Wistar rats given a single 
subcutaneous injection of tricaprylin containing various concentrations of benzo[a]pyrene 
(Pott et al., 1973a,b). Rippe and Pott (1989) reported a high incidence of sarcomas at the 
injection site in female rats following a single subcutaneous injection of a suspension of 
benzo[a]pyrene in tricaprylin or DMSO.  

Hamster 

Groups of 25 male and 25 female Syrian hamsters of one randomly bred and 
11 different inbred strains (one inbred strain comprised females only) received a single 
subcutaneous injection of 0.5 mg benzo[a]pyrene suspended in tricaprylin and were 
observed for life. Sarcomas at the site of injection were found in both sexes of all 
12 strains; the incidence in males ranged from 12 to 64% and that in females from 17 to 
64% (Homburger et al., 1972).  

Monkey 

No tumours were found in 17 Old World monkeys that received [an unspecified 
number of] subcutaneous injections of benzo[a]pyrene and were observed for up to 
18 years (Adamson & Sieber, 1983).  

Intratracheal instillation (see also Table 3.12) 

After the landmark study on an effective method for the induction of tracheobronchial 
carcinomas in Syrian golden hamsters (Saffiotti et al., 1968) that received repeated 
intratracheal instillations of benzo[a]pyrene particles (attached to ferric oxide particles as 
a carrier) suspended in saline, this model has been used extensively in experimental 
studies of lung cancer. Studies of benzo[a]pyrene mixed with ferric oxide or other 
particles (or fibres) are summarized in Section 3.15. Studies on benzo[a]pyrene not 
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attached to ferric oxide particles (or other particulates) are summarized in Table 3.12 and 
are discussed below.  

Mouse 

An increased incidence and a larger number of lung tumours per animal were found 
in mice that received 20 weekly intratracheal instillations of a relatively low dose of 
benzo[a]pyrene (50 µg/instillation; total dose, 1 mg) and were observed for a maximum 
period of 2 years (Heinrich et al., 1986a).  

Transgenic mouse 

In XPA–/– mice, a stronger lung tumour response was found after four weekly 
intratracheal instillations of 100 µg benzo[a]pyrene (total dose, 0.4 mg) than in similarly 
treated XPA+/– and XPA+/+ mice (Ide et al., 2000). 

Rat 

Following 20 weekly intratracheal instillations of 1 mg benzo[a]pyrene suspended in 
0.9% saline solution, 7/36 (19%) female Wistar rats developed benign and malignant lung 
tumours (one adenoma, five squamous-cell carcinomas and one adenosquamous 
carcinoma) whereas no lung tumours were seen in 40 vehicle-treated controls (Pott et al., 
1987). A very high incidence of malignant lung tumours (38/40) was also found in male 
and female Sprague-Dawley rats after 22 twice-weekly intratracheal instillations of 
7 mg/kg bw benzo[a]pyrene, every other week (Steinhoff et al., 1991). 

Hamster 

Benzo[a]pyrene suspended in saline (with or without suspendents such as gelatine, 
lutrol or Tween 60) was found to induce a variety of benign and malignant respiratory 
tract tumours in male and female Syrian golden hamsters. Although the tumour response 
varied widely and ranged from only a few benign tumours (Sellakumar et al., 1976; 
Künstler, 1983; Feron et al., 1985) to a high incidence of malignant tracheobronchial and 
pulmonary carcinomas (Feron, 1972; Kobayashi, 1975; Kruysse & Feron, 1976), positive 
dose–response relationships were established (Feron et al., 1973; Feron & Kruysse, 1978; 
Pott et al., 1978), and larger particles were found to be more effective than smaller ones 
(Stenbäck & Rowland, 1978; Feron et al., 1980). 
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Intrapulmonary administration (see also Table 3.4) 

Rat  

Malignant lung tumours (mainly squamous-cell carcinomas) were found in different 
strains of rat that received direct injections into the lung tissue of a fixed volume 
(generally 50 µL) of a mixture of beeswax/tricaprylin or beeswax/trioctanoin that 
contained different amounts of benzo[a]pyrene (30–1000 µg benzo[a]pyrene/animal) and 
were observed for life. The tumour incidence was invariably dose-related; low incidences 
(<10%) occurred at the lowest dose tested (30 µg) (Deutsch-Wenzel et al., 1983; 
Iwagawa et al., 1989; Wenzel-Hartung et al., 1990; Horikawa et al., 1991). 

Tracheal graft (see also Table 3.14) 

Rat 

Malignant tumours (mainly squamous-cell carcinomas) were found in subcutaneously 
grafted rat tracheas exposed to beeswax pellets that contained 10–2490 µg benzo[a]-
pyrene; tumour incidence ranged from 77% (40/52) to 100% (12/12) for the three-highest 
dose levels (1740, 2160 and 2490 µg, respectively); no tumours were observed in 
52 controls (Nettesheim et al., 1977). 

Intramammary administration (see also Table 3.5) 

Rat 

Intramammary injection or dispersion of benzo[a]pyrene over the exposed mammary 
glands led to a high incidence of malignant mammary gland tumours (mainly adeno-
carcinomas and fibrosarcomas) in female Sprague-Dawley rats (Cavalieri et al., 1988a,b, 
1991). 

Intracolonic instillation (see also Table 3.14) 

Mouse 

No intestinal tumours were found in male or female mice of three different strains that 
were treated intracolonically with benzo[a]pyrene. However, treatment with benzo[a]-
pyrene did cause significant increases in tumour incidence in various other organs 
including the lungs, forestomach, mammary glands, peritoneum, lymphoreticular tissue, 
oesophagus, anus and/or skin (Toth, 1980; Anderson et al., 1983). 
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Intravaginal application (see also Table 3.14) 

Mouse 

Intravaginal application of a 1% solution of benzo[a]pyrene in acetone twice a week 
for 5 months to C57BL mice produced invasive cervical carcinoma in 17/76 (22%) 
animals whereas no such tumours were seen in acetone-treated controls (0/10) (Näslund 
et al., 1987) 

Intrafetal administration (see also Table 3.14) 

Mouse 

Groups of 43–56 male and female Swiss mice were injected intrafetally with 1 µL of 
a trioctanoin/acetone mixture (1:1) that contained benzo[a]pyrene at concentrations that 
produced doses of 0 (controls), 0.4, 4.0, 9.9 and 19.8 nmol [0, 0.1, 1, 2.61 and 5.23 µg]/ 
animal respectively. Survivors were killed at 12 weeks of age. Lung adenomas were 
found in all treated groups at an incidence of 1/39 (3%), 10/42 (25%), 10/38 (26%) and 
12/31 (39%) in the low-, low-mid-, high-mid- and high-dose groups, respectively. No 
lung tumours were found in 37 controls (Rossi et al., 1983) 

Administration with particles and/or fibres (dusts) (see also Table 3.15) 

Rat 

Large numbers of malignant lung tumours (range, 17–21 tumours in 20 males and 
16–18 tumours in 20 females) developed in Sprague-Dawley rats following 
22 intratracheal instillations administered once a week every other week of 7 mg 
benzo[a]pyrene alone or mixed with 10–40 mg Bayferrox 130 (96.2% cubic α-Fe2O3) or 
10–40 mg Bayferrox 920 (86.1% fibrous α-FeOOH) whereas no lung tumours were seen 
in controls and rats treated with Bayferrox 130 or Bayferrox 920 alone except for one 
benign and one malignant lung tumour in 50 females treated with Bayferrox 920 
(Steinhoff et al., 1991). 

Hamster 

In a large number of studies of Syrian golden hamsters, repeated intratracheal 
instillation of benzo[a]pyrene mixed with ferric oxide (used as carrier particles) and 
suspended in saline or saline/gelatine was found to induce benign and malignant tumours 
in various segments of the respiratory tract (larynx, trachea, bronchi and lungs) (see Table 
3.15). Although the tumour response was generally dose-related, wide variations in 
tumour incidence occurred between studies (see also review by Wolterbeek et al., 1995).  



 POLYCYCLIC AROMATIC HYDROCARBONS 411 

 

T
a
b
le
 3
.1
5
. 
 C
a
r
ci
n
o
g
en
ic
it
y
 s
tu
d
ie
s 
in
 r
a
ts
 a
n
d
 h
a
m
st
er
s 
e
x
p
o
se
d
 b
y
 i
n
tr
a
tr
a
ch
e
a
l 
in
st
il
la
ti
o
n
 t
o
 c
o
m
b
in
a
ti
o
n
s 
o
f 

b
e
n
zo
[a
]p
y
r
en
e
 a
n
d
 ‘
p
a
rt
ic
le
s/
fi
b
re
s’
 

Sp
ec

ie
s 

an
d 

st
ra

in
 

S
ex

 
N

o.
/ 

gr
ou

p 
at

 
st

ar
t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

R
at

, 
Sp

ra
gu

e-
D

aw
le

y 

M
, F

 
20

 o
r 

50
 

N
S

 (
ph

ys
io

-
lo

gi
ca

l s
al

in
e 

so
lu

ti
on

 w
it

h 
or

 w
it

ho
ut

 
T

w
ee

n 
60

);
 

B
ay

fe
rr

ox
 1

30
,  

B
ay

fe
rr

ox
 9

20
 

0 
(u

nt
re

at
ed

),
 0

, 1
0–

40
 m

g/
kg

 b
w

 
B

ay
fe

rr
ox

 1
30

 (
96

.2
%

 
cu

bi
c 

α
-F

e 2
O

3)
,  

10
–4

0 
m

g/
kg

 b
w

 
B

ay
fe

rr
ox

 9
20

 (
86

.1
%

 
fi

br
ou

s 
α-

F
eO

O
H

),
 

7 
m

g/
kg

 b
w

, 7
 m

g/
kg

 
bw

 +
 1

0–
40

 m
g/

kg
 b

w
 

B
ay

fe
rr

ox
 1

30
, 

7 
m

g/
kg

 b
w

 +
  

10
–4

0 
m

g/
kg

 b
w

 
B

ay
fe

rr
ox

 9
20

, 
~1

×
/2

 w
k,

 4
4–

~1
30

 w
k  

U
p 

to
 9

20
 

da
ys

 
L

un
g 

T
 (

m
ai

nl
y 

m
al

ig
na

nt
) 

M
: 0

/5
0,

 0
/5

0,
 0

/5
0,

 0
/5

0,
 1

9 
m

al
ig

na
nt

 T
 i

n 
20

 a
ni

m
al

s,
 2

1 
m

al
ig

na
nt

 a
nd

 1
 b

en
ig

n 
T

 i
n 

20
 

an
im

al
s,

 1
7 

m
al

ig
na

nt
 a

nd
 1

 b
en

ig
n 

T
 

in
 2

0 
an

im
al

s 
F

: 0
/5

0,
 0

/5
0,

 0
/5

0,
 1

 m
al

ig
na

nt
 a

nd
 

1 
be

ni
gn

 T
 in

 5
0 

an
im

al
s,

 1
8 

m
al

ig
na

nt
 a

nd
 1

 b
en

ig
n 

T
 i

n 
20

 
an

im
al

s,
 1

6 
m

al
ig

na
nt

 T
 in

 2
0 

an
im

al
s,

 1
7 

m
al

ig
na

nt
 a

nd
 2

 b
en

ig
n 

T
 

in
 2

0 
an

im
al

s 

+
 

T
yp

e 
of

 
lu

ng
 

tu
m

ou
r 

N
S

 

S
te

in
ho

ff
 

et
 a
l.

 
(1

99
1)

 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
23

–1
10

 M
; 

18
–1

07
 F

 
N

S
 f

er
ri

c 
ox

id
e 

(0
.9

%
 s

al
in

e 
so

lu
ti

on
) 

E
xp

er
im

en
t 1

 
0,

 5
0 

m
g 

fe
rr

ic
 o

xi
de

, 
5 

m
g 

+
 4

5 
m

g 
fe

rr
ic

 
ox

id
e,

 1
2.

5 
m

g 
+

 
37

.5
 m

g 
fe

rr
ic

 o
xi

de
/ 

an
im

al
, 1

×
 

E
xp

er
im

en
t 2

 
(2

 g
ro

up
s/

do
se

 le
ve

l)
 

5 
m

g 
+

 5
 m

g 
fe

rr
ic

 
ox

id
e,

 
10

 m
g 

+
 1

0 
m

g 
fe

rr
ic

 
ox

id
e,

 1
5 

m
g 

+
 1

5 
m

g 
fe

rr
ic

 o
xi

de
, 1

×
/w

k,
 1

5 
w

k 

L
if

es
pa

n 
(u

p 
to

 1
40

 
w

k)
 

E
xp

er
im

en
t 1

 
R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T
 

M
: 0

/4
5,

 0
/1

01
, 3

/9
2 

(3
%

; 1
 tr

ac
he

al
 

po
ly

p,
 1

 P
, 1

 b
ro

nc
hi

al
 A

),
 3

/2
7 

(1
1%

; 1
 b

ro
nc

hi
al

 A
, 1

 b
ro

nc
ho

ge
ni

c 
S

C
C

, 1
 a

na
pl

as
ti

c 
C

) 
F

: 0
/4

4,
 0

/8
9,

 4
/9

7 
(4

%
; 1

 tr
ac

he
al

 
po

ly
p,

 1
 P

, 1
 b

ro
nc

hi
ol

ar
 A

, 1
 A

dC
),

 
6/

33
 (

18
%

; 1
 b

ro
nc

hi
al

 P
, 1

 A
, 

2 
br

on
ch

og
en

ic
 S

C
C

, 1
 a

na
pl

as
ti

c 
C

, 
2 

br
on

ch
io

la
r 

A
) 

F
o
re
st
o
m
a
c
h
 P
 

M
: 5

/4
5 

(1
1%

; 6
 T

),
 5

/1
01

 (
5%

; 5
 T

),
 

15
/9

2 
(1

6%
; 3

5 
T

),
 8

/2
7 

(3
0%

; 1
6 

T
)  

F
: 2

/4
4 

(5
%

; 2
 T

),
 2

/8
9 

(2
%

; 3
 T

),
 

5/
97

 (
5%

; 5
 T

),
 4

/3
3 

(1
2%

; 6
 T

) 

+
 

 
S

af
fi

ot
ti

 
et
 a
l.

 
(1

97
2)

 



412 IARC MONOGRAPHS VOLUME 92  

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

 
 

 
 

 
 

E
xp

er
im

en
t 2

 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T
 (
M
 +
 F
 

c
o
m
b
in
e
d
) 

7/
50

 (
14

%
; 2

 tr
ac

he
al

 P
, 1

 S
C

C
, 

1 
br

on
ch

ia
l P

, 1
 A

, 2
 S

C
C

, 
1 

an
ap

la
st

ic
 C

, 1
 p

ul
m

on
ar

y 
S

C
C

),
 

8/
58

 (
14

%
; 2

 tr
ac

he
al

 p
ol

yp
s,

 1
 

br
on

ch
ia

l p
ol

yp
, 2

 S
C

C
, 2

 A
dC

, 
2 

pu
lm

on
ar

y 
A

, 2
 A

dC
),

 1
7/

61
 (

28
%

; 
2 

tr
ac

he
al

 p
ol

yp
s,

 2
 P

, 5
 S

C
C

, 
5 

br
on

ch
ia

l S
C

C
, 1

 p
ul

m
on

ar
y 

A
, 1

 
S

C
C

, 1
 A

dC
, 1

 a
na

pl
as

ti
c 

C
),

 2
5/

60
 

(4
2%

; 4
 tr

ac
he

al
 p

ol
yp

s,
 3

 P
, 3

 S
C

C
, 

4 
an

ap
la

st
ic

 C
, 1

 b
ro

nc
hi

al
 P

, 1
 S

C
C

, 
2 

an
ap

la
st

ic
 C

, 4
 A

dC
, 1

 A
, 

2 
pu

lm
on

ar
y 

S
C

C
, 2

 a
na

pl
as

ti
c 

C
, 

6 
A

),
 2

5/
39

 (
64

%
; 1

 tr
ac

he
al

 P
, 1

0 
S

C
C

, 1
 a

na
pl

as
ti

c 
C

, 3
 b

ro
nc

hi
al

 P
, 7

 
S

C
C

, 1
1 

an
ap

la
st

ic
 C

, 2
 A

dC
, 2

 
pu

lm
on

ar
y 

S
C

C
, 2

 A
),

 3
5/

55
 (

64
%

; 2
 

la
ry

ng
ea

l S
C

C
, 1

1 
tr

ac
he

al
 P

, 1
 

po
ly

p,
 1

2 
SC

C
, 1

 c
ar

ci
no

S
, 2

 f
ib

ro
S

, 
16

 b
ro

nc
hi

al
 S

C
C

, 1
0 

an
ap

la
st

ic
 C

, 6
 

A
dC

, 3
 A

, 2
 p

ul
m

on
ar

y 
A

) 

 
 

S
af

fi
ot

ti
 

et
 a
l.

 
(1

97
2)

 
(c

on
td

) 

 



 POLYCYCLIC AROMATIC HYDROCARBONS 413 

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

Sp
ec

ie
s 

an
d 

st
ra

in
 

S
ex

 
N

o.
/ 

gr
ou

p 
at

 
st

ar
t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

 
 

 
 

 
 

F
o
re
st
o
m
a
c
h
 T
 

M
: 8

/2
2 

(3
6%

; 1
3 

P
, 1

 S
C

C
),

  
6/

28
 (

21
%

; 9
 P

),
 1

1/
34

 (
32

%
; 2

8 
P

, 
1 

S
C

C
),

 1
1/

30
 (

37
%

; 1
8 

P
),

 5
/2

2 
(2

3%
; 1

0 
P

),
 1

/2
8 

(4
%

; 1
 P

) 
F

: 9
/2

8 
(3

2%
; 1

4 
P

),
 6

/3
0 

(2
0%

; 9
 P

),
 

5/
27

 (
19

%
; 2

0 
P

),
 8

/3
0 

(2
7%

; 1
0 

P
, 

1 
S

C
C

),
 5

/1
7 

(2
9%

; 1
1 

P
),

 3
/2

7 
(1

1%
; 3

 P
) 

 
 

S
af

fi
ot

ti
 

et
 a
l.

 
(1

97
2)

 
(c

on
td

) 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

F 
48

 
N

S
 (

tr
ic

ap
ry

li
n,

 
T

w
ee

n 
60

/s
al

in
e 

so
lu

ti
on

);
 

at
m

os
ph

er
ic

 
du

st
 f

ro
m

 
B

oc
hu

m
, 

G
er

m
an

y 
(p

ar
ti

cl
e 

si
ze

 
<

5 
µ

m
) 

34
0 

µ
g 

in
 tr

ic
ap

ry
li

n,
  

34
0 

µ
g 

in
 T

w
ee

n 
60

/s
al

in
e 

so
lu

ti
on

,  
34

0 
µ

g 
in

 T
w

ee
n 

60
/s

al
in

e 
so

lu
ti

on
 +

 
85

0 
µ

g 
at

m
os

ph
er

ic
 

du
st

/a
ni

m
al

, 4
5×

 
w

it
hi

n 
a 

pe
ri

od
 o

f 
6.

5 
m

on
th

s 
(t

ot
al

 d
os

e,
 

~1
5 

m
g;

 d
us

t, 
38

 m
g)

 

P
re

su
m

-
ab

ly
 

li
fe

sp
an

 

R
es

pi
ra

to
ry

 tr
ac

t T
 (

m
ai

nl
y 

P
 o

r 
S

C
C

 
of

 t
he

 la
ry

nx
, t

ra
ch

ea
 o

r 
br

on
ch

i)
: 

2/
48

 (
4%

),
 1

4/
48

 (
29

%
),

 1
6/

48
 (

33
%

) 

+
 

 
P

ot
t e
t 
a
l. 

(1
97

3b
) 

 



414 IARC MONOGRAPHS VOLUME 92  

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

, 
S

yr
ia

n 
M

, F
 

36
; 1

93
 

co
nt

ro
ls

 
N

S
 (

0.
9 

%
 

sa
li

ne
 s

al
in

e 
so

lu
ti

on
);

 
fe

rr
ic

 o
xi

de
 

 

0,
 3

 m
g 

+
 3

 m
g 

fe
rr

ic
 

ox
id

e,
 3

 m
g 

+
 6

 m
g 

fe
rr

ic
 o

xi
de

, 3
 m

g 
+

 9
 

m
g 

fe
rr

ic
 o

xi
de

, 
1×

/2
w

k,
 2

0 
w

k 

10
0 

w
k 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T
 (
M
 +
 F
 

c
o
m
b
in
e
d
) 

26
/6

7 
(3

9%
; 3

 la
ry

ng
ea

l p
ol

yp
, 3

 P
, 

3 
S

C
C

, 7
 t

ra
ch

ea
l p

ol
yp

, 6
 P

, 2
 S

C
C

, 
2 

br
on

ch
ia

l p
ol

yp
, 5

 S
C

C
, 9

 A
dC

, 
1 

an
ap

la
si

c 
C

, 7
 lu

ng
 A

, 1
 A

dC
),

 
28

/6
4 

(4
4%

; 1
 la

ry
ng

ea
l p

ol
yp

, 3
 P

, 
6 

S
C

C
, 3

 t
ra

ch
ea

l p
ol

yp
, 9

 P
, 3

 S
C

C
, 

3 
br

on
ch

ia
l p

ol
yp

, 1
 P

, 4
 S

C
C

, 
3 

A
dC

, 1
 a

na
pl

as
ti

c 
C

, 7
 lu

ng
 A

, 
4 

A
dC

),
 2

6/
66

 (
39

%
; 3

 la
ry

ng
ea

l 
po

ly
p,

 6
 S

C
C

, 6
 tr

ac
he

al
 p

ol
yp

, 1
1 

P
, 

1 
S

C
C

, 1
 b

ro
nc

hi
al

 p
ol

yp
, 1

 P
, 

4 
S

C
C

, 4
 A

dC
, 2

 a
na

pl
as

ti
c 

C
, 6

 lu
ng

 
A

, 6
 A

dC
) 

F
o
re
st
o
m
a
c
h
 T
 

M
: 1

7/
32

 (
53

%
; 3

7 
P

),
 1

0/
31

 (
32

%
; 

16
 P

, 1
 S

C
C

),
 6

/3
5 

(1
7%

; 1
5 

P
) 

F
: 1

0/
35

 (
29

%
; 3

0 
P

),
 1

2/
33

 (
36

%
; 

25
 P

),
 1

5/
31

 (
48

%
; 3

3 
P

) 
vs

 
0/

19
3 

un
tr

ea
te

d 
co

nt
ro

ls
 

+
 

 
S

el
la

ku
-

m
ar

 e
t 
a
l.
 

(1
97

3)
 

 



 POLYCYCLIC AROMATIC HYDROCARBONS 415 

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
 

73
–8

3 
N

S
 (

0.
9%

 
sa

li
ne

 
so

lu
ti

on
);

 
fe

rr
ic

 o
xi

de
 o

r 
ca

ro
te

ne
-f

re
e 

co
tt

on
se

ed
 o

il 
 

3 
m

g 
+

 3
 m

g 
fe

rr
ic

 
ox

id
e,

 1
×

/w
k,

 1
2 

w
k 

fo
ll

ow
ed

 a
ft

er
 1

 w
k 

by
 

10
0,

 1
60

0 
or

 3
30

0/
µ

g 
vi

ta
m

in
 A

 (
re

ti
ny

l 
ac

et
at

e)
, i

nt
ra

ga
st

ri
c 

1×
/w

k 
[s

ig
ns

 o
f 

vi
ta

m
in

 A
 to

xi
ci

ty
 

ap
pe

ar
ed

 in
 a

ni
m

al
s 

gi
ve

n 
33

00
 µ

g 
af

te
r 

24
 w

k;
 d

os
e 

re
du

ce
d 

to
 

24
00

 µ
g/

w
k]

 

~6
0 

w
k 

+
 

 
S

m
it

h 
et
 

a
l.
 

(1
97

5a
) 

 
 

 
 

 
 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T
 

L
o
w
-v
it
a
m
in
 A
 g
ro
u
p
  

48
/8

3 
(5

8%
; 3

7 
la

ry
ng

ea
l/

tr
ac

he
al

 
T

: 1
0 

P
, 4

 p
ol

yp
, 2

0 
S

C
C

, 2
 A

dC
, 

1 
un

di
ff

er
en

ti
at

ed
 C

; 3
5 

br
on

ch
ia

l/ 
br

on
ch

io
la

r/
pu

lm
on

ar
y 

 
T

: 2
 P

, 9
 A

, 8
 S

C
C

, 7
 A

dC
, 4

 A
dS

C
, 

3 
un

di
ff

er
en

ti
at

ed
 C

, 2
 f

ib
ro

S
) 

M
id
-v
it
a
m
in
 A
 g
ro
u
p
 

52
/7

4 
(7

0%
; 3

2 
la

ry
ng

ea
l/

tr
ac

he
al

  
T

: 3
 P

, 4
 p

ol
yp

, 1
8 

S
C

C
, 1

 A
dC

, 
1 

ca
rc

in
oS

, 6
 f

ib
ro

S
; 

38
 b

ro
nc

hi
al

/b
ro

nc
hi

ol
ar

/p
ul

m
on

ar
y 

T
: 1

 P
, 1

1 
A

, 7
 S

C
C

, 6
 A

dC
, 3

 A
dS

C
, 

3 
un

di
ff

er
en

ti
at

ed
 C

, 1
 c

ar
ci

no
S

, 
6 

fi
br

oS
) 

H
ig
h
-v
it
a
m
in
 A
 g
ro
u
p
 

59
/7

3 
(8

1%
; 3

2 
la

ry
ng

ea
l/

tr
ac

he
al

 
T

: 7
 P

, 1
 p

ol
yp

, 1
3 

S
C

C
, 4

 A
dC

, 
1 

A
sS

C
, 1

 u
nd

if
fe

re
nt

ia
te

d 
C

, 
3 

ca
rc

in
oS

, 2
 f

ib
ro

S
; 5

2 
br

on
ch

ia
l/

 
br

on
ch

io
la

r/
pu

lm
on

ar
y 

T
: 1

1 
A

, 
13

 S
C

C
, 1

6 
A

dC
, 2

 u
nd

if
fe

re
nt

ia
te

d 
C

, 1
 c

ar
ci

no
S

, 9
 f

ib
ro

S
) 

 
 

 

 



416 IARC MONOGRAPHS VOLUME 92  

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

Sp
ec

ie
s 

an
d 

st
ra

in
 

S
ex

 
N

o.
/ 

gr
ou

p 
at

 
st

ar
t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
 

49
–5

8 
N

S
 (

0.
15

 M
 

sa
li

ne
 

so
lu

ti
on

);
 

fe
rr

ic
 o

xi
de

 o
r 

ca
ro

te
ne

-f
re

e 
co

tt
on

se
ed

 o
il

 

3 
m

g 
+

 3
m

g 
fe

rr
ic

 
ox

id
e/

an
im

al
, 1

×
/w

k,
 

12
 w

k 
fo

llo
w

ed
 a

ft
er

 1
 

w
k 

by
 1

00
, 1

60
0 

or
 

33
00

 µ
g 

vi
ta

m
in

 A
 

(r
et

in
yl

 a
ce

ta
te

) 
in

tr
ag

as
tr

ic
 1

×
; h

al
f 

of
 

th
e 

an
im

al
s 

in
 e

ac
h 

gr
ou

p 
w

er
e 

co
nv

en
ti

al
ly

 h
ou

se
d 

(C
H

) 
w

hi
le

 th
e 

ot
he

r 
ha

lf
 w

as
 h

ou
se

d 
in

 
la

m
in

ar
 f

lo
w

 u
ni

ts
 

(L
F

U
),

 [
si

gn
s 

of
 

vi
ta

m
in

 A
 to

xi
ci

ty
 

ap
pe

ar
ed

 in
 a

ni
m

al
s 

gi
ve

n 
33

00
 µ

g 
af

te
r 

24
 

w
k;

 d
os

es
 r

ed
uc

ed
 t

o 
24

00
 µ

g/
w

k]
 

~1
00

 w
k 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T
 

L
o
w
-v
it
a
m
in
 A
 g
ro
u
p
 

C
H

: 3
4/

57
 (

60
%

; 2
3 

P
, 1

1 
po

ly
ps

, 
5 

A
, 2

6 
S

C
C

, 1
8 

A
dC

, 3
 A

S
C

, 5
 o

at
-

ce
ll 

C
, 4

 u
nd

if
fe

re
nt

ia
te

d 
C

, 
2 

ca
rc

in
oS

, 3
 f

ib
ro

S
) 

L
F

U
: 3

7/
52

 (
71

%
; 2

5 
P

, 1
3 

po
ly

p,
 

14
 A

, 2
5 

S
C

C
, 1

1 
A

dC
, 8

 A
S

C
, 

2 
un

di
ff

er
en

ti
at

ed
 C

, 2
 ly

m
ph

om
a)

 
M
id
-v
it
a
m
in
 A
 g
ro
u
p
: 

C
H

: 4
5/

58
 (

78
%

; 2
0 

P
, 1

4 
po

ly
p,

 
10

 A
, 3

1 
S

C
C

, 1
1 

A
dC

, 2
 o

at
-c

el
l C

, 
4 

un
di

ff
er

en
ti

at
ed

 C
, 1

 c
ar

ci
no

S
, 

6 
fi

br
oS

, 1
 h

ae
m

an
gi

oS
),

 
L

F
U

: 3
1/

53
 (

59
%

; 1
6 

P
, 1

0 
po

ly
p,

 
2 

A
, 3

6 
S

eC
, 1

6 
A

dC
, 2

 A
S

C
, 2

 o
at

-
ce

ll 
C

, 2
 u

nd
if

fe
re

nt
ia

te
d 

C
, 5

 f
ib

ro
S

, 
2 

ch
on

dr
oS

, 2
 ly

m
ph

om
a,

 
5 

re
ti

cu
lu

m
-c

el
l S

) 

+
 

S
it

e 
of

 
re

sp
ir

at
or

y 
tr

ac
t T

 N
S

 

S
m

it
h 
et
 

a
l.

 
(1

97
5b

) 

 



 POLYCYCLIC AROMATIC HYDROCARBONS 417 

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

 
 

 
 

 
 

H
ig
h
-v
it
a
m
in
 A
 g
ro
u
p

: 
C

H
: 4

3/
58

 (
74

%
; 1

9 
P

, 1
1 

po
ly

p,
 

18
 A

, 3
7 

S
C

C
, 8

 A
dC

, 7
 f

ib
ro

S
) 

L
F

U
: 2

8/
49

 (
57

%
; 2

1 
P

, 9
 p

ol
yp

, 7
 A

, 
22

 S
C

C
, 1

4 
A

dC
, 7

 A
dS

C
, 1

4 
oa

t-
ce

ll
 

C
, 2

 f
ib

ro
S

, 2
 ly

m
ph

om
a,

 
2 

re
ti

cu
lu

m
-c

el
l S

) 
F
o
re
st
o
m
a
c
h
 P
 (
C
H
 +
 L
F
U
 

c
o
m
b
in
e
d
) 

L
o
w
-v
it
a
m
in
 A
 g
ro
u
p

 
[5

5/
10

9]
 (

50
%

) 
(m

ul
ti

pl
ic

it
y,

 
2.

9 
±

 0
.2

) 
M
id
-v
it
a
m
in
 A
 g
ro
u
p
  

[2
8/

11
1]

 (
25

%
) 

(m
ul

ti
pl

ic
it

y,
 

2.
2 

±
 0

.3
) 

H
ig
h
-v
it
a
m
in
 A
 g
ro
u
p
  

[2
8/

10
7]

 (
26

 %
) 

(m
ul

ti
pl

ic
it

y,
 

3.
1 

+
 0

.2
) 

 
 

S
m

it
h 
et
 

a
l.

 
(1

97
5b

) 
(c

on
td

) 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
48

 o
r 

90
  

N
S

 (
0.

2%
 

sa
li

ne
 

so
lu

ti
on

);
 f

er
ri

c 
ox

id
e,

 
m

ag
ne

si
um

 
ox

id
e 

 

0 
(u

nt
re

at
ed

),
  

2 
m

g 
+

 1
 m

g 
m

ag
ne

si
um

 
ox

id
e/

an
im

al
, 1

×
/w

k,
 

20
 w

k,
 3

 m
g 

+
 3

 m
g 

fe
rr

ic
 o

xi
de

/a
ni

m
al

, 
1×

/w
k,

 1
5 

w
k 

L
if

es
pa

n 
(u

p 
to

 1
20

 
w

k)
 

R
es

pi
ra

to
ry

 tr
ac

t t
um

ou
rs

 (
M

 +
 F

 
co

m
bi

ne
d)

: 0
/8

9,
 3

2/
45

 [
71

%
] 

(1
1 

la
ry

ng
ea

l P
, 3

 S
C

C
, 1

 t
ra

ch
ea

l 
po

ly
p,

 2
0 

P,
 5

 S
C

C
, 1

 A
dC

, 
1 

br
on

ch
ia

l P
, 3

 A
, 8

 A
dC

, 
1 

ad
en

oS
C

),
 3

1/
44

 (
70

%
; 

10
 la

ry
ng

ea
l P

, 4
 S

C
C

, 8
 tr

ac
he

al
 P

, 
12

 S
C

C
, 2

 a
na

pl
as

ti
c 

C
, 2

 b
ro

nc
hi

al
 

P
, 4

 A
, 2

 A
dC

, 1
7 

S
C

C
, 3

 a
na

pl
as

ti
c 

C
) 

+
 

 
S

te
nb

äc
k 

et
 a
l.

 
(1

97
5)

 

 



418 IARC MONOGRAPHS VOLUME 92  

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
50

 
un

tr
ea

te
d 

co
nt

ro
ls

  

>
99

%
 (

sa
li

ne
, 

0.
5%

 g
el

at
in

e 
in

 s
al

in
e)

; 
m

an
ga

ne
se

 
di

ox
id

e,
 s

il
ic

on
 

di
ox

id
e 

 

0 
(u

nt
re

at
ed

),
 

0 
(s

al
in

e)
, 0

 (
ge

la
ti

ne
 

in
 s

al
in

e)
, 3

 m
g 

si
li

co
n 

di
ox

id
e 

in
 s

al
in

e,
 

1.
5 

m
g 

m
an

ga
ne

se
 

di
ox

id
e 

in
 s

al
in

e,
 3

 m
g 

in
 s

al
in

e,
 3

 m
g 

in
 

ge
la

ti
ne

/s
al

in
e,

 3
 m

g 
+

 
3 

m
g 

si
li

co
n 

di
ox

id
e 

in
 

sa
li

ne
, 1

.5
 m

g 
+

 1
.5

 m
g 

m
an

ga
ne

se
 d

io
xi

de
 in

 
sa

li
ne

/a
ni

m
al

, 1
×

/w
k,

 
20

 w
k 

 

L
if

es
pa

n 
(u

p 
to

 1
00

 
w

k)
 

A
ll 

T
 (

M
 +

 F
 c

om
bi

ne
d)

: 2
/1

00
 (

2%
; 

2 
ly

m
ph

om
a)

, 1
/4

8 
(2

%
; 

2 
fo

re
st

om
ac

h 
P

),
 2

/4
5 

(4
%

; 
2 

ly
m

ph
om

a)
, 0

/4
8 

(0
%

),
 2

/4
8 

(4
%

; 
1 

fo
re

st
om

ac
h 

P
, 1

 ly
m

ph
om

a)
, 1

8/
46

 
(3

9%
; 1

 la
ry

ng
ea

l P
, 1

 S
C

C
, 

4 
tr

ac
he

al
 P

, 1
5 

fo
re

st
om

ac
h 

P
),

 
11

/4
7 

(2
3%

; 2
 tr

ac
he

al
 P

, 1
 S

C
C

, 
3 

br
on

ch
ia

l S
C

C
, 1

 s
pl

en
ic

 
ha

em
an

gi
om

a,
 1

 a
dr

en
al

 c
or

ti
ca

l A
, 

1 
ly

m
ph

om
a,

 2
 f

or
es

to
m

ac
h 

S
C

C
),

 
25

/4
8 

(5
2%

; 1
 la

ry
ng

ea
l S

C
C

, 
8 

tr
ac

he
al

 P
, 2

 S
C

C
, 3

 b
ro

nc
hi

al
 

S
C

C
, 6

 lu
ng

 A
, 3

 A
dC

, 
10
 

fo
re

st
om

ac
h 

P
, 1

 th
yr

oi
d 

A
, 

1 
ut

er
in

e 
fi

br
om

a,
 1

 A
, 1

 ly
m

ph
om

a)
, 

20
/4

8 
(4

2%
; 1

 la
ry

ng
ea

l P
, 3

 tr
ac

he
al

 
P

, 1
 S

C
C

, 1
 b

ro
nc

hi
al

 S
C

C
, 

24
 f

or
es

to
m

ac
h 

P,
 1

 o
va

ri
an

 f
ib

ro
m

a,
 

1 
th

yr
oi

d 
A

, 2
 f

or
es

to
m

ac
h 

SC
C

, 
1 

sq
ua

m
ou

s-
ce

ll 
fi

br
om

a)
 

+
 

 
S

te
nb

äc
k 

&
 

R
ow

la
nd

 
(1

97
9)

 

 



 POLYCYCLIC AROMATIC HYDROCARBONS 419 

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

s,
 

S
yr

ia
n 

go
ld

en
 

M
, F

 
40

  
N

S
 (

sa
li

ne
);

 
fe

rr
ic

 o
xi

de
 

 

10
 m

g 
+

 8
 m

g 
fe

rr
ic

 
ox

id
e/

an
im

al
, 1

×
/2

w
k 

fo
r 

10
 w

k 
to

 a
ni

m
al

s 
ke

pt
 o

n 
a 

lo
w

- 
(6

00
 I

U
/k

g)
 [

M
 o

nl
y]

, 
m

ed
iu

m
- 

(4
00

0 
IU

/k
g)

 
or

 h
ig

h-
 (

10
0 

00
0–

20
0 

00
0 

IU
/k

g)
 v

it
am

in
 

A
 d

ie
t 

 

M
, u

p 
to

 
51

2 
da

ys
, 

F,
 u

p 
to

 
38

0 
da

ys
 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T

 
M

: 1
6/

36
 (

44
%

; 2
1 

T
: 4

 e
pi

de
rm

oi
d 

P
, 1

1 
ep

id
er

m
oi

d 
C

, 4
 

ep
id

er
m

oi
d/

A
dC

, 1
 A

dC
, 1

 S
),

 1
4/

39
 

(3
6%

; 2
0 

T
: 4

 e
pi

de
rm

oi
d 

P
, 7

 
ep

id
er

m
oi

d 
C

, 5
 e

pi
de

rm
oi

d/
A

dC
, 

1 
A

dC
, 3

 S
),

 1
3/

37
 (

35
%

; 1
7 

T
: 

6 
ep

id
er

m
oi

d 
P

, 6
 e

pi
de

rm
oi

d 
C

, 
3 

ep
id

er
m

oi
d/

A
dC

, 2
 S

) 
 

F
: 1

4/
38

 (
37

%
; 2

2 
T

: 1
2 

ep
id

er
m

oi
d 

P
, 1

 C
 in

 s
it
u

, 8
 e

pi
de

rm
oi

d 
C

, 
1 

ep
id

er
m

oi
d/

A
dC

),
 1

2/
37

 (
32

%
; 1

5 
T

: 4
 e

pi
de

rm
oi

d 
P

, 6
 e

pi
de

rm
oi

d 
C

, 
2 

ep
id

er
m

oi
d/

A
dC

, 3
 S

) 

+
 

N
o 

co
nt

ro
l;

 
si

te
 o

f 
re

sp
ir

at
or

y 
tr

ac
t T

 N
S

 

B
ee

m
s 

(1
98

4)
 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
40

 
N

S
 (

sa
li

ne
);

 
fe

rr
ic

 o
xi

de
 

 

4 
m

g 
+

 4
 m

g 
fe

rr
ic

 
ox

id
e/

 a
ni

m
al

, 1
×

/w
k,

 
15

 w
k 

to
 a

ni
m

al
s 

on
 

co
nt

ro
l (

lo
w

-f
at

 d
ie

t)
, 

hi
gh

-s
at

ur
at

ed
 f

at
 d

ie
t 

or
 h

ig
h-

un
sa

tu
ra

te
d 

fa
t 

di
et

 

65
6 

da
ys

 
fo

r 
M

, 5
12

 
da

ys
 f

or
 F

 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T

 
M

: 1
0/

33
 (

30
%

; 2
 P

, 6
 e

pi
de

rm
oi

d 
C

, 
1 

ep
id

er
m

oi
d/

A
dC

, 1
 A

, 1
 S

),
 1

4/
32

 
(4

4%
; 7

 P
, 6

 e
pi

de
rm

oi
d 

C
, 

3 
ep

id
er

m
oi

d/
A

dC
, 1

 A
dC

, 1
 A

, 1
 S

),
 

17
/2

7 
(6

3%
; 9

 P
, 1

1 
ep

id
er

m
oi

d 
C

, 
3 

ep
id

er
m

oi
d 

A
dC

) 
 

+
 

N
o 

co
nt

ro
l;

 
si

te
 o

f 
re

sp
ir

at
or

y 
tr

ac
t N

S
 

B
ee

m
s 

&
 

va
n 

B
ee

k 
(1

98
4)

 

 
 

 
 

 
 

F
: 1

6/
40

 (
40

%
; 5

 P
, 9

 e
pi

de
rm

oi
d 

C
, 

3 
ep

id
er

m
oi

d/
A

dC
, 1

 A
),

 
20

/3
8 

(5
3%

; 1
3 

P
, 1

3 
ep

id
er

m
oi

d 
C

, 
1 

ep
id

er
m

oi
d/

A
dC

, 1
 A

, 1
 S

),
 2

2/
37

 
(5

9%
; 1

2 
P

, 1
0 

ep
id

er
m

oi
d 

C
, 

9 
ep

id
er

m
oi

d/
A

dC
) 

 
 

 

 



420 IARC MONOGRAPHS VOLUME 92  

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
35

  
N

S
 (

sa
li

ne
, 

ge
la

ti
ne

);
 g

la
ss

 
m

ic
ro

fi
br

es
 

(c
od

e 
10

4;
 

gl
as

sw
oo

l)
; s

iz
e 

di
st

ri
bu

ti
on

 b
y 

nu
m

be
r:

 le
ng

th
, 

95
%

 <
20

 µ
m

, 
89

%
 <

12
 µ

m
, 

59
%

 <
5 

µ
m

; 
di

am
et

er
, 

25
%

 <
2 

µ
m

, 
88

%
 <

1 
µ

m
, 

60
%

 <
0.

5 
µ

m
, 

31
%

 <
0.

25
 µ

m
 

0,
 1

 m
g 

gl
as

s 
fi

br
es

, 
1 

m
g,

 1
 m

g 
+

 1
 m

g 
gl

as
s 

fi
br

es
/a

ni
m

al
, 

1×
/2

 w
k,

 5
2 

w
k 

85
 w

k 
R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T

 
M

: 0
/3

1,
 0

/3
4,

 6
/3

4 
(1

8%
; 3

 tr
ac

he
al

 
P

, 1
 S

C
C

, 1
 S

, 1
 b

ro
nc

hi
al

 P
),

 3
/3

5 
(9

%
; 2

 tr
ac

he
al

 P
, 1

 S
) 

F
: 0

/2
8,

 0
/3

0,
 1

/2
9 

(3
%

; 1
 la

ry
ng

ea
l C

 
in
 s
it
u
),

 1
/3

1 
(3

%
; 1

 tr
ac

he
al

 S
) 

 

±
 

S
ta

ti
st

ic
s 

N
S

 
F

er
on

 e
t 

a
l.

 (
19

85
) 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
35

  
N

S
 (

0.
9 

%
 

sa
li

ne
 

so
lu

ti
on

);
 f

er
ri

c 
ox

id
e 

0,
 8

 m
g 

+
 6

 m
g 

fe
rr

ic
 

ox
id

e/
an

im
al

, 1
×

/w
k,

 6
 

w
k 

82
 w

k 
R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T
 

M
: 0

/3
2,

 1
2/

24
 (

50
%

; 1
5 

T
: 

3 
la

ry
ng

ea
l P

, 1
 tr

ac
he

al
 P

, 1
 S

C
C

, 
2 

br
on

ch
ia

l p
ol

yp
, 2

 S
C

C
, 1

A
dC

, 
3 

pu
lm

on
ar

y 
S

C
C

, 1
 A

dS
C

, 1
 A

dC
) 

F
: 0

/3
5,

 9
/2

6 
(3

5%
; 1

2 
T

: 1
 la

ry
ng

ea
l 

P
, 5

 t
ra

ch
ea

l P
, 2

 b
ro

nc
hi

al
 p

ol
yp

, 
2 

pu
lm

on
ar

y 
S

C
C

, 1
 A

dS
C

, 1
 A

dC
) 

+
 

 
R

ey
nd

er
s 

et
 a
l.

 
(1

98
5)

 

 



 POLYCYCLIC AROMATIC HYDROCARBONS 421 

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

s,
 

S
yr

ia
n 

go
ld

en
 

M
, F

 
40

 o
r 

60
  

N
S

 (
sa

li
ne

);
 

fe
rr

ic
 o

xi
de

 
8 

m
g 

+
 8

 m
g 

fe
rr

ic
 

ox
id

e,
 1

×
/2

w
k,

 1
6 

w
k 

gi
ve

n 
to

 a
ni

m
al

s 
on

 
co

nt
ro

l (
lo

w
-

se
le

ni
um

/l
ow

-f
at

) 
di

et
, 

hi
gh

-s
el

en
iu

m
/l

ow
-f

at
 

di
et

, l
ow

-
se

le
ni

um
/h

ig
h-

fa
t d

ie
t 

or
 h

ig
h-

se
le

ni
um

/h
ig

h-
fa

t d
ie

t 

42
9 

da
ys

 
fo

r 
M

; 3
74

 
da

ys
 f

or
 F

 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T

 
M

: 3
4/

57
 (

60
%

; 7
 P

, 4
 C

 in
 s
it
u

, 
15

 e
pi

de
rm

oi
d 

C
, 1

3 
ep

id
er

m
oi

d/
A

dC
, 

1 
A

dC
, 5

 lu
ng

 A
, 2

 S
),

 2
7/

38
 (

71
%

; 6
 

P
, 1

 C
 in

 s
it
u

, 1
4 

ep
id

er
m

oi
d 

C
, 

8 
ep

id
er

m
oi

d/
A

dC
, 8

 lu
ng

 A
, 1

 S
),

 
31

/3
8 

(8
2%

; 6
 P

, 3
 C

 in
 s
it
u
, 

13
 e

pi
de

rm
oi

d 
C

, 1
2 

ep
id

er
m

oi
d/

A
dC

, 
1 

A
dC

, 1
0 

lu
ng

 A
, 1

 S
),

 2
8/

39
 (

72
%

; 
4 

P
, 1

 C
 in

 s
it
u

, 1
6 

ep
id

er
m

oi
d 

C
, 

10
 e

pi
de

rm
oi

d/
A

dC
,1

0 
lu

ng
 A

) 
F

: 3
7/

57
 (

65
%

; 5
 P

, 2
 C

 in
 s
it
u
, 

14
 e

pi
de

rm
oi

d 
C

, 1
9 

ep
id

er
m

oi
d/

A
dC

, 
2 

lu
ng

 A
, 3

 S
),

 3
0/

35
 (

86
%

; 1
1 

P
, 2

 C
 

in
 s
it
u
, 1

1 
ep

id
er

m
oi

d 
C

, 
11

 e
pi

de
rm

oi
d/

A
dC

, 4
 lu

ng
 A

, 1
 S

),
 

28
/3

6 
(7

8%
; 4

 P
, 5

 C
 in

 s
it
u
, 

11
 e

pi
de

rm
oi

d 
C

, 9
 e

pi
de

rm
oi

d/
A

dC
, 

1 
A

dC
, 5

 lu
ng

 A
),

 2
2/

34
 (

65
%

; 5
 P

, 
2 

C
 in

 s
it
u

, 1
0 

ep
id

er
m

oi
d 

C
, 

7 
ep

id
er

m
oi

d/
A

dC
, 1

 A
dC

, 3
 lu

ng
 A

) 

+
 

N
o 

co
nt

ro
l;

 
si

te
 o

f 
re

sp
ir

at
or

y 
tr

ac
t T

 N
S

 

B
ee

m
s 

(1
98

6)
 

 



422 IARC MONOGRAPHS VOLUME 92  

 

T
a
b
le
 3
.1
5
 (
co
n
td
) 

S
pe

ci
es

 
an

d 
st

ra
in

 
S

ex
 

N
o.

/ 
gr

ou
p 

at
 

st
ar

t 

P
ur

it
y 

(v
eh

ic
le

);
 

pa
rt

ic
le

s/
fi

br
es

 

D
os

e 
an

d 
du

ra
ti

on
 o

f 
ex

po
su

re
 

 

D
ur

at
io

n 
of

 s
tu

dy
 

In
ci

de
nc

e 
of

 tu
m

ou
rs

  
R

es
ul

ta   
C

om
m

en
ts

 
R

ef
er

en
ce

 

H
am

st
er

, 
S

yr
ia

n 
go

ld
en

 

M
, F

 
40

 o
r 

60
  

N
S

 (
st

er
il

e 
sa

li
ne

);
 f

er
ri

c 
ox

id
e 

 

8 
m

g 
+

 8
 m

g 
fe

rr
ic

 
ox

id
e,

 1
×

/2
w

k,
 1

6 
w

k 
gi

ve
n 

to
 a

ni
m

al
s 

on
 

co
nt

ro
l d

ie
t o

r 
di

et
 

su
pp

le
m

en
te

d 
w

it
h 

56
 m

g/
kg

 c
ar

ot
en

e 
 

42
9 

da
ys

 
fo

r 
M

; 3
74

 
da

ys
 f

or
 F

 

R
e
sp
ir
a
to
r
y
 t
ra
c
t 
T

 
M

: 3
4/

57
 (

60
%

; 7
 P

, 4
 C

 in
 s
it
u

, 
11

 e
pi

de
rm

oi
d 

C
, 

13
 e

pi
de

rm
oi

d/
A

dC
, 1

 A
dC

, 5
 

lu
ng

 A
, 2

 S
),

 2
6/

38
 (

68
%

; 7
 P

, 3
 C

 in
 

si
tu

, 1
0 

ep
id

er
m

oi
d 

C
, 

10
 e

pi
de

rm
oi

d/
A

dC
, 3

 lu
ng

 A
, 1

 S
) 

F
: 3

7/
57

 (
65

%
; 5

 P
, 2

 C
 in

 s
it
u
, 

14
 e

pi
de

rm
oi

d 
C

, 
19

 e
pi

de
rm

oi
d/

A
dC

, 2
 lu

ng
 A

, 3
 S

),
 

25
/3

6 
(6

9%
; 7

 P
, 3

 C
 in

 s
it
u
, 

10
 e

pi
de

rm
oi

d 
C

, 
14

 e
pi

de
rm

oi
d/

A
dC

, 3
 lu

ng
 A

, 1
 S

) 

+
 

N
o 

co
nt

ro
l;

 
si

te
 o

f 
re

sp
ir

at
or

y 
tr

ac
t T

 N
S

 

B
ee

m
s 

(1
98

7)
 

A
, a

de
no

m
a;

 A
dC

, a
de

no
ca

rc
in

om
a;

 A
dS

C
, a

de
no

sq
ua

m
ou

s 
ca

rc
in

om
a;

 C
, c

ar
ci

no
m

a;
 F

, f
em

al
e;

 M
, m

al
e;

 N
S

, n
ot

 s
pe

ci
fi

ed
; P

, p
ap

il
lo

m
a;

 S
, s

ar
co

m
a;

 S
C

C
, 

sq
ua

m
ou

s-
ce

ll 
ca

rc
in

om
a;

 T
, t

um
ou

r;
 v

s,
 v

er
su

s;
 w

k,
 w

ee
k 

 
a  –

, n
eg

at
iv

e;
 +

, p
os

it
iv

e;
 ±

, e
qu

iv
oc

al
 

 



 POLYCYCLIC AROMATIC HYDROCARBONS 423 

 

In Syrian golden hamsters given 20 weekly intratracheal instillations of a suspension of 
silicon dioxide mixed with benzo[a]pyrene in saline (3 mg benzo[a]pyrene + 3 mg silicon 
dioxide/instillation), a clearly higher incidence of respiratory tract tumours was observed 
than that in hamsters similarly treated with benzo[a]pyrene alone (23 tumours in 48 
animals given the combination versus six tumours in 46 animals that received 
benzo[a]pyrene alone and no tumours in 48 saline-treated controls). Manganese dioxide 
did not elicit such an effect (Stenbäck & Rowland, 1979). Magnesium oxide was found to 
be as effective as ferric oxide as a carrier for benzo[a]pyrene suspended in saline in the 
induction of respiratory tract tumours in Syrian golden hamsters following repeated 
intratracheal instillation of such suspensions (Stenbäck et al., 1975). 

Repeated intratracheal instillation of benzo[a]pyrene mixed with glasswool 
microfibres suspended in gelatine/saline induced a few tracheal tumours in male and 
female Syrian hamsters; the incidence was comparable with that found after instillation of 
benzo[a]pyrene in gelatine/saline alone (Feron et al., 1985). 

The tumour response in the respiratory tract (16/48 or 33%; mainly laryngeal and 
tracheobronchial papillomas and carcinomas) of Syrian golden hamsters administered 
45 weekly intratracheal instillations of 850 µg atmospheric urban dust mixed with 340 µg 
benzo[a]pyrene and suspended in 2% Tween 60 in saline (total doses, 38 mg dust and 
about 15 mg benzo[a]pyrene) was not appreciably different from that (14/48 or 29%) of 
animals similarly treated with benzo[a]pyrene alone (Pott et al., 1973b). 

Benzo[e]pyrene 

Previous evaluation 

Benzo[e]pyrene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated two bioassays in which benzo[e]pyrene was administered dermally 
to mice (repeatedly and initiation–promotion protocols). On the basis of the available 
data, the Working Group concluded that benzo[e]pyrene was not an initiator of skin 
carcinogenesis in mice. Benzo[e]pyrene was also considered in February 1983 (IARC, 
1983) by a Working Group that evaluated the bioassays considered previously, plus two 
studies in which benzo[e]pyrene was administered intraperitoneally to neonatal mice and 
one study in which it was administered by pulmonary injection into rats. All of the studies 
are summarized in Tables 3.2, 3.4 and 3.7. On the basis of the available studies, the 
Working Group concluded that these data were inadequate to permit an evaluation of the 
carcinogenicity of benzo[e]pyrene to experimental animals. No new studies were 
available. 



424 IARC MONOGRAPHS VOLUME 92  

 

Chrysene 

Previous evaluation 

Chrysene was considered in December 1972 (IARC, 1973) and February 1983 
(IARC, 1983) by working groups that evaluated bioassays in which chrysene was 
administered dermally (repeatedly and initiation–promotion protocols) to mice, 
subcutaneously to mice and rats and intraperitoneally to mice. Chrysene was active when 
applied to mouse skin, when given subcutaneously to mice and when administered to 
newborn mice. On the basis of the available data, the working groups concluded that there 
was limited evidence for the carcinogenicity of chrysene in experimental animals. 
Additional bioassays that have been published since that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

In mouse skin initiation–promotion studies in which TPA was subsequently applied 
as a promoter, total initiating doses of 0–1.5 µmol chrysene applied to the skin of female 
CD-1 mice increased the incidence of skin papillomas (Chang et al., 1983; Rice et al., 
1988). A total initiating dose of 1.0 mg chrysene resulted in papillomas in 92% of animals 
(Rice et al., 1985). However, female CD-1 mice initiated with a single dose of 33 nmol 
chrysene (Amin et al., 1990), and male and female SENCAR mice initiated with a single 
application of 1600 nmol (Bhatt & Coombs, 1990) did not develop skin tumours. 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

In studies of newborn male and female Swiss-Webster BLU:Ha (ICR) mice, 
intraperitoneal injection of chrysene at doses of 0–1.4 µmol significantly increased the 
incidence of lung and liver tumours in male mice (Chang et al., 1983). In another study, 
intraperitoneal injection of chrysene at total doses of 0, 0.03 or 0.92 µmol did not increase 
the incidence of lung tumours in male or female mice (Busby et al., 1989). In newborn 
male and female CD-1 mice, intraperitoneal injection of total doses of 700 nmol chrysene 
increased the incidence of liver adenomas and carcinomas combined in male mice 
(Wislocki et al., 1986), and the highest dose (2800 nmol) significantly increased the 
incidence of liver carcinomas and lung adenomas in male mice (Wislocki et al., 1986). 
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Intrapulmonary administration (see also Table 3.4) 

Rat 

Intrapulmonary implantation of 0, 1 or 3 mg chrysene into Osborne-Mendel rats 
induced dose-related increases (0%, 14.3% and 28.6%) in the incidence of pulmonary 
squamous-cell carcinomas (Wenzel-Hartung et al., 1990). 

Coronene 

Previous evaluation 

Coronene was considered in February 1983 (IARC, 1983) by a Working Group that 
evaluated one bioassay in which coronene was administered dermally to mice 
(repeatedly) and one initiation–promotion assay in mice. The initiation–promotion assay 
gave positive results; the repeated application gave negative results. On the basis of these 
studies, the Working Group concluded that these data were inadequate to permit an 
evaluation of the carcinogenicity of coronene to experimental animals. No new data were 
available. 

4H-Cyclopenta[def]chrysene 

Dermal initiation–promotion (see also Table 3.2)  

In an initiation–promotion study in female CD-1 mice, an initiating dose of 1.0 mg 
4H-cyclopenta[def]chrysene prior to thrice-weekly applications of TPA resulted in 100% 
of the animals bearing skin papillomas with an average of 5.63 papillomas/animal (Rice 
et al., 1985). In another initiation–promotion study in female CD-1 mice, total initiating 
doses of 0.15, 0.5 or 1.5 µmol 4H-cyclopenta[def]chrysene prior to thrice-weekly 
applications of TPA resulted in increased incidences of skin papillomas (13/20 (65%), 
19/19 (100%) and 19/19 (100%)) in treated mice, with averages of 1.10, 6.84 and 8.47 
tumours/mouse, respectively; papillomas were observed in 4/20 (20%) of the acetone 
controls (Rice et al., 1988). 

Cyclopenta[cd]pyrene 

Previous evaluation 

Cyclopenta[cd]pyrene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated two bioassays in which cyclopenta[cd]pyrene was administered 
dermally to mice, results were positive in one study. It also gave positive results as an 
initiator in three initiation–promotion studies on mouse skin. The Working Group 
concluded that there was limited evidence for the carcinogenicity of cyclopenta[cd]pyrene 
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in experimental animals. Animal bioassays that have been published since that time are 
summarized below. 

Dermal application (see also Table 3.1) 

Mouse 

Cyclopenta[cd]pyrene applied to the skin of female Swiss mice at doses of 0, 22.2, 
66.6 or 200 nmol twice a week resulted in dose-related increases in the incidence of skin 
tumours (Cavalieri et al., 1983). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

In studies of newborn male and female Swiss-Webster BLU:ha (ICR) mice, 
intraperitoneal injection of cyclopenta[cd]pyrene at doses of 0, 1.55, 3.09, 4.64, 6.19 or 
7.73 µmol increased the incidence of lung adenomas and adenocarcinomas (males: 8%, 
62%, 56%, 86%, 77% and 89%; females: 8%, 60%, 70%, 93%, 100% and 100%) and 
number of tumours/animal (males: 0.08, 1.12, 2.78, 9.29, 4.08 and 7.33; females: 0.08, 
2.20, 3.20, 6.71, 13.57 and 5.33) in males and females combined (Busby et al., 1988). 
Intraperitoneal injection of male Strain A/J mice with single doses of 0, 10, 50, 100 or 
200 mg/kg bw cyclopenta[cd]pyrene resulted in an increased incidence of lung adenomas 
per mouse at doses above 10 mg/kg (Nesnow et al., 1994, 1995; Ross et al., 1995; 
Nesnow et al., 1998a,b). 

5,6-Cyclopenteno-1,2-benzanthracene 

Dermal application (see also Table 3.1) 

Mouse 

Groups of 10 mice [strain, sex, age and body weight unspecified] were treated 
dermally with solutions of 5,6-cyclopenteno-1,2-benzanthracene in benzene [volume and 
number of treatments unspecified]. Three groups were treated with a 0.3 % solution (two 
groups) or a 0.1% solution (one group) of ‘pure’ compound (purity determined by 
melting-point); an additional group was treated with a 0.3% solution of compound that 
was purified through recrystallization of the corresponding picrate. No control group was 
used. The time of death of the last animal in each group was 224–321 days in the group 
treated with 0.3% 5,6-cyclopenteno-1,2-benzanthracene and 339 days in the group treated 
with the 0.1% dose. Among the groups treated with the 0.3% solution, the tumour 
incidence was 2/10, 1/10 and 0/10 skin papillomas and 1/10, 4/10 and 8/10 skin 
epitheliomas (the last value in each series corresponded to the tumours obtained with the 
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material purified as the picrate). The group treated at the 0.1% dose developed 0/10 skin 
papillomas and 4/10 skin epitheliomas (Cook, 1932). A subsequent, similarly designed 
experiment using 0.03, 0.1 and 0.3% solutions of 5,6-cyclopenteno-1,2-benzanthracene 
[purity unspecified] resulted in an incidence of 1/20, 0/10 and 5/40 skin papillomas and 
1/20, 5/10 and 14/40 skin epitheliomas, respectively (Barry et al., 1935). 

Dibenz[a,c]anthracene  

Previous evaluation 

Dibenz[a,c]anthracene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which dibenz[a,c]anthracene was administered 
dermally to mice, either per se or as part of initiation–promotion protocols. These studies 
are summarized in Tables 3.1 and 3.2, respectively. On the basis of the available data, the 
Working Group concluded that there was limited evidence that dibenz[a,c]anthracene was 
carcinogenic to experimental animals. Additional studies that have been published since 
that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 39–40 female CD-1 white mice, approximately 45 days of age [body 
weight unspecified], received a single dermal application of 0, 25 or 50 µg dibenz[a,c]-
anthracene [purified by chromatography and recrystallized] in 100 µL acetone. One week 
later, promotion began with twice-weekly applications of 0.64 µg TPA in 100 µL acetone 
for 29 weeks, followed by doses of 1 µg for the subsequent 38 weeks. Systematic post-
mortem examinations were conducted on all animals and tumours were examined 
histologically. At the end of the experiment, 5/39 mice in the 25-µg dose group and 8/40 
mice in the 50-µg dose group had developed skin papillomas compared with 3/40 mice in 
the TPA-treated control group (Chouroulinkov et al., 1983). 

Subcutaneous administration (see also Table 3.3) 

Mouse 

Groups of 30 male and female C57BL/6J, DBA/2J and B6D2F1 mice, approximately 
5 weeks of age [body weight unspecified], received a single subcutaneous injection of 
150 or 300 µg dibenz[a,c]anthracene [purity unspecified] in 50 µL trioctanoin. Controls 
in all groups (10 mice/group) received trioctanoin alone. The mice were monitored for 
12 months. At the end of the experiment, no tumours were observed in any of the groups 
treated with 150 µg dibenz[a,c]anthracene. The incidence of subcutaneous fibrosarcoma 
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in the 300-µg dose groups was 1/30, 0/30 and 1/30 for C57BL/6, DBA/2 and B6D2F1 
mice, respectively. Tumour incidences were not reported for the control groups (Kouri et 
al., 1983). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

A group of 24 newborn male B6C3F1 mice received intraperitoneal injections of a 
total dose of 400 nmol [111 µg] dibenz[a,c]anthracene (purity >99% by HPLC) in 35 µL 
DMSO [1/7, 2/7 and 4/7 of the dose on days 1, 8 and 15 of life, respectively]. The mice 
were monitored for 12 months. At the end of the experiment, necropsies were performed 
and liver and lung masses were subjected to histology. The incidence of liver tumour was 
9/24 (adenomas) dibenz[a,c]anthracene-treated mice compared with 2/24 (adenomas) and 
1/24 (carcinoma) solvent-treated control mice. Lung tumours were not observed in either 
of the two groups (von Tungeln et al., 1999b).  

Dibenz[a,h]anthracene 

Previous evaluations 

Dibenz[a,h]anthracene was considered in December 1972 (IARC, 1973) by a 
Working Group that evaluated bioassays in which dibenz[a,h]anthracene was tested by 
oral administration to mice, dermal application in mice and hamsters, by intratracheal 
injection into hamsters, by intramammary injection into rats, by subcutaneous injection 
into mice, rats and guinea-pigs, by intramuscular injection into pigeons and chickens, by 
intravenous injection into mice, pulmonary administration to mice and rats and by 
intrarenal injection into frogs. These studies are summarized in Tables 3.1–3.4, 3.6, 3.9, 
3.10, 3.12 and 3.14. On the basis of the available data, the Working Group concluded that 
dibenz[a,h]anthracene was carcinogenic in experimental animals. Dibenz[a,h]anthracene 
was also considered in February 1983 (IARC, 1983) by a Working Group that evaluated 
the same bioassays as those considered previously and concluded that there was sufficient 
evidence that dibenz[a,h]anthracene was carcinogenic to experimental animals. 
Additional bioassays that have been published since that time or that were not considered 
in an earlier monograph are summarized below. 

Dermal application (see also Table 3.1) 

Mouse 

Groups of 50 female NMRI mice [age unspecified] were treated three times a week 
with 17 µL acetone that contained 0.1, 0.4 or 1.1 µg dibenz[a,h]anthracene (>99 % pure 
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by gas chromatography (GC) and HPLC) for 112 weeks (total doses, 37.8, 125 and 
378 µg). A control group of 50 female mice was treated with acetone alone. In the treated 
groups, skin tumours were observed in 3/50 low-dose, 4/50 mid-dose and 16/50 high-
dose mice; 2/48 mice treated with acetone developed skin tumours (Platt et al., 1990). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 16 female NMRI mice [age unspecified] received a single dermal 
application of 100 µL acetone that contained 83.5 µg dibenz[a,h]anthracene (>99 % pure 
by GC and HPLC) or 100 µL tetrahydrofuran that contained 167 µg dibenz[a,h]-
anthracene. A control group of 30 female mice was treated with 100 µL acetone alone. 
One week later, all mice received twice weekly dermal applications of 10 nmol TPA in 
100 µL acetone. The experiment was terminated after 24 weeks. In treated groups, skin 
tumours were observed in 6/16 (38%) low-dose and 15/16 (93%) high-dose mice; no skin 
tumour was observed in mice treated with acetone alone (Platt et al., 1990).  

Subcutaneous administration (see also Table 3.3) 

Mouse 

A group of 50 male and female C57BL mice [age unspecified] received a single 
subcutaneous injection of 20 µg dibenz[a,h]anthracene [purity unspecified] in 500 µL 
tricaprylin. Mice surviving more than 4 months were included in the final tumour count. 
A control group of 304 mice was treated with tricaprylin alone. The experiment was 
continued for 22 months. Sarcomas occurred in 28/48 mice treated with dibenz[a,h]-
anthracene compared with 3/280 control mice (Steiner & Falk, 1951). 

Groups of 100 female NMRI mice [age unspecified] received a single subcutaneous 
injection of 2.35, 4.7, 9.3, 18.7, 37.5 or 75.0 µg dibenz[a,h]anthracene [purity un-
specified] in 500 µL tricaprylin. A control group of 100 mice was available. The 
experiment was continued for 114 weeks. The incidence of sarcomas was 37/100, 39/100, 
44/100, 56/100, 65/100 and 69/100 in the groups treated with 2.35, 4.7, 9.3, 18.7, 37.5 
and 75.0 µg dibenz[a,h]anthracene, respectively. The incidence in the control group was 
not reported (Pfeiffer, 1977). 

Groups of male and female B6 (30 mice), D2 (30 mice) or B6D2F1 (57 or 60) mice 
[age unspecified] received a single subcutaneous injection of 150 or 300 µg 
dibenz[a,h]anthracene [purity unspecified] in 50 µL tricaprylin. Masses >1 cm were 
considered to be positive. Control mice (10 per group) were treated with tricaprylin alone. 
The experiment was terminated after 12 months. In the treated groups, the incidence of 
fibrosarcomas was 16/30 low-dose and 14/30 high-dose B6 mice; 1/30 low-dose and 0/30 
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high-dose D2 mice; and 8/57 low-dose and 33/60 high-dose B6D2F1 mice. The tumour 
incidence in the control group was not reported (Kouri et al., 1983). 

Groups of 30 male C3H/HeJ, C57BL/6J, AKR/J and DBA/J2 mice [age unspecified] 
received single subcutaneous injections of 150 µg dibenz[a,h]anthracene [purity 
unspecified] in 50 µL trioctanoin. Control groups of 10 mice were treated with the solvent 
alone. The experiment was continued for 9 months. The incidence of fibrosarcomas in the 
treated groups was 24/30 C3H/HeJ, 16/30 C57BL/6J, 0/30 AKR/J and 1/30 DBA/J2 
mice. No fibrosarcomas were observed in the control groups (Lubet et al., 1983).  

Groups of 50 female NMRI mice [age unspecified] received single subcutaneous 
injections into the interscapular region of 500 µL tricaprylin that contained 10, 11, 30, 86 
or 112 µg dibenz[a,h]anthracene (>99 % pure by GC and HPLC). Two control groups of 
50 female mice were treated with tricaprylin alone. Masses >1 cm were considered to be 
positive. The experiment was terminated after 112 weeks. The incidence of fibrosarcomas 
in dibenz[a,h]anthracene-treated groups was: 10 µg, 25/48; 11 µg, 16/47; 30 µg, 25/50; 
86 µg, 31/49; and 112 µg, 38/48; the incidence in controls was 3/49 and 1/50 (Platt et al., 
1990).  

Groups of 40 male and 44 female newborn NMRI mice, 2 days of age, received a 
single subcutaneous injection of 50 µL of an aqueous solution (1% gelatine, 0.9% saline, 
0.4% Tween 20) that contained 11 or 111 µg dibenz[a,h]anthracene (>99 % pure by GC 
and HPLC). A control group of 49 male and female mice was treated with the solvent 
alone. In the treated groups, the incidence of pulmonary tumours was 6/13 (tumour 
multiplicity, 3.3 tumours/mouse) low-dose and 16/17 (30.6 tumours/mouse) high-dose 
females and 6/22 (3.8 tumours/mouse) low-dose and 19/21 (27.3 tumours/mouse) high-
dose males. The incidence in controls was 1/19 (1.0 tumours/mouse) females and 1/14 
(2.0 tumours/mouse) males (Platt et al., 1990). 

Rat 

Groups of 12 female Sprague-Dawley rats, 30 days of age, received thrice weekly 
subcutaneous injections for a total of 20 times of 100 µL sesame oil:DMSO (9:1) that 
contained 300 µg dibenz[a,h]anthracene (single peak by GC/mass spectrometry (MS) and 
HPLC). A control group of 12 rats was treated with the solvent alone. The experiment 
was continued for 37 weeks. The incidence of sarcomas in rats treated with dibenz[a,h]-
anthracene was 12/12 compared with 0/12 in the solvent-treated controls (Flesher et al., 
2002).  

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Groups of 20 male A/J mice, 5–6 weeks of age, received single intraperitoneal 
injections of 1.25, 2.5, 5 or 10 mg/kg bw dibenz[a,h]anthracene (purity, 97%) in 100 or 
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200 µL tricaprylin. A control group of 20 mice was treated with the solvent alone. The 
experiment continued for 8 months (survival, >90%), at which time gross lung adenomas 
were counted. The incidence of lung adenoma was 100% at doses above 2.5 mg/kg 
dibenz[a,h]anthracene. Tumour multiplicity (adenomas/mouse) was 1.44, 3.05, 13.1 and 
32.1 at 1.25, 2.5, 5 and 10 mg/kg dibenz[a,h]anthracene, and was significantly different 
(p <0.05) from the solvent-treated control (0.6 lung adenomas/mouse) at doses above 
1.25 mg/kg (Nesnow et al., 1995; Ross et al., 1995; Nesnow et al., 1998a,b). 

Intrapulmonary administration (see also Table 3.4) 

Rat 

Groups of 35 inbred female Osborne-Mendel rats [age unspecified] received a single 
pulmonary implantation of 100 µg dibenz[a,h]anthracene (purity, 99.3%) in a mixture of 
beeswax and tricaprylin or the solvent alone. The animals were monitored for 123 weeks. 
Lung carcinomas were found in 20 rats administered dibenz[a,h]anthracene, but not in 
solvent-treated control rats (Wenzel-Hartung et al., 1990).  

Intramammary administration (see also Table 3.5) 

Rat 

Groups of 20 female Sprague-Dawley rats, 50 days of age, received a single 
intramammary injection of 1.1 or 4.5 mg finely powdered dibenz[a,h]anthracene (purity 
>99%). The untreated contralateral breast served as the control. All rats were killed after 
20 weeks. No tumours were observed in either the treated or contralateral control 
mammary glands (Cavalieri et al., 1988a). 

Intravenous administration (see also Table 3.9) 

Mouse 

A group of equal numbers of male and female strain A mice [age unspecified] 
received a single intrapulmonary injection of 250 µg dibenz[a,h]anthracene (melting-
point, 266.0–266.8 °C) suspended in 250 µL water. The control group received the 
solvent alone. Twenty weeks after treatment, the incidence of pulmonary tumours was 
10/10 (30.5 tumours/mouse) in the experimental group compared with 4/19 (1.0 tumours/ 
mouse) in the controls (Andervont & Shimkin, 1940; Shimkin & Stoner, 1975). 
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Intratracheal injection (see also Table 3.12) 

Hamster 

Groups of 48 male Syrian golden hamsters [age unspecified] received a total of 
30 weekly intratracheal administrations of 50 or 250 µg dibenz[a,h]anthracene (purity 
>99% by thin-layer chromatography; TLC) mixed with an equal amount of haematite 
dust (Fe2O3) in 200 µL saline and were monitored for 120 weeks. The incidence of 
respiratory tract tumours was 0/46 low-dose animals and 2/46 high-dose animals. No 
respiratory tract tumour was observed in 82 untreated controls (Sellakumar & Shubik, 
1974). 

Groups of Syrian golden hamsters [initial number, sex and age not specified] received 
weekly intratracheal injections of 300 or 900 µg dibenz[a,h]anthracene in a saline 
solution that contained 0.4% Tween 80 for 20 weeks. Control animals were treated with 
the solvent alone. The incidence of respiratory tract tumours was 55% in low-dose 
animals, 65% in high-dose animals and 3% in animals treated with the solvent (Pott et al., 
1978). 

Dibenz[a,j]anthracene 

Previous evaluation 

Dibenz[a,j]anthracene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated bioassays in which dibenz[a,j]anthracene was administered 
dermally and subcutaneously to mice. These studies are summarized in Tables 3.1 and 
3.3. On the basis of the available data, the Working Group concluded that there was 
limited evidence that dibenz[a,j]anthracene was carcinogenic to experimental animals. 
Additional bioassays that have been published since that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 30 shaved female SENCAR mice, 7–9 weeks of age, received a single 
dermal application of 400 or 800 nmol [111 or 223 µg] benz[a,j]anthracene [purity not 
specified] in 200 µL acetone. Control mice were treated with the solvent alone. Two 
weeks later, all mice were administered 3.4 nmol [2.1 µg] TPA [solvent unspecified] 
twice a week for 20 weeks. After 20 weeks of promotion, the skin tumour incidence [no 
histology] was 70% (1.3 papillomas/mouse) in mice treated with 400 nmol dibenz[a,j]-
anthracene and 97% (3.0 papillomas/mouse) in those treated with 800 nmol dibenz[a,j]-
anthracene compared with 19% (0.19 papillomas/mouse) in acetone-treated control mice 
(Sawyer et al., 1987). 
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Groups of 24 shaved female SENCAR mice [age unspecified] received a single 
dermal application of 400 nmol [111 µg] dibenz[a,j]anthracene [purity unspecified] in 
200 µL peroxide-free tetrahydrofuran. Control mice were treated with the solvent alone. 
Two weeks later, all mice were administered 3.4 nmol [2.1 µg] TPA in 200 µL acetone 
twice a week for 14 weeks. After 14 weeks of promotion, the skin tumour incidence 
(histology on random samples) was 29% (0.58 papillomas/mouse) in mice treated with 
dibenz[a,j]anthracene compared with 5% (0.05 papillomas/mouse) in the tetrahydrofuran-
treated control mice (p <0.05) (Harvey et al., 1988). 

Groups of 30 shaved female SENCAR mice [age unspecified] received a single 
dermal application of 400 or 800 nmol [111 or 223 µg] dibenz[a,j]anthracene [purity 
unspecified] in 200 µL peroxide-free tetrahydrofuran. Control mice were treated with the 
solvent alone. Two weeks later, all mice were administered 3.4 nmol [2.1 µg] TPA twice 
a week for 20 weeks. After 20 weeks of promotion, the skin tumour incidence [no 
histology] was 70% (1.27 papillomas/mouse) in mice treated with 400 nmol dibenz[a,j]-
anthracene and 97% (3.00 papillomas/mouse) in those treated with 800 nmol dibenz[a,j]-
anthracene compared with 16% (0.16 papillomas/mouse) in acetone-treated control mice 
(Sawyer et al., 1988). [The Working Group noted that these appear to be the same data as 
those given in Sawyer et al. (1987).] 

Groups of 24 shaved female SENCAR mice [age unpecified] received a single dermal 
application of 400 or 800 nmol [111 or 223 µg] dibenz[a,j]anthracene [purity unspecified] 
in 200 µL peroxide-free tetrahydrofuran. Control mice were treated with the solvent 
alone. Two weeks later, all mice were administered 3.4 nmol [2.1 µg] TPA twice a week 
for 20 weeks. After 20 weeks of promotion, the skin tumour incidence was 39% 
(0.86 papillomas/mouse) in mice treated with 400 nmol dibenz[a,j]anthracene and 65% 
(1.83 papillomas/mouse) in those treated with 800 nmol dibenz[a,j]anthracene compared 
with 5% (0.05 papillomas/mouse) in the tetrahydrofuran-treated control mice (Sawyer et 
al., 1988). 

Dibenzo[a,e]fluoranthene 

Previous evaluation 

Dibenzo[a,e]fluoranthene was considered in February 1983 (IARC, 1983) by a 
Working Group that evaluated one study in which dibenzo[a,e]fluoranthene was applied 
dermally to mice and one initiation–promotion study in mice. Both studies gave positive 
results. On the basis of these data, the Working Group concluded that there was limited 
evidence for the carcinogenicity of dibenzo[a,e]fluoranthene in experimental animals. No 
new studies were available. 
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13H-Dibenzo[a,g]fluorene 

Dermal application (see also Table 3.1) 

Rat 

In two experiments that explored the anti-carcinogenic activity of certain organic 
compounds, a group of 10 male and 10 female CF1 mice, 12 weeks of age, received 
dermal applications of one drop (0.02 mL) of a 0.3% solution of 13H-dibenzo[a,g]-
fluorene [purity unspecified] [~ 60 µg] in acetone on the shaved interscapular region 
twice a week for 31 weeks. The experiments were terminated after 48 weeks. In one of 
the two experiments, 6/20 animals (30%) developed skin tumours (six squamous-cell 
carcinomas and one sarcoma). In the other experiment, 9/20 animals (45%) had skin 
tumours (nine squamous-cell carcinomas and two sarcomas) (Riegel et al., 1951). [The 
Working Group noted the absence of controls.] 

Dibenzo[h,rst]pentaphene 

Previous evaluation 

Dibenzo[h,rst]pentaphene was considered in December 1972 (IARC, 1973) by a 
Working Group that evaluated one bioassay in mice that were injected subcutaneously 
with dibenzo[h,rst]pentaphene, this is summarized in Table 3.3. On the basis of this study, 
another Working Group (IARC, 1987) concluded that there was limited evidence in 
experimental animals for the carcinogenicity of dibenzo[h,rst]pentaphene. No new studies 
were available. 

Dibenzo[a,e]pyrene  

Previous evaluations 

Dibenzo[a,e]pyrene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated bioassays in which dibenzo[a,e]pyrene was administered dermally 
and subcutaneously to mice. These studies, which are summarized in Tables 3.1 and 3.3, 
indicated the induction of skin papillomas and epitheliomas after dermal application and 
sarcomas after subcutaneous injection. Dibenzo[a,e]pyrene was also assessed in February 
1983 (IARC, 1983) by a Working Group that evaluated the same bioassays as those 
considered previously and concluded that there was sufficient evidence that dibenzo[a,e]-
pyrene was carcinogenic to experimental animals. Additional bioassays that have been 
published since that time or that were not considered in an earlier monograph are 
summarized below. 
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Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 30 female Ha/ICR/Mil (Swiss albino) mice [age and body weight 
unspecified] received 10 dermal applications of 25 µL 0.1% dibenzo[a,e]pyrene [25 µg; 
recrystallized and chromatographically pure; purity confirmed by determination of 
melting-point] in dioxane at 2-day intervals [total dose, 250 µg/animal]. On day 28, 
dermal applications of 2.5% (2.3 mg) croton oil in acetone [volume, number, frequency 
and duration of treatments unspecified] were begun. A group of 30 mice was treated with 
croton oil solution alone. All survivors were killed after 6 months, at which time mortality 
rates were 2/28 and 4/30 and tumour incidence (skin papillomas) was 10/28 and 2/30 in 
the dibenzo[a,e]pyrene-treated and croton oil control groups, respectively. The total 
number of papillomas/mouse was 0.83 and 0.1 in the dibenzo[a,e]pyrene-treated and 
croton oil control mice, respectively (Hoffmann & Wynder, 1966; LaVoie et al., 1979).  

A group of 21 female SENCAR mice, 8 weeks of age, [weight unspecified] received 
a single dermal application of 800 nmol [242 µg] dibenzo[a,e]pyrene (purity >99% by 
HPLC) in 100 µL dioxane/DMSO (75:25). A vehicle control group was treated with 
100 µL dioxane/DMSO alone. One week later, all mice were treated with 4.26 nmol 
(2.6 µg) TPA in 100 µL acetone twice a week for 25 weeks and were killed after the 25th 
week of promotion. Complete necropsies were performed. At the end of the experiment, 
5/21 mice in the dibenzo[a,e]pyrene-treated group had developed seven skin papillomas 
(0.3 papillomas/mouse) and 2/23 mice in the control group had developed one skin 
papilloma (0.1 papilloma/mouse). The first skin papillomas appeared after 15 weeks in 
the dibenzo[a,e]pyrene-treated group compared with 20 weeks in the control group 
(Cavalieri et al., 1989).  

Intramamillary administration (see also Table 3.5) 

Rat  

A group of 19 female Sprague-Dawley rats, 8 weeks of age, [weight unspecified] 
received a single intramamillary injection of 4 µmol (1.2 mg)/gland dibenzo[a,e]pyrene 
(purity >99% by HPLC) dissolved in 100 µL trioctanoin (total dose, 32 µmol [9.6 mg]). 
One control group of 21 rats was treated with 100 µL solvent and another control group 
of 20 rats remained untreated. The animals were monitored weekly for tumour 
development and were killed when tumours were ≥2 cm in diameter; all the remaining 
animals were killed at 40 weeks. Complete necropsies were performed. Survival rates 
(mean ± SD) were 38 ± 0, 37 ± 4 and 40 ± 0 weeks in the dibenzo[a,e]pyrene-treated, 
untreated and vehicle-control groups, respectively, and tumour latencies were 35 ± 0 and 
25 ± 13 weeks in the dibenzo[a,e]pyrene-treated and untreated groups, respectively. At 
the end of the study, 1/19 rats in the dibenzo[a,e]pyrene-treated group and 2/20 rats in the 
untreated group had developed mammary epithelial tumours (one adenofibroma in the 
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dibenzo[a,e]pyrene-treated rat; one adenofibroma and one adenocarcinoma in the 
untreated rats). No tumours were observed in the vehicle-control group (Cavalieri et al., 
1989). 

Dibenzo[a,h]pyrene 

Previous evaluations 

Dibenzo[a,h]pyrene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated bioassays in which dibenzo[a,h]pyrene was administered dermally 
and subcutaneously to mice and by intramuscular injection to rats. These studies are 
summarized in Tables 3.1, 3.3 and 3.10. On the basis of the available data, the Working 
Group concluded that dibenzo[a,h]pyrene was carcinogenic in experimental animals. 
Dibenzo[a,h]pyrene was also considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated the same bioassays as those considered previously and concluded 
that there was sufficient evidence that dibenzo[a,h]pyrene was carcinogenic to 
experimental animals. Additional bioassays that have been published since that time or 
were not considered in an earlier monograph are summarized below. 

Dermal application (see also Table 3.1) 

Mouse 

A group of 40 random-bred female Swiss mice [age unspecified] received dermal 
applications of 119 µg dibenzo[a,h]pyrene (purity, 99.6%) in 16.7 µL acetone twice 
weekly for 30 weeks. A control group of 40 mice was treated with acetone alone. 
Tumours were recorded when they persisted for 4 weeks or more. All dibenzo[a,h]-
pyrene-treated mice had died or were removed by 45 weeks and 35/39 had skin tumours 
(papillomas, keratoacanthomas and carcinomas). No skin tumours were observed in 
29 control mice after a period of 70 weeks (Cavalieri et al., 1977). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 31 female CD-1 mice [age unspecified] received a single dermal 
application of 200 µg dibenzo[a,h]pyrene [purity unspecified] in acetone. A control group 
of 32 mice was treated with acetone alone. One week later, all mice received twice 
weekly dermal applications of 10 µg TPA for 26 weeks. Skin tumours occurred in 26/28 
mice treated with dibenzo[a,h]pyrene compared with 2/32 solvent-treated control mice 
(Sardella et al., 1981). 
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Groups of 30 female CD-1 mice, 7–8 weeks of age, received a single dermal 
application of 15 µg (50 nmol) dibenzo[a,h]pyrene (‘essentially’ pure by chroma-
tography, mass spectrometry (MS) and nuclear magnetic resonance (NMR)) in 200 µL 
10% DMSO in tetrahydrofuran or the solvent alone. Seven days later, all mice received 
twice-weekly applications of 16 nmol TPA in 200 µL acetone. Papillomas >2 mm in 
diameter that persisted for ≥2 weeks were included in the cumulative total. After 
16 weeks of TPA promotion, 55% of the dibenzo[a,h]pyrene-treated mice had papillomas 
(1.41 tumours/mouse) compared with 0% in the solvent-treated controls; after 24 weeks 
of TPA promotion, the respective values were 72% (3.97 tumours/mouse) and 0%. In a 
second experiment, groups of 30 female CD-1 mice received a single dermal application 
of either 60 µg (200 nmol) or 180 µg (600 nmol) dibenzo[a,h]pyrene followed by 
applications of TPA. After 16 weeks of TPA promotion, papillomas had occurred in 79% 
(4.72 tumours/mouse) and 72% (5.52 tumours/mouse) low- and high-dose animals, 
respectively, compared with 10% (0.01 tumours/mouse) of the solvent-treated controls 
(Chang et al., 1982). 

A group of 24 female SENCAR mice, 8 weeks of age, received a single dermal 
application of 240 µg (800 nmol) dibenzo[a,h]pyrene (purity >99% by HPLC) in 100 µL 
dioxane: DMSO (75:25); a control group of 23 mice was treated with the solvent alone. 
One week later, all mice received twice weekly dermal applications of 4.26 nmol TPA in 
100 µL acetone for 25 weeks. Papillomas occurred in 18/24 mice treated with 
dibenzo[a,h]pyrene (5.3 tumours/mouse) compared with 2/23 solvent-treated control 
mice (0.1 tumours/mouse) (Cavalieri et al., 1989). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

60 Newborn male and female Swiss-Webster mice (BLU:Ha(ICR)) received 
intraperitoneal injections on days 1, 8 and 15 of life of 3.8, 7.6 and 15.2 µg dibenzo[a,h]-
pyrene (‘essentially’ pure by chromatography, MS and NMR) in 5, 10 and 20 µL DMSO. 
Control mice were treated with the solvent alone. The experiment continued until the 
mice were 49–54 weeks old. Pulmonary tumours occurred in 13/14 treated females 
(4.78 tumours/mouse), 25/25 treated males (5.20 tumours/mouse), 11/39 control females 
(0.44 tumours/mouse) and 7/32 control males (0.80 tumours/mouse). Hepatic tumours 
occurred in 1/14 treated females (0.07 tumours/mouse) and 11/25 treated males 
(0.88 tumours/mouse), but not in solvent-treated controls. Two female mice treated with 
dibenzo[a,h]pyrene had skin sarcomas and one had an adenocarcinoma of the small 
intestine (Chang et al., 1982). 
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Intramamillary administration (see also Table 3.5) 

Rat 

A group of 20 female Sprague-Dawley rats, 8 weeks of age, received a single 
intramamillary injection of 1.2 µg (4 µmol)/gland dibenzo[a,h]pyrene (purity >99% by 
HPLC) in 100 µL tricaprylin (total dose, 9.6 µg for eight glands). A group of 21 control 
rats was treated with tricaprylin alone. Animals were killed when tumours were ≥2 cm in 
diameter. The experiment lasted 40 weeks. Fibrosarcomas occurred in 19/20 rats treated 
with dibenzo[a,h]pyrene compared with 0/21 control rats. Mammary gland adeno-
fibromas and adenocarcinomas occurred in 4/20 rats treated with dibenzo[a,h]pyrene 
compared with 0/21 control rats (Cavalieri et al., 1989).  

Dibenzo[a,i]pyrene  

Previous evaluations 

Dibenzo[a,i]pyrene was considered in December 1972 (IARC, 1973) by a Working 
Group that evaluated bioassays in which dibenzo[a,i]pyrene was administered dermally to 
mice and subcutaneously to mice and hamsters. The transfer of injection-site tissues 
following subcutaneous injection to mice was also analysed. These studies, which are 
summarized in Tables 3.1 and 3.3, indicated the induction of skin papillomas and 
epitheliomas [the Working Group considered these tumours to be squamous-cell 
carcinomas] after repeated dermal application and sarcomas after subcutaneous injection; 
in addition, it was shown that transfer of injection-site tissues to secondary hosts 
shortened the latent period. Dibenzo[a,i]pyrene was also assessed in February 1983 
(IARC, 1983) by a Working Group that evaluated the same bioassays as those considered 
previously and concluded that there was sufficient evidence that dibenzo[a,i]pyrene was 
carcinogenic to experimental animals. Additional bioassays that have been published 
since that time or that were not considered in an earlier monograph are summarized 
below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 20 female Ha/ICR Swiss albino mice, 50–55 days of age [body weight 
unspecified], received 10 dermal applications of dibenzo[a,i]pyrene (95% pure by HPLC) 
in 100 µL acetone once on alternate days (total doses, 100 µg and 500 µg) or acetone 
alone. Ten days after initiation had been completed, all animals received thrice-weekly 
applications of 2.5 µg TPA in 100 µL acetone for 20 weeks. Tumours were counted 
weekly and at autopsy, and were examined histologically; however, skin tumour types 
were not reported. Mice treated with 100 µg dibenzo[a,i]pyrene had a 40% skin tumour 
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incidence (average of 0.5 skin tumours/mouse), whereas the group treated with 500 µg 
dibenzo[a,i]pyrene had an 85% skin tumour incidence (average of 5.8 skin tumours/ 
mouse). No skin tumours were observed in the vehicle-control group (Hecht et al., 1981). 

Groups of 30 female CD-1 mice, 7–8 weeks of age [body weight unspecified], were 
treated with a single dermal application of 15, 60 or 180 µg dibenzo[a,i]pyrene 
(‘essentially pure’ on the basis of chromatography, MS and NMR) in 200 µL 10% 
DMSO in tetrahydrofuran or the solvent alone. One week later, the mice received twice-
weekly applications of 10 µg TPA in 200 µL acetone. Papillomas >2 mm in diameter 
were included in the cumulative total when they persisted for ≥2 weeks. After a 16-week 
period of promotion, skin tumour incidence was 28, 67 and 79% in the low-, mid- and 
high-dose groups, respectively. The corresponding numbers of skin papillomas/mouse [no 
histology] were 0.52, 5.33 and 5.25. In a separate experiment, promotion with TPA was 
continued for 24 weeks in a group of 30 female mice previously treated with 15 µg 
dibenzo[a,i]pyrene; skin tumour incidence was 69%, and the number of skin papillomas/ 
mouse was 2.07 ± 0.44 (mean ± SE). No skin tumours were observed in the solvent 
control groups for both 15-µg dose groups; the skin tumour incidence was 10% 
(0.10 papillomas/mouse) in the controls for the 60- and 180-µg dose groups (Chang et al., 
1982). 

Groups of 24 female SENCAR mice, 8 weeks of age [body weight unspecified], 
received a single dermal application of 800 nmol [242 µg] dibenzo[a,i]pyrene (purity 
>99% by HPLC) in 100 µL dioxane:DMSO (75:25) or dioxane:DMSO only. One week 
later, all mice were treated with TPA (4.26 nmol [2.6 µg]/100 µL acetone] twice a week 
for 25 weeks, and were killed after the 25th week of promotion. At the end of the 
experiment, 15/24 mice in the dibenzo[a,i]pyrene-treated group had developed 63 skin 
papillomas (2.6 papillomas/mouse) and 2/23 mice in the control group had developed a 
skin papilloma (0.1 papillomas/mouse). The first skin papillomas appeared after 12 weeks 
in the dibenzo[a,i]pyrene-treated group compared with 20 weeks in the control group 
(Cavalieri et al., 1989). 

Subcutaneous administration (see also Table 3.3) 

Mouse 

A group of 50 mice [strain, sex, age and weight unspecified] received a single 
subcutaneous injection of 100 µg dibenzo[a,i]pyrene [purity unspecified] in tricaprylin 
[volume unspecified]. A control group of 25 mice was treated with tricaprylin alone. 
Survival rates after 75 weeks were 41/50 dibenzo[a,i]pyrene-treated animals and 
24/25 controls. Tumour incidences (local sarcomas) at 75 weeks were 40/50 treated mice 
and 0/25 controls, respectively (Sardella et al., 1981). 
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Intraperitoneal administration (see also Table 3.7) 

Mouse  

Groups of newborn male and female Swiss-Webster [BLU:Ha(ICR)] mice received 
three intraperitoneal injections of 12.5, 25 and 50 nmol (3.8, 7.6 and 15.1 µg) 
dibenzo[a,i]pyrene (‘essentially pure’ on the basis of chromatography, MS and NMR) 
dissolved in 5, 10 and 20 µL DMSO, respectively, on days 1, 8 and 15 of life (total dose, 
87.5 nmol [26.5 µg]). Control mice received injections of DMSO alone. The mice were 
weaned at 25 days of age, and killed at 49–54 weeks. At the end of the experiment, the 
incidence of pulmonary tumours was 38/39 (3.64 tumours/mouse) treated males, 
7/32 (0.80 tumours/mouse) control males, 21/21 (5.80 tumours/mouse) treated females 
and 11/39 (0.44 tumours/mouse) control females. In addition, hepatic tumours were 
observed in 21/39 treated males [0.82 tumours/mouse], but not in the other groups. A 
representative number of pulmonary tumours and all hepatic tumours were examined 
histologically. Most of the hepatic tumours were type A or neoplastic nodules (Chang et 
al., 1982). 

Intratracheal administration (see also Table 3.12) 

Hamster  

A group of 36 male Syrian golden hamsters, 9–10 weeks of age and weighing 
approximately 98 g, received four weekly intratracheal doses of 2 mg dibenzo[a,i]pyrene 
(purity > 99% by TLC; total dose, 8 mg), ground to a finely aggregated dust (1:1, w:w) 
with haematite (particle size <1 µm) and then suspended in 200 µL saline (0.9% 
aqueous). A second group of 48 male hamsters of the same strain and age was treated 
similarly with 24 weekly doses of 500 µg dibenzo[a,i]pyrene (total dose, 12 mg), and an 
additional group of 90 hamsters was untreated. No control group received intratracheal 
instillation of the vehicle. The animals were monitored daily, weighed once a week and 
died spontaneously or were killed when moribund. At 100 weeks, all treated animals and 
71/90 controls had died. Respiratory insufficiency, due to extensive tumour involvement 
in the respiratory tract, accounted for the increased mortality rates in the treated groups. In 
the group treated with four doses of 2 mg dibenzo[a,i]pyrene, the incidence of tumours of 
the respiratory tract was 16/34; specific incidences were one tumour of the larynx, two of 
the trachea, 13 of the bronchi and one of the lung; no tumours were found at other sites. In 
the group treated with 24 doses of 500 µg dibenzo[a,i]pyrene, the incidence of tumours of 
the respiratory tract was 39/44; specific incidences were six tumours of the trachea, 37 of 
the bronchi and one of the lung. In addition, two malignant lymphomas occurred in this 
group. A total of 19 treatment-induced respiratory tract tumours developed in the group 
treated with four doses of 2 mg, and a total of 95 tumours in the group treated 24 times 
with 500 µg; squamous-cell carcinomas were the predominant histological type. No 
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tumours of the respiratory tract were observed in the untreated group, which had an 
incidence of 11/82 tumours at other sites (Sellakumar & Shubik, 1974). 

Two groups of 24 male and 24 female Syrian golden hamsters, 6–7 weeks of age 
[weight unspecified], were treated intratracheally with dibenzo[a,i]pyrene (purity >99% 
by TLC) finely suspended in distilled water (particle size <25 µm). One group received 
1 mg once a week for 12 weeks (total dose, 12 mg) and the other group received 500 µg 
once a week for 17 weeks (total dose, 8.5 mg). No control group was available. Animals 
were monitored weekly and those in poor condition were isolated and allowed to die 
spontaneously or were killed when moribund [follow-up time unspecified]; death was 
most frequently attributed to respiratory insufficiency due to extensive neoplastic 
involvement of the respiratory system. The incidence of respiratory tumours (males and 
females combined) was 36/48 in the group that received 12 doses of 1 mg and 39/48 in 
the group that received 17 doses of 500 µg; the earliest tumours appeared in the larynx 
and trachea at 8 weeks. Main bronchi tumours (62% at the 12 × 1-mg dose level and 82% 
at the 17 × 500-µg dose level) predominated, followed by tracheal tumours (19% at the 
12 × 1-mg dose level and 13% at the 17 × 500-µg dose level). Tumours of the larynx, 
lung and pleura were observed at lower incidences. Morphologically, the most common 
tumours were squamous-cell carcinomas (Stenbäck & Sellakumar, 1974). 

Intramamillary administration (see also Table 3.5) 

Rat  

A group of approximately 20 female Sprague-Dawley rats, 8 weeks of age, [weight 
unspecified], received a single intramamillary injection of 4 µmol (1.2 mg)/gland 
dibenzo[a,i]pyrene (purity >99% by HPLC) dissolved in 100 µL tricaprylin (eight glands; 
total dose, 32 µmol [9.6 mg]). One control group was treated with 100 µL solvent and 
another was untreated. The animals were monitored weekly for tumour development and 
were killed when tumours were ≥2 cm in diameter. All the remaining animals were killed 
at 40 weeks and complete necropsies were performed. Survival rates (mean ± SD) were 
30 ± 5, 37 ± 4 and 40 ± 0 weeks in the dibenzo[a,i]pyrene-treated, untreated and vehicle-
control groups, respectively. Tumour latencies were 19 ± 2 and 25 ± 13 weeks in the 
dibenzo[a,i]pyrene-treated and untreated groups, respectively. At the end of the study, 
18/19 rats in the dibenzo[a,i]pyrene-treated group had developed fibrosarcomas 
(2.4 tumours/tumour-bearing rat), 11/19 rats had mammary adenocarcinomas 
(1.4 tumours/tumour-bearing rat) and 1/19 had mammary adenofibromas (two tumours). 
In contrast, 2/20 rats in the untreated group had developed mammary epithelial tumours 
(one adenofibroma and one adenocarcinoma) but no fibrosarcomas. No tumours were 
observed in the vehicle-control group (Cavalieri et al., 1989). 
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Intrauterine administration (see Table 3.14) 

Mouse 

A group of 30 female mice [strain, age and weight unspecified] received a single 
intrauterine injection of 0.5 mg dibenzo[a,i]pyrene [vehicle, purity and volume 
unspecified]. After 32 weeks, none of the 30 treated animals developed tumours 
(Homburger & Tregier 1960). 

Dibenzo[a,l]pyrene  

Previous evaluations 

Dibenzo[a,l]pyrene was considered in December 1972 (IARC, 1973) by a Working 
Group that restricted its evaluation to work published after 1966, since earlier data 
reported for dibenzo[a,l]pyrene had in fact been obtained from experiments that used 
dibenzo[a,e]fluoranthene. A single study was analysed that showed the induction of 
sarcomas following subcutaneous administration of dibenzo[a,l]pyrene to mice (Table 
3.3). Dibenzo[a,l]pyrene was also assessed in February 1983 (IARC, 1983) by a Working 
Group that evaluated the same bioassay as that considered previously, and an additional 
study of dermal application to mice that resulted in the induction of skin tumours (see 
Table 3.1). On the basis of these data, the Working Group concluded that there was 
sufficient evidence that dibenzo[a,l]pyrene was carcinogenic to experimental animals. 
Additional bioassays that have been published since that time are summarized below. 

Oral administration (see also Table 3.6) 

Fish 

A group of 65 Japanese medaka fish (Oryzias latipes), 2 months of age, was fed a diet 
containing 100 ppm dibenzo[a,l]pyrene (purity >97% by HPLC; dissolved in menhaden 
oil before mixing) ad libitum once a day on 5 days per week for 28 days, followed by 
basal diet for an additional 9 months. A control group of 75 fish was fed basal diet only. 
At the end of the experiment, tumour incidence was 17/65 (26%) in the 
dibenzo[a,l]pyrene-treated group compared with 6/75 (8%) in the control group (p <0.05). 
Hepatic neoplasia (12/65 (18%) versus 0/75; p <0.001) predominated, followed by 
hepatocellular carcinoma (7/65 (11%) versus 0/75). Other types of neoplasia observed 
included bile duct adenoma, ovarian dysgerminoma, testicular neurofibrosarcoma and 
paravertebral ganglioneuroma (1/65 (1.5%), 2/65 (3%), 0/65 and 1/65 (1.5%), 
respectively, compared with 0/75, 5/75 (7%), 1/75 (1%) and 0/75 in the control group) 
(Reddy et al., 1999a). 

A group of 260 Shasta strain rainbow trout (Oncorhynchus mykiss), 19 weeks of age, 
was fed a diet containing 500 ppm dibenzo[a,l]pyrene [purity unspecified] for 2 weeks 
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and then returned to basal diet for 11 months. Since the 500-ppm dose induced a high 
mortality rate [level unspecified] at the end of the treatment period, a second group of 
260 fish, 21 weeks of age, was fed a diet containing a lower dose of dibenzo[a,l]pyrene 
(200 ppm) for an extended exposure period (4 weeks); this group was then fed basal diet 
for 9 months. Control groups were fed basal diet only. At the end of the study, tumour 
incidence in the 500-ppm group was 61% (liver), 91% (stomach) and 53% (swimbladder) 
(2.58, 5.67 and 2.25 tumours/tumour-bearing fish, respectively). The corresponding 
numbers in the 200-ppm group were 36% (liver), 48% (stomach) and 30% (swimbladder) 
(2.00, 3.80 and 2.40 tumours/tumour-bearing fish, respectively). No tumours were 
observed in the control groups. Stomach and swimbladder tumours were papillary 
adenomas in both dose groups. Among the liver tumours, hepatocellular carcinomas (64% 
relative incidence) predominated in the 500-ppm dose group. In the 200-ppm dose group, 
the relative incidences of hepatocellular carcinomas (43%) and adenomas (44%) were 
comparable. Cholangiocellular adenomas and mixed hepato/cholangiocellular carcinomas 
were also observed, at lower incidences, in both groups (Reddy et al., 1999b). 

Dermal application (see also Table 3.1) 

Mouse 

Groups of 22–24 female SENCAR mice, 8 weeks of age, were treated with repeated 
applications of 1, 4 or 8 nmol [0.3, 1.2 or 2.4 µg] dibenzo[a,l]pyrene (purity >99% by 
HPLC) in 100 µL acetone twice a week for 40 weeks. The highest dose was the 
maximum dose tolerated without the development of erythema. A control group of 27 
mice was treated with 100 µL acetone alone. Mice were killed when tumours reached 
2 cm in diameter. All surviving mice were killed by 48 weeks, and complete necropsies 
were performed; all tumours were histologically verified. At the end of the study, skin 
tumour incidence was 1/24 (three squamous papillomas) low-dose group, 19/23 (82%; 
16/23 carcinomas; 1.8 tumours/tumour-bearing animal; 9/23 squamous papillomas; 
1.9 tumours/tumour-bearing animal; and 2/23 sebaceous gland adenomas; 1.5 tumours/ 
tumour-bearing animal) mid-dose group and 20/22 (90%; 20/22 carcinomas; 2.6 tumours/ 
tumour-bearing animal; 16/22 squamous papillomas; 1.9 tumours/tumour-bearing animal; 
and 3/22 sebaceous gland adenomas; 1.7 tumours/tumour-bearing animal) high-dose 
group. In contrast, skin tumours were not observed in the control group. In addition, 
tumours were observed at other sites (totals of 5/24 (21%), 9/23 (39%) and 15/22 (68%) 
low-, mid- and high-dose animals and 1/27 (4%) controls). These tumours included lung 
adenomas, malignant lymphomas of the spleen and malignant lymphomas with multiple 
organ involvement; lung adenomas predominated in the low-dose group, as opposed to 
lymphomas of the spleen in the mid- and high-dose groups (Higginbotham et al., 1993).  

A recent study compared the response of aryl hydrocarbon receptor-deficient (AhR–/–) 
and -proficient (AhR+/+) C57BL/6J mice to repeated dermal applications of dibenzo[a,l]-
pyrene. A group of 15 AhR–/– and a group of 17 AhR+/+ mice [sex, age and body weight 
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unspecified] received a single dermal application of 30 µg dibenzo[a,l]pyrene [purity 
unspecified; solvent and volume unspecified]. The initial treatment was followed by 
successive applications of 6 µg dibenzo[a,l]pyrene [solvent and volume unspecified] once 
a week for 20 weeks [the time between the first and second treatment was unspecified]. 
No vehicle control group was used. Skin tumours were first detected in AhR+/+ mice at 
11 weeks; a tumour incidence of 17/17 was reached in this group by 24 weeks. In 
contrast, skin tumours were first detected in AhR–/– mice at 21 weeks; a tumour incidence 
of 5/15 was reached in this group by 24 weeks and did not increase further during the 
follow-up period (up to 2 years). Multiplicities of skin tumours were 2.7 ± 1.4/mouse in 
the AhR+/+ group (76% papillomas and 24% squamous-cell carcinomas) and 0.46 ± 
0.83/mouse in the AhR–/– group (100% papillomas). The differences between the two 
groups were significant, both for tumour incidence (p <0.001) and tumour multiplicity 
(p <0.005) (Nakatsuru et al., 2004). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 24 female SENCAR mice, 8 weeks of age, [body weight unspecified], 
received a single dermal application of 800 nmol [242 µg] dibenzo[a,l]pyrene (purity 
>99% by HPLC) in 100 µL dioxane:DMSO (75:25). A vehicle-control group was treated 
with 100 µL dioxane:DMSO alone. One week after initiation, most of the mice in the 
dibenzo[a,l]pyrene-treated group had developed erythema at the site of application, which 
resolved 2 weeks later. One (control group) and 3 (dibenzo[a,l]pyrene-treated group) 
weeks after initiation, all mice were treated with 4.26 nmol [2.6 µg] TPA in 100 µL 
acetone twice a week for the duration of the experiment. The mice were killed 26 weeks 
after initiation. Complete necropsies were performed. At the end of the experiment, 22/24 
(92%) mice in the dibenzo[a,l]pyrene-treated group had developed 92 skin papillomas 
(3.8 papillomas/mouse) and 2/23 (9%) mice in the control group had developed a skin 
papilloma (0.1 papillomas/mouse). The first skin papilloma appeared after 5 weeks in the 
dibenzo[a,l]pyrene-treated group compared with 20 weeks in the control group (Cavalieri 
et al., 1989). 

In another similarly designed initiation–promotion study, groups of 24 female 
SENCAR mice, 8 weeks of age, were treated dermally with 0, 33.3, 100 or 300 nmol 
[10.1, 30.2 or 90.7 µg] dibenzo[a,l]pyrene in 100 µL acetone followed 1 week later by 
promotion with 3.24 nmol [2.0 µg] TPA in 100 µL acetone. The mice treated with 
dibenzo[a,l]pyrene developed erythemas after the first treatment with TPA, and the 
severity of the reaction was directly related to the initiating dose. Due to this reaction, 
promotion was stopped until the 4th experimental week and was then resumed for 
12 weeks. The mice were killed 15 weeks after initiation, and complete necropsies were 
performed. At the end of the experiment, 23/24 (96%), 22/24 (92%) and 24/24 (100%) 
mice in the low-, mid- and high-dose groups had developed skin tumours (6.75, 7.92 and 
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8.50 tumours/mouse, respectively), which were predominantly papillomas; a small 
number of suspected carcinomas were not verified histologically. In contrast, no skin 
tumours were observed in the control group. The first skin papilloma appeared at 4 weeks 
in the mid- and high-dose groups, and at 8 weeks in the low-dose group (Cavalieri et al., 
1991).  

In a separate experiment, doses of 4, 20 or 100 nmol [1.2, 6.0 or 30.2 µg] 
dibenzo[a,l]pyrene were applied dermally to groups of 24 female NMRI mice at 8 weeks 
of age; promotion with 2.0 µg TPA in 100 µL acetone was begun 2 weeks later. An 
additional group of mice was treated once with 100 nmol dibenzo[a,l]pyrene and received 
no TPA. The experiment lasted 27 weeks. In the group that was not treated with TPA, 
7/24 (29%) mice developed skin tumours (1 tumour/tumour-bearing animal), of which 
[4/7] were skin papillomas and [3/7] were squamous-cell carcinomas. Among animals 
treated with TPA, the incidence of skin tumours was 22/24 (92%), 20/24 (83%) and 20/24 
(83%) (6.96, 5.29 and 3.29 tumours/mouse) in the low-, mid- and high-dose groups, 
respectively; no skin tumours were observed in the control group. Most of the tumours 
were skin papillomas; squamous-cell carcinomas represented <2.5% of the total. The 
inverse relationship between dose and tumorigenic response was attributed to interference 
in tumour initiation by the toxicity of the compound (Cavalieri et al., 1991).  

Lower doses of initiator and promoter also effectively induced skin tumours. Groups 
of 24 female SENCAR mice, 8 weeks of age, received single dermal applications of 0.25 
or 1 nmol [75.5 or 302 ng] dibenzo[a,l]pyrene (purity >99% by HPLC) in 100 µL acetone 
or the solvent alone. One week later, promotion was begun with twice-weekly dermal 
applications of 2.16 nmol [1.3 µg] TPA in 100 µL acetone; this dose was chosen to 
prevent the appearance of erythema in the dibenzo[a,l]pyrene-treated group. The mice 
were killed 27 weeks after initiation, at which time approximately 30% of mice in the 
0.25-nmol group and 80% of mice in the 1-nmol group had developed skin papillomas; in 
addition, two skin carcinomas were observed in the high-dose group. The first tumour 
developed in this group after 5 weeks. Tumour incidence was not reported for the control 
group (Higginbotham et al., 1993).  

In another study that involved multiple dermal applications of dibenzo[a,l]pyrene, 
groups of 20 female CD-1 mice, 50–55 days of age [body weight unspecified], received 
total doses of 1, 4, 10 and 25 nmol [0.3, 1.2, 3.0 and 7.6 µg] dibenzo[a,l]pyrene [purity 
unspecified] dissolved in 100 µL acetone applied to the skin as 10 subdoses on alternate 
days. One control group was treated with acetone alone. Ten days after the last treatment, 
promotion was begun by applying 2.5 µg TPA in 100 µL acetone three times a week for 
20 weeks. The incidence of skin tumours was 18/19 (95%; 5.0 tumours/mouse), 20/20 
(100%; 17.8 tumours/mouse), 18/20 (90%; 11.3 tumours/mouse) and 20/20 (100%; 15.0 
tumours/mouse) in the lowest- to the highest-dose groups compared with 3/20 (15%; 0.15 
tumours/mouse) in the control group (p <0.001 at all doses) (LaVoie et al., 1993). 

Other similarly designed initiation–promotion studies in female SENCAR mice 
entailed single dermal applications of 1.33–12 nmol [0.4–3.6 µg] dibenzo[a,l]pyrene 
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followed by twice-weekly applications of 1.62 nmol [1 µg] TPA for 25–28 weeks. High 
tumour incidence and multiplicity were observed (Gill et al., 1994; Marston et al., 2001), 
which increased in a dose-related manner (Gill et al., 1994).  

Additional initiation–promotion studies were conducted with other strains of mice. In 
one study, a group of 16 female outbred NMRI mice, 7 weeks of age [body weight 
unspecified], received a single dermal application of 40 nmol [12 µg] dibenzo[a,l]pyrene 
(purity ≥99.7%) in 100 µL acetone, followed 1 week later by twice-weekly applications 
of 10 nmol [6.2 µg] TPA in 100 µL acetone for 30 weeks. A strong increase in skin 
tumour rates was observed 8–9 weeks after exposure to dibenzo[a,l]pyrene. At 18 weeks, 
the incidence of skin tumours (papillomas and carcinomas combined) in the 
dibenzo[a,l]pyrene-treated group was 15/16 (94%; 6.5 tumours/mouse). No skin tumours 
were observed in a vehicle-control group (Luch et al., 1999). 

Intraperitoneal administration (see also Table 3.7) 

Mouse  

Groups of 30–35 male A/J mice, 5–6 weeks of age and weighing approximately 20 g, 
received a single intraperitoneal injection of 0.3, 1.5, 3.0 or 6.0 mg/kg bw [6, 30, 60 or 
120 µg] dibenzo[a,l]pyrene (analytical grade) suspended in tricaprylin or tricaprylin alone 
[volume unspecified]. In a separate experiment, groups of mice of the same strain, sex 
and age were given higher doses (12, 18 or 24 mg/kg bw [240, 360 or 480 µg]) in a 
similar manner. The mice were killed 8 months after treatment, and lungs were removed 
and examined for the presence of tumours. The treatment was associated with an 
increased incidence of hepatocellular necrosis and inflammation, although no dose-related 
effect was apparent. Lung adenomas were observed in 14/33 (42%), 33/34 (97%), 34/34 
(100%) and 35/35 (100%) mice treated with 6–120 µg dibenzo[a,l]pyrene at increasing 
dose levels compared with 15/30 (50%) vehicle controls. The corresponding numbers of 
lung adenomas/mouse (0.42 ± 0.56, 4.30 ± 2.86, 7.50 ± 3.79 and 16.1 ± 7.26 (mean ± 
SD)) increased in a dose-dependent manner in the dibenzo[a,l]pyrene-treated groups; 0.67 
± 0.80 lung adenomas/mouse were observed in the control group (p <0.001 for doses ≥30 
µg compared with the control group). Treatment at the three highest doses (240–480 µg) 
did not affect survival up to 8 months, but a 22% weight loss was observed in the group 
treated with 480 µg dibenzo[a,l]pyrene; 5/5 mice in this group developed lung adenomas 
(36.67 ± 10.64 tumours/mouse) (Prahalad et al., 1997).  

A similarly designed study of groups of 20 mice of the same strain and age that 
received doses of 0–6 mg/kg dibenzo[a,l]pyrene gave comparable results (Nesnow et al., 
1998a). 

Groups of 25–40 male and female newborn Crl:CD-1(ICR)BR mice received three 
intraperitoneal injections of dibenzo[a,l]pyrene [purity unspecified] (total doses, 40 or 
400 nmol [12.1 or 121 µg]). The mice received 1/8 (12%), 1/4 (25%) and 5/8 (62%) of 
the total dose dissolved in 10, 20 and 50 µL DMSO on days 1, 8 and 15 of life, 



 POLYCYCLIC AROMATIC HYDROCARBONS 447 

 

respectively. One group of control mice was left untreated and another was administered 
DMSO only. The mice were weaned at 3–4 weeks of age and killed at 51 ± 1 weeks, 
except for the high-dose dibenzo[a,l]pyrene-treated group, in which high mortality 
imposed termination of the experiment after 17 weeks. At the end of the experiment, the 
incidence of pulmonary tumours was 84.8% in low-dose males (2.85 ± 0.44 
tumours/mouse (mean ± standard error of the mean [SEM])), 41.2% in high-dose males 
(0.65 ± 0.21 tumours/mouse), and 31.4% (0.54 ± 0.17 tumours/mouse) and 25.0% (0.33 ± 
0.14 tumours/mouse) in male untreated and solvent-treated mice, respectively. In 
addition, 84.8% of low-dose males had hepatic tumours (5.67 ± 0.86 tumours/mouse) and 
30.3% had tumours at other sites (0.58 ± 0.17 tumours/mouse); 35.3% of high-dose males 
had hepatic tumours (1.00 ± 0.38 tumours/mouse) and 23.5% had tumours at other sites 
(0.35 ± 0.19 tumours/mouse); extrapulmonary tumours were not detected in any of the 
control groups. In female mice, the incidence of pulmonary tumours at 17 weeks was 
89.5% in the low-dose (2.95 ± 0.67 tumours/mouse), 35.7% in the high-dose (0.57 ± 0.29 
tumours/mouse), and 37.0% (0.67 ± 0.19 tumours/mouse) and 10.0% (0.67 ± 0.19 
tumours/mouse) in the untreated and solvent-treated groups, respectively; the incidence of 
hepatic tumours was 10.5% in the low-dose (0.11 ± 0.07 tumours/mouse) and 14.3% in 
the high-dose groups (21 ± 0.15 tumours/mouse). Tumours at other sites were observed in 
47.4% of low-dose (0.53 ± 0.14 tumours/mouse) and 42.9% of high-dose females (0.50 ± 
0.17 tumours/mouse). Female controls did not develop any extrapulmonary tumours. 
Lung and liver tumours were predominantly adenomas; in addition to the lung and liver, 
the kidneys, intestine, ovaries and skin were found to be prone to dibenzo[a,l]pyrene-
induced tumorigenicity (Platt et al., 2004). 

Intramamillary administration (see also Table 3.5) 

Rat  

A group of 19 female Sprague-Dawley rats, approximately 8 weeks of age [body 
weight unspecified], received a single intramamillary injection of 4 µmol [1.2 mg]/gland 
dibenzo[a,l]pyrene (purity >99% by HPLC) dissolved in 100 µL trioctanoin (eight 
glands; total dose, 32 µmol [9.6 mg]). One control group of 21 rats was treated with 
100 µL solvent and another control group was untreated. The animals were monitored 
weekly for tumour development and were killed when tumours were ≥2 cm in diameter. 
Of the dibenzo[a,l]pyrene-treated rats, 10/19 (53%) died within the first 9 weeks of 
treatment apparently as a result of toxicity; the remaining rats in this group were killed 
after 15 weeks because of poor health. Survival rates (mean ± SD) were 37 ± 4 and 40 ± 
0 weeks in the untreated and vehicle-control groups, respectively. Complete necropsies 
were performed. Tumour latencies were 9 ± 1 and 25 ± 13 weeks in the dibenzo[a,l]-
pyrene-treated and untreated groups, respectively. At the end of the study, tumour 
incidence was 100% in the dibenzo[a,l]pyrene-treated group. Within this group, 7/9 
(78%) rats developed fibrosarcomas (2.1 tumours/tumour-bearing rat), 8/9 (89%) rats had 
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mammary adenocarcinomas (3.8 tumours/rat) and 8/9 (89%) rats had squamous-cell 
carcinomas of the skin (2.4 tumours/rat); mammary adenofibromas were not observed in 
this group. In contrast, 2/20 (10%) rats in the untreated group developed mammary 
epithelial tumours (one adenofibroma and one adenocarcinoma) but no fibrosarcomas or 
skin tumours. Similarly, no tumours were observed in the vehicle-control group (Cavalieri 
et al., 1989). 

Groups of 20 female Sprague-Dawley rats, 8 weeks of age [body weight unspecified], 
received a single intramamillary injection of 0.25 or 1 µmol [75.6 or 302 µg]/gland 
dibenzo[a,l]pyrene (purity >99% by HPLC) dissolved in 50 µL trioctanoin (eight glands; 
total doses, 2 or 8 µmol [605 or 2420 µg]). One control group of 19 rats was treated with 
50 µL solvent. The animals were monitored weekly for tumour development and were 
killed when tumours were ≥2 cm in diameter; surviving animals were killed after 
24 weeks. Complete necropsies were performed on all animals. Survival rates (mean ± 
SD) were 17 ± 2, 20 ± 2 and 24 ± 0 weeks in the high- and low-dose dibenzo[a,l]pyrene-
treated and control groups, respectively; the corresponding tumour latencies were 11 ± 1, 
14 ± 2 and 22 ± 0 weeks. At the end of the study, 19/19 (100%) and 20/20 (100%) rats in 
the high- and low-dose groups had developed mammary adenocarcinomas (9.1 and 
6.3 tumours/rat, respectively), but no mammary adenofibromas, compared with 0/18 
(adenocarcinomas) and 1/18 (5%) (adenofibromas) controls. In addition, 14/19 (74%) rats 
in the high-dose group and 4/20 (20%) rats in the low-dose group developed 
fibrosarcomas (2.4 and 1.3 tumours/tumour-bearing animal, respectively), and one animal 
from each treatment group developed a squamous-cell carcinoma of the skin; 
fibrosarcomas and squamous-cell carcinomas were not observed in the control group 
(Cavalieri et al., 1991). 

Tongue application (see also Table 3.14) 

Hamster  

A group of seven female Syrian hamsters [age and body weight unspecified] received 
applications on the tongue of 0.01 µmol (3 µg) dibenzo[a,l]pyrene [purity unspecified] in 
acetone five times a week for 30 weeks, at which time 6/7 (86%) animals had developed 
oral cavity carcinomas (2.6 tumours/animal) compared with 0/4 solvent-treated controls. 
(Schwartz et al., 2004). 

Intragastric administration (see also Table 3.14) 

Mouse 

A group of 18 female wild-type (mixed genetic background of C57Bl/6 and 129/Sv) 
and 13 female P450 1B1-null mice, 7 weeks of age, was treated intragastrically with daily 
doses of 1.07 mg/kg (~32 µg/mouse) dibenzo[a,l]pyrene (99.8 % pure [criteria for purity 
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unspecified]) dissolved in 100 µL corn oil on 5 days a week for 3 weeks. An additional 
group of mice of each genotype was treated with corn oil alone. The mice were monitored 
twice weekly and were killed whenever a sudden weight loss (>20% in a week) or the 
appearance of tumours ( >1 cm) were detected. All surviving mice were killed at 
12 months. Complete autopsies and histopathological analyses were performed on 17 of 
the wild-type mice and all of the P450 1B1-null mice. Survival rates at the end of the 
experiment were 61% (11/18) in the wild-type mice and 92% (12/13) in the P450 
1B1-null mice. Tumour incidence was 18/18 (100%) wild-type mice and 8/13 (61%) 
P450 1B1-null mice compared with 4/27 (15%) solvent-control mice of both genotypes 
combined (one lung adenoma, one liver adenoma, one follicular lymphoma and one 
endometrial cystic hyperplasia in four wild-type mice [numbers of control mice of each 
genotype unspecified]). Wild-type mice treated with dibenzo[a,l]pyrene developed 
ovarian tumours (12/17; predominantly (83%) granulosa-cell tumours), lymphomas (5/17; 
60% lymphoblastic and 40% follicular), a liver adenoma (1/17), verruciform hyperplasia 
of the skin (8/17) and uterine tumours (5/17; 60% endometrial cystic hyperplasia and 40% 
haemangiosarcomas); lung tumours were not observed in this group. P450 1B1-null mice 
developed a follicular lymphoma (1/13; 8%), a liver haemangioma (1/13; 8%), endo-
metrial cystic hyperplasia (5/13; 38%) and lung adenomas (5/13; 38%); tumours of the 
ovary were not observed in this group. The differences between the two genotypes were 
statistically significant for tumours of the ovary, skin and lung (Buters et al., 2002). 

Dibenzo[e,l]pyrene  

Dermal application (see also Table 3.1) 

Mouse 

Two groups of 20 female Swiss albino Ha/ICR/Mil mice, 7–8 weeks of age [body 
weight unspecified], received thrice-weekly dermal applications of either a 0.05% or a 
0.07% solution [volume unspecified] of dibenzo[e,l]pyrene (purified by column chroma-
tography and recrystallization; purity verified by determination of melting-point in 
dioxane) for 12 months. An additional group of 20 mice was treated with dioxane only. 
Skin tumours were not observed in any of the groups at 15 months, when the study was 
terminated (Hoffmann & Wynder, 1966).  

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Two groups of 30 Swiss albino Ha/ICR/Mil mice [sex, age and body weight 
unspecified] received 10 dermal applications of 25 µL of 0.1% chromatographically pure 
(recrystallized) dibenzo[e,l]pyrene in dioxane [25 µg; total dose, 250 µg/animal] at 2-day 
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intervals. On day 28, 2.5% (2.3 mg) croton oil in acetone was applied to the skin [volume, 
number, frequency and duration of treatments not given]. A group of 30 mice was treated 
with croton oil solution alone. All survivors were killed after 6 months, at which time 
mortality rates were 7/30 (23%) and 4/30 (13%), and the number of skin papilloma-
bearing mice was 0/30 and 2/30 (7%) in the dibenzo[e,l]pyrene-treated and control 
groups, respectively (Hoffmann & Wynder, 1966).  

1,2-Dihydroaceanthrylene 

Subcutaneous administration (see also Table 3.3) 

Mouse 

A group of nine female mice [strain, age and body weight unspecified] received a 
single subcutaneous injection of 5 mg 1,2-dihydroaceanthrylene (crystalline) [solvent and 
volume unspecified]. No control group was used in the study. All mice were alive and 
tumour-free after 14 months. By 17 months, five mice were still alive with no evidence of 
tumours. The last two mice were killed after 20 months with no evidence of tumours 
(Shear, 1938). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

Groups of 31 male and 23 female newborn CD-1 mice received intraperitoneal 
injections of 1,2-dihydroaceanthrylene (purified by HPLC; purity assessed by GC–MS) in 
DMSO three times over 2 weeks (total volume, 35 µL; total doses, 0.86, 2.14 and 
4.29 µmol [175, 437.5 and 875 µg]). Injections given were on postnatal days 1 [1/7 of the 
total dose in 5 µL], day 8 [2/7 of the total dose in 10 µL] and 15 [4/7 of the total dose in 
20 µL]. A group of 24 male and 34 female control mice was treated in the same manner 
with DMSO alone. The mice were killed at 9 months of age and necropsied, and tumours 
were evaluated histologically. The incidence of liver tumours in male mice was 0/24, 1/17 
(6%), 1/25 (4%) and 0/31 at the 0-, 175-, 437.5- and 875-µg dose levels, respectively. 
Liver tumours were not observed in female mice at any of the dose levels (groups of 34, 
23, 21 and 13 mice, respectively). Lung tumour incidence was 0/24 (adenomas) and 1/24 
(4%; adenocarcinomas) at 0 µg, 2/17 (12%; adenomas) and 2/17 (12%; adenocarcinomas) 
at 175 µg, 2/25 (8%; adenomas) and 0/25 (adenocarcinomas) at 437.5 µg and 5/31 (16%; 
adenomas) and 1/31 (3%; adenocarcinomas) at 875 µg in male mice; that in female mice 
was 1/34 (3%; adenomas) and 0/34 (adenocarcinomas) at 0 µg, 0/23 (adenomas) and 1/23 
(4%; adenocarcinomas) at 175 µg, 1/21 (5%; adenomas) and 0/21 (adenocarcinomas) at 
437.5 µg and 1/13 (8%; adenomas) and 1/13 (8%; adenocarcinomas) at 875 µg. When the 
data from male and female mice were combined, the incidence of combined adenoma and 
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adenocarcinoma (8/44; 18%) in the 875-µg group was significantly different (p <0.025) 
from that in the control group (2/58), as was the number of tumours/mouse (0.03 ± 0.02 
versus 0.20 ± 0.07; p <0.01) (Wang et al., 1999). 

In a second experiment, a group of 10 male and 23 female newborn BLU:Ha mice 
was treated with 1,2-dihydroaceanthrylene, using the protocol described above, at a total 
dose of 0.86 µmol (175 µg). A group of 22 male and 25 female control mice was treated 
with DMSO alone. The mice were killed at 6 months of age and necropsied, and tumours 
were evaluated histologically. The incidence of lung tumours was 0/10 treated male and 
1/23 (4%; lung adenomas) treated female mice, and 1/22 (5%; adenomas) control males 
and 1/25 (4%; adenomas) control females (Wang et al., 1999). 

1,4-Dimethylphenanthrene 

Previous evaluation 

1,4-Dimethylphenanthrene was considered in February 1983 (IARC, 1983) by a 
Working Group that evaluated two initiation–promotion bioassays in which 
1,4-dimethylphenanthrene was applied dermally to mice; these are summarized in Table 
3.2. 

The Working Group concluded that the available data were inadequate to permit an 
evaluation of the carcinogenicity to experimental animals of 1,4-dimethylphenanthrene 
per se. No new studies were available. 

Fluoranthene 

Previous evaluation 

Fluoranthene was evaluated by earlier working groups in February 1983 (IARC, 
1983) and March 1987 (IARC, 1987). Fluoranthene alone was not carcinogenic in 
experimental species following exposure via dermal or subcutaneous routes. The study of 
subcutaneous administration was considered to be inadequate. Fluoranthene had no 
carcinogenic effect in two studies of dermal application and was inactive as an initiator in 
the mouse skin initiation–promotion assay. However, when co-administered with 
benzo[a]pyrene, fluoranthene significantly increased the incidence of tumour-bearing 
mice and produced an excess number of skin tumours (primarily squamous-cell 
carcinomas) compared with that induced by the same dose of benzo[a]pyrene alone. The 
Working Group of March 1987 (IARC, 1987) concluded that there was inadequate 
evidence in experimental animals for the carcinogenicity of fluoranthene. Additional 
bioassays that have been published since 1983 are summarized below. 
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Dermal application (see also Table 3.1) 

Mouse 

In a co-carcinogenicity study, groups of 20 male C3H/HeJ mice [age unspecified] 
received twice-weekly dermal applications of a solution of 0.1% fluoranthene in 
combination with 0.001% benzo[a]pyrene in toluene for 104 weeks. The combined 
treatment induced skin tumours in one (8%) mouse; mice treated with fluoranthene alone 
or benzo[a]pyrene alone and vehicle controls did not develop skin tumours (Warshawsky 
et al., 1993). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

In newborn male and female Swiss-Webster BLU:ha (ICR) mice, intraperitoneal 
injections of total doses of 3.46 or 17.30 µmol fluoranthene on postnatal days 1, 8 and 15 
increased the incidence of lung tumours (primarily adenomas) at 24 weeks in male mice 
at both doses and in female mice at 17.30 µmol (Busby et al., 1984). 

Similar intraperitoneal injection of a total dose of 1.27 µmol fluoranthene increased 
the incidence of lung tumours (primarily adenomas) in both sexes at 26 weeks (Busby et 
al., 1989). 

Newborn male and female CD-1 mice received intraperitoneal injections of 1/7, 2/7 
and 4/7 of total doses of 3.46, 8.65 and 17.30 µmol fluoranthene dissolved in 5 µL DMSO 
on postnatal days 1, 8 and 15, respectively, and were killed at 6 and 9 months. At that 
time, the incidence of lung tumours (primarily adenomas) was increased in both sexes. A 
low incidence of liver tumours was noted in male mice at 6 months, whereas the 
incidence of liver adenomas was increased in male mice at 9 months (Wang & Busby, 
1993). 

In newborn male and female CD-1 mice, similar intraperitoneal injection of total 
doses of 3.46 or 17.30 µmol fluoranthene induced a significantly increased incidence of 
lung tumours (primarily carcinomas) in both males and females at 6 months. At both 
doses, the incidence of liver adenoma in male mice was increased (LaVoie et al. 1994b). 

Fluorene 

Previous evaluation 

Fluorene was considered in February 1983 (IARC, 1983) by a Working Group that 
evaluated studies in which fluorene was administered to mice by dermal application and 
subcutaneous injection and to female rats in the diet. The studies were considered to be 
inadequate for evaluation. No new studies were available. 
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Indeno[1,2,3-cd]pyrene 

Previous evaluations 

Indeno[1,2,3-cd]pyrene was considered in December 1972 (IARC, 1973) by a 
Working Group that evaluated a bioassay in which indeno[1,2,3-cd]pyrene was 
administered to mice by dermal application (repeatedly and initiation–promotion). 
Positive responses were obtained. Indeno[1,2,3-cd]pyrene was also administered by 
subcutaneous injection to mice in an experiment that did not include control animals and 
induced sarcomas. On the basis of these data, the Working Group concluded that 
indeno[1,2,3-cd]pyrene was a complete carcinogen. Indeno[1,2,3-cd]pyrene was also 
considered in February 1983 (IARC, 1983) by a Working Group that evaluated the same 
bioassays as those considered previously and concluded that there was sufficient evidence 
that indeno[1,2,3-cd]pyrene was carcinogenic to experimental animals. Additional 
bioassays that have been published since that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A total initiating dose of 1.0 mg indeno[1,2,3-cd]pyrene in acetone applied to the skin 
of 25 female outbred albino Crl:CD-1 (ICR) BR mice followed by thrice-weekly 
applications of 2.5 µg TPA for 20 weeks induced squamous-cell papillomas in 90% of the 
animals, with an average of 2.83 skin tumours/mouse; papillomas occurred in fewer than 
5% of TPA controls (Rice et al. 1986). In a similar experiment with a total initiating dose 
of 4.0 µmol [1105 µg] indeno[1,2,3-cd]pyrene, 72% of treated female CD-1 mice 
developed papillomas; TPA controls did not develop skin tumours (Rice et al. 1990). 

Intraperitoneal administration (see also Table 3.7) 

Mouse 

In studies with newborn male and female mice CD-1, intraperitoneal injection of total 
doses of 0 or 2.1 µmol indeno[1,2,3-cd]pyrene on postnatal days 1, 8 and 15 induced lung 
adenomas in 9.1% [1/11] of treated male mice; DMSO control mice did not develop 
tumours (LaVoie et al., 1987). 

Intrapulmonary administration (see also Table 3.4) 

Rat 

In Osborne-Mendel rats, intrapulmonary implantation of indeno[1,2,3-cd]pyrene at 
doses of 0, 0.16, 0.83 or 4.15 mg induced dose-related increases in the incidence of 
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pulmonary squamous-cell carcinomas and sarcomas (0% [0/35], 11.4% [4/35], 22.9% 
[8/35] and 60.0% [21/35]) (Deutsch-Wenzel et al., 1983). 

1-Methylchrysene 

Previous evaluation 

1-Methylchrysene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated one bioassay in which 1-methylchrysene was applied dermally 
(repeatedly) to mice and one initiation–promotion study in mice. These data are 
summarized in Tables 3.1 and 3.2. 1-Methylchrysene was considered to be active as a 
tumour initiator but not when applied repeatedly to mouse skin. The Working Group 
concluded that the data were inadequate to permit an evaluation of the carcinogenicity of 
1-methylchrysene to experimental animals. No new studies were available. 

2-Methylchrysene 

Previous evaluation 

2-Methylchrysene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated one bioassay in which 2-methylchrysene was applied dermally 
(repeatedly) to mice and one initiation–promotion study in mice. These data are 
summarized in Tables 3.1 and 3.2. 2-Methylchrysene was considered to be active in both 
assays. On the basis of the available data, the Working Group concluded that there was 
limited evidence for the carcinogenicity of 2-methylchrysene to experimental animals. No 
new studies were available. 

3-Methylchrysene 

Previous evaluation 

3-Methylchrysene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated one bioassay in which 3-methylchrysene was applied dermally 
(repeatedly) to mice and one initiation–promotion study in mice. These data are 
summarized in Table 3.1 and 3.2. 3-Methylchrysene was considered to be active in both 
assays. On the basis of the available data, the Working Group concluded that there was 
limited evidence for the carcinogenicity of 3-methylchrysene to experimental animals. No 
new data were available. 
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4-Methylchrysene 

Previous evaluation 

4-Methylchrysene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated one bioassay in which 4-methylchrysene was applied dermally 
(repeatedly) to mice and one initiation–promotion study in mice. These data are 
summarized in Tables 3.1 and 3.2. 4-Methylchrysene was considered to be active in both 
assays. On the basis of the available data, the Working Group concluded that there was 
limited evidence for the carcinogenicity of 4-methylchrysene to experimental animals. No 
new studies were available. 

5-Methylchrysene 

Previous evaluation 

5-Methylchrysene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated numerous positive bioassays in which 5-methylchrysene was 
administered dermally (repeatedly and initiation–promotion protocols) and by 
subcutaneous injection to mice. Selected studies are summarized in Tables 3.1 and 3.2. 
On the basis of the available data, the Working Group concluded that there was sufficient 
evidence for the carcinogenicity of 5-methylchrysene to experimental animals. Additional 
bioassays that have been published since that time are summarized below. 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Application of total initiating doses of 0–100 nmol and 0–1.5 µmol 5-methylchrysene 
to the skin of female CD-1 mice followed by thrice-weekly applications of 2.5 µg TPA 
significantly increased the incidence (65–100%) and multiplicity of skin papillomas. 
Controls treated with solvent and TPA alone had a low incidence (0–10% ) of skin 
papillomas (Amin et al., 1985c; Hecht et al., 1985; El-Bayoumy et al., 1986, Hecht et al., 
1987; Rice et al., 1988; Amin et al., 1990, 1992).  

Intraperitoneal administration (see also Table 3.7) 

Mouse 

In studies with newborn male and female ICR mice, intraperitoneal injection of 5-
methylchrysene at total doses of 0 or 56 nmol on postnatal days 1, 8 and 15 significantly 
increased the incidence of lung (males, 4% and 20%; females, 7% and 21%) and liver 
(males, 2% and 23%; females, 2% and 12%) adenomas at 35 weeks (Hecht et al., 1985).  
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Male strain A/J mice injected intraperitoneally with 0, 10, 50, 100 or 200 mg/kg bw 
5-methylchrysene had dose-related increases in the incidence (55%, 65%, 100%, 100% 
and 100%) and multiplicity (0.6, 1.8, 39.0, 93.1 and too numerous to count) of lung 
adenomas (You et al., 1994; Nesnow et al., 1995; Ross et al., 1995; Nesnow et al., 
1998a). 

6-Methylchrysene 

Previous evaluation 

6-Methylchrysene was considered in February 1983 (IARC, 1983) by a Working 
Group that evaluated one bioassay in which 6-methylchrysene was applied dermally 
(repeatedly) to mice and one initiation–promotion study in mice. These data are 
summarized in Tables 3.1 and 3.2. 6-Methylchrysene was considered to be active in both 
assays. On the basis of the available data, the Working Group concluded that there was 
limited evidence for the carcinogenicity of 6-methylchrysene to experimental animals. No 
new studies were available. 

2-Methylfluoranthene 

Previous evaluation 

2-Methylfluoranthene was considered by a Working Group in February 1983 (IARC, 
1983). On the basis of the available data (see Tables 3.1 and 3.2), the Working Group 
concluded that there was limited evidence that 2-methylfluoranthene was carcinogenic to 
experimental animals. Additional bioassays that have been published since that time are 
summarized below. 

Intraperitoneal administration (see also Table 3.7)  

Mouse 

Groups of newborn male and female CD-1 mice received intraperitoneal injections of 
2-methylfluoranthene in DMSO on postnatal days 1, 8 and 15 (total doses, 3.46 or 
17.3 µmol). Controls received DMSO alone. The bioassay was terminated when the mice 
were 1 year old. At the end of the study, the incidence of lung tumours in male (23/24; 
96%) and female (11/16; 69%) mice and the number of tumours per mouse were 
significantly increased following treatment with 17.3 µmol. The incidence of liver 
tumours in male mice (22/24; 92%) was significantly increased by the high dose 
compared with controls (3/29; 10%); high-dose female mice had a lower incidence of 
liver tumours (5/16; 31%) than high-dose males. Alterations of hepatic foci were noted in 
males at the low dose (LaVoie et al., 1994b).  
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3-Methylfluoranthene 

Previous evaluation 

3-Methylfluoranthene was considered by a Working Group in February 1983 (IARC, 
1983). On the basis of the available data (see Table 3.2), the Working Group concluded 
that the data were inadequate to permit an evaluation of the carcinogenicity of 3-methyl-
fluoranthene to experimental animals. Additional bioassays that have been published 
since that time are summarized below. 

Intraperitoneal injection (see also Table 3.7)  

Mouse 

Groups of newborn male and female CD-1 mice received intraperitoneal injections of 
3-methylfluoranthene in DMSO on postnatal days 1, 8 and 15 (total doses, 3.46 or 
17.3 µmol). Controls received DMSO alone. The bioassay was terminated when the mice 
were 1 year old. At the end of the study, the incidence of lung tumours in control and 
treated male (5/29, 17%; 6/24, 25%; and 5/26; 19%) and female (4/34, 12%; 5/33, 15%; 
and 6/28, 21%) mice was similar. The incidence of liver tumours in male mice (15/26; 
55%) was significantly increased at the high dose compared with controls (3/29; 10%) 
(LaVoie et al., 1994b). 

1-Methylphenanthrene 

Previous evaluation 

1-Methylphenanthrene was considered by a Working Group in February 1983 (IARC, 
1983) and was classified as having inadequate evidence of carcinogenicity. In one 
bioassay in which 1-methylphenanthrene was applied dermally to mice (initiation–
promotion protocol), it was inactive as an initiator (Table 3.2). No new studies were 
available to the Working Group. 

Naphtho[1,2-b]fluoranthene 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Total initiating doses of 0, 1.0 or 4.0 µmol naphtho[1,2-b]fluoranthene [purity 
unspecified] applied to the skin of female CD-1 mice followed by thrice-weekly 
applications of 2.5 µg TPA induced squamous-cell papillomas in 65% and 100% of the 
treated animals with averages of 2.5 and 6.6 skin tumours/mouse, respectively. 
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Papillomas occurred in 10% of TPA controls with an average of 0.1 tumours/mouse 
(Weyand et al., 1990). 

Naphtho[2,1-a]fluoranthene 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Total initiating doses of 0, 1.0 or 4.0 µmol naphtho[2,1-a]fluoranthene [purity 
unspecified] applied to the skin of female CD-1 mice followed by thrice weekly 
applications of 2.5 µg TPA induced squamous-cell papillomas in 90% and 100% of the 
treated animals with averages of 5.9 and 7.3 skin tumours/mouse, respectively. 
Papillomas occurred in 10% of TPA controls with an average of 0.1 tumours/mouse 
(Weyand et al., 1990). 

Naphtho[2,3-e]pyrene 

Dermal application (see also Table 3.1) 

Mouse 

A group of 20 female Swiss-Albino Ha/ICR/Mil mice [age unspecified] received 
dermal applications of 100 µg naphtho[2,3-e]pyrene in dioxane three times a week 
[duration of treatment not specified]. No tumours developed (Hoffmann & Wynder, 1966; 
LaVoie et al., 1979). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 30 female Swiss-Albino Ha/ICR/Mil mice [age unspecified] received 
10 dermal applications of 25 µg naphtho[2,3-e]pyrene in dioxane every other day (total 
dose, 250 µg). A control group received dioxane alone. Ten days after the last application, 
all mice received dermal applications of 2.5% croton oil in acetone for 20 weeks. After 
20 weeks of promotion, the incidence of mice bearing skin tumours was 33% in the 
treated group compared with 7.6% in the control group (Hoffman & Wynder, 1966; 
LaVoie et al., 1979). 
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Perylene 

Previous evaluation 

Perylene was considered in February 1983 (IARC, 1983) by a Working Group that 
evaluated two bioassays in which perylene was applied dermally to mice (repeated dose 
and initiation–promotion protocols), both of which gave negative results; these are 
summarized in Tables 3.1 and 3.2. On the basis of the available studies, the Working 
Group concluded that the data were inadequate to permit an evaluation of the 
carcinogenicity of perylene in experimental animals. Additional bioassays that have been 
published since that time are summarized below. 

Dermal application  

Mouse 

Female CD-1 mice [number and age not specified] received dermal applications of 
1% perylene [purity, solvent and volume not specified] three times a week for 1 year. The 
incidence of skin tumours [number not specified] did not differ from that in the control 
group (Anderson & Anderson, 1987). 

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

Groups of 20 female Crl/CD-1 (ICR)Br mice [age unspecified] received a total of 
10 dermal applications of 0 or 100 µg perylene (purity >99% by HPLC) in 100 µL 
acetone on alternate days. Ten days after the last application, all mice received thrice 
weekly dermal applications of 2.5 µg TPA for 25 weeks. At the end of the treatment 
period, the incidence of skin tumours (5%) in mice treated with perylene (0.1 tumours/ 
mouse) did not differ from that in the control mice (0.1 tumours/mouse) (El-Bayoumy et 
al., 1982).  

Intraperitoneal administration 

Mouse 

Female strain A mice [number and age not specified] received intraperitoneal 
injections 0, 200, 500 or 1000 mg/kg bw perylene [purity not specified] three times a 
week for 8 weeks and the incidence of lung tumours was determined 16 weeks after the 
last injection. None of the treatments with perylene affected the number of lung tumours 
[incidence not given] (Anderson & Anderson, 1987). 
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Phenanthrene 

Previous evaluation 

Phenanthrene was considered in February 1983 (IARC, 1983) by a Working Group 
that evaluated bioassays in which phenanthrene was fed to rats, administered dermally 
and by subcutaneous injection to mice or given by intraperitoneal injection to neonatal 
mice. One study on tumour initiation gave positive results; all of the other studies gave 
either negative results or were considered to be inadequate; these are summarized in 
Tables 3.1–3.3, 3.6 and 3.7. On the basis of the available studies, the Working Group 
concluded that the data were inadequate to permit an evaluation of the carcinogenicity of 
phenanthrene in experimental animals. Additional bioassays that have been published 
since that time are summarized below. 

Dermal application (see also Table 3.1) 

Mouse 

A group of 20 male C3H/HeJ mice, 6–8 weeks of age, received twice-weekly skin 
applications of 50 µL of a 0.1% toluene solution of phenanthrene (>99% pure by HPLC; 
50 µg per treatment) for 104 weeks. A control group of 50 male mice was treated with 
toluene alone. Lesions (≥1 mm3) that persisted for at least 1 week were diagnosed as 
papillomas. After 104 weeks, one benign skin tumour was observed in the 12 surviving 
experimental mice and no benign or malignant skin tumours in the 39 surviving control 
mice. Gross examination of internal organs indicated no tumours in either the experi-
mental or control groups (Warshawsky et al., 1993). 

Intrapulmonary administration (see also Table 3.4) 

Rat 

Groups of 35 inbred female Osborne-Mendel rats, 3 months of age and weighing on 
average 256 g, received a single pulmonary implantation of 1, 3 or 10 mg phenanthrene 
(purity, 99.9%) in a mixture of beeswax and tricaprylin. The animals were monitored for 
132–135 weeks. A single lung carcinoma was found in the high-dose phenanthrene-
treated group. No lung carcinomas developed in solvent-treated control rats (Wenzel-
Hartung et al., 1990).  
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Picene 

Dermal application (see also Table 3.1) 

Mouse 

In early experiments, picene was applied dermally to mice. The results were negative 
(Kennaway, 1924a,b, 1930; Kennaway & Hieger, 1930). [The experiments are poorly 
described; the data are not included in the Table.] 

Groups of 50 female NMRI mice [age unspecified] received thrice-weekly dermal 
applications of 0.4, 1.33 or 4.04 nmol [0.1, 0.4 or 1.1 µg] picene (>99% pure) in 17 µL 
acetone for 112 weeks (total doses, 38, 125 or 378 µg). A control group of 50 female 
mice was treated with the solvent alone. Skin tumours were observed in 3/49 mice treated 
with 0.1 µg picene, 11/48 mice treated with 0.4 µg picene, 11/50 mice treated with 1.1 µg 
picene and 2/48 mice treated with the solvent [no histopathology] (Platt et al., 1990).  

Dermal initiation–promotion (see also Table 3.2) 

Mouse 

A group of 30 female CD-1 mice, 8 weeks of age, received a single skin application 
of 10 µmol [2.8 mg] picene (purified by preparative layer chromatography) in benzene 
[volume unspecified]. One week later, the mice received twice-weekly skin applications 
of 10 µmol TPA for 34 weeks. [The dose of TPA was probably 10 µg.] A control group 
of 30 female mice of the same strain and age was treated twice weekly with 10 µmol TPA 
only for 34 weeks. At the end of the promotion period, all mice in the picene-treated and 
control groups were still alive. At that time, 8/30 (27%) picene-treated mice had 
developed skin papillomas (0.60 tumours/mouse [no histology]). One skin tumour 
occurred in 1/30 (3%) TPA controls by week 25, but it had regressed by the end of the 
study, when no tumours were found in the control group (Scribner, 1973).  

Groups of female NMRI mice [age unspecified] received a single dermal application 
of 300 nmol [83.5 µg] picene (>99% pure) in 100 µL acetone (16 mice), 600 nmol 
[167 µg] picene in 100 µL tetrahydrofuran (16 mice) or 10000 nmol [2800 µg] picene in 
100 µL benzene (30 mice). A control group of 30 female mice was treated with 100 µL 
acetone alone. One week later, all mice received twice-weekly dermal applications of 
10 nmol (6.2 µg) TPA in 100 µL acetone. The experiment was terminated after 24 weeks. 
Skin tumours were not observed in mice treated with 83.5 or 167 µg picene or in the 
acetone-treated control mice; the incidence in mice treated with 2800 µg picene was 19% 
(0.29 tumours/mouse) [no histopathology] (Platt et al., 1990). 
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Subcutaneous administration (see also Table 3.3) 

Mouse 

Groups of 50 female NMRI mice [age unspecified] received a single subcutaneous 
injection into the interscapular region of 36, 40, 108, 308 or 399 nmol [10, 11, 30, 86 or 
111 µg] picene (>99 % pure) in 500 µL tricaprylin. Two control groups of 50 female 
mice were treated with tricaprylin alone. Animals were palpated weekly; masses >1 cm 
were considered to be positive. The experiment was terminated after 112 weeks. [No 
histopathology appeared to be performed.] The incidence of fibrosarcomas was: 10 µg 
picene, 9/50 (18%); 11 µg picene, 12/46 (26%); 30 µg picene, 17/49 (35%); 86 µg picene, 
31/49 (63%); 111 µg picene, 29/50 (58%); and controls, 3/49 (6%) and 1/50 (2%) (Platt et 
al., 1990). 

Groups of 45 male and 50 female newborn NMRI mice, 2 days of age, received a 
single subcutaneous injection of 40 or 400 nmol [11 or 111 µg] picene (>99% pure) in 
50 µL of an aqueous solution (1% gelatin, 0.9% saline, 0.4% Tween 20). A control group 
of 49 male and female mice was treated with the solvent alone. The mice were separated 
by sex at 30 days of age and housed for a total of 40 weeks. A necropsy was performed, 
lung nodules were counted and histopathology was performed. The incidence of 
pulmonary tumours [type unspecified] was 4/16 (25%; 11 µg picene; 2.8 tumours/ 
tumour-bearing mouse) and 8/23 (35%; 111 µg picene; 2.1 tumours/tumour-bearing 
mouse) in females, and 1/22 (4%; 11 µg picene; 1.0 tumours/tumour-bearing mouse) and 
2/13 (15%; 111 µg picene; 1.5 tumours/tumour-bearing mouse) in males. The incidence 
in controls was 1/19 (5%; 1.0 tumours/tumour-bearing mouse) in females and 2/14 (14%; 
2.0 tumours/tumour-bearing mouse) in males (Platt et al., 1990). 

Rat 

Groups of 12 female Sprague-Dawley rats, 30 days of age, received a total of 
20 thrice-weekly subcutaneous injections of 300 µg picene (recrystallized, sharp melting-
point, single peak by GC/MS and HPLC) in 100 µL sesame oil: DMSO (9:1). A control 
group of 12 rats was treated with the solvent alone. The experiment was continued for 
37 weeks. The incidence of sarcomas in the rats treated with picene was 0/12 compared 
with 0/12 solvent-treated controls (Flesher et al., 2002). 

Pyrene 

Previous evaluation 

Pyrene was first considered in February 1983 (IARC, 1983) by a Working Group that 
evaluated several bioassays in which pyrene was applied dermally to mice; no tumors 
were observed. It was also tested in initiation–promotion studies in mice with 
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inconclusive results. A study of subcutaneous injection into mice was considered to be 
inadequate, and a study of intratracheal administration in hamsters gave negative results. 
On the basis of the available studies, a Working Group in 1987 (IARC, 1987) concluded 
that the data were inadequate to permit an evaluation of the carcinogenicity of pyrene in 
experimental animals. Additional bioassays that have been published since that time are 
summarized below. 

Dermal application (see also Table 3.16) 

Mouse 

In a co-carcinogenicity study in male C3H/HeJ mice, a solution of 0.1% pyrene 
applied to the skin simultaneously with 0.001% benzo[a]pyrene did not induced skin 
tumours; one mouse (8%) treated with pyrene alone developed a skin tumour; mice 
treated with benzo[a]pyrene alone and vehicle (toluene) controls did not develop skin 
tumours (Warshawsky et al., 1993). 

Table 3.16.  Incidence of benign and malignant skin tumours in mice treated 

with some PAHs and mixtures of PAHs 

Compound Malignant skin 
tumours 

Benign and malignant 
skin tumours combined 

Toluene   0/20   0/39 
Benzo[a]pyrene 19/20 (95%)   0/14 
Benzo[a]pyrene + chrysene 13/16 (81%)   3/13 (23%) 
Benzo[a]pyrene + phenanthrene + pyrene 18/19 (95%) 19/19 (100%) 
Benzo[a]pyrene + anthracene   1/13 (8%)   1/13 (8%) 
Benzo[a]pyrene + fluoranthene    1/12 (8%) 
Benzo[a]pyrene + phenanthrene    1/17 (6%) 
Benzo[a]pyrene + pyrene    0/13 
Benzo[a]pyrene + anthracene, chrysene, 
   fluoranthene, phenanthrene and pyrene 

   8/17* (47%) 

Anthracene    0/14 
Chrysene    1/15 (7%) 
Fluoranthene    0/15 
Phenanthrene    1/12 (8%) 
Pyrene    1/13 (8%) 
Anthracene, chrysene, fluoranthene, phenanthrene 
   and pyrene 

   3/13 (23%) 

From Warshawsky et al. (1993)  
PAH, polycyclic aromatic hydrocarbon 
*Significantly different from benzo[a]pyrene alone 
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Intraperitoneal administration (see also Table 3.7) 

Mouse 

In studies with newborn male and female CD-1 and Swiss-Webster BLU:Ha (ICR) 
mice and 5–6-week-old male strain A mice, intraperitoneal injection of pyrene at doses of 
0–9.65 µmol did not significantly increase the incidences of lung adenomas (Wislocki et 
al., 1986; Busby et al., 1989; Ross et al., 1995). However, in one study, the highest 
initiating dose (2800 nmol) significantly increased the incidence of liver adenomas 
(Wislocki et al., 1986). 

Triphenylene 

Previous evaluation 

Triphenylene was considered in February 1983 (IARC, 1983) by a Working Group 
that evaluated two bioassays in which triphenylene was applied dermally to mice and 
these are summarized in Table 3.1. The Working Group concluded that the data were 
inadequate to permit an evaluation of the carcinogenicity of triphenylene to experimental 
animals. No new studies were available. 

Laboratory mixtures of PAHs 

Dermal application  

Mouse 

Groups of IRC mice [number and age unspecified] received dermal applications of 
0.005% benzo[a]pyrene alone or in combination with 0.1% pyrene, 0.5% fluoranthene, 
0.1% phenanthrene or 0.015% benz[a]anthracene [number of applications, volume 
applied and treatment period unspecified]. The total number of tumour-bearing mice 
appeared to be decreased by phenanthrene and benz[a]anthracene, and the total number of 
carcinoma-bearing mice appeared to be decreased by benz[a]anthracene and increased by 
pyrene and fluoranthene [given the limited documentation, the data are very difficult (if 
not impossible) to evaluate] (Hoffmann & Wynder, 1963). 

Groups of male Swiss mice [age unspecified] received dermal applications every 4th 
day of two drops of a benzene solution that contained 0.3% benzo[a]pyrene [purity 
unspecified] (40 mice), 0.3% perylene [purity unspecified] (20 mice) or a mixture of 0.3% 
benzo[a]pyrene and 0.3% perylene (40 mice). The experiment was continued for 
~22 weeks, at which time ~50% of the animals treated with benzo[a]pyrene alone or with 
the mixture had died. Tumours with a diameter >0.5 mm were scored, but these were not 
verified histologically. The incidence of skin tumours was: benzo[a]pyrene alone, 36/40 
(90%); perylene alone, 0/20 (0%); and benzo[a]pyrene + perylene, 13/40 (33%) (Finzi et 
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al., 1968). [The addition of perylene to benzo[a]pyrene significantly reduced the tumori-
genic response observed with benzo[a]pyrene alone (Fisher’s exact two-tailed test).] 

Groups of 50 female ICR/Ha mice [age unspecified] received thrice-weekly dermal 
applications for 52 weeks of 100 µL acetone that contained 5 µg benzo[a]pyrene alone or 
in combination with 15 µg benzo[e]pyrene, 12 µg pyrene or 21 µg benzo[ghi]perylene. 
Each of the compounds was ‘highly pure’ as assessed by TLC, multichannel ultraviolet-
visible (UV-VIS), spectrophotometery, fluorescence and MS. Additional groups [number 
unspecified] were treated in a similar manner with 15 µg benzo[e]pyrene, 12 µg pyrene, 
21 µg benzo[ghi]perylene or the solvent alone. The incidence of skin papilloma and 
squamous-cell carcinoma (verified histologically) after 52 weeks was, respectively: 
benzo[a]pyrene, 13/42 (31%) and 10/42 (24%); benzo[a]pyrene + benzo[e]pyrene, 34/39 
(87%) and 27/39 (69%); benzo[a]pyrene + pyrene, 27/41 (66%) and 19/41 (46%); and 
benzo[a]pyrene + benzo[ghi]perylene, 20/37 (54%) and 17/37 (46%) (Van Duuren et al., 
1973). [Each mixture significantly increased the incidence of papilloma and squamous-
cell carcinoma compared with benzo[a]pyrene alone, with the exception of squamous-cell 
carcinomas following treatment with benzo[ghi]perylene (Fisher’s exact two-tailed test).] 

Groups of 50 female ICR/Ha mice, 6–8 weeks of age, received thrice-weekly dermal 
applications for 368 or 440 days of 100 µL acetone that contained 5 µg benzo[a]pyrene 
alone or in combination with 4, 12 or 40 µg pyrene, 7 or 21 µg benzo[ghi]perylene, 5 or 
15 µg benzo[e]pyrene or 40 µg fluoranthene. Fluoranthene was purified by zone 
refinement and the other compounds were purified by recrystallization. Each was 
characterized by its melting-point. Additional groups of 50 mice were treated similarly 
with 12 or 40 µg pyrene, 21 µg benzo[ghi]perylene, 15 µg benzo[e]pyrene, 40 µg fluor-
anthene or acetone alone. The incidence of skin papilloma and squamous-cell carcinoma 
(verified histologically) is given in Table 3.17 (Van Duuren & Goldschmidt, 1976). [Each 
of the following mixtures significantly increased the incidence of papilloma and 
squamous-cell carcinoma compared with benzo[a]pyrene alone: 12 µg pyrene + benzo-
[a]pyrene (368 days), 40 µg pyrene + benzo[a]pyrene (440 days), 15 µg benzo[e]pyrene 
+ benzo[a]pyrene (368 days) and 40 µg fluoranthene + benzo[a]pyrene (440 days) 
(Fisher’s exact two-tailed test).] 

Groups of 30 female Swiss mice [age unspecified] received twice-weekly dermal 
applications for 48 weeks of 2.2, 6.6 or 20 nmol benzo[a]pyrene [purity unspecified], 
22.2, 66.6 or 200 nmol cyclopenta[cd]pyrene [purity unspecified], 2.2 nmol 
benzo[a]pyrene + 22.2 nmol cyclopenta[cd]pyrene, 6.6 nmol benzo[a]pyrene + 66.6 nmol 
cyclopenta[cd]pyrene, 20 nmol benzo[a]pyrene + 200 nmol cyclopenta[cd]pyrene, 
2.2 nmol benzo[a]pyrene + 66.6 nmol cyclopenta[cd]pyrene, 6.6 nmol benzo[a]pyrene + 
22.2 nmol cyclopenta[cd]pyrene, 2.2 nmol benzo[a]pyrene + 200 nmol cyclopenta[cd]-
pyrene or 20 nmol benzo[a]pyrene + 22.2 nmol cyclopenta[cd]pyrene in 50 µL acetone. 
The experiment lasted 61 weeks. The following mixtures gave a tumour incidence that 
was significantly greater than the sum of the individual components at the same doses: 
6.6 nmol benzo[a]pyrene + 66.6 nmol cyclopenta[cd]pyrene, 2.2 nmol benzo[a]pyrene +  
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Table 3.17.  Incidence of skin tumours in female ICR/Ha mice following dermal 

application of benzo[a]pyrene and binary mixtures of benzo[a]pyrene and some 

PAHs 

Compound Papilloma Squamous-cell 
carcinoma 

B[a]P (368 days) 14/50 (28%) 10/50 (20%) 

B[a]P + 4 µg pyrene (368 days) 12/50 (24%)   6/50 (12%) 

B[a]P + 12 µg pyrene (368 days) 25/50 (50%)* 20/50 (40%)* 

B[a]P +7 µg benzo[g,h,i]perylene (368 days) 19/50 (38%) 10/50 (20%) 

B[a]P + 21 µg benzo[g,h,i]perylene (368 days) 20/50 (40%) 18/50 (36%) 

B[a]P + 5 µg B[e]P (368 days) 24/50 (50%)   9/50 (18%) 

B[a]P + 15 µg B[e]P (368 days) 33/50 (66%)* 27/50 (54%)* 

B[a]P (440 days) 16/50 (32%) 12/50 (24%) 

B[a]P + 40 µg pyrene (440 days) 35/50 (70%)* 26/50 (52%)* 

B[a]P + 40 µg fluoranthene (440 days) 39/50 (78%)* 37/50 (74%)* 

From Van Duuren & Goldschmidt (1976) 
B[a]P, benzo[a]pyrene; B[e]P, benzo[e]pyrene; PAH, polycyclic aromatic hydrocarbon 
*Significantly different from benzo[a]pyrene alone at 368 or 440 days 

66.6 nmol cyclopenta[cd]pyrene and 6.6 nmol benzo[a]pyrene + 22.2 nmol cyclopenta-
[cd]pyrene (Table 3.18; Cavalieri et al., 1983).  

Groups of 20 shaved male C3H/HeJ mice [age unspecified] received twice-weekly 
dermal applications of 0.2% benzo[a]pyrene (purity, 99.5%), a mixture of 0.2% 
benzo[a]pyrene and 0.2% chrysene (purity, 99.5%) or a mixture of 0.2% benzo[a]pyrene, 
0.2% phenanthrene (purity >99%) and 0.26% pyrene (purity, 99.5%) in toluene, or 
toluene alone. [The volume was not specified. Histopathology appeared to be performed. 
There was no statistical analysis. None of the treatments resulted in a tumour incidence 
that differed from that induced by benzo[a]pyrene alone (Fisher’s exact two-tailed test). 
Tumour latency appeared to be shortened with the mixtures, but this was not examined 
statistically] (Table 3.16; Warshawsky et al., 1993).  

Groups of 20 shaved male C3H/HeJ mice, 6–8 weeks of age, received twice-weekly 
dermal applications of 50 µL toluene solutions that contained 0.1% anthracene (purity, 
99.5%), 0.1% chrysene, 0.1% fluoranthene (purity, >99%), 0.2% phenanthrene or 0.1% 
pyrene, or a mixture of 0.1% anthracene, 0.1% chrysene, 0.1% fluoranthene, 0.1% 
phenanthrene and 0.1% pyrene. Additional groups were treated in an identical manner 
with 0.001% benzo[a]pyrene (18 mice), each of the solutions in combination with 
0.001% benzo[a]pyrene (20 mice per group) or the solvent alone (50 mice). The 
incidence of benign and malignant skin tumours after treatment for 14 weeks is given in 
Table 3.16 (Warshawsky et al., 1993). [None of the mixtures, with the exception of the 
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mixture of anthracene, chrysene, fluoranthene, phenanthrene, pyrene and benzo[a]pyrene, 
resulted in a tumour incidence that differed from that induced by benzo[a]pyrene alone. 
The tumour incidence induced by the mixture of anthracene, chrysene, fluoranthene, 
phenanthrene and pyrene did not differ from that induced by the mixture of anthracene, 
chrysene, fluoranthene, phenanthrene, pyrene and benzo[a]pyrene (Fisher’s exact two-
tailed test).] 

Table 3.18.  Tumour incidence and multiplicity in mice treated with 

benzo[a]pyrene, cyclopenta[cd]pyrene and combinations of the two 

compounds 

Benzo[a]pyrene 
(nmol) 

Cyclopenta[cd]-
pyrene (nmol) 

Tumour incidence 
(%) 

Squamous-cell 
carcinoma/tumour-
bearing animal 

  2.2       7 1.0 
  6.6    7 1.0 
20  57 2.6 
  0   22.2   7 0.0 
  0   66.6   7 1.0 
  0 200 83 2.9 
  2.2   22.2   3 5.0 
  2.2   66.6 30* 1.0 
  2.2 200 97 3.8 
  6.6   22.2 31* 1.8 
  6.6   66.6 69* 7.2 
20   22.2 83 3.8 
20 200 87 5.1 

From Cavalieri et al. (1983) 
*Significantly greater that the sum of tumour incidence for the individual compounds at the 
same doses 

Dermal initiation–promotion 

Mouse 

Groups of 30 shaved female Charles River CD-1 mice [age unspecified] received a 
single dermal application of 200 µL acetone that contained 100 µg benzo[e]pyrene (>99% 
pure), 100 µg pyrene [purity unspecified] or 100 µg fluoranthene [purity unspecified] or 
the solvent alone. After 5 min, the mice received a dermal application of 200 nmol 
benzo[a]pyrene [purity, solvent and volume unspecified]. One week later, the mice 
received twice-weekly dermal applications of 10 µg TPA for 30 weeks. The incidence of 
papillomas per mouse (± SD) was: benzo[a]pyrene, 100 ± 12; benzo[e]pyrene + benzo-
[a]pyrene, 130 ± 13; pyrene + benzo[a]pyrene, 135 ± 18; and fluoranthene + benzo-
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[a]pyrene, 123 ± 12 (Slaga et al., 1979). [Each of the mixtures significantly increased the 
number of papillomas per mouse compared with that observed with benzo[a]pyrene alone 
(ANOVA, followed by Dunnett’s test). Since the compounds were not tested 
individually, it cannot be ascertained whether the increase is due to an additive response 
or to an effect of the compounds on benzo[a]pyrene.] Additional experiments were 
conducted with 7,12-dimethylbenz[a]anthracene (DMBA) instead of benzo[a]pyrene and 
the opposite effect was observed, i.e. the number of papillomas per mouse decreased in 
the mixture-treated group compared with groups treated with DMBA alone. 

Groups of 30 shaved female SENCAR mice, 7–9 weeks of age, received a single 
dermal application of 200 nmol benzo[e]pyrene [purity unspecified] in 200 µL acetone or 
the solvent alone. After 5 min, the mice received a single application of 200 nmol 
benzo[a]pyrene [purity unspecified] in 200 µL acetone and, 1 week later, twice-weekly 
dermal applications of 3.4 nmol TPA in 200 µL acetone for 16 weeks. The incidence of 
papillomas per mouse was 3.3 for benzo[a]pyrene-treated mice (88% papilloma 
incidence) and 4.3 for benzo[e]pyrene + benzo[a]pyrene-treated mice (94% tumour 
incidence). The standard deviation for each of these values was <16%. Random 
papillomas were verified histologically (DiGiovanni et al., 1982). [Benzo[e]pyrene 
caused a statistically significant increase in the number of papillomas per mouse 
compared with that observed with benzo[a]pyrene alone (ANOVA, followed by 
Dunnett’s test). Since benzo[e]pyrene was not tested individually, it cannot be ascertained 
whether the increase was due to an additive response or to an effect of benzo[e]pyrene on 
benzo[a]pyrene.] Additional experiments were conducted using DMBA, and the opposite 
effect was observed, i.e. the number of papillomas per mouse decreased in the mixture-
treated group compared with the group treated with DMBA alone. Further experiments 
were conducted with 3-methylcholanthrene instead of benzo[a]pyrene and the results 
were inconclusive. 

Groups of 30 shaved female SENCAR mice, 7–9 weeks of age, received a single 
dermal application of 200 or 400 nmol dibenz[a,c]anthracene [purity unspecified] in 
200 µL acetone or the solvent alone. After 5 min, the mice received an application of 
200 nmol benzo[a]pyrene in 200 µL acetone and, 1 week later, twice-weekly dermal 
applications of 3.4 nmol TPA in 200 µL acetone for 16 weeks. The incidence of 
papillomas per mouse was 3.3 for benzo[a]pyrene (88% papilloma incidence) [the 
Working Group noted that this was the same group of animals as that used in the previous 
experiment], 3.2 for 200 nmol dibenz[a,c]anthracene + benzo[a]pyrene (97% tumour 
incidence) and 2.9 for 400 nmol dibenz[a,c]anthracene + benzo[a]pyrene (88% tumour 
incidence). The standard deviation for each of these values was <20%. Dibenz[a,c]-
anthracene had ‘little to no’ tumour-initiating activity (DiGiovanni et al., 1982). 
[Treatment with 400 nmol dibenz[a,c]anthracene caused a statistically significantly 
increase in the number of papillomas per mouse compared with that observed with 
benzo[a]pyrene alone (ANOVA, followed by Dunnett’s).] Additional experiments were 
conducted with DMBA and 3-methylcholanthrene. Dibenz[a,c]anthracene appeared to 
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inhibit the tumour multiplicity induced by these compounds to an even greater extent than 
for tumours induced by benzo[a]pyrene. 

Groups of 30 shaved female SENCAR mice, 7–9 weeks of age, received a single 
dermal application of 200 nmol benzo[e]pyrene or dibenzo[a,c]anthracene in 200 µL 
acetone or the solvent alone. After 5 min, the mice received a single dermal application of 
200 nmol 5-methylchrysene [purity unspecified] or dibenz[a,h]anthracene [purity 
unspecified] in 200 µL acetone, followed 1 week later by twice-weekly applications of 
3.4 nmol TPA in 200 µL acetone for 16 weeks. The incidence of papillomas per mouse 
was 2.9 for 5-methylchrysene (63% papilloma incidence), 2.6 for 5-methylchrysene + 
benzo[e]pyrene (64% tumour incidence) and 2.9 for 5-methylchrysene + dibenz[a,c]-
anthracene (69% tumour incidence); 6.8 for dibenz[a,h]anthracene (91% papilloma 
incidence), 3.5 for dibenz[a,h]anthracene + benzo[e]pyrene (74% tumour incidence) and 
4.1 for dibenz[a,h]anthracene + dibenz[a,c]anthracene (71% tumour incidence). The 
standard deviation for each of these values was <20% (DiGiovanni et al., 1982). 
[Benzo[e]pyrene and dibenzo[a,c]anthracene caused a statistically significantly increase 
in the number of papillomas per mouse compared with that observed with dibenzo[a,h]-
anthracene alone, but had no effect upon the tumour multiplicity induced by 3-methyl-
cholanthrene (ANOVA, followed by Dunnett’s test)]. Additional experiments were 
conducted with 7- and 12-methylbenz[a]anthracene. The tumour multiplicity with 
7-methylbenz[a]anthracene was decreased, but that with 12-methylbenz[a]anthracene 
was not affected. 

Subcutaneous administration 

Mouse 

Groups of 50 male and 50 female C57 black mice, 3–4 months of age, received a 
single subcutaneous injection of 5.0 mg chrysene [purity unspecified], 5.0 mg 
benz[a]anthracene [purity unspecified], 20 µg dibenz[a,h]anthracene [purity unspecified] 
or mixtures of 2.5 mg chrysene + 2.5 mg benz[a]anthracene or 5.0 mg benz[a]anthracene 
+ 20 µg dibenz[a,h]anthracene in 500 µL tricaprylin. A total of 304 control mice were 
given a single injection of 0.2–2.0 mL tricaprylin. Mice that survived 4 months after the 
treatment were evaluated for tumour incidence and the experiment was continued for 
22 months. The incidence of sarcomas (histologically verified) is given in Table 3.19 
(Steiner & Falk, 1951). [The addition of benz[a]anthracene to dibenz[a,h]anthracene 
significantly decreased (Fisher’s exact two-tailed test) the response observed with 
dibenz[a,h]anthracene alone based upon the number of mice alive 4 months after 
treatment. The difference was not significant when the comparison was made based upon 
the number of animals alive when the first tumour occurred. The response observed with 
chrysene and benz[a]anthracene appeared to be additive, and was also marginally greater 
than that observed with benz[a]anthracene alone when the comparison was made based 
upon the number of animals alive 4 months after treatment. It was significantly greater 
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when the comparison was made based upon the number of animals alive when the first 
tumour appeared.] 

Table 3.19.  Incidence of sarcomas in mice after subcutaneous injection of 

some PAHs and binary mixtures of PAHs 

Compound Sarcomaa Sarcomab 

Chrysene (5 mg)   4/39 (10.3%)   4/24 (16.7%) 
Benz[a]anthracene (5.0 mg)   8/46 (17.4%)   8/44 (18.2%) 
Dibenz[a,h]anthracene (20 µg) 28/48 (58.3%) 28/48 (58.3%) 
Chrysene (2.5 mg) + benz[a]anthracene (2.5 mg) 14/41 (36.6%) 15/34 (44.1%)* 
Benz[a]anthracene (5.0 mg) + dibenz[a,h]anthracene (20 µg) 11/39 (28.2%)** 11/30 (36.7%) 
Tricaprylin (0.2–2.0 mL)   3/280 (1.1%)   3/233 (1.3%) 

From Steiner & Falk (1951) 
PAH, polycyclic aromatic hydrocarbon 
aBased upon those alive 4 months after treatment 

bBased upon those alive when the first tumour occurred 

*Significantly different from benz[a]anthrancene alone 
**Significantly different from dibenz[a,h]anthrancene alone 

Groups of 40–50 male and 40–50 female C57 black mice [age unspecified] received a 
single subcutaneous injection of 20 or 40 µg dibenz[a,h]anthracene [purity unspecified], 
5 or 10 mg benz[a]anthracene [purity unspecified], 90 µg benzo[a]pyrene [purity 
unspecified], 5 mg chrysene [purity unspecified], 5 mg anthracene [purity unspecified] or 
5 mg phenanthrene [purity unspecified], or mixtures of 20 or 40 µg dibenz[a,h]anthracene 
+ 5 or 10 mg benz[a]anthracene, 90 µg benzo[a]pyrene + 5 mg benz[a]anthracene, 20 µg 
dibenz[a,h]anthracene + 5 mg chrysene, 20 µg dibenz[a,h]anthracene + 5 mg anthracene 
or 20 µg dibenz[a,h]anthracene and 5 mg phenanthrene. The number of mice alive when 
the first sarcoma appeared was used to calculate the tumour incidence. The experiments 
were continued for 22–28 months. The incidence of sarcomas (histologically verified) is 
given in Table 3.20 (Steiner, 1955). [The addition of benz[a]anthracene, chrysene, 
anthracene or phenanthrene to dibenz[a,h]anthracene did not significantly affect the 
incidence of sarcomas observed with treatment with dibenz[a,h]anthracene alone 
(Fisher’s exact two-tailed test). Similarly, the addition of benz[a]anthracene to benzo[a]-
pyrene did not significantly affect the indicence of sarcomas observed with benzo[a]-
pyrene alone.] 

In a subsequent experiment, mice were administered 50, 200 or 1000 µg benz[a]-
anthracene with or without 20 µg dibenz[a,h]anthracene (Steiner, 1955) (see Table 3.20). 
[The only significant difference occurred when dibenz[a,h]anthracene was combined with 
50 µg benz[a]anthracene.]  

Groups of 30 male C57BL mice, 3–4 months of age, received a single subcutaneous 
injection of 275 µg dibenz[a,h]anthracene [purity unspecified] in ethyl laurate [volume 
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unspecified] either alone or in combination with phenanthrene [purity unspecified] in 
molar ratios (phenanthrene:dibenz[a,h]anthracene) of 12:1, 24:1 or 48:1. The incidence of 
sarcomas 30 months after treatment is given in Table 3.21 (Falk et al., 1964). [Although 
there was a decrease in the incidence of sarcomas with the addition of phenanthrene, the 
difference was not significant (Fisher’s exact two-tailed test). There was also a decreasing 
trend when the ratio of phenanthrene:dibenzo[a,h]anthracene was increased, but this was 
not significant either.] 

Table 3.20.  Incidence of sarcomas in mice after subcutaneous injection of some 

PAHs and binary mixtures of PAHs 

Compound Sarcoma 

Experiment 1  
Dibenz[a,h]anthracene (20 µg)   7/21 (33%) 
Dibenz[a,h]anthracene (40 µg)   6/18 (33%) 
Benz[a]anthracene (5 mg) 20/36 (56%) 
Benz[a]anthracene (10 mg)   5/16 (31%) 
Benzo[a]pyrene (90 µg) 16/21 (76%) 
Chrysene (5 mg)   5/22 (23%) 
Anthracene (5 mg)   0/26 (0%) 
Phenanthrene (5 mg)   0/27 (0%) 
Dibenz[a,h]anthracene (20 µg) + benz[a]anthracene (5 mg) 14/35 (40%) 
Dibenz[a,h]anthracene (40 µg) + benz[a]anthracene (10 mg) 16/27 (59%) 
Benzo[a]pyrene (90 µg) + benz[a]anthracene (5 mg) 16/27 (59%) 
Dibenz[a,h]anthracene (20 µg) + chrysene (5 mg)   9/25 (36%) 
Dibenz[a,h]anthracene (20 µg) + anthracene (5 mg) 13/29 (45%) 
Dibenz[a,h]anthracene (20 µg) + phenanthrene (5 mg) 14/26 (54%) 

Experiment 2  

Dibenz[a,h]anthracene (20 µg)   7/21 (33%) 
Benz[a]anthracene (50 µg)   5/44 (11%) 
Benz[a]anthracene (200 µg) 11/45 (24%) 
Benz[a]anthracene (1000 µg) 15/44 (34%) 
Benz[a]anthracene (50 µg) + dibenz[a,h]anthracene (20 µg) 18/28 (64%)* 
Benz[a]anthracene (200 µg) + dibenz[a,h]anthracene (20 µg) 14/22 (64%) 
Benz[a]anthracene (1000 µg) + dibenz[a,h]anthracene (20 µg) 13/25 (52%) 

From Steiner (1955) 
PAH, polycyclic aromatic hydrocarbon 
*Significantly different from dibenz[a,h]anthracene (20 µg) alone 

Additional groups of 30 male C57BL mice, 3–4 months of age, received a single 
subcutaneous injection of 60 µg dibenz[a,h]anthracene in ethyl laurate either alone or in 
combination with phenanthrene in a molar ratio (phenanthrene:dibenz[a,h]anthracene) of 
24:1. The incidence of sarcomas 30 months after treatment (verified histologically) is 
given in Table 3.21 (Falk et al., 1964). [Although there was a decrease in incidence of 
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sarcomas with the addition of phenanthrene, the difference was not significant (Fisher’s 
exact two-tailed test).] 

Table 3.21.  Incidences of sarcomas in mice after subcutaneous injection 
of some PAHs and binary mixtures of PAHs 

Compound Sarcoma 

Experiment 1  

Dibenzo[a,h]anthracene (275 µg) ~16/30a (53%) 
Phenanthrene + dibenzo[a,h]anthracene (12:1) ~14/30a (47%) 
Phenanthrene + dibenzo[a,h]anthracene (24:1)   ~9/30a (30%) 
Phenanthrene + dibenzo[a,h]anthracene (48:1) ~10/30a (33%) 

Experiment 2  

Dibenzo[a,h]anthracene (60 µg)   ~9/30a (30%) 
Phenanthrene + dibenzo[a,h]anthracene (12:1)   ~3/30a (10%) 

Experiment 3  

Dibenzo[a,h]anthracene (30 µg × 4) ~12/30b (40%) 
Phenanthrene + dibenzo[a,h]anthracene (15:1) ~13/30b (43%) 
Dibenzo[a,h]anthracene (60 µg × 2)   19/30b (63%) 
Phenanthrene + dibenzo[a,h]anthracene (15:1)   16/30b (53%) 
Dibenzo[a,h]anthracene (120 µg × 1)   24/30b (80%) 
Phenanthrene + dibenzo[a,h]anthracene (15:1)   14/30*b (47%) 
Dibenzo[a,h]anthracene (150 µg)    16/30b (53%) 
Phenanthrene + dibenzo[a,h]anthracene (15:1) 100 µL triethylene glycol   28/30*b (93%) 
Phenanthrene + dibenzo[a,h]anthracene (15:1) 200 µL triethylene glycol   30/30*b (100%) 
Benzo[a]pyrene (400 µg)   27/30b (90%) 
Benzo[a]fluorene + benzo[a]pyrene (0.1:1)     2/30*b (67%) 
Perylene + benzo[a]pyrene (0.1:1)     5/30*b (17%) 
Chrysene + benzo[a]pyrene (0.15:1)     3/30*b (10%) 
Benzo[k]fluoranthene + benzo[a]pyrene (1:1)     5/30*b (17%) 
Benzo[mno]fluoranthene + benzo[a]pyrene (1:1)     3/30*b (10%) 
Anthracene + phenanthrene + pyrene + benzo[a]pyrene (10:10:10:1)     1/30*b (3%) 

From Falk et al. (1964) 
PAH, polycyclic aromatic hydrocarbon 
* Significantly different from the control group 
a After 30 months 
b After 18 months 

In a subsequent experiment, groups of 30 male C57BL mice [age unspecified] 
received four subcutaneous injections of 30 µg dibenz[a,h]anthracene in ethyl laurate at 
2-month intervals, two subcutaneous injections of 60 µg dibenz[a,h]anthracene in ethyl 
laurate at 4-month intervals or a single subcutaneous injection of 120 µg dibenz[a,h]-
anthracene in ethyl laurate, either alone or in combination with phenanthrene in a molar 
ratio (phenanthrene:dibenz[a,h]anthracene) of 15:1. The incidence of sarcomas 18 months 
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after treatment is given in Table 3.21 (Falk et al., 1964). [There was a significant decrease 
in the incidence of sarcomas with the addition of phenanthrene in a single injection 
(Fisher’s exact two-tailed test).] 

In a further experiment, groups of 30 male C57BL mice, 3–4 months of age, received 
a single subcutaneous injection of 500 µg dibenz[a,h]anthracene in 100 µL triethylene 
glycol either alone or in combination with phenanthrene in a molar ratio (phenanthrene: 
dibenz[a,h]anthracene) of 15:1. One additional group was administered the mixture in 
200 µL triethylene glycol. The incidence of sarcomas 18 months after treatment (verified 
histologically) is given in Table 3.21 (Falk et al., 1964). [There was a significant increase 
in the incidence of sarcomas with the addition of phenanthrene when triethylene glycol 
was used as the vehicle (Fisher’s exact two-tailed test).] 

In another experiment, groups of 30 male C57BL mice, 3–4 months of age, received a 
single subcutaneous injection of 400 µg benzo[a]pyrene [purity unspecified] in tricaprylin 
[volume unspecified] either alone or in combination with benzo[a]fluorene [purity 
unspecified] (molar ratio of benzo[a]fluorene:benzo[a]pyrene, 0.1:1), perylene [purity 
unspecified] (molar ratio of perylene:benzo[a]pyrene, 0.1:1), chrysene [purity 
unspecified] (molar ratio of chrysene:benzo[a]pyrene, 0.15:1), benzo[k]fluoranthene 
[purity unspecified] (molar ratio of benzo[k]fluoranthene:benzo[a]pyrene, 1:1), benzo-
[mno]fluoranthene [purity unspecified] (molar ratio of benzo[mno]fluoranthene: 
benzo[a]pyrene, 1:1) or a mixture of anthracene, phenanthrene and pyrene [purities 
unspecified] (molar ratio of anthracene:phenanthrene:pyrene:benzo[a]pyrene, 10:10:10:1). 
The incidence of sarcomas 18 months after treatment (verified histologically) is given in 
Table 3.21 (Falk et al., 1964). [There was a significant decrease in the incidence of 
sarcomas with the addition of all compounds (Fisher’s exact two-tailed test).] 

Additional groups of 30 male C57BL mice, 3–4 months of age, received a single 
subcutaneous injection of 400 µg benzo[a]pyrene in tricaprylin [volume unspecified] in 
combination with acenaphthylene [purity unspecified] (molar ratio of 
acenaphthylene:benzo[a]pyrene, 5:1), fluorene [purity unspecified] (molar ratio of 
fluorene: benzo[a]pyrene, 1:1), coronene [purity unspecified] (molar ratio of coronene: 
benzo[a]pyrene, 1:1), benzo[ghi]perylene [purity unspecified] (molar ratio of benzo[ghi]-
perylene:benzo[a]pyrene, 0.3:1), dibenzo[b,e]pyrene [purity unspecified] (molar ratio of 
dibenzo[b,e]pyrene:benzo[a]pyrene, 0.15:1), dibenzo[a,l]pyrene [purity unspecified] 
(molar ratio of dibenzo[a,l]pyrene:benzo[a]pyrene, 0.1:1), dibenz[a,h]anthracene [purity 
unspecified] (molar ratio of dibenz[a,h]anthracene:benzo[a]pyrene, 0.1:1), indeno[1,2,3-
cd]pyrene [purity unspecified] (molar ratio of indeno[1,2,3-cd]pyrene:benzo[a]pyrene, 
0.1:1) or anthanthrene [purity unspecified] (molar ratio of anthanthrene:benzo[a]pyrene, 
0.1:1). The observation period and resultant tumour data were not reported; however, the 
authors stated that “no inhibitory effects on benzo[a]pyrene carcinogenesis could be 
observed” (Falk et al., 1964). 

Groups of 100 female C57BL mice [age unspecified] received a single subcutaneous 
injection of 3.12, 6.25, 12.5, 25.0, 50.0 or 100.0 µg benzo[a]pyrene [purity unspecified] in 
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500 µL tricaprylin (Series A). Additional groups (Series B) were similarly treated with 
2.35, 4.7, 9.3, 18.7, 37.5 or 75.0 µg dibenz[a,h]anthracene [purity unspecified]. Further 
groups of mice (Series C) were treated with a mixture of 10 PAHs that included 
benzo[e]pyrene, benz[a]anthracene, phenanthrene, anthracene, pyrene, fluoranthene, 
chrysene, perylene, benzo[ghi]perylene and coronene [purities unspecified]. Additional 
groups were treated with mixtures of benzo[a]pyrene and dibenz[a,h]anthracene (Series 
D) and mixtures of these two compounds and the other 10 PAHs (Series E), at the same 
mass ratios as those used in the preceding studies. The study was continued for 
114 weeks, at which time fewer than 10% of the control mice were alive. The incidence 
of sarcomas increased in a dose–responsive manner in mice treated with benzo[a]pyrene, 
from 9/100 at 3.12 µg to 83/100 at 100 µg. Dibenz[a,h]anthracene also increased the 
incidence of sarcomas in a dose–responsive manner, from 37/100 at 2.35 µg to 69/100 at 
75 µg. In mice treated with the mixture of 10 PAHs, the incidence of sarcomas varied 
between 4/100 and 13/100, and a dose–response was not evident. The mixture of 
benzo[a]pyrene and dibenz[a,h]anthracene was 1.4 times more effective at inducing 
sarcomas than dibenz[a,h]anthracene alone, a difference that was not statistically 
significant. The shape of the dose–response curve for benzo[a]pyrene and dibenz[a,h]-
anthracene was similar to that for dibenz[a,h]anthracene alone. Administration of the 
mixture of benzo[a]pyrene and dibenz[a,h]anthracene and the 10 PAHs gave a sarcoma 
response that was similar to that induced by dibenz[a,h]anthracene alone (Pfeiffer, 1973, 
1977). 

Intraperitoneal administration 

Mouse 

Groups of 20 male A/J mice, 6–8 weeks of age, received a single intraperitoneal 
injection of 200 µL tricaprylin that contained a mixture of five PAHs: 30 or 75 mg/kg 
benzo[a]pyrene (purity, ≥98%), 30 or 75 mg/kg bw benzo[b]fluoranthene (purity, 99%), 
2.5 or 10 mg/kg bw dibenz[a,h]anthracene (purity, 97%), 10 or 30 mg/kg bw 5-methyl-
chrysene (purity, 99%) and 30 or 100 mg/kg bw cyclopenta[cd]pyrene (purity, 99%) 
using a 25 factorial design. Eight months after treatment, the number of lung adenomas 
was assessed. No histopathology was carried out. Survival in the 32 groups ranged from 
70 to 100% (mean, 85%). Body weights were initially affected by treatment. The 
incidence of lung adenomas was 100% in each group, with the exception of the solvent-
treated control group, which had a 26% incidence. Tumour multiplicity ranged from 16.8 
to 63.8 lung adenomas per mouse, compared with 0.32 lung adenomas per mouse in the 
tricaprylin controls, a difference that was significant (p <0.01). Two groups exhibited a 
statistically significant (p <0.05) increase in tumour multiplicity compared with that 
expected from summation of the tumour response of the individual PAHs. [The identity 
of these mixtures was not given]. Thirteen groups exhibited a statistically significant 
(p<0.05) decrease in tumour multiplicity compared with that expected from summation of 
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the tumour response of the individual PAHs. [The identity of these mixtures was not 
given] (Nesnow et al., 1998a). 

In a subsequent experiment, the effect of pyrene on a quintary mixture was examined. 
Specifically, a group of 20 male A/J mice, 6–8 weeks of age, received a single 
intraperitoneal injection of 100 mg/kg bw pyrene (purity, 99.7%), 30 mg/kg bw benzo[a]-
pyrene, 30 mg/kg bw benzo[b]fluoranthene, 2.5 mg/kg bw dibenz[a,h]anthracene, 
30 mg/kg bw 5-methylchrysene and 100 mg/kg bw cyclopenta[cd]pyrene. After 8 months, 
all of the mice had lung adenomas, with a mean multiplicity of 30.5 adenomas per mouse. 
This was a statistically significant reduction compared with the multiplicity of 47.1 
adenomas per mouse in mice treated with the mixture of 5 PAHs. Mice administered 
pyrene (10–200 mg/kg) had a 15–40% incidence of adenomas, with a multiplicity of 0.3–
0.6 adenomas per mouse, which did not differ significantly from those in the control 
group (Nesnow et al., 1998a). 

Environmental mixtures of PAHs 

Dermal application 

Mouse 

Groups of 50 male Swiss CD-1 and C3H/HeJ mice [age unspecified] received twice-
weekly dermal applications of two types of asphalt and two types of coal-tar pitch used on 
roofs for 78 weeks. The materials, which were chosen on the basis of their common use 
and extremes of classification, were Type I (‘dead level’) and Type III (‘steep’) asphalt 
and Type I (‘regular roofing’) and Type III (‘low fuming’ or ‘low burn’) coal-tar pitch 
(see Table 3.22 for PAH content). Fumes were collected at two temperatures (232 °C and 
316 °C), and condensed material was collected using a glass cryogenic system. The 
collections at 316 °C gave 9–16 times more volatile material from the asphalts and 2–7 
times more volatile material from the coal-tar pitches as compared with the yield from 
232 °C collections. The materials were applied in 50 µL of a mixture of cyclohexane and 
acetone (1:1). The coal-tar pitch condensate solutions were adjusted to give a 
concentration of benzo[a]pyrene of approximately 0.01% (100 µg/mL), which resulted in 
30–84 mg/mL of condensed fumes being applied, depending upon the specific coal-tar 
pitch. The asphalt condensate solutions were adjusted to give 50% total solids 
(500 mg/mL). The benzo[a]pyrene content of these solutions was ≤3 µg/mL. 
Benzo[a]pyrene [purity not specified] (100 µg/mL) was used as a positive control; and 
other control mice were treated with the solvent. Additional groups were exposed on 
alternate weeks to Type I coal-tar pitch condensate and Type III asphalt condensate. One 
arm of the experiment included exposure to simulated solar light. This arm is not 
considered further. The incidence of malignant tumours (squamous-cell carcinoma and 
fibrosarcoma) was much lower in CD-1 mice (~5%) compared with C3H/HeJ mice 
(~60%), and fibrosarcomas were more common in C3H/HeJ mice. C3H/HeJ mice treated 
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with the condensates had decreased survival compared with the controls, except for those 
exposed to 232 °C Type I asphalt condensate. CD-1 mice treated with 232 °C Type I and 
232 °C Type III coal-tar pitch condensate had lower survival than the control group. 
C3H/HeJ mice exposed to the 316 °C asphalt condensates had a decreased tumour latency 
compared with those exposed to 232 °C asphalt condensates. The temperature of the coal-
tar pitch condensates had no effect on tumour latency in C3H/HeJ mice. The temperature 
of the asphalt or coal-tar pitch condensates had no effect on tumour latency in CD-1 mice. 
Compared with C3H/HeJ mice exposed to benzo[a]pyrene alone, C3H/HeJ mice treated 
with each of the condensates (except for 232 °C Type I and Type III asphalt) had a 
decreased tumour latency. In CD-1 mice, treatment with 232 °C Type I and Type III 
asphalt increased tumour latency, while 316 °C Type III coal-tar pitch condensate 
decreased tumour latency (Niemeier et al., 1988). 

Table 3.22.  Concentration of PAHs (µµµµg/mL) in solutions for dermal 
application 

PAH Asphalta Pitcha 

 Type I Type III Type I Type III 

 232 °C 316 °C 232 °C 316 °C 232 °C 316 °C 232 °C 316 °C 

Naphthalene   22   4   17 49 >1800 1770     288     620 
Fluorene   26 22   39 28    740   
Anthracene/phenanthrene 180 53 300 69   >960 2960 >2580 >5200 
Fluoranthene   86 20   97   7 >2940 2350   >960 >2800 
Pyrene   70   9   63   8 >2070 1790   >720 >2300 
Benz[a]anthracene   11 10     8   6     570   330     330     800 
Chrysene/Triphenylene   25 19   13 14     460   300     290     710 
Benzofluoranthenes     3   4     5   –     230   230     250     260 
Benzo[e]pyrene     6   8     4   1       42     51       45       45 
Benzo[a]pyrene     2   2     3   –       96     85     102       90 
Indeno[cd]pyrene     3   3     2   –       33       2       11         7 
Benzo[ghi]perylene     1   2     1   –       28       2         7         1 
Dibenzanthracenes     2   –     2   –       12       –         4         – 
Coronene     –   –     –   –         –       –         –         – 
Dibenzopyrenes     –   –     –   –         –       –         –         – 

From Niemeier et al. (1988) 
PAH, polycylic aromatic hydrocarbon 

 

a –, not tested 

Groups of 30 shaved male C3H/HeJ mice, 8 weeks of age, received twice-weekly 
dermal applications for 104 weeks of 50 µL cyclohexane:acetone (1:1) that contained 
25 mg standard commercial Type III ‘steep’ asphalt. Additional groups were similarly 
treated with 25 mg asphalt that had been heated to 316 °C, 25 mg of a combination of 
asphalt that had been heated to 316 °C and the fumes that were released and collected by 
condensation and 25 mg of the fumes that resulted from heating asphalt to 316 °C. There 
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was no consistent effect of treatment on survival. Histopathology was conducted. After 
104 weeks, the only exposure that resulted in a significant induction of skin tumours was 
asphalt fumes, which gave a total of 12 skin papillomas and 25 skin carcinomas in 
21 tumour-bearing mice compared with no tumours in the solvent-treated controls (see 
Table 3.23). The collected fume condensates were then fractionated into five fractions, 
designated A, B, C, D and E, and these were applied to additional groups of C3H/HeJ 
mice (either alone or in combination) in amounts corresponding to their original 
contribution to the fume condensate. Only fraction B (or mixtures containing fraction B), 
which contained benzothiophenes, anthracenes and/or phenanthrenes, fluorenes, pyrenes 
and/or fluoranthenes, benzofurans and fluorenones, and fraction C (or mixtures 
containing fraction C), which contained various ketones, pyrenes and/or fluoranthenes, 
chrysenes and fused-ring thiophenes, demonstrated significant activity (see Table 3.23). 
In an additional experiment, groups of 30 male SENCAR mice, 8 weeks of age, received 
twice-weekly dermal applications for 104 weeks of 50 µL cyclohexane:acetone (1:1) that 
contained 25 mg condensed asphalt fume or the solvent alone. After 104 weeks, the 
condensed fume exposure resulted in a significant induction of skin tumours with a total 
of 21 skin papillomas and 18 skin carcinomas in 20 tumour-bearing mice compared with 
no tumours in the solvent-treated controls (see Table 3.23) (Sivak et al., 1997). 

Table 3.23.  Tumour incidence in male C3H/HeJ and SENCAR mice exposed 

dermally to asphalts 

Compound No. surviving 
104 weeks 

Total no. of 
papillomas/ 
group 

Total no. of 
carcinomas/ 
group 

No. of 
TBAs 

No. of 
tumours/ 
TBA 

Experiment 1: C3H/HeJ      

Type III ‘steep asphalt’ 15/30 (50%)   1   3   4 1.0 
Heated asphalt (less fumes) 18/30 (60%)   0   0   0 0 
Heated asphalt (plus fumes) 21/30 (70%)   0   0   0 0 
Heated asphalt fumes   2/30 (7%) 12* 25* 21 1.8 
Solvent control 11/30 (37%)   0   0   0 0 
Fraction A 19/30 (63%)   0   0   0 0 
Fraction B 12/30 (40%)   2 10* 11 1.1 
Fraction C   6/30 (20%)   4 18* 20 1.1 
Fraction D   7/30 (23%)   0   0   0 0 
Fraction E 13/30 (43%)   0   0   0 0 

Experiment 2: SENCAR      

Heated asphalt fume   5/30 (17%) 21* 18* 20 2.0 
Solvent control 18/30 (60%)   0   0   0 0 

From Sivak et al. (1997) 
TBA, tumour-bearing animal 
*Significantly different from the control group 
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Dermal initiation–promotion studies 

Mouse 

Groups of 30 shaved female CD-1 mice [age unspecified] received dermal 
applications of narrow temperature range distillates from solvent-refined coal (SRC) 
heavy-end coal liquids. Specifically, 17 mg of 800–850 °F+ [427–454 °C+] distillate 
from SRC-I process solvent, 17 mg of 800–850 ºF [427–454 °C+] distillate from SRC-II 
process solvent or 17 mg >850 ºF [>454 °C+] distillate from SRC-II process solvent (see 
Table 3.24 for PAH content) in 50 µL of a mixture of acetone and methylene chloride 
(1:1) once to the back. Additional mice were treated with subfractions of the materials, 
which were obtained by chromatographing the materials on alumina to give fractions that 
contained primarily aliphatic and olefinic compounds (A1), neutral PAHs (A2), nitrogen-
containing PAHs (A3) and hydroxy PAHs (A4). These subfractions were applied in 
amounts corresponding to their original contribution to the mixture. Control mice were 
treated with the acetone and methylene chloride mixture. Positive-control mice were 
given a single dose of 50 µg benzo[a]pyrene in 50 µL of the same solvent. Two weeks 
later, all mice were given twice-weekly dermal applications of 5 µg TPA in 50 µg acetone 
for 24 weeks. After 24 weeks of TPA, the incidence of skin tumours (no histopathology) 
was 76% (2.24 tumours/mouse) for 800–850 ºF+ [427–454 °C+] distillate from SRC-I 
process solvent, 72% (1.43 tumours/mouse) for 800–850 ºF [427–454 °C+] distillate from 
SRC-II process solvent and 79% (4.59 tumours/mouse) for >850 ºF [>454 °C+] distillate 
from SRC-II process solvent. The control group had an incidence of 14% 
(0.17 tumours/mouse; see Table 3.25). Subfraction A2 showed the greatest tumour-
initiating activity, followed by A3, then A1 and A4 (Mahlum et al., 1984; Springer et al., 
1988). [Each of the crude distillates was more active than controls based upon incidence 
(Fisher’s exact one-sided test) or tumours/mouse (ANOVA, Dunnett’s test). Fractions A2 
and A3 also tended to be significantly different from controls based upon incidence and 
multiplicity. The >850 ºF [>454 °C+] SRC-II was significantly different from the other 
two fractions based upon tumours/mouse.]  

Groups of 30 or 40 shaved female SENCAR mice [age unspecified] received dermal 
applications of either coal tar-based paints or petroleum asphalt-based paints. Three coal 
tar-based paints (designated E, F and G) were used and these typically contained 
measurable quantities (>1 mg/g) of naphthalene, acenaphthene, fluorene, phenanthrene, 
anthracene, 2-methylphenanthrene, fluoranthene, pyrene, chrysene + benz[a]anthracene 
and benzo[a]pyrene + benzo[e]pyrene. Four petroleum asphalt-based paints (designated 
A, B, C and D) were used; two of these (A and D) were assessed for their PAH content 
and, with the exception of naphthalene, none (<0.01 mg/g) was detected. The coal tar-
based paints were applied once at 0.2–20 µL/animal. Two weeks later, animals were 
treated thrice weekly for 20 weeks with 1.0 µg TPA in 200 µL acetone. Control mice 
were treated with acetone alone, and benzo[a]pyrene (10 µg) was used as a positive 
control. Each of the coal tar-based paints caused an [significant; Fisher’s exact one-tailed 
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test] increase in the incidence of papilloma and carcinoma, typically at doses ≥0.6 µL. 
Benzo[a]pyrene caused an [significant; Fisher’s exact one-tailed test] increase in the 
incidence of papilloma. The petroleum asphalt-based paints were applied once at 
200 µL/animal. Two weeks later, animals were treated thrice weekly for 20 weeks with 
1.0 µg TPA in 200 µL acetone. Control mice were treated with acetone alone. None of the 
petroleum asphalt-based paints caused an increase in the incidence of papilloma and 
carcinoma, with one exception. In an additional experiment, groups of 40 mice were 
treated weekly for 30 weeks with 2 µL coal tar E or 200 µL petroleum asphalt D. Control 
mice were treated with the solvent (200 µL mineral spirits) alone. Coal tar caused an 
[significant; Fisher’s exact one-tailed test] increase in the incidence of carcinoma 
(Robinson et al., 1984). 

Table 3.24.  Levels of several PAHs in the neutral PAH fractions (ppm)  

Compound SRC-Ia 
(800–850 °F+ 
[427–454 °C+]) 

SRC-IIa 

(800–850 °F 
[427–454 °C+]) 

SRC-IIa 
(>850 °F 
[>454 °C+]) 

Naphthalene       –       –           – 
Acenaphthylene       –     10         12 
Acenaphthene       –       –           – 
Fluorene       –     41           – 
Phenanthrene     60   211         58 
Fluoranthene       –   232         30 
Pyrene     30 2275       235 
9,10-Dimethylanthracene       –     22           – 
2,4-Methylpyrene or 
    benzo[i]fluorene 

      – 5742           – 

1-Methylpyrene       – 1307           – 
Benz[a]anthracene   387 2997           – 
Chrysene   563 7324         31 
Methylchrysene 3372 3320       215 
Benzo[b]fluoranthene 2316 9592     2361 
Benzo[k]fluoranthene   306     86     3972 
Dimethylbenzanthracene     95 4532           – 
Benzo[e]pyrene 2305 6135     5755 
Benzo[a]pyrene 1707 3530     3637 
Indeno[1,2,3-cd]pyrene   428       –     7232 
Dibenz[a,c]anthracene or 
    dibenz[a,h]anthracene  

7232       –     1997 

Benzo[ghi]perylene   366       –   15311 
Coronene       –       –     1072 

From Mahlum et al (1984); Springer et al. (1988) 
PAH, polycyclic aromatic hydrocarbon; SRC, solvent-refined coal 
a –, not determined by gas chromatography because of their low volatility 



480 IARC MONOGRAPHS VOLUME 92  

 

Groups of 20 shaved female SENCAR mice, 6 weeks of age, received a single 
application of 200 µL standard crude coal-tar solution. Additional groups of 20 mice 
received 39 nmol 7,12-dimethylbenz[a]anthracene [purity unspecified], 746 nmol 
3-methylcholanthrene [purity unspecified], 396 nmol benzo[a]pyrene [purity unspecified] 
or 352 nmol 7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene [purity unspecified] in 200 µL 
acetone or 200 µL acetone alone. Seven days later, all mice were treated twice weekly 
with 3.24 nmol TPA. The experiment lasted 11 weeks. [Histopathology was not 
performed, and statistical analyses were not conducted]. All animals developed skin 
tumours, and the average number of tumours/mouse was 24.3, 15.0, 9.8, 6.6 and 3.3 in 
those treated with 7,12-dimethylbenz[a]anthracene, 3-methylcholanthrene, benzo[a]-
pyrene, 7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene and coal-tar solution, respectively. A 
dose of 500 µL coal-tar solution gave a tumour incidence similar to that of the 200 µL 
treatment (Mukhtar et al., 1986). 

Table 3.25.  Skin tumour incidence in female CD-1 mice treated dermally with 

SRC
a 

Compound Incidence (%) Tumours/mouse 

Control  14 0.17 ± 0.09  
800–850 °F+ [427–454 °C+], SRC-I  76* 2.24 ± 0.39* 
A1  20 0.30 ± 0.13 
A2  88* 3.04 ± 0.52* 
A3  60* 0.76 ± 0.16* 
A4  12 0.12 ± 0.07 
800–850 °F [427–454 °C+], SRC-II  72* 1.43 ± 0.26* 
A1  27 0.27 ± 0.08 
A2  92* 1.93 ± 0.23* 
A3  61* 0.97 ± 0.20* 
A4  25 0.27 ± 0.10 
>850 °F [>454 °C+], SRC-II  79* 4.59 ± 0.62* 
A1  43* 0.93 ± 0.34 
A2 100* 6.89 ± 0.59* 
A3  83* 2.07 ± 0.30* 
A4  41* 0.40 ± 0.12 

From Mahlum et al. (1984); Springer et al. (1988) 
PAH, polycyclic aromatic hydrocarbon; SRC, solvent-refined coal 
a A1, fractions containing primarily aliphatic and olefinic compounds; A2, neutral PAHs; A3, nitrogen-
containing PAHs; A4, hydroxy-PAHs 
* Significantly different from control 

Groups of 30 shaved female CD-1 mice [age unspecified] received dermal 
applications of complex mixtures obtained from an SRC-II process. Specifically, five 
distillates were obtained from distillation of a full boiling-range (300–850 ºF+ [149–
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454 °C+]) blend of atmospheric flash bottoms and recycle process solvent. The fractions 
were 300–700 ºF [149–371 °C+], 700–750 ºF [371–399 °C+], 750–800 ºF [399–
427 °C+], 800–850 ºF [427–454 °C+] and >850 ºF [>454 °C+] (see Table 3.26 for 
distribution of PAHs). The distillates (5 mg) were applied once in 50 µL of a mixture of 
acetone and methylene chloride (1:1) to the shaved backs of the mice. Additional groups 
of 30 mice were treated with subfractions of the materials, obtained by chromatographing 
on alumina to give fractions that contained primarily aliphatic hydrocarbons (AH), PAH, 
nitrogen-containing PAH (NPAH) and hydroxy PAH (HPAH). These subfractions were 
applied in amounts corresponding to their original contribution to the mixture. Control 
mice were treated with the acetone and methylene chloride mixture alone. Positive-
control mice were given a single dose of 50 µg benzo[a]pyrene in 50 µL of the same 
solvent. Additional groups of 30 mice were treated with each of the distillates in 
combination with 50 µg benzo[a]pyrene. Two weeks later, all mice were given twice-
weekly dermal applications of 5 µg TPA in 50 µg acetone for 24 weeks. After 24 weeks 
of TPA, the incidence of skin tumours from the 300–700 °F [149–399 °C+] mixture did 
not result in a statistically significant increase in tumour multiplicity compared with 
controls (see Table 3.27). The other mixtures caused significant tumour-initiating activity 
with the order increasing as follows: 700–750 °F [371–399 °C+], 750–800 °F [399–
427 °C+], 800–850 °F [427–454 °C+], >850 °F [>454 °C+]. When the mixtures were 
co-administered with benzo[a]pyrene, the 700–750 °F [371–399 °C+], 750–800 °F 
[399–427 °C+] and 800–850 °F [427–454 °C+] distillates decreased tumour multiplicity  

Table 3.26.  Concentrations of selected PAH components in SRC-II distillates (mg/g) 

Compound 700–750 °F 
[371–399 °C] 

750–800 °F 
[399–427 °C] 

800–850 °F 
[427–454 °C] 

>850 °F 
[>454 °C] 

Fluoranthene   15   1.3   
Pyrene 140 18   1.2  
Benzo[b]fluorene 130 37   2.9  
1-Methylpyrene   17   8.0   0.53  
Benz[a]anthracene     2.0   3.1   1.5  
Chrysene     1.0   3.8   3.7 0.014 
6- or 4-Methylchrysene     0.081   4.7 18 0.010 
Benzo[j or b]fluoranthene     4.8 1.1 
Benzo[k]fluoranthene     2.0 0.14 
Benzo[e]pyrene     3.1 2.6 
Benzo[a]pyrene     1.8 1.7 
Indeno[1,2,3-cd]pyrene    3.3 
Benzo[ghi]perylene    7 
Coronene    0.49 

From Springer et al. (1989) 
PAH, polycyclic aromatic hydrocarbon; SRC, solvent-refined coal 
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compared with mice treated with benzo[a]pyrene alone. When AH, PAH, NPAH and 
HPAH subfractions from the 700–750 ºF [371–399 °C+] distillate were applied to the 
mouse in an amount similar to their contribution to the original mixture, only the PAH 
subfraction induced a significant increase in tumour multiplicity. When the subfractions 
from the 700–750 °F [371–399 °C+] distillate were co-administered with benzo[a]pyrene, 
the PAH and NPAH subfractions decreased tumour multiplicity compared with mice 
treated with benzo[a]pyrene alone (Springer et al., 1989). 

Table 3.27.  Tumour incidence in female CD-1 mice exposed dermally to 

complex mixtures of PAHs 

Compound No. of mice/group No. of tumours/mouse 
(± SEM) 

Solvent 30 0.17 ± 0.07 
300–700 °F [149–371 °C] 30 0.37 ± 0.13 
700–750 °F [371–399 °C] 30 0.57 ± 0.14a 
750–800 °F [399–427 °C] 30 0.60 ± 0.18a 
800–850 °F [427–454 °C] 30 1.23 ± 0.43a 
>850 °F [>454 °C] 29 4.52 ± 0.43a 

B[a]P 30 7.07 ± 0.67 
300–700 °F [149–371 °C] + B[a]P 30 6.63 ± 0.50 
700–750 °F [371–399 °C] + B[a]P 29 4.14 ± 0.49b 

750–800 °F [399–427 °C] + B[a]P 29 2.93 ± 0.33b 

800–850 °F [427–454 °C] + B[a]P 30 3.00 ± 0.36b 
>850 ºF [>454 °C] + B[a]P 30 6.33 ± 0.75 

Solvent 29 0.24 ± 0.07 
750–800 °F [399–427 °C] 29 0.69 ± 0.09c 
AH from 750–800 °F [399–427 °C] 30 0.13 ± 0.07 
PAH from 750–800 °F [399–427 °C] 30 0.67 ± 0.08c 
NPAH from 750–800 °F [399–427 °C] 30 0.27 ± 0.06 
HPAH from 750–800 °F [399–427 °C] 30 0.23 ± 0.07 

B[a]P 29 7.21 ± 0.65 
750–800 °F [399–427 °C] + B[a]P 30 2.23 ± 0.29d 
AH from 750–800 °F [399–427 °C] + B[a]P 30 5.73 ± 0.78 
PAH from 750–800 °F [399–427 °C] + B[a]P 30 2.50 ± 0.32d 
NPAH from 750–800 °F [399–427 °C] + B[a]P 27 2.81 ± 0.51d 
HPAH from 750–800 °F [399–427 °C] + B[a]P 27 6.44 ± 0.53 

From Springer et al. (1989) 
AH, aliphatic hydrocarbons; B[a]P, benzo[a]pyrene; HPAH, hydroxy PAH; NPAH, nitrogen-
containing PAH; PAH, polycyclic aromatic hydrocarbon; SEM, standard error of the mean 
a Significantly different from control (as reported by authors) 

b Significantly different from B[a]P (ANOVA, followed by Dunnett’s test) 
c Significantly different from control (ANOVA, followed by Dunnett’s test) 
d Significantly different from B[a]P (ANOVA, followed by Dunnett’s test) 
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Groups of 30 shaved female CD-1 mice, 7–8 weeks of age, received dermal 
applications on 5 days per week for 2 weeks of 50 mg of a 1.5% coal-tar ointment 
(Lorinden). Beginning 1 week after the coal-tar treatment, one group of mice received 
thrice-weekly dermal applications for 40 weeks of 50 mg of a 0.1% dithranol cream 
(promotion), while the second group of mice remained untreated. An additional group of 
mice was treated with dithranol only. After 40 weeks of treatment, skin papillomas 
(histologically verified) occurred in four mice administered coal tar followed by dithranol, 
in no mice treated with coal tar only and in no mice treated with dithranol only. The 
incidence of tumours in mice treated with coal tar and dithranol was significantly different 
(log-rank test) from that in mice treated with only coal tar or only dithranol (see Table 
3.28). Benzo[a]pyrene, with dithranol promotion, which was used as a positive initiation 
control, gave papillomas in 14 mice (Phillips & Alldrick, 1994).  

Table 3.28.  Tumour incidence in female CD-1 mice 

treated dermally 

Compound No. of survivors at 40 
weeks 

No. of mice with skin 
tumours 

Coal tar + 
dithranol  

27/30 (90%)  4* 

B[a]P + 
dithranol 

28/30 (93%) 14* 

Coal tar 30/30 (100%)  0 

Dithranol 28/30 (93%)  0 

From Phillips & Alldrick (1994) 
B[a]P, benzo[a]pyrene 
*Significantly different from coal tar alone  

Groups of shaved female SENCAR mice, 6–7 weeks of age, received dermal 
applications of 1 mg medium crude coke-oven coal tar (standard reference material 
(SRM) 1597) that contained 10.4 µg benzo[a]pyrene in 125 µL toluene (30 mice) [the 
10.4 µg benzo[a]pyrene/1 mg SRM 1597 is an error; the correct value is 95.8 ng (see 
Table 3.29)], 200 nmol (50.4 µg) benzo[a]pyrene [purity not specified] in 200 µL toluene 
(35 mice), 1 mg SRM 1597 + 200 nmol benzo[a]pyrene in 100 µL toluene (35 mice) or 
200 µL toluene alone (10 mice). In a separate experiment, groups of shaved female 
SENCAR mice received dermal applications of 1 mg SRM 1597 in 125 µL toluene 
(30 mice), 2 nmol (600 ng) dibenzo[a,l]pyrene [purity, solvent and volume not specified] 
(35 mice), 1 mg SRM 1597 + 2 nmol dibenzo[a,l]pyrene [solvent and volume not 
specified] (35 mice) or 200 µL toluene alone (10 mice). Two weeks later, all mice 
received twice-weekly dermal applications of 1 µg TPA in 200 µL acetone for 25 weeks. 
Tumours were subjected to routine histopathology. After 25 weeks of TPA, 24/26 (92%) 
mice (4.92 tumours/mouse) treated with SRM 1597, 27/30 (90%) mice (8.03 
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tumours/mouse) treated with benzo[a]pyrene, 29/29 (100%) mice (8.72 tumours/mouse) 
treated with SRM 1597 + benzo[a]pyrene and 0/8 mice (0.12 tumours/mouse) treated 
with toluene developed skin tumours that were almost exclusively papillomas. Mice 
administered benzo[a]pyrene and SRM 1597 + benzo[a]pyrene had a significantly greater 
tumour multiplicity than those treated with SRM 1597 alone. There was no significant 
difference between treatment with benzo[a]pyrene and SRM 1597 + benzo[a]pyrene. 
After 25 weeks of TPA, 26/27 (96%) mice (3.41 tumours/mouse) treated with SRM 1597, 
30/30 (100%) mice (7.87 tumours/mouse) treated with dibenzo[a,l]pyrene, 29/30 (97%) 
mice (4.67 tumours/mouse) treated with SRM 1597 + dibenzo[a,l]pyrene and 2/9 (22%) 
mice (0.25 tumours/mouse) treated with toluene developed skin tumours that were almost 
exclusively papillomas. Mice administered dibenzo[a,l]pyrene had a significantly greater 
tumour multiplicity than those treated with SRM 1597 + dibenzo[a,l]pyrene. Mice 
administered SRM 1597 + dibenzo[a,l]pyrene had a significantly greater number of 
tumours/mouse than those treated with SRM 1597. The authors concluded that SRM 
1597 inhibited dibenzo[a,l]pyrene tumorigenicity but had no effect upon that of 
benzo[a]pyrene. Their mechanistic data did not provide a reason for this because SRM 
1597 inhibited DNA adduct formation with both compounds, but did not induce 
cytochrome P450 1A1 or 1B1 (Marston et al., 2001). 

Table 3.29.  Certified concentrations of selected PAHs in SRM 1597 

Compound Concentration (mg/kg) 

Naphthalene 1160 
Phenanthrene   462 
Anthracene   101 
Fluoranthene   322 
Pyrene   235 
Benz[a]anthracene     98.6 
Chrysene     71.7 
Triphenylene     12.1 
Benzo[a]pyrene     95.8 
Perylene     26.1 
Indeno[1,2,3-cd]pyrene     60.2 
Benzo[ghi]perylene     53.7 

From Marston et al. (2001) 
PAH, polycyclic aromatic hydrocarbon; SRM, standard reference material 
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Oral administration 

Mouse 

Groups of 40 female A/J mice, 8 weeks of age, were administered 1.0, 10.0 or 
55.0 mg coal-tar paint in 200 µL 2% Emulphor by gavage thrice weekly for 8 weeks. Due 
to the viscosity of the solution, the 55.0 mg dose was given twice daily at 27.5 mg per 
treatment. The coal-tar paint consisted of 67% coal-tar pitch and 33% xylene. The coal-tar 
paint had been applied to glass panels that were kept in a dust-free chamber for 4 months. 
The paint was scraped from the panels and particulate suspensions were made in the 
Emulphor solution. Benzo[a]pyrene (250 µg; 99% pure) was used as a positive control. 
Groups of 20 control mice were treated with the solvent either once a day or twice a day. 
The experiment lasted 7 months. Histopathogy was conducted. The two highest doses of 
coal-tar paint resulted in a significant induction of lung tumours, based upon both 
incidence and multiplicity (see Table 3.30). Benzo[a]pyrene also resulted in a significant 
induction of lung tumours. The two highest doses of coal-tar paint resulted in a significant 
induction of forestomach papilloma and carcinoma (see Table 3.31), as did 
benzo[a]pyrene. The benzo[a]pyrene content of the coal-tar paint could account for the 
induction of forestomach tumours, but not of the lung tumours (Robinson et al., 1987). 

Table 3.30.  Lung tumour incidence in female A/J mice treated 

orally with coal-tar paint (CTP) 

Compound No. of survivors % of mice with 
lung tumours 

Multiplicity 

Solvent control 38/40 29 0.32 ± 0.09 
CTP 1.0 mg 37/40 35 0.46 ± 0.13 
CTP 10.0 mg 37/40 97* 4.27 ± 0.39** 
CTP 55.0 mg 36/40 72* 4.33 ± 2.70** 
Benzo[a]pyrene 36/40 61* 1.42 ± 0.40** 

From Robinson et al. (1987) 
Significantly different from control *p <0.01; **p <0.001 

Groups of approximately 30 female A/J mice, 6 weeks of age, were fed a gel diet that 
contained 0.10 or 0.25% manufactured gas plant (MGP) residue (coal tar) for 260 days. 
Additional groups were fed gel diets that contained 16 or 98 ppm benzo[a]pyrene. During 
the 260-day feeding period, the mice fed MGP diet consumed 0.65 and 1.53 g coal tar, 
which contained 1.8 and 4.2 mg benzo[a]pyrene. The mice fed benzo[a]pyrene consumed 
a total of 11 and 67 mg benzo[a]pyrene. Lungs and forestomachs were examined 
histologically. After 260 days of feeding, the incidence of lung tumours was 19/27 (70%) 
mice fed 0.10% MGP diet (1.19 tumours/mouse), 29/29 (100%) mice fed 0.25% MGP 
diet (12.17 tumours/mouse), 9/25 (36%) mice fed 16 ppm benzo[a]pyrene diet 
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(0.48 tumours/mouse) and 14/27 (52%) mice fed 98 ppm benzo[a]pyrene diet 
(0.59 tumours/mouse). Control mice fed the gel diet had a lung tumour incidence of 4/19 
(21%) (0.19 tumours/mouse). The lung tumour incidence in the mice fed MGP diet and 
those fed 98 ppm benzo[a]pyrene was significantly different from that in the control 
group. The lung tumour multiplicity in mice fed MGP diet was significantly different 
from that in the control group, whereas that in mice fed benzo[a]pyrene did not differ 
from that in the control group. Forestomach tumours did not occur in mice fed MGP diet 
or control mice, whereas they were induced in mice fed 16 ppm (5/25 (20%); 
0.22 tumours/mouse) and 98 ppm (27/27 (100%); 4.22 tumours/mouse) benzo[a]pyrene 
(Weyand et al., 1995). [Benzo[a]pyrene does not seem to be responsible for the induction 
of lung tumours, and the quantity of benzo[a]pyrene in the MGP diet was insufficient to 
induce forestomach tumours.] 

Table 3.31.  Incidence of forestomach tumours in female A/J mice treated orally 

with coal-tar paint (CTP) 

Compound No. of survivors % of mice with 
forestomach 
tumours 

% of mice with 
forestomach 
papilloma 

% of mice with 
forestomach 
carcinoma 

Solvent control 38/40 (95%)   0   0   0 
CTP 1.0 mg 37/40 (92%)   0   0   0 
CTP 10.0 mg 37/40 (92%)   0   0   0 
CTP 55.0 mg 36/40 (90%) 42** 36** 19* 
Benzo[a]pyrene 36/40 (90%) 92** 67** 61* 

From Robinson et al. (1987) 
Significantly different from control *p <0.01; **p <0.001 

Groups of 48 female B6C3F1 mice, 5 weeks of age, were fed diets that contained 
0.01, 0.03, 0.1, 0.3, 0.6 or 1.0% of a coal-tar mixture designated Coal Tar Mixture 
1 (CT-1) for 104 weeks. This mixture was a composite from seven MGP waste sites and 
had a benzo[a]pyrene concentration of 1837 mg/kg (see Table 3.32). Additional groups of 
female mice were fed diets that contained 0.03, 0.1 or 0.3% of a coal-tar mixture 
designated Coal Tar Mixture 2 (CT-2) for 104 weeks. This mixture was a composite from 
two of the seven waste sites plus a third site that had a very high benzo[a]pyrene content. 
The benzo[a]pyrene concentration of this coal tar mixture was 2760 mg/kg. For 
comparison, additional mice were fed diets that contained 0.0005, 0.0025 or 0.01% 
benzo[a]pyrene. None of the mice fed 0.6 and 1.0% CT-1 survived the 104-week feeding; 
survival in mice fed 0.3% CT-1 and CT-2 was ~15–20%. All other groups had a survival 
similar to the control groups (~70%). Liver neoplasms (hepatocellular adenomas, 
carcinomas or both) did not occur in the control group but occurred in all groups of mice 
fed the coal tar, and the incidence was significant in mice fed 0.3% CT-1 and 0.3% CT-
2 (see Table 3.33); all tumours were verified by histopathology. Alveolar/bronchiolar 
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Table 3.32.  Polycyclic aromatic hydrocarbon composition of coal tar mixtures (CT) 

Compound CT-1 (mg/kg) CT-2 (mg/kg) 

Acenaphthene   2049   1270 
Acenaphthylene    390   5710 
Anthracene   2524   2900 
Benz[a]anthracene   2374   3340 
Benzo[b]fluoranthene   2097   2890 
Benzo[k]fluoranthene    699   1010 
Benzo[ghi]perylene   1493   2290 
Benzo[a]pyrene   1837   2760 
Chrysene   2379   2960 
Dibenz[a,h]anthracene    267    370 
Dibenzofuran   1504   1810 
Fluoranthene    965   6370 
Fluorene   3692   4770 
Indan   1133    490 
Indeno[1,2,3-cd]pyrene   1353   1990 
1-Methylnaphthalene   6550   5660 
2-Methylnaphthalene 11 289 10 700 
Naphthalene 22 203 32 300 
Phenanthrene   7640 10 100 
Pyrene   5092   7220 

From Culp et al. (1998) 

Table 3.33.  Tumour incidence in female B6C3F1 mice fed coal-tar mixtures (CT) 

Compound Hepatocellular 
adenoma and/or 
carcinoma 

Alveolar/bronchiolar 
adenoma and/or 
carcinoma 

Forestomach 
papilloma and/or 
carcinoma 

Small intestine 
adenocarcinoma 

Control    0/47   2/47 (4%)   0/47   0/47 
CT-1 0.01%   4/48 (8%)   3/48 (6%)   2/47 (4%)   0/46 
CT-1 0.03%   2/46 (4%)   4/48 (8%)   6/45 (13%)   0/45 
CT-1 0.1%   3/48 (6%)   4/48 (8%)   3/47 (6%)   0.47 
CT-1 0.3% 14/45* (31%) 27/47* (57%) 14/46* (30%)   0/42 
CT-1 0.6%   1/42 (2%) 25/47* (53%) 15/45* (33%) 22/36* (64%) 
CT-1 1.0%   5/43 (12%) 21/45* (47%)   6/41 (15%) 36/41* (88%) 
CT-2 0.03%   7/47 (15%)   4/48 (8%)   3/47 (6%)   0/47 
CT-2 0.1%   4/47 (8%) 10/48* (21%)   2/47 (4%)   0/47 
CT-2 0.3% 10/45* (22%) 23/47* (49%) 13/44* (30%)   1/37 (3%) 

From Culp et al. (1998) 
*Significantly different from controls, p <0.05 

adenomas, carcinomas or both were present in all groups fed coal tar. The incidence was 
significant in those fed 0.3%, 0.6% and 1.0% CT-1 and 0.1% and 0.3% CT-2 compared 
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with the control group. Papillomas and/or carcinomas of the forestomach squamous 
epithelium occurred in all groups fed coal tar, and the incidence was significant in those 
fed 0.3% CT-1, 0.6% CT-1 and 0.3% CT-2 compared with the control group. 
Adenocarcinoma of the small intestine was present in mice fed 0.6% and 1.0% CT-1, and 
the incidence was significant compared with the control group. The coal-tar mixtures also 
induced significant dose-related increases in haemangiosarcomas, histiocytic sarcomas 
and sarcomas. Mice fed benzo[a]pyrene had an increased incidence of papillomas and/or 
carcinomas of the tongue, oesophagus and forestomach. A comparison of the results 
obtained from mice fed benzo[a]pyrene indicated that the benzo[a]pyrene in coal-tar 
mixtures could be responsible for the forestomach tumours. The lung and liver tumours 
appeared to be due to other components contained in the coal-tar mixtures (Culp et al., 
1998).  

Intraperitoneal injection 

Mouse 

Groups of approximately 30 male and 30 female B6C3F1 mice, 15 days of age, were 
administered a single intraperitoneal injection of MGP residue (coal tar). One group 
received 7.98 mg MGP-4, a product obtained from a single MGP site (see Table 3.34) for 
characterization), in corn oil [volume not specified]. The benzo[a]pyrene content of this 
mixture was 1.56 g/kg. Additional groups received 1.995, 3.99 or 7.98 mg MGP-7 (see 
Table 3.31 for characterization), a product formulated by mixing equal amount of residues 
from seven different MGP sites, including MGP-4, in corn oil. The benzo[a]pyrene 
content of this mixture was 1.84 g/kg. Further groups of mice received 125, 250 or 375 µg 
benzo[a]pyrene [purity not specified] in corn oil, or corn oil alone (approximately 60 of 
each sex). Tumorigenicity was assessed at 26, 39 and 52 weeks. Livers, lungs and 
forestomachs were examined histologically. Forestomach tumours were not detected and 
there was only a very low incidence of pulmonary tumours. With one exception, liver 
tumours occurred only in male mice. When assessed 26 weeks after treatment, only a low 
incidence of liver tumours was observed in male mice treated with MGP residue, and 
none were detected in male mice treated with benzo[a]pyrene. Thirty-nine weeks after 
treatment, the incidence of liver tumours in male mice was 4/34 (9%), 0/33 and 23/28 
(82%) for groups that received 1.995, 3.99 and 7.98 mg MGP-7, 10/22 (45%) for the 
group that received 9.98 mg MGP-4, 6/26 (23%), 13/34 (38%) and 15/23 (65%) for the 
mice that received 125, 250 and 375 µg benzo[a]pyrene and 0/59 for corn oil controls. 
Fifty-two weeks after treatment, the incidence of liver tumours in male mice was 4/34 
(12%), 8/32 (25%) and 17/29 (59%) for groups that received 1.995, 3.99 and 7.98 mg 
MGP-7, 12/28 (43%) for the group that received 9.98 mg MGP-4, 13/29 (45%), 14/27 
(52%) and 19/24 (79%) for the mice that received 125, 250 and 375 µg benzo[a]pyrene 
and 3/63 (5%) for corn oil controls (Rodriguez et al., 1997). [At 39 weeks, the low and 
high doses of MGP gave significantly different results from the corn oil control. At 
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52 weeks, the medium and high doses gave significantly different results from the control. 
The benzo[a]pyrene was administered in great excess of that found in the coal tar (125–
375 µg as compared with <15 µg benzo[a]yrene in coal tar); thus, the liver tumour 
response observed with coal tar may be due to compounds other than its benzo[a]pyrene 
content.] 

Groups of 30 male B6C3F1 mice, 15 days of age, were administered a single 
intraperitoneal injection of a mixture of 17 PAHs including indan (0.2% of the mixture), 
naphthalene (23.8%), 2-methylnaphthalene (23.2%), 1-methylnaphthalene (13.3%), 
acenaphthylene (7.7%), acenaphthene (0.6%), dibenzofuran (0.7%), fluorene (4.3%), 
phenanthrene (10.5%), anthracene (3.4%), fluoranthene (2.4%), pyrene (4.3%), 
benz[a]anthracene (1.4%), chrysene (1.5%), benzo[b]fluoranthene (0.8%), 
benzo[k]fluoranthene (0.9%) and benzo[a]pyrene (0.9%). This mixture was modelled on 
the PAHs identified in a MGP residue (coal tar) designated MGP-4, a product obtained 
from a single MGP site. Absence from the mixture (but present in MGP-4; see Table 
3.34) were indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene and benzo[ghi]perylene. The 
mixture was given at a level of 193 mg/kg in the presence of 26.75–126.75 µg benzo[a]-
pyrene. Additional mice were treated with 193, 535 or 1041 mg/kg of the mixture. Fifty-
two weeks after treatment, none of the mice had liver tumours (Goldstein et al., 1998). 

Table 3.34.  Composition of coal tar mixtures (% of 

quantified total aromatic compounds) 

Compound MGP-4  MGP-7 

Indan   0.2   1.4 
Naphthalene 29.8 27.3 
2-Methylnaphthalene 21.4 13.9 
1-Methylnaphthalene 12.3   8.1 
Acenaphthylene   6.9   3.9 
Acenaphthene   0.5   2.5 
Dibenzofuran   0.6   1.8 
Fluorene   3.9   4.5 
Phenanthrene   9.7   9.4 
Anthracene   3.1   3.1 
Fluoranthene   2.7   6.1 
Pyrene   3.9   6.3 
Benz[a]anthracene   1.3   2.9 
Chrysene   1.3   2.9 
Benzo[b]fluoranthene   0.8   2.6 
Benzo[k]fluoranthene   0.3   0.9 
Benzo[a]pyrene   0.9   2.3 
Indeno[1,2,3-cd]pyrene   2.8   1.6 
Dibenz[a,h]anthracene   1.0   0.4 
Benzo[ghi]perylene   3.9   1.8 

From Goldstein et al. (1998) 
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Inhalation exposure 

Mouse 

Groups of female NMRI mice [number and age unspecified] were exposed by 
inhalation to coal oven flue gas for 16 h per day on 5 days per week. The flue gas was 
obtained from a domestic coal oven. Since the PAH-content of the flue gas was very low, 
a tar pitch was added to the coal embers in the oven, which resulted in an increase to 
0.3 µg benzo[a]pyrene/m3 (Table 3.35). Subsequently, the PAH-content was raised 
further by mixing the coal oven exhaust with the gaseous components developed by 
continuous heating of pitch at approximately 750 °C in a nitrogen atmosphere. These 
modifications resulted in the following exposures: adult NMRI mice, coal oven gas mixed 
with pyrolysed pitch (COP) with a benzo[a]pyrene content of ~0.3 µg/m3 for 9 months, 
followed by COP with a benzo[a]pyrene content of ~60 µg/m3 for 15 months (Series 1); 
adult NMRI mice, COP with a benzo[a]pyrene content of ~50 µg/m3 for 12 months 
(Series 2); and neonatal NMRI mice, COP with a benzo[a]pyrene content of ~90 µg/m3 
for 10 months (Series 3). Adult NRMI mice exposed to COP with a low benzo[a]pyrene 
content (~0.3 µg/m3) followed by a high benzo[a]pyrene content (~60 µg/m3) (Series 1) 
had a lung tumour incidence of 79.0% (7.0 ± 7.9 tumours/mouse) compared with an 
incidence of 32.0% (0.7 ± 1.7 tumours/mouse) in clean air control mice (p <0.05). Adult 
NRMI mice exposed to COP with a benzo[a]pyrene content ~50 µg/m3 (Series 2) had a 
lung tumour incidence of 70.0% (3.8 ± 5.2 tumours/mouse) compared with an incidence 
of 12.5% (0.2 ± 0.5 tumours/mouse) in clean air control mice (p <0.05). NRMI mice 
exposed, beginning as neonates, to COP with a benzo[a]pyrene content ~90 µg/m3 (Series 
3) had a lung tumour incidence of 85.7% (7.9 ± 8.8 tumours/mouse) compared with an 
incidence of 3.5% (0.03 ± 0.19 tumours/mouse) in clean air control mice (p <0.05) 
(Heinrich et al., 1986a,b). 

Table 3.35.  Concentration of particle-bound 

PAH in diluted coal oven/pyrolysed pitch exhaust 

Compound Concentration (µg/mL) 

Fluoranthene 47.5 
Pyrene 33.8 
Benz[a]anthracene 18.8 
Chrysene 18.3 
Benzofluoranthenes 27.2 
Benzo[e]pyrene 11.2 
Benzo[a]pyrene 14.7 
Indeno[1,2,3-cd]pyrene   9.1 
Benzo[ghi]perylene 10.1 
Coronene   2.1 

Heinrich et al (1986b) 
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Rat 

Groups of female Wistar rats [number and age unspecified] were exposed by 
inhalation to coal oven flue gas for an average of 16 h per day on 5 days per week. The 
flue gas was obtained from a domestic coal oven. Since the PAH-content of the flue gas 
was very low, for some exposures, a tar pitch was added to the coal embers in the oven, 
which resulted in an increase of PAH content to 0.3 µg benzo[a]pyrene/m3. Subsequently, 
the PAH-content was raised further by mixing the coal oven exhaust with the gaseous 
components developed by continuous heating of pitch at approximately 750 °C in a 
nitrogen atmosphere. These modifications resulted in female Wistar rats being exposed to 
COP with a benzo[a]pyrene content of ~0.3 µg/m3 for 10 months, followed by COP with 
a benzo[a]pyrene content of ~90 µg/m3 for 12 months. Wistar rats exposed to COP as 
described above, followed by clean air for up to 8 months had an incidence of 16/116 
(14%) benign lung tumours and 5/116 (4%) malignant lung tumours. Control rats (115) 
that had been exposed to only clean air did not have any benign or malignant tumours 
[benign tumours, p <0.0001; malignant tumours, p <0.0306; combined benign and 
malignant tumours (21/116; 18%), p <0.0001] (Heinrich et al., 1986a,b). 

Seventy-two groups of female Wistar rats [age unspecified] were exposed for 18 h per 
day on 5 days per week for 43 weeks to an aerosol that contained PAHs that was 
produced by heating pitch to ~750 °C under a nitrogen atmosphere, diluting the high-
temperature vapour with 200 °C clean air and then 12 °C clean air. The mass 
concentration of the condensation aerosol was ~2.5 mg/m3 and the benzo[a]pyrene 
content was 50 µg/m3. The exposure period was followed by 57 weeks of exposure to 
clean air, at which time the PAH-exposed rats had a lung tumour incidence of 31% 
compared with 0% in the clean-air control rats. Additional groups of rats were exposed 
for 43 weeks to aerosols that contained PAHs with a benzo[a]pyrene content of 20 or 90 
µg/m3 [particle mass not specified]. After 57 additional weeks of exposure to clean air, 
the lung tumour incidence was 3 and 56%, respectively (Heinrich, 1989). 

Groups of 72 female Wistar rats, 10 weeks of age, were exposed to a tar-pitch 
condensation aerosol for 17 h per day on 5 days per week for 43 or 86 weeks. The 
animals were then maintained on clean air for an additional 86 or 43 weeks. The tar-pitch 
condensation aerosol was generated by heating hard coal-tar pitch to 750 °C under a 
nitrogen atmosphere and diluting the high-temperature tar-pitch vapour with clean air at 
12 °C. The resulting PAH-rich material, which was free of any carbon core, was 
administered to the rats by inhalation at concentrations of 1.1 and 2.6 mg/m3, an amount 
that contained 20 and 50 µg benzo[a]pyrene/m3. At the end of the 129-week experimental 
period, the incidence of lung tumours (histologically verified, primarily squamous 
carcinoma) was 4% and 33% in rats exposed to 1.1 and 2.6 mg tar-pitch/m3 for 43 weeks, 
and 39% and 97% in rats exposed to 1.1 and 2.6 mg tar pitch/m3 for 86 weeks, 
respectively. No lung tumours occurred in animals exposed to clean air only (Heinrich et 
al., 1994a,b). [With the exception of 20 µg benzo[a]pyrene at 43 weeks, all the exposures 
were significant (Fisher’s exact one-tailed test)]. 
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Hamster 

Groups of female Syrian golden hamsters [number and age unspecified] were 
exposed by inhalation to coal oven flue gas for an average of 16 h per day on 5 days per 
week. The flue gas was obtained from a domestic coal oven in which the PAH-content 
was raised further by mixing the coal oven exhaust with the gaseous components 
developed by continuous heating of pitch at approximately 750 °C in a nitrogen 
atmosphere. This modification resulted in the exposure of Syrian golden hamsters to COP 
with a benzo[a]pyrene content of ~50 µg/m3 for 18 months. This was followed by 
11 months of clean air. Syrian golden hamsters exposed to COP with a benzo[a]pyrene 
content ~50 µg/m3 did not develop lung tumours; however, 50% of the animals had 
bronchiolo-alveolar nodular squamous metaplasia and 14% had papillomas in the 
larynx/trachea region. These lesions did not occur in hamsters exposed to clean air 
(Heinrich et al., 1986a,b). 
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4.  Other Data Relevant to an Evaluation of Carcinogenicity and its 

Mechanisms 

4.1 Toxicokinetics 

4.1.1 Absorption, distribution, metabolism and excretion  

(a) Overview 

This section provides an overview of the toxicokinetics of polycyclic aromatic 
hydrocarbons (PAHs). Other more comprehensive reviews of the toxicokinetics of PAHs 
include those by the Environmental Protection Agency (1991), the Agency for Toxic 
Substances and Disease Registry (ATSDR, 1995) and the International Programme on 
Chemical Safety (IPCS, 1998), as well as reviews on the metabolism and bioactivation of 
PAHs by Conney (1982), Cooper et al. (1983), Shaw and Connell (1994), Penning et al. 
(1999), Joint FAO/WHO Expert Committee on Food Additives (JECFA, 2005) and Xue 
and Warshawsky (2005). Little is known about the toxicokinetics of mixtures of or 
individual PAHs in humans. Multiple studies have been conducted to monitor urinary 
metabolites of PAHs and PAH–DNA adducts in the lymphocytes of workers exposed to 
mixtures of PAHs. However, most of the available data on toxicokinetic parameters for 
PAHs derive from studies of benzo[a]pyrene in animals. 

Because of their lipophilicity, PAHs dissolve into and are transported by diffusion 
across lipid/lipoprotein membranes of mammalian cells, thus facilitating their absorption 
by the respiratory tract, gastrointestinal tract and skin. PAHs with two or three rings can 
be absorbed more rapidly and extensively than those with five or six rings. Once 
absorbed, PAHs are widely distributed throughout the body, with some preferential 
distribution to or retention in fatty tissues. They are rapidly metabolized to more soluble 
metabolites (epoxides, phenols, dihydrodiols, phenol dihydrodiols, dihydrodiol epoxides, 
quinones and tetrols), and conjugates of these metabolites are formed with sulfate, 
glutathione (GSH) or glucuronic acid. The covalent binding of reactive PAH metabolites 
to form DNA adducts may represent a key molecular event in the formation of mutations 
and the initiation of cancer. The structures of the DNA adducts that are formed provide an 
inference of the precursor metabolites. PAHs are eliminated from the body principally as 
conjugated metabolites in the faeces, via biliary excretion, and in the urine. 

Most PAHs with potential biological activity range in size from two to six fused 
aromatic rings. Because of this vast range in molecular weight, several of the 
physicochemical properties that are critical to their biological activity vary greatly. Five 
properties in particular have a decisive influence on the biological activity of PAHs: their 
vapour pressure, their adsorption onto surfaces of solid carrier particles, their absorption 
into liquid carriers, their lipid/aqueous partition coefficient in tissues and their limits of 
solubility in the lipid and aqueous phases of tissues. 
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These properties are intrinsically linked with the metabolic activation of the most 
toxic PAHs, and an understanding of the nature of this interaction may facilitate the 
interpretation of studies on their deposition and disposition that are occasionally 
conflicting.  

Transporters may play a role in the biological activity of PAHs. Adenosine 
triphosphate (ATP)-binding cassette (ABC) transporters (49 genes characterized in 
humans) transport specific molecules across lipid membranes including hydrophobic 
compounds and metabolites (Schinkel & Jonker, 2003). P-Glycoprotein transports mainly 
non-metabolized compounds and multidrug resistance-associated protein-1 (MRP1) and 
-2 conjugates of foreign compounds (Leslie et al., 2001; Haimeur et al., 2004). Several 
ABC transporters are polymorphic (Sakaeda et al., 2004). Benzo[a]pyrene conjugates 
may be substrates for ABC transporters, such as the GSH conjugate of benzo[a]pyrene-
7,8-diol-9,10-oxide which is a substrate for MRP2 (Srivastava et al., 2002) and benzo-
[a]pyrene-3-glucuronide which is a substrate for breast cancer resistance protein (BCRP) 
(Ebert et al., 2005). PAHs are ubiquitous in the environment due to volcanic eruptions 
and forest fires, and their presence in various media (i.e. air and soil) constitutes a 
background level of exposure. Additional exposure occurs through the ingestion of grilled 
or cured meats (see Section 1). These exposures should be taken into consideration when 
assessing health risks due to exposure to PAHs. 

(b) Absorption through the respiratory tract 

Vapour pressure is a major determinant for the distribution of a PAH between the 
particulate and gaseous phase of the aerosol by which the substance is emitted into the 
atmosphere. The vapour pressure of PAHs decreases drastically with increasing 
molecular weight (Lohmann & Lammel, 2004), so that two-ringed naphthalenes are 
mostly found in the gas phase whereas five-ringed PAHs such as benzo[a]pyrene are 
mostly adsorbed on airborne particles at room temperature (Lane & Gundel, 1996). 
Strong sorption of a PAH onto particles can further increase the particle-bound fraction of 
that substance (Lohmann & Lammel, 2004). Because the most carcinogenic PAHs of 
greater size are, to a large degree, particle-associated, there is considerable potential for 
covariance with an inflammatory response that is induced by the carrier particles alone. 
Typical carbonaceous carrier particles of PAHs that have no adsorbed genotoxic material 
have been shown to be carcinogenic, particularly in rats (see IARC, 2010). This 
mechanism is, however, outside the scope of this monograph. Gas/particle partitioning is 
also of great importance during inhalation exposure in order to determine the probable 
sites of deposition within the respiratory tract. The smaller gaseous PAHs are deposited 
mostly as soluble vapours, whereas five- to six- ringed aromatic compounds are mostly 
particle-associated at ambient temperatures and can be expected to be deposited with the 
carrier particles. The rate and extent of absorption by the respiratory tract of PAHs from 
PAH-containing particles are dependent on particle size (i.e. aerodynamic diameter, 
which influences regional deposition in the respiratory tract) and the rate of release of 
PAHs from the particle. Because the release of PAHs from particles is extraneous in 
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exposure to vapours, the rate and extent of absorption of inhaled vapour-phase PAHs are 
different from those of particle-bound PAHs.  

After deposition in the respiratory tract, the sorptive properties of PAHs are a major 
determinant for the bioavailability of the substance in the organism. The timing of the 
release from carrier particles in particular affects the toxicity of inhaled PAHs at the site 
of entry. For solid particles, the major determinant for the release is the rate of desorption 
of the hydrocarbons from the surface, whereas for liquid aerosols, either the dissolution of 
the entire particle or desorption from insoluble carrier particles is a decisive factor. A 
rapid release from carrier particles gives a close correlation between the deposition pattern 
of inhaled aerosols and the site-of-entry exposures to particle-associated PAHs. Slower 
release alters the exposures, and shows a clearance pattern of inhaled particles. Substantial 
fractions of inhaled PAHs deposited in the tracheobronchial region and upper airways can 
be redistributed by the mucociliary escalator to the gastrointestinal tract, which thereby 
changes the exposure route from inhalation to ingestion (Sun et al., 1982). 

Following deposition and desorption from their carrier particles, PAHs are absorbed 
through the epithelial barriers onto which they are deposited. The slow diffusion of highly 
lipophilic substances into the tissues is fundamental to the behaviour of PAHs in 
biological systems. This is a strictly physicochemical mechanism that needs to be 
considered in all measurements of the kinetics of PAHs in tissues. A highly lipophilic 
substance dissolves readily in the first lipid membrane it encounters, but is then 
transported slowly into the next layer (Gerde et al., 1993a). This is due to the low 
concentration of lipophilic solute in the aqueous gaps between cell membranes, which 
results in a high concentration of solute in the epithelium at the site of entry, 
comparatively slow absorption into the circulation and a low concentration in all tissues 
distal to the site of entry. The absorption process is strongly dependent on the lipophilicity 
of the PAHs and their metabolites: with higher lipophilicities, the mobility of the 
substances by diffusion into tissues is lower and, with thicker entrance epithelium, the 
half-life of absorption into the capillary bed of the submucosa is longer. Highly lipophilic 
PAHs that are released from particles deposited in the conducting and bronchial airways 
are retained for several hours and absorbed slowly by a diffusion-limited process, whereas 
PAHs that are released from particles in alveolar airways are absorbed within minutes 
(Gerde et al., 1991a,b; 1993a,b,c; Gerde & Scott, 2001). The relative thickness of the 
epithelium of the conducting airways compared with the thin epithelium of the alveolar 
region has been proposed as a contributing factor to this regional difference in duration of 
absorption following deposition. Slow absorption through the epithelium of the conduct-
ing airways probably leads rapidly to saturation in the mucous lining layer and airway 
epithelium with increasing levels of exposure (Gerde et al., 1991a,b). A probable 
consequence is an increase in the fraction of undissolved/undesorbed PAHs that is 
transported to the gastrointestinal tract by the mucociliary escalator.  

A major effect of the metabolic conversion of PAHs of lower molecular weight is to 
decrease their lipophilicity and thus accelerate their mobility in tissues (Gerde et al., 
1997). Phase I metabolites are slightly more mobile and phase II metabolites are 
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considerably more mobile than the parent compound. As a result, the overall effect of 
metabolism in the epithelium at the site of entry is to accelerate transport of a lipophilic 
substrate into the circulation and thereby directly decrease high, acute exposures to this 
particular epithelial cell population. This local metabolism in airway epithelia probably 
explains the high levels of benzo[a]pyrene-related DNA adducts that have been measured 
in pure preparations of bronchial epithelial cells from patients with lung cancer (Rojas et 
al., 2004). 

The low mobility of the highly lipophilic PAHs in tissues is an important factor that 
complicates the toxicokinetics/pharmacokinetics of such substances. The fundamental 
condition of perfusion-limited compartments in physiologically based pharmacokinetic 
models does not hold for highly lipophilic PAHs. According to this condition, a solute is 
in equilibrium between the tissues of an organ and the blood stream that leaves that organ 
(Bischoff & Dedrick, 1970). However, because of low mobility, the lipophilic solute does 
not have time to reach equilibrium before the blood exits the tissue. This effect is more 
pronounced for slowly perfused tissues. A typical example of such a tissue is adiposal fat 
which, despite a very high tissue/blood partition coefficient, contains low concentrations 
of PAHs shortly after exposure but has the highest relative concentrations longer after 
exposures (Withey et al., 1993a). For physiologically based pharmacokinetic models to 
predict better the systemic distribution of PAHs and their metabolites, the delayed 
equilibration between blood and tissue needs to be taken into account. 

Another aspect of modelling that needs further study is an accurate description of site-
of-entry dosimetry. Because of diffusion-limited absorption, the local dose to the epithe-
lium of the site of entry is probably considerably higher than that predicted by the well-
mixed compartment assumption in classical physiologically based pharmacokinetic 
models. Even if the absorption rates in classical models are adjusted with an empirical 
mass-transfer coefficient from the environment to the blood, the models cannot predict 
the limited distribution of the highly exposed cell populations at the site of entry. 
Conversely, models that describe site-of-entry dosimetry with greater resolution can 
predict both absorption rates and local tissue doses with reasonable accuracy (Gerde & 
Scott, 2001), but such models are rather complex and cannot describe the systemic 
distribution of the solutes in any detail. For these reasons, no validated physiologically 
based pharmacokinetic models for the deposition, absorption and systemic distribution of 
PAHs are available. 

Results from studies of rats exposed by inhalation to radiolabelled benzo[a]pyrene 
indicate that inhaled PAHs can be rapidly absorbed by the respiratory tract (for reviews, 
see Environmental Protection Agency, 1991; ATSDR, 1995; IPCS, 1998). For example, 
in a study in which pregnant rats were exposed to 200 and 800 mg/m3 [14C]-labelled 
benzo[a]pyrene aerosol for 95 min on gestation day 17, radiolabel was detected, as the 
parent compound and metabolites, in maternal blood samples collected immediately after 
exposure (Withey et al., 1993a). The detection of high levels of radioactivity in the lung 
and liver of these rats is consistent with the occurrence of mucociliary clearance from the 
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respiratory tract and ingestion into the oesophagus and gastrointestinal tract, as well as 
rapid absorption, metabolism and biliary excretion of metabolites (Withey et al., 1994).  

The relatively longer retention of PAHs released in the conducting airways (compared 
with the air-exchange region) may allow for substantial metabolism within this region of 
deposition. In a study in which anaesthetized dogs were instilled intratracheally with 
single doses of [3H]-labelled benzo[a]pyrene dissolved in a saline/phospholipid suspen-
sion, absorption into the trachea showed a half-time of about 73 min (Gerde et al., 1997). 
Three hours after instillation, a total of about 90% of the radioactivity retained in the 
tracheal epithelium was associated with metabolites of benzo[a]pyrene. Results from 
similar experiments with pyrene indicated that, although pyrene is more rapidly absorbed 
in the tracheal mucosa than benzo[a]pyrene, significant metabolism occurred within the 
tracheal epithelium (Gerde et al., 1998). Similar results that indicate extensive metab-
olism in the lung have been reported for rats exposed by inhalation for 4 h to aerosols of 
carbon black with adsorbed benzo[a]pyrene (Ramesh et al., 2001). In these experiments, 
only metabolites of benzo[a]pyrene, and not the parent material, were detected in lung 
tissue sampled at 30, 60, 120 or 240 min after cessation of exposure. 

(c) Absorption through the gastrointestinal tract 

PAHs are absorbed by the gastrointestinal tract via both diffusion across cellular 
membranes, based on their lipophilicity, and normal absorption of dietary lipids (O’Neill 
et al., 1991). Absorption of specific PAHs, such as benzo[a]pyrene, has been demons-
trated following oral administration of radiolabelled compounds to laboratory animals (for 
review, see Environmental Protection Agency, 1991; ATSDR, 1995; IPCS, 1998). 
Results from animal studies indicate that absorption is rapid (Rees et al., 1971; Modica et 
al., 1983), that fractional absorption of lower-molecular-weight PAHs, such as two-ringed 
naphthalene, may be more complete than that of higher-molecular-weight PAHs, such as 
five-ringed benzo[a]pyrene (Chang, 1943; Modica et al., 1983), and that the presence of 
other materials, such as bile salts or components of the diet, can influence the rate or 
extent of absorption of PAHs from the intestine (Rahman et al., 1986).  

(d) Absorption through the skin 

Evidence of the dermal absorption of PAHs includes the detection of elevated levels 
of PAH metabolites, such as 1-hydroxypyrene, in the urine of humans exposed dermally 
to complex mixtures of PAHs, such as coke-oven emissions in the workplace (van Rooij 
et al., 1993a) or coal-tar ointments (van Rooij et al., 1993b; Godschalk et al., 1998). 
Results from animal studies indicate that dermal absorption of PAHs can be rapid and 
extensive. For example, the reported half-times of disappearance of radiolabel from the 
skin of rats treated with 2, 6 or 15 mg/kg [14C]-labelled pyrene in acetone applied to a 
4-cm2 area ranged from about 0.5 to 0.8 days, and about 50% of the applied radiolabel 
was recovered in urine and faeces collected within 6 days of application (Withey et al., 
1993b). 
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(e) Distribution 

Results from studies in rats indicate that: (i) absorbed PAHs are widely distributed to 
most organs and tissues; (ii) fatty tissues can serve as storage sites to which PAHs may be 
gradually absorbed and from which they are then released; and (iii) the gastrointestinal 
tract can contain high levels of PAHs and their metabolites following exposure (by any 
route) due to mucociliary clearance from the respiratory tract and hepatobiliary excretion 
of metabolites (Mitchell & Tu, 1979; Mitchell, 1982, 1983; Sun et al., 1984; Withey et 
al., 1991,1993a). For example, immediately after a 95-min inhalation exposure of 
pregnant rats to [3H]-labelled benzo[a]pyrene aerosols, levels of radiolabel associated 
with parent compound in the tissues decreased in the following order: lung > blood > liver 
> kidney > fat > fetus; 6 h after cessation of exposure, the order was fat > lung > kidney 
> liver > blood > fetus (Withey et al., 1993a). Similarly, about 7 h after a 95-min 
inhalation exposure of male rats to [14C]-labelled pyrene aerosol at a concentration of 800 
mg/m3, levels of radiolabel associated with parent compound decreased in the following 
order: fat > kidney > lung > liver > testes > spleen > brain (Withey et al., 1994). 

In other studies that involved inhalation exposure of rats for 1 h to [3H]-benzo[a]-
pyrene aerosols (500 µg/L; mass median aerodynamic diameter [MMAD], 1–2 µm), 
clearance of radiolabel from the respiratory tract was biphasic, with 50% of the radiolabel 
cleared within 2–3 h (Mitchell, 1982). Elimination half-times for radiolabel that remained 
in the lung after this time ranged from about 25 to 50 h, depending on the location in the 
lung. Half an hour after termination of exposure, concentrations of radiolabel were higher 
in the stomach and small intestine than in any other tissue, although significant amounts 
were detected in the liver and kidneys. During the first day after exposure, the amount of 
radiolabel in the faeces was about 10-fold greater than that in the urine. In experiments 
with rats exposed to pyrene aerosols (500 µg/L; MMAD, 0.3–0.8 µm), similar rapid 
clearance from the respiratory tract and distribution to the gastrointestinal tract, liver and 
kidneys was observed (Mitchell & Tu, 1979).  

In experiments with rats exposed by inhalation to radiolabelled benzo[a]pyrene 
adsorbed onto ultrafine particles (e.g. gallium oxide or diesel exhaust particles; MMAD, 
~0.1 µm), similar rapid clearance from the respiratory tract was observed. The relative 
amount of radiolabel in the stomach was higher following exposure to benzo[a]pyrene 
adsorbed onto gallium oxide or diesel exhaust particles than after exposure to pure 
aerosols of benzo[a]pyrene (Sun et al., 1982, 1984). In rats exposed to [3H]-benzo[a]-
pyrene-coated diesel engine exhaust particles (MMAD, ~0.14 µm; Sun et al., 1984), the 
amounts of radiolabel retained in the lung during the second, slow phase of lung clearance 
were higher than those in the study of gallium oxide-associated 3H-benzo[a]pyrene study 
(Sun et al., 1982). [The results from these studies are consistent with the concept that 
PAHs are, in general, cleared rapidly from the initial sites of deposition in the respiratory 
tract and distributed to a significant extent in the gastrointestinal tract, liver and kidney; 
the kinetics and patterns of distribution, however, can be influenced by size and compo-
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sitional characteristics of the particulate matter, as well as by the chemical properties of 
the PAHs themselves.] 

(f) Metabolism 

The metabolism of benzo[a]pyrene has been studied extensively in human and animal 
tissues, and generally serves as a model for the metabolism of other PAHs (for review, 
see Environmental Protection Agency, 1991; ATSDR 1995; IPCS 1998). A metabolic 
schema for benzo[a]pyrene is presented in Figure 4.1 which shows pathways to the for-
mation of epoxides, phenols, quinones, hydroquinones, dihydrodiols, phenol dihydro-
diols, dihydrodiol epoxides, tetrols and other potentially reactive intermediates. Table 4.1 
contains examples of PAHs and PAH metabolites that are substrates for human enzymes. 
The tissue localization of human enzymes indicates that metabolic activation can occur in 
key target organs. It should be noted that differences between in-vivo and in-vitro studies 
of metabolism have been observed in some cases for benzo[a]pyrene and other PAHs.  

The mechanism of PAH oxidation by cytochrome P450 (CYP) mono-oxygenase is 
complex and can involve an odd electron abstraction rebound mechanism as well as a 
one-electron radical cation mechanism (Cavalieri et al., 1988; Guengerich, 2001; 
Cavalieri & Rogan, 2002; Mulder et al., 2003). 

Benzo[a]pyrene is initially metabolized by CYP mono-oxygenases to several 
epoxides. CYP1A1 can metabolize a wide range of PAHs, but other CYPs, including 
CYP1A2 and members of the CYP1B, CYP2B, CYP2C and CYP3A families of enzyme, 
have been demonstrated to catalyse the initial oxidation of benzo[a]pyrene and other 
PAHs to varying extents (for review, see IPCS, 1998; Xue & Warshawsky, 2005). PAHs 
are recognized inducers of CYP enzymes, and exposure to PAHs can therefore influence 
the balance of phase I and phase II enzymes, which can determine whether or not a toxic 
cellular response occurs. The mammalian CYP genes that encode CYP1A1, 1A2 and 1B1 
are regulated in part by the aryl hydrocarbon receptor (AhR). Differences in AhR 
affinities in inbred mice correlate with variations in the inducibility of CYP and may be 
associated with differences in the risk for cancer from PAHs (Nebert et al., 2004). A 
correlation between the variability in AhR affinity in humans and differences in cancer 
risk remains unproven. Therefore, the role of CYP in activation versus detoxification 
probably depends on multiple factors such as the subcellular content and location, the 
degree of phase II metabolism and the pharmacokinetics of the chemical.  

Epoxides may rearrange spontaneously to phenols, be hydrated via epoxide hydrolase 
catalysis to dihydrodiols or be conjugated with GSH, either spontaneously or via GSH-S-
transferase (GST) catalysis. It has been proposed that the formation of 1-, 3- and 6-
hydroxybenzo[a]pyrene from benzo[a]pyrene and their subsequent conversion to qui-
nones involve CYP isoforms (Cavalieri et al., 1988) and 6-hydroxybenzo[a]pyrene can 
also be formed by prostaglandin H synthase (Cooper et al., 1983; for a review, see 
IPCS, 1998). Quinones can be converted to hydroquinone derivatives by quinone 
reductase or be conjugated with GSH, sulfate or glucuronic acid. 
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Figure 4.1.  Metabolic schema for benzo[a]pyrene 

 

Adapted from Cooper et al. (1983); ATSDR (1995); IPCS (1998). 
CYP, cytochrome P450; EH, epoxide hydrolase; GSH, glutathione; PS, prostaglandin H synthase; QR, 
quinone reductase 

Dihydrodiol derivatives can be further oxidized by CYPs to form phenol dihydrodiols 
or dihydrodiol epoxides. Phenols, phenol dihydrodiols and dihydrodiols can be conju-
gated with glucuronic acid or sulfate. Dihydrodiol epoxides may also be formed from 
dihydrodiols by reaction with peroxyl radicals generated from the oxidative biosynthesis 
of prostaglandins from fatty acids via prostaglandin H synthase (Marnett, 1981, 1987; 
Reed et al., 1988; Eling et al., 1990). The metabolic fate of dihydrodiol epoxides includes 
conjugation with GSH or covalent modification of cellular macromolecules that possibly 
lead to mutagenic and carcinogenic responses.  

Dihydrodiols may also be metabolized to ortho-quinones by aldo-keto reductases 
(AKR1C1–AKR1C4, AKR1A1). ortho-Quinone derivatives have been demonstrated in 
vitro to produce, via redox cycling with nicotinamide adenine dinucleotide (phosphate) 
(with or without phosphate) (NAD(P)H) and copper, reactive oxygen species that cause  
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Table 4.1.  PAHs and PAH metabolites as substrates of human enzymes and 

localization in human tissues outside the liver (extrahepatic metabolism) 

Enzyme PAH substrates Human tissues 

CYP1A1 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene and its 11,12-diol  
Benzo[b]fluoranthene-9,10-diol 
Benzo[a]pyrene and its 7,8-diols 
Cyclopenta[cd]pyrene 
Dibenzo[a,l]pyrene 
Dibenzo[a,l]pyrene-11,12-diol 
5-Methylchrysene 
5-Methylchrysene-1,2-diol 

Lung of smokers (mRNA, prot., act.). 
Oesophagus 
Stomach 
Small intestine 
Colon 
Skin 
Placenta of smokers 
Fetal liver 

CYP1A2 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene-11,12-diol 
Benzo[b]fluoranthene-9,10-diol 
Benzo[a]pyrene-7,8-diol 
Cyclopenta[cd]pyrene 
Dibenz[a,h]anthracene 
Dibenzo[a,l]pyrene and its 11,12-diol 
5-Methylchrysene-1,2-diol 

Lung (mRNA +/–, prot., +/–, no act.) 
Oesophagus 
Stomach 
Colon 

CYP1B1 Benzo[g]chrysene-11,12-diol 
Benzo[b]fluoranthene-9,10-diol 
Benzo[a]pyrene and its 7,8-diol 
Dibenzo[a,l]pyrene 
Dibenzo[a,l]pyrene-11,12-diol 
5-Methylchrysene-1,2-diol 

Lung (mRNA, prot., act.) 
Small intestine 
Colon 
Skin 
Fetal liver 

CYP2A  Oesophagus 

CYP2A6  Lung (mRNA, prot. +/–, no act.) 
Nasal mucosa 
Trachea  

CYP2A13a, b, c  Nasal mucosa (highest expression) 
Trachea 
Lung 

CYP2B6 Dibenz[a,h]anthracene 
Dibenzo[a,l]pyrene 

Lung (mRNA, prot., act.) 
Nasal mucosa 
Trachea 

CYP2C Dibenz[a,h]anthracene 
Dibenzo[a,l]pyrene 

Lung (mRNA +/–, prot. +/–) 
Nasal mucosa 
Stomach 
Small intestine 
Early placenta 
Fetal liver (2C8) 
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Table 4.1 (contd) 

Enzyme PAH substrates Human tissues 

CYP2D6  Lung (mRNA +/–, prot. +/–, no act.) 
Small intestine 
Early placenta 
Fetal liver 

CYP2E1 Dibenz[a,h]anthracene Lung (mRNA, prot., act.) 
Oesophagus 
Small intestine 
Fetal liver 

CYP2F1a  Lung (mRNA) 

CYP2J2  Lung (mRNA, prot., act.) 
Nasal mucosa 
Oesophagus 
Stomach 
Small intestine 
Colon 

CYP2S1a  Lung (mRNA, prot.) 
Trachea 
Stomach 
Small intestine 

CYP3A Dibenz[a,h]anthracene (3A3) Nasal mucosa 

CYP3A4 Cyclopenta[c,d]pyrene 
Dibenz[a,h]anthracene 
Dibenzo[a,l]pyrene 
5-Methylchrysene 
 

Lung (mRNA +/–, prot.) 
Stomach 
Small intestine 
Colon 
Fetal liver 

CYP3A5a,d Dibenz[a,h]anthracene  Lung (mRNA, prot., act.) 
Oesophagus 
Small intestine 
Colon 
Kidney 
Fetal liver 

CYP3A7  Lung (mRNA +/–) 
Early placenta 
Fetal liver 

CYP4B1 a  Lung (mRNA, prot.) 
Placenta 

PS Benzo[a]pyrene 
Cyclopenta[cd]pyrene 

Most tissues  
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Table 4.1 (contd) 

Enzyme PAH substrates Human tissues 

Aldo-keto-
reductase 
(AKR) 

Benz[a]anthracene 
Benzo[g]chrysene 
Benzo[a]pyrene 
5-Methylchrysene 

Most tissues 

AKR1C1 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene-3,4-diol 
Benzo[a]pyrene-7,8-diol 
5-Methylchrysene-7,8-diol 

Liver Hep G2 cells1,2,3 

Lung adenocarcinoma A549 cells1,2,3 
Trachea1, colon1, bladder1, small 

intestine1, heart1, aorta1, stomach1, 
testis1, ovary1 

AKR1C2 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene-11,12-diol 
Benzo[c]phenanthrene-3,4-diol 
Benzo[a]pyrene-7,8-diol 
5-Methylchrysene-7,8-diol 

Liver Hep G2 cells1,2,3 

Lung adenocarcinoma A549 cells1,2,3 
Trachea1, colon, bladder1, small 
intestine1, heart1, aorta1, stomach1, 
testis1, prostate1  

AKR1C3 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene-11,12-diol 
Benzo[c]phenanthrene-3,4-diol 
Benzo[a]pyrene-7,8-diol 
5-Methylchrysene-7,8-diol- 

Liver Hep G2 cells1,2,3 

Lung adenocarcinoma A549 cells1,2,3 
Trachea1, colon1, bladder1, small 
intestine1, heart1, aorta1, stomach1, 
testis1, mammary gland, prostate1 

AKR1C4 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene-11,12-diol 
Benzo[c]phenanthrene-3,4-diol 
Benzo[a]pyrene-7,8-diol 
5-Methylchrysene-7,8-diol 

Liver-specific1,2,3 

AKR1A1 Benz[a]anthracene-3,4-diol 
Benzo[g]chrysene-11,12-diol 
Benzo[c]phenanthrene-3,4-diol 
Benzo[a]pyrene-7,8-diol 
5-Methylchrysene-7,8-diol 

Kidney, liver1, salivary gland1, trachea1, 
stomach1, duodenum1, pancreas, fetal 
lung1, prostate1, placenta1, mammary 
gland1, lung1, lung adenocarcinoma1, 
bladder1, oesophagus1, ovary1, testis1  

From Hakkola et al. (1998a,b); Palackal et al. (2001a); Hukkanen et al. (2002); Palackal et al. 
(2002a); Ding & Kaminsky (2003); Steckelbroeck et al. (2004); Shimada & Fujii-Kuriyama (2004) 
+/–, conflicting evidence; act., catalytic activities; CYP, cytochrome P450; mRNA, messenger 
ribonucleicacid; PAH, polycyclic aromatic hydrocarbon; prot., protein; PS, prostaglandin H 
synthetase 
a Preferentially expressed in lung 
b Preferentially expressed in nasal mucosa 
c Preferentially expressed in trachea 
d Main isoform in kidney 
1 RNA analysis, array data with AKR1C proto or isoform specific reverse transcriptase polymerase 
chain reaction 
2 Protein 
3 Enzyme activity 
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DNA fragmentation and mutation of p53 (Flowers et al., 1996, 1997; Penning et al., 
1999; Yu et al., 2002a). PAH ortho-quinones produced by this pathway are also ligands 
for AhR (Burczynski & Penning, 2000). This effect of ortho-quinones may play a role in 
the mutagenicity and carcinogenicity of benzo[a]pyrene and other PAHs.  

The stereochemistry of the dihydrodiol epoxide derivatives of benzo[a]pyrene is 
important in the toxicity of benzo[a]pyrene and other PAHs (Conney, 1982; Shaw & 
Connell, 1994; for a review, see IPCS, 1998). Of the four possible stereoisomers of the 
7,8-dihydrodiol-9,10-epoxide benzo[a]pyrene derivative, the predominant one formed in 
mammaliam systems, (+)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, has been 
shown to have the highest tumour-initiation activity and to be the predominant metabolite 
that forms DNA adducts in mammalian tissues exposed to benzo[a]pyrene. The formation 
of DNA adducts may be a first step in the initiation of carcinogenesis by PAHs. 

(g) Elimination 

Results from studies of animals exposed to PAHs indicate that their metabolites are 
largely excreted as conjugates of GSH, glucuronic acid or sulfate in the faeces via biliary 
excretion and in the urine (for review, see ATSDR, 1995; IPCS, 1998). 

4.1.2 Enzymes involved in the metabolism of PAHs and their genetic variability 

(a) Individual enzymes 

(i) Drug-metabolizing enzymes involved in the metabolism of 

PAHs 

PAHs are metabolized to water-soluble conjugates by the combined action of phase I 
enzymes that are involved in their functionalization (e.g. CYP, epoxide hydrolase) and 
phase II enzymes that form conjugates with the functionalized metabolites (e.g. GST, 
uridine 5′-diphosphate (UDP)-glucuronosyltransferase (UGT) and sulfotransferase 
(SULT)). In addition, AKRs and NAD(P)H quinone oxidoreductase 1 (NQO1) play im-
portant roles in the further metabolism of diols and quinones, respectively (Conney, 1982; 
Gonzalez et al., 1991; Guengerich & Shimada, 1991; Hecht, 1998; Penning et al., 1999; 
Hecht, 2002a).  

CYPs are the major phase I enzymes that initially catalyse mono-oxygenation of 
PAHs (such as benzo[a]pyrene) to phenols and epoxides (Figure 4.2; Conney, 1982; 
Shimada et al., 1989a,b; Guengerich & Shimada, 1991). The oxygenated (intermediate) 
products are further metabolized to more polar products by several conjugating enzymes 
such as epoxide hydrolase, GST, UGT and SULT (Nebert et al., 1999). AKRs catalyse 
the oxidation of trans-dihydrodiols to catechols which are non-enzymatically oxidized to 
ortho-quinones, while NQO1 catalyses the two-electron reduction of para-quinones to 
hydroquinones. The catechols or hydroquinones in each instance can undergo 
conjugation. The conjugated metabolites thus formed are usually more soluble in water 
than the parent compounds and can be excreted from the body. 
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Figure 4.2.    Metabolism of benzo[a]pyrene by CYPs and other drug-metabolizing 

enzymes 
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(ii) Metabolic activation of PAHs by CYPs  

Bay-region diol epoxides represent major electrophilic PAH metabolites at the core of 
one of the proposed mechanisms of PAH activation (see Section 4.2.1). The pathways 
that lead to the formation of bay-region epoxides of benzo[a]pyrene were investigated 
extensively in rat liver microsomes and reconstituted systems containing purified rat 
CYPs and epoxide hydrolase (Figure 4.3) and serve as a model for other bay-region 
PAHs (Thakker et al., 1977a,b; Lu & West, 1979; Levin et al., 1980; Conney, 1982; 
Levin et al., 1986). Benzo[a]pyrene is first oxidized by liver microsomes of 3-methyl-
cholanthrene-treated rats to (+)- and (–)-benzo[a]pyrene-7,8-oxides; the rate of con-
version of the (+) enantiomer is much higher than that of the (–) form. Subsequently, 
microsomal epoxide hydrolase hydrolyses these oxides to (–)- and (+)-benzo[a]pyrene-
7,8-diols (Thakker et al., 1977a,b; Levin et al., 1980), which are finally activated by CYP 
isoforms to the highly reactive bay-region epoxides, (–)-benzo[a]pyrene-7,8-diol-9,10-
epoxide-1, (+)-benzo[a]pyrene-7,8-diol-9,10-epoxide-2, (+)-benzo[a]pyrene-7,8-diol-
9,10-epoxide-1 and (–)-benzo[a]pyrene-7, 8-diol-9,10-epoxide-2 (Thakker et al., 1977b; 
Kapitulnik et al., 1978a; Levin et al., 1980). Although these four diol epoxides were  
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Figure 4.3.    Metabolic activation of benzo[a]pyrene by CYPs and epoxide 
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highly mutagenic in Ames Salmonella tester strains and Chinese hamster V79 cells, (+)-
benzo[a]pyrene-7,8-diol-9,10-epoxide-2 was identified as the most reactive in producing 
tumours in newborn mice (Wood et al., 1976; Buening et al., 1978). Since (+)-benzo[a]-
pyrene-7,8-diol-9,10-epoxide-2 had almost the same level of carcinogenicity as benzo[a]-
pyrene itself or (–)-benzo[a]pyrene-7,8-diol, this diol epoxide is considered to be an ulti-
mate carcinogenic metabolite (Kapitulnik et al., 1978a; Conney, 1982; Levin et al., 1986). 

The bay-region theory has also been applied to other PAHs (Conney, 1982; Pelkonen 
& Nebert, 1982; Adams et al., 1995). On the basis of this common mechanism, it is 
important to know that the major CYP isoforms involved in the formation of the 
respective arene oxides and diol epoxides are CYP1A1, CYP1A2 and CYP1B1. 

(iii) CYP1A1 and activation of PAHs 

CYP1A1 was thought to be uniquely responsible for the metabolic activation of most 
of the carcinogenic PAHs (Lu & West, 1979; Conney, 1982; Pelkonen & Nebert, 1982; 
Guengerich, 1988; Shimada et al., 1989b; Ryan & Levin, 1990). CYP1A1 was first 
termed aryl hydrocarbon hydroxylase because it had high activity for benzo[a]pyrene 3-
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hydroxylation (Nebert et al., 1975; Nebert & Jensen, 1979), and was considered to be the 
major enzyme responsible for the metabolic activation of benzo[a]pyrene and other 
carcinogenic PAHs until CYP1B1 enzymes were found in mice, rats and humans 
(Pottenger & Jefcoate, 1990; Otto et al., 1991; Pottenger et al., 1991; Sutter et al., 1991; 
Savas et al., 1994; Sutter et al., 1994). CYP1A1 has relatively similar substrate 
specificities to CYP1B1 (see below) in the metabolism of PAHs and other carcinogens, 
although some striking differences are observed, depending on the substrates (Guengerich 
et al., 1986; Shimada et al., 1992; Guengerich & Shimada, 1998; Shimada et al., 1998a, 
2001a). CYP1A1 also catalyses the oxidation of several xenobiotic compounds, including 
7-ethoxyresorufin, theophylline, caffeine, 7-ethoxycoumarin and chlorzoxazone (Shimada 
et al., 1997a), and the endogenous steroids, 17β-estradiol and estrone (Shimada et al., 
1999a, 2001b). 

Recently, Uno et al. (2004) showed that CYP1A1 is important in the detoxification 
and protection against the oral toxicity of benzo[a]pyrene rather than in its metabolic 
activation in studies using CYP1A1 knockout mice. CYP1A1-null mice died within 
30 days after oral administration of 125 mg/kg bw benzo[a]pyrene, while wild-type mice 
did not show any signs of toxicity for 1 year. In addition, benzo[a]pyrene–DNA adduct 
levels were found to be higher in CYP1A1-null mice than in the wild-type mice (Uno et 
al., 2004; Nebert, 2005a). 

CYP1A1 is expressed in human lung and other tissues including the prostate, 
peripheral blood cells (lymphocytes, monocytes), mammary gland, pancreas, thymus, 
small intestine, colon and uterus, but not in the liver, in adults (Shimada et al., 1996; Ding 
& Kaminsky, 2003); it is also expressed in fetal liver (Kitada et al., 1991). CYP1A1 is 
induced by PAHs, polyhalogenated biphenyls and polyhalogenated dibenzofurans and 
dioxins such as 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD), through the AhR 
(Pelkonen & Nebert, 1982; Gonzalez et al., 1991; Hankinson, 1995). In this paradigm, 
PAHs induce their own metabolism. 

(iv) CYP1A2 and activation of PAHs 

CYP1A2 is mainly expressed in the liver (Shimada et al., 1994). It is regulated in part 
by AhR and is induced by AhR ligands, such as PAHs and TCDD (Hankinson, 1995; 
Sogawa et al., 2004). Tobacco-smoke condensates and broiled foods, such as grilled meat 
and fish, induce CYP1A2 (Jaiswal et al., 1987; Gonzalez, 1988; Guengerich & Shimada, 
1991). The levels of CYP1A2 protein are ~10–15% that of total CYP in human adult 
livers on average, and the expression levels vary about 40-fold among individuals 
(Shimada et al., 1994).  

CYP1A2 catalyses the metabolic activation of a variety of aryl and heterocyclic 
amines to reactive metabolites (Shimada & Okuda, 1988; Shimada et al., 1989a,b; 
Shimada & Guengerich, 1991). The procarcinogens that are activated by CYP1A2 
include 2-aminoanthracene, 2-acetylaminofluorene, 2-aminofluorene, 6-aminochrysene 
and other aromatic amines. CYP1A2 catalyses the activation of PAH diols to reactive 
metabolites, although at slower rates than CYP1A1 and CYP1B1 (Shimada et al., 2001a). 
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CYP1A2 also catalyses the oxidation of several xenobiotic compounds, including aceta-
minophen, antipyrine, caffeine, 7-ethoxyresorufin, lidocaine, phenacetin, theophylline and 
R-warfarin (Guengerich & Shimada, 1991; Shimada et al., 1994, 1997a).  

(v) CYP1B1 and activation of PAHs 

In 1990, mouse CYP1B1 was purified from C3H/10T1/2 CL8 cells derived from an 
embryonic fibroblast and the purified enzyme was found to metabolize 7,12-dimethyl-
benz[a]anthracene (DMBA) (Pottenger & Jefcoate, 1990; Pottenger et al., 1991). Spectral 
interaction studies suggested that purified mouse CYP1B1 can interact with several 
PAHs, such as benzo[a]pyrene, benz[a]anthracene, DMBA, 3-methylcholanthrene and 
1-ethynylpyrene (Savas et al., 1994, 1997). Human CYP1B1 cDNA was isolated and was 
introduced into a yeast expression vector (Sutter et al., 1991, 1994; Shimada et al., 1996). 
Yeast microsomes that contained the expressed CYP1B1 protein activated diverse pro-
carcinogens including PAHs, aryl and heterocyclic amines and nitroarenes to mutagenic 
products as determined by an umu gene expression system in the Salmonella typhimurium 
NM2009 tester strain (Shimada et al., 1996; Guengerich & Shimada, 1998; Shimada et 
al., 1998a, 2001a). A close resemblance was found in the substrate specificities of 
CYP1A1 and CYP1B1 towards various procarcinogens and promutagens, particularly 
when dihydrodiol derivatives of PAHs were used as substrates (Shimada et al., 1998a, 
2001a). Other human CYPs such as 2C9, 2C19 and 3A4 were all relatively weak at 
activating these PAH compounds. 

Buters et al. (1999) reported that cultured embryonic fibroblasts isolated from 
CYP1B1-null mice were unable to metabolize DMBA and were resistant to its cytotoxic 
and carcinogenic effects. Similarly, recombinant human CYP1A1 and 1B1 were reported 
to differ in their regio- and stereochemical selectivity for the activation of dibenzo-
[a,l]pyrene; CYP1B1 was reported to play a more important role than CYP1A1 in the 
formation of fjord region dibenzo[a,l]pyrene-11,12-diol-13,14-epoxides (Luch et al., 
1997, 1999a). In support of these findings, Buters et al. (2002) reported that dibenzo[a,l]-
pyrene does not produce any type of malignant or benign tumour in the ovaries or 
lymphoid tissues of CYP1B1-null mice. CYP1B1 is therefore thought to play a key role in 
the metabolic activation of the two prototype carcinogens, dibenzo[a,l]pyrene and 
DMBA, to toxic and carcinogenic metabolites. 

Shimada et al. (1999b) reported that CYP1B1, together with epoxide hydrolase, 
catalyses the conversion of benzo[a]pyrene to benzo[a]pyrene-7,8-diol at much higher 
rates that CYP1A1. The catalytic activity of CYP1B1 for the formation of benzo[a]-
pyrene-7,8-diol was about 10-fold higher than that of CYP1A1. Other human CYPs 
(including CYP1A2, 2E1 and 3A4) had very low or undetectable activities for the 
formation of benzo[a]pyrene-7,8-diol. 

Native human CYP1B1 protein has not yet been isolated from human tissue samples; 
the enzyme is predominantly expressed in extrahepatic organs, probably at low levels 
(Sutter et al., 1994; Shimada et al., 1996). A human CYP1B1 cDNA clone was isolated 
from a human cDNA library and characterized (Sutter et al., 1991, 1994; Tang et al., 



528 IARC MONOGRAPHS VOLUME 92  

 

1996). The isolated clone that maps to chromosome 2 at 2p21-22 contained a 5.1-kb 
sequence and a single open-reading frame of 1629 base pairs that predicts a protein of 543 
amino acids (Sutter et al., 1994; Shimada et al., 1996; Tang et al., 1996). The similarity of 
amino acid sequence of human CYP1B1 to that of rat and mouse CYP1B1 enzymes was 
determined to be 80% and 81%, respectively, and that of CYP1A1 and CYP1A2 was 
reported to be ~40% in three animal species examined (Otto et al., 1991; Savas et al., 
1994; Sutter et al., 1994; Walker et al., 1995).  

In adults, CYP1B1 mRNA is expressed at significant levels in the mammary gland, 
prostate, uterus, kidney, adrenal and pituitary glands, ovary, colon, thymus, spleen, lung, 
small intestine and heart (Shimada et al., 1996; Spink et al., 1998). In human fetal tissues, 
CYP1B1 mRNA is also detected in the heart, brain, lung and kidney (Shimada et al., 
1996). CYP1B1 is expressed constitutively in several types of human cell, including 
mammary epithelial cells, mammary stromal fibroblasts, broncho-alveolar cells, lympho-
cytes, bone-marrow stromal cells and monocytes and macrophages (Shimada et al., 1996; 
Baron et al., 1998; Spink et al., 1998; Spencer et al., 1999; Shimada, 2000; Shimada & 
Fujii-Kuriyama, 2004). Human CYP1B1 is also reported to be expressed significantly in 
several tumours including breast cancer cells, uterine myoma and renal adenocarcinoma 
cells (Liehr et al., 1995; Huang et al., 1996; Spink et al., 1997; Baron et al., 1998; Spink 
et al., 1998; Spencer et al., 1999).  

Human CYP1B1 plays an important role in the activation of diverse procarcinogens 
(Shimada et al., 1996; Shimada, 2000; Toide et al., 2003; Shimada & Fujii-Kuriyama, 
2004). It catalyses the monoxygenation of such procarcinogens as PAHs and their 
dihydrodiol derivatives, heterocyclic and aryl amines and aminoazo dyes, and 
nitroaromatic hydrocarbons. These include benzo[a]pyrene, benzo[a]pyrene-4,5-diol, (+)-
benzo[a]pyrene-7,8-diol, (–)-benzo[a]pyrene-7,8-diol, dibenzo[a,l]pyrene, dibenzo[a,l]-
pyrene-11,12-diol, benz[a]anthracene, benz[a]anthracene-3,4-diol, benzo[g]chrysene-11,12-
diol, benzo[b]fluoranthene-9,10-diol, benzo[c]phenanthrene-3,4-diol, chrysene-1,2-diol, 
dibenzo[a,l]pyrene-11,12-diol, 7,12-dimethylbenz[a]anthracene-3,4-diol, 5,6-dimethyl-
chrysene-1,2-diol, 5-methylchrysene, 5-methylchrysene-1,2-diol, 6-aminochrysene-1,2-diol, 
2-amino-3-methylimidazo[4,5-f]quinoline, 2-amino-3,4-dimethylimidazo[4,5-f],-quinoline, 
2-amino-3,8-dimethylimidazo[4,5f]quinoxaline, 3-amino-1,4-dimethyl-5H-pyrido[4,3-b]-
indole, 2-amino-1-methyl-6-phenylimidazo-[4,5-b]pyridine, 2-aminoanthracene, 2-amino-
fluorene, 4-aminobiphenyl, 6-aminochrysene, 2-aminofluorene, 3-methoxy-4-amino-
azobenzene, 2-nitropyrene and 6-nitrochrysene (Shimada et al., 1996; Shimada, 2000; 
Shimada & Fujii-Kuriyama, 2004). 

(vi) CYP2C9 and activation of PAHs  

Other CYPs (CYP2C9 and CYP3A4) play minor roles in PAH metabolism. CYP2C9 
is mainly located in the liver and the levels of its expression are estimated to account for 
an average of 20% of total CYP in the liver (Shimada et al., 1994). It catalyses the 
metabolism of clinically used drugs such as flurbiprofen, phenytoin, tolbutamide and 
warfarin (Shimada et al., 1994; Yamazaki & Shimada, 1997; Yamazaki et al., 1997, 
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1998a). CYP2C9 also mediates 3-hydroxylation of benzo[a]pyrene and the metabolic 
activation of several PAH diols to active metabolites that induce umu gene expression in 
Salmonella tester strains (Yun et al., 1992; Shimada et al., 2001a). These activities, 
however, are lower than those induced by CYP1 enzymes (Shimada et al., 2001a).  

(vii) CYP3A4 and activation of PAHs 

CYP3A4 is the most abundant CYP in human liver, and the levels of its expression in 
adults average about 30% of total CYP (Guengerich et al., 1986; Shimada et al., 1994). 
The enzyme is induced by various barbiturates, antibiotics and macrolide antibiotics such 
as rifampicin and troleandomycin (Gonzalez, 1988; Guengerich & Shimada, 1991; 
Wilkinson, 1996; Guengerich, 1999). CYP3A4 metabolizes about 50% of clinically used 
drugs (Guengerich et al., 1986; Wilkinson, 1996; Guengerich, 1999). Procarcinogens 
activated by CYP3A4 include aflatoxin B1, aflatoxin G1, sterigmatocystin, benzo-
[a]pyrene-7,8-diol and other PAH diols, and 6-aminochrysene (Shimada & Guengerich, 
1989; Shimada et al., 1989a; Guengerich & Shimada, 1991).  

(viii) Induction of CYP1A1, 1A2 and 1B1 by PAHs 

The AhR regulates the induction of CYP1A1, CYP1A2 and CYP1B1 and other drug-
metabolizing enzymes by carcinogenic PAHs and other chemicals and plays an important 
role in the toxicity and carcinogenesis of these chemicals (Nebert, 1978, 1980; Gonzalez, 
1990; Okey et al., 1994; Hankinson, 1995; Mimura & Fujii-Kuriyama, 2003). Planar 
PAHs bind to the AhR in cytosol, which dissociates from chaperone proteins and 
heterodimerizes with AhR nuclear translocator (ARNT) in the nucleus. The ligand-
occupied heterodimer then binds to the xenbiotic response elements of the CYP1A1, 
CYP1A2 and CYP1B1 genes to cause an increase in gene transcription. Genetically 
engineered AhR–/– mice are resistant to TCDD-induced teratogenesis (Mimura et al., 
1999; Mimura & Fujii-Kuriyama, 2003) and benzo[a]pyrene-induced carcinogenesis 
(Shimizu et al., 2000). Mechanisms that underly the resistance of these animals might be 
due to their inability to express significant levels of CYP and other enzymes that play 
major roles in the activation of xenobiotic and endobiotic chemicals (Shimizu et al., 2000; 
Mimura & Fujii-Kuriyama, 2003). The levels of expression of CYP1A1 and 1B1 are of 
particular interest, since these CYPs principally catalyse the activation of carcinogenic 
PAHs to reactive metabolites that initiate cancer (Shimada, 2000; Williams & Phillips, 
2000; Murray et al., 2001; Shimada & Fujii-Kuriyama, 2004).  

Recently, potent carcinogenic PAHs, such as benzo[a]pyrene, DMBA, dibenzo[a,l]-
pyrene, 3-methylcholanthrene, 1,2,5,6-dibenz[a,h]anthracene benzo[b]fluoranthene and 
benz[a]anthracene, have been shown to induce liver and lung CYP1A1 and 1B1 mRNAs 
significantly in AhR+/+ mice but not in AhR–/– mice (Shimada et al., 2002). Using male 
and female AhR+/+ and AhR–/– C57BL/6J mice, Shimada et al. (2003a) found tissue-
specific induction of CYP1A1 and 1B1 mRNAs by PAHs, 3,4,3′,4′-tetrachlorobiphenyl 
and the polychlorinated biphenyl mixtures, Kanechlor-300, -400 and -500. In both male 
and female mice, CYP1A1 mRNA was found to be constitutively expressed at very low 
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levels in various organs of AhR+/+ and AhR–/– mice and was induced in various organs by 
PAHs and 3,4,3′,4′-tetrachlorobiphenyl only in AhR+/+ mice. In contrast, CYP1B1 mRNA 
was expressed constitutively at significant levels in various organs, except for liver and 
lung, in both male and female AhR+/+ and AhR–/– mice. Levels of induction of CYP1B1 
by PAHs and tetrachlorobiphenyl in AhR+/+ mice were not so significant in organs in 
which the constitutive levels of CYP1B1 were high. 

The extents of induction of hepatic mRNAs of CYP1A1, 1A2 and 1B1 were also 
determined in AhR+/+ mice that had been treated intraperitoneally with each of 23 PAHs 
or 3,4,3′,4′-tetrachlorobiphenyl at a dose level of 100 mg/kg bw (Shimada et al., 2003b). 
Both CYP1A1 and 1B1 were highly induced by the PAHs that are potent carcinogens in 
experimental animals (Conney, 1982; Pelkonen & Nebert, 1982; Shimada et al., 2002, 
2003a). These PAHs include benzo[k]fluoranthene, benzo[b]fluoranthene, benzo[j]fluo-
ranthene, benzo[a]pyrene, 3-methylcholanthrene, dibenz[a,h]anthracene, benz[a]anthra-
cene and dibenzo[a,l]pyrene. Other PAHs, such as dibenz[a,j]acridine, dibenz[a,c]anthra-
cene, DMBA, 5-methylchrysene, 6-aminochrysene, chrysene and dibenz[a,e]pyrene, also 
induced mRNAs of liver CYP1A1 and 1B1. CYP1A2 was constitutively expressed in the 
livers of the mice but was induced to a much lesser extent than CYP1A1 and CYP1B1. 
Liver microsomal 7-ethoxyresorufin O-deethylation activities were well correlated with 
levels of liver CYP1A1 and 1B1 mRNAs in AhR+/+ mice. 

(ix) Inhibitors of CYP1A1, 1A2 and 1B1 

Since most of the carcinogenic PAHs require metabolic activation by CYP and other 
enzymes to evoke their carcinogenic potentials, chemical inhibitors of CYP and other 
enzymes may potentially act as chemopreventive agents (Cai et al., 1997; Shimada et al., 
1997b, 1998b; Chun et al., 1999; Shimada, 2000; Chun et al., 2001; Chun & Kim, 2003; 
Guengerich, 2003). 

Some of these inhibitors of CYP1A1 and 1B1 suppress the tumorigenesis that is 
induced by a variety of chemical carcinogens (Gelboin et al., 1970; Kinoshita & Gelboin, 
1972; Slaga et al., 1977a; El-Bayoumy et al., 1992; Jang et al., 1997; Kleiner et al., 2002, 
2003; El-Bayoumy & Sinha, 2004). In a rat mammary tumour model using DMBA, para-
1,4-phenylene-bis(methylene)selenocyanate [also called xyleneselenocyanate] has been 
shown to have chemopreventive activity (El-Bayoumy et al., 1992; Ip et al., 1994; 
Prokopczyk et al., 2000) and to inhibit the formation of DMBA–DNA adducts in the rat 
mammary gland (El-Bayoumy et al. 1992). The synthetic organoselenium compounds 
were found to be potent inhibitors of human CYP1A1 and CYP1B1, and were selective 
for CYP1B1 (Shimada et al., 1997b). Similarly, 1-ethynylpyrene inhibits covalent 
binding of DMBA and benzo[a]pyrene to epidermal DNA (Viaje et al., 1990) and 
prevents tumour formation caused by DMBA and benzo[a]pyrene in mouse skin 
(Alworth et al., 1991); 1-ethynylpyrene inhibited CYP1B1 to a greater extent than 
CYP1A1 (Shimada et al., 1998b). Resveratrol, which is found in red grapes and has been 
shown to have cancer preventive activity, is a potent inhibitor of human CYP1A1 and 
1B1 (Jang et al., 1997; Chun et al., 1999; Potter et al., 2002).  
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(x) Epoxide hydrolase 

Microsomal epoxide hydrolase catalyses the hydrolysis of various epoxides and 
reactive epoxide intermediates of numerous endobiotic and xenobiotic chemicals into less 
reactive and more polar dihydrodiols (Omiecinski et al., 2000; Hosagrahara et al., 2004). 
Although it is mainly known to be a protective enzyme by decomposing numerous ep-
oxide intermediates, it also mediates activation of PAHs to highly reactive diol epoxides, 
in conjunction with CYPs (Conney, 1982; Gonzalez et al., 1991; Hecht, 2002a). Thus, 
microsomal epoxide hydrolase plays a role in both the inactivation and activation of xeno-
biotic chemicals (Lu & West, 1979; Pelkonen & Nebert, 1982).  

(xi) Glutathione S-transferases 

GSTs are constitutively expressed in a wide variety of mammalian tissues. 
Characteristic patterns of GST genes have a superfamily of at least 16 genes that consist 
of six subfamilies, named alpha (GSTA), mu (GSTM), omega (GSTO), pi (GSTP), theta 
(GSTT) and zeta (GSTZ) (Williams & Phillips, 2000; Strange et al., 2001; Daly, 2003). 
GSTs encoded by polymorphic members of the mu (GSTM1), pi (GSTP1) and theta 
(GSTT1) gene families play important roles in the detoxication of a variety of reactive 
toxic and carcinogenic compounds, including PAH epoxides and diol epoxides (Hecht, 
2002a). Isoforms involved in the formation of glutathionyl conjugates with PAH diol 
epoxides have been assigned (Jernström et al., 1996; Sundberg et al., 1998, 2002) and 
their rank order of importance based on catalytic efficiency (catalytic constant 
(kcat)/Michaelis constant (Km)) varies by PAH diol epoxide and individual 
stereochemistry. For example, for the conjugation of the (–)-anti-diol epoxide 
dibenzo[a,l]pyrene (R-configuration at the benzylic oxirane carbon in the fjord-region), 
the preference is GSTA1-1 > GSTM1-1 > GSTP1-1. In contrast, the rank order of 
catalytic efficiency for the conjugation of (+)-anti-benzo[a]pyrene-7,8-diol-9,10-epoxide 
is GSTP1-1 > GSTM1-1 > GSTA1-1. 

(xii) Uridine 5′-diphosphate-glucuronosyltransferase 

UGTs catalyse the glucuronidation of a variety of endogenous and exogenous 
compounds to more polar metabolites that are excreted from the body (Hecht, 2002b; 
Daly, 2003). Glucuronidation is a major pathway of detoxification of numerous 
carcinogens such as PAHs and aryl and heterocyclic amines (Hecht, 2002a). The UGT1A 
family is the most relevant for PAH diol conjugation. Using the (+)-7S,8S-trans-
dihydrodiol and the (–)7R,8R-trans-dihydrodiol of benzo[a]pyrene, the liver UGT1A1 
and UGT2B7 isoforms conjugated the 7S,8S-enantiomer to form the 7S-glucuronide as 
the major diastereomer, while UGT1A8 and UGT1A10, the extrahepatic enzymes present 
in the aerodigestive tract, preferentially conjugated the 7R,8R-enantiomer to form the 7R-
glucuronide and 8R-glucuronide (Fang et al., 2002). The Km values of individual UGT 
enzymes, which were taken to reflect affinity, gave the following rank order for the conju-
gation of (–)-7R,8R-dihydroxy-7,8-dihydrobenzo[a]pyrene: UGT1A10 > UGT1A9 > 
UGT1A1 > UGT1A7; in contrast, the Km values of individual UGT enzymes gave the 
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following rank order for the conjugation of (+)-7S,8S-dihydroxy-7,8-dihydrobenzo[a]py-
rene: UGT1A10 > UGT1A9 > UGT2B7 ≈ UGT1A1 > UGT1A7 (Fang et al., 2002). 

(xiii) Sulfotransferases 

Cytosolic SULTs catalyse the sulfonation of a variety of carcinogens including PAHs 
(Hecht, 2002a; Moreno et al., 2005). Sulfonation is generally thought to be a detoxication 
process; however, the enzyme also activates certain promutagens, e.g. 5-methylchrysene 
(Blanchard et al., 2004), DMBA, cyclopenta[c,d,]pyrene and benzo[a]pyrene (Watabe et 
al., 1982; Surh et al., 1987, 1993; Surh & Tannenbaum, 1995) by a mechanism that 
involves the conjugation of benzylic alcohols. Six cytosolic SULTs are known to be 
expressed in humans, including phenol SULTs, hydroxy SULTs and estrogen SULTs 
(Raftogianis et al., 1997; Daly, 2003; Moreno et al., 2005). Phenol SULTs include 
SULT1A1, SULT1A2 and SULT1A3. SULT1A1 is highly expressed in numerous organs 
and catalyses the sulfonation of xenobiotic chemicals including PAHs and endogenous 
compounds (Raftogianis et al, 1997; Moreno et al., 2005). SULT2A is the hydroxy SULT 
most heavily implicated in the activation of benzylic alcohols (Blanchard et al., 2004). 

(xiv) Aldo-keto reductases 

AKRs, the soluble NAD(P)H-dependent oxidoreductases, comprise a gene 
superfamily consisting of 14 families with 114 members among prokaryotes and 
eukaryotes (Penning, 2004; http://www.med.upenn.edu/akr). The AKR1 family contains 
several human enzymes, including the AKR1As (aldehyde reductases), AKR1Bs (aldose 
reductases), AKR1Cs (hydroxysteroid/dihydrodiol dehydrogenases) and AKR1Ds 
(steroid 5β-reductases) (Hyndman et al., 2003). Human AKRs have been shown to be 
involved in the metabolism of PAHs (Palackal et al., 2001b, 2002a; Jiang et al., 2005a). 
The enzymes have dihydrodiol dehydrogenation activities and can convert PAH 
dihydrodiols to reactive and redox-active ortho-quinones, which are key intermediates in 
one proposed mechanism of PAH activation. Such reactions are principally catalysed by 
human AKR1A1, 1C1, 1C2, 1C3 and 1C4 (Burczynski et al., 1998; Palackal et al., 
2001b, 2002a). 

Differences exist in the specificity of AKR1 enzymes for PAH trans-dihydrodiols. 
For example, AKR1A1 preferentially oxidizes the stereospecific oxidation of (–)-benzo-
[a]pyrene-7R,8R-dihydrodiol whereas the AKR1C isoforms oxidize both stereoisomers of 
PAH trans-dihydrodiol mixtures and have a preference for methylated PAH trans-
dihydrodiols (Palackal et al., 2001b). 

AKR1C1 is induced by bi- and monofunctional inducers and by reactive oxygen 
species consistent with regulation by an anti-oxidant response element (Burczynski et al., 
1999a). In addition, PAH ortho-quinone products are ligands for the AhR and can induce 
CYP1A1 in human hepatoma HepG2 cells (Burczysnki & Penning, 2000).  

AKR1C1 enzymes are also potently inhibited by non-steroidal anti-inflammatory 
drugs and may exert some of their chemopreventive properties by inhibition at this level 
(Penning & Talalay, 1983). 
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(xv) NAD(P)H quinone oxidoreductase 1 

NQO1, formerly referred to as DT-diaphorase, catalyses two-electron reduction of 
quinones (Ross & Siegel, 2004). This conversion is important in detoxification since the 
resulting hydroquinone is eliminated as a sulfate or glucuronide conjugate; in addition, 
one electron-reduction of the quinone to the highly reactive semiquinone anion radical 
mediated by P450-NADPH oxidoreductases is avoided. Paradoxically, if the hydro-
quinone is not conjugated, it can be oxidized back to the quinone-generating reactive 
oxygen species, which would be a toxification event. For example, NQO1 converts 
benzene-derived quinones to less active hydroquinones and is considered to affect 
benzene-induced haematotoxicity (Ross, 2000; Ross & Siegel, 2004). However, certain 
quinones that are used to treat tumours, such as mitomycin C and streptonigrin, are 
activated by NQO1 to more toxic metabolites (Siegel et al., 1990; Beall et al., 1996; Ross 
& Siegel, 2004). Using benzo[a]pyrene as a representative PAH, extended dicarbonyls 
are produced, e.g. the 1,6-, 3,6- and 6,12-diones, from CYP isoforms. In addition, PAH 
ortho-quinones are formed from the oxidation of non-K region trans-dihydrodiols, e.g. 
benzo[a]pyrene-7,8-dione, by AKRs. Of these, only the extended diones are substrates for 
NQO1 (Flowers-Geary et al., 1992). NQO1 has been shown to prevent the formation of 
PAH quinone–DNA adducts (Joseph & Jaiswal, 1994) and NQO1-deficient mice show 
an increased incidence of skin cancer when exposed to benzo[a]pyrene and DMBA (Long 
et al., 2000, 2001). The human enzyme is induced by bi-functional (PAHs and 
chlorinated dibenzodioxins) and monofunctional inducers (Dinkova-Kostova et al., 2004; 
Ross & Siegel, 2004).  

(b) Genetic variability in PAH-metabolizing enzymes 

All of the genes involved in PAH activation/detoxification are polymorphic and may 
define individual susceptibility to exposure to PAHs. Polymorphisms can exist in the 
promoter regions, introns and exons of a given gene and therefore can effect transcription, 
mRNA processing, functional activity or enzyme stability, respectively. Many of the 
polymorphisms (gene deletion, multiple point mutation, single nucleotide variation, with 
an incidence > 1% in the population) have been studied in isolation, yet end-points of 
exposure to PAHs such as metabolic profile, DNA adducts (type and amount) and tumour 
incidence may result from multigene interactions. Relating a single nucleotide poly-
morphism within a single gene to these end-points can be problematic unless it is 
considered that complex gene x gene x gene x PAH exposure paradigms exist. The impor-
tance of single nucleotide polymorphisms exceeds the enzymes listed in this section and 
could include those involved in DNA-adduct repair as well as those involved in DNA-
lesion by-pass. In addition, the frequency of allelic variation and its distribution within the 
human population should be considered. This section is limited to a discussion of the 
polymorphisms that have been identified in individual PAH-metabolizing enzymes. 
When these polymorphisms have been used to determine correlations between single 
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nucleotide polymorphism and incidence of disease in a human population, these studies 
are described in a later section (Section 4.3). 

(i) Genetic variability of CYP1A1 

The CYP1A1 gene has seven exons and the cDNA is about 70% identical to that of 
CYP1A2 (Jaiswal et al., 1985, 1987).  

At least 11 alleles of CYP1A1, including wild-type CYP1A1*1A, have been identified 
(see http://www.imm.ki.se/CYPalleles; see GeneAtlas website). CYP1A1*2B, *2C, *3, 
*4, *5, *6, *7, *8, *9, *10 and *11 showed amino acid changes (Nagata & Yamazoe, 
2002). The extent to which these amino acid changes cause alterations in catalytic acti-
vities for the oxidation of xenobiotics, including PAHs, is still unknown. For example, a 
variant (Ile462Val) of CYP1A1 did not show any major differences in catalytic speci-
ficities towards various substrates when compared with the wild-type enzyme CYP1A1*1 
(Zhang et al., 1996; Persson et al., 1997).  

Two mutually linked polymorphisms of the human CYP1A1 gene, the MspI poly-
morphism (*2A) located in the 3'-flanking region of the gene and the Ile-Val poly-
morphism (*2B) at amino acid residue 462 in the haeme-binding region, were reported to 
be associated with susceptibility to tobacco smoking-associated squamous-cell carcinoma 
of the lung in Japanese populations (Hayashi et al., 1991; Kawajiri & Fujii-Kuriyama, 
1991; Nakachi et al., 1993; Kawajiri et al., 1996; Masson et al., 2005). However, this 
association has not been found in other ethnic groups (Tefre et al., 1991; Hirvonen et al., 
1992). Other studies on the role of genetic polymorphisms of CYP1A1 in cancer 
susceptibility in humans are discussed in Section 4.3.1. In many cases, race-related 
differences have been reported in the occurrence of genetic polymorphisms in CYP1A1 
(Kiyohara et al., 2002a). 

(ii) Genetic variability of CYP1A2 

At least 24 genetic polymorphisms of CYP1A2 have been identified (see 
http://www.imm.ki.se/CYPalleles). The CYP1A2*7 allele contains a splicing defect at the 
site of intron 6 (G3534A) (Allorge et al., 2003). This mutation was found in a 71-year-
old, nonsmoking, Caucasian woman who showed very high concentrations of clozapine, a 
substrate of CYP1A2, when she was treated with a standard dose (Allorge et al., 2003). 
CYP1A2*1C has been shown to decrease the clearance of caffeine in Japanese smokers in 
vivo (Nakajima et al., 1999). Allele frequency in 116 Japanese showed 0.77 and 0.23 for 
the wild-type and variant CYP1A2 alleles, respectively. Another study showed that 
subjects with CYP1A2*1K (-T739G, -C729T and -C163A) had significantly decreased 
CYP1A2 activity in vivo as determined by the caffeine clearance test (Aklillu et al., 
2003). 

Alleles CYP1A2*2, *3, *4, *5, *6, *8, *9, *10, *11, *12, *13, *14, *15 and *16 show 
amino acid changes (Nakajima et al., 1999; Nagata & Yamazoe, 2002). In-vitro studies 
revealed that a Phe186Leu (CYP1A2*11) variant caused a decrease in enzymatic activity 
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toward 7-ethoxyresorufin O-deethylation (Murayama et al., 2004). Little is known about 
the effects of other mutations of CYP1A2 on its catalytic properties (Chida et al., 1999). 

(iii) Genetic variability of CYP1B1 

Several genetic polymorphisms occur in the human CYP1B1 gene (see 
http:www.imm.ki.se/CYPalleles). At least 23 variant forms of CYP1B1 exist in humans, 
17 of which show amino acid changes (Nagata & Yamazoe, 2002). Null alleles of 
CYP1B1 are reported to relate to hereditary glaucoma (Stoilov et al., 1997, 1998). To 
determine the catalytic alterations due to mutations, CYP1B1 variants with amino acid 
changes at 48 (Arg48Gly), 119 (Ala119Ser), 432 (Leu432Val) and 453 (Asn453Ser) have 
been studied extensively in different laboratories (Stoilov et al., 1997; Bailey et al., 1998; 
Fritsche et al., 1999; Shimada et al., 1999a; Bejjani et al., 2000; Watanabe et al., 2000; 
Shimada et al., 2001b). 17β-Estradiol 4-hydroxylation activities have been measured in 
different protein expression systems. Although there are some differences in catalytic 
activities in the variant forms of CYP1B1, it is not clear whether these mutations cause 
major alterations in the catalytic activities of variant CYP1B1s (Stoilov et al., 1997; 
Bailey et al., 1998; Fritsche et al., 1999; Bejjani et al., 2000; Watanabe et al., 2000; 
Aklillu et al., 2002). For example, the maximum velocity (Vmax)/Km ratio of 17β-estradiol 
4-hydroxylation activities in eight CYP1B1 variants with combinations of amino acid 
changes at 48, 119, 432 and 453 changed only from 0.12 to 0.25 µM-1min-1 (Shimada et 
al., 2001b).  

Shimada et al. (2001a) examined the catalytic specificities of four enzymes coded by 
CYP1B1 variants, CYP1B1*1 (wild-type, Arg48Ala119Leu432Asn453), CYP1B1*2 (Gly48-

Ser119Leu432Asn453), CYP1B1*3 (Arg48Ala119Val432Asn453) and CYP1B1*6 (Gly48-

Ser119Val432Asn453) in the activation of PAHs, PAH diols and 9-hydroxybenzo[a]pyrene. 
Essentially similar catalytic specificities were determined in four CYP1B1 variants when 
(+)-, (–)- and (±)-benzo[a]pyrene-7,8-diol, 5-methylchrysene-1,2-diol, 7,12-DMBA-3,4-
diol, dibenzo[a,l]pyrene-11,12-diol, benzo[b]fluoranthene-9,10-diol, benzo[c]chrysene, 
5,6-dimethylchrysene-1,2-diol, benzo[c]phenanthrene-3,4-diol, 7,12-DMBA, benzo[a]-
pyrene, 5-methylchrysene and benz[a]anthracene were used as substrates. 

(iv) Genetic variability of CYP2C9 

Genetic polymorphisms of CYP2C9 have been reported and more than 24 alleles have 
been identified (see http://www.imm.ki.se/CYPalleles) (Yamazaki et al., 1998a,b; Nagata 
& Yamazoe, 2002). Alleles CYP2C9*2, *3, *4 and *5 lead to amino acid replacements, 
and these mutations have been shown to decrease catalytic activities in vitro (Rettie et al., 
1994; Haining et al., 1996; Sullivan-Klose et al., 1996; Dickmann et al., 2001; Kidd et 
al., 2001; Takahashi et al., 2004). CYP2C9*3 is reported to lead to lower activities in vivo 
(Sullivan-Klose et al., 1996; Shintani et al., 2001; Takahashi et al., 2004). It is not known 
whether these genetic polymorphisms are related to cancer susceptibility in humans 
(Garcia-Martin et al., 2002a). 
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(v) Genetic variability of CYP3A4 

More than 18 genetic polymorphisms of CYP3A4 have been identified (see 
http://www.imm.ki.se/CYPalleles) (Nagata & Yamazoe, 2002). However, it is not known 
to what extent these mutations affect catalytic activities, except that CYP3A4*18 has 
higher activities and CYP3A4*17 has lower activities in vitro (Dai et al., 2001). The 
significance of these polymorphisms for cancer susceptibility remains unclear. 

(vi) Genetic variability of epoxide hydrolase 

Two genetic polymorphisms of the mEH gene that encodes microsomal epoxide 
hydrolase have been reported to affect its catalytic activities (Omiecinski et al., 2000; 
Kiyohara et al., 2002a; Gsur et al., 2003; Hosagrahara et al., 2004). The Tyr113His 
variant (EH3) was found in exon 3 and caused a decrease in catalytic activities. The other 
His139Arg (EH4) variant in exon 4 is reported to have high catalytic activity compared 
with that of the wild-type enzyme (Hassett et al., 1994; Kiyohara et al., 2002a; Zhao et 
al., 2002; Huang et al., 2005; Park, J.Y. et al., 2005). However one study showed that the 
specific activity of microsomal epoxide hydrolase was similar for each variant (Hassett et 
al., 1994). The structural differences encoded by the Tyr113His and His139Arg variants 
have been reported to exert only a modest impact on the activities of microsomal epoxide 
hydrolase, using cis-stilbene oxide and benzo[a]pyrene-4,5-oxide as substrates (Hassett et 
al., 1994; Omiecinski et al., 2000; Hosagrahara et al., 2004).  

(vii) Genetic variability of glutathione S-transferase  

The levels of individual GSTs may be influenced by induction and by genetic 
polymorphism. The roles of GSTM, GSTT1 and GSTP1 polymorphisms have been 
reported to be important in determining cancer susceptibilities in humans (Williams & 
Phillips, 2000; Kiyohara et al., 2002a). 

GSTM1 amd GSTT1 are polymorphic due to large deletions in the structural gene. 
Meta-analysis of 12 case–control studies showed a significant association between the 
homozygous deletion and an increased risk for lung cancer (Hengstler et al., 1998). 

The GST-Pi gene has allelic variants that give rise to two different encoded proteins 
with isoleucine (GSTP1-1/Ile-105) or valine (GSTP1-1/Val-105) at position 105. The 
latter was threefold more active in catalysing conjugation reactions with anti-diol 
epoxides of the R-absolute configuration at the benzylic oxirane carbon than the variant 
with isoleucine. Individuals with the Val-105 allele show a higher susceptibility to 
maligancy, which indicates that this allele cannot account for the increase (Sundberg et 
al., 1998). 

(viii) Genetic variability of uridine 5′-diphosphate 
glucuronosyltransferase 

The UGT superfamily consists of two families, UGT1 and UGT2 (Guillemette et al., 
2000a,b; Mackenzie et al., 2005). UGT1 contains five exons and has a unique gene 
structure in which there are 13 individual promoters/first exons, from UGT1A1 to 
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UGT1A13P, and exons 2–5 are used in common in all mRNAs (Guillemette et al., 2000b; 
Gong et al., 2001; Jinno et al., 2003). Since all members of this family (UGT1A1–
UGT1A13) share exons 2–5, the resulting isoforms are identical in their last 245 amino 
acids. The full-length proteins are 530 amino acids in length and transcripts are formed by 
the splicing of alternative exons (1.1–1.13). The UGT2 subfamily consists of six 
members. UGT1 catalyses the conjugation of many drugs and carcinogens as well as 
bilirubin and steroids, and genetic polymorphisms in exon 1 of this gene family have been 
reported (Guillemette et al., 2000b; Vogel et al., 2002; Wells et al., 2004). 

The UGTs implicated in forming benzo[a]pyrene-glucuronide conjugates belong to 
the UGT1A family. The UGT1A variant allele which resides in the TATA box renders the 
entire UGT1A locus inactive. When this allele is present, the production of benzo-
[a]pyrene glucuronides is dramatically reduced, which leads to elevated levels of DNA 
adducts. These data support the role of the UGTs in PAH detoxification (Tukey & 
Starassburg, 2000).  

(ix) Genetic variability of sulfotransferase 

The two sulfotransferases most implicated in PAH metabolism are SULT1A1 (phenol 
sulfotransferase) which eliminates hydroxybenzo[a]pyrenes and SULT2A which 
conjugates benzylic alcohols of PAHs (e.g. 5-methylchrysene) and leads to their bio-
activation (Glatt et al., 2000; Blanchard et al., 2004). Four allelic variants of SULT1A1 
(SULT1A1*1, SULT1A1*2, SULT1A1*3 and SULT1A1*4) have been reported. The most 
common single nucleotide polymorphism is SULT1A1*2 which has a nucleotide change 
of G to A that causes a change from arginine to histidine at codon 213. This allozyme has 
lower enzymic activity and thermostability than the wild-type enzyme (Raftogianis et al., 
1997; Engelke et al., 2000). An association between genetic polymorphisms of SULT1A1 
and cancer susceptibility has been reported (Dalhoff et al., 2005). 

(x) Genetic variability of aldo-keto reductase  

AKRs implicated in the metabolic activation of PAHs in humans include AKR1A1, 
and AKR1C1–AKR1C4 (Burczynski et al., 1998; Palackal et al., 2001a, 2002a). Each 
gene encoding for the enzyme is polymorphic and contains non-synonymous single 
nucleotide polymorphisms as follows: AKR1C1 has Thr38Ala, Thr38Ile and Ary47His 
allelic variants; AKR1C2 has Val38Ala, Val38Ile, Phe46Tyr, His47Ary, Val111Ala, 
Ary170Pro, Ary170Leu, Gly176Gln, Lys179Glu and Glu185Gln allelic variants; AKR1C3 
has Gln5His, Met175Ile, Arg295Ser, and Met293Ile allelic variants; and AKR1C4 has 
Gly135Glu, Ser145Cys, Arg250Gln and Leu311Val allelic variants (Hyndman et al., 
2003; see also http://www.med.upenn.edu./akr). Of these, the variant examined in a 
population-based study for increased risk for lung cancer was AKR1C3*Gln5His (Lan et 
al., 2004).  

(xi) Genetic variability of NAD(P)H quinone oxidoreductase 1 

A genetic polymorphism of NQO1, a C to T transition at nucleotide 609 in the cDNA, 
which yields a proline to serine substitution in codon 187, is associated with reduced 
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NQO1 activity (Saldivar et al., 2005). Some reports have examined the relationship 
between NOQ1 polymorphism and cancer susceptibilities (see below) (Chen et al., 1999; 
Xu et al., 2001).  

The single nucleotide polymorphism in NQO1 of most prominence is the NQO1*2 
allele where a C to T transition at position 609 of cDNA results in a Pro187Ser codon 
change (Saldivar et al., 2005). The NQO1*2/*2 allele has only 2–4% of the activity of the 
wild-type protein because of a diminished ability to bind flavin adenine dinucleotide. This 
allele also leads to poor protein expression due to accelerated degradation. The frequency 
of the NQO1*2/*2 allele across ethnic groups ranges from 4% in Caucasians, 5% in 
African–Americans, 16% in Mexican Hispanics to 22% in Chinese populations (Ross et 
al., 2000).  

A second polymorphism in NQO1 (NQO1*3) has also been characterized. This is a 
C456T change which changes arginine to tryptophan. The affect of this polymorphism on 
phenotype is substrate-dependent and the frequency of this polymorphism is low (Ross et 
al., 2000). 

4.2 Mechanisms of carcinogenesis 

4.2.1 Bay- and fjord-region PAH diol epoxide and cyclopenta-ring oxidation  

(a) Mechanisms 

(i) Bay- and fjord-region PAH diol epoxides 

The generalized diol epoxide mechanism was developed from the bay-region theory 
proposed by Jerina et al. (1976), based on the earlier observations of the nature of PAH 
metabolites (see Boyland & Sims, 1964), and results from a quantum mechanical model. 
This theory recognized that angular benzo ring fusions on PAHs created a topological 
indentation on the polycyclic ring structure, called the bay region. In benzo[a]pyrene, the 
bay region encompasses four carbons (carbons 10, 10a, 10b and 11) and three carbon–
carbon bonds. In the example of benzo[a]pyrene, metabolism by the CYP isozymes at the 
C7–C8 aromatic double bond creates an arene oxide, benzo[a]pyrene-7,8-oxide, that 
disrupts the aromatic nucleus by saturating that carbon–carbon bond. Benzo[a]pyrene-
7,8-oxide is hydrated by epoxide hydrolase to a form a dihydrodiol (diol), benzo[a]-
pyrene-7,8-diol. Benzo[a]pyrene-7,8-diol is further metabolized (epoxidized) by the CYP 
isozymes at the C9–C10 double bond to give the bay-region diol epoxide, benzo[a]-
pyrene-7,8-diol-9,10-oxide. This diol epoxide possesses an inherent activity to undergo 
carbon–oxygen bond scission or ring opening to form a carbonium ion on carbon 10 (i.e. 
a positively charged carbon atom). Carbonium ions are highly reactive species that react 
with nucleophiles, such as DNA and proteins, to form covalent adducts. One of the 
postulated quantitative measures of the reactivity of diol epoxides is the carbonium ion 
delocalization energies (∆Edeloc/β) which is based on perturbational molecular orbital 
calculations that predict the ease of carbonium ion formation. The greater the ∆Edeloc/β 
value, the more reactive the carbonium ion; greater values were associated with PAHs 
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that exhibited higher tumorigenic activities (Jerina et al., 1976). This theory was ex-
panded to include PAH structures with deeper peripheral indentations in their structure — 
those that contain a fjord region (e.g. dibenzo[a,l]pyrene). The fjord region encompasses 
five carbons and four carbon–carbon bonds; in some cases, the steric interactions between 
atoms within the fjord region of the PAH forces the PAH ring system out of planarity 
(Katz et al., 1998). Some PAH fjord-region diol epoxides are non-planar (Lewis-Bevan et 
al., 1995), and these non-planar PAH diol epoxides possess even higher reactivities than 
those predicted by ∆Edeloc/β alone. The enzymes primarily responsible for phase 1 
metabolism of PAHs are CYP1A1, CYP1A2 and CYP1B1 and NADPH CYP reductase, 
which convert PAHs to different arene oxides, and epoxide hydrolase that catalyses the 
addition of water to the arene oxides to form trans diols. PAH phenols are also formed 
either by rearrangement of arene oxides or by direct oxygen insertion into a carbon–
hydrogen bond. Quinones are formed by further oxidation of phenols or by the enzymatic 
action of AKRs on PAH diols. The phase 2 enzymes, UGT, 3′-phosphoadenosine-5′-
phosphosulfate (PAPS) SULTs and GST, conjugate PAH diols, phenols and epoxides to 
glucuronic acid, sulfate and GSH, respectively (see Section 4.1.2).  

The stereochemistry of the metabolic transformation of PAHs to diols and diol 
epoxides is an important component of this mechanism of action and affects the 
biological activities of these metabolites. CYPs can be regio- and stereospecific in their 
action. The stereospecific metabolizing activity of each CYP, in combination with the 
capacity of many PAH carbons to form chiral centres through metabolism, can create 
multiple forms of many PAH metabolites. For example, benz[a]anthracene is metabolized 
in a stereospecific manner at the C3–C4 bond to give two benzo[a]anthracene-3,4-oxides 
(benzo[a]anthracene-3S,4R-oxide and benzo[a]anthracene-3R,4S-oxide) in different 
amounts (Yang, 1988) which are then hydrated in a stereospecific manner by epoxide 
hydrolase to give two benzo[a]anthracene-3,4-diols (benzo[a]anthracene-3R,4R-diol and 
benzo[a]anthracene-3S,4S-diol) in different amounts (Yang, 1988). Each diol can form 
two diol epoxides that vary depending on the relative position of epoxide function in 
relation to one of the diol hydroxyls — a syn-benzo[a]anthracene diol epoxide and an 
anti-benzo[a]anthracene diol epoxide — for a total of four benzo[a]anthracene diol 
epoxides. While diol epoxides are not subject to enzymatic hydrolysis by epoxide 
hydrolase (Thakker et al., 1976; Wood et al., 1976), they are non-enzymatically 
hydrolysed to tetrols (Jankowiak et al., 1997) and are enzymatically detoxified by GSTs 
(Dreij et al., 2002). Therefore, the formation and degradation of stereochemically specific 
diol epoxides are dependent on species, strain, sex, organ, tissue, type of CYP and phase 2 
enzymes. 

One of the original tenets of the mechanism for bay-region or fjord-region diol 
epoxides is that, as the PAH is metabolically activated in sequence through the diol to the 
diol epoxide, the process creates intermediates that generally possess greater biological 
activities than their precursors. This effect has been observed for a number of PAHs. An 
example is benz[a]anthracene. One of the anti-diol epoxides of benzo[a]anthracene (anti-
benzo[a]anthracene-3,4-diol-1,2-oxide) possesses greater tumour-initiating or carcino-
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genic activity in mouse skin or mouse lung than its precursor diol (benzo[a]anthracene-
3,4-diol), which in turn posseses greater activity than the parent PAH, benzo[a]anthracene 
(Levin et al., 1978; Wislocki et al., 1979). While this effect is observed for some PAHs, it 
is not universal for all PAHs that are metabolized to diols and diol epoxides due to a 
number of confounding factors (e.g. reactivity with water and biological constituents or 
cytotoxicity). Also, the formation of a bay-region PAH diol epoxide by itself does not 
confer carcinogenicity to that PAH, as is the case for phenanthrene; both phenanthrene 
and its bay-region diol epoxide (anti-phenanthrene-1,2-diol-3,4 oxide) are inactive as 
carcinogens in newborn mice (Buening et al., 1979a).  

Bay-region and fjord-region diol epoxides possess many biological activities; one of 
the most important of these is their ability to form stable covalent adducts with DNA. The 
nature and sequence specificity of these DNA adducts are based, in part, on the absolute 
configuration, molecular conformation and stereochemistry of the diol epoxide, the 
specific purine (or pyrimidine base) that is adducted, the site of adduction and the nature 
and sequence of the DNA that is adducted (Jerina et al., 1986). As described previously, 
each PAH diol can form four diastereomeric syn- and anti-diol epoxides. When diol 
epoxides react with DNA (mainly at the purines, deoxyguanosine and deoxyadenosine), 
each can form both cis and trans adducts thus giving a total of 16 possible DNA adducts. 
However, in most cases, far fewer DNA adducts are actually observed. While PAH–DNA 
adducts represent a type of DNA damage, they can be converted into heritable mutations 
by misrepair or faulty DNA synthesis (Watanabe et al., 1985; Rodriguez & Loechler, 
1995). Bay- or fjord-region diol epoxide–DNA adducts are repaired by nucleotide 
excision repair (Geacintov et al., 2002). Numerous examples have shown that bay- and 
fjord-region diol epoxides of PAHs are mutagenic in bacteria, cause damage to DNA or 
induce chromosomal damage in human and mammalian cells in culture and induce skin, 
lung or liver tumours in mice, similarly to the parent PAH. Furthermore, PAHs or their 
bay- or fjord-region diol epoxides induced mutations in critical genes associated with 
chemical carcinogenesis such as proto-oncogenes (Prahalad et al., 1997; Chakravarti et 
al., 1998) and tumour-suppressor genes (Ruggeri et al., 1993; Rämet et al., 1995). A 
strong relationship exists between the nature of the DNA adducts of the diol epoxide and 
the type of ras proto-oncogene mutations observed in DNA from tumours induced by 
PAHs. In general, PAHs that form DNA adducts at deoxyguanosine primarily induce 
mutations in the ras gene at codons 12 or 13, while those that form DNA adducts at 
deoxyadenosine induce mutations in the ras gene at codon 61. PAHs that induce adducts 
at both purine bases induced both types of mutations (Ross & Nesnow, 1999). In addition 
to their genotoxic effects, some bay- or fjord-region diol epoxides are reported to induce 
apoptosis and cell-cycle arrest in mammalian cells (Chramostova et al., 2004).  

The diol epoxide–DNA adducts of PAHs have also been identified in populations 
exposed to complex mixtures that contain PAHs, i.e. foundry workers (Hemminki et al., 
1988; Perera et al., 1988), coke-oven workers (Rojas et al., 1995; Pavanello et al., 1999a), 
cigarette smokers (Rojas et al., 1995; Lodovici et al., 1998), chimney sweeps (Pavanello 
et al., 1999a) and people exposed to mixtures in smoke emissions from coal combustion 
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(Mumford et al., 1993). Some bay- or fjord-region diol epoxides form DNA adducts in 
the human TP53 tumour-suppressor gene at sites that are hotspots for lung cancer (Smith 
et al., 2000).  

Interpretation of data on DNA adducts requires a full understanding of the strengths 
and weaknesses of the methods used to identify and quantitate each adduct. An 
international workshop on genotoxicity test procedures summarized the strengths and 
weaknesses of test systems that are commonly used to determine DNA adducts (Phillips 
et al., 2000) and discussed the strengths, limitations and sensitivity of three separate 
methods as follows. 
32
P-Postlabelling assay 

Strengths. 32P-Postlabelling assay is highly sensitive, requires small quantities of 
DNA (1–10 µg) and can measure DNA adducts of chemicals with diverse structure in a 
wide variety of tissues. 

Limitations. It does not provide structural information directly, is less useful for low-
molecular-weight DNA adducts and requires rigorous internal standards to adjust for 
labelling efficiency and recovery. 

Sensitivity. This varies from one to 100 adducts in 109 nucleotides. 

Immunoassays 

Strengths. They are inexpensive and relatively easy to perform, and can be highly 
sensitive and specific for classes of adducts. 

Limitations. This approach requires the production of antibodies, prior knowledge of 
the adduct being measured and relatively large amounts of DNA for sensitivity, does not 
give precise structural information and can be non-specific depending on antibody use. 

Sensitivity. One adduct is yielded in approximately 108 nucleotides. 

Mass spectrometry 

Strengths. Mass spectrometry has greatest potential for chemical sensitivity and 
unequivocal characterization of DNA adducts, analytical backgrounds are very low and it 
is applicable to many classes of DNA adducts. 

Limitations. Stable isotope-labelled internal standards are generally required for 
quantitation and immuno-affinity pre-purification may be required. 

Sensitivity. It yields one adduct in 109 nucleotides. 
There are several variants on the diol epoxide mechanism. Bis-diol epoxide–DNA 

adducts were formed from dibenz[a,h]anthracene (Platt & Schollmeier, 1994) and 
dibenz[a,j]anthracene (Vulimiri et al., 1999). A bis-diol epoxide was proposed as a 
mechanism for the carcinogenesis for dibenz[a,h]anthracene, while its biological 
significance for dibenz[a,j]anthracene is unknown. A phenolic diol epoxide–DNA adduct 
was formed from benz[b]fluoranthene and was proposed to contribute to its biological 
activity (Weyand et al., 1993a,b). Although not a true diol epoxide, a phenolic oxide–
DNA adduct of benzo[a]pyrene has been described but its biological significance is 
unknown (Fang et al., 2001).  
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(ii) Cyclopenta-ring oxidation  

The cyclopenta-ring oxidation mechanism involves the formation of the arene oxide 
at a highly electron-rich isolated double bond that is located at a five-membered ring 
within a PAH. The cyclopenta ring is an external five-membered carbocyclic ring that is 
situated on a carbocyclic hexameric fused-ring system. For example, a cyclopenta-ring 
derivative of benz[a]anthracene is benz[j]aceanthrylene and that of pyrene is cyclo-
penta[cd]pyrene. In general, cyclopenta-ring derivatives of PAHs are more mutagenic 
than their unsubstituted counterparts (e.g. anthracene is non-mutagenic while its 
cyclopenta-ring counterpart, aceanthrylene, is highly mutagenic) (Kohan et al., 1985). 
Similarly, cyclopenta-ring derivatives of PAHs are generally more carcinogenic than their 
unsubstituted counterparts (e.g. pyrene is not carcinogenic while cyclopenta[cd]pyrene is 
highly carcinogenic) (Nesnow et al., 1998a). Since the cyclopenta ring is usually the 
region of highest electron density, it is a major site of oxidation by the CYP isozymes 
(Nesnow et al., 1984, 1988). Rat and mouse liver preparations, human and rodent cells in 
culture, human CYP1A1, CYP1A2 and CYP3A4, human liver microsomes and rats in 
vivo metabolize cyclopenta-fused PAHs at the cyclopenta-ring double bond to give 
cyclopenta-ring oxides and diols (Gold & Eisenstadt, 1980; Mohapatra et al., 1987; Kwon 
et al., 1992; Nyholm et al., 1996; Johnsen et al., 1998a,b; Hegstad et al., 1999). 
Cyclopenta-ring oxides are reactive intermediates and bind to DNA to form DNA adducts 
in vitro and in vivo mainly at deoxyguanosine (Beach & Gupta, 1994; Hsu et al., 1997, 
1999). Cyclopenta-ring oxides, like their parent cyclopenta-PAHs, are mutagenic in 
bacteria and mammalian cells and can morphologically transform immortalized cells in 
culture (Bartczak et al., 1987; Nesnow et al., 1991). Cyclopenta-ring oxides are hydrated 
by epoxide hydrolase to diols. Some cyclopenta-ring diols are conjugated to sulfate esters 
by PAPS SULT. The cyclopenta-ring oxides are mutagenic and can bind to DNA to form 
adducts (Surh et al., 1993). As an example, a cyclopenta-PAH, cyclopenta[cd]pyrene, 
induced mutations at the Ki-Ras proto-oncogene in lung tumours of treated mice 
(Nesnow et al., 1994a). 

(b) Individual compounds 

Benz[j]aceanthrylene  

(i) Metabolism and metabolic activation 

The metabolism of benz[j]aceanthrylene has been documented in a number studies in 
rat liver microsomes, rodent and human cells in culture and in rats in vivo. Three potential 
centres exist for biochemical oxidation in benz[j]aceanthrylene: the cyclopenta-ring (C1–
C2), the bay region (C7–C10) and the K-region (C11–C12) are all found to be involved. 
Aroclor 1254-induced and phenobarbital-induced rat liver microsomes metabolized 
benz[j]aceanthrylene to the cyclopenta-ring diol, trans-1,2-dihydroxy-1,2-dihydrobenz[j]-
aceanthrylene (benz[j]aceanthrylene-1,2-diol), the K-region diol, trans-11,12-dihydroxy-
11,12-dihydrobenz[j]aceanthrylene (benz[j]aceanthrylene-11,12-diol), the precursor to the 
bay-region diol epoxide, trans-9,10-dihydroxy-9,10-dihydrobenz[j]aceanthrylene (benz-
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[j]aceanthrylene-9,10-diol) and 10-hydroxy-benz[j]aceanthrylene (Nesnow et al., 1984, 
1988). The major metabolite was benz[j]aceanthrylene-1,2-diol which represented approx 
60% of the total metabolites in either type of induced microsomes (Nesnow et al., 1988). 
Liver microsomes from control and Aroclor 1254-induced rats also produced additional 
metabolites: benz[j]aceanthrylene-1,2,9,10-tetrahydrotetrol, 8-hydroxybenz[j]aceanthry-
lene-1,2-diol and 10-hydroxy-benz[j]aceanthrylene-1,2-diol. Induction with Aroclor 1254 
increased the overall conversion of benz[j]aceanthrylene to metabolites, particularly those 
formed by oxidation at the cyclopenta-ring (Johnsen et al., 1998b). Lung microsomes 
from control and Aroclor 1254-induced rats produced benz[j]aceanthrylene-1,2-diol as 
the main metabolite with an increase due to induction (Johnsen et al., 1997). Human liver 
microsomes from five donors produced only benz[j]aceanthrylene-1,2-diol and benz[j]-
aceanthrylene-2-one (Johnsen et al., 1998a,b). Few data are available that characterize the 
specific CYP isoforms involved in the biotransformation of benz[j]aceanthrylene. A 
series of primary and conjugated metabolites of benz[j]aceanthrylene were identified 
using human and rodent mammalian cells in culture. Hepatocytes from untreated and 
Aroclor 1254-induced rats produced a large number of metabolites including benz[j]-
aceanthrylene-1,2-diol, benz[j]aceanthrylene-11,12-diol, benz[j]aceanthrylene-9,10-diol, 
10-hydroxybenz[j]aceanthrylene, benz[j]aceanthrylene-1,2,9,10-tetrahydrotetrol, 8-hy-
droxybenz[j]aceanthrylene-1,2-diol and 10-hydroxybenz[j]aceanthrylene-1,2-diol and 
sulfate and glucuronide conjugates of many of the primary metabolites (Nyholm et al., 
1996). C3H10T1½Cl8 mouse embryo fibroblasts that are known to contain CYP1B1 
metabolized benz[j]aceanthrylene to benz[j]aceanthrylene-1,2-diol, benz[j]aceanthrylene-
11,12-diol, benz[j]aceanthrylene-9,10-diol, 10-hydroxybenz[j]aceanthrylene and to sulfate 
and glucuronide conjugates; however, the major metabolite formed was benz[j]-
aceanthrylene-9,10-diol (55%) (Mohapatra et al., 1987). Benz[j]aceanthrylene was 
metabolized solely to benz[j]aceanthrylene-1,2-diol by isolated human blood lympho-
cytes (Johnsen et al., 1998a). Rats treated with benz[j]aceanthrylene produced 
biotransformation products in faeces, urine and bile. The major metabolites in faeces were 
8-hydroxybenz[j]aceanthrylene-1,2-diol and 10-hydroxybenz[j]aceanthrylene-1,2-diol, 
which were also found as conjugated metabolites in the bile. The glucuronide conjugate 
of 10-hydroxybenz[j]aceanthrylene-1,2-diol was also a major metabolite in urine. Two 
sulfate conjugates of oxidized benz[j]aceanthrylene, a sulfate conjugate of a benz-
[j]aceanthrylene-diol-phenol and benz[j]aceanthrylene-1,2-diol-10-sulfate were also 
detected in bile. Benz[j]aceanthrylene-1,2-diol was detected in urine, faeces and bile 
(Hegstad et al., 1999).  

(ii) Formation of DNA adducts 

DNA adducts have been identified in calf thymus DNA, mammalian cells in culture 
and in rodents after exposure to benz[j]aceanthrylene. The major benz[j]aceanthrylene–
calf thymus DNA adduct formed in the presence of liver microsomes from rats (control or 
treated with Aroclor 1254) or from humans was a benz[j]aceanthrylene-1,2-oxide adduct 
(Johnsen et al., 1998b). CYP1A2 was found to be a major CYP involved in the covalent 
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binding of benz[j]aceanthrylene to DNA in the presence of Aroclor 1254-induced rat liver 
microsomes (Johnsen et al., 1998b). Two major groups of adducts were identified in 
C3H10T½Cl8 mouse embryo cells exposed to benz[j]aceanthrylene: one group was the 
result of the interaction of benz[j]aceanthrylene-1,2-oxide with deoxyguanosine and 
deoxyadenosine; the second group was a result of the interaction of anti-trans-9,10-
dihydroxy-9,10-dihydrobenz[j]aceanthrylene-7,8-oxide (anti-benz[j]aceanthrylene-9,10-
diol-7,8-oxide) with deoxyguanosine and deoxyadenosine. Qualitative and quantitative 
analysis of the postlabelling data suggest that benz[j]aceanthrylene is metabolically 
activated by two distinct routes: the bay-region diol epoxide and the cyclopenta-ring 
oxide; the former was the most significant (Nesnow et al., 1991). In isolated rat 
hepatocytes and rabbit lung cells, benz[j]aceanthrylene-1,2-oxide adducts of both 
deoxyadenosine and deoxyguanosine were observed (Holme et al., 1993; Johnsen et al., 
1998b). Rat Clara cells, type 2 cells and macrophages exposed to benz[j]aceanthrylene 
produced only benz[j]aceanthrylene-1,2-oxide–DNA adducts (Johnsen et al., 1997). 
Human peripheral lymphocytes and HL-60 cells exposed to benz[j]aceanthrylene also 
produced only benz[j]aceanthrylene-1,2-oxide adducts (Johnsen et al., 1998a). Addition 
of Aroclor 1254-induced rat liver microsomes to human lymphocytes increased the levels 
of DNA adducts (Johnsen et al., 1998a). In vivo, only benz[j]aceanthrylene-1,2-oxide–
DNA adducts were detected in the lymphocytes and lungs of Wistar rats (Johnsen et al., 
1998a). Strain A mice exposed intraperitoneally to benz[j]aceanthrylene formed a number 
of adducts in the lung; benz[j]aceanthrylene-1,2-oxide adducts of deoxyadenosine and 
deoxyguanosine and benz[j]aceanthrylene-9,10-diol-7,8-oxide adducts of deoxyadenosine 
and deoxyguanosine were identified (Mass et al., 1993). 

(iii) Genotoxicity of benz[j]aceanthrylene 

Benz[j]aceanthrylene was mutagenic in S. typhimurium TA98 in the presence of 
metabolic activation by Aroclor 1254-induced rat liver (Nesnow et al., 1984), control rat 
liver or human liver microsomes (Johnsen et al., 1998b). It was mutagenic in Chinese 
hamster V79 cells (6-thioguanine resistance) in the presence of Aroclor 1254-induced rat 
liver metabolic activation (Nesnow et al., 1984) and induced morphological cell 
transformation in C3H10T½Cl8 cells in culture (Mohapatra et al., 1987; Nesnow et al., 
1991). Only a small increase in single-strand breaks was observed in benz[j]-
aceanthrylene-treated isolated human lymphocytes in the presence of cytosine-1-β-D-
arabinofuranoside and hydroxy urea (added 1 h prior to analysis to prevent strand breaks 
rejoining), whereas large increases were observed in lymphocytes co-incubated with 
Aroclor 1254-induced rat liver microsomes (Johnsen et al., 1998b).  

(iv) Benz[j]aceanthrylene-induced mutations in proto-oncogenes 

Benz[j]aceanthrylene induced two major classes of Ki-ras codon 12 mutations in lung 
adenomas from benz[j]aceanthrylene-treated strain A mice (GGT → CGT (65%) and 
GGT → GTT (30.4%)), indicating that guanine was a primary target for this PAH (Mass 
et al., 1993). 
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(v) Other effects of benz[j]aceanthrylene 

Benz[j]aceanthrylene induced apoptosis and formation of the active form of caspase-
3, cleavage of poly(ADP-ribose)polymerase (PARP), DNA fragmentation and an 
accumulation of the tumour-suppressor protein p53 in mouse hepatoma Hepa1c1c7 cells. 
However, it did not trigger apoptosis in primary cultures of rat lung cells (Clara cells, type 
2 cells or lung alveolar macrophages) (Solhaug et al., 2004a). 

(vi) Evidence for a mechanism of cyclopenta-ring oxide metabolic 

activation  

Genotoxicity of benz[j]aceanthrylene-1,2-oxide  

Benz[j]aceanthrylene-1,2-oxide was mutagenic in S. typhimurium TA98 in the 
absence and presence of Aroclor 1254-induced rat liver metabolic activation (Bartczak et 
al., 1987). It induced morphological cell transformation and DNA adducts in 
C3H10T½Cl8 mouse embryo cells in culture (Nesnow et al., 1991). 

Conclusion 

Benz[j]aceanthrylene is metabolically activated by cyclopenta-ring oxidation in rat 
and human liver microsomes, in mouse, rat and human cells in culture and in rats in vivo. 
In addition to the unconjugated metabolites, sulfate, glucuronide and possibly GSH 
conjugates have been reported. The key evidence for a mechanism of cyclopenta-ring 
oxide metabolic activation is based on the measurement of the stable cyclopenta-ring 
dihydrodiol metabolite, benz[j]aceanthrylene-1,2-diol, in rodent liver and lung tissues, 
hepatocytes and fibroblasts and human liver microsomes in vitro and in rodents in vivo. 
Benz[j]aceanthrylene-1,2-oxide is genotoxic in bacteria and mammalian cells and its 
adducted form with deoxyadenosine and deoxyguanosine were produced in mouse lung. 
Benz[j]aceanthrylene-induced tumours expressed Ki-ras codon 12 guanine mutations.  

(vii) Evidence for a mechanism of diol epoxide metabolic activation  

Genotoxicity of benz[j]aceanthrylene-9,10-oxide 

Benz[j]aceanthrylene-9,10-oxide was mutagenic in S. typhimurium TA98 in the 
presence of Aroclor 1254-induced rat liver metabolic activation (Newcomb et al., 1993). 
It induced morphological cell transformation and formed DNA adducts in C3H10T½Cl8 
mouse embryo cells in culture (Nesnow et al., 1991).  

Genotoxicity of benz[j]aceanthrylene-9,10-diol 

Benz[j]aceanthrylene-9,10-diol was mutagenic in S. typhimurium TA98 in the 
presence of Aroclor 1254-induced rat liver metabolic activation (Newcomb et al., 1993). 
It induced morphological cell transformation and formed anti-benz[j]aceanthrylene-9,10-
diol-7,8-oxide–DNA adducts in C3H10T½Cl8 mouse embryo cells in culture (Nesnow et 

al., 1991).  
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Genotoxicity of benz[j]aceanthrylene-9,10-diol-7,8-oxide 

Benz[j]aceanthrylene-9,10-diol-7,8-oxide was mutagenic in S. typhimurium TA98 in 
the presence and absence of Aroclor 1254-induced rat liver metabolic activation 
(Newcomb et al., 1993). It induced morphological cell transformation and formed anti-
benz[j]aceanthrylene-9,10-diol-7,8-oxide–DNA adducts in C3H10T½Cl8 mouse embryo 
cells in culture (Nesnow et al., 1991).  

Conclusion  

Benz[j]aceanthrylene is metabolically activated by the diol epoxide pathway in 
mammalian cells based on the measurement of the diol metabolite benz[j]aceanthrylene-
9,10-diol in rat liver microsomes and hepatocytes and mouse embryo fibroblasts and the 
genotoxicity in bacteria and mammalian cells of benz[j]aceanthrylene-9,10-diol and 
benz[j]aceanthrylene-9,10-diol-7,8-oxide. anti-Benz[j]aceanthrylene-9,10-diol-7,8-oxide–
DNA adducts were observed in the lungs of strain A mice that are susceptible to 
benz[j]aceanthrylene-induced lung tumorigenesis.  

Benz[l]aceanthrylene  

(i) Metabolism and metabolic activation  

The metabolism of benz[l]aceanthrylene has been documented in a number studies in 
rat liver microsomes and rodent cells in culture. Aroclor 1254-induced and phenobarbital-
induced rat liver microsomes metabolized benz[l]aceanthrylene to the cyclopenta-ring 
diol, trans-1,2-dihydroxy-1,2-dihydrobenz[l]aceanthrylene (benz[l]aceanthrylene-1,2-diol), 
the K-region diol, trans-7,8-dihydroxy-7,8-dihydrobenz[l]aceanthrylene (benz[l]acean-
thrylene-7,8-diol) and a naphtho-ring diol, trans-4,5-dihydroxy-4,5-dihydrobenz[l]acean-
thrylene (benz[l]aceanthrylene-4,5-diol) (Gold et al., 1980; Nesnow et al., 1988). The 
major metabolite was benz[l]aceanthrylene-7,8-diol which represented approximately 28–
40% of the total metabolites depending on the type of induced microsomes. The 
cyclopenta-ring diol benz[l]aceanthrylene-1,2-diol was the second most abundant metab-
olite representing 16–20% of the total metabolites formed depending on the inducer type 
(Nesnow et al., 1988). C3H10T½CL8 mouse embryo fibroblasts that are known to 
contain CYP1B1 metabolized benz[l]aceanthrylene to benz[l]aceanthrylene-7,8-diol 
(45%), benz[l]aceanthrylene-4,5-diol (6%), benz[l]aceanthrylene-1,2-diol (5%) and un-
identified metabolites (44%) as well as sulfate and glucuronide conjugates (Mohapatra et 
al., 1987).  

(ii) Formation of DNA adducts  

DNA adducts have been identified in calf thymus DNA and in mammalian cells in 
culture after exposure to benz[l]aceanthrylene. Benz[l]aceanthrylene formed four 
unidentified DNA adducts in human peripheral blood lymphocytes and in the human 
promyelocytic leukaemia HL 60 cell line (Johnsen et al., 1998a). Addition of Aroclor 
1254-induced rat liver microsomes to human lymphocytes increased the levels of DNA 
adducts (Johnsen et al., 1998a). These adducts were also observed in isolated rat 
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hepatocytes from untreated and Aroclor 1254-treated rats, and in calf thymus DNA 
incubated with control, Aroclor 1254-induced rat liver microsomes or human microsomes 
(Johnsen et al., 1998b). Unidentified DNA adducts were observed in rat lung cells and 
uninduced Clara cells, type 2 cells and alveolar macrophages exposed to benz[l]-
aceanthrylene. Aroclor 1254-induced rat Clara cells and type 2 cells produced slightly 
higher levels of DNA adducts (Johnsen et al., 1997). Unidentified adducts were observed 
in rabbit Clara cells exposed to benz[l]aceanthrylene (Holme et al., 1993). 

(iii) Genotoxicity of benz[l]aceanthrylene 

Benz[l]aceanthrylene was mutagenic in S. typhimurium TA98, in the presence of 
Aroclor 1254-induced rat liver microsomes, control rat liver microsomes or human liver 
microsomes (Nesnow et al., 1984; Johnsen et al., 1997, 1998b) and in S. typhimurium 
TA98 co-incubated with rat hepatocytes (Holme et al., 1993). It induced unscheduled 
DNA synthesis and DNA damage (by alkaline elution) in primary rat hepatocytes and in 
human lymphocytes co-incubated with Aroclor 1254-induced rat liver microsomes 
(Holme et al., 1993). Benz[l]aceanthrylene was mutagenic in Chinese hamster V79 cells 
(6-thioguanine resistance) in the presence of Aroclor 1254-induced rat liver metabolic 
activation, and in V79 cells co-cultured with irradiated primary Syrian hamster embryo 
cells (Nesnow et al., 1984). It induced morphological cell transformation in C3H10T½C8 
cells in culture (Mohapatra et al., 1987) and induced anchorage-independent growth in 
normal human diploid fibroblasts (Nesnow et al., 1990). Benz[l]aceanthrylene was both a 
gene mutagen and a chromosomal mutagen in L5178Y/TK+/– mouse lymphoma cells in 
the presence of an Aroclor 1254-induced rat liver metabolic activation. It induced sister 
chromatid exchange in the peripheral blood lymphocytes of mice (Kligerman et al., 
1986). 

(iv) Evidence for a cyclopenta-ring metabolic activation as 

mechanism of carcinogenesis 

Genotoxicity of benz[l]aceanthrylene-1,2-oxide  

Benz[l]aceanthrylene-1,2-oxide was mutagenic in S. typhimurium TA98 in the 
absence and presence of Aroclor 1254-induced rat liver metabolic activation (Nesnow et 

al., 1984; Bartczak et al., 1987) and induced 6-thioguanine resistant mutations in Chinese 
hamster V79 cells (Nesnow et al., 1984). 

Conclusion 

Benz[l]aceanthrylene is metabolically activated by cyclopenta-ring oxidation; 
epoxidation at the cyclopenta ring is one biotransformation pathway for benz[l]acean-
thrylene in rat liver microsomes and mouse cells in culture. The cyclopenta-ring oxide, 
benz[l]aceanthrylene-1,2-oxide, is genotoxic in bacteria and mammalian cells. The stable 
cyclopenta-ring dihydrodiol metabolite, benz[l]aceanthrylene-1,2-diol, is formed by 
microsomal and cell-based systems. However, no benz[l]aceanthrylene–DNA adducts 
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have been identified in bioassay systems that confirm the intermediacy of the cyclopenta-
ring oxide. 

Benz[a]anthracene  

(i) Metabolism and metabolic activation  

The metabolism of benz[a]anthracene has been documented in an number of studies 
in rat liver microsomes and mouse skin explants. There are three centres of metabolism: 
the 1–2 and 3–4 bonds that lead to bay-region diol epoxides, the K-region (5–6 bond) and 
the terminal benzo region (8–9 and 10–11 bonds). Benz[a]anthracene is metabolized by 
control and 3-methylcholanthrene-induced rat liver microsomal fractions and a re-
constituted purified cytochrome P-448 system to the major metabolites: the K-region diol, 
5,6-dihydroxy-5,6-dihydrobenz[a]anthracene (benz[a]anthracene-5,6-diol) and the termi-
nal benzo ring diol, 8,9-dihydroxy-8,9-dihydrobenz[a]anthracene (benz[a]anthracene-8,9-
diol) with minor amounts of 3,4-dihydroxy-3,4-dihydrobenz[a]anthracene (benz[a]-
anthracene-3,4-diol), 10,11-dihydroxy-10,11-dihydrobenz[a]anthracene (benz[a]anthra-
cene-10,11-diol) and 1,2-dihydroxy-1,2-dihydrobenz[a]anthracene (benz[a]anthracene-
1,2-diol) (Thakker et al., 1979a). Benz[a]anthracene is metabolized by mouse skin 
explants to a series of diols: benz[a]anthracene-3,4-diol, benz[a]anthracene-8,9-diol, 
benz[a]anthracene-5,6-diol and benz[a]anthracene-10,11-diol (MacNicoll et al., 1980). It 
was metabolized by 3-phenobarbital-induced rat liver microsomes to (–)-benz[a]-
anthracene-3R,4R-diol as the predominant stereochemical form (Thakker et al., 1979a,b). 

(ii) Formation of DNA adducts 

Two major DNA adducts were formed after topical administration of benz[a]-
anthracene to mouse skin: an anti-3,4-dihydroxy-1,2,3,4-tetrahydrobenz[a]anthracene-
1,2-oxide (anti-benz[a]anthracene-3,4-diol-1,2-oxide)–DNA adduct and an anti-8,9-
dihydroxy-8,9,10,11-tetrahydrobenz[a]anthracene-10,11-oxide (anti-benz[a]anthracene-
8,9-diol-10,11-oxide)–DNA adduct (Cooper et al., 1980a). These adducts were further 
characterized in hamster embryo cells as anti-benz[a]anthracene-3,4-diol-1,2-oxide–
deoxyguanosine and anti-benz[a]anthracene-8,9-diol-10,11-oxide–deoxyguanosine. The 
non-‘bay-region’ diol epoxide anti-benz[a]anthracene-8,9-diol-10,11-oxide reacts also 
with guanosine and adenosine in RNA (Cooper et al., 1980b). 

(iii) Genotoxicity of benz[a]anthracene 

In a previous monograph, benz[a]anthracene was reported to induce DNA damage 
and mutation in bacteria, mutation in Drosphila melanogaster, DNA damage, mutation, 
chromosomal effects and morphological cell transformation in mammalian cells, and 
chromosomal effects in vivo in mammals (IARC, 1983). Benz[a]anthracene was 
mutagenic in human B lymphoblastoid cells h1A1v2 (thymidine kinase locus) that 
express CYP1A1 (Durant et al., 1996). 
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(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis 

Carcinogenicity studies of benz[a]anthracene-3,4-diol 

Groups of 28–29 female CD-1 mice, 51–65 days of age, received a single dermal 
application of 2 µmol [525 µg] racemic benz[a]anthracene-3,4-diol in acetone followed 
7 days later by 16.2 nmol [10 µg] 12-O-tetradecanoylphorbol-13-acetate (TPA) in 
acetone twice a week for 26 weeks. The incidence of skin tumours (tumours/mouse) in 
the dosed group 27 weeks after treatment was 85% (4.7) compared with 6% (0.1) in mice 
treated with TPA alone (Slaga et al., 1978a). 

Groups of 29–30 female CD-1 mice, 60 days of age, received a single dermal 
application of 0.4, 1 or 2 µmol [105, 262.3 or 525 µg] racemic benz[a]anthracene-3,4-diol 
in acetone dimethyl sulfoxide (DMSO) (95:5) followed 18 days later by 16 nmol [10 µg] 
TPA in acetone twice a week for 20 weeks. The incidence of skin tumours 
(tumours/mouse) in the dosed groups 22.5 weeks after treatment was 77% (2.4), 79% 
(3.6) or 80% (4.8) compared with 3% (0.03) in mice treated with TPA alone (Wood et al., 
1977a). 

Groups of 30 female CD-1 mice, 52–66 days of age, received a single dermal 
application of 400 nmol [105 µg] racemic benz[a]anthracene-3,4-diol, (+)-benz[a]-
anthracene-3,4-diol or (–)-benz[a]anthracene-3,4-diol in acetone:ammonium hydroxide 
(1000:1) followed 7 days later by 16 nmol [10 µg] TPA in acetone twice a week for 20 
weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 21 weeks 
after treatment was 45% (1.3), 20% (0.4) or 50% (1.8) compared with 3% (0.03) in mice 
treated with TPA alone (Levin et al., 1978).  

Groups of newborn Swiss Webster BLU:Ha (ICR) mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic benz[a]anthracene-3,4-diol (total 
dose, 2.8 µmol) [734.5 µg] in DMSO. Mice were weaned at age 25 days, separated by sex 
and killed at age 22 weeks. In 28 male and female mice, pulmonary adenomas developed 
in 96% of the surviving mice (54.3 tumours/mouse) and 24% of the surviving mice had 
malignant lymphomas. In 20 male and female mice treated with DMSO alone, pulmonary 
adenomas developed in 5% of the surviving mice (0.05 tumours/mouse) but no malignant 
lymphoma. Under the same treatment conditions, benz[a]anthracene-1,2-diol, benz[a]-
anthracene-5,6-diol, benz[a]anthracene-8,9-diol or benz[a]anthracene-10,11-diol did not 
induce statistically significant numbers of pulmonary tumours (Wislocki et al., 1978a). 

Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected intra-
peritoneally on days 1, 8 and 15 of life with racemic benz[a]anthracene-3,4-diol, (–)-
benz[a]anthracene-3R,4R-diol or (+)-benz[a]anthracene-3S,4S-diol (total dose, 280 nmol) 
[735 µg] in DMSO. Mice were weaned at age 25 days, separated by sex and killed at age 
26 weeks. In 68, 58 or 67 male and female mice, pulmonary tumours were observed in 
35, 72 or 9% of the surviving mice (0.37, 1.88 or 0.09 tumours/mouse). In 67 male and 
female mice treated with DMSO alone, pulmonary tumours developed in 13% of the 
surviving mice (0.15 tumours/mouse) (Wislocki et al., 1979). 
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Metabolism of benz[a]anthracene-3,4-diol 

(–)-Benz[a]anthracene-3R,4R-diol was metabolized by phenobarbital- or 3-methyl-
cholanthrene-induced rat liver microsomes to (+)-anti-benz[a]anthracene-3S,4R-diol-
1R,2S-oxide, benz[a]anthracene-3,4-quinone and bis-diols. (+)-Benz[a]anthracene-3S,4S-
diol was not metabolized to a diol epoxide but was metabolized to benz[a]anthracene-3,4-
quinone and bis-diols (Thakker et al., 1982).  

Other benz[a]anthracene diol metabolites (e.g. benz[a]anthracene-8,9-diol and benz-
[a]anthracene-10,11-diol) have been reported to form non-bay-region diol epoxides. The 
non-bay-region diol epoxide, anti-benz[a]anthracene-8,9-diol-10,11-oxide, was formed 
(measured as a DNA adduct) in hamster embryo cells and in mouse skin treated with 
benz[a]anthracene (Cooper et al., 1980c). syn- and anti-Benz[a]anthracene-10,11-diol-
8,9-oxides were formed from benz[a]anthracene-10,11-diol by 3-methylcholanthrene-
induced rat liver microsomes, but these diol epoxides did not contribute to the covalent 
binding of benz[a]anthracene to DNA (Cooper et al., 1980d). Benz[a]anthracene-8,9-diol 
and benz[a]anthracene-10,11-diol and their diol epoxides are not described further in this 
monograph because both the diols and diol epoxides were inactive as tumour initiators in 
mouse skin, possessed either no or low mutagenic activity in mammalian cells and did not 
induce tumours in newborn mice (Slaga et al., 1978a; Wislocki et al., 1978a). 

Genotoxicity of benz[a]anthracene-3,4-diol  

Benz[a]anthracene-3,4-diol was mutagenic to Chinese hamster V79 cells (ouabain 
resistance) co-cultured with irradiated golden hamsters, and was the most mutagenic of all 
four metabolic benz[a]anthracene diols evaluated (Slaga et al., 1978a). 

Carcinogenicity studies of benz[a]anthracene-3,4-diol-1,2-oxide 

Groups of 27–29 female CD-1 mice, 51–65 days of age, received a single dermal 
application of 2 µmol [556.6 µg] racemic anti-benz[a]anthracene-3,4-diol-1,2-oxide in 
acetone followed 7 days later by 16.2 nmol [10 µg] TPA in acetone twice a week for 
26 weeks. The incidence of skin tumours (tumours/mouse) in the dosed group 27 weeks 
after treatment was 100% (5) compared with 6% (0.1) in mice treated with TPA alone 
(Slaga et al., 1978a).  

Groups of 30 female CD-1 mice, 52–66 days of age, received a single dermal 
application of 400 nmol [111.5 µg] racemic anti-benz[a]anthracene-3,4-diol-1,2-oxide or 
syn-benz[a]anthracene-3,4-diol-1,2-oxide in acetone:ammonium hydroxide (1000:1) 
followed 7 days later by 16 nmol [10 µg] TPA in acetone twice a week for 20 weeks. The 
incidence of skin tumours (tumours/mouse) in the dosed groups 21 weeks after treatment 
was 70% (1.9) or 43% (0.6), respectively, compared with 3% (0.03) in mice treated with 
TPA alone (Levin et al., 1978).  

Groups of 27–30 female CD-1 mice, 58–65 days of age, received a single dermal 
application of 400 nmol [111.5 µg] racemic anti-benz[a]anthracene-3,4-diol-1,2-oxide, 
(+)-anti-benz[a]anthracene-3S,4R-diol-1R,2S-oxide or (–)-anti-benz[a]anthracene-3R,4S-
diol-1S,2R-oxide in acetone followed 14 days later by 16 nmol [10 µg] TPA in acetone 
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twice a week for 25 weeks. The incidence of skin tumours (tumours/mouse) in the dosed 
groups 21 weeks after treatment was 50% (1.63), 90% (3.35) or 14% (0.14), respectively, 
compared with 7% (0.07) in mice treated with TPA alone (Levin et al., 1984). 

Groups of 27–30 female CD-1 mice, 58–65 days of age, received a single dermal 
application of 400 nmol [111.5 µg] racemic syn-benz[a]anthracene-3,4-diol-1,2-oxide, 
(+)-syn-benz[a]anthracene-3R,4S-diol-1R,2S-oxide or (–)-syn-benz[a]anthracene-3S,4R-
diol-1S,2R-oxide in acetone followed 14 days later by 16 nmol [10 µg] TPA in acetone 
twice a week for 25 weeks. The incidence of skin tumours (tumours/mouse) in the dosed 
groups 27 weeks after treatment was 19% (0.36), 47% (0.73) or 17% (0.17), respectively, 
compared with 7% (0.07) in mice treated with TPA alone (Levin et al., 1984). 

Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected intra-
peritoneally on days 1, 8 and 15 of life with racemic anti-benz[a]anthracene-3,4-diol-1,2-
oxide or racemic syn-benz[a]anthracene-3,4-diol-1,2-oxide (total dose, 280 nmol) [78 µg] 
in DMSO. Mice were weaned at age 25 days, separated by sex and killed at age 26 weeks. 
In 38 or 57 male and female mice, pulmonary tumours developed in 100 or 42% of the 
surviving mice (13.34 or 0.56 tumours/mouse). In 67 male and female mice treated with 
DMSO alone, 13% of the surviving mice (0.15 tumours/mouse) had pulmonary tumours 
(Wislocki et al., 1979). 

Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected intraperi-
toneally on days 1, 8 and 15 of life with (+)-anti-benz[a]anthracene-3S,4R-diol-1R,2S-
oxide, (–)-anti-benz[a]anthracene-3R,4S-diol-1S,2R-oxide, (+)-syn-benz[a]anthracene-
3R,4S-diol-1R,2S-oxide or (–)-syn-benz[a]anthracene-3S,4R-diol-1S,2R-oxide (total dose, 
140 nmol) [39 µg] in DMSO. Mice were weaned at age 25 days, separated by sex and 
killed at age 26–32 weeks. Only (+)-anti-benz[a]anthracene-3S,4R-diol-1R,2S-oxide and 
(+)-syn-benz[a]anthracene-3R,4S-diol-1R,2S-oxide induced statistically significant 
responses compared with control mice. In 38 or 48 male and female mice, pulmonary 
tumours developed in 100 or 31% of the surviving mice (23.11 or 0.38 tumours/mouse). 
In 65 male and female mice treated with DMSO alone, 8% of the surviving mice 
(0.08 tumours/mouse) had pulmonary tumours (Levin et al., 1984).  

DNA adducts of benz[a]anthracene-3,4-diol-1,2-oxide 

anti-Benz[a]anthracene-3,4-diol-1,2-oxide produced a single unidentified DNA 
adduct in calf thymus DNA and isolated DNA (Cooper et al., 1980a; King et al., 1994), 
which was probably anti-benz[a]anthracene-3,4-diol-1,2-oxide–deoxyguanosine (Cooper 
et al., 1980b).  

Genotoxicity of benz[a]anthracene-3,4-diol-1,2-oxide 

Racemic anti-benz[a]anthracene-3,4-diol-1,2-oxide was mutagenic in S. typhimurium 
TA100 and in Chinese hamster V79 cells (8-azaguanine resistance) in the absence of a 
metabolic activation system. This diol epoxide was 15–35 times more mutagenic in 
bacteria and 65–125 times more mutagenic in mammalian cells than the isomeric racemic 
anti-benz[a]anthracene-8,9-diol-10,11-oxide or anti-benz[a]anthracene-10,11-diol-8,9-
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oxide (Wood et al., 1977b). Racemic anti-benz[a]anthracene-3,4-diol-1,2-oxide, racemic 
syn-benz[a]anthracene-3,4-diol-1,2-oxide, (–)-anti-benz[a]anthracene-3R,4S-diol-1S,2R-
oxide, (+)-anti-benz[a]anthracene-3S,4R-diol-1R,2S-oxide, (–)-syn-benz[a]anthracene-
3S,4R-diol-1S,2R-oxide and (+)-syn-benz[a]anthracene-3R,4S-diol-1R,2S-oxide were all 
mutagenic in S. typhimurium TA98 and TA100 and in Chinese hamster V79 cells (8-
azaguanine resistance) in the absence of exogenous metabolic activation. In strain TA98, 
the (–)-anti-benz[a]anthracene-3R,4S-diol-1S,2R-oxide isomer was the most active while 
in strain TA100 and in V79 cells the (+)-anti-benz[a]anthracene-3S,4R-diol-1R,2S-oxide 
was the most active (Wood et al., 1983). 

Conclusion 

Benz[a]anthracene is activated metabolically by the diol epoxide mechanism at the 
bay region (i.e. C1–C4) in mouse skin and mouse lung. Benz[a]anthracene was 
metabolized by control and induced rat liver microsomes, reconstituted CYP systems and 
mouse skin explants to benz[a]anthracene-3,4-diol. In rat liver microsomes, the major 
enantiomeric form was (–)-benz[a]anthracene-3R,4R-diol. Racemic benz[a]anthracene-
3,4-diol was genotoxic in mammalian cells and the (–)-benz[a]anthracene-3R,4R-diol 
enantiomer had the highest activity as a tumour initiator in mouse skin and as a 
pulmonary carcinogen in newborn mice. (–)-Benz[a]anthracene-3R,4R-diol was 
metabolized by rat liver microsomes to (+)-anti-benz[a]anthracene-3S,4R-diol-1R,2S-
oxide which had the highest mutagenic activity of all of the isomers in mammalian cells. 
In mouse skin, benz[a]anthracene was metabolized to the diol epoxide, anti-benz[a]-
anthracene-3,4-diol-1,2-oxide, which formed a single DNA adduct, probably anti-benz-
[a]anthracene-3,4-diol-1,2-oxide–deoxyguanosine. (+)-anti-Benz[a]anthracene-3S,4R-
diol-1R,2S-oxide was the most active isomer as a pulmonary carcinogen in mice and 
racemic anti-benz[a]anthracene-3,4-diol-1,2-oxide was the most active isomer as a 
tumour initiator in mouse skin.  

Benzo[g]chrysene  

(i) Metabolism and metabolic activation  

The metabolism of benzo[g]chrysene has been documented in rat liver microsomes. 
There is one major centre for biochemical oxidation in benzo[g]chrysene, the fjord region 
(C11–C14). Benzo[g]chrysene forms two diols after application to mouse skin in vivo:  
(–)-trans-benzo[g]chrysene-11R,12S-diol and (+)-trans-benzo[g]chrysene-11S,12R-diol. 
This conclusion was based on the structure of DNA adducts formed, not by direct 
measurement of the diols (Giles et al., 1996). 

(ii) Formation of DNA adducts 

Benzo[g]chrysene is metabolically activated in human mammary carcinoma MCF-7 
cells to form DNA adducts through both syn-11,12-dihydroxy-11,12-dihydrobenzo[g]-
chrysene-13,14-oxide (syn-benzo[g]chrysene-11,12-diol-13,14-oxide) and anti-11,12-di-
hydroxy-11,12-dihydrobenzo[g]chrysene-13,14-epoxide (anti-benzo[g]chrysene-11,12-
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diol-13,14-oxide). Several adducts were identified: an anti-benzo[g]chrysene-11,12-diol-
13,14-oxide–deoxyguanosine adduct, an anti-benzo[g]chrysene-11,12-diol-13,14-oxide–
deoxyadenosine adduct, a syn-benzo[g]chrysene-11,12-diol-13,14-oxide–deoxyguanosine 
adduct and a syn-benzo[g]chrysene-11,12-diol-13,14-oxide–deoxyadenosine adduct 
(Agarwal et al., 1997). Benzo[g]chrysene forms DNA adducts after application to mouse 
skin in vivo. These adducts were derived through the formation of (–)-anti-
benzo[g]chrysene-11R,12S-diol-13S,14R-oxide and (+)-syn-benzo[g]chrysene-11S,12R-
diol-13S,14R-oxide. Five adducts were (–)-anti-benzo[g]chrysene-11R,12S-diol-13S,14R-
oxide-derived, two with deoxyadenosine and three with deoxyguanosine, and two adducts 
were (+)-syn-benzo[g]chrysene-11S,12R-diol-13S,14R-oxide-derived, one with deoxy-
adenosine and one with deoxyguanosine. The adenine adducts accounted for 64% of the 
total major adducts formed in benzo[g]chrysene-treated mouse skin (Giles et al., 1996). 
Benzo[g]chrysene binds to different extents to the DNA in the epidermis of Cyp1a2–/–, 
Cyp1b1–/– and Ahr–/– knockout mice in vivo, with the least binding in Ahr–/– mice, 
suggesting that CYP1A1 is involved in the bioactivation of benzo[g]chrysene (Kleiner et 
al., 2004).  

(iii) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis 

Metabolism of benzo[g]chrysene-11,12-diol 

Benzo[g]chrysene-11,12-diol is metabolized by Aroclor 1254-induced rat liver 
microsomes to a series of diastereomeric tetraols formed through the intermediary syn- 
and anti-benzo[g]chrysene-11,12-diol-13,14-oxides, predominantly in the anti form 
(86:14) (Luch et al., 1998a). 

DNA adducts of benzo[g]chrysene-11,12-diol 

Benzo[g]chrysene-11,12-diol produces DNA adducts in human mammary carcinoma 
MCF-7 cells consistent with the metabolic intermediate, anti-benzo[g]chrysene-11,12-
diol-13,14-oxide. One adduct was identified as an anti-benzo[g]chrysene-11,12-diol-
13,14-oxide–deoxyguanosine adduct and the other as an anti-benzo[g]chrysene-11,12-
diol-13,14-oxide–deoxyadenosine adduct; the latter adduct was the major one (Agarwal et 
al., 1997). Both (–)-trans-benzo[g]chrysene-11R,12S-diol and (+)-trans-benzo[g]chry-
sene-11S,12R-diol formed DNA adducts on mouse skin consistent with the adducts 
formed by application of benzo[g]chrysene (Giles et al., 1996). 

Genotoxicity of benzo[g]chrysene-11,12-diol 

CYP1A1, CYP1A2 and CYP1B1 enzymes activate benzo[g]chrysene-11,12-diol 
metabolically to DNA-damaging forms in cDNA-based recombinant (Escherichia coli or 
Trichoplusia ni) systems that express these isoforms of human CYP (Shimada et al., 
2001a). 
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Carcinogenicity studies of benzo[g]chrysene-11,12-diol-13,14-oxides 

Groups of newborn Hsd:ICR mice were injected intraperitoneally on days 1, 7 and 15 
of life with racemic anti-benzo[g]chrysene-11,12-diol-13,14-oxide (total dose, 25 nmol) 
in DMSO. Mice were weaned at age 21 days, separated by sex and killed at age 35 weeks. 
In treated mice, pulmonary tumours developed in 96.4% of tumour-bearing females 
(24 animals; 31.6 tumours/mouse) and 100% of the tumour-bearing males (25 animals; 
24.4 tumours/mouse); liver tumours developed in 21.4% of the tumour-bearing females 
(0.54 tumours/mouse) and in 66.7% of tumour-bearing males (eight tumours/mouse). In 
mice treated with DMSO alone, pulmonary tumours occurred in 14.8% of the tumour-
bearing females (26 animals; 0.19 tumours/mouse) and 7.4% of the tumour-bearing males 
(27 animals; 0.074 tumours/mouse); liver tumours developed in 11.1% of females 
(0.11 tumours/mouse) and 3.7% of males (0.037 tumours/mouse). The difference between 
the treated and control groups in males and females for pulmonary tumours, and that in 
males for hepatic tumours were statistically significant (Amin et al., 1995a). 

Groups of 30-day-old female Charles River CD rats were injected twice with a total 
dose of 1.2 µmol anti-benzo[g]chrysene-11,12-diol-13,14-oxide dissolved in DMSO 
under the three nipples on the left side. The DMSO control was injected under the nipples 
on the right side. At 41 weeks, 95% of 20 rats had mammary tumours (adenomas, adeno-
carcinomas, sarcomas), with a mean latent period of 26.5 weeks. In the DMSO controls, 
11% of 19 rats had mammary tumours (adenomas, adenocarcinomas), with a mean latent 
period of 39 weeks. The difference between the treated and control group was statistically 
significant (Amin et al., 1995b).  

DNA adducts of benzo[g]chrysene-11,12-diol-13,14-oxides 

Racemic anti-benzo[g]chrysene-11,12-diol-13,14-oxide forms several DNA adducts 
in human mammary MCF-7 cells, many of which were the same as those obtained in 
mice treated with benzo[g]chrysene, benzo[g]chrysene-11,12-diol and anti-benzo[g]-
chrysene-11,12-diol-13,14-oxide (Agarwal et al., 1997). The major adduct formed 
between calf thymus DNA and racemic anti-benzo[g]chrysene-11,12-diol-13,14-oxide 
was a trans-anti-benzo[g]chrysene-11R,12S-diol-13S,14R-oxide–deoxyadenosine adduct 
(Szeliga et al., 1995). Several major adducts were formed with calf thymus DNA and 
racemic syn-benzo[g]chrysene-11,12-diol-13,14-oxide, a trans-syn-benzo[g]chrysene-
11S,12R-diol-13S,14R-oxide–deoxyadenosine adduct and a possible mixture of a trans-syn-
benzo[g]chrysene-11R,12S-diol-13R,14S-oxide–deoxyguanosine and trans-syn-benzo[g]-
chrysene-11S,12R-diol-13S,14R-oxide–deoxyguanosine (Szeliga et al., 1994). Both R,S,S,R 
and S,R,R,S enantiomers of anti-benzo[g]chrysene-11,12-diol-13,14-oxides formed deoxy-
guanosine and deoxyadenosine DNA adducts in human breast carcinoma MCF-7 cells 
(Khan et al., 1998). 

Genotoxicity of benzo[g]chrysene-11,12-diol-13,14-oxides 

Both syn- and anti-benzo[g]chrysene-11,12-diol-13,14-oxides were mutagenic in S. 
typhimurium TA97, TA98, TA100 and TA104, induced SOS response in E. coli (SOS 
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chromotest in strain PQ37) and were mutagenic in Chinese hamster V79 cells (6-
thioguanine resistance) (Glatt et al., 1991). Racemic anti-benzo[g]chrysene-11,12-diol-
13,14-oxide was mutagenic in the shuttle vector pSP189 with 39% of the mutations at AT 
pairs which suggested a relationship between adduct formation at deoxyadenosine and 
mutation (Szeliga et al., 1995). Racemic syn-benzo[g]chrysene-11,12-diol-13,14-oxide 
was mutagenic in the shuttle vector pSP189 system giving A→T and G→T mutations 
(Szeliga et al., 1994) and in the dihydrofolate reductase gene in Chinese hamster ovary 
hemizygous UA21 cells giving A→T transversion base substitution in 59% of the total 
induced changes (Yuan et al., 1995). Both syn- and anti-benzo[g]chrysene-11,12-diol-
13,14-oxides were mutagenic in Chinese hamster V79 cells (6-thioguanine resistance) 
and formed four unidentified DNA adducts in these cells. The potent mutagenicity of 
these fjord-region diol epoxides appears to be due to the high frequency with which they 
form DNA adducts in V79 cells, rather than to formation of adducts with greater 
mutagenic potential (Phillips et al., 1991). anti-Benzo[g]chrysene-11,12-diol-13,14-oxide 
gave base-specific mutations of GC→TA (41%), GC→CG (13%), GC→AT (7%), 
AT→TA (23%), AT→CG (5%) and AT→GC (11%) in supF DNA using a SV40-based 
shuttle vector system. syn-Benzo[g]chrysene-11,12-diol-13,14-oxide gave base-specific 
mutations of GC→TA (28%), GC→CG (12%), GC→AT (12%), AT→TA (40%), 
AT→CG (5%) and AT→GC (3%) (Bigger et al., 2000). anti-Benzo[g]chrysene-11,12-
diol-13,14-oxide formed deoxyguanosine adducts particularly within codon 158 of exon 
5, codons 237 and 248 of exon 7 and codons 273 and 290 of exon 8 in the human TP53 
tumour-suppressor gene. These codons were also hotspots for mutations in the TP53 gene 
of lung cancer patients (Smith et al., 2000). 

Other effects of benzo[g]chrysene-11,12-diol-13,14-oxides 

Human O41 TR cells exposed to 1.2 µM anti-benzo[g]chrysene-11,12-diol-13,14-
oxide formed four major deoxyadenosine and deoxyguanosine adducts. Similar adduct 
levels were detected in both p53-proficient and p53-deficient cells, and removal of 
adducts was not observed in either case. At lower concentrations, p53-proficient cells had 
fewer adducts than p53-deficient cells. p53 Appeared to minimize the appearance of 
benzo[g]chrysene adducts in human cells by up-regulating global nucleotide excision 
repair and reducing the maximum adduct levels (Lloyd & Hanawalt, 2002). Racemic 
anti-benzo[g]chrysene-11,12-diol-13,14-oxide and each of the R,S,S,R and S,R,R,S 
enantiomers of anti-benzo[g]chrysene-11,12-diol-13,14-oxides delayed human breast 
carcinoma MCF-7 cells in the S phase by delaying DNA synthesis; both enantiomers 
induced p53 (Khan et al., 1997, 1998). Benzo[g]chrysene-11,12-diol-13,14-oxide was 
found to bind preferentially to methylated CpG sequences at mutational hotspots in the 
p53 gene (Chen et al., 1998). anti-Benzo[g]chrysene-11,12-diol-13,14-oxide is a 
relatively poor substrate for murine GST 9.5, mGSTP1-1, mGSTM1-1 and mGSTA3-3 
(Hu & Singh, 1997). 
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Conclusion 

Benzo[g]chrysene can be activated metabolically by a fjord-region diol epoxide 
mechanism. On mouse skin, benzo[g]chrysene was metabolized to DNA adducts through 
both the R,R and S,S enantiomers of benzo[g]chrysene-11,12-diol. Racemic benzo[g]-
chrysene-11,12-diols were genotoxic in bacteria and were bioactivated by human 
CYP1A1, CYP1A2 and CYP1B1. On mouse skin, both diols were further metabolized to 
the diol epoxides (–)-anti-benzo[g]chrysene-11R,12S-diol-13S,14R-oxide and (+)-syn-
benzo[g]chrysene-11S,12R-diol-13S,14R-oxide, both of which formed deoxyadenosine 
and deoxyguanosine adducts — the same adducts as those found after treatment with 
benzo[g]chrysene. CYP1A1 is involved in this biotransformation process. anti-Benzo[g]-
chrysene-11,12-diol-13,14-oxide was genotoxic in bacteria and mammalian cells and 
induced mammary cancer in rats. It was tumorigenic when injected into newborn mice, 
inducing pulmonary tumours. Both enantiomers of anti-benzo[g]chrysene-11,12-diol-
13,14-oxide formed deoxyguanosine and deoxyadenosine adducts in human mammary 
carcinoma cells, and the same pattern of DNA adducts was observed in mouse skin. In 
human cells, anti-benzo[g]chrysene-11,12-diol-13,14-oxide adducts were repaired by 
nucleotide excision repair. anti-Benzo[g]chrysene-11,12-diol-13,14-oxide induced p53 in 
human mammary carcinoma cells and mutated the p53 tumour-suppressor gene.  

Benzo[b]fluoranthene  

(i) Metabolism and metabolic activation  

The metabolism of benzo[b]fluoranthene has been documented in a number of studies 
in rat liver microsomes and in mouse epidermis in vivo. Benzo[b]fluoranthene is 
metabolized by Aroclor 1254-induced rat liver microsomes to 4-hydroxy-, 5-hydroxy-, 6-
hydroxy- or 7-hydroxybenzo[b]fluoranthene. The major diol metabolite was trans-11,12-
dihydro-11,12-dihydroxybenzo[b]fluoranthene (benzo[b]fluoranthene-11,12-diol), and 
the minor diol metabolite was 1,2-dihydro-1,2-dihydroxybenzo[b]fluoranthene (benzo[b]-
fluoranthene-1,2-diol). No evidence was obtained for the formation of 7b,8-dihydro-7b,8-
dihydroxybenzo[b]fluoranthene or trans-9,10-dihydro-9,10-dihydroxybenzo[b]fluor-
anthene (benzo[b]fluoranthene-9,10-diol) (Amin et al., 1982). Benzo[b]fluoranthene is 
metabolized in mouse skin epidermis in vivo to 4-, 5- and 6-hydroxybenzo[b]fluoranthene 
as well as to sulfate and glucuronide conjugates. Minor metabolites included 12-hydroxy-
benzo[b]fluoranthene, benzo[b]fluoranthene-1,2-diol and benzo[b]fluoranthene-11,12-
diol. Phenolic gluronides and sulfate conjugates of benzo[b]fluoranthene were also 
observed. Benzo[b]fluoranthene-9,10-diol was not detected (Geddie et al., 1987).  

(ii) Formation of DNA adducts 

Benzo[b]fluoranthene forms two unidentified DNA adducts in mouse skin epidermis 
in vivo (Weyand et al., 1987). Benzo[b]fluoranthene administered to male Sprague-
Dawley rats produced DNA adducts in the lung, liver and peripheral blood lymphocytes. 
Only one minor adduct was identified that derived from anti-trans-9,10-dihydro-9,10-
dihydroxy-benzo[b]fluoranthene-11,12-oxide (anti-benzo[b]fluoranthene-9,10-diol 11,12-
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oxide) (Ross et al., 1992). Treatment with benzo[b]fluoranthene of mouse epidermis in 
vivo, of human skin maintained in short-term organ culture and single-stranded DNA 
incubated with Aroclor 1254-induced rat liver microsomes gave two adducts — a major 
adduct suggested to be a bay-region triol epoxide (containing a phenolic OH-group on 
carbon 5 or 6 of the peninsula ring) and a minor adduct from anti-benzo[b]fluoranthene-
9,10-diol-11,12-oxide (Pfau et al., 1992). Benzo[b]fluoranthene forms a single major 
adduct with four additional minor DNA adducts in mouse epidermis in vivo. The DNA 
adducts formed with 5-hydroxybenzo[b]fluoranthene-9,10-diol were identical to the 
major and one of the minor adducts observed for benzo[b]fluoranthene. anti-5-
Hydroxybenzo[b]fluoranthene-9,10-diol–DNA is the major adduct formed and is a 
deoxyguanosine adduct (Weyand et al., 1993b). The major benzo[b]fluoranthene–DNA 
adduct in the lungs of benzo[b]fluoranthene-treated strain A mice was identified as an anti-
5-hydroxybenzo[b]fluoranthene-9,10-diol-11,12-oxide–deoxyguanosine adduct (Mass et 
al., 1996).  

(iii) Genotoxic effects of benzo[b]fluoranthene  

In a previous monograph, benzo[b]fluoranthene was reported to induce mutations in 
S. typhimurium TA98 and TA100 and to induce chromosomal effects in Chinese hamster 
bone-marrow cells in vivo (IARC, 1983). Benzo[b]fluoranthene was mutagenic in 
S. typhimurium TA100 in the presence of Aroclor 1254-induced rat liver metabolic 
activation (Amin et al., 1985a) and in human B lymphoblastoid h1A1v2 cells (thymidine 
kinase locus) that express CYP1A1 (Durant et al., 1996). Benzo[b]fluoranthene 
administered to male Sprague-Dawley rats produced sister chromatid exchange in 
peripheral blood lymphocytes (Ross et al., 1992).  

(iv) Benzo[b]fluoranthene-induced mutations in proto-oncogenes 

Benzo[b]fluoranthene induced two major classes of Ki-ras codon 12 mutations in 
lung adenomas from treated strain A mice — GGT→TGT (56%), GGT→GTT (36%), 
GGT→GAT (4%) and GGT→CGT (4%) — indicating that deoxyguanosine was a 
primary target for this PAH (Mass et al., 1996).  

(v) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis 

Carcinogenicity studies of benzo[b]fluoranthene-9,10-diol 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received dermal 
applications of 10 subdoses every other day for a total initiating application of 10, 30 or 
100 µg [35, 105 or 350 nmol] racemic benzo[b]fluoranthene-9,10-diol in acetone 
followed 10 days later by 2.5 µg [4 nmol] TPA in acetone three times a week for 
20 weeks. The incidence of tumours (tumours/mouse) in the treated groups 21 weeks after 
treatment was 95% (8.4), 63% (3.8) and 26% (1.0), respectively. No tumours were 
observed in control mice treated with TPA alone (LaVoie et al., 1982). 
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Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received dermal 
applications of 10 subdoses every other day for a total initiating application of 100 nmol 
[29 µg] racemic benzo[b]fluoranthene-9,10-diol in acetone followed 10 days later by 
4 nmol [2.5 µg] TPA in acetone three times a week for 20 weeks. The incidence of 
tumours (tumours/mouse) in the dosed group 21 weeks after treatment was 85% (4.0). 
The response in control mice treated with TPA alone was not stated (Geddie et al., 1987). 

Genotoxicity of benzo[b]fluoranthene-9,10-diol 

CYP1A1 and CYP1B1 enzymes metabolized benzo[b]fluoranthene-9,10-diol to 
DNA-damaging forms using cDNA-based recombinant (E. coli or T. ni) systems that 
express these forms of human CYP (Shimada et al., 2001a). The further metabolism of 
synthetic benzo[b]fluoranthene-9,10-diol by Aroclor 1254-induced rat liver microsomes 
gave the major metabolites 5- and 6-hydroxybenzo[b]fluoranthene-9,10-diol. Little if any 
benzo[b]fluoranthene-9,10,11,12-tetraol was detected (Geddie et al., 1987).  

Genotoxicity of benzo[b]fluoranthene-9,10-diol-11,12-oxide 

anti-Benzo[b]fluoranthene-9,10-diol-11,12-oxide induced DNA lesions in human 
cell-free extracts. This damage was repaired by both nucleotide excision repair and base 
excision repair of induced apurinic/apyrimidinic sites (Braithwaite et al., 1998). 

Conclusion 

There is some evidence for two possible routes for the diol epoxide metabolic 
activation mechanism for benzo[b]fluoranthene — a phenolic diol epoxide, anti-5-
hydroxybenzo[b]fluoranthene-9,10-diol-11,12-oxide, and a diol epoxide, anti-benzo[b]-
fluoranthene-9,10-diol-11,12-oxide. In mouse skin, benzo[b]fluoranthene was metab-
olized to the 5-hydroxybenzo[b]fluoranthene metabolite and formed anti-5-hydroxy-
benzo[b]fluoranthene-9,10-diol-11,12-oxide–deoxyguanosine as the major DNA adduct 
in vivo. Benzo[b]fluoranthene-9,10-diol was mutagenic in bacteria and initiated mouse 
skin tumours. anti-Benzo[b]fluoranthene-9,10-diol-11,12-oxide damaged DNA; in mouse 
lung in vivo, the major DNA adduct was anti-5-hydroxybenzo[b]fluoranthene-9,10-diol-
11,12-oxide–deoxyguanosine. Lung tumours from benzo[b]fluoranthene-treated mice 
exhibited Ki-ras mutations at deoxyguanosine residues. 

Benzo[j]fluoranthene  

(i) Metabolism and metabolic activation  

The metabolism of benzo[j]fluoranthene has been documented in a number studies in 
rat liver microsomes and in mouse epidermis in vivo. Benzo[j]fluoranthene is metabolized 
by Aroclor 1254-induced rat liver microsomes to two diol metabolites, one of which was 
identified as trans-9,10-dihydro-9,10-dihydroxybenzo[j]fluoranthene (benzo[j]fluoran-
thene-9,10-diol) (LaVoie et al., 1980). Administration of benzo[j]fluoranthene to mouse 
epidermis produced benzo[j]fluoranthene-9,10-diol and 4,5-dihydro-4,5-dihydroxy-
benzo[j]fluoranthene (benzo[j]fluoranthene-4,5-diol) as major metabolites. 4-Hydroxy- 
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and 10-hydroxybenzo[j]fluoranthene and benzo[j]fluoranthene-4,5-dione were also 
tentatively identified as metabolites (Rice et al., 1987). 

(ii) Formation of DNA adducts 

The major benzo[j]fluoranthene–DNA adduct produced in S. typhimurium TA97a 
and TA100 in the presence of Aroclor 1254-induced rat liver metabolic activation was an 
anti-benzo[j]fluoranthene-4,5-diol-6,6a-oxide–deoxyguanosine adduct (Marshall et al., 
1993), which was also the major DNA adduct formed in mouse epidermis treated with 
benzo[j]fluoranthene (Weyand et al., 1987, 1993a).  

(iii) Genotoxic effects of benzo[j]fluoranthene  

In a previous monograph, benzo[j]fluoranthene was reported to induce mutations in 
S. typhimurium TA100 in the presence of an exogenous metabolic activation system 
(IARC, 1983). Benzo[j]fluoranthene was also mutagenic in S. typhimurium TA97a, TA98 
and TA100 in the presence of Aroclor 1254-induced rat liver metabolic activation 
(Marshall et al., 1993) and in human B lymphoblastoid h1A1v2 cells (thymidine kinase 
locus) that express CYP1A1 (Durant et al., 1996). 

(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis 

Carcinogenicity studies of benzo[j]fluoranthene-4,5-diol 

Groups of 18–19 female Charles River CD-1 mice, 50–55 days of age, received skin 
applications of 10 subdoses every other day for a total initiating application of 1 or 
3 µmol [287 or 859 µg] benzo[j]fluoranthene-4,5-diol in acetone followed 10 days later 
by 2.5 µg [4 nmol] TPA in acetone three times a week for 20 weeks. The incidence of 
skin tumours (tumours/mouse) in the dosed groups 21 weeks after treatment was 100% 
(5.0) and 78% (4.3), respectively. The response in control mice treated with TPA alone 
was 10% (0.1) (Rice et al., 1987). 

Groups of newborn Charles River CD1 mice were injected intraperitoneally on days 
1, 8 and 15 of life with benzo[j]fluoranthene-4,5-diol at total doses of 275 or 1100 nmol 
[79 or 31.5 µg] in DMSO. Mice were weaned at age 28 days, separated by sex and killed 
at week 52 of the bioassay. Alveolar/bronchiolar carcinomas were observed in 41.2% of 
34 and 89.5% of 19 surviving low- and high-dose female mice (0.44 and 3.63 
tumours/mouse), respectively, and in 38.5% of 26 and 91.9% of 37 surviving low- and 
high-dose male mice (0.50 and 4.22 tumours/mouse), respectively, at 52 weeks. Hepatic 
tumours were observed in 30.8 and 56.8% of the surviving low- and high-dose males 
(0.5 and 1.43 tumours/mouse), respectively, but not in female mice, and 5.4% of the 
males had hepatic carcinomas. In 33 females and 33 males treated with DMSO alone, 
alveolar/bronchiolar carcinomas developed in 21.2 and 18.2% of the surviving mice 
(0.24 and 0.18 tumours/mouse) and hepatic tumours developed in 0 and 9.1% (0 and 
0.18 tumours/mouse). No hepatic carcinomas were observed in the DMSO controls 
(LaVoie et al., 1994). 
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DNA adducts of benzo[j]fluoranthene-4,5-diol 

Benzo[j]fluoranthene-4,5-diol formed a number of DNA adducts in mouse epidermis, 
and was determined to be the major proximate diol produced in mouse epidermis after 
treatment with benzo[j]fluoranthene by DNA adduct analyses. The major DNA adduct 
formed was anti-benzo[j]fluoranthene-4,5-diol-6,6a-oxide–deoxyguanosine (Weyand et 
al., 1993a).  

Genotoxicity of benzo[j]fluoranthene-4,5-diol 

Benzo[j]fluoranthene-4,5-diol induced mutations in S. typhimurium TA97a, TA98 
and TA100 in the presence of Aroclor 1254-induced rat liver metabolic activation 
(Marshall et al., 1993).  

Carcinogenicity studies of benzo[j]fluoranthene-4,5-diol-6,6a-oxides 

Groups of newborn Charles River CD-1 mice were injected intraperitoneally on days 
1, 8 and 15 of life with anti-benzo[j]fluoranthene-4,5-diol-6,6a-oxide at total doses of 110 
or 275 nmol [79 or 31.5 µg] in DMSO. Mice were weaned at 28 days of age, separated by 
sex and killed at week 52 of the bioassay. Alveolar/bronchiolar carcinomas occurred in 
88.9% of 36 and 95.8% of 24 surviving low- and high-dose females (2.14 and 8.63 
tumours/mouse), respectively, and in 97% of 33 and 100% of 30 surviving low- and high-
dose males (2.94 and 5.03 tumours/mouse), respectively. Hepatic tumours developed in 
42.4 and 83.3% of the surviving males at 52 weeks (0.79 and 4.2 tumours/mouse), 
respectively, but not in female mice; hepatic carcinomas were observed in 12.1 and 
33.3% of the surviving males, respectively. In mice treated with DMSO alone, 
alveolar/bronchiolar carcinomas in were observed in 21.2% of 33 female and 18.2% of 
33 male surviving mice (0.24 and 0.18 tumours/mouse) and hepatic tumours developed in 
0 and 9.1% of the surviving female and male mice (0 or 0.18 tumours/mouse), 
respectively. No hepatic carcinomas were observed in DMSO controls (LaVoie et al., 
1994). 

Groups of newborn Charles River CD1 mice were injected intraperitoneally on days 
1, 8 and 15 of life with syn-benzo[j]fluoranthene-4,5-diol-6,6a-oxide at total doses of 110, 
275 or 1100 nmol [31.5, 79 or 315 µg] in DMSO. Mice were weaned at 28 days of age, 
separated by sex and killed at week 52 of the bioassay. In 29, 37 or 26 female mice, 
alveolar/bronchiolar carcinomas developed in 41.4, 21.6 or 11.5% of the surviving mice 
(0.52, 0.50 or 0.12 tumours/mouse), respectively. In 31, 28 or 34 male mice, 
alveolar/bronchiolar carcinomas developed in 64.5, 39.3 or 17.6% of the surviving mice 
(0.9, 0.5 or 0.2 tumours/mouse), hepatic tumours in 74.4, 28.6 or 23.5% of the surviving 
mice (3.27, 0.5 or 0.35 tumours/mouse) and hepatic carcinomas in 16.1, 14.3 and 0% of 
the surviving mice, respectively. In 33 female or 33 male mice treated with DMSO alone, 
alveolar/bronchiolar carcinomas developed in 21.2 or 18.2% of the surviving mice (0.24 
or 0.18 tumours/mouse) and hepatic tumours in 0 or 9.1% of the surviving mice (0 or 
0.18 tumours/mouse), respectively. No hepatic carcinomas were observed (LaVoie et al., 
1994). 
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Groups of female Charles River CD rats, 30 days of age, were maintained on a high-
fat diet and administered anti-benzo[j]fluoranthene-4,5-diol-6,6a-oxide (total dose, 
1.2 µmol) [343 µg] in DMSO by six direct applications to the tissue underlying each of 
the thoracic nipples beneath the mammary glands. The experiment was terminated after 
44 weeks. In 20 rats, fibroadenomas/adenocarcinomas/dysplastic fibroadenomas incidence 
was 55% with a tumour latency of 36.2 weeks. In the DMSO-treated rats, mammary 
tumour incidence was 15% with a tumour latency of 39.7 weeks (Hecht et al., 1996). 

DNA adducts of benzo[j]fluoranthene-4,5-diol-6,6a-oxides 

anti-Benzo[j]fluoranthene-4,5-diol-6,6a-oxide formed a number of DNA adducts with 
calf thymus DNA (King et al., 1994). The major DNA adduct produced by anti-
benzo[j]fluoranthene-4,5-diol-6,6a-oxide in S. typhimurium TA97a and TA100 in the 
absence of an exogenous metabolic activation system was anti-benzo[j]fluoranthene-4,5-
diol-6,6a-oxide–deoxyguanosine (Marshall et al., 1993). Both anti- and syn-benzo[j]-
fluoranthene-4,5-diol-6,6a-oxides formed DNA adducts in mouse epidermis and the anti 
isomer had a higher adduct level. The major DNA adduct formed from the anti isomer 
was anti-benzo[j]fluoranthene-4,5-diol-6,6a-oxide–deoxyguanosine (Weyand et al., 
1993a).  

Genotoxicity of benzo[j]fluoranthene-4,5-diol-6,6a-oxides 

Both anti- and syn-benzo[j]fluoranthene-4,5-diol-6,6a-oxide were mutagenic in S. 
typhimurium TA97a, TA98 and TA100 in the absence of an exogenous metabolic 
activation system (Marshall et al., 1993). 

Carcinogenicity studies of benzo[j]fluoranthene-9,10-diol 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received skin 
applications of 10 subdoses every other day for a total initiating application of 30, 100 or 
1000 µg [105, 349 or 3496 nmol] benzo[j]fluoranthene-9,10-diol in acetone followed 
10 days later by 2.5 µg [4 nmol] TPA in acetone three times a week for 20 weeks. The 
incidence of tumours (tumours/mouse) in the dosed groups 21 weeks after treatment was 
5% (0.1), 20% (0.3) and 84% (4.5), respectively. No skin tumours were observed in 
control mice treated with TPA alone (LaVoie et al., 1982). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received skin 
applications of 10 subdoses every other day for a total initiating application of 3 µmol 
[859 µg] benzo[j]fluoranthene-9,10-diol in acetone followed 10 days later by 4 nmol 
[2.5 µg] TPA in acetone three times a week for 20 weeks. The incidence of tumours 
(tumours/mouse) in the dosed group 21 weeks after treatment was 60% (1.7). The 
responses in control mice treated with TPA alone was 10% (0.1) (Rice et al., 1987). 

Groups of newborn Charles River CD1 mice were injected intraperitoneally on days 
1, 8 and 15 of life with benzo[j]fluoranthene-9,10-diol at total doses of 275 or 1100 nmol 
[31.5 or 315 µg] in DMSO. Mice were weaned at 28 days of age, separated by sex and 
killed at week 52 of the bioassay. In 39 or 22 female mice, alveolar/bronchiolar carci-
nomas developed in 43.6 or 22.7% of the surviving mice (0.82 or 0.27 tumours/mouse) 
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and hepatic tumours in 7.9 or 4.5% of the surviving mice (0.21 or 0.05 tumours/mouse), 
respectively. In 22 or 40 male mice, alveolar/bronchiolar carcinomas developed in 63.6 or 
27.5% of the surviving mice (1.0 or 0.53 tumours/mouse) and hepatic tumours in 81.8 or 
25% of the surviving mice (2.82 or 0.32 tumours/mouse), respectively. The incidence of 
hepatic carcinomas was 27.3 or 5%. In 33 female or 33 male mice treated with DMSO 
alone, alveolar/bronchiolar carcinomas developed in 21.2 or 18.2% of the surviving mice 
(0.24 or 0.18 tumours/mouse) and hepatic tumours in 0 or 9.1% of the surviving mice (0 
or 0.18 tumours/mouse), respectively. No hepatic carcinomas were observed (LaVoie et 
al., 1994). 

DNA adducts of benzo[j]fluoranthene-9,10-diol 

Benzo[j]fluoranthene-9,10-diol formed three major and seven minor DNA adducts in 
mouse epidermis. The major DNA adducts seem to be related to both anti- and syn-
benzo[j]fluoranthene-9,10-diol-11,12-oxide based on application of these diol epoxides to 
mouse epidermis (Weyand et al., 1993b).  

Genotoxicity of benzo[j]fluoranthene-9,10-diol 

Benzo[j]fluoranthene-9,10-diol induced mutations in S. typhimurium TA97a, TA98 
and TA100 in the presence of Aroclor 1254-induced rat liver metabolic activation 
(Marshall et al., 1993).  

Carcinogenicity studies of benzo[j]fluoranthene-9,10-diol-11,12-oxides 

Groups of newborn Charles River CD1 mice were injected intraperitoneally on days 
1, 8 and 15 of life with anti-benzo[j]fluoranthene-9,10-diol-11,12-oxide at total doses of 
110, 275 or 1100 nmol [31.5, 79 or 315 µg] in DMSO. Mice were weaned at 28 days of 
age, separated by sex and killed at week 52 of the bioassay. In 21, 34 or 33 female mice, 
alveolar/bronchiolar carcinomas developed in 100, 55.9 or 30.3% of the surviving mice 
(15.1, 1.0 or 0.3 tumours/mouse) and hepatic tumours in 0, 8.8 or 0% of the surviving 
mice (0, 0.08 or 0 tumours/mouse), respectively. In 22, 22 or 33 male mice, alveolar/ 
bronchiolar carcinomas developed in 100, 95.4 or 27.3% of the surviving mice (11.1, 2.82 
or 0.27 tumours/mouse), hepatic tumours in 95.5, 77.3 or 18.2% of the surviving mice 
(5.51, 2.82 or 0.21 tumours/mouse) and hepatic carcinomas in 18.2, 13.6 or 0% of the 
surviving mice, respectively. In 33 female or 33 male mice treated with DMSO alone, 
alveolar/bronchiolar carcinomas developed in 21.2 or 18.2% of the surviving mice (0.24 
or 0.18 tumours/mouse) and hepatic tumours in 0 or 9.1% of the surviving mice (0 or 
0.18 tumours/mouse), respectively. No hepatic carcinomas were observed (LaVoie et al., 
1994). 

Groups of female Charles River CD rats, 30 days of age, were maintained on a high-
fat diet and administered anti-benzo[j]fluoranthene-9,10-diol-11,12-oxide (total dose, 
1.2 µmol) in DMSO by six direct applications to the tissue underlying each of the thoracic 
nipples beneath the mammary glands. The experiment was terminated after 44 weeks. In 
20 rats, multiple tumour histologies were observed, the major type being fibroadenomas 
in 70% of the surviving rats, with a tumour latency of 21 weeks. In the DMSO-treated 
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rats, mammary tumour incidence was 15%, with a tumour latency of 39.7 weeks (Hecht 
et al., 1996). 

Groups of newborn Charles River CD1 mice were injected intraperitoneally on days 
1, 8 and 15 of life with syn-benzo[j]fluoranthene-9,10-diol-11,12-oxide at total doses of 
110, 275 or 1100 nmol [31.5, 79 or 315 µg] in DMSO. Mice were weaned at 28 days of 
age, separated by sex and killed at week 52 of the bioassay. In 25, 25 or 28 female mice, 
alveolar/bronchiolar carcinomas developed in 68, 24 or 14.3% of the surviving mice 
(0.88, 0.36 or 0.14 tumours/mouse), respectively, but no hepatic tumours. In 38, 23, or 
35 male mice, alveolar/bronchiolar carcinomas developed in 55.2, 26 or 37.1% of the 
surviving mice (0.78, 0.26 or 0.43 tumours/mouse), hepatic tumours in 68.4, 34.8 or 
25.7% of the surviving mice and hepatic carcinomas in 26.3, 4.34 or 0% of the surviving 
mice, respectively. In 33 female or 33 male mice treated with DMSO alone, alveolar/ 
bronchiolar carcinomas developed in 21.2 or 18.2% of the surviving mice (0.24 or 0.18 
tumours/mouse) and hepatic tumours in 0 or 9.1% of the surviving mice (0 or 0.18 
tumours/mouse), respectively. No hepatic carcinomas were observed (LaVoie et al., 
1994). 

DNA adducts of benzo[j]fluoranthene-9,10-diol-11,12-oxides 

anti-Benzo[j]fluoranthene-9,10-diol-11,12-oxide formed several adducts with calf 
thymus DNA (King et al., 1994). One major DNA adduct was produced by anti-
benzo[j]fluoranthene-9,10-diol-11,12-oxide in S. typhimurium TA97a and TA100 in the 
absence of an exogenous metabolic activation system but not after treatment with 
benzo[j]fluoranthene in the presence of Aroclor 1254-induced rat liver metabolic 
activation (Marshall et al., 1993). Both anti- and syn-benzo[j]fluoranthene-9,10-diol-
11,12-oxides formed DNA adducts after application to mouse epidermis. However, these 
adducts were not observed in the epidermis of mice treated with benzo[j]fluoranthene 
(Weyand et al., 1993a). 

Genotoxicity of benzo[j]fluoranthene-9,10-diol-11,12-oxides 

Both anti- and syn-benzo[j]fluoranthene-9,10-diol-11,12-oxide were mutagenic in 
S. typhimurium TA97a, TA98 and TA100 in the absence of an exogenous metabolic 
activation system (Marshall et al., 1993). 

Conclusion 

Benzo[j]fluoranthene is metabolically activated by a diol epoxide mechanism. 
In mouse skin, benzo[j]fluoranthene was metabolized to two diols, benzo[j]-

fluoranthene-4,5-diol and benzo[j]fluoranthene-9,10-diol. Benzo[j]fluoranthene-4,5-diol 
was mutagenic to bacteria, initiated mouse skin tumours and induced both pulmonary and 
hepatic tumours in newborn mice. Both benzo[j]fluoranthene and benzo[j]fluoranthene-
4,5-diol formed anti-benzo[j]fluoranthene-4,5-diol-6,6a-oxide–deoxyguanosine DNA 
adducts in mouse skin. Both anti- and syn-benzo[j]fluoranthene-4,5-diol-6,6a-oxide were 
mutagenic to bacteria, and induced pulmonary and hepatic tumours in newborn mice and 
DNA adducts on mouse skin. Benzo[j]fluoranthene-9,10-diol was mutagenic to bacteria, 
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initiated tumours and induced pulmonary and hepatic tumours in newborn mice. 
Benzo[j]fluoranthene-9,10-diol formed DNA adducts in mouse skin which are related to 
both anti- and syn-benzo[j]fluoranthene-9,10-diol-11,12-oxide. Both anti- and syn-
benzo[j]fluoranthene-9,10-diol-11,12-oxide induced pulmonary and hepatic tumours in 
newborn mice and DNA adducts in mouse skin; however, these DNA adducts were not 
observed in mouse skin after treatment with benzo[j]fluoranthene. In the rat mammary 
model, both anti-benzo[j]fluoranthene-9,10-diol-11,12-oxide and anti-benzo[j]-
fluoranthene-4,5-diol-6,6a-oxide induced mammary tumours, although the former 
produced a higher tumour incidence. In summary, for mouse skin tumorigenesis, there is 
evidence for a diol epoxide mechanism for benzo[j]fluoranthene through 
benzo[j]fluoranthene-4,5-diol. 

Benzo[k]fluoranthene  

(i) Metabolism and metabolic activation  

The metabolism of benzo[k]fluoranthene has been documented in several studies in 
rat liver microsomes. Benzo[k]fluoranthene is metabolized by Aroclor 1254-induced rat 
liver microsomes to the major metabolite, trans-8,9-dihydro-8,9-dihydroxybenzo[k]fluo-
ranthene (benzo[k]fluoranthene-8,9-diol), benzo[k]fluoranthene-2,3-quinone and 3-, 8- and 
9- hydroxybenzo[k]fluoranthene (LaVoie et al., 1980; Weyand et al., 1988).  

(ii) Formation of DNA adducts  

Benzo[k]fluoranthene forms a single unidentified DNA adduct in mouse skin 
epidermis in vivo (Weyand et al., 1987).  

(iii) Genotoxic effects of benzo[k]fluoranthene 

In a previous monograph, benzo[k]fluoranthene was reported to induce mutations in 
S. typhimurium in the presence of an exogenous metabolic activation system (IARC, 
1983). It is mutagenic in S. typhimurium TA100 in the presence of Aroclor 1254-induced 
rat liver metabolic activation (Weyand et al., 1988) and in human B lymphoblastoid 
h1A1v1 cells (thymidine kinase locus) that express CYP1A1 (Durant et al., 1996). 

(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis  

DNA adducts of benzo[k]fluoranthene-8,9-oxide 

Benzo[k]fluoranthene-8,9-oxide formed one major DNA adduct with calf thymus 
DNA (King et al., 1994). 

Carcinogenicity study of benzo[k]fluoranthene-8,9-diol 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received dermal 
application of 10 subdoses every other day for total initiating applications of 105, 349, or 
3496 nmol [30, 100 or 1000 µg] benzo[k]fluoranthene-8,9-diol in acetone followed 
10 days later by 4 nmol [2.5 µg] TPA in acetone three times a week for 20 weeks. The 
incidence of skin tumours (tumours/mouse) in the dosed groups 21 weeks after treatment 
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was 15% (0.1), 10% (0.1) and 10% (0.4), respectively. No skin tumours were found in 
control mice treated with TPA alone (LaVoie et al., 1982). 

Genotoxicity of benzo[k]fluoranthene-8,9-diol 

Benzo[k]fluoranthene-8,9-diol is mutagenic in S. typhimurium TA100 in the presence 
of Aroclor 1254-induced rat liver metabolic activation (LaVoie et al., 1980; Weyand et 
al., 1988). 

DNA adducts of benzo[k]fluoranthene-8,9-diol-10,11-epoxide 

Benzo[k]fluoranthene-8,9-diol-10,11-epoxide formed one major DNA adduct with 
calf thymus DNA (King et al., 1994). 

Conclusion 

There are insufficient data on benzo[k]fluoranthene to propose a route of metabolic 
activation. Benzo[k]fluoranthene is metabolized to benzo[k]fluoranthene-8,9-diol by rat 
liver preparations. Benzo[k]fluoranthene-8,9-diol is mutagenic to bacteria but is inactive 
as a tumour initiator in mouse skin. 

Benzo[c]phenanthrene 

The Working Group did not review all the mechanistic data on 
benzo[c]phenanthrene. However, there is evidence that benzo[c]phenanthrene can be 
activated metabolically by the diol epoxide mechanism. Benzo[c]phenanthrene was 
metabolized to benzo[c]phenanthrene-3,4-diol and benzo[c]phenanthrene-5,6-diol and 
unidentified monohydroxy derivatives in the presence of rat liver preparations (Ittah et al., 
1983). The proximate fjord-region diol, benzo[c]phenanthrene-3,4-diol, was metabolized 
by rat liver microsomes to diastereomeric fjord-region diol epoxides that were mutagenic 
to bacterial and mammalian cells. One of both diastereomeric diol epoxides was 
considered to be an ultimate carcinogen (Wood et al., 1980). Benzo[c]phenanthrene-3,4-
diol-1,2-oxide was a tumour initiator in mouse skin (Levin et al., 1980, 1986) and it 
induced mammary tumours in rats (Hecht et al., 1994; Amin et al., 1995a) and pulmonary 
tumours in newborn mice (Amin et al., 1995b). 

Benzo[a]pyrene 

It is universally accepted that most PAHs are biologically inert and require 
metabolism to reactive electrophilic metabolites that bind to DNA in the target tissue to 
initiate carcinogenesis. Using cell culture systems and isolated organelles from rodent and 
human tissues, PAHs have been shown to be metabolized by various pathways. Three 
major pathways are known by which PAHs are metabolized. These are: (i) metabolism by 
CYP enzymes and epoxide hydrolases to diol epoxides; (ii) metabolism through radical 
cation formation; and (iii) metabolism via quinones to yield reactive oxygen species. 
These pathways lead to active metabolites that are capable of binding to macromolecules. 
DNA lesions, if not repaired, may lead to mutations that may constitute the basis of the 
carcinogenic process. Other cellular pathways affected by benzo[a]pyrene may be 
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important in carcinogenesis, such as effects on cell proliferation, apoptosis and gap-
junctional intercellular communication. 

(i) Metabolism and metabolic activation  

The metabolism of benzo[a]pyrene has been documented in an extremely large 
number of in-vitro and in-vivo studies that encompass many phyla. The majority of these 
studies have used mouse, rat and human tissues. While there are many sites of 
metabolism on the benzo[a]pyrene ring system, there is one primary centre of metabolism 
and metabolic activation where formation of the bay-region diol epoxide takes place on 
the benzo ring, at the C7–C8 and C9–C10 bonds. The enzymes primarily responsible for 
the metabolism of benzo[a]pyrene are CYP1A1 and CYP1B1, which convert it to several 
different arene oxides that are enzymatically converted to diols by epoxide hydrolase.  

In general, the most commonly identified metabolites of benzo[a]pyrene are three 
diols: the proximate bay-region diol, 7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene 
(benzo[a]pyrene-7,8-diol), 9,10-dihydroxy-9,10-dihydrobenzo[a]pyrene (benzo[a]pyrene-
9,10-diol) and the K-region diol, 4,5-dihydroxy-4,5-dihydrobenzo[a]pyrene (benzo[a]-
pyrene-4,5-diol); three quinones: benzo[a]pyrene-1,6-quinone, benzo[a]pyrene-3,6-
quinone and benzo[a]pyrene-6,12-quinone; and several phenols: benzo[a]pyrene-3-
phenol and benzo[a]pyrene-9-phenol. Under some conditions, benzo[a]pyrene-4,5-oxide 
may be observed, while benzo[a]pyrene-7,8-oxide and benzo[a]pyrene-9,10-oxide are too 
unstable to be isolated. Other minor metabolites that have been detected are 11,12-
dihydroxy-11,12-dihydrobenzo[a]pyrene and 6-hydroxymethylbenzo[a]pyrene. Benzo-
[a]pyrene was metabolized by liver microsomes or cultured hepatocytes from control, 
5,6-benzoflavone-induced and phenobarbital-induced rats to the following metabolites: 
benzo[a]pyrene-7,8-diol, benzo[a]pyrene-9,10-diol, benzo[a]pyrene-4,5-diol, benzo[a]-
pyrene-1,6-quinone, benzo[a]pyrene-3,6-quinone, benzo[a]pyrene-6,12-quinone, benzo[a]-
pyrene-3-phenol and benzo[a]pyrene-9-phenol (Nesnow et al., 1980).  

In studies with cultured rodent cells, benzo[a]pyrene-7,8-diol, benzo[a]pyrene-9,10-
diol, benzo[a]pyrene-4,5-diol, benzo[a]pyrene-1,6-quinone, benzo[a]pyrene-3,6-quinone, 
benzo[a]pyrene-6,12-quinone, benzo[a]pyrene-3-phenol and benzo[a]pyrene-9-phenol 
were identified after incubation of benzo[a]pyrene with primary rat hepatocytes (Shen et 
al., 1980), mouse embryo cells (Nesnow et al., 1981), primary mouse epidermal cells 
(excluding benzo[a]pyrene-4,5-diol) (DiGiovanni et al., 1982a), hamster embryo cells 
(excluding benzo[a]pyrene-4,5-diol) (Nemoto et al., 1979) and short-term organ cultures 
of rat and hamster trachea (Mass & Kaufman, 1978; Moore & Cohen, 1978).  

In studies with cultured human cells, benzo[a]pyrene-7,8-diol, benzo[a]pyrene-9,10-
diol, benzo[a]pyrene-4,5-diol, benzo[a]pyrene-1,6-quinone, benzo[a]pyrene-3,6-quinone, 
benzo[a]pyrene-6,12-quinone, benzo[a]pyrene-3-phenol and benzo[a]pyrene-9-phenol 
were identified after incubation of benzo[a]pyrene with cultured human bronchial 
explants (Hsu et al., 1978), human bronchial epithelial cells (excluding benzo[a]pyrene-
4,5-diol) (Siegfried et al., 1986), human epidermal keratinocytes (excluding benzo[a]-
pyrene-4,5-diol) (Kuroki et al., 1980) and human skin fibroblasts (excluding 
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benzo[a]pyrene-4,5-diol and quinones) (Cunningham et al., 1989). Benzo[a]pyrene-7,8-
diol, benzo[a]pyrene-4,5-diol and quinones and 3- and 9-hydroxybenzo[a]pyrene were 
measured in lung and liver tissues from newborn mice after intraperitoneal administration 
of benzo[a]pyrene (Melikian et al., 1989).  

Human recombinant liver CYP1B1 and CYP1A1 in combination with epoxide 
hydrolase metabolized benzo[a]pyrene to benzo[a]pyrene-7,8-diol; CYP1A1 was 10 
times less active than CYP1B1 (Shimada et al., 1999b). Benzo[a]pyrene binds at different 
levels to DNA in the epidermis of Cyp1a2–/–, Cyp1b1–/– and Ahr–/– knockout mice in vivo, 
with the least binding in the Ahr–/– mice, which suggests that CYP1A1 is involved in the 
bioactivation of benzo[a]pyrene (Kleiner et al., 2004). The metabolism of benzo[a]pyrene 
to benzo[a]pyrene-7,8-diol was stereospecific. Uninduced, 3-methylcholanthrene-induced 
and phenobarbital-induced rat liver microsomes metabolized benzo[a]pyrene to 
benzo[a]pyrene-7R,8R-diol which was a result of the in-situ formation of benzo[a]pyrene-
7R,8S-oxide (Yang, 1988).  

(ii) Formation of DNA adducts  

The most ubiquitous adduct detected in isolated mammalian DNA after metabolic 
activation of benzo[a]pyrene, in metabolically competent mammalian cells in culture or in 
mammals is the N2-deoxyguanosine adduct, (+)-N2-10S-(7R,8S,9R-trihydroxy-7,8,9,10-
tetrahydrobenzo[a]pyrene)-yl)–2′-deoxyguanosine, derived from 7R,8S-dihydroxy-9R,10R-
epoxy-7,8,9,10-tetrahydro-benzo[a]pyrene (anti-benzo[a]pyrene-7,8-diol-9,10-oxide). It 
was first fully identified from benzo[a]pyrene-treated human and bovine bronchial 
explants (Jeffrey et al., 1977), and was actually visualized by electron microscopy on 
mouse embryo cell DNA as an antibody complex (Paules et al., 1985).  

This anti-benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine adduct has been 
detected in incubations of benzo[a]pyrene with calf thymus DNA or with Chinese 
hamster lung V79 cells or V79 cell nuclei in the presence of an Aroclor 1254-induced rat 
liver preparation (Sebti & Baird, 1984; Bodell et al., 1989), in mouse, rat and hamster 
embryo cells exposed to benzo[a]pyrene in culture (Sebti et al., 1985), in mouse skin 
DNA after topical treatment with benzo[a]pyrene (Ashurst et al., 1983; Bodell et al., 
1989; Chen et al., 1996), in epidermal and dermal skin of mice treated topically with 
benzo[a]pyrene (Huckle et al., 1986), in mouse lung and liver after treatment with 
benzo[a]pyrene by gavage (Kulkarni & Anderson, 1984), in rat liver, lung and peripheral 
blood lymphocytes after intraperitoneal treatment with benzo[a]pyrene (Garner et al., 
1985; Ross et al., 1990), in mouse skin explant cultures exposed to benzo[a]pyrene 
(Huckle et al., 1986), in human bronchus and peripheral lung explants exposed to 
benzo[a]pyrene (Shinohara & Cerutti, 1977; Garner et al., 1985), in human mammary 
epithelial cells exposed to benzo[a]pyrene (Moore et al., 1987), in human MRC5CV1 
fibroblast cells exposed to benzo[a]pyrene in the presence of an Aroclor 1254-induced rat 
liver fraction (Hanelt et al., 1997) and in human epithelial lung BEAS-2B cells exposed to 
benzo[a]pyrene without an activation system (van Agen et al., 1997).  
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In humans, the anti-benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adducts have been 
detected in autopsy samples from human lungs of smokers and nonsmokers (Lodovici et 
al., 1998), in white blood cells of coke-oven workers (Rojas et al., 1995; Pavanello et al., 
1999a), cigarette smokers (Rojas et al., 1995) and chimney sweeps (Pavanello et al., 
1999a). 

(iii) Genotoxicity of benzo[a]pyrene  

In a previous monograph, benzo[a]pyrene was reported to induce DNA repair, 
bacteriophages and mutations in bacteria, mutations in Drosphila melanogaster, DNA 
binding, DNA repair, sister chromatid exchange, chromosomal aberrations, point 
mutations and morphological cell transformation in mammalian cells; and point 
mutations, sister chromatid exchange, chromosomal aberrations, sperm abnormality and 
somatic mutations in bioassays in mammals in vivo (IARC, 1983). Benzo[a]pyrene 
induced DNA strand breaks and hypoxanthine(guanine)phosphoribosyltransferase 
(HPRT) gene mutation (6-thioguanine resistance) in human MRC5CV1 fibroblast cells in 
the presence of an Aroclor 1254-induced rat liver fraction (Hanelt et al., 1997). It induced 
micronuclei and anchorage-independent growth (cell transformation) in human epithelial 
lung BEAS-2B cells (van Agen et al., 1997). 

(iv) Benzo[a]pyrene-induced mutations in proto-oncogenes and 
tumour-suppressor genes 

Benzo[a]pyrene induced three types of Ki-ras codon 12 mutations in lung adenomas 
from treated strain A/J mice: GGT→TGT (56.3%), GGT→GTT (25%) and GGT→GAT 
(19%), indicating that deoxyguanosine was a primary target for this PAH in mouse lung 
(Mass et al., 1993). Codon 13 c-Ha-ras mutations (GGC→GTC and GGC→CGC) 
(DiGiovanni et al., 1993) and codon 61 mutations (CAA→CTA) were detected in Sencar 
mouse skin papillomas induced by benzo[a]pyrene (Chakravarti et al., 1995).  

Liu et al. (2005) have shown that, in murine embryonic fibroblasts from human TP53 
knock-in (Hupki) mice, benzo[a]pyrene induced mutations similar to those found in 
smoking-related lung cancer: a predominance of G→T mutations, unequivocal strand bias 
of the transversions and mutational hotspots at codons 157 and 158 (see below (viii)). 

(v) Evidence for the diol epoxide pathway as a mechanism of 

carcinogenesis 

Benzo[a]pyrene-7,8-oxide 

Carcinogenicity studies of benzo[a]pyrene-7,8-oxide 

Groups of 30–39 female C57BL/6J mice, 63 days of age, received dermal 
applications of 100 or 400 nmol [27 or 108 µg] racemic benzo[a]pyrene-7,8-oxide in 
acetone:ammonium hydroxide (1000:1) every two weeks for 60 weeks. In three or 25 
mice autopsied at 60 weeks, two or 28 had squamous-cell carcinomas of the skin. There 
were no skin tumours in mice treated with acetone:ammonium hydroxide (1000:1) alone 
(Levin et al., 1976). 
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A group of 29 female CD-1 mice, 51–65 days of age, received a single dermal 
application of 200 nmol [53 µg] racemic benzo[a]pyrene-7,8-oxide in acetone:-
ammonium hydroxide (1000:1), followed 7 days later by 16 nmol [10 µg] TPA in acetone 
twice a week for 30 weeks. The incidence of tumours in the dosed group 30 weeks after 
promotion was 89% (2.52 tumours/mouse). No data were reported on skin tumours in 
mice treated with TPA alone (Slaga et al., 1976). 

Groups of 30 female CD-1 mice, 52–59 days of age, received a single dermal 
application of 100 or 400 nmol [27 or 108 µg] racemic benzo[a]pyrene-7,8-oxide in 
acetone:ammonium hydroxide (1000:1), followed 7 days later by 16 nmol [10 µg] TPA in 
acetone twice a week for 25 weeks. The incidence of skin tumours in the two dose groups 
26 weeks after promotion was 50 or 60% (0.83 or 1.67 tumours/mouse), respectively. 
Mice treated with TPA alone had a skin tumour incidence of 7% (0.07 tumours/mouse) 
(Levin et al., 1980). 

Groups of 30 female CD-1 mice, 52–59 days of age, received a single dermal 
application of 100 or 400 nmol [27 or 108 µg] (+)-benzo[a]pyrene-7,8-oxide or  
(–)-benzo[a]pyrene-7,8-oxide in acetone:ammonium hydroxide (1000:1), followed 7 days 
later by 16 nmol [10 µg] TPA in acetone twice a week for 25 weeks. The incidence of 
skin tumours in the two dose groups 26 weeks after promotion was 18 or 55% (0.54 or 
1.03 tumours/mouse) or 11 or 36% (0.11 or 0.43 tumours/mouse), respectively. Mice 
treated with TPA alone had a tumour incidence of 7% (0.07 tumours/mouse) (Levin et al., 
1980). 

Groups of newborn Swiss Webster BLU:Ha(ICR) mice were injected intra-
peritoneally on days 1, 8 and 15 of life with racemic benzo[a]pyrene-7,8-oxide (total 
dose, 1.4 µmol) [375 µg] in DMSO:ammonium hydroxide (1000:1). Mice were weaned 
at 25 days of age, separated by sex and killed at 24 weeks of age. In 53 male and female 
mice, pulmonary tumours developed in 72% of the surviving mice (2.1 tumours/mouse). 
In 40 male and female mice treated with DMSO:ammonium hydroxide (1000:1) alone, 
pulmonary tumours developed in 8% of the surviving mice (0.08 tumours/mouse) 
(Wislocki et al., 1978b). 

Groups of newborn BLU:Ha(ICR) mice were injected intraperitoneally on days 1, 
8 and 15 of life with racemic benzo[a]pyrene-7,8-oxide, (+)-benzo[a]pyrene-7,8-oxide or 
(–)-benzo[a]pyrene-7,8-oxide (total dose, 700 nmol) [188 µg] in DMSO:ammonium 
hydroxide (1000:1). Mice were weaned at 23 days of age, separated by sex and killed at 
31–35 weeks of age. In 63, 74 or 59 male and female mice, pulmonary tumours were 
observed in 89, 84 or 20% of the surviving mice (3.60, 2.28 or 0.25 tumours/mouse), 
respectively. In 74 male and female mice treated with DMSO:ammonium hydroxide 
(1000:1) alone, pulmonary tumours developed in 13% of the surviving mice 
(0.14 tumours/mouse) (Levin et al., 1980). 
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Genotoxicity of benzo[a]pyrene-7,8-oxide 

Benzo[a]pyrene-7,8-oxide was weakly mutagenic in S. typhimurium TA1538 (Wood 
et al., 1975) and induced sister chromatid exchange in Chinese hamster ovary cells (Pal et 
al., 1980). 

Benzo[a]pyrene-7,8-diol 

Carcinogenicity studies of benzo[a]pyrene-7,8-diol 

A group of 29 female CD-1 mice, 51–65 days of age, received a single dermal 
application of 200 nmol [57 µg] racemic benzo[a]pyrene-7,8-diol in acetone:ammonium 
hydroxide (1000:1), followed 7 days later by 16 nmol [10 µg] TPA in acetone twice a 
week for 30 weeks. The incidence of skin tumours in the dosed group 30 weeks after 
promotion was 86% (5.0 tumours/mouse). No data were reported for skin tumours in 
mice treated with TPA alone (Slaga et al., 1977b). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received dermal 
applications of 10 subdoses every other day for a total initiating application of 30 µg 
[136 nmol] racemic benzo[a]pyrene-7,8-diol in acetone followed 10 days later by 4 nmol 
[2.5 µg] TPA in acetone three times a week for 20 weeks. The incidence of skin tumours 
in the dosed groups 21 weeks after treatment was 90% (nine tumours/mouse). No skin 
tumours occurred in control mice treated with TPA alone (LaVoie et al., 1982). 

Groups of 29–30 female CD-1 mice, 51–65 days of age, received a single dermal 
application of 100 nmol [29.6 µg] (–)-benzo[a]pyrene-7,8-diol or (+)-benzo[a]pyrene-
7,8-diol in acetone:ammonium hydroxide (1000:1) followed 11 days later by 16 nmol 
[10 µg] TPA in acetone twice a week for 21 weeks. The incidence of skin tumours in the 
dosed groups 22 weeks after treatment was 77% (3.8 tumours/mouse) or 23% (0.43 
tumours/mouse), respectively. The incidence of skin tumours in mice treated with TPA 
alone was 7% (0.7 tumours/mouse) (Levin et al., 1977a). 

Groups of 29 female C57BL/6J mice, 56–63 days of age, received dermal 
applications of 25, 50 or 100 nmol [7.2, 14.5 or 29 µg] racemic benzo[a]pyrene-7,8-diol 
in acetone:ammonium hydroxide (1000:1) every two weeks for 60 weeks. The incidence 
of squamous-cell carcinomas in the dosed groups at 60 weeks after treatment was 22% 
(seven tumours), 76% (24 tumours) or 92% (28 tumours), respectively. No skin tumours 
occurred in mice treated with acetone:ammonium hydroxide (1000:1) alone (Levin et al., 
1977b). 

Groups of newborn Swiss Webster BLU:Ha (ICR) mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic benzo[a]pyrene-7,8-diol (total 
dose, 28 nmol) [8 µg] in DMSO. Mice were weaned at 25 days of age, separated by sex 
and killed at 28 weeks of age. In 62 male and female mice, pulmonary adenomas were 
observed in 66% of the surviving mice (1.77 tumours/mouse). In 67 male and female 
mice treated with DMSO alone, pulmonary tumours were observed in 12% of the 
surviving mice (0.13 tumours/mouse) (Kapitulnik et al., 1978a). 

Groups of newborn BLU:Ha(ICR) mice were injected intraperitoneally on days 1, 8 
and 15 of life with racemic benzo[a]pyrene-7,8-diol (total dose, 1.4 µmol) [400 µg] in 
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DMSO. Mice were weaned at 25 days of age, separated by sex and killed at 17 weeks of 
age. In 18 male and female mice, pulmonary tumours developed in 100% of the surviving 
mice (59.1 tumours/mouse) and malignant lymphomas in 78% of the surviving mice. 
Under the same experimental conditions, benzo[a]pyrene (1.4 µmol) [353 µg] produced 
pulmonary tumours in 74% of the surviving mice (4.13 tumours/mouse). In 48 male and 
female mice treated with DMSO alone, pulmonary tumours were observed in 10% of the 
surviving mice (0.1 tumours/mouse) and no mice had malignant lymphomas (Kapitulnik 
et al., 1978b). 

Groups of newborn BLU:Ha(ICR) mice were injected intraperitoneally on days 1, 8 
and 15 of life with (–)-benzo[a]pyrene-7,8-diol (total dose, 140, 700 or 1400 nmol) [40, 
200 or 400 µg] in DMSO. Mice were weaned at 25 days of age, separated by sex and 
killed at 17 weeks of age. In 46, 29 or two male and female mice, pulmonary tumours 
developed in 98, 100 or 100% of the surviving mice (9.28, 32.2 or 5 tumours/mouse) and 
malignant lymphomas in 4, 70 or 83% of the surviving mice, respectively. In 48 male and 
female mice treated with DMSO alone, pulmonary tumours developed in 10% of the 
surviving mice (0.1 tumours/mouse) and no mice had malignant lymphomas (Kapitulnik 
et al., 1978b). 

Groups of newborn BLU:Ha(ICR) mice were injected intraperitoneally on days 1, 8 
and 15 of life with (+)-benzo[a]pyrene-7,8-diol (total dose, 140, 700 or 1400 nmol) [40, 
200 or 400 µg] in DMSO. Mice were weaned at 25 days of age, separated by sex and 
killed at 17 weeks of age. In 38, 35 or 47 male and female mice, pulmonary tumours 
developed in 16, 54 or 94% of the surviving mice (0.16, 2.34 or 18.5 tumours/mouse) and 
malignant lymphomas in 0, 6 or 0% of the surviving mice, respectively. In 48 male and 
female mice treated with DMSO alone, pulmonary tumours developed in 10% of the 
surviving mice (0.1 tumours/mouse) and no mice had malignant lymphoma (Kapitulnik et 
al., 1978b). 

Groups of 20 female Ha:ICR mice, 87 days of age, received oral intubations of 
racemic benzo[a]pyrene-7,8-diol in tricaprylin three times a week for 6 weeks (total dose, 
18 µmol) [5153 µg] and were killed at 41 weeks of age. In 14 surviving mice at 32 weeks, 
tumour incidence was 100% for forestomach papilloma tumours (4.6 tumours/mouse), 
30.6 pulmonary adenomas/mouse and 50% for lymphomas (almost all thymic in origin). 
In 19 surviving control mice that received vehicle alone, tumour incidence was 11% for 
forestomach papilloma tumours (0.1 tumours/mouse), 0.7 pulmonary adenomas/mouse 
and no lymphomas (Wattenberg et al., 1979).  

Groups of 18–19 male C3H/fCum mice, 28–35 days of age, received a single 
subcutaneous injection of 900 nmol [258 µg] racemic benzo[a]pyrene-7,8-diol in DMSO. 
The mice were killed after 18 months. The incidence of fibrosarcomas in the dosed group 
at 18 months after treatment was 42%. There were no tumours in mice treated with 
DMSO alone (Kouri et al., 1980). 
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Metabolism of benzo[a]pyrene-7,8-diol 

Racemic benzo[a]pyrene-7,8-diol was metabolized by control, 3-methylcholanthrene- 
or phenobarbital-induced rat liver microsomes to both syn- and anti-benzo[a]pyrene-7,8-
diol-9,10-oxide (Thakker et al., 1976). (–)-Benzo[a]pyrene-7,8-diol was metabolized by 
purified induced rabbit liver cytochromes to both syn- and anti-benzo[a]pyrene-7,8-diol-
9,10-oxide; the anti isomer predominated with 5,6-benzoflavone- and phenobarbital-
induced forms (Deutsch et al., 1978). Racemic benzo[a]pyrene-7,8-diol was metabolized 
to both syn- and anti-benzo[a]pyrene-7,8-diol-9,10-oxide in epidermis after topical 
administration to mouse skin (Melikian et al., 1987). (+)-Benzo[a]pyrene-7,8-diol was 
metabolized in mouse skin by two pathways: by CYP to (+)-syn-benzo[a]pyrene-7,8-diol-
9,10-oxide and by peroxy radicals to (–)-anti-benzo[a]pyrene-7,8-diol-9,10-oxide 
(Pruess-Schwartz et al., 1989). Hamster tracheal and human bronchus explants metab-
olized racemic benzo[a]pyrene-7,8-diol to both syn- and anti-benzo[a]pyrene-7,8-diol-
9,10-oxide; the anti isomer predominated. Prostaglandin H synthetase co-oxygenation in 
the human bronchus explants produced the anti isomer (Reed et al., 1984).  

DNA adducts of benzo[a]pyrene-7,8-diol 

Racemic benzo[a]pyrene-7,8-diol forms four DNA adducts following topical 
treatment of mouse skin: two anti-benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine 
adducts and two syn-benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine adducts (Rojas 
& Alexandrov, 1986). 

Genotoxicity of benzo[a]pyrene-7,8-diol 

Racemic benzo[a]pyrene-7,8-diol induced mutations in S. typhimurium strain TA100 
in the presence of intact hepatocytes, homogenized hepatocytes or homogenized 
hepatocytes with an NADPH-generating system from rats pretreated with Aroclor 1254 
(Glatt et al., 1981) and in TA98 in the presence of a reconstituted cytochrome P448 
system (Wood et al., 1977c). Racemic benzo[a]pyrene-7,8-diol induced mutations in 
Chinese hamster V79 cells (8-azaguanine and ouabain resistance) in the presence of 3-
methylcholanthrene-induced rat liver preparations (Kuroki et al., 1979), in V79 cells (6-
thioguanine resistance) that express rat CYP1A1 (Dogra et al., 1990) and in V79 cells 
(ouabain resistance) co-cultured with human bronchus explants (Hsu et al., 1978). 
Racemic benzo[a]pyrene-7,8-diol induced mutations in Chinese hamster ovary cells (6-
thioguanine resistance) supplemented with an Aroclor 1254-induced rat liver preparation 
(Recio & Hsie, 1987). It induced morphological cell transformation in C3H10T½Cl8 
cells (Gehly et al., 1982). Each enantiomer of benzo[a]pyrene-7,8-diol induced malignant 
transformation of cultured rat hepatocytes (Heintz et al., 1980). 

Benzo[a]pyrene-7,8-diol-9,10-oxide in animals 

Carcinogenicity studies of benzo[a]pyrene-7,8-diol-9,10-oxide in animals 

Groups of 29 female CD-1 mice, 49–63 days of age, received a single dermal 
application of 200 nmol [60 µg] racemic anti-benzo[a]pyrene-7β,8α-diol-9α,10α-oxide or 
syn-benzo[a]pyrene-7β,8α-diol-9β,10β-oxide in anhydrous DMSO:acetone (1:3), follo-
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wed 7 days later by 16 nmol [10 µg] TPA in acetone twice a week for 30 weeks. The 
incidence of skin tumours (tumours/mouse) in the dosed group 30 weeks after promotion 
was 69 or 7% (1.5 or 0.07), respectively. No data were reported on skin tumours in mice 
treated with TPA alone (Slaga et al., 1977b). 

Groups of 29–30 female Sencar mice, 51–65 days of age, received a single dermal 
application of 100 nmol [30 µg] (+)-anti-benzo[a]pyrene-7β,8α-diol-9α,10α-oxide,  
(–)-syn-benzo[a]pyrene-7β,8α-diol-9β,10β-oxide, (–)-anti-benzo[a]pyrene-7α,8β-diol-
9β,10β-oxide or (+)-syn-benzo[a]pyrene-7α,8β-diol-9α,10α-oxide in anhydrous tetra-
hydrofuran, followed 7 days later by 16 nmol [10 µg] TPA in acetone twice a week for 
24 weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 24 weeks 
after promotion were 75% (2.0), 13% (0.13), 3% (0.03) or 10% (0.01), respectively. The 
incidence of skin tumours (tumours/mouse) in mice treated with TPA alone was 10% 
(0.1). In comparison, the incidence of skin tumours (tumours/mouse) in mice treated with 
benzo[a]pyrene (100 nmol) [25 µg] was 86% (2.8) (Slaga et al., 1979). 

Groups of newborn Swiss Webster BLU:Ha (ICR) mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic anti-benzo[a]pyrene-7,8-diol-
9,10-oxide or racemic syn-benzo[a]pyrene-7,8-diol-9,10-oxide (total dose, 28 nmol) 
[8.5 µg] in DMSO. Mice were weaned at 25 days of age, separated by sex and killed at 28 
weeks of age. In 64 or 21 male and female mice, pulmonary adenomas developed in 86 or 
10% of the surviving mice (4.42 or 0.14 tumours/mouse), respectively. In 67 male and 
female mice treated with DMSO alone, pulmonary tumours occurred in 12% of the 
surviving mice (0.13 tumours/mouse) (Kapitulnik et al., 1978a). 

Groups of Swiss Webster BLU:Ha (ICR) mice were injected intraperitoneally on 
days 1, 8 and 15 of life with (+)-anti-benzo[a]pyrene-7,8-diol-9,10-oxide,  
(–)-anti-benzo[a]pyrene-7,8-diol-9,10-oxide, (+)-syn-benzo[a]pyrene-7,8-diol-
9,10-oxide or (–)-syn-benzo[a]pyrene-7,8-diol-9,10-oxide (total dose, 7 or 14 
nmol) [2 or 4 µg] in DMSO. Mice were weaned at 25 days of age, separated by sex and 
killed at 34–37 weeks of age. Only mice treated with (+)-anti-benzo[a]pyrene-7,8-diol-
9,10-oxide had a significant incidence of tumours. In 54 or 79 male and female mice 
treated with (+)-anti-benzo[a]pyrene-7,8-diol-9,10-oxide, pulmonary tumours (adenomas 
and adenocarcinomas) developed in 100 or 71% of the surviving mice (7.67 or 1.72 
tumours/mouse), respectively. In 98 male and female mice treated with DMSO alone, 
pulmonary tumours (adenomas and adenocarcinomas) occurred in 11% of the surviving 
mice (0.12 tumours/mouse) (Buening et al., 1978). 

DNA adducts of benzo[a]pyrene-7,8-diol-9,10-oxide 

Benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adducts have been measured in various 
mammalian cells and tissues exposed to benzo[a]pyrene-7,8-diol-9,10-oxide. An anti-
benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine adduct was detected in Chinese 
hamster V79 cells (Sundberg et al., 2002), in mouse skin DNA after topical treatment 
with anti-benzo[a]pyrene-7,8-diol-9,10-oxide (Chen et al., 1996), in human A549 
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epithelial lung carcinoma cells (Dreij et al., 2005), in human lymphoblasts in vitro 
(Vähäkangas et al., 1985) and in human fibroblasts (Hanelt et al., 1997).  

Genotoxicity of benzo[a]pyrene-7,8-diol-9,10-oxide 

Both racemic syn- and anti-benzo[a]pyrene-7,8-diol-9,10-oxide were mutagenic in 
S. typhimurium TA97, TA98, TA100 and TA104, induced SOS response in E. coli (SOS 
chromotest in strain PQ37) and were mutagenic in Chinese hamster V79 cells (6-
thioguanine resistance) (Glatt et al., 1991). Racemic anti-benzo[a]pyrene-7,8-diol-9,10-
oxide induced chromosomal aberrations (predominantly single chromatid breaks) in 
cultures of lymphocytes from normal individuals in vitro (Wei et al., 1996). Both racemic 
syn- and anti-benzo[a]pyrene-7,8-diol-9,10-oxide induced sister chromatid exchange in 
Chinese hamster ovary cells; the anti isomer was 10-fold more active than the syn isomer 
(Pal et al., 1980). Racemic anti-benzo[a]pyrene-7,8-diol-9,10-oxide induced DNA strand 
breaks and HPRT gene mutation (6-thioguanine resistance) in human fibroblast 
MRC5CV1 cells (Hanelt et al., 1997).  

(+)-Benzo[a]pyrene-7R,8S-diol-9S,10R-oxide induced mutations in the coding region 
of the HPRT gene in Chinese hamster V79 cells. Mutations at GC base pairs exceeded 
those at AT base pairs (Wei et al., 1993). Racemic anti-benzo[a]pyrene-7,8-diol-9,10-
oxide morphologically transformed C3H/10T½ cells in culture (Krolewski & Little, 
1985) and transformed human fibroblast MSU-1.1 cells into cell strains that formed 
colonies in agarose and formed sarcomas when injected into athymic mice (Yang et al., 
1992). (+)-Benzo[a]pyrene-7R,8S-diol-9S,10R-oxide also induced mutations, mainly at 
G:C base pairs (GC→TA), frameshift mutations and large deletion mutations in the supF 
gene of pUB3 in an E. coli plasmid (Rodriguez & Loechler, 1993). 

DNA repair of adducts: quantitative repair 

Benzo[a]pyrene-diol epoxide–DNA adducts in C57BL/6 mouse skin were repaired 
within 1 week after a single dose of benzo[a]pyrene (Bjelogrlic et al., 1994).  

In human A549 lung carcinoma cells, about 45% of the benzo[a]pyrene-7,8-diol-
9,10-epoxide–DNA adducts formed by incubation with 50 nM (+)-anti-benzo[a]pyrene-
7,8-diol-9,10-epoxide for 2 h were repaired within 8 h after treatment (Schwerdtle et al., 
2003).  

Conclusion 

There is strong evidence that benzo[a]pyrene is metabolically activated to the diol 
epoxide at the bay region in mouse skin and mouse lung carcinogenesis. Benzo[a]pyrene 
was metabolized by mouse and rat liver microsomes, rat hepatocytes, mouse epidermal 
tissues, hamster and mouse embryo cells, rat and hamster trachea, mouse skin and mouse 
lung tissues, human liver microsomes, human bronchial explants and epithelial cells, and 
human epidermal keratinocytes and fibroblasts to benzo[a]pyrene-7,8-diol. This 
metabolism proceeded through to two oxides: the major form, (+)-benzo[a]pyrene-7R,8S-
oxide, and the minor form, (–)-benzo[a]pyrene-7S,8R-oxide, which, upon the action of 
epoxide hydrolase, gave (–)-benzo[a]pyrene-7R,8R-diol and (+)-benzo[a]pyrene-7S,8S-
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diol, respectively. Upon further oxidation, (–)-benzo[a]pyrene-7R,8R-diol was 
metabolized to the major anti diol epoxide form, anti-(+)-benzo[a]pyrene-7R,8S-diol-
9S,10R-oxide, and the minor syn diol epoxide form, syn-(–)-benzo[a]pyrene-7R,8S-diol-
9R,10S-oxide; (+)-benzo[a]pyrene-7S,8S-diol was metabolized to the minor anti diol 
epoxide form, anti-(–)-benzo[a]pyrene-7S,8R-diol-9R,10S-oxide, and the major syn diol 
epoxide form, syn-(+)-benzo[a]pyrene-7S,8R-diol-9S,10R-oxide. Racemic benzo[a]pyrene-
7,8-oxide was genotoxic in bacteria and mammalian cells. (+)-Benzo[a]pyrene-7R,8S-
oxide was more active than (–)-benzo[a]pyrene-7S,8R-oxide as a tumour initiator in 
mouse skin and as a pulmonary carcinogen in newborn mice. Racemic benzo[a]pyrene-
7,8-diol was genotoxic in bacteria and in mammalian cells in the presence of various 
metabolic activation systems. (–)-Benzo[a]pyrene-7R,8R-diol was more active than  
(+)-benzo[a]pyrene-7S,8S-diol as a tumour initiator in mouse skin, as a pulmonary carcin-
ogen in newborn mice and in the induction of malignant lymphomas in newborn mice. In 
mice, racemic benzo[a]pyrene-7,8-diol induced forestomach papillomas after treatment 
by gavage, malignant skin tumours after repeated treatment of the skin and fibrosarcomas 
after subcutaneous treatment.  

Both racemic syn- and anti-benzo[a]pyrene-7,8-diol-9,10-oxide were genotoxic in 
bacteria and mammalian cells. Racemic anti-benzo[a]pyrene-7,8-diol-9,10-oxide was 
more active that the syn isomer as a tumour initiator in mouse skin and as a pulmonary 
carcinogen in mice and (+)-anti-benzo[a]pyrene-7R,8S-diol-9S,10R-oxide had the 
greatest activity in both bioassay systems. Quantitatively, (+)-anti-benzo[a]pyrene-7R,8S-
diol-9S,10R-oxide was more active as a tumour initiator in mouse skin or pulmonary 
carcinogen in newborn mice than (–)-benzo[a]pyrene-7R,8R-diol which was more 
carcinogenic than benzo[a]pyrene. The most common benzo[a]pyrene diol epoxide–
DNA adduct detected in multiple bioassay systems was the anti-benzo[a]pyrene-7,8-diol-
9,10-oxide–deoxyguanosine adduct. This adduct was formed in vitro and in vivo after 
treatment with benzo[a]pyrene, benzo[a]pyrene-7,8-diol or anti-benzo[a]pyrene-7,8-diol-
9,10-oxide, and is consistent with proto-oncogene mutations in tumours induced by 
benzo[a]pyrene. In addition, anti-benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adducts are 
preferentially formed at lung cancer mutational hotspots in human p53 (see below (viii)).  

(vi) Evidence for other metabolic activation mechanisms 

9-Hydroxybenzo[a]pyrene was metabolized by an Aroclor 1254-induced rat liver 
preparation to an intermediate that formed a single DNA adduct in calf thymus DNA and 
in Chinese hamster V79 lung cell DNA (Sebti & Baird, 1984). In vivo, intraperitoneal 
administration of 9-hydroxybenzo[a]pyrene to rats produced this adduct in lung and 
peripheral blood lymphocytes (Ross et al., 1990). It was identified as a 9-hydroxy-
benzo[a]pyrene-4,5-oxide adduct of deoxyguanosine (Vigny et al., 1980; Fang et al., 
2001), and was detected in vivo after intraperitoneal exposure to benzo[a]pyrene of mouse 
lung (Mass et al., 1993) and of rat lung and peripheral blood lymphocytes (Ross et al., 
1990). The significance of this adduct is questionable since 9-hydroxybenzo[a]pyrene 
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was not carcinogenic on mouse skin (Kapitulnik et al., 1976), and was a weak tumour 
initiator (Slaga et al., 1978b). 

(vii) Epigenetic effects of benzo[a]pyrene and its metabolites  

Effects on cell proliferation  

Benzo[a]pyrene increased cell proliferation in primary human mammary epithelial 
cells (Tannheimer et al., 1997) and in the spontaneously immortalized, non-tumorigenic 
growth factor-dependent human mammary epithelial cell line, MCF-10A (Tannheimer et 
al., 1998). In human mammary epithelial cells, benzo[a]pyrene increased the level of 
intracellular Ca2+ after 2 h, but the effect was maximal at 18 h (Tannheimer et al., 1997). 
Under the same conditions, no increase in calcium was seen with benzo[e]pyrene or 
anthracene. When benzo[a]pyrene was given at concentrations of 1, 3 and 10 µM the 
increase in Ca2+ after 18 h was dose-dependent (Tannheimer et al., 1999) and dependent 
on metabolism, because benzo[a]pyrene-7,8-diol and benzo[a]pyrene diol epoxide were 
more effective than the parent compound and the increase in Ca2+ was inhibited by 
α-naphthoflavone, a CYP1A and CYP1B inhibitor. N-Acetylcysteine, an antioxidant, did 
not inhibit the increase in Ca2+, which indicates that oxidative damage by benzo[a]pyrene 
is not responsible. The increase in Ca2+ seemed to be due to the influx of extracellular 
Ca2+, which may be caused by the effects of benzo[a]pyrene on cell membranes where it 
can perturb the physical organization of phosphatidylcholine membranes (Jiménez et al., 
2002). Free intracellular Ca2+ is important for the activation of protein kinase C (PKC) 
pathways, which again is associated with tumour promotion (Rasmussen et al., 1995).  

1,6- and 3,6-Benzo[a]pyrene quinones produce superoxide anion and hydrogen 
peroxide in MCF-10A cells. They also increased epidermal growth factor receptor 
(EGFR), serine/threonine kinase Akt and extracellular signal-regulated kinase (ERK) 
activity, which led to increased cell numbers in the absence of epidermal growth factor. 
The benzo[a]pyrene quinone-induced EGFR activity and associated cell proliferation 
were attenuated by the EGFR inhibitor AG1478, as well as by the antioxidant 
N-acetylcysteine (Burdick et al., 2003). 

Low concentrations of benzo[a]pyrene (1, 3 or 10 µM) [0.25, 0.75 or 2.5 µg/mL] 
induce proliferation of cultured rat osteoblasts, the human osteosarcoma cell line, MG-63, 
as well as the human breast carcinoma cell line, MCF-7 (Tsai et al., 2004). This effect 
could be inhibited by antagonists of estrogen receptors and inhibitors of ERK/mitogen-
activated PK (MAPK) and phosphatidylinositol-3-kinase (PI3K), but not by α-naphtho-
flavone (AhR antagonist) or the p38 MAPK inhibitor. Benzo[a]pyrene induced 
phosphorylation of ERK1/2 and protein kinase B (Akt) (PI3K downstream effector). 
Other proteins that were increased in benzo[a]pyrene-treated osteoblasts were 
proliferating cell nuclear antigen, cyclooxygenase 2 (COX-2) (but not COX-1) and 
prostaglandin E2. COX-2 inhibitors also inhibited benzo[a]pyrene-induced osteoblast 
proliferation. Proliferation at lower concentrations (up to 1 µM [0.25 µg/mL]), but cell 
death at higher concentrations of benzo[a]pyrene (10 µM) [2.5 µg/mL] were reported in 
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MCF-7 cells. Benzo[a]pyrene also induced p53 protein and a partial S-phase arrest 
(Pliskova et al., 2005). 

Benzo[a]pyrene diol epoxide increased Cdc25B (which regulates cell cycle 
progression and genetic stability) mRNA and protein levels in terminal squamous 
differentiated human bronchial epithelial cells and lung cancer cells but not in 
undifferentiated bronchial cells. With chronic exposure, the growth rate of lung cancer 
cells was increased significantly (Oguri et al., 2003). 

In the human trophoblastic JEG-3 cell line, benzo[a]pyrene inhibits proliferation in a 
dose-dependent manner by causing cell-cycle arrest at the G2/M phase, with a marked 
increase in p53 phosphorylation at serine 15 which is known to activate p53. However, no 
evidence of apoptosis was noted (Drukteinis et al., 2005). 

Effects on apoptosis  

Benzo[a]pyrene has been shown to induce apoptosis in many types of murine and 
human cells, e.g. rat Sertoli cells (Raychoudhury & Kubinski, 2003), mouse hepatoma 
Hepa1c1c7 cells (Ko et al., 2004) and human HepG2 cells (Chen et al., 2003). There are 
many ways to apoptosis and benzo[a]pyrene may affect different apoptotic pathways in 
different cell types. For instance, benzo[a]pyrene-induced apoptosis has been reported to 
be Jun N-terminal kinase (JNK)-dependent in HeLa cells, but independent in Hepa1c1c7 
cells (Yoshii et al., 2001; Solhaug et al., 2005). 

Using mouse Hepa1c1c7 cells, Chen, S. et al. (2003) showed that the effect of 
benzo[a]pyrene-7,8-diol is AhR-dependent, but that of benzo[a]pyrene diol epoxide is 
not. Mouse embryo fibroblasts null for p38 were resistant to the apoptotic effect of the 
latter. In Hepa1c1c7 cells, Ko et al. (2004) showed that catalytic activation of caspases 3 
and 9 by benzo[a]pyrene was associated with cytosolic release of cytochrome c, a 
decrease in B-cell lymphoma protein 2 (Bcl-2) to Bcl-2-antagonist X protein (Bax) ratio 
and ser-15 phosphorylation of p53. Benzo[a]pyrene and its 7,8-dihydrodiol and diol 
epoxide metabolites induced apoptosis and phosphorylation of p53 in mouse hepatoma 
Hepa1c1c7 cells, while benzo[a]pyrene-4,5-dihydrodiol did not. While Bcl-xl, Bad and 
Bid proteins were down-regulated, the anti-apoptotic phosphor-βad was up-regulated 
(Solhaug et al., 2005). In rat liver cells, Na+/H+ exchange has been implicated as an early 
target of benzo[a]pyrene-induced apoptosis (Huc et al., 2004). 

At high concentrations (10, 50 or 100 µg/mL, equivalent to about 50, 200 or 
400 µM), benzo[a]pyrene inhibits growth and is apoptotic in human mammary carcinoma 
MCF-7 cells (Ogba et al., 2005). In A549 cells, BAX expression was increased at 24 h by 
a 25-µM [6.3 µg/mL] concentration of benzo[a]pyrene (Zhu et al., 2005). 
Benzo[a]pyrene induced apoptosis in the human lung fibroblast cell line, MRC-5, via 
JNK1/FasL and JNK/p53 pathways (Chen et al., 2005). According to studies in human 
embryonal kidney 293T cells and HeLa cells, p21 PK interacting factor accelerates 
benzo[a]pyrene-induced apoptosis through activation of JNK1 pathway kinases (Yoshii et 
al., 2001). In human HepG2 cells, both benzo[a]pyrene-7,8-diol and benzo[a]pyrene diol 
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epoxide induced apoptosis and increased the phosphorylation of both MAPK p38 and 
ERK1/2 (Chen et al., 2003).  

In primary human haematopoietic CD34+ stem cells, benzo[a]pyrene induced the 
expression of the cleaved forms of caspases 3 and 9 and reduced mitochondrial 
membrane potential, and increased annexin V-positive cells indicative of apoptosis (van 
Grevenynghe et al., 2005). 

Effects on cell cycle  

Exposure of A549 cells to a 25-µM concentration of benzo[a]pyrene for up to 72 h 
did not result in substantial phase-specific cell-cycle effects, but induced a distinctive 
pattern of gene expression: CYP1B1 was up-regulated at 6–24 h and many cell-cycle 
regulatory genes were down-regulated at 48–72 h (Zhu et al., 2005).  

A lower concentration (1 µM) [0.25 µg/mL] of benzo[a]pyrene induced an increase 
in p53 protein in MCF-7 and A549 cells that activate benzo[a]pyrene to benzo[a]pyrene 
diol epoxide–DNA adducts (Rämet et al., 1995). A similar effect was seen in the skin of 
C57BL/6 mice in vivo (Bjelogrlic et al., 1994; Tapiainen et al., 1996). There is a positive 
correlation between the amount of induced p53 and benzo[a]pyrene diol epoxide–DNA 
adducts as measured by synchronous fluorescence spectrophotometry. Since these 
original studies, benzo[a]pyrene-induced, benzo[a]pyrene-diol epoxide–DNA-associated 
induction of p53 protein has been described in many experimental systems (e.g. in human 
lymphocytes exposed to benzo[a]pyrene in vitro) (Godschalk et al., 2001). 

Gap-junctional intercellular communication 

Gap-junctional communication is important in cell proliferation, differentiation and 
apoptosis and has been suggested to be important for the promotion of carcinogenesis (see 
Blaha et al., 2002). Of 35 PAHs tested for inhibition of gap-junctional communication in 
WB-F344 rat liver epithelial cells, 12, including benzo[a]pyrene, were found to be strong 
but transient inhibitors (Blaha et al., 2002). 

Upham et al. (1994) compared the effect of a selection of methylated and non-
methylated PAHs on gap-junction intercellular communication of rat liver epithelial cells 
with a scrape-loading/dye transfer assay. Methylated PAHs inhibited cell–cell 
communication to a greater extent than their non-methylated counterparts, and three-
ringed PAHs to a greater extent than four- or five-ringed PAHs. Benzo[a]pyrene reduces 
the attachment of cultured human endometrial cells to Matrigel-coated membranes in 
culture, which is also relevant to the effect of benzo[a]pyrene on cell–cell communication 
(McGarry et al., 2002). This was associated with decreased localization of EGFR protein 
along the cell membrane. A similar effect on EGFRs has been caused by benzo[a]pyrene 
in cell lines of placental origin and by cigarette smoking in the placenta (Zhang et al., 
1995). In vitro, the physical organisation of phosphatidylcholine membranes was 
disturbed by benzo[a]pyrene (Jiménez et al., 2002). Benane et al. (1999) demonstrated 
that multiple concentrations of benzo[a]pyrene and dibenzo[a,l]pyrene failed to induce 
any alterations in gap-junction intercellular communication in clones of normal rat 
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hepatocytes. However, DNA from the exposed cells was shown to contain PAH–DNA 
adducts, demonstrating that the cells were able to take up and metabolize both PAHs. 

(viii) Relevance of the diol epoxide mechanism for benzo[a]pyrene to 
human cancer 

General 

Pathways of benzo[a]pyrene metabolism that possibly induce mutations include the 
formation of bulky benzo[a]pyrene-diol epoxide–DNA adducts, or the formation of 
radical cations, reactive oxygen species and ortho-quinones (see below). Both experi-
mental and human data link bulky benzo[a]pyrene diol epoxide–DNA adducts with 
mutations in oncogenes and tumour-suppressor genes in human lung cancer.  

The processes that metabolize benzo[a]pyrene to its active diol epoxides are present 
in human tissues, and humans exposed to benzo[a]pyrene metabolically activate it to 
benzo[a]pyrene diol epoxides that form DNA adducts. The anti-benzo[a]pyrene-7,8-diol-
9,10-oxide–DNA adducts have been measured in populations exposed to benzo[a]pyrene 
in complex mixtures including coke-oven workers (Rojas et al., 1995; Pavanello et al., 
1999a) and chimney sweeps (Pavanello et al., 1999a) (as mentioned above in (ii)).  

Studies on the ras gene 

Experimental studies 

anti-Benzo[a]pyrene-7,8-diol-9,10-oxide induces mutations in rodent and human 
cells. The mutations (G→T transversions) in the K-ras proto-oncogene in lung tumours 
from benzo[a]pyrene-treated mice are associated with anti-benzo[a]pyrene-7,8-diol-9,10-
oxide–deoxyguanosine adducts (Mass et al., 1993). Although this is not a direct 
correlation, similar mutations in the Ki-ras proto-oncogene were found in lung tumours 
from nonsmokers exposed to PAH-rich coal combustions (known to contain 
benzo[a]pyrene as well as many other PAHs) (DeMarini et al., 2001).  

Low doses of benzo[a]pyrene (8 nmol) [2 µg/mL] or benzo[a]pyrene combined with 
ultraviolet A (UVA) radiation induced G→A transitions in H-ras codon 12 or 13 in SKH-
1 mouse skin, while no TP53 mutations were found. Only the second guanosine of the 
codon was changed, and the ras mutations were already found in non-tumorous skin of all 
the mice after 10 weeks of treatment with benzo[a]pyrene (Wang et al., 2005).  

Benzo[a]pyrene induces G:C→T:A mutations in the murine ras gene (Lehman & 
Harris, 1994). While in some studies the majority of K-ras mutations in smoking-
associated human lung cancer have been G→T transversions, discrepant results occur in 
the literature (Vähäkangas et al., 2001 and references therein). Codons 12 and 14 of K-ras 
in genomic DNA from normal human bronchial epithelial (NHBE) cells are targeted in 
vitro by benzo[a]pyrene-7,8-diol-9,10-epoxide (2 µM [0.5 µg/mL], which is a high dose) 
(Hu et al., 2003). In NHBE cells, benzo[a]pyrene-7,8-diol-9,10-epoxide–DNA adducts 
are preferentially formed within K-ras codon 12 (Feng et al., 2002). Feng et al. (2002) 
also found that the repair of benzo[a]pyrene-7,8-diol-9,10-epoxide–DNA adducts formed 
at codon 14 was significantly faster than that of adducts at codon 12. 
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Human studies 

There is a clear difference between the exact localization of K-RAS codon 12 
mutations in colon cancer (not linked to smoking) and lung cancer (associated with 
smoking) (see Kelley & Littman, 2002). While in colon cancer 80% of K-RAS codon 12 
mutations occur at position 2, in lung cancer, 50% occur at position 1, which is the same 
position where benzo[a]pyrene-7,8-diol-9,10-epoxide–DNA adducts are preferentially 
formed in NHBE cells. 

Benzo[a]pyrene adducts (7-(benzo[a]pyren-6-yl)guanine) have been found in the 
urine of nonsmoking women exposed to smoky coal (Casale et al., 2001). Lung cancers 
from such women have a high percentage of GC→TA transversions of the TP53 (76%) 
and K-RAS (86%) mutations (DeMarini et al., 2001). Smoky coal emissions, cigarette-
smoke condensate and benzo[a]pyrene induce similar mutation spectra in Salmonella 
base substitution strain TA100: primarily GC→TA transversions (Granville et al., 2003). 
In a recent study (Le Calvez et al., 2005) based on the analysis of primary lung tumours 
from 64 (mainly) heavy smokers, 27 former smokers and 40 never smokers, K-RAS 
mutations were more frequent in former smokers than in never or current smokers. 

H-RAS-Gene mutations correlated with the N7-guanine and N7-adenine depurinating 
adducts (Colapietro et al., 1993; Chakravarti et al., 1995). Occupational exposures to 
PAHs, benzo[a]pyrene and gasoline have a weak association with K-RAS mutations in 
pancreatic cancer (Alguacil et al., 2003).  

Studies on TP53 

The importance of p53  

p53 Protein is of interest in connection with benzo[a]pyrene because it is in the centre 
of cellular defence against DNA damage (for recent reviews, see e.g. Meek, 2004; Harris 
& Levine, 2005). p53 Protein is involved in the regulation of cell cycle and apoptosis, as 
well as DNA repair, mainly by acting as a transcription factor for cellular key proteins 
involved in these processes. The significance of p53 protein as a tumour suppressor is 
demonstrated by studies on p53-deficient mice that develop tumours (predominantly 
lymphomas) spontaneously by the age of 6 months (reviewed by Hoogervorst et al., 
2005). p53–/– Mice are viable except for some female embryos that die before birth of 
neural tube defects. About 50% of p53+/– mice develop predominantly osteosarcomas and 
soft-tissue sarcomas by the age of 18 months. This phenotype mimics partially human 
patients with Li-Fraumeni syndrome, who, in addition to sarcomas, also develop breast 
and brain tumours that are rarely observed in p53-deficient mice. Importantly for 
chemical carcinogenesis, p53-deficient mice show enhanced tumour response among 
other tissues (in lung and skin), when treated with known chemical carcinogens.  

Experimental studies of TP53 mutations  

Experimental findings on benzo[a]pyrene-induced lesions should account for the 
mutations seen in TP53 in patients with lung cancer, e.g. mutational pattern (G→T 
transversions), mutational spectrum (mutations at specific codons 157,158, 245, 248, 
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273), preference for methylated CpG islands and the bias for the non-transcribed strands. 
Two experimental paradigms could account for these lesions: (i) site-specific adduction of 
hotspots by anti-benzo[a]pyrene diol epoxide or (ii) random mutagenesis by reactive 
oxygen species coupled with biological selection. Most of the existing data support the 
former hypothesis (Pfeifer & Hainaut, 2003). Metabolic activation can account for both of 
these paradigms: CYP activation of benzo[a]pyrene to anti-benzo[a]pyrene diol epoxide 
or AKR activation of benzo[a]pyrene-7,8-diol to benzo[a]pyrene-dione which is redox 
active. 

Incorporation of a single (+)- or (–)-trans-anti-benzo[a]pyrene diol epoxide–DNA 
adduct at the second position of codon 273 (5′CGT) of the human TP53 gene in Simian 
kidney COS-7 cells resulted in predominant mutations by both stereoisomers being G→T 
transversions, with some G→A transitions (Dong et al., 2004). When the cytosine 5′ to 
deoxyguanosine-N2-benzo[a]pyrene diol epoxide was replaced by 5-methylcytosine, the 
mutational frequencies of (+)-trans-deoxyguanosine-N2-benzo[a]pyrene diol epoxide and 
(–)-trans-deoxyguanosine-N2-benzo[a]pyrene diol epoxide were reduced, while the 
mutational specificity remained unchanged. Thus, the mutational hotspot at codon 273 in 
TP53 may reflect either sequence-specific reactivity of benzo[a]pyrene diol expoxide 
and/or inefficient repair of its DNA adducts positioned at this site.  

Denissenko et al. (1996), Pfeifer and Denissenko (1998) and Smith et al. (2000) have 
shown that codons 157, 248 and 273 in the TP53 gene are most mutated in lung cancer, 
are also targets for DNA adduct formation by benzo[a]pyrene and are more prone to 
mutations by it. Slow repair of these adducts (Denissenko et al., 1998) and the preferential 
formation of benzo[a]pyrene diol epoxide adduct at methylated CpG sites (Denissenko et 
al., 1997; Tang et al., 1999) probably contribute to the mutation spectrum in smoking-
related lung cancer, where G→T mutations at CpG sites are the most common single type 
of mutation (Hainaut & Pfeifer, 2001). The same group (Smith et al., 2000) has also 
studied other PAH compounds and found a similar preference for adduct formation in 
codons 157, 158, 245, 248 and 273 in human bronchial epithelial BEAS-2B cells. In 
support for these findings, Hussain et al. (2001) demonstrated a high dose-dependent G:C 
to T:A transversion rate of TP53 codons 157 and 248 by benzo[a]pyrene diol epoxide in 
the same BEAS-2B cell line. 

Smoky coal combustion induced GC→TA transversions in Salmonella to a similar 
extent as cigarette-smoke condensate and benzo[a]pyrene (Granville et al., 2003). Liu et 
al. (2005) showed that, in murine embryonic fibroblasts from human TP53 knock-in 
(Hupki) mice, benzo[a]pyrene induced mutations similar to those found in smoking-
related lung cancer: predominance of G→T mutations, unequivocal strand bias of the 
transversions and mutational hotspots at codons 157 and 158.  

Human studies of TP53 mutations 

Data from lung cancer patients exposed to both smoky coal and cigarette smoke 
provide evidence that PAHs, especially benzo[a]pyrene, are involved in human lung 
carcinogenesis caused by these exposures. Benzo[a]pyrene depurinating adducts N7-
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guanine and N7-adenine have been found in the urine of cigarette smokers and women 
exposed to household smoke (Casale et al., 2001).  

In the TP53 gene, G→T transversions are more common in lung cancer than in any 
other human cancer: over 30% versus 10% (except for hepatocellular cancer associated 
with exposure to aflatoxin) (Hainaut & Pfeifer, 2001; Pfeifer & Hainaut, 2003). The 
G→T transversions are found in all histological types of lung cancer of smokers and 
support their common origin as the direct result of DNA damage. In other organs, 
differences in TP53 mutation types occur depending on the histology. There is a 
statistically significant difference in the frequency of G:C→T:A transversions in lung 
cancer of smokers (higher) compared with nonsmokers (Hainaut & Pfeifer, 2001; Pfeifer 
& Hainaut, 2003). In smoking-related lung cancer, the frequency of these mutations 
increases with increasing smoking (dose–response relationship) (Bennett et al., 1999). 
Codons 157, 248 and 273 in the TP53 gene that are most mutated in lung cancer are also 
targets for DNA adduct formation by benzo[a]pyrene and are more prone to its mutations 
(Denissenko et al., 1996; Pfeifer & Denissenko, 1998; Smith et al., 2000). 

However, the final proof for a specific TP53 mutation spectrum related to smoking 
requires the comparison of the mutation spectrum in lung cancers from smokers with that 
in nonsmokers. Such studies are difficult to carry out because of the rarity of lung cancer 
in nonsmokers. A further difficulty is that most of the smokers and smoking-related lung 
cancers are found in men and most nonsmokers are women. Consequently, the possible 
gender difference, as well as the possible geographical difference (Bennett et al., 1999) 
have to be taken into account in such studies. The few existing studies of nonsmokers 
support the hypothesis that smoking-related TP53 mutations are more frequent in smokers 
than in nonsmokers (Vähäkangas et al., 2001 and references therein; Le Calvez et al., 
2005). In the study by Le Calvez et al. (2005) on never (n = 40), former (n = 27) and 
current heavy smokers (n = 64), GC→TA transversions and AT→GC transitions were 
associated with smoking while GC→AT transitions were associated with never smoking. 

Nearly 90% of the G→T mutations occur on the non-transcribed (coding) strand of 
the gene, as indicated by the overrepresentation of G→T compared with C→A. On the 
transcribed strand, G→T mutation would result in C→A on the coding, non-transcribed 
strand according to the Watson-Crick rule for base-pairing. A possible reason for the 
strand bias is slow repair of bulky benzo[a]pyrene diol epoxide–DNA adducts along the 
non-transcribed strand of human TP53 (Denissenko et al., 1998). A similar preferential 
repair of benzo[a]pyrene diol epoxide in the HPRT gene of diploid human fibroblasts has 
been described (Chen et al., 1992). 

An alternative hypothesis for the origin of specific TP53 mutations in lung cancer has 
been put forward by Rodin and Rodin (2005), who propose that repetitive exposure to 
tobacco components drives clonal expansion of cells with a pre-existing endogenous 
TP53 mutation. However, no data are available that would support the idea that mutant 
proteins encoded by genes with a G→T transversion would give a better growth 
advantage than other types of mutation, which would explain the overrepresentation of 
these mutants in lung cancer (Pfeifer & Hainaut, 2003).  
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Epigenetic modification of C in a CpG sequence to 5-methylcytosine makes the C 
prone to mutations (Rideout et al., 1990; Tornaletti & Pfeifer, 1995). All CpGs are 
methylated in the central region of the TP53 gene that codes for the DNA-binding region 
of the protein. Methylated CpGs in human lung cancers are the preferred sites for G→T 
mutations (over 50% of such mutations in lung cancer) (Yoon et al., 2001; Pfeifer & 
Hainaut, 2003). In cells that have reporter genes that contain the methylated CpG, these 
are targets of G→T mutations after exposure to benzo[a]pyrene diol epoxide (Yoon et al., 
2001). In contrast, transitions (C→T and G→A at CpG sites) occur in excess in cancers 
that are associated with inflammatory diseases, where oxidative stress is a more probable 
cause of TP53 mutations. The fact that transition mutations rather than transversions are 
very common in the TP53 gene in cancers related to inflammatory responses argues 
against a role of oxidative stress in TP53 mutations of smoking-associated lung cancers. 
Furthermore, there is a discrepancy about whether 8-oxo-deoxyguanosine, which is 
caused by oxidative stress, is repaired by strand-specific transcription-coupled repair 
(Pfeifer & Hainaut, 2003).  

In China, smoky coal is used for cooking and the indoor air levels of benzo[a]pyrene 
can reach levels comparable with those experienced by workers in old-type coking plants 
(Lan et al., 2000). The high incidence of lung cancer among nonsmoking Chinese women 
is clearly associated with the use of smoky coal and the increase in risk is dose-dependent. 
This association was substantially larger and achieved statistical significance among 
patients with sputum samples that were positive for p53 overexpression (Lan et al., 1993, 
2000, 2001). This is in accordance with the higher number of benzo[a]pyrene–DNA 
adducts in the bronchoalveolar-lavage cells of these women than in non-exposed controls 
(Gallagher et al., 1993). DeMarini et al. (2001) found that the TP53 mutations in the lung 
cancer tissue of these women clustered in codons 153–158; most of the mutations were 
G→T and all G→T transversions were found on the non-transcribed strand. A hotspot at 
the TP53 codon 154, which is a hotspot for PAH adducts (Smith et al., 2000) but is not 
found in lung cancers from smokers (Hainaut & Pfeiffer, 2001), was identified.  

Individual susceptibility to benzo[a]pyrene-induced mutations is well-illustrated by 
the study of Hussain et al. (2001) that shows that non-tumorous tissue of lung cancer 
patients contained TP53 codon 157 G:C→T:A mutations while lung tissue from non-
cancer patients did not, regardless of the fact that the majority of the controls were also 
smokers. The whole chain of events from exposure to lung cancer is thus covered by the 
current evidence. Many of the details, however, still remain to be solved. Studies in silico 
(computational tools that translate raw data into workable models or simulations) using 
the genetic algorithm, a molecular dynamics-based protocol have revealed, for instance, 
how a single adduct ((+)-anti-benzo[a]pyrene diol epoxide) may give rise to different 
mutations by adopting different conformations (Kozack & Loechler, 1999 and references 
within). 
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Conclusions 

The evidence strongly supports benzo[a]pyrene in smoky coal and in cigarette smoke 
as the cause of TP53 mutations in lung cancer. This is based on the following: 

1. Metabolic activation of benzo[a]pyrene and the formation of its 7,8-diol-9,10-
oxide and benzo[a]pyrene diol epoxide–DNA adducts occur in human bronchial 
cells and tissue explants. 

2. Benzo[a]pyrene diol epoxide–DNA adducts are found in PAH-exposed people, 
with a higher level of the adducts in the lung and bronchial tissue from smokers 
than in those from nonsmokers. 

3. G→T transversions in the TP53 gene are more common in lung cancers from 
smokers than in any other cancer type. 

4. A high frequency of G→T transversions is found in lung cancers from women 
exposed to smoky coal combustion at either the K-RAS or TP53 gene. 

5. The formation of DNA adducts by benzo[a]pyrene in vitro (including in cells with 
a human TP53 sequence) targets the same hotspots in the TP53 gene as those 
where G→T mutations are found in cigarette smoke- and smoky coal-associated 
lung cancer. 

6. Exposure to both cigarette smoke and smoky coal is associated with a dose-
dependent increase in G→T transversions in the TP53 gene. 

7. A similar strand bias, with an overrepresentation of G→T mutations, occurs in the 
cigarette smoke- and smoky coal-associated TP53 mutation pattern in human lung 
cancer and in vitro in benzo[a]pyrene-treated mouse cells that contain the human 
TP53 sequence (in accordance with slow repair of bulky benzo[a]pyrene diol 
epoxide–DNA adducts on the non-transcribed strand). 

8. A preference for G→T transversions in the methylated CpG dinucleotides in 
human lung tumours is in accordance with in-vitro studies that show the same 
dinucleotide as a target of benzo[a]pyrene diol epoxide.  

Cyclopenta[cd]pyrene 

(i) Metabolism and metabolic activation  

The metabolism of cyclopenta[cd]pyrene has been documented in a number of studies 
in rat liver, human liver and liver microsomes. There are two potential centres for 
biochemical oxidation of cyclopenta[cd]pyrene ─ the cyclopenta-ring (C3–C4) and the K-
region (C9–C10) ─ and both are involved in this process. 3-Methylcholanthrene- and 
phenobarbital-induced rat liver microsomes metabolized cyclopenta[cd]pyrene to the 
cyclopenta-ring diol, trans-3,4-dihydroxy-3,4-dihydro-cyclopenta[cd]pyrene (cyclopenta-
[cd]pyrene-3,4-diol) (Gold & Eisenstadt, 1980). 3-Methylcholanthrene- and pheno-
barbital-induced rat liver microsomes and reconstituted cytochrome P448 and CYP 
systems metabolized cyclopenta[cd]pyrene to the K-region diol, trans-9,10-dihydroxy-
9,10-dihydro-cyclopenta[cd]pyrene (cyclopenta[cd]pyrene-9,10-diol) (Eisenstadt et al., 
1981). Uninduced mouse liver and human liver microsomes metabolized cyclopenta-
[cd]pyrene to cyclopenta[cd]pyrene-3,4-diol, cis-cyclopenta[cd]pyrene-3,4-diol, 4-hydroxy-
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3,4-dihydro-cyclopenta[cd]pyrene, 4-oxo-3,4-dihydro-cyclopenta[cd]pyrene and two dia-
stereomeric trans,trans- 3,4,9,10-tetrahydro-cyclopenta[cd]pyrene-3,4,9,10-tetrols (Sahali 
et al., 1992). Human CYP1A1, CYP1A2 and CYP3A4 metabolized cyclopenta-
[cd]pyrene at the cyclopenta double bond to give cyclopenta[cd]pyrene-3,4-diol. Human 
CYP1A2 metabolized cyclopenta[cd]pyrene at the K-region to give cyclopenta-
[cd]pyrene-9,10-diol as indirectly demonstrated by the triols and tetrols formed (Kwon et 
al., 1992). Cyclopenta[cd]pyrene is presumed to be converted to cyclopenta[cd]pyrene-
3,4-oxide by a 15-hydroperoxy-5,8,11,13-eicosatetraenoic acid (15-HPETE)/haematin 
system (Reed et al., 1988). A 15-HPETE/haematin system, a prostaglandin H synthetase 
system or a sulfite auto-oxidation system converted cyclopenta[cd]pyrene to cis and trans 
isomers of cyclopenta[cd]pyrene-3,4-diol and 4-keto-(3H)-cyclopenta[cd]pyrene, 
presumably through cyclopenta[cd]pyrene-3,4-oxide (Reed & Ryan, 1990). 

(ii) Formation of DNA adducts  

Cyclopenta[cd]pyrene formed DNA adducts in a rat liver microsomal calf thymus 
DNA system using livers from untreated, Aroclor 1254-treated, β-naphthoflavone-treated 
and phenobarbital-treated rats. Cyclopenta[cd]pyrene formed DNA adducts in the liver, 
lung, heart and white blood cells of Sprague-Dawley rats. The rat lung adducts were 
identified as cyclopenta[cd]pyrene-3,4-oxide–deoxyguanosine and cyclopenta[cd]pyrene-
3,4-oxide–deoxyadenosine adducts. These two DNA adducts were formed in the skin of 
NIH Swiss mice and in the lungs of B6C3F1 mice treated with cyclopenta[cd]pyrene 
(Beach & Gupta, 1994). 

(iii) Genotoxicity of cyclopenta[cd]pyrene  

In a previous monograph, cyclopenta[cd]pyrene was reported to induce mutations in 
S. typhimurium TA1537, TA98 and TM677, in mouse lymphoma L5178Y cells and in 
human lymphoblastoid HH-4 cells in vitro and to induce morphological cell trans-
formation in C3H10T½CL8 mouse embryo cells (IARC, 1983). It was mutagenic in S. 
typhimurium TA98 after activation by systems that generate peroxyl radicals, by 
prostaglandin H synthetase and arachidonic acid, by 15-HPETE and haematin or by the 
autoxidation of the sulfite ion (Reed et al., 1988). Cyclopenta[cd]pyrene was mutagenic 
in Chinese hamster V79 cells (6-thioguanine resistance or ouabain resistance) co-
incubated with X-irradiated golden hamster embryo fibroblasts (Raveh et al., 1982), in 
human cells that express CYP1A1 such as MCL-3 cells (thymidine kinase resistance) 
(Lafleur et al., 1993), human B lymphoblastoid MCL-5 cells (6-thioguanine resistance) 
(Keohavong et al., 1995) and in human B lymphoblastoid H1A1v2 cells (thymidine 
kinase locus) (Durant et al., 1996). Cyclopenta[cd]pyrene induced sister chromatid 
exchange in C3H10T½Cl8 cells in culture (Krolewski et al., 1986).  

(iv) Cyclopenta[cd]pyrene-induced mutations in proto-oncogenes 

Cyclopenta[cd]pyrene induced two major classes of Ki-ras codon 12 mutations in 
lung adenomas from cyclopenta[cd]pyrene-treated strain A mice: GGT→CGT (50%), 
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GGT→GTT (15%), GGT→TGT (25%) and GGT→GAT (10%) which indicated that 
guanine was a primary target for this PAH (Nesnow et al., 1994a, 1995, 1998a). 

(v) Other effects of cyclopenta[cd]pyrene  

Cyclopenta[cd]pyrene induced apoptosis in mouse hepatoma Hepa1c1c7 cells, both 
apoptotic (DNA-dependent PK, ataxia telangiectasia-mutated (ATM) and/or ATM-related 
kinase, p53, and p38-MAPK) and anti-apoptotic (Akt and ERK) signals and the formation 
of the active form of caspase-3, cleavage of PARP and DNA fragmentation (Solhaug et 
al., 2004a,b). 

(vi) Evidence for cyclopenta-ring oxidation as a mechanism of 

carcinogenesis 

DNA adducts of cyclopenta[cd]pyrene-3,4-oxide 

Cyclopenta[cd]pyrene-3,4-oxide forms primarily deoxyguanosine DNA adducts in 
calf thymus DNA (Beach et al., 1993; Hsu et al., 1997); the major adducts observed were 
diastereoisomers of cis-3-(deoxyguanosin-N2-yl)-4-hydroxy-3,4-dihydrocyclopenta[cd]-
pyrene (Hsu et al., 1997). Cyclopenta[cd]pyrene-3,4-oxide-2′–deoxyguanosine adducts 
have been detected in lung DNA from strain A/J mice treated with cyclopenta[cd]pyrene 
(Nesnow et al., 1995). 

Genotoxicity of cyclopenta[cd]pyrene-3,4-oxide  

Cyclopenta[cd]pyrene-3,4-oxide was mutagenic in E. coli and induced G→T and 
A→T mutations (Eisenstadt et al., 1982) and in S. typhimurium strains TA98, TA100, 
TA1537 and TA1538 in the absence and presence of a phenobarbital- or a 3-methyl-
cholanthrene-induced rat liver preparation (Gold & Eisenstadt, 1980). Cyclopenta-
[cd]pyrene-3,4-oxide was mutagenic in mouse lymphoma L5178Y cells (thymidine 
kinase resistance) and induced morphological cell transformation in C3H10T½CL8 
mouse embryo cells in culture (Gold et al., 1980).  

DNA adducts of cyclopenta[cd]pyrene-3,4-diol and 4-hydroxy-3,4-dihydro-

cyclopenta[cd]pyrene 

Cyclopenta[cd]pyrene-3,4-diol and 4-hydroxy-3,4-dihydrocyclopenta[cd]pyrene were 
bound to calf thymus DNA in the presence of rodent liver cytosol and 3′-phos-
phoadenosine-5′-phosphosulfate, suggesting a SULT-mediated activation mechanism 
(Surh et al., 1993). The adducts formed with cyclopenta[cd]pyrene-3,4-diol were iden-
tified as cis-3-(deoxyguanosine-N2-yl)-4-hydroxy-3,4-dihydrocyclopenta[cd]pyrene (Hsu 
et al., 1999). SULT activation of 4-hydroxy-3,4-dihydrocyclopenta[cd]pyrene with 
deoxyguanosine or reaction of 4-sulfooxy-3,4-dihydrocyclopenta[cd]pyrene with deoxy-
guanosine gave the same DNA adduct (Hsu et al., 1999).  
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Genotoxicity of cyclopenta[cd]pyrene-3,4-diol and 4-hydroxy-3,4-

dihydrocyclopenta[cd]pyrene (4-sulfooxy-3,4-dihydrocyclopenta[cd]pyrene)  

Cyclopenta[cd]pyrene-3,4-diol was mutagenic to S. typhimurium TM677 in the 
presence of a rat liver cytosol and 3′-phosphadenosine-5′-phosphosulfate (Surh et al., 
1993).  

4-Hydroxy-3,4-dihydrocyclopenta[cd]pyrene was mutagenic to S. typhimurium 

TM677 in the presence of a rat liver cytosol and 3′-phosphadenosine-5′-phosphosulfate. 
4-Sulfooxy-3,4-dihydrocyclopenta[cd]pyrene was a direct-acting mutagen in S. 

typhimurium TM677 (without metabolic activation) (Surh et al., 1993).  

Conclusion 

Cyclopenta[cd]pyrene is metabolically activated by the cyclopenta-ring mechanism. 
The evidence for this mechanism is based on the detection of the cyclopenta-ring 
hydroxylated metabolites, cyclopenta[cd]pyrene-3,4-diol and 4-hydroxy-3,4-dihydro-
cyclopenta[cd] pyrene, in microsomal systems from rat, mouse and human liver and by 
peroxy radical-mediated activation systems. The formation of cyclopenta[cd]pyrene-3,4-
oxide is inferred by the detection of cyclopenta[cd]pyrene-3,4-diol as a metabolite. Cyclo-
penta[cd]pyrene-3,4-oxide is genotoxic in bacteria and mammalian cells and forms DNA 
adducts with deoxyguanosine. 4-Hydroxy-3,4-dihydrocyclopenta[cd]pyrene–DNA 
adducts are formed from SULT-activated 4-hydroxy-3,4-dihydrocyclopenta[cd]pyrene. In 
mouse lung, cyclopenta[cd]pyrene forms cyclopenta[cd]pyrene-3,4-oxide–deoxyguansine 
adducts and induces mutations in tumours at guanine in codon 12 of the Ki-ras oncogene. 
Cyclopenta[cd]pyrene-3,4-diol and 4-hydroxy-3,4-dihydrocyclopenta[cd]pyrene have not 
been evaluated for tumour initiation in mice. 

Dibenz[a,h]anthracene 

(i) Metabolism and metabolic activation  

The metabolism of dibenz[a,h]anthracene has been documented in a number of 
studies in rat microsomes, recombinant human liver CYPs and human liver microsomes. 
Two equivalent potential centres of metabolism and metabolic activation are situated on 
the two benzo rings (or two bay regions) at the 1–2 and 3–4 bonds and the 10–11 and 12–
13 bonds. Dibenz[a,h]anthracene was metabolized by 3-methylcholanthrene-induced rat 
liver preparations to a compound supposed to be 5,6-dihydroxy-5,6-dihydrodibenz-
[a,h]anthracene (dibenz[a,h]anthracene-5,6-diol) (Selkirk et al., 1971) and by Aroclor 1254-
induced rat liver microsomes or a reconstituted cytochrome P448 system to 1,2-dihydroxy-
1,2-dihydrodibenz[a,h]anthracene (dibenz[a,h]anthracene-1,2-diol), the major metabolite, 
3,4-dihydroxy-3,4-dihydrodibenz[a,h]anthracene (dibenz[a,h]anthracene-3,4-diol), trace 
amounts of dibenz[a,h]anthracene-5,6-diol and two unidentified phenols (Nordqvist et al., 
1979). Dibenz[a,h]anthracene formed more than 30 metabolites after incubation with 
Aroclor 1254-induced rat liver microsomes. Among those identified were dibenz-
[a,h]anthracene-5,6-oxide, dibenz[a,h]anthracene-1-, -2-, -3-, -4-, -5- and -6-phenols, 
trans-trans-3,4:12,13-tetrahydroxy-3,4:12,13-tetrahydrodibenz[a,h]anthracene, r1,t2,t3,c4-
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tetrahydroxy-1,2,3,4-tetrahydrodibenz[a,h]anthracene, r1,t2,c3,t4-tetrahydroxy-1,2,3,4-
tetrahydrodibenz[a,h]anthracene, dibenz[a,h]anthracene-3,4-catechol and a dibenz[a,h]-
anthracenephenol dihydrodiol derived from the 2-phenol (Platt & Reischmann, 1987). 3-
Methylcholanthrene-induced microsomes metabolized dibenz[a,h]anthracene to a bis-
diol, trans-trans-3,4:10,11-tetrahydroxy-3,4:10,11-tetrahydrodibenz[a,h]anthracene (di-
benz[a,h]anthracene-3,4:10,11-bis-diol), and the related hexols 1,2,3,4,8,9-hexahydroxy-
1,2,3,4,8,9-hexahydrodibenz[a,h]anthracene, 1,2,3,4,10,11-hexahydroxy-1,2,3,4,10,11-
hexahydrodibenz[a,h]anthracene and the related tetrol, 1,2,3,4-tetrahydroxy-1,2,3,4-tetra-
hydrodibenz[a,h]anthracene (Lecoq et al., 1989, 1991a). Dibenz[a,h]anthracene was 
stereospecifically metabolized by Aroclor 1254-induced rat liver microsomes to the trans 
diols, dibenz[a,h]anthracene-1,2-diol, dibenz[a,h]anthracene-3,4-diol and dibenz[a,h]-
anthracene-5,6-diol, each of which is highly enriched in R,R enantiomers (Platt et al., 
1990). Microsomes from untreated, 3-methylcholanthrene-treated, phenobarbital-treated 
and Aroclor 1254-treated rats metabolized dibenz[a,h]anthracene to dibenz[a,h]-
anthracene-5,6-oxide highly enriched with the dibenz[a,h]anthracene-5S,6R-oxide form 
(Mushtaq et al., 1989). Dibenz[a,h]anthracene was metabolized by recombinant human 
CYP enzymes CYP1A2, 2B6, 2C8, 2C9, 2E1, 3A3, 3A4 and 3A5 expressed in hepatoma 
G2 cells and by 14 different human liver microsomes to dibenz[a,h]anthracene-1,2-diol, 
dibenz[a,h]anthracene-3,4-diol, dibenz[a,h]anthracene-5,6-diol and several phenols. 
CYP1A2 and CYP2C9 were the most active and CYP2B6 was moderately active in the 
rate of total dibenz[a,h]anthracene metabolism. Human liver microsomes gave metabolic 
patterns similar to those generated from CYP1A2 (Shou et al., 1996a). Rat liver 
microsomal UGT mediated the glucuronidation of the 1-, 2-, 4-, 5-, 6- and 7-phenols of 
dibenz[a,h]anthracene and the UGT activities were affected by the inducers 3-methyl-
cholanthrene and phenobarbital (Lilienblum et al., 1987). 

(ii) Formation of DNA adducts 

Dibenz[a,h]anthracene formed 14 DNA adducts in mouse liver DNA in vitro in the 
presence of 3-methylcholanthrene-induced rat liver microsomes. The same pattern of 
adducts was obtained in mouse liver DNA after incubation in vitro with 
dibenz[a,h]anthracene-3,4-diol. One adduct was identified as a trans adduct of anti-3,4-
dihydroxy-1,2,3,4-tetrahydrodibenz[a,h]anthracene-1,2-oxide (anti-dibenz[a,h]anthracene-
3,4-diol-1,2-oxide) and the other as a trans adduct of syn-3,4-dihydroxy-1,2,3,4-tetra-
hydrodibenz[a,h]anthracene-1,2-oxide (syn-dibenz[a,h]anthracene-3,4-diol-1,2-oxide) 
(Lecoq et al., 1991b). Dibenz[a,h]anthracene formed eight DNA adducts with calf 
thymus DNA incubated with Aroclor 1254-induced rat liver microsomes. The major bay-
region diol epoxide adduct was identified as anti-dibenz[a,h]anthracene-3S,4R-diol-1R,2S-
oxide–deoxyguanosine. Other DNA adducts were anti-dibenz[a,h]anthracene-3R,4S-diol-
1S,2R-oxide–deoxyguanosine, anti-dibenz[a,h]anthracene-3S,4R-diol-1R,2S-oxide–deoxy-
adenosine, anti-dibenz[a,h]anthracene-3R,4S-diol-1S,2R-oxide–deoxyadenosine, syn-dibenz-
[a,h]anthracene-3S,4R-diol-1S,2R-oxide–deoxyadenosine and syn-dibenz[a,h]anthracene-
3R,4S-diol-1R,2S-oxide–deoxyadenosine. Unidentified, highly polar adducts were also 
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observed (Mlcoch et al., 1993). The highly polar dibenz[a,h]anthracene calf thymus DNA 
adducts originated from the bis-diols, 3R,4R,10R,11R-tetrahydroxy-3,4,10,11-tetrahydro-
dibenz[a,h]anthracene and 3R,4R,10S,11S-tetrahydroxy-3,4,10,11-tetrahydrodibenz[a,h]-
anthracene. Quantitatively, the highly polar bis-diol DNA adducts represented 38% of the 
adducts and the dibenz[a,h]anthracene-3,4-diol-1,2-oxide bay-region diol epoxide adducts 
represented 25% (Fuchs et al., 1993a). Calf thymus DNA adducts of 3R,4R,10R,11R-
tetrahydroxy-3,4,10,11-tetrahydrodibenz[a,h]anthracene and 3R,4R,10S,11S-tetrahydroxy-
3,4,10,11-tetrahydrodibenz[a,h]anthracene were found after incubation of racemic dibenz-
[a,h]anthracene-3,4:10,11-bis-diol with Aroclor 1254-induced rat liver microsomes (Fuchs 
et al., 1993b). Dibenz[a,h]anthracene formed DNA adducts in mouse embryo 
C3H10T½CL8 cells, most of which were also found in C3H10T½CL8 cells treated with 
dibenz[a,h]anthracene-3,4-diol or anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide. Two of 
these were anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide–deoxyguanosine adducts. 
Several additional polar dibenz[a,h]anthracene–DNA adducts were derived from racemic 
dibenz[a,h]anthracene-3,4:10,11-bis-diol (Nesnow et al., 1994b). Dibenz[a,h]anthracene 
formed DNA adducts on mouse skin in vivo. A similar pattern of adducts was observed 
after topical treatment of mouse skin with dibenz[a,h]anthracene-3,4-diol, but only four of 
these adducts were observed after topical treatment with anti-dibenz[a,h]anthracene-3,4-
diol-1,2-oxide and none after treatment with syn-dibenz[a,h]anthracene-3,4-diol-1,2-
oxide. The authors suggested that most of the DNA adducts formed in dibenz[a,h]-
anthracene-treated mouse skin proceeded through the related dibenz[a,h]anthracene-3,4-
diol and that only some were formed following the conversion of this diol to the bay-
region anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide (Lecoq et al., 1991c). Further 
analyses of the polar dibenz[a,h]anthracene DNA adducts in mouse skin indicated that 
one of them was from the further metabolism of the intermediate, dibenz[a,h]anthracene-
3,4:10,11-bis-diol. A bis-diol epoxide, dibenz[a,h]anthracene-3,4:10,11-bis-diol-1,2-
oxide, was proposed as the ultimate DNA-binding intermediate (Carmichael et al., 1993). 
Human skin or mouse skin treated in short-term organ culture with dibenz[a,h]anthracene 
gave an adduct profile that was qualitatively similar to that obtained from treatment of 
mouse skin in vivo. Mouse skin treated with dibenz[a,h]anthracene-3,4-diol in vivo and in 
short-term organ culture gave similar DNA adduct profiles (Lecoq et al., 1992). 
Dibenz[a,h]anthracene binds at different levels to the DNA in the epidermis of Cyp1a2–/–, 
Cyp1b1–/– and Ahr–/– knockout mice in vivo, with the least binding in the Ahr–/– mice; this 
suggests that CYP1A1 is involved in the bioactivation of dibenz[a,h]anthracene (Kleiner 
et al., 2004).  

Dibenz[a,h]anthracene induced five DNA adducts in strain A/J mouse lung, three of 
which resulted from metabolism via dibenz[a,h]anthracene-3,4:10,11-bis-diol and two via 
dibenz[a,h]anthracene-3,4-diol-1,2-oxide (Ross et al., 1995). 

(iii) Genotoxicity of dibenz[a,h]anthracene  

In a previous monograph, dibenz[a,h]anthracene was reported to induce DNA 
damage and mutations in bacteria, DNA damage in rodent and human cells in culture, 
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mutations and chomosomal damage in rodent cells in culture and morphological cell 
transformation (IARC, 1983).  

Dibenz[a,h]anthracene was mutagenic in S. typhimurium TA100 in the presence of a 
phenobarbital-induced mouse liver preparation (Platt et al., 1982), 3-methylcholanthrene-
induced rat liver microsomes or a metabolic activation system (Lecoq et al., 1989), in 
Chinese hamster V79 cells co-cultivated with human hepatoma HepG2 cells (Diamond et 
al., 1984) and in human B lymphoblastoid h1A1v2 cells (thymidine kinase locus) that 
express CYP1A1 (Durant et al., 1996). Dibenz[a,h]anthracene induced sister chromatid 
exchange and micronucleus formation in lung cells cultured in vitro that were taken from 
rats treated with dibenz[a,h]anthracene by intratracheal instillation (Whong et al., 1994). 
Dibenz[a,h]anthracene induced micronucleus formation in bone marrow and spleen 
polychromatic erythrocytes from rats treated in vivo by intratracheal instillation (Zhong et 
al., 1995). It induced morphological cell transformation in C3H10T½CL8 mouse embryo 
fibroblasts (Nesnow et al., 1994).  

(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of  carcinogenesis 

Metabolism of dibenz[a,h]anthracene-3,4-diol 

Dibenz[a,h]anthracene-3,4-diol formed more than 13 metabolites when metabolized 
by Aroclor 1254-induced rat liver microsomes. The major metabolites were anti-dibenz-
[a,h]anthracene-3,4-diol-1,2-epoxide, trans,trans-3,4:8,9-tetrahydroxy-3,4,8,9-tetrahydro-
dibenz[a,h]anthracene, dibenz[a,h]anthracene-3,4:10,11-bis-diol and trans,trans-3,4:12,13-
tetrahydroxy-3,4,12,13-tetrahydrodibenz[a,h]anthracene (Platt & Schollmeier, 1994).  

Carcinogenicity studies of dibenz[a,h]anthracene-3,4-diol 

Groups of 29 or 30 female Sencar mice, 51–65 days of age, received a single dermal 
application of 100 nmol [31 µg] racemic dibenz[a,h]anthracene-3,4-diol followed 7 days 
later by 3.25 nmol [2 µg] TPA in acetone twice a week for 15 weeks. The incidence of 
tumours (tumours/mouse) in the dosed groups 16 weeks after treatment was 37% (0.7). 
Skin tumours developed in 6% (0.1 tumours/mouse) of the mice treated with TPA alone 
(Slaga et al., 1980).  

Groups of 30 female Charles River CD-1 mice, 51–58 days of age, received a single 
dermal application of 10, 40 or 160 nmol [3.1, 12.4 or 50 µg] racemic dibenz[a,h]-
anthracene-3,4-diol in acetone:ammonium hydroxide (1000:1) followed 7 days later by 
16 nmol [10 µg] TPA in acetone twice a week for 25 weeks. The incidence of tumours 
(tumours/mouse) in the dosed groups 26 weeks after treatment was 31 (0.69), 50 (1.17) 
and 57% (1.52), respectively. Skin tumours developed in 10% (0.1 tumours/mouse) of the 
mice treated with TPA alone (Buening et al., 1979b). 

Groups of newborn Swiss Webster BLU:Ha(ICR) mice were injected intra-
peritoneally on days 1, 8 and 15 of life with racemic dibenz[a,h]anthracene-3,4-diol (total 
dose, 70 or 420 nmol) [22 or 130 µg] in DMSO. Mice were weaned at 23 days of age, 
separated by sex and killed at 25–29 weeks of age. In 42 or 40 female mice, pulmonary 
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tumours developed in 81 or 100% (2.5 or 33.4 tumours/mouse), respectively, but no liver 
tumours. In 27 or 45 male mice, pulmonary tumours developed in 85 or 98% (2.3 or 23.8 
tumours/mouse), and liver tumours in 0 or 19%, respectively. In 40 female mice treated 
with DMSO alone, pulmonary tumours developed in 12.5% (1.2 tumours/mouse), but no 
liver tumours. In 36 male mice treated with DMSO alone, pulmonary tumours developed 
in 11% (1.25 tumours/mouse), but no liver tumours (Buening et al., 1979b). 

DNA adducts of dibenz[a,h]anthracene-3,4-diol 

Dibenz[a,h]anthracene-3R,4R-diol produced four DNA adducts in calf thymus DNA 
after metabolic activation by Aroclor 1254-induced rat liver microsomes. The same 
adducts were also observed in calf thymus DNA incubated with dibenz[a,h]anthracene 
after metabolic activation by Aroclor 1254-induced rat liver microsomes. One adduct was 
identified as anti-dibenz[a,h]anthracene-3S,4R-diol-1R,2S-oxide–deoxyguanosine and 
two others were derived from dibenz[a,h]anthracene-3,4:10,11-bis-diol. Dibenz[a,h]-
anthracene-3S,4S-diol gave two DNA adducts in calf thymus DNA after metabolic 
activation by Aroclor 1254-induced rat liver microsomes. These adducts were also 
observed in calf thymus DNA incubated with dibenz[a,h]anthracene after metabolic 
activation by Aroclor 1254-induced rat liver microsomes. Two adducts were derived from 
dibenz[a,h]anthracene-3,4,10,11-bis-diol (Fuchs et al., 1993b).  

Dibenz[a,h]anthracene-3,4-diol formed 14 DNA adducts in mouse liver DNA in vitro 
in the presence of 3-methylcholanthrene-induced rat liver microsomes. One of these 
adducts was an adduct of anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide and the other was 
an adduct of syn-dibenz[a,h]anthracene-3,4-diol-1,2-oxide. It was estimated that 50% of 
the adducts from dibenz[a,h]anthracene may be formed though the dibenz[a,h]-
anthracene-3,4-diol and syn- and anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide pathways 
(Lecoq et al., 1991b). Dibenz[a,h]anthracene-3S,4S-diol and dibenz[a,h]anthracene-
3R,4R-diol formed six and seven DNA adducts in calf thymus DNA, respectively, after 
incubation with Aroclor 1254-induced rat liver microsomes. The major bay-region diol 
epoxide adduct was identified as anti-dibenz[a,h]anthracene-3S,4R-diol-1R,2S-oxide–
deoxyguanosine (Mlcoch et al., 1993). Dibenz[a,h]anthracene-3,4-diol formed a number 
of DNA adducts in mouse embryo C3H10T½CL8 cells, two of which were anti-
dibenz[a,h]anthracene-3,4-diol-1,2-oxide–deoxyguanosine adducts; one polar adduct 
identical to a polar dibenz[a,h]anthracene–DNA adduct was derived from racemic 
dibenz[a,h]anthracene-3,4:10,11-bis-diol (Nesnow et al., 1994b). 

Genotoxicity of dibenz[a,h]anthracene-3,4-diol 

Racemic dibenz[a,h]anthracene-3,4-diol induced mutations in S. typhimurium TA100 
in the presence of an Aroclor 1254-induced rat liver preparation or a purified 
monoxygenase system (Wood et al., 1978; Platt & Schollmeier, 1994). Both dibenz[a,h]-
anthracene-3R,4R-diol and dibenz[a,h]anthracene-3S,4S-diol induced mutations in S. 
typhimurium TA100 in the presence of an Aroclor 1254-induced rat liver fraction; the R,R 
enantiomer was the stronger mutagen (Platt et al., 1990). Racemic dibenz[a,h]anthracene-
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3,4-diol induced morphological cell transformation in C3H10T½CL8 mouse embryo 
fibroblasts (Nesnow et al., 1994b).  

Carcinogenicity study of dibenz[a,h]anthracene-3,4-diol-1,2-oxide 

Groups of 29 or 30 female Sencar mice, 51–65 days of age, received a single dermal 
application of 100 nmol [33 µg] racemic anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide, 
followed 7 days later by 3.25 nmol [2 µg] TPA in acetone twice a week for 15 weeks. 
The incidence of tumours in the dosed groups 16 weeks after treatment was 7% 
(0.1 tumours/mouse). Skin tumours developed in 6% (0.1 tumours/mouse) of the mice 
treated with TPA alone (Slaga et al., 1980). [The Working Group noted that it is possible 
that the diol epoxide was not stable in the solvent used for its application to the backs of 
mice.] 

DNA adducts of dibenz[a,h]anthracene-3,4-diol-1,2-oxide 

anti-Dibenz[a,h]anthracene-3,4-diol-1,2-oxide and syn-dibenz[a,h]anthracene-3,4-
diol-1,2-oxide each form a number of DNA adducts in mouse liver DNA in vitro (Lecoq 
et al., 1991b). In calf thymus DNA, anti-dibenz[a,h]anthracene-3,4-diol-1,2 oxide formed 
anti-dibenz[a,h]anthracene-3S,4R-diol-1R,2S-oxide–deoxyguanosine, anti-dibenz[a,h]-
anthracene-3R,4S-diol-1S,2R-oxide–deoxyguanosine, anti-dibenz[a,h]anthracene-3S,4R-
diol-1R,2S-oxide–deoxyadenosine and anti-dibenz[a,h]anthracene-3R,4S-diol-1S,2R-oxide–
deoxyadenosine adducts. In calf thymus DNA, syn-dibenz[a,h]anthracene-3,4-diol-1,2-
oxide formed syn-dibenz[a,h]anthracene-3S,4R-diol-1S,2R-oxide–deoxyadenosine and 
syn-dibenz[a,h]anthracene-3R,4S-diol-1R,2S-oxide–deoxyadenosine adducts (Mlcoch et 
al., 1993). anti-Dibenz[a,h]anthracene-3,4-diol-1,2-oxide formed DNA adducts in mouse 
embryo C3H10T½CL8 cells, two of which were anti-dibenz[a,h]anthracene-3,4-diol-1,2-
oxide–deoxyguanosine adducts and one polar adduct identical to a polar dibenz[a,h]-
anthracene–DNA adduct was derived from racemic dibenz[a,h]anthracene-3,4,10,11-bis-
diol (Nesnow et al., 1994b). 

Genotoxicity of dibenz[a,h]anthracene-3,4-diol-1,2-oxide 

Racemic dibenz[a,h]anthracene-3,4-diol-1,2-oxide induced morphological cell trans-
formation in C3H10T½CL8 mouse embryo fibroblasts (Nesnow et al., 1994b).  

Conclusion  

Dibenz[a,h]anthracene is activated metabolically by the diol epoxide mechanism. It 
was metabolized to a diol that was further metabolized in mouse and rat tissues to a bay-
region diol epoxide that then formed DNA adducts and induced mutations. 
Dibenz[a,h]anthracene was metabolized to the dibenz[a,h]anthracene-3,4-diol by rat liver 
preparations, human liver CYPs, human liver microsomes, mouse skin and human skin in 
organ culture and mouse skin in vivo. The R,R-diol enantiomer was the predominant rat 
liver microsomal form. Dibenz[a,h]anthracene-3,4-diol is mutagenic to bacteria, 
morphologically transforms cells in culture, initiates tumours in mouse skin and is 
carcinogenic in newborn mouse lung. Dibenz[a,h]anthracene-3,4-diol was metabolized to 
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two bay-region diol epoxides, syn- and anti-dibenz[a,h]anthracene-3,4-diol-1,2-oxide, by 
rat liver preparations and mouse skin and to anti-dibenz[a,h]anthracene-3,4-diol-1,2-
oxide by mammalian cells in culture. There is a consistent pattern of formation of anti-
dibenz[a,h]anthracene-3,4-diol-1,2-oxide–DNA adducts in calf thymus DNA and in 
mouse skin by dibenz[a,h]anthracene, dibenz[a,h]anthracene-3,4-diol and anti-

dibenz[a,h]anthracene-3S,4R-diol-1R,2S-oxide, and an anti-dibenz[a,h]anthracene-3S,4R-
diol-1R,2S-oxide–deoxyguanosine bay-region diol epoxide adduct is common to all in-
vivo treatments. In the only tumour initiation study in mouse skin, anti-dibenz[a,h]anthra-
cene-3,4-diol-1,2-oxide was inactive; however, this result could have been due to the 
instability of the diol epoxide in the solvent used to apply the agent. 

(v) Evidence for bis-diol epoxide metabolic activation as a 

mechanism of carcinogenesis 

DNA adducts of dibenz[a,h]anthracene-3,4:10,11-bis-diol 

Racemic dibenz[a,h]anthracene-3,4,10,11-diol gave two DNA adducts in calf thymus 
DNA after metabolic activation by Aroclor 1254-induced rat liver microsomes. These 
adducts were also observed in calf thymus DNA incubated with dibenz[a,h]anthracene-
3R,4R-diol or dibenz[a,h]anthracene after metabolic activation by Aroclor 1254-induced 
rat liver microsomes (Fuchs et al., 1993a,b). Topical application of racemic 
dibenz[a,h]anthracene-3,4:10,11-bis-diol to the skin of mice gave two adducts which 
were also observed in dibenz[a,h]anthracene- or dibenz[a,h]anthracene-3,4-diol-treated 
mouse skin (Carmichael et al., 1993). Racemic dibenz[a,h]anthracene-3,4:10,11-bis-diol 
gave two polar dibenz[a,h]anthracene–DNA adducts in C3H10T½CL8 cells in culture. 
One of these DNA adducts was observed in C3H10T½CL8 cells treated with 
dibenz[a,h]anthracene or dibenz[a,h]anthracene-3,4-diol (Nesnow et al., 1994b). 

Genotoxicity of dibenz[a,h]anthracene-3,4:10,11-bis-diol 

Dibenz[a,h]anthracene-3,4:10,11-bis-diol was mutagenic in S. typhimurium TA100 in 
the presence of an Aroclor 1254-induced rat liver preparation (Platt & Schollmeier, 1994).  

Conclusion 

Dibenz[a,h]anthracene is metabolically activated to bis-diol epoxides. 
Dibenz[a,h]anthracene was metabolized to a diol that was then metabolized to a bis-diol 
and further converted to intermediates that formed DNA adducts in mouse and rat tissues. 
Dibenz[a,h]anthracene-3,4:10,11-bis-diol was a rat liver metabolite of both dibenz[a,h]-
anthracene and dibenz[a,h]anthracene-3,4-diol. It was mutagenic in bacteria and formed 
highly polar calf thymus DNA adducts when activated by rat liver preparations, and 
highly polar DNA adducts in mouse embryo cells in culture and in mouse skin. The same 
highly polar DNA adducts were also observed in calf thymus DNA incubated with 
dibenz[a,h]anthracene-3,4-diol and rat liver preparations and in mouse skin and human 
skin treated topically with dibenz[a,h]anthracene or dibenz[a,h]anthracene-3,4-diol. 
Human skin treated in short-term organ culture with dibenz[a,h]anthracene gave an 
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adduct profile that was qualitatively similar to the profiles obtained from the treatment of 
mouse skin with dibenz[a,h]anthracene in vivo. Dibenz[a,h]anthracene-3,4:10,11-bis-diol 
has not been evaluated for tumour initiation in mice. 

Dibenz[a,j]anthracene 

(i) Metabolism and metabolic activation  

The metabolism of dibenz[a,j]anthracene has been documented in a number studies in 
rat microsomes and mouse keratinocyes in culture. Two equivalent potential centres of 
metabolism and metabolic activation are situated on the two benzo rings (or two bay 
regions) at the 1–2 and 3–4 bonds or the 10–11 and 12–13 bonds. 3-Methylcholanthrene-
induced microsomes metabolized dibenz[a,j]anthracene to the bis-diol, trans-trans-
3,4:8,9-tetrahydroxy-3,4:8,9-tetrahydrodibenz[a,j]anthracene (Lecoq et al., 1989, 1991a). 
Dibenz[a,j]anthracene is metabolized in primary cultures of mouse keratinocytes to trans-
3,4-dihydroxy-3,4-dihydrodibenz[a,j]anthracene (dibenz[a,j]anthracene-3,4-diol), trans-
5,6-dihydroxy-5,6-dihydrodibenz[a,j]anthracene (dibenz[a,j]anthracene-5,6-diol) and 
several other unidentified metabolites. Both diols were also conjugated to glucuronic acid 
(Nair et al., 1992). 

(ii) Formation of DNA adducts  

Dibenz[a,j]anthracene forms DNA adducts in mouse epidermis after topical 
application. Eleven adducts were detected and seven were identified as deoxyguanosine 
and deoxyadenosine adducts formed from the anti- and syn-bay-region diol epoxides of 
dibenz[a,j]anthracene, anti-trans-3,4-dihydroxy-3,4-dihydrodibenz[a,j]anthracene-1,2-
oxide (anti-dibenz[a,j]anthracene-3,4-diol-1,2-oxide) and syn-trans-3,4-dihydroxy-3,4-
dihydrodibenz[a,j]anthracene-1,2-oxide (syn-dibenz[a,j]anthracene-3,4-diol-1,2-oxide). 
The major bay-region diol epoxide–DNA adduct formed was anti-trans-dibenz[a,j]-
anthracene-3S,4R-diol-1R,2S-oxide–deoxyguanosine and substantial amounts of an anti-
trans-dibenz[a,j]anthracene-3S,4R-diol-1R,2S-oxide–deoxyadenosine adduct were 
produced. In addition, a K-region adduct, dibenz[a,j]anthracene-5,6-oxide–deoxy-
adenosine, was identified. Unidentified, more polar covalent DNA adducts in epidermal 
DNA samples from dibenz[a,j]anthracene-treated mice were also detected (Baer-
Dubowska et al., 1995). Topical application of dibenz[a,j]anthracene and its metabolites 
to mouse skin gave at least 23 DNA adducts, including four less polar (derived from syn- 
and anti-dibenz[a,j]anthracene-3,4-diol-1,2-oxide; 23% of total adducts) and 19 highly 
polar (derived primarily from the dibenz[a,j]anthracene-3,4:10,11-bis-diol; 77% of total 
adducts) DNA adducts (Vulimiri et al., 1999). Dibenz[a,j]anthracene forms DNA adducts 
in primary cultures of mouse keratinocytes that were identified as (+)-anti-dibenz[a,j]-
anthracene-3,4-diol-1,2-oxide–deoxyguanosine adducts, (+)-anti-dibenz[a,j]anthracene-
3,4-diol-1,2-oxide–deoxyadenosine adducts (the deoxyadenosine adducts were 
predominant), trans and cis adducts with deoxyguanosine and deoxyadenosine of (+)-syn-
dibenz[a,j]anthracene-3,4-diol-1,2-oxide and the major adduct, dibenz[a,j]anthracene-5,6-
oxide–deoxyadenosine (Nair et al., 1991).  
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(iii) Genotoxicity of dibenz[a,j]anthracene 

In a previous monograph, dibenz[a,j]anthracene was reported to induce mutations in 
S. typhimurium TA100 (IARC, 1983). Dibenz[a,j]anthracene was mutagenic in S. 
typhimurium TA100 in the presence of 3-methylcholanthrene-induced rat liver micro-
somes or preparations (Lecoq et al., 1989) and in human B lymphoblastoid h1A1v2 cells 
(thymidine kinase locus) that express CYP1A1 (Durant et al., 1996). 

(iv) Dibenz[a,j]anthracene-induced mutations in proto-oncogenes 

Dibenz[a,j]anthracene induced A182
→T tranversion mutations in Ha-ras codon 61 in 

mouse skin papillomas obtained from a mouse skin initiation–promotion study of 
dibenz[a,j]anthracene (Gill et al., 1992). 

(v) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis 

Carcinogenicity studies of dibenz[a,j]anthracene-3,4-diol 

Groups of 30 female Sencar mice, 51–65 days of age, received dermal applications of 
400 or 800 nmol [124 or 248 µg] racemic dibenz[a,j]anthracene-3,4-diol in acetone, 
followed 2 weeks later by 3.4 nmol [2.1 µg] TPA in acetone twice a week for 20 weeks. 
The incidence of tumours in the dosed groups 22 weeks after treatment was 97 (2.38 
tumours/mouse) and 90% (3.17 tumours/mouse), respectively. Skin tumours developed in 
16% (0.16 tumours/mouse) of the mice treated with TPA alone. Similar results were 
obtained in a repeat study in which dibenz[a,j]anthracene-3,4-diol was administered in 
tetrahydrofuran (Sawyer et al., 1988). 

Groups of 30 female Sencar mice, 51–65 days of age, received dermal applications of 
400 nmol [124 µg] racemic dibenz[a,j]anthracene-3,4-diol in acetone, followed 2 weeks 
later by 3.4 nmol [2.1 µg] TPA in acetone twice a week for 16 weeks. In the dosed group, 
3.48 tumours/mouse were observed 18 weeks after treatment. No data were given on the 
control mice treated with TPA alone (Vulimiri et al., 1999). 

DNA adducts of dibenz[a,j]anthracene-3,4-diol 

Dibenz[a,j]anthracene-3,4-diol formed DNA adducts in mouse epidermis after topical 
application. Eleven adducts were formed and five were identified as (–)-anti-trans-
dibenz[a,j]anthracene-3,4-diol-1,2-oxide–deoxyguanosine, (+)-anti-trans-dibenz[a,j]anthra-
cene-3,4-diol-1,2-oxide–deoxyguanosine (major adduct), (+)-anti-trans-dibenz[a,j]anthra-
cene-3,4-diol-1,2-oxide–deoxyadenosine and two syn-dibenz[a,j]anthracene-3,4-diol-1,2-
oxide adducts (Baer-Dubowska et al., 1995). 

Carcinogenicity study of dibenz[a,j]anthracene-3,4-diol-1,2-oxide 

Groups of 30 female Sencar mice, 51–65 days of age, received dermal applications of 
400 or 600 nmol [124 or 248 µg] racemic anti-dibenz[a,j]anthracene-3,4-diol-1,2-oxide in 
acetone, followed 2 weeks later by 3.4 nmol [2.1 µg] TPA in acetone twice a week for 20 
weeks. The incidence of tumours (tumours/mouse) in the dosed groups 22 weeks after 
treatment was 86 (3.55) and 80% (3.7), respectively. Skin tumours developed in 16% 
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(0.16 tumours/mouse) of the mice treated with TPA alone. Similar results were obtained 
in a repeat study in which dibenz[a,j]anthracene-3,4-diol-1,2-oxide was administered in 
tetrahydrofuran (Sawyer et al., 1988).  

DNA adducts of dibenz[a,j]anthracene-3,4-diol-1,2-oxide 

(+)-anti-Dibenz[a,j]anthracene-3,4-diol-1,2-oxide formed three DNA adducts in 
mouse epidermis after topical application: (+)-anti-trans-dibenz[a,j]anthracene-3,4-diol-
1,2-oxide–deoxyguanosine, (+)-anti-trans-dibenz[a,j]anthracene-3,4-diol-1,2-oxide–
adenosine (major adduct) and (+)-anti-cis-dibenz[a,j]anthracene-3,4-diol-1,2-oxide–
deoxyguanosine (Baer-Dubowska et al., 1995). Racemic anti-dibenz[a,j]anthracene-3,4-
diol-1,2-oxide formed DNA adducts with calf thymus DNA. The major adducts were  
(+)-anti-trans-dibenz[a,j]anthracene-3,4-diol-1,2-oxide–deoxyguanosine and (+)-anti-
trans-dibenz[a,j]anthracene-3,4-diol-1,2-oxide–deoxyadenosine (major adduct) (Nair et 
al., 1989, 1991).  

Genotoxicity of dibenz[a,j]anthracene-3,4-diol-1,2-oxide 

(+)-anti-Dibenz[a,j]anthracene-3,4-diol-1,2-oxide primarily induced point mutations 
in the supF gene in SOS-induced mutants of E. coli ES87. The specific mutations were: 
GC→AT (37%), GC→TA (21%) and GC→CG (8.6%) (Gill et al., 1993). 

Dibenz[a,j]anthracene-3,4-diol-1,2-oxide-induced mutations in proto-oncogenes 

Dibenz[a,j]anthracene-3,4-diol-1,2-oxide induced A182
→T tranversion mutations in 

Ha-ras codon 61 in mouse skin papillomas from a tumour initiation–promotion study of 
dibenz[a,j]anthracene-3,4-diol-1,2-oxide (Gill et al., 1992). 

Conclusion 

Dibenz[a,j]anthracene is activated metabolically by a diol epoxide mechanism. 
Dibenz[a,j]anthracene is metabolized to a diol that is further metabolized to a bay-region 
diol epoxide in mouse tissues and then forms DNA adducts and induces mutations. In 
primary cultures of mouse skin keratinocytes, dibenz[a,j]anthracene is metabolized to the 
bay-region diol, dibenz[a,j]anthracene-3,4-diol. In mouse skin and in mouse skin 
kerotinocytes, dibenz[a,j]anthracene forms DNA adducts primarily from the bay-region 
diol epoxide, (+)-anti-dibenz[a,j]anthracene-3S,4R-diol-1R,2S-oxide with both deoxy-
guanosine and deoxyadenosine. Dibenz[a,j]anthracene-3,4-diol is a tumour initiator in 
mouse skin and forms (+)-anti-dibenz[a,j]anthracene-3S,4R-diol-1R,2S-oxide–DNA 
adducts with both deoxyguanosine and deoxyadenosine in mouse skin. anti-Dibenz[a,j]-
anthracene-3S,4R-diol-1,2-oxide is mutagenic in bacteria and initiates tumours in mouse 
skin. In mouse skin, it forms (+)-anti-dibenz[a,j]anthracene-3S,4R-diol-1R,2S-oxide–
DNA adducts with both deoxyguanosine and deoxyadenosine. Tumours induced by both 
dibenz[a,j]anthracene and anti-dibenz[a,j]anthracene-3,4-diol-1,2-oxide have A182

→T 
tranversion mutations in Ha-ras codon 61 which suggests that deoxyadenosine is a major 
target.  
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(vi) Evidence for bis-diol epoxide metabolic activation as a 

mechanism of carcinogenesis 

Carcinogenicity study of dibenz[a,j]anthracene-3,4:10,11-bis-diol  

Groups of 30 female Sencar mice, 51–65 days of age, received dermal applications of 
400 nmol [124 µg] racemic dibenz[a,j]anthracene-3,4:10,11-bis-diol in acetone, followed 
2 weeks later by 3.4 nmol [2.1 µg] TPA in acetone twice a week for 16 weeks. No 
tumours were observed in the dosed group 18 weeks after treatment. No data were given 
on the control mice treated with TPA alone (Vulimiri et al., 1999). 

DNA adducts of dibenz[a,j]anthracene-3,4:10,11-bis-diol 

Topical application of dibenz[a,j]anthracene-3,4:10,11-bis-diol to mouse skin in vivo 
produced nine adducts, seven of which were found in the skin of mice treated with 
dibenz[a,j]anthracene and five of which were detected in the skin of mice treated with 
dibenz[a,j]anthracene-3,4-diol (Vulimiri et al., 1999). 

Conclusion 

The data are insufficient to demonstrate a mechanism of bis-diol epoxide metabolic 
activation. Bis-diols are mouse skin metabolites of dibenz[a,j]anthracene, the major one 
of which is dibenz[a,j]anthracene-3,4:10,11-bis-diol. Dibenz[a,j]anthracene-3,4:10,11-
bis-diol forms DNA adducts in mouse skin; however, the contribution of this metabolite 
to the tumour-initiating activity of dibenz[a,j]anthracene appears to be small on the basis 
of its inability to initiate tumours in mouse skin.  

Dibenzo[a,e]pyrene  

(i) Metabolism and metabolic activation  

Dibenzo[a,e]pyrene was metabolized by 3-methylcholanthrene-induced rat liver 
microsomes. The major metabolites were the proximate bay-region diol, 3,4-dihydroxy-
3,4-dihydrodibenzo[a,e]pyrene, and 3-, 7- and 9-hydroxydibenzo[a,e]pyrene (Devanesan 
et al., 1990). 

(ii) Formation of DNA adducts  

Dibenzo[a,e]pyrene applied topically to the skin of male mice formed unidentified 
DNA adducts in both skin and lungs (Hughes & Phillips, 1990).  

(iii) Genotoxic effects of dibenzo[a,e]pyrene 

In a previous monograph, dibenzo[a,e]pyrene was reported to induce mutations in S. 
typhimurium TA100 (IARC, 1983). Dibenzo[a,e]pyrene is mutagenic in S. typhimurium 
TA98, TA100 and TM677 (8-azaguanine resistance) in the presence of an Aroclor 1254-
induced rat liver preparation (Devanesan et al., 1990; Busby et al., 1995). It was 
mutagenic in human B lymphoblastoid h1A1v2 cells (thymidine kinase locus) that 
express CYP1A1 (Durant et al., 1996) and in human B-lymphoblastoid MCL-5 cells that 
contain five human liver CYPs and microsomal epoxide hydrolase (Busby et al., 1995). 
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(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis 

No data were available to the Working Group. 

Dibenzo[a,h]pyrene  

(i) Metabolism and metabolic activation  

Dibenzo[a,h]pyrene was metabolized to a bay-region diol, trans-1,2-dihydroxy-1,2-
dihydrodibenzo[a,h]pyrene (dibenzo[a,h]pyrene-1,2-diol), and trans-3,4-dihydroxy-3,4-
dihydrodibenzo[a,h]pyrene by an Aroclor 1254-induced rat liver preparation (Hecht et al., 
1981). 

(ii) Formation of DNA adducts  

Dibenzo[a,h]pyrene formed two major DNA adducts in the skin of topically treated 
mice (Hughes & Phillips, 1990). Laser-excited fluorescence analyses suggested that the 
adducts resulted from metabolism on either or both terminal benzo rings (Marsch et al., 
1992).  

(iii) Genotoxic effects of dibenzo[a,h]pyrene 

In a previous monograph, dibenzo[a,h]pyrene was reported to induce mutations in 
S. typhimurium TA98 and TA100 (IARC, 1983). Dibenzo[a,h]pyrene was very weakly 
mutagenic in human B-lymphoblastoid MCL-5 cells that contain activity for five human 
liver CYPs and microsomal epoxide hydrolase (Busby et al., 1995). It was mutagenic in 
human B-lymphoblastoid h1A1v2 cells (thymidine kinase locus) that express CYP1A1 
(Durant et al., 1999) and in Chinese hamster V79 cells (ouabain and 6-thioguanine 
resistance) co-cultivated with golden hamster embryo cells (Hass et al., 1982).  

(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis  

Carcinogenicity studies of dibenzo[a,h]pyrene-1,2-diol 

Groups of 30 female Charles River CD-1 mice, 51–58 days of age, received a single 
dermal application of 50, 200 or 600 nmol [17, 67 or 202 µg] racemic 
dibenzo[a,h]pyrene-1,2-diol in DMSO:tetrahydrofuran (1:10) followed 7 days later by 
16 nmol [10 µg] TPA in acetone twice a week for 16 weeks, or 24 weeks for another 
group treated with 50 nmol. The incidence of tumours (tumours/mouse) in the dosed 
group 17 weeks after treatment was 39 (0.96), 57 (2.73) and 80% (4.4), respectively. Skin 
tumours developed in 0 or 10% (0 or 0.1 tumours/mouse) of the mice treated with TPA 
alone. The incidence of tumours (tumours/mouse) 25 weeks after treatment in the group 
dosed with 50 nmol dibenzo[a,h]-1,2-diol was 79% (2.96), and no skin tumours 
developed in mice treated with TPA alone (Chang et al., 1982).  

Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected intra-
peritoneally on days 1, 8 and 15 of life with racemic dibenzo[a,h]pyrene-1,2-diol (total 
dose, 87.5 nmol) [30 µg] in DMSO. Mice were weaned at 25 days of age, separated by 
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sex and killed at 49–54 weeks of age. In 28 female mice, at 54 weeks pulmonary tumours 
developed in 96% of the surviving mice (15.82 tumours/mouse) and liver tumours in 7% 
(0.07 tumours/mouse). In 17 male mice, pulmonary tumours developed in 100% of the 
surviving mice (19 tumours/mouse) and liver tumours in 41% (3.76 tumours/mouse). In 
39 female mice treated with DMSO alone, pulmonary tumours developed in 28% of the 
surviving mice (0.44 tumours/mouse) but no liver tumours. In 32 male mice treated with 
DMSO alone, pulmonary tumours developed in 22% of the surviving mice (0.8 
tumours/mouse) but no liver tumours (Chang et al., 1982). 

Genotoxicity of dibenzo[a,h]pyrene-1,2-diol 

Dibenzo[a,h]pyrene-1,2-diol was mutagenic in S. typhimurium TA98 and TA100 in 
the presence of an Aroclor 1254-induced rat liver preparation (Wood et al., 1981). 

Carcinogenicity studies of dibenzo[a,h]pyrene-1,2-diol-3,4-oxide 

Groups of 30 female Charles River CD-1 mice, 51–58 days of age, received a single 
dermal application of 50, 200 or 600 nmol [18, 71 or 212 µg] racemic anti-trans-1,2-
dihydroxy-1,2,3,4-tetrahydrodibenzo[a,h]pyrene-3,4-oxide (anti-dibenzo[a,h]pyrene-1,2-
diol-3,4-oxide) in DMSO:tetrahydrofuran (1:10), followed 7 days later by 16 nmol 
[10 µg] TPA in acetone twice a week for 16 weeks, or 24 weeks for another group treated 
with of 50 nmol. The incidence of tumours (tumours/mouse) in the dosed groups 
17 weeks after treatment was 33 (0.43), 70 (1.87) and 50% (1.83), respectively. Skin 
tumours developed in 0 or 10% (0 or 0.1 tumours/mouse) of the mice treated with TPA 
alone. The incidence of tumours (tumours/mouse) 25 weeks after treatment in the group 
dosed with 50 nmol dibenzo[a,h]-1,2-diol-3,4-oxide was 60% (one tumour/mouse), and 
no skin tumours developed in mice treated with TPA alone (Chang et al., 1982).  

Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic anti-dibenzo[a,h]pyrene-1,2-
diol-3,4-oxide (total dose, 87.5 nmol) [31 µg] in DMSO. Mice were weaned at 25 days of 
age, separated by sex and killed at 49–54 weeks of age. In 18 female mice, pulmonary 
tumours developed in 94% of the surviving mice (5.72 tumours/mouse) and liver tumours 
in 6% (0.06 tumours/mouse). In 19 male mice, pulmonary tumours developed in 95% of 
the surviving mice (5.37 tumours/mouse) and liver tumours in 26% (1.37 tumours/ 
mouse). In 39 female mice treated with DMSO alone, pulmonary tumours developed in 
28% of the surviving mice (0.44 tumours/mouse) but no liver tumours. In 32 male mice 
treated with DMSO alone, pulmonary tumours developed in 22% of the surviving mice 
(0.8 tumours/mouse) but no liver tumours (Chang et al., 1982). 

Genotoxicity of dibenzo[a,h]pyrene-1,2-diol-3,4-oxide 

anti-Dibenzo[a,h]pyrene-1,2-diol-3,4-oxide was mutagenic in S. typhimurium TA98 
and TA100 in the absence of exogenous metabolic activation and in Chinese hamster V79 
cells in culture (8-azaguanine resistance) (Wood et al., 1981). 
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Conclusion 

Dibenzo[a,h]pyrene can be metabolically activated by the diol epoxide pathway. 
Dibenzo[a,h]pyrene is metabolized to the proximate bay-region diol, dibenzo[a,h]pyrene-
1,2-diol, by rat liver preparations. Dibenzo[a,h]pyrene-1,2-diol was mutagenic to bacteria 
and was a tumour initiator in mouse skin. Dibenzo[a,h]pyrene-1,2-diol induced 
pulmonary and hepatic tumours in newborn mice. Although anti-dibenzo[a,h]pyrene-1,2-
diol-3,4-oxide–DNA adducts have not been characterized directly, synthetic anti-
dibenzo[a,h]pyrene-1,2-diol-3,4-oxide is genotoxic in bacteria and mammalian cells in 
culture. Synthetic anti-dibenzo[a,h]pyrene-1,2-diol-3,4-oxide is a tumour initiator in 
mouse skin and induces pulmonary and hepatic tumours in newborn mice. 

Dibenzo[a,i]pyrene  

(i) Metabolism and metabolic activation  

Dibenzo[a,i]pyrene was metabolized to a proximate bay-region diol, trans-3,4-
dihydroxy-3,4-dihydrodibenzo[a,i]pyrene (dibenzo[a,i]pyrene-3,4-diol), and trans-1,2-di-
hydroxy-1,2-dihydrodibenzo[a,i]pyrene by an Aroclor 1254-induced rat liver preparation 
(Hecht et al., 1981). 

(ii) Formation of DNA adducts 

Dibenzo[a,i]pyrene formed two unidentified DNA adducts in the lungs of rats dosed 
by intratracheal instillation (Whong et al., 1994) and in the skin of mice treated topically 
(Hughes & Phillips, 1990).  

(iii) Genotoxic effects of dibenzo[a,i]pyrene 

In a previous monograph, dibenzo[a,i]pyrene was reported to induce DNA damage in 
bacteria and mutations in S. typhimurium TA98 and TA100 but not unscheduled DNA 
synthesis in primary rat hepatocytes (IARC, 1983). Dibenzo[a,i]pyrene was mutagenic in 
S. typhimurium TM677 in the presence of an Aroclor 1254-induced rat liver preparation 
(Busby et al., 1995), in human B lymphoblastoid h1A1v2 cells (thymidine kinase locus) 
that express CYP1A1 (Durant et al., 1999) and in Chinese hamster V79 cells (ouabain 
and 6-thioguanine resistance) co-cultivated with golden hamster embryo cells (Hass et al., 
1982). It induced cell transformation of rat epithelial cells in vivo after intracheal 
instillation and in treated isolated cultures of rat epithelial cells in vitro (Ensell et al., 
1998). The rat epithelial cells transformed in vivo were shown to exhibit anchorage-
independent growth and to produce squamous-cell carcinomas when injected into nude 
mice (Ensell et al., 1999). Dibenzo[a,i]pyrene induced micronucleus formation in bone 
marrow and spleen polychromatic erythrocytes in rats treated in vivo (Zhong et al., 1995). 
It induced sister chromatid exchange and micronucleus formation in lung cells cultured in 
vitro taken from rats dosed by intratracheal instillation (Whong et al., 1994).  
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(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis  

Carcinogenicity studies of dibenzo[a,i]pyrene-3,4-diol 

Groups of 30 female Charles River CD-1 mice, 51–58 days of age, received a single 
dermal application of 50, 200 or 600 nmol [17, 67 or 202 µg] racemic dibenzo[a,i]pyrene-
3,4-diol in DMSO:tetrahydrofuran (1:10), followed 7 days later by 16 nmol [10 µg] TPA 
in acetone twice a week for 16 weeks, or 24 weeks for another group treated with 50 nmol 
only. The incidence of tumours (tumours/mouse) in the dosed groups 17 weeks after 
treatment was 37 (0.6), 66 (3.03) and 81% (5.0), respectively. Skin tumours developed in 
0 or 10% (0 or 0.1 tumours/mouse) of the mice treated with TPA alone. The incidence of 
tumours (tumours/mouse) 25 weeks after treatment in the group dosed with 50 nmol 
dibenzo[a,i]-3,4-diol was 60% (2.14), and no skin tumours developed in mice treated with 
TPA alone (Chang et al., 1982).  

Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic dibenzo[a,i]pyrene-3,4-diol 
(total dose, 87.5 nmol) [31 µg] in DMSO. Mice were weaned at 25 days of age, separated 
by sex and killed at 49–54 weeks of age. In 30 female mice, pulmonary tumours 
developed in 100% of the surviving mice (32.2 tumours/mouse) and liver tumours in 6% 
(0.1 tumours/mouse). In 21 male mice, pulmonary tumours developed in 100% of the 
surviving mice (35 tumours/mouse) and liver tumours in 67% (4.48 tumours/mouse). In 
39 female mice treated with DMSO alone, pulmonary tumours developed in 28% of the 
surviving mice (0.44 tumours/mouse) but no liver tumours. In 32 male mice treated with 
DMSO alone, pulmonary tumours developed in 22% of the surviving mice 
(0.8 tumours/mouse) but no liver tumours (Chang et al., 1982). 

Genotoxicity of dibenzo[a,i]pyrene-3,4-diol 

Dibenzo[a,i]pyrene-3,4-diol was mutagenic in S. typhimurium TA98 and TA100 in 
the presence of an Aroclor 1254-induced rat liver preparation (Wood et al., 1981). 

Carcinogenicity studies of dibenzo[a,i]pyrene-3,4-diol-1,2-oxide 

Groups of 30 female Charles River CD-1 mice, 51–58 days of age, received a single 
dermal application of 50, 200 or 600 nmol [18, 71 or 212 µg] racemic anti-trans-3,4-
dihydroxy-1,2,3,4-tetrahydrodibenzo[a,i]pyrene-1,2-oxide (anti-dibenzo[a,i]pyrene-3,4-
diol-1,2-oxide) in DMSO:tetrahydrofuran (1:10), followed 7 days later by 16 nmol 
[10 µg] TPA in acetone twice a week for 16 weeks, or 24 weeks for another group treated 
with 50 nmol only. The incidence of tumours (tumours/mouse) in the dosed groups 
17 weeks after treatment was 20 (0.2), 43 (0.9) and 67% (2.03), respectively. Skin 
tumours developed in 0 or 10% (0 or 0.1 tumours/mouse) of the mice treated with TPA 
alone. The incidence of tumours (tumours/mouse) 25 weeks after treatment in the group 
dosed with 50 nmol dibenzo[a,i]pyrene-3,4-diol-1,2-oxide was 53% (0.9) and no skin 
tumours were observed in mice treated with TPA alone (Chang et al., 1982).  
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Groups of newborn Swiss-Webster BLU:Ha(ICR) mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic anti-dibenzo[a,i]pyrene-3,4-
diol-1,2-oxide (total dose, 87.5 nmol) [31 µg] in DMSO. Mice were weaned at 25 days of 
age, separated by sex and killed at 49–54 weeks of age. In seven female mice, pulmonary 
tumours developed in 100% of the surviving mice (1.57 tumours/mouse) but no liver 
tumours. In eight male mice, pulmonary tumours developed in 62% of the surviving mice 
(3.13 tumours/mouse) and liver tumours in 25% (0.25 tumours/mouse). In 39 female mice 
treated with DMSO alone, pulmonary tumours developed in 28% of the surviving mice 
(0.44 tumours/mouse) but no liver tumours. In 32 male mice treated with DMSO alone, 
pulmonary tumours developed in 22% of the surviving mice (0.8 tumours/mouse) but no 
liver tumours (Chang et al., 1982). 

Genotoxicity of dibenzo[a,i]pyrene-3,4-diol-1,2-oxide 

anti-Dibenzo[a,i]pyrene-3,4-diol-1,2-oxide was mutagenic in S. typhimurium TA98 
and TA100 in the absence of exogenous metabolic activation and in Chinese hamster V79 
cells in culture (8-azaguanine resistance) (Wood et al., 1981). 

Conclusion 

There is some evidence that dibenzo[a,i]pyrene can be activated metabolically by the 
diol epoxide mechanism. Dibenzo[a,i]pyrene was metabolized to the proximate bay-
region diol, dibenzo[a,i]pyrene-3,4-diol, by rat liver preparations. Dibenzo[a,i]pyrene-
3,4-diol was mutagenic to bacteria and was a tumour initiator in mouse skin. It induced 
pulmonary and hepatic tumours in newborn mice. Although DNA adducts from anti-
dibenzo[a,i]pyrene-3,4-diol-1,2-oxide have not been identified, synthetic anti-dibenzo-
[a,i]pyrene-3,4-diol-1,2-oxide was genotoxic in bacteria and mammalian cells in culture, 
was a tumour initiator in mouse skin and induced pulmonary and hepatic tumours in 
newborn mice. 

Dibenzo[a,l]pyrene 

(i) Metabolism and metabolic activation  

The metabolism of dibenzo[a,l]pyrene has been documented in a number of studies in 
rat liver microsomes, recombinant human CYPs, cells that express human CYPs and 
human liver and lung microsomes. One primary potential centre of metabolism and 
metabolic activation of dibenzo[a,l]pyrene leads to the fjord-region diol epoxide at the 
11–12 and 13–14 bonds. Dibenzo[a,l]pyrene is metabolized by 3-methylcholanthrene-
induced rat liver microsomes to 11,12-dihydroxy-11,12-dihydro-dibenzo[a,l]pyrene 
(dibenzo[a,l]pyrene-11,12-diol), 8,9-dihydroxy-8,9-dihydro-dibenzo[a,l]pyrene (dibenzo-
[a,l]pyrene-8,9-diol), 7-hydroxydibenzo[a,l]pyrene and a dibenzo[a,l]pyrene-dione 
(Devanesan et al., 1990). Dibenzo[a,l]pyrene was metabolized by human recombinant 
CYPs and human lung and liver microsomes to 13,14-dihydroxy-13,14-dihydro-
dibenzo[a,l]pyrene, dibenzo[a,l]pyrene-11,12-diol, dibenzo[a,l]pyrene-8,9-diol, 7-hydroxy-
dibenzo[a,l]pyrene and a dibenzo[a,l]pyrene-dione. Of all of the recombinant CYPs 
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evaluated, CYP1A1 was the most active in the metabolism of dibenzo[a,l]pyrene. The 
order of activity in the formation of dibenzo[a,l]pyrene-11,12-diol was CYP1A1 
> CYP2C9 > CYP1A2 > CYP2B6 > CYP3A4 (Shou et al., 1996b). The two major CYPs 
involved in the metabolism of dibenzo[a,l]pyrene are CYP1A1 and CYP1B1. In human 
lung, both CYP1A1 (in smokers) and CYP1B1 proteins are expressed (Hukkanen et al., 
2002). Dibenzo[a,l]pyrene was metabolized by Chinese hamster V79 cells that express 
human CYP1A1 or CYP1B1 to dibenzo[a,l]pyrene-11,12-diol, 7-hydroxydibenzo-
[a,l]pyrene, dibenzo[a,l]pyrene-11,12-diol-phenol and 11r,12t,13t,14c-tetrahydroxy-
11,12,13,14,-tetrahydrodibenzo[a,l]pyrene. Chinese hamster V79 cells that express 
human CYP1B1 also formed cis-dibenzo[a,l]pyrene-11,12-diol. Those that express either 
of the human CYP enzymes stereospecifically catalysed the formation of (–)-dibenzo-
[a,l]pyrene-11R,12R-diol from dibenzo[a,l]pyrene (Luch et al., 1999a). 

(ii) Formation of DNA adducts  

The formation of dibenzo[a,l]pyrene–DNA adducts has been studied in calf thymus 
DNA, in rodent and human mammalian cells in culture and in rodents. 
Dibenzo[a,l]pyrene forms DNA adducts in calf thymus DNA in the presence of liver 
microsomes from β-naphthoflavone- or Aroclor 1254-treated rats. These adducts were 
identified as deoxyadenosine and deoxyguanosine adducts of both anti- and syn-
dibenzo[a,l]pyrene-11,12-diol-13,14-oxides in the following order: anti-dibenzo[a,l]-
pyrene-11,12-diol-13,14-oxide–deoxyadenosine, syn-dibenzo[a,l]pyrene-11,12-diol-13,14-
oxide–deoxyguanosine >> anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyguano-
sine, syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine (Arif & Gupta, 
1997). Dibenzo[a,l]pyrene forms adducts in calf thymus DNA in the presence of 
3-methylcholanthrene-induced rat liver microsomes. These adducts were identified as a 
syn-trans-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyguanosine adduct, an anti-cis-
dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyguanosine adduct, a syn-trans-dibenzo-
[a,l]pyrene-11,12,-diol-13,14-oxide–doxyadenosine adduct, a syn-cis-dibenzo[a,l]pyrene-
11,12-diol-13,14-oxide–deoxyadenosine and an anti-cis-dibenzo[a,l]pyrene-11,12-diol-
13,14-oxide–deoxyadenosine adduct. Equal amounts of deoxyguanosine and deoxy-
adenosine adducts were formed (Devanesan et al., 1999). Dibenzo[a,l]pyrene formed 
DNA adducts in mouse embryo fibroblast C3H10T½Cl8 cells that were derived from the 
metabolism of dibenzo[a,l]pyrene to its fjord-region diol epoxides through dibenzo-
[a,l]pyrene-11,12-diol. The predominant adduct was anti-dibenzo[a,l]pyrene-11,12-diol-
13,14-oxide–deoxyadenosine. Other major adducts were anti-dibenzo[a,l]pyrene-11,12-
diol-13,14-oxide–deoxyguanosine and syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–
deoxyadenosine with smaller amounts of syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–
deoxyguanosine (Nesnow et al., 1997). 

Chinese hamster V79 cells that express human CYP1B1 produced six DNA adducts 
exclusively derived from dibenzo[a,l]pyrene-11,12,-diol-13,14-oxide (Luch et al., 
1998b). These adducts were similar to those found after the treatment of human 
mammary carcinoma MCF-7 cells in culture, which were identified as four (–)-anti-
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dibenzo[a,l]pyrene-11R,12S-diol-13S,14R-oxide adducts and two (+)-syn-dibenzo[a,l]-
pyrene-11S,12R-diol-13S,14R-oxide adducts. The three major adducts found in MCF-7 
cells were identified as a (–)-anti-dibenzo[a,l]pyrene-11R,12S-diol-13S,14R-oxide–
deoxyadenosine and two (+)-syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxy-
adenosine adducts. This indicated that, in these cells, the metabolism of 
dibenzo[a,l]pyrene proceeds through dibenzo[a,l]pyrene-11,12-dihydrodiol (Ralston et 
al., 1995, 1997). Chinese hamster V79 cells that express human or rat CYP1A1 formed 
many of the same dibenzo[a,l]pyrene adducts as cells that express CYP1B1, as well as 
several unidentified highly polar DNA adducts (Luch et al., 1998b). Embryonic 
fibroblasts from wild-type mice (mixed genetic background of C57B6 and 129/Sv mice) 
were exposed to dibenzo[a,l]pyrene. Those isolated from CYP1B1-null mice failed to 
bind dibenzo[a,l]pyrene to DNA. In contrast, those from wild-type mice produced a series 
of five DNA adducts derived from both syn- and anti-dibenzo[a,l]pyrene-11,12-diol-
13,14-oxides, the anti form of which predominated. The same pattern of 
dibenzo[a,l]pyrene–DNA adducts was observed in dibenzo[a,l]pyrene-exposed Chinese 
hamster V79 cells that express murine CYP1B1 (Buters et al., 2002). 

Female Sprague-Dawley rats injected intramammillary with dibenzo[a,l]pyrene 
formed DNA adducts in mammary tissues as well as distal tissues (lung, heart, bladder 
and pancreas), which were identified as deoxyadenosine and deoxyguanosine adducts of 
both syn- and anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxides (Arif et al., 1997, 1999). 
Dibenzo[a,l]pyrene binds at different levels to the DNA in the epidermis of Cyp1a2–/–, 
Cyp1b1

–/– and Ahr–/– knockout mice in vivo; the least binding occurs in the Cyp1a2–/– and 
Cyp1b1

–/–
 mice, which suggests that CYP1A2 and CYP1B1 and possibly CYP1A1 are 

involved in the bioactivation of dibenzo[a,l]pyrene (Kleiner et al., 2004). 
Dibenzo[a,l]pyrene forms three major and four minor DNA adducts after topical 

application to mouse skin. One of the major adducts is (–)-anti-dibenzo[a,l]pyrene-11,12-
diol-13,14-oxide–deoxyguanosine (with some possible contribution of a (±)-syn-
dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine). A second major adduct is 
primarily (–)-anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine (with 
some possible contribution of (+)-anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–DNA). 
The third major adduct is (–)-anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxy-
adenosine. The minor adducts are (–)-anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–
deoxyguanosine, (–)-anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine and 
deoxyadenosine adducts of (±)-syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide. Quanti-
tatively, the majority of dibenzo[a,l]pyrene–DNA adducts in mouse skin are (–)-anti-
dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosines (Jankowiak et al., 1998). 

Strain A/J mice injected intraperitoneally with dibenzo[a,l]pyrene produced 
dibenzo[a,l]pyrene–DNA adducts in the lung which were deoxyadenosines and 
deoxyguanosines derived from both anti- and syn-dibenzo[a,l]pyrene-11,12-diol-13,14-
oxide; the major adduct was anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxy-
adenosine (Prahalad et al., 1997). C57BL/6 mice exposed to dibenzo[a,l]pyrene by 
gavage formed a number of DNA adducts in their lungs, the majority of which were 



 POLYCYCLIC AROMATIC HYDROCARBONS 605 

 

derived from anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide and one from syn-dibenzo-
[a,l]pyrene-11,12-diol-13,14-oxide (Mahadevan et al., 2005a). 

(iii) Genotoxicity of dibenzo[a,l]pyrene  

Dibenzo[a,l]pyrene is mutagenic in S. typhimurium TA98, TA100 and TM677 (8-
azaguanine resistance) in the presence of an Aroclor 1254-induced rat liver preparation 
(Devanesan et al., 1990; Busby et al., 1995). It was mutagenic in human B 
lymphoblastoid h1A1v2 cells (thymidine kinase locus) that express CYP1A1 (Durant et 
al., 1996) and in human B-lymphoblastoid MCL-5 cells that contain five human liver 
CYPs and microsomal epoxide hydrolase (Busby et al., 1995). Chinese hamster V79 cells 
(6-thioguanine resistance) co-cultivated with irradiated human mammary carcinoma 
MCF-7 cells were mutated by dibenzo[a,l]pyrene (Ralston et al., 1997). Dibenzo[a,l]-
pyrene induced morphological cell transformation in mouse embryo fibroblast 
C3H10T½Cl8 cells and was more active than benzo[a]pyrene (Nesnow et al., 1997). 
Dibenzo[a,l]pyrene induced mutations in the cII locus of Big-Blue mouse embryonic 
fibroblasts (Yoon et al., 2004). 

(iv) Dibenzo[a,l]pyrene-induced mutations in ras gene 

Dibenzo[a,l]pyrene induced Ki-ras codon 12 and codon 61 mutations in lung 
adenomas from treated strain A/J mice. In codon 12, the following mutations were 
observed: GGT→TGT (28%), GGT→GTT (11%) and GGT→CGT (6%). In codon 61, 
the following mutations were observed: CAA→CTA (22%), CAA→CGA (17%), 
CAA→CAT (11%) and CAA→CAC (6%) (Prahalad et al., 1997). Dibenzo[a,l]pyrene 
induced Ha-ras codon 61 mutations in mouse skin papillomas with CAA→CTA 
mutations being predominant (Chakravarti et al., 1995; Khan et al., 2005). It induced 
A→G mutations in the Ha-ras proto-oncogene in early preneoplastic skin (Chakravarti et 
al., 2000). 

(v) DNA damage and repair of dibenzo[a,l]pyrene  

In comparison with benzo[a]pyrene, dibenzo[a,l]pyrene induces 10–100 times more 
DNA adducts (Binkova et al., 2000; Melendez-Colon et al., 2000; Binkova & Sram, 
2004), which are more resistant to nucleotide excision repair, probably because they 
distort DNA to a lesser degree (Dreij et al., 2005). Dibenzo[a,l]pyrene-11,12,-diol-13,14-
oxide reacts preferably with deoxyadenosine while benzo[a]pyrene reacts more readily 
with deoxyguanosine (Ralston et al., 1997; Jankowiak et al., 1998; Smith et al., 2001). 
These differences also apply more generally to fjord-region and bay-region diol epoxides 
(see references in Dreij et al., 2005). However, the preferred adduction of dibenzo[a,l]-
pyrene-11,12,-diol-13,14-oxide to deoxyadenosine was challenged (Todorovic et al., 
2005). The repair of DNA adducts by (+)-syn-dibenzo[a,l]pyrene-11,12,-diol-13,14-oxide 
is significantly quicker than that of adducts by (–)-anti-dibenzo[a,l]pyrene-11,12,-diol-
13,14-oxide (Yoon et al., 2004). Accordingly, (–)-anti-dibenzo[a,l]pyrene-11,12,-diol-
13,14-oxide adducts are the major adducts in Chinese hamster cells V79 that express 
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CYP1B1 (Luch et al., 1998b) and in the lungs of orally dosed mice (Mahadevan et al., 
2005a). 

(vi) Apoptosis and cellular pathways of dibenzo[a,l]pyrene 

In many ways, benzo[a]pyrene and dibenzo[a,l]pyrene seem to have a similar profile 
in cellular effects that differ from many other PAH compounds (See Section 4.2.1.(b) 
Benzo[a]pyrene (vii)). Both are strong mutagens and induce apoptosis and cell-cycle 
arrest (Chramostova et al., 2004), increase greatly the percentage of S-phase cells and 
induce phosphorylation of extracellular signal-regulated kinases (Andrysik et al., 2005), 
and the number of their DNA adducts correlates with the p53 response to both 
compounds in cells (Rämet et al., 1995; Luch et al., 1999b). (–)-anti-Dibenzo[a,l]pyrene-
11,12,-diol-13,14-oxide induced DNA adducts and cell-cycle arrest in human diploid 
fibroblast cultures (Mahadevan et al., 2001). 

(vii) Changes in gene expression induced by dibenzo[a,l]pyrene 

Very few data exist on the effect of dibenzo[a,l]pyrene on gene expression. In colon 
carcinoma Caco cells, dibenzo[a,l]pyrene induces CYP1A1, CYP1B1, UGT and multi 
drug resistance 1 (MDR-1) genes, with no effect on epoxide hydrolase or SULTs 
(Lampen et al., 2004). In MCF-7 cells, however, benzo[a]pyrene, but not dibenzo-
[a,l]pyrene, induces CYP1A1 and CYP1B1 (Mahadevan et al., 2005b). 

(viii) Evidence for diol epoxide metabolic activation as a mechanism 
of carcinogenesis  

Carcinogenicity studies of dibenzo[a,l]pyrene-11,12-diol 

Groups of 24 female SENCAR mice, 56 days of age, received dermal applications of 
4, 20 or 100 nmol [1.3, 7 or 34 µg] racemic dibenzo[a,l]pyrene-11,12-diol in acetone, 
followed 21 days later by 3.24 nmol [2 µg] TPA in acetone three times a week for 
24 weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 27 weeks 
after treatment was 100 (7.08), 96 (6.96) and 87% (2.5), respectively. The numbers of 
squamous-cell carcinomas/number of tumour bearing mice were 6/3, 1/1 and 1/1, 
respectively. A group of mice treated with 100 nmol [34 µg] racemic dibenzo[a,l]pyrene-
11,12-diol only without TPA promotion had a 12% tumour incidence (0.17 
tumours/mouse) with two squamous-cell carcinomas in two mice. In an initiation–
promotion study, the parent compound dibenzo[a,l]pyrene (4 nmol) [1.2 µg] induced a 
skin tumour incidence of 92% with 6.96 tumours/mouse and three squamous-cell 
carcinomas in two mice. There were no skin tumours in control mice treated with TPA 
only (Cavalieri et al., 1991). 

Groups of 24 female SENCAR mice, 56 days of age, received dermal applications of 
0.25 or 1 nmol [0.084 or 0.336 µg] racemic dibenzo[a,l]pyrene-11,12-diol in acetone, 
followed 7 days later by 2.16 nmol [1.33 µg] TPA in acetone twice a week for 27 weeks. 
The incidence of skin tumours (tumours/mouse) in the dosed groups 27 weeks after 
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treatment was approximately 0 (0) and 18% (0.17), respectively. The responses in control 
mice treated with TPA alone were not stated (Higginbotham et al., 1993). 

Groups of 23–25 female SENCAR mice, 56 days of age, received dermal applications 
of 1.33, 4 or 12 nmol [0.5, 1.3 or 4 µg] racemic dibenzo[a,l]pyrene-11,12-diol in acetone, 
followed 1 week later by 1.62 nmol [1 µg] TPA in acetone twice weekly for 28 weeks. 
The incidence of skin tumours (tumours/mouse) in the dosed groups 29–30 weeks after 
treatment was 72 (2.84), 76 (4.36) and 78% (4.65), respectively. The numbers of 
squamous-cell carcinomas/number of tumour-bearing mice were 2/2, 3/2 and 3/2, 
respectively. The responses in control mice treated with TPA alone were not given. In the 
same study, dibenzo[a,l]pyrene (1.33 nmol) [0.5 µg] gave a 70% tumour incidence and 
5.22 tumours/mouse (Gill et al., 1994). 

Groups of 16 female outbred NMRI mice, 49 days of age, received a dermal 
application of 40 nmol [13.5 µg] racemic dibenzo[a,l]pyrene-11,12-diol in acetone, 
followed 7 days later by 10 nmol [6.2 µg] TPA in acetone twice a week for 18 weeks. 
The incidence of skin tumours (tumours/mouse) in the dosed group 19 weeks after 
treatment was 100% (5.8). In the same study, dibenzo[a,l]pyrene (40 nmol) [13 µg] gave 
a skin tumour incidence of 94% with 6.5 tumours/mouse. No skin tumours were observed 
in control mice treated with TPA alone (Luch et al., 1999c).  

Groups of 16 female outbred NMRI mice, 49 days of age, received dermal 
applications of 10, 20 or 40 nmol [3.4, 6.8 or 13.6 µg] (+)-dibenzo[a,l]pyrene-11S,12S-
diol in acetone, followed 7 days later by 10 nmol [6.2 µg] TPA in acetone twice a week 
for 18 weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 
19 weeks after treatment was 0 (0), 13 (0.1) or 13% (0.1), respectively. No skin tumours 
were observed in control mice treated (Luch et al., 1999c).  

Groups of 16 female outbred NMRI mice, 49 days of age, received dermal 
applications of 10, 20 or 40 nmol [3.4, 6.8 or 13.6 µg] (–)-dibenzo[a,l]pyrene-11R,12R-
diol in acetone, followed 7 days later by 10 nmol [6.2 µg] TPA in acetone twice a week 
for 18 weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 
19 weeks after treatment was 93 (4.7), 88 (3.6) and 80% (1.7), respectively. No skin 
tumours occurred in control mice treated with TPA alone (Luch et al., 1999c).  

Groups of 22–27 female Swiss mice, 56 days of age, received dermal applications of 
1 or 4 nmol [0.34 or 1.3 µg] racemic dibenzo[a,l]pyrene-11,12-diol in acetone twice 
weekly for 40 weeks and the surviving mice were killed at 48 weeks. In 23 or 22 mice, 
skin tumours occurred in 9 or 36% of the surviving mice with a mean latency of 45 or 33 
weeks. The major tumours identified were squamous papillomas and sebaceous gland 
tumours in the 4-nmol treatment group and sebaceous gland tumours in the 1-nmol 
treatment group. In the same study, dibenzo[a,l]pyrene (4 nmol) [1.2 µg] gave a higher 
tumour incidence (83%) and the majority of tumours were squamous-cell carcinomas. 
Mice treated with acetone alone developed no tumours (Higginbotham et al., 1993). 

Groups of newborn Charles River Crl:CD®-1(ICR)BR mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic dibenzo[a,l]pyrene-11,12-diol 
(total dose, 40 or 100 nmol) [13.6 or 34 µg] in DMSO. Mice were weaned at 3–4 weeks 
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of age, separated by sex and killed at 26 or 55 weeks of age. In 12 or 13 female mice, 
pulmonary tumours developed in 83.3 or 84.6% of the surviving mice (5.92 or 5.69 
tumours/mouse), liver tumours in 25 or 23.1% (0.42 or 0.23 tumours/mouse) and other 
tumours in 41.7 or 30.8% (0.5 or 0.38 tumours/mouse), respectively. In 13 or seven male 
mice, pulmonary tumours developed in 100 or 71.4% of the surviving animals (8.85 or 
3.14 tumours/mouse), liver tumours in 92.3 or 28.6% (9.77 or 2.29 tumours/mouse) and 
other tumours in 23.1 or 42.9% (0.54 or 0.43 tumours/mouse), respectively. In 27 female 
mice treated with DMSO alone, pulmonary tumours developed in 37% of the surviving 
mice (0.67 tumours/mouse) but no liver or other tumours. In 35 male mice treated with 
DMSO alone, pulmonary tumours developed in 31.4% of the surviving mice (0.54 
tumours/mouse) but no liver or other tumours (Platt et al., 2004). 

Metabolism of dibenzo[a,l]pyrene-11,12-diol 

Dibenzo[a,l]pyrene-11,12-diol is metabolized by Aroclor 1254-induced rat or mouse 
liver microsomes to a series of diastereomeric tetraols formed through intermediary syn-
and anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxides; the anti isomer predominated 
(90:10) (Luch et al., 1997, 1998b). 

DNA adducts of dibenzo[a,l]pyrene-11,12-diol 

Racemic and enantiomeric dibenzo[a,l]pyrene-11,12-diol formed calf thymus DNA 
adducts in the presence of Aroclor 1254-induced liver microsomes from Sprague-Dawley 
rats or CD-1 mice. Larger quantities of these adducts were formed by the  
(–)-dibenzo[a,l]pyrene-11R,12R-diol compared with the (+)-dibenzo[a,l]pyrene-11S,12S-
diol (Luch et al., 1997). Chinese hamster V79 cells that express human recombinant 
CYP1A1 produced both non-polar and polar DNA adducts from (–)-dibenzo[a,l]pyrene-
11R,12R-diol (Luch et al., 1998b). Of the four non-polar DNA adducts, one was 
identified specifically as (–)-anti-dibenzo[a,l]pyrene-11R,12S-diol-13S,14R-oxide–
deoxyadenosine (Ralston et al., 1995) and the other three were all (–)-anti-
dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–DNA adducts (Luch et al., 1998b). These 
four non-polar adducts were also formed exclusively in V79 cells that express human 
CYP1B1 after exposure to (–)-dibenzo[a,l]pyrene-11R,12R-diol. Chinese hamster V79 
cells that express human recombinant CYP1A1 produced fewer adducts than those that 
express CYP1B1 (Luch et al., 1998b). 

Genotoxicity of dibenzo[a,l]pyrene-11,12-diol 

Chinese hamster V79 cells (6-thioguanine resistance) co-cultivated with irradiated 
human mammary carcinoma MCF-7 cells were mutated by racemic dibenzo[a,l]pyrene-
11,12-diol and (–)-dibenzo[a,l]pyrene-11R,12R-diol, but not by (+)-dibenzo[a,l]pyrene-
11S,12S-diol (Ralston et al., 1997). Chinese hamster V79 cells (6-thioguanine resistance) 
in the presence of an Aroclor 1254-induced rat liver preparation were mutated by racemic 
dibenzo[a,l]pyrene-11,12-diol and each enantiomer. The (–)-dibenzo[a,l]pyrene-11R,12R-
diol was more mutagenic than the racemic mixture which was more active than the 
(+)-dibenzo[a,l]pyrene-11S,12S-diol (Luch et al., 1997). 
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Carcinogenicity studies of dibenzo[a,l]pyrene-11,12-diol-13,14-oxide 

Groups of 24 female SENCAR mice, 56 days of age, received dermal applications of 
1.33, 4 or 12 nmol [0.5, 1.4 or 4.3 µg] racemic syn-dibenzo[a,l]pyrene-11,12-diol-13,14-
oxide in acetone, followed 1 week later by 1.62 nmol [1 µg] TPA in acetone twice a week 
for 28 weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 29–
30 weeks after treatment was 54 (1.87), 50 (1.54) and 58% (1.79), respectively. The 
numbers of squamous-cell carcinomas/number of tumour-bearing mice were 5/3 in the 
1.33-nmol [0.5-µg] dose group only. The responses in control mice treated with TPA 
alone were not given (Gill et al., 1994). 

Groups of 23–25 female SENCAR mice, 56 days of age, received dermal applications 
of 1.33, 4 or 12 nmol [0.5, 1.4 or 4.3 µg] racemic anti-dibenzo[a,l]pyrene-11,12-diol-
13,14-oxide in acetone, followed 1 week later by 1.62 nmol [1 µg] TPA in acetone twice 
a week for 28 weeks. The incidence of skin tumours (tumours/mouse) in the dosed groups 
29–30 weeks after treatment was 44 (0.68), 44 (0.68) and 68% (1.96), respectively. The 
responses in control mice treated with TPA alone were not given (Gill et al., 1994). 

Groups of female Charles River CD rats, 30 days of age, were injected twice with a 
total dose of 1200 nmol [425.3 µg] anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide 
dissolved in DMSO under the three nipples on the left side. The DMSO control was 
injected under the nipples on the right side. At 41 weeks, 88% of the 16 rats had 
mammary tumours (adenomas, adenocarcinomas, sarcomas, poorly differentiated 
tumours and carcinosarcoma) after a mean latent period of 15.1 weeks. In the DMSO 
groups, 11% of the 19 rats had mammary tumours (adenomas, adenocarcinomas) after a 
mean latent period of 39 weeks. The differences between the treated and control group 
were statistically significant (Amin et al., 1995b). 

Groups of newborn Hsd:ICR mice were injected intraperitoneally on days 1, 7 and 15 
of life with racemic anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide (total dose, 1 nmol) 
[0.35 µg] in DMSO. Mice were weaned at 21 days of age, separated by sex and killed at 
35 weeks of age. In 20 female mice, pulmonary tumours occurred in 95.8% of the 
surviving mice (3.83 tumours/mouse) and liver tumours in 29.2% (0.83 tumours/mouse). 
In 27 male mice, pulmonary tumours occurred in 92.8% of the surviving mice (3.39 
tumours/mouse) and liver tumours in 71.4% (6.29 tumours/mouse). In 17 female mice 
treated with DMSO alone, pulmonary tumours occurred in 5.9% of the surviving mice 
(0.059 tumours/mouse) and liver tumours in 5.9% (0.059 tumours/mouse). In eight male 
mice treated with DMSO alone, no pulmonary tumours and liver tumours occurred in 
25% of the surviving mice (0.25 tumours/mouse). The differences in pulmonary tumours 
between the treated and control groups of males and females were statistically significant 
(Amin et al., 1995a). 

Groups of newborn Charles River Crl:CD®-1(ICR)BR mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic anti-dibenzo[a,l]pyrene-11,12-
diol-13,14-oxide (total dose, 0.2 or 0.4 nmol) [71 or 142 µg] in DMSO. Mice were 
weaned at 3–4 weeks of age, separated by sex and killed at 55 weeks of age. In 20 or six 
female mice, pulmonary tumours were observed in 35 or 50% of the surviving mice (0.45 
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or 0.50 tumours/mouse), liver tumours in 5 or 16.7% (0.05 or 0.17 tumours/mouse) and 
other tumours in 10 or 33.3% (0.1 or 0.33 tumours/mouse), respectively. In 22 or nine 
male mice, pulmonary tumours occurred in 18.2 or 11.1% of the surviving mice (0.23 or 
0.33 tumours/mouse), liver tumours in 9.1 or 66.7% (0.77 or 2.33 tumours/mouse) and 
other tumours in 0 or 11.1% (0 or 0.11 tumours/mouse), respectively. In 27 female mice 
treated with DMSO alone, pulmonary tumours developed in 37% of the surviving mice 
(0.67 tumours/mouse) but no liver or other tumours. In 35 male mice treated with DMSO 
alone, pulmonary tumours developed in 31.4% of the surviving mice (0.54 tumours/ 
mouse) but no liver or other tumours (Platt et al., 2004). 

Groups of newborn Charles River Crl:CD®-1(ICR)BR mice were injected 
intraperitoneally on days 1, 8 and 15 of life with racemic syn-dibenzo[a,l]pyrene-11,12-
diol-13,14-oxide (total dose, 0.2 or 0.4 nmol) [77 or 142 µg] in DMSO. Mice were 
weaned at 3–4 weeks of age, separated by sex and killed at 55 weeks of age. In 27 or 16 
female mice, pulmonary tumours developed in 11.1 or 12.5% of the surviving mice (0.11 
or 0.13 tumours/mouse), liver tumours in 7.4 or 12.5% (0.11 or 0.38 tumours/mouse) and 
other tumours in 7.4 or 12.5% (0.07 or 0.13 tumours/mouse), respectively. In 26 or 26 
male mice, pulmonary tumours were observed in 15.4 or 15.4% of the surviving mice 
(0.15 or 0.19 tumours/mouse), liver tumours in 7.7 or 23.1% (0.12 or 0.35 tumours/ 
mouse) and other tumours in 7.7 or 3.8% (0.08 or 0.04 tumours/mouse), respectively. In 
27 female mice treated with DMSO alone, pulmonary tumours developed in 37% of the 
surviving mice (0.67 tumours/mouse) but no liver or other tumours. In 35 male mice 
treated with DMSO alone, pulmonary tumours were observed in 31.4% of the surviving 
mice (0.54 tumours/mouse) but no liver or other tumours (Platt et al., 2004). 

Metabolism of dibenzo[a,l]pyrene-11,12,-diol-13,14-oxides 

syn- and anti-Dibenzo[a,l]pyrene-11,12,-diol-13,14-oxide were hydrolysed to 
diasteromeric tetraols (Jankowiak et al., 1997). Of human recombinant α-class GSTs, 
GSTA1-1 was highly active for conjugating dibenzo[a,l]pyrene-11,12,-diol-13,14-oxides 
and was seven times more active against the (+)-syn than the (–)-anti-isomer (Dreij et al., 
2002). 

DNA adducts of dibenzo[a,l]pyrene-11,12,-diol-13,14-oxides 

Racemic anti-dibenzo[a,l]pyrene-11,12,-diol-13,14-oxide formed adducts with calf 
thymus DNA that were identified as anti-cis-dibenzo[a,l]pyrene-11,12,-diol-13,14-oxide–
deoxyguanosine, anti-trans-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine 
and anti-cis- dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine. Racemic syn-
dibenzo[a,l]pyrene-11,12,-diol-13,14-oxide formed adducts with calf thymus DNA that 
were identified as two syn-trans-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyguano-
sine adducts, a syn-cis-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyguanosine adduct, 
a syn-cis-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine adduct and two syn-
trans-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–deoxyadenosine adducts. For both syn- 
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and anti-trans-dibenzo[a,l]pyrene-11,12-diol-13,14-oxides, deoxyguanosine adducts were 
1.4-fold more frequent than deoxyadenosine adducts (Devanesan et al., 1999). 

Genotoxicity of dibenzo[a,l]pyrene-11,12,-diol-13,14-oxides 

Racemic syn- and anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide were mutagenic in 
S. typhimurium TA97, TA98, TA100 and TA104 and in Chinese hamster V79 cells in the 
absence of exogenous metabolic activation. In S. typhimurium TA104, the anti isomer 
was more active than the syn isomer and produced the highest number of revertants/nmol 
(1 030 000) ever recorded (Luch et al., 1994; Seidel et al., 1994).  

Conclusion 

Dibenzo[a,l]pyrene is activated metabolically by a diol epoxide mechanism. 
Dibenzo[a,l]pyrene was stereospecifically metabolized by CYP1A1 and CYP1B1 of both 
rodent and human liver microsomes, by cells that express these CYPs and by mouse skin 
to give two diols: the major diol, (–)-dibenzo[a,l]pyrene-11R,12R-diol, and the minor 
diol, (+)-dibenzo[a,l]pyrene-11S,12S-diol. (–)-Dibenzo[a,l]pyrene-11R,12R-diol was then 
further metabolized by rodent or human CYP1B1 or rodent CYP1A1 to the fjord-region 
diol epoxide, (–)-anti-dibenzo[a,l]pyrene-11R,12S-diol-13S,14R-oxide, while (+)-dibenzo-
[a,l]pyrene-11S,12S-diol was metabolized to (+)-syn-dibenzo[a,l]pyrene-11S,12R,-diol-
13S,14R-oxide. Human CYP1A1 metabolizes (–)-dibenzo[a,l]pyrene-11R,12R-diol to 
dibenzo[a,l]pyrene-11,12-diol-13,14-oxide adducts and highly polar unidentified DNA 
adducts. Dibenzo[a,l]pyrene-11,12-diol was genotoxic in mammalian cells, and (–)-dibenzo-
[a,l]pyrene-11R,12R-diol was the most active form. Racemic dibenzo[a,l]pyrene-11,12-
diol initiated skin tumours in SENCAR and NMRI mice with an activity approximately 
equal to that of the parent dibenzo[a,l]pyrene. In NMRI mice, (–)-dibenzo[a,l]pyrene-
11R,12R-diol was slightly less active than dibenzo[a,l]pyrene-11,12-diol-13,14-oxide 
adducts and (+)-dibenzo[a,l]pyrene-11R,12R-diol was inactive. Racemic dibenzo-
[a,l]pyrene-11,12-diol was carcinogenic and induced benign skin tumours in mice but 
with lower activity at the same dose than the parent dibenzo[a,l]pyrene, which induced 
malignant skin tumours in Swiss mice. These studies on mouse skin are complicated by 
the concurrent toxicity of all of these agents which confounds the interpretation of the 
quantitative results. Racemic dibenzo[a,l]pyrene-11,12-diol also induced lung tumours in 
newborn mice. Racemic syn- and anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide were 
genotoxic in bacteria, and the anti isomer was the most active mutagen ever measured. 
Racemic anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide was slightly less active than 
racemic syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide as a skin tumour initiator in 
SENCAR mice. Racemic anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide induced benign 
and malignant mammary tumours when injected into rats and lung and liver tumours in 
newborn mice. The DNA adducts formed by dibenzo[a,l]pyrene, dibenzo[a,l]pyrene-
11,12-diol and syn- and anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide were similar. In 
mammalian cells, the major adducts were derived from both (–)-anti-dibenzo[a,l]pyrene-
11R,12S-diol-13S,14R-oxide and (+)-syn-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide and 
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were adducts of deoxyadenosine and deoxyguanosine. These DNA adducts are consistent 
with the mutations observed in ras proto-oncogenes in skin or lung tumours from mice 
treated with dibenzo[a,l]pyrene.  

(ix) Relevance of stable dibenzo[a,l]pyrene-11,12-diol-13,14-oxide 
adducts 

There are divergent views on the relevance of stable dibenzo[a,l]pyrene-11,12-diol-
13,14-oxide adducts and unstable depurinating dibenzo[a,l]pyrene adducts in the 
metabolic activation mechanism of dibenzo[a,l]pyrene. A number of investigators have 
studied this in different test systems, such as isolated DNA, mammalian cells in culture 
and mammals in vivo. When the quantity of stable dibenzo[a,l]pyrene-11,12-diol-13,14-
oxide–DNA adducts was compared with apurinic site formation in either isolated DNA 
from Chinese hamster ovary B11 cells or in Chinese hamster ovary B11 cells treated 
directly with (+)-syn- or (–)-anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide, stable 
adducts could be measured (3 or 10 per 14 kb DNA fragment, respectively), while the 
levels of apurinic sites were below the detection limits (0.1 apurinic site in a 14 kb DNA 
fragment). When human mammary carcinoma MCF-7 cells were treated with dibenzo-
[a,l]pyrene, only stable adducts and no apurinic sites were detected. These results 
suggested a predominant role for stable DNA adducts in the carcinogenic activity of 
dibenzo[a,l]pyrene (Melendez-Colon et al., 1997). Human leukaemia HL-60 cells (that 
contain high peroxidase activity and lack CYP enzymes responsible for activation of PAH 
to diol epoxide) or human mammary carcinoma MCF-7 cells (that contain CYP activity 
but no peroxidase activity) were exposed to dibenzo[a,l]pyrene in a effort to discern the 
relative proportions of stable and depurinating DNA adducts (measured as apurinic sites). 
Human HL-60 cells produced no detectable levels of either stable DNA adducts or 
apurinic sites while MCF-7 cells produced stable adducts and low levels of apurinic sites 
that were not increased by dibenzo[a,l]pyrene. The levels of stable adduct increased 100-
fold after exposure for 24 h, while the levels of apurinic sites remained low. These results 
indicated that metabolic activation of dibenzo[a,l]pyrene in human MCF-7 cells by CYP 
enzymes proceeds through diol epoxides that form stable DNA adducts with little 
formation of apurinic sites. Human HL-60 cells that contain high levels of peroxidase 
form neither stable DNA adducts nor apurinic sites. However, in these studies no 
measurement of unstable adducts was reported (Melendez-Colon et al., 1999a, 2000). 

The proportions of stable diol epoxide dibenzo[a,l]pyrene–DNA adducts and 
dibenzo[a,l]pyrene-induced apurinic sites formed in epidermal DNA were compared after 
topical application of dibenzo[a,l]pyrene to the skin of female SENCAR mice. Regardless 
of time after treatment and dose of dibenzo[a,l]pyrene applied, the levels of stable DNA 
adducts were significantly (from 32- to 86-fold) higher than those of apurinic sites 
(Melendez-Colon et al., 1999b). The authors suggested that stable DNA adducts rather 
than apurinic sites were responsible for tumour initiation by dibenzo[a,l]pyrene in mouse 
skin.  
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(x) Relevance of the diol epoxide metabolic activation mechanism 

for dibenzo[a,l]pyrene to human cancer 

The metabolic processes that metabolize dibenzo[a,l]pyrene to its active diol epoxides 
are present in human tissues (CYP1A1 and CYP1B1) and in human mammary cells in 
culture, which suggests the strong possibilty that humans exposed to dibenzo[a,l]pyrene 
would metabolically activate the compound to dibenzo[a,l]pyrene diol epoxides that 
could form DNA adducts and induce mutations and other genotoxic damage.  

The mutations (G→T and A→T transversions) in the K-ras proto-oncogene codon 12 
and 61 in mouse lung tumours from dibenzo[a,l]pyrene-treated mice are associated with 
anti-dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–DNA adducts (Prahalad et al., 1997). 
Although this is not a direct correlation, similar mutations in the Ki-RAS proto-oncogene 
were found in lung tumours from nonsmokers exposed to PAH-rich emissions from coal 
combustion (known to contain dibenzo[a,l]pyrene as well as many other PAHs) 
(DeMarini et al., 2001). 

Indeno[1,2,3-cd]pyrene  

(i) Metabolism and metabolic activation  

The metabolism of indeno[1,2,3-cd]pyrene has been documented in a number studies 
in rat liver microsomes and in mouse epidermis in vivo. Indeno[1,2,3-cd]pyrene is 
metabolized by Aroclor 1254-induced rat liver preparations to the K-region diol, trans-
1,2-dihydroxy-1,2-dihydro-indeno[1,2,3-cd]pyrene (indeno[1,2,3-cd]pyrene-1,2-diol), 8-, 
9- and 10-hydroxy-indeno[1,2,3-cd]pyrene, 8- and 9-hydroxy-trans-1,2-dihydroxy-1,2-
dihydro-indeno[1,2,3-cd]pyrene and indeno[1,2,3-cd]pyrene-1,2-quinone (Rice et al., 
1985). Topical application of indeno[1,2,3-cd]pyrene to mouse epidermis in vivo 
produced 8-hydroxy-indeno[1,2,3-cd]pyrene as the primary metabolite, and 9-hydroxy-
indeno[1,2,3-cd]pyrene and trans-1,2-dihydroxy-1,2-dihydro-indeno[1,2,3-cd]pyrene as 
major metabolites. Several minor metabolites were also identified: trans-1,2-dihydro-
1,2,8-trihydroxy-indeno[1,2,3-cd]pyrene, trans-1,2-dihydro-1,2,9-trihydroxy-indeno[1,2,3-
cd]pyrene, indeno[1,2,3-cd]pyrene-1,2-quinone and 10-hydroxy-indeno[1,2,3-cd]pyrene 
(Rice et al., 1986). 

(ii) Formation of DNA adducts 

Indeno[1,2,3-cd]pyrene formed a single unidentified DNA adduct in mouse skin 
epidermis in vivo (Weyand et al., 1987). Studies of DNA adducts in mouse epidermis in 
vivo using fluorine probes suggested that indeno[1,2,3-cd]pyrene undergoes metabolic 
activation at carbons 7–10 either alone or in conjunction with dihydrodiol formation at the 
1,2 carbons (Rice et al., 1990).  

(iii) Genotoxic effects of indeno[1,2,3-cd]pyrene 

In a previous monograph, indeno[1,2,3-cd]pyrene was reported to induce mutations in 
S. typhimurium in the presence of an exogenous metabolic activation system (IARC, 
1983). Indeno[1,2,3-cd]pyrene was mutagenic in S. typhimurium TA100 in the presence 
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of an Aroclor 1254-induced rat liver preparation (Rice et al., 1985) and in human B 
lymphoblastoid h1A1v2 cells (thymidine kinase locus) that express CYP1A1 (Durant et 
al., 1996). 

(iv) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis  

Carcinogenicity study of indeno[1,2,3-cd]pyrene-1,2-diol 

Groups of 25 female Charles River CD-1 mice, 50–55 days of age, received skin 
applications of 10 subdoses of indeno[1,2,3-cd]pyrene-1,2-diol in acetone every other day 
(total dose, 3226 nmol) [1 mg], followed 10 days later by 4 nmol [2.5 µg] TPA in acetone 
three times a week for 20 weeks. The incidence of tumours in the dose groups 21 weeks 
after treatment was 80% with 1.68 tumours/mouse. The response in control mice treated 
with TPA alone was 0.04 tumours/mouse. Quantitatively, indeno[1,2,3-cd]pyrene-1,2-
diol produced fewer tumours/mouse than the parent indeno[1,2,3-cd]pyrene (Rice et al., 
1986).  

Genotoxicity of indeno[1,2,3-cd]pyrene-1,2-diol 

Indeno[1,2,3-cd]pyrene-1,2-diol did not induce mutations in S. typhimurium TA100 
in the presence of an Aroclor 1254-induced rat liver preparation (Rice et al., 1985). 

Carcinogenicity study of indeno[1,2,3-cd]pyrene-1,2-oxide 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received skin 
applications of 10 subdoses of indeno[1,2,3-cd]pyrene-1,2-oxide in acetone every other 
day (total dose, 3425 nmol) [1 mg], followed 10 days later by 4 nmol [2.5 µg] TPA in 
acetone three times a week for 20 weeks. The incidence of tumours (tumours/mouse) in 
the dose group 21 weeks after treatment was 80% (1.60). The response in control mice 
treated with TPA alone was 0.04 tumours/mouse. Quantitatively, indeno[1,2,3-cd]pyrene-
1,2-oxide produced fewer tumours/mouse than the parent indeno[1,2,3-cd]pyrene (1.60 
versus 2.83) (Rice et al., 1986).  

DNA adducts of indeno[1,2,3-cd]pyrene-1,2-oxide 

Indeno[1,2,3-cd]pyrene-1,2-oxide forms one major DNA adduct with calf thymus 
DNA (King et al., 1994). 

Genotoxicity of indeno[1,2,3-cd]pyrene-1,2-oxide 

Indeno[1,2,3-cd]pyrene-1,2-oxide induced mutations in S. typhimurium TA100 in the 
absence of an exogenous metabolic activation system (Rice et al., 1985). 

Carcinogenicity study of 8-hydroxy-indeno[1,2,3-cd]pyrene 

Groups of 25 female Charles River CD-1 mice, 50–55 days of age, received skin 
applications of 10 subdoses of 8-hydroxy-indeno[1,2,3-cd]pyrene in acetone every other 
day (total dose, 3425 nmol) [1 mg], followed 10 days later by 4 nmol [2.5 µg] TPA in 
acetone three times a week for 20 weeks. The incidence of tumours in the dose group 21 
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weeks after treatment was not stated; however, there were 0.48 tumours/mouse. The 
response in control mice treated with TPA alone was 0.04 tumours/mouse (Rice et al., 
1986).  

Genotoxicity of 8-hydroxy-indeno[1,2,3-cd]pyrene 

8-Hydroxy-indeno[1,2,3-cd]pyrene induced mutations in S. typhimurium TA100 in 
the absence of an exogenous metabolic activation system (Rice et al., 1985). 

Conclusion 

No data are available that support a diol epoxide mechanism for indeno[1,2,3-
cd]pyrene. While indeno[1,2,3-cd]pyrene-1,2-oxide is an ultimate bacterial mutagenic 
metabolite of indeno[1,2,3-cd]pyrene and forms a single DNA adduct in vitro, it is not the 
ultimate tumorigenic metabolite on mouse skin based on quantitative tumour formation. 
8-Hydroxy-indeno[1,2,3-cd]pyrene is mutagenic to bacteria but exhibited only weak 
tumour-initiating activity. These results indicate that the principal metabolic activation 
pathways associated with the mutagenic activity of indeno[1,2,3-cd]pyrene are not related 
to its tumour-initiating activity in mouse skin. In mouse skin, indeno[1,2,3-cd]pyrene 
appears to undergo metabolic activation at carbons 7–10 either alone or in conjunction 
with dihydrodiol formation at the 1,2 carbons. The route of metabolic activation of 
indeno[1,2,3-cd]pyrene in mouse skin has yet to be determined. 

5-Methylchrysene  

(i) Metabolism and metabolic activation  

The metabolism of 5-methylchrysene has been documented in a number studies in rat 
and mouse liver microsomes, in mouse epidermis in vivo and in human liver and lung 
microsomes. Two potential centres of metabolism and metabolic activation are situated 
on the two benzo rings, the pseudo-fjord-region (1–2 and 3–4 bonds) and the bay-region 
(7–8 and 9–10-bonds). Control, Aroclor-treated and 3-methylcholanthrene-induced rat 
liver preparations metabolized 5-methylchrysene to 1,2-dihydro-1,2-dihydroxy-5-methyl-
chrysene (5-methylchrysene-1,2-diol), 7,8-dihydro-7,8-dihydroxy-5-methylchrysene (5-
methylchrysene-7,8-diol), 9,10-dihydro-9,10-dihydroxy-5-methylchrysene (5-methyl-
chrysene-9,10-diol), 3,4-dihydro-3,4-dihydroxy-5-methylchrysene (5-methylchrysene-
3,4-diol), 9-hydroxy-5-methylchrysene, 7-hydroxy-5-methylchrysene, 1-hydroxy-5-
methylchrysene and 5-hydroxymethylchrysene (Hecht et al., 1978; Amin et al., 1985b). 
Phenobarbital-induced rat liver microsomes metabolized 5-methylchrysene to two K-
region diols, 5,6-dihydroxy-5,6-dihydro-5-methylchrysene and 11,12-dihydroxy-11,12-
dihydro-5-methylchrysene (Bao & Yang, 1986). 5-Methylchrysene was stereoselectively 
metabolized to the R,R dihydrodrodiol enantiomers, 5-methylchrysene-1R,2R-diol and 5-
methylchrysene-7R,8R-diol, in vitro by 3-methylcholanthrene-induced mouse liver 
preparations and human liver microsomes, and in vivo in mouse epidermis (Melikian et 
al., 1983; Amin et al., 1987; Koehl et al., 1996). Mouse skin epidermis in vivo produced 
the metabolites 5-methylchrysene-1,2-diol, 5-methylchrysene-7,8-diol, 5-methylchrysene-
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9,10-diol and 5-hydroxymethylchrysene and their glucuronide and sulfate conjugates 
(Melikian et al., 1983). Human liver microsomes metabolized 5-methylchrysene to 5-
methylchrysene-1,2-diol, 5-methylchrysene-7,8-diol, 5-methylchrysene-9,10-diol (5-
methylchrysene-3,4-diol), 9-hydroxy-5-methylchrysene, 7-hydroxy-5-methylchrysene, 1-
hydroxy-5-methylchrysene and 5-hydroxymethylchrysene. Human lung microsomes 
metabolized 5-methylchrysene to 5-methylchrysene-1,2-diol, 5-methylchrysene-7,8-diol, 5-
methylchrysene-9,10-diol, 5-methylchrysene-3,4-diol and 1-hydroxy-5-methylchrysene. 
CYP1A1 was shown to play a major role in the metabolic activation of 5-methylchrysene 
in human lung microsomes. Purified recombinant human CYP1A1 had high activity for 
the formation of 5-methylchrysene-1,2-diol and 5-methylchrysene-7,8-diol and CYP3A4 
was active for methyl hydroxylation (Koehl et al., 1996).  

(ii) Formation of DNA adducts 

5-Methylchrysene forms a major DNA adduct in mouse skin after dermal application 
and in the human MCF-7 mammary carcinoma cell line (Shiue et al., 1987; Kuljukka-
Rabb et al., 2001). It forms several bay-region diol epoxide–DNA adducts after 
application to mouse skin in vivo, which were identified as anti-1,2-dihydroxy-3,4-epoxy-
1,2,3,4-tetrahydro-5-methylchrysene (anti-5-methylchrysene-1,2-diol-3,4-oxide)–DNA and 
anti-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydro-5-methylchrysene–DNA in the ratio 
of 2.7:1. This indicated that both 5-methylchrysene-1,2-diol and 5-methylchrysene-7,8-
diol were metabolized to their corresponding diol epoxides in vivo (Melikian et al., 1982). 
The adducts were further identified as trans-N2-deoxyguanosine adducts at the benzylic 
carbon of the epoxide ring of each diol epoxide (Melikian et al., 1984). The anti-5-
methylchrysene-1,2-diol-3,4-oxide–DNA adduct was further characterized as a 1R,2S,3S-
trihydroxy-4R-(N2-deoxyguanosyl)-1,2,3,4-tetrahydro-5-methylchrysene adduct (Melikian 
et al., 1988), which was detected in the lungs of newborn mice injected with 5-
methylchrysene (Melikian et al., 1991) and as one of six DNA adducts observed in lung 
tissues of mice treated with 5-methylchrysene (You et al., 1994).  

(iii) Genotoxicity of 5-methylchrysene  

In a previous monograph, 5-methylchrysene was reported to induce mutations in 
S. typhimurium TA100 and to induce unscheduled DNA synthesis in primary rat 
hepatocytes (IARC, 1983). 5-Methylchrysene was a gene mutagen in S. typhimurium 
TA100 in the presence of Aroclor 1254-induced rat liver metabolic activation (Cheung et 
al., 1993). It produced G:C→A:T (31.2%) transitions, G:C→T:A (15.3%) transversions 
and A:T→T:A (37.2%) transversions in a lacZ reversion assay in E. coli in the presence 
of an Aroclor 1254-induced rat liver preparation (Garganta et al., 1999). Human CYP1A1 
and CYP1B1 enzymes have higher activity for the metabolism of 5-methylchrysene-1,2-
diol than for the parent compound 5-methylchrysene to DNA-damaging forms using 
cDNA-based recombinant (E. coli or T. ni) systems that express these forms of CYP 
(Shimada et al., 2001a). 
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(iv) 5-Methylchrysene-induced mutations in proto-oncogenes 

5-Methylchrysene induced three major classes of Ki-ras codon 12 mutations in lung 
adenomas from intraperitoneally treated strain A/J mice — GGT→TGT (50%), 
GGT→GTT (23%) and GGT→CGT (27%) — which indicates that deoxyguanosine was 
a primary target for this PAH in mouse lung (You et al., 1994; Nesnow et al., 1998b). 
Tumours from mice treated by skin application with racemic anti-5-methylchrysene-1,2-
diol-3,4-oxide (the ultimate metabolite of 5-methylchrysene) had very low numbers of 
Ha-ras codon 12, 13 or 61 mutations (Hecht et al., 1998).  

(v) Evidence for diol epoxide metabolic activation as a mechanism 

of carcinogenesis  

Carcinogenicity studies of 5-methylchrysene-1,2-diol 

Groups of 20 female Ha(ICR) Swiss mice, 50–55 days of age, received dermal 
applications of 10 subdoses of racemic 5-methylchrysene-1,2-diol [total dose, 109 nmol] 
(30 µg) in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three times 
a week for 20 weeks. The incidence of tumours (tumours/mouse) in the dosed group 21 
weeks after treatment was 95% (7.3). No skin tumours developed in mice treated with 
TPA alone (Hecht et al., 1980).  

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 nmol [9 µg] racemic 5-methylchrysene-1,2-diol in acetone, 
followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three times a week for 20 
weeks. The incidence of tumours (tumours/mouse) in the dosed group 21 weeks after 
treatment was 80% (2.5). Skin tumours developed in 5% (0.5 tumours/mouse) of the mice 
treated with TPA alone. The tumour incidence in the treatment and control groups was 
statistically different (Amin et al., 1985b).  

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 or 100 nmol [9 or 27.5 µg] racemic 5-methylchrysene-1,2-diol in 
acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three times a week for 
25 weeks. The incidence of tumours (tumours/mouse) in the dosed groups 26 weeks after 
treatment was 85 (9.9) and 100% (12.7), respectively. Skin tumours developed in 10% 
(0.1 tumours/mouse) of the mice treated with TPA alone (Hecht et al., 1985). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 10 or 33 nmol [2.75 or 9 µg] 5-methylchrysene-1S,2S-diol or 5-
methylchrysene-1R,2R-diol in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in 
acetone three times a week for 20 weeks. The incidence of tumours (tumours/mouse) in 
the dosed groups 21 weeks after treatment was: 5-methylchrysene-1S,2S-diol, 60 (0.9) 
and 85% (3.0); 5-methylchrysene-1R,2R-diol, 100 (9.4) and 85% (7.9), respectively. No 
skin tumours developed in mice treated with TPA alone. These results indicated a higher 
reactivity of the R,R diol compared with the S,S diol (Amin et al., 1987).  

Groups of newborn ICR/Ha mice were injected intraperitoneally on days 1, 8 and 15 
of life with racemic 5-methylchrysene-1,2-diol (total dose, 56 nmol) [15 µg] in DMSO. 
Mice were weaned at 21 days of age, separated by sex and killed at 35 weeks of age. In 
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43 female mice, pulmonary tumours occurred in 12% of the surviving mice (0.14 
tumours/mouse) and liver tumours in 7% (0.23 tumours/mouse). In 44 male mice, 
pulmonary tumours occurred in 11% of the surviving mice (0.18 tumours/mouse) and 
liver tumours in 25% (0.52 tumours/mouse). In 41 female mice treated with DMSO 
alone, pulmonary tumours developed in 7% of the surviving mice (0.07 tumours/mouse) 
and liver tumours in 2% (0.02 tumours/mouse). In 48 male mice treated with DMSO 
alone, pulmonary tumours developed in 4% of the surviving mice (0.04 tumours/mouse) 
and liver tumours in 2% (0.04 tumours/mouse) (Hecht et al., 1985).  

DNA adducts of 5-methylchrysene-1,2-diol 

1R,2S,3S-Trihydroxy-4R-(N2-deoxyguanosyl)-1,2,3,4-tetrahydro-5-methylchrysene 
was detected in the DNA of lungs of newborn mice injected with 5-methylchrysene-
1R,2R-diol (Melikian et al., 1991).  

Genotoxicity of 5-methylchrysene-1,2-diol 

Human CYP1A1 and CYP1B1 enzymes metabolically activated 5-methylchrysene-
1,2-diol to DNA-damaging forms in cDNA-based recombinant (E. coli or T. ni) systems 
that express different forms of the CYP (Shimada et al., 2001a).  

Carcinogenicity studies of 5-methylchrysene-1,2-diol-3,4-oxide 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 or 100 nmol [10 or 29.5 µg] racemic anti-5-methylchrysene-1,2-
diol-3,4-oxide in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three 
times a week for 25 weeks. The incidence of tumours (tumours/mouse) in the dosed 
groups 26 weeks after treatment was 65 (1.3) and 80% (4.4), respectively. Skin tumours 
developed in 10% (0.1 tumours/mouse) of the mice treated with TPA alone (Hecht et al., 
1985). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 nmol [10 µg] 5-methylchrysene-1R,2S-diol-3S,4R-oxide, anti-5-
methylchrysene-1S,2R-diol-3R,4S-oxide or racemic syn-5-methylchrysene-1,2-diol-3,4-
oxide in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three times a 
week for 20 weeks. The incidence of tumours (tumours/mouse) in the dosed groups 
21 weeks after treatment was 80 (3.2), 20 (0.4) or 5% (0.1), respectively. No skin tumours 
developed mice treated with TPA alone (Hecht et al., 1987). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33, 100 or 400 nmol [10, 29.5 or 118 µg] racemic anti-5-
methylchrysene-1,2-diol-3,4-oxide in acetone, followed 10 days later by 4 nmol [2.5 µg] 
TPA in acetone twice a week for 20 weeks. The incidence of tumours (tumours/mouse) in 
the dosed groups 21 weeks after treatment was 90 (3.1), 100 (7.5) and 100% (9.1), 
respectively. Skin tumours developed in 5% (0.05 tumours/mouse) of the mice treated 
with TPA alone (Hecht et al., 1998).  

Groups of newborn ICR/Ha mice were injected intraperitoneally on days 1, 8 and 15 
of life with racemic anti-5-methylchrysene-1,2-diol-3,4-oxide or racemic syn-5-methyl-
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chrysene-1,2-diol-3,4-oxide (total dose, 56 nmol) [16.5 µg] in DMSO. Mice were weaned 
at 21 days of age, separated by sex and killed at 35 weeks of age. In 48 or 41 female mice, 
pulmonary tumours were observed in 81 or 29% of the surviving mice (5.6 or 0.34 
tumours/mouse) and liver tumours in 4 or 7% (0.13 or 0.46 tumours/mouse), respectively. 
In 38 or 49 male mice, pulmonary tumours were observed in 82 or 6% of the surviving 
mice (3.3 or 0.06 tumours/mouse) and liver tumours in 34 or 14% (2.6 or 0.2 tumours/ 
mouse), respectively. In 41 female mice treated with DMSO alone, pulmonary tumours 
developed in 7% of the surviving mice (0.07 tumours/mouse) and liver tumours in 2% 
(0.02 tumours/mouse). In 48 male mice treated with DMSO alone, pulmonary tumours 
developed in 4% of the surviving mice (0.04 tumours/mouse) and liver tumours in 2% 
(0.04 tumours/mouse) (Hecht et al., 1985).  

Groups of newborn ICR/Ha mice were injected intraperitoneally on days 1, 8 and 15 
of life with anti-5-methylchrysene-1R,2S-diol-3S,4R-oxide or anti-5-methylchrysene-
1S,2R-diol-3R,4S-oxide (total dose, 56 nmol) [16.5 µg] in DMSO. Mice were weaned at 
21 days of age, separated by sex and killed at 35 weeks of age. In 20 or 25 female mice, 
pulmonary tumours developed in 85 or 56% of the surviving mice (19.4 or 0.84 tumours/ 
mouse), respectively, but no liver tumours. In 24 or 40 male mice, pulmonary tumours 
developed in 88 or 18% of the surviving mice (8.4 or 0.23 tumours/mouse) and liver 
tumours in 46 or 8% (1.38 or 0.1 tumours/mouse), respectively. In 28 female mice treated 
with DMSO alone, pulmonary tumours developed in 7% of the surviving mice (0.07 
tumours/mouse) but no liver tumours. In 31 male mice treated with DMSO alone, 
pulmonary tumours developed in 3% of the surviving mice (0.13 tumours/mouse) but no 
liver tumours. The numbers of pulmonary tumours/mouse in both male and female mice 
and hepatic tumours/mouse in male mice were significantly different from those in the 
controls for anti-5-methylchrysene-1R,2S-diol-3S,4R-oxide and those of pulmonary 
tumours/mouse in female mice for anti-5-methylchrysene-1S,2R-diol-3R,4S-oxide (Hecht 
et al., 1987).  

DNA adducts of 5-methylchrysene-1,2-diol-3,4-oxide 

anti-5-Methylchrysene-1,2-diol-3,4-oxide and anti-5-methylchrysene-7,8-diol-9,10-
oxide formed DNA adducts with calf thymus DNA (Melikian et al., 1984; King et al., 
1994). These adducts result from the addition of the exocyclic amino group of 
deoxyguanosine to the benzylic carbon of the epoxide ring of the dihydrodiol epoxide 
(Melikian et al., 1984). One anti-5-methylchrysene-1,2-diol-3,4-oxide–calf thymus DNA 
adduct was further characterized as 1R,2S,3S-trihydroxy-4R-(N2-deoxyguanosyl)-1,2,3,4-
tetrahydro-5-methylchrysene (Reardon et al., 1987; Melikian et al., 1988). Other anti-5-
methylchrysene-1,2-diol-3,4-oxide–calf thymus DNA adducts have been identified as cis 
and trans deoxyadenosine (Reardon et al., 1987; Melikian et al., 1988). Both syn and anti 
forms of 5-methylchrysene-1,2-diol-3,4-oxide form cis and trans adducts with calf 
thymus DNA (Szeliga et al., 1999). 1R,2S,3S-Trihydroxy-4R-(N2-deoxyguanosyl)-
1,2,3,4-tetrahydro-5-methylchrysene was detected in the DNA of lungs of newborn mice 
injected with anti-5-methylchrysene-1,2-diol-3,4-oxide (Melikian et al., 1991). 
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Genotoxicity of 5-methylchrysene-1,2-diol-3,4-oxide  

The R,S,S,R enantiomer of anti-5-methylchrysene-1,2-diol-3,4-oxide was mutagenic 
in S. typhimurium TA100 (Melikian et al., 1988). anti-5-Methylchrysene-1,2-diol-3,4-
oxide produced the base-specific mutations GC→TA (62%), GC→CG (23%), GC→AT 
(9%) and AT→TA (4%) and syn-5-methylchrysene-1,2-diol-3,4-oxide produced the 
base-specific mutations GC→TA (43%), GC→CG (22%), GC→AT (14%) and AT→TA 
(12%) in supF DNA using a SV40-based shuttle vector system (Bigger et al., 2000). In 
the supF gene of the pSP189 vector, syn-5-methylchrysene-1,2-diol-3,4-oxide gave 
transversion mutations at GC pairs, predominantly G→T and G→C, which showed the 
preference for reaction with deoxyguanosine residues in DNA (Page et al., 1996). Both 
syn- and anti- 5-methylchrysene-1,2-diol-3,4-oxide were mutagenic at Hprt gene of 
Chinese hamster V79 (6-thioguanine resistance) cells, and the anti form was the most 
mutagenic (Brookes et al., 1986).  

In normal human bronchial epithelial cells, anti-5-methylchrysene-1,2-diol-3,4-oxide 
formed significant levels of guanine adducts within codon 158 of exon 5, codons 237, 245 
and 248 of exon 7 and codon 273 of exon 8 in the human TP53 tumour-suppressor gene. 
These codons were also hotspots for mutations in the TP53 gene of lung cancer patients 
(Smith et al., 2000). (+)-anti-5-Methylchrysene-1,2-diol-3,4-oxide was conjugated to 
GSH to a greater extent than (–)-anti-5-methylchrysene-1,2-diol-3,4-oxide by human 
hGSTP1-1 (I104, A113) allele, the most frequent allele in human populations (Hu et al., 
1998).  

Other effects of 5-methylchrysene-1,2-diol-3,4-oxide 

anti-5-Methylchrysene-1,2-diol-3,4-oxide induces activator protein-1 through PI3K- 
and Akt-dependent and p70SK6-independent pathways in mouse epidermal Cl41 cells 
suggesting that oxidative stress, such reactive oxygen species may be involved (Li et al., 
2004a). anti-5-Methylchrysene-1,2-diol-3,4-oxide also resulted in the activation of 
MAPKs as well as the activation of inhibitory subunit kappa-B phosphorylation and 
degradation involved in the activation of nuclear factor (NF) kappaB. The authors 
suggested that anti-5-methylchrysene-1,2-diol-3,4-oxide may play a role in the tumour 
promotion effects of its parent compound 5-methylchrysene or of itself (Li et al., 2004b). 
In human breast carcinoma MCF-7 cells, p53 was stabilized in response to DNA damage 
by anti-5-methylchrysene-1,2-diol-3,4-oxide. However, the protective mechanism of G1 
arrest of the cells was not induced. Therefore, this DNA damage escapes the p53-
mediated cellular defence mechanism of G1 arrest (Khan et al., 1999). 

Carcinogenicity studies of 5-methylchrysene-7,8-diol 

Groups of 20 female Ha/ICR Swiss mice, 50–55 days of age, received 10 subdoses by 
dermal application of racemic 5-methylchrysene-7,8-diol (total dose, 109 nmol) [30 µg] 
in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three times a week 
for 20 weeks. The incidence of tumours (tumours/mouse) in the dosed group 21 weeks 
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after treatment was 50% (1.1). No skin tumours developed in mice treated with TPA 
alone (Hecht et al., 1980).  

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 or 100 nmol [9 or 27.5 µg] racemic 5-methylchrysene-7,8-diol in 
acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three times a week for 
25 weeks. The incidence of tumours (tumours/mouse) in the dosed groups 26 weeks after 
treatment was 30 (0.3) and 75% (1.3), respectively. Skin tumours developed in 10% (0.1 
tumours/mouse) of the mice treated with TPA alone (Hecht et al., 1985). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 nmol [9 µg] 5-methylchrysene-7S,8S-diol or 5-methylchrysene-
7R,8R-diol in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone three 
times a week for 20 weeks. The incidence of papillomas (papillomas/mouse) in the dosed 
groups 21 weeks after treatment was: 5-methylchrysene-7S,8S-diol, 30% (0.4); 5-methyl-
chrysene-7R,8R-diol, 75% (2.3). No skin papillomas developed in mice treated with TPA 
alone. These results indicated a higher reactivity of the R,R diol compared with the S,S 
diol (Amin et al., 1987). 

Groups of newborn ICR/Ha mice were injected intraperitoneally on days 1, 8 and 15 
of life with racemic 5-methylchrysene-7,8-diol (total dose, 56 nmol) [15 µg] in DMSO. 
Mice were weaned at 21 days of age, separated by sex and killed at 35 weeks of age. In 
45 female mice, pulmonary tumours developed in 18% of the surviving mice (0.24 
tumours/mouse) and liver tumours in 11% (0.49 tumours/mouse). In 46 male mice, 
pulmonary tumours developed in 13% of the surviving mice (0.13 tumours/mouse) and 
liver tumours in 2% (0.02 tumours/mouse). In 41 female mice treated with DMSO alone, 
pulmonary tumours developed in 7% of the surviving mice (0.07 tumours/mouse) and 
liver tumours in 2% (0.02 tumours/mouse). In 48 male mice treated with DMSO alone, 
pulmonary tumours developed in 4% of the surviving mice (0.04 tumours/mouse) and 
liver tumours in 2% (0.04 tumours/mouse) (Hecht et al., 1985).  

Carcinogenicity studies of 5-methylchrysene-7,8-diol-9,10-epoxide 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 or 100 nmol [10 or 29.5 µg] racemic anti-5-methylchrysene-7,8-
diol-9,10-oxide in acetone, followed 10 days later by 4 nmol [2.5 µg] TPA in acetone 
three times a week for 25 weeks. The incidence of tumours (tumours/mouse) in the dosed 
groups 26 weeks after treatment was 5 (0.1) and 0% (0), respectively. Skin tumours 
developed in 10% (0.1 tumours/mouse) of the mice treated with TPA alone (Hecht et al., 
1985). 

Groups of 20 female Charles River CD-1 mice, 50–55 days of age, received a single 
dermal application of 33 nmol [10 µg] racemic syn-5-methylchrysene-7,8-diol-9,10-
oxide, anti-5-methylchrysene-7R,8S-diol-9S,10R-oxide or anti-5-methylchrysene-7S,8R-
diol-9R,10S-oxide in acetone, followed 10 days later by 4 nmol [2.5 µg] PA in acetone 
three times a week for 20 weeks. The incidence of tumours (tumours/mouse) in the dosed 
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groups 21 weeks after treatment was 21 (0.3), 5 (0.1) or 16% (0.2), respectively. No skin 
tumours developed in mice treated with TPA alone (Hecht et al., 1987). 

Groups of newborn ICR/Ha mice were injected intraperitoneally on days 1, 8 and 15 
of life with racemic anti-5-methylchrysene-7,8-diol-9,10-oxide (total dose, 56 nmol) 
[16.5 µg] in DMSO. Mice were weaned at 21 days of age, separated by sex and killed at 
35 weeks of age. In 50 female mice, pulmonary tumours developed in 6% of the 
surviving mice (0.06 tumours/mouse) and liver tumours in 4% (0.04 tumours/mouse). In 
49 male mice, pulmonary tumours developed in 18% of the surviving mice (0.18 
tumours/mouse) and liver tumours in 2% (0.02 tumours/mouse). In 41 female mice 
treated with DMSO alone, pulmonary tumours developed in 7% of the surviving mice 
(0.07 tumours/mouse) and liver tumours in 2% (0.02 tumours/mouse). In 48 male mice 
treated with DMSO alone, pulmonary tumours developed in 4% of the surviving mice 
(0.04 tumours/mouse) and liver tumours in 2% (0.04 tumours/mouse) (Hecht et al., 
1985). 

Groups of newborn ICR/Ha mice were injected intraperitoneally on days 1, 8 and 15 
of life with 5-methylchrysene-7R,8S-diol-9S,10R-oxide or 5-methylchrysene-7S,8R-diol-
9R,10S-oxide (total dose, 56 nmol) [16.5 µg] in DMSO. Mice were weaned at 21 days of 
age, separated by sex and killed at 35 weeks of age. In 34 or 23 female mice, pulmonary 
tumours developed in 38% or 17% of the surviving mice (0.47 or 0.83 tumours/mouse) 
and liver tumours in 0 or 4% (0 or 0.04 tumours/mouse), respectively. In 26 or 38 male 
mice, pulmonary tumours developed in 35% or 0% of the surviving mice (0.23 or 0 
tumours/mouse) and liver tumours in 19% or 3% (0.23 or 0.03 tumours/mouse), 
respectively. In 28 female mice treated with DMSO alone, pulmonary tumours occurred 
in 7% of the surviving mice (0.07 tumours/mouse) and no liver tumours. In 31 male mice 
treated with DMSO alone, pulmonary tumours occurred in 3% of the surviving mice 
(0.13 tumours/mouse) and no liver tumours (Hecht et al., 1987). 

Genotoxicity of 5-methylchrysene-7,8-diol-9,10-oxide 

The R,S,S,R enantiomer of anti-5-methylchrysene-7,8-diol-9,10-oxide was mutagenic 
in S. typhimurium TA100 (Melikian et al., 1988). Both syn- and anti-5-methylchrysene-
7,8-diol-9,10-oxide were mutagenic in the Hprt gene of Chinese hamster V79 cells (6-
thioguanine resistance) (Brookes et al., 1986).  

Conclusion 

5-Methylchrysene is activated metabolically by the diol epoxide mechanism at the 
pseudo bay region in mouse skin carcinogenesis. 5-Methylchrysene was stereoselectively 
metabolized to the R,R enantiomer, 5-methylchrysene-1R,2R-diol, in mouse epidermis in 
vivo and with human liver and lung microsomes. 5-Methylchrysene-1R,2R-diol was a 
tumour initiator in mouse skin and was more active than the S,S enantiomer. anti-5-
Methylchrysene-1R,2S-diol-3S,4R-oxide was the most active 5-methylchrysene diol 
epoxide in mouse skin. The major diol epoxide adduct from treatment of mouse skin with 
5-methylchrysene was anti-5-methylchrysene-1,2-diol-3,4-oxide–deoxyguanosine. In the 
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newborn mouse model, 5-methylchrysene-1,2-diol and anti-5-methylchrysene-1R,2S-
diol-3S,4R-oxide were pulmonary carcinogens. 1R,2S,3S-Trihydroxy-4R-(N2-deoxy-
guanosyl)-1,2,3,4-tetrahydro-5-methylchrysene was detected in the DNA of lungs of 
newborn mice injected with 5-methylchrysene, 5-methylchrysene-1R,2R-diol and anti-5-
methylchrysene-1,2-diol-3,4-oxide. This DNA adduct was also observed in the lungs of 
juvenile mice administered 5-methylchrysene, and its formation was related to the 
detection of Ki-ras mutations in 5-methylchrysene-induced tumours. anti-5-
Methylchrysene-1,2-diol-3,4-oxide–DNA adducts were formed in vitro within human 
TP53 codons that were also hotspots for mutation in the TP53 gene of lung cancer 
patients. 

The bay-region diol, 5-methylchrysene-7R,8R-diol, was formed in mouse skin where 
it was a tumour initiator. It was a weak carcinogen in the newborn mouse model. anti- 
and syn-5-Methylchrysene-7,8-diol-9,10-oxide were either weak or not active as carcino-
gens in mouse skin or in newborn mice. The role of the bay-region diol, 5-methyl-
chrysene-7,8-diol, and 5-methylchrysene-7,8-diol-9,10-oxide in chemical carcinogenesis 
remains to be determined. 

4.2.2 Mechanism via formation of Radical cations  

(a) Chemistry and physical chemistry of PAH radical cations 

Removal of one electron from the π system of a polycyclic aromatic compound 
generates a radical cation, in which the positive charge is usually localized at an 
unsubstituted carbon atom or adjacent to a methyl group. Nucleophilic attack at the 
position of highest charge density at an unsubstituted carbon atom produces an 
intermediate radical that is further oxidized to an arenium ion to complete the substitution 
reaction. When the charge is localized adjacent to the methyl group, the latter becomes 
electrophilic and subsequently reacts with a nucleophile (Figure 4.4). 

Development of the chemistry of PAH radical cations has provided evidence that 
these intermediates can play a role in the process of tumour initiation of several potent 
PAHs (Cavalieri & Rogan, 1985, 1992). Radical cations of unsubstituted and methyl-
substituted PAHs have been generated by iodine oxidation (Hanson et al., 1998), 
manganic acetate oxidation (Cremonesi et al., 1992) and electrochemical oxidation 
(RamaKrishna et al., 1993a,b), with subsequent binding to nucleophiles. Furthermore, 
radical cations of benzo[a]pyrene and its derivatives have been isolated after oxidation 
with iodine in the presence of silver perchlorate (Stack et al., 1995).  

The notion that radical cations play an important role in the metabolic activation of 
some PAHs derives from certain features that are common to several carcinogenic PAHs 
such as benzo[a]pyrene, dibenzo[a,l]pyrene, DMBA and 3-methylcholanthrene. These 
characteristics are: first, a relatively low ionization potential, which allows the removal of 
one electron and the formation of a relatively stable radical cation; second, a charge 
localization in the radical cation that renders this intermediate specifically and efficiently 
reactive toward nucleophiles; and third, an optimal geometric configuration that allows  
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Figure 4.4.  Nucleophilic trapping in PAH radical cations at unsubstituted and 

methylsubstituted sites 
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Adapted from Cavalieri & Rogan (1985) 
Nu, Nucleophile; PAH, polycyclic aromatic hydrocarbon 

the formation of appropriate intercalating radical-cation complexes with DNA, and thus 
favours the formation of covalent DNA adducts. 

(i) Ionization potential 

The formation and relative stability of PAH radical cations are dependent on their 
ionization potential. Above a certain potential, activation by one-electron oxidation 
becomes improbable due to the more difficult removal of one electron by the oxidant, 
CYP enzymes or peroxidases. A cut-off ionization potential above which one-electron 
oxidation will probably not occur was estimated to be about 7.35 eV, based on the level of 
horseradish peroxidase-catalysed or prostaglandin H synthase-catalysed covalent binding 
to DNA of a series of PAHs with ionization potentials ranging from 8.19 eV 
(phenanthrene) to 6.68 eV (6,12-dimethylanthanthrene) (Cavalieri et al., 1983; Devanesan 
et al., 1987). Therefore, the ionization potential of a PAH can serve as an indicator to 
predict whether or not one-electron oxidation can play a role in its metabolic activation. 

(ii) Charge localization 

A relatively low ionization potential is a necessary but not a sufficient prerequisite for 
the activation of a PAH by one-electron oxidation. Another important factor that must be 
considered is the localization of the charge in the PAH radical cation. PAHs have 
positions of unequal charge localization and the extent of this unequal distribution 
depends on the symmetry of the condensed benzene ring. In benzo[a]pyrene, C6 is the 
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position with the greatest electron density and the highest reactivity with electrophiles in 
the neutral molecule (Cavalieri & Calvin, 1971). In the radical cation, C6 has the lowest 
electron density and the highest reactivity with nucleophiles (Cremonesi et al., 1989). 
Therefore, the relatively low ionization potential of 7.23 eV for benzo[a]pyrene (Cavalieri 
et al., 1983) and the charge localization at C6 render this molecule receptive to activation 
by one-electron oxidation. 

For dibenzo[a,l]pyrene, the charge in the radical cation is mainly localized at C10 
(Cremonesi et al., 1992). Nucleophilic substitution occurs regiospecifically at this 
position with subsequent formation of an intermediate radical. The intermediate is rapidly 
oxidized to an arenium ion with loss of a proton to complete the substitution reaction.  

(iii) Optimal geometric configuration 

An important factor that determines the carcinogenic activity of PAHs is related to the 
geometry of the molecule. In general, activity is found in PAHs that contain three to seven 
condensed rings (Boström et al., 2002). A more precise requirement related to the 
geometric characteristics of PAHs is the presence of an angular ring, for example, in the 
benz[a]anthracene series. Optimal geometric configuration of PAHs is essential for the 
arrangement of the appropriate intercalation complexes with DNA, which are a 
prerequisite for the formation of a covalent bond with nucleophiles (Lesko et al., 1968). 
Strong evidence for the formation of these intercalation complexes is demonstrated by the 
fact that unstable adducts that generate apurinic sites upon release from DNA (hereafter 
called unstable adducts) are formed from the reaction of radical cations of 
benzo[a]pyrene, DMBA or dibenzo[a,l]pyrene with double-stranded DNA but not with 
single-stranded DNA or RNA (Devanesan et al., 1993; Rogan et al., 1993; Li et al., 
1995). 

(b) Enzymology of PAH activation 

PAHs are activated by both peroxidases and CYPs to form ultimate carcinogenic 
metabolites that bind to DNA. One-electron oxidation of PAHs can be catalysed by both 
types of enzyme (Devanesan et al., 1987; Cavalieri et al., 1990), but only CYPs can carry 
out the initial epoxidation of PAHs, which leads to the proximate dihydrodiol metabolites 
in the diol epoxide pathway of activation (Sims et al., 1974; Conney, 1982). CYP is 
present in both the endoplasmic reticulum and the nuclear membrane of mammalian cells. 
Enzymes in the nuclear membrane catalyse the formation of radical cation adducts with 
DNA because radical cations formed in the endoplasmic reticulum react with other 
cellular nucleophiles before they can reach the nucleus to react with DNA. There is 
evidence that the CYP isoforms in the nucleus are similar to those in the endoplasmic 
reticulum (Bresnick et al., 1977; Mukhtar et al., 1979).  

(c) Pathways of PAH activation: radical cations and diol epoxides 

Based on several lines of evidence discussed in this section, it has been postulated that 
PAHs are activated via two main pathways: one-electron oxidation to form radical cations 
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and mono-oxygenation to yield diol epoxides. The two types of reactive intermediate, 
radical cations and diol epoxides, can bind to DNA to form adducts that presumably 
initiate the process of tumour formation. Some PAHs are activated exclusively to diol 
epoxides, for example 5-methylchrysene and benzo[c]phenanthrene, whereas several 
others, such as benzo[a]pyrene, dibenzo[a,l]pyrene, DMBA and 3-methylcholanthrene, 
are activated by the formation of both radical cations and diol epoxides. 

Adenine and guanine are the two DNA bases that are most susceptible to the 
nucleophilic attack of activated PAHs, whereas thymine and cytosine are less reactive. 
Covalent binding to the endocyclic positions N3 and N7 of adenine and N7, and 
sometimes C8, of guanine produces unstable adducts that generate apurinic sites upon 
release from DNA. These adducts are sometimes called ‘depurinating adducts’ or 
‘depurination adducts’. In contrast, adduct formation at the exocyclic 2-amino group of 
guanine and the 6-amino group of adenine results in stable adducts that remain in DNA 
unless removed by repair. 

The main approach to demonstrating that PAHs are indeed activated primarily by 
these two mechanisms has been the identification and quantification of PAH–DNA 
adducts formed in vitro and in vivo. The unstable PAH–DNA adducts formed at 
endocyclic positions of adenine and guanine have been identified by a combination of 
high-performance liquid chromatography (HPLC) and fluorescence line-narrowing 
spectroscopy (Jankowiak & Small, 1998). The mechanism of activation, the types of 
DNA damage formed and their biological significance in initiating the tumour process are 
supported by these studies. 

(i) Benzo[a]pyrene 

Benzo[a]pyrene–DNA adducts were among the first PAH–DNA adducts to be 
identified. Important evidence for the diol epoxide activation pathway was the 
identification of a stable adduct formed in vitro and in vivo by the reaction of 
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide with the exocyclic 2-amino group of 
guanine (Sims et al., 1974; Koreeda et al., 1978). The formation of adducts by one-
electron oxidation was demonstrated by the identification of an unstable benzo[a]pyrene–
6-N7-guanine adduct after in-vitro activation of benzo[a]pyrene by horseradish 
peroxidase or CYP in the presence of DNA (Rogan et al., 1988). Subsequently, complete 
profiles of the two types of benzo[a]pyrene–DNA adduct formed after activation of 
benzo[a]pyrene by CYP in vitro and in mouse skin in vivo were determined (Chen et al., 
1996). Qualitative and quantitative comparisons of the adducts were made by treating 
mouse skin in vivo with 200 nmol each of tritiated benzo[a]pyrene, benzo[a]pyrene-7,8-
dihydrodiol (its proximate carcinogenic metabolite) or anti-benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide (an ultimate carcinogenic metabolite) in 50 µL acetone. The 
comparison comprised assessment of the relative amounts of stable and unstable adducts 
and the relative abundance of unstable adducts at guanine and adenine.  

Benzo[a]pyrene formed both stable (29%) and unstable (71%) adducts in mouse skin 
(Chen et al., 1996). The unstable adducts were 8-(benzo[a]pyrene-6-yl)guanine (34%), 7-
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(benzo[a]pyren-6-yl)guanine (10%), 7-(benzo[a]pyren-6-yl)adenine (22%), 10-(guanin-7-
yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-benzo[a]pyrene (2%) and 10-(adenin-7-yl)-7,8,9-
trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (3%), whereas the stable 10-(guanin-2-yl)-
7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene constituted 23% and the remaining 
6% were unidentified stable adducts. Most of the adducts found after treatment with 
benzo[a]pyrene were unstable adducts formed by one-electron oxidation (66%), whereas 
stable adducts were mostly formed by the diol epoxide, the major one of which is 10-
(guanin-2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene. 

Benzo[a]pyrene-7,8-dihydrodiol formed more stable adducts (63%) than unstable 
adducts (37%) in mouse skin (Chen et al., 1996), but the absolute amount of unstable 
adducts (1.2 µmol/mol DNA-Phosphate) was very similar to that formed after treatment 
with benzo[a]pyrene (1.5 µmol/mol DNA-Phosphate). After treatment with anti-
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, fewer unstable adducts (0.6 µmol/mol 
DNA-Phosphate) were formed than with the precursors benzo[a]pyrene and benzo[a]-
pyrene-7,8-dihydrodiol. Among the stable adducts formed by benzo[a]pyrene, benzo[a]-
pyrene-7,8-dihydrodiol and anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, the main 
adduct is 10-(guanin-2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene, and the 
ratio of the amount of stable adducts formed by these three agents is 1:3:80, respectively. 
The relative tumorigenicity of these three compounds corresponds to the amount of 
unstable adducts formed: benzo[a]pyrene and benzo[a]pyrene-7,8-dihydrodiol exhibit 
similar potency in mouse skin and anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide is 
less active (Slaga et al., 1976; Levin et al., 1977b; Slaga et al., 1977b). In contrast, 
carcinogenicity is not related to the amount of stable adducts, since the less carcinogenic 
anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide forms much higher levels of such 
adducts (Chen et al., 1996).  

(ii) Dibenzo[a,l]pyrene 

Dibenzo[a,l]pyrene is the most potent of the known carcinogenic PAHs (Cavalieri et 
al., 1989; LaVoie et al., 1993). Comparative carcinogenicity studies in mouse skin and rat 
mammary gland indicated that dibenzo[a,l]pyrene is slightly more potent than its 11,12-
dihydrodiol and much more potent than its 11,12-dihydrodiol-13,14-epoxide derivatives 
(Higginbotham et al., 1993; Gill et al., 1994). Identification and quantification of the 
adducts formed in the skin of mice treated with dibenzo[a,l]pyrene revealed that 99% are 
unstable (Cavalieri et al., 2005; Todorovic et al., 2005). Most of these adducts are formed 
by one-electron oxidation, with 63% at adenine and 12% at guanine. The remainder are 
formed by the diol epoxide, with 18% at adenine and 6% at guanine. When mouse skin is 
treated in vivo with dibenzo[a,l]pyrene-11,12-dihydrodiol, unstable adducts comprise 
80% of the total and are formed mainly with adenine (69%). Treatment of mouse skin 
with (±)-syn-dibenzo[a,l]pyrene-11,12-dihydrodiol-13,14-epoxide results in 32% unstable 
adducts, primarily at adenine (25%), whereas treatment with (±)-anti-dibenzo[a,l]pyrene-
11,12-dihydrodiol-13,14-epoxide produces 97% stable adducts (Cavalieri et al., 2005). 
Comparison of the relative tumorigenicity of dibenzo[a,l]pyrene and its metabolites with 
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the amount of DNA adducts formed in mouse skin suggests that the unstable adducts at 
adenine play a major role in the initiation of tumours by dibenzo[a,l]pyrene. 

(iii) 7,12-Dimethylbenz[a]anthracene 

When DMBA is bound to DNA after activation with CYP in vitro or in mouse skin in 
vivo, 99% of the adducts are formed by one-electron oxidation. Of these, 79–82% have 
the 12-methyl group of DMBA linked to N7 of adenine, whereas 20–17% have the 12-
methyl group linked to the N7 of guanine. Stable adducts arising from the bay-region diol 
epoxide represent less than 1% of the adducts formed in mouse skin (RamaKrishna et al., 
1992; Devanesan et al., 1993).  

The 12-methyl group of DMBA plays an important role in radical cation formation 
and DNA binding. When the two methyl groups are substituted with two ethyl groups, the 
resulting 7,12-diethylbenz[a]anthracene was not carcinogenic when administered to 
Long-Evans rats by subcutaneous injection (Pataki & Balick, 1972), which is consistent 
with the absence of nucleophilic substitution at the benzylic methylene group of the 
radical cation of an ethyl-substituted PAH (Cavalieri & Roth; 1976; Tolbert et al., 1990). 
Furthermore, 7-methyl-12-ethylbenz[a]anthracene is a much weaker carcinogen than 
DMBA, whereas 7-ethyl-12-methylbenz[a]anthracene displays a carcinogenic activity 
similar to that of DMBA (Pataki & Balick, 1972). These data clearly suggest that the 12-
methyl group plays a major role in the carcinogenic activity of DMBA.  

Although less potent than DMBA, 1,2,3,4-tetrahydro-7,12-dimethylbenz[a]anthracene 
is a strong carcinogen despite being fully saturated in the angular ring and, thus, unable to 
be activated by the diol epoxide pathway (DiGiovanni et al., 1982b). Electrochemical 
oxidation of 1,2,3,4-tetrahydro-7,12-dimethylbenz[a]anthracene in the presence of 
deoxyguanosine or deoxyadenine yields numerous adducts that include those at the 12-
methyl and 7-methyl groups that are similar to those obtained from DMBA (Mulder et al., 
1996). 

In conclusion, based on the several lines of evidence described above, DMBA 
initiates tumours by forming radical cations at the 12-methyl group that bind specifically 
to the N7 of adenine. Although adducts may also be formed via the diol epoxide 
mechanism, these adducts are expected to make at most only a minor contribution. 

4.2.3 Mechanism via formation of ortho-quinones and generation of reactive 

oxygen species 

(a) Description  

PAHs with a terminal benzo-ring in a bay region are complete carcinogens in 
experimental animals (Cook et al., 1932, 1933; Bachmann et al., 1937). They are 
metabolically activated by CYP1A1/1B1 enzymes to form arene oxides of defined 
stereochemistry, which are hydrated by epoxide hydratase to form non-K region R,R-
trans-dihydrodiols (Gelboin, 1980; Shimada et al., 1996). These trans-dihydrodiols are 
proximate carcinogens that undergo further mono-oxygenation by CYP1A1/1B1 to form 
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predominantly bay-region anti-diol epoxides as described in Section 4.2.1. The formation 
of trans-dihydrodiols represents a branch point in PAH metabolism (Figure 4.5). 

Non-K region trans-dihydrodiols also undergo a NAD(P)+-dependent dehydroge-
nation that is catalysed by monomeric cytosolic oxidoreductases of the AKR superfamily 
to yield ketols, which spontaneously rearrange to yield catechols. Catechols are extremely 
air-sensitive and undergo two sequential one-electron auto-oxidation steps to yield the 
corresponding reactive PAH ortho-quinones (Smithgall et al., 1986, 1988a). An inter-
mediate in this auto-oxidation is the corresponding ortho-semiquinone anion radical. Each 
one-electron oxidation event (either catechol → ortho-semiquinone anion radical or 
ortho-semiquinone anion radical → ortho-quinone) yields reactive oxygen species 
(superoxide anion, hydrogen peroxide and hydroxyl radical). For benzo[a]pyrene, this 
reaction sequence would comprise dehydrogenation of (±)-trans-7,8-dihydroxy-7,8-di-
hydrobenzo[a]pyrene to form 7,8-dihydroxybenzo[a]pyrene (catechol) and auto-oxidation 
to yield benzo[a]pyrene-7,8-dione (see Figure 4.5) (Penning et al., 1996). 

The resulting PAH ortho-quinone is a highly reactive Michael acceptor that can 
undergo 1,4- or 1,6-Michael addition reactions with cellular nucleophiles (e.g. L-cysteine, 
GSH) to yield conjugates (Murty & Penning, 1992a,b; Sridhar et al., 2001) or with 
macromolecules (e.g. protein, RNA and DNA) to yield adducts (Shou et al., 1993; 
McCoull et al., 1999; Balu et al., 2004). PAH ortho-quinones can also be reduced back to 
the catechol, either non-enzymatically by the addition of 2H+ + 2e– from cellular reducing 
species (e.g. NADPH) or in two sequential one-electron steps catalysed by NADPH:CYP 
reductases (Flowers-Geary et al., 1992, 1995). Once re-formed, the catechol can undergo 
further auto-oxidation to create a futile redox-cycle in which each round of auto-oxidation 
forms reactive oxygen species which continues until the reducing agent is exhausted. This 
leads to oxidative stress and a pro-oxidant state. The PAH ortho-quinones and the reactive 
oxygen species that they generate may form mutagenic lesions in DNA (initiation) or act 
as electrophilic and pro-oxidant signals that may affect cell growth (see below). In this 
manner, the pathway may contribute to the complete carcinogenicity of the parent PAH. 
An evaluation of this mechanism of PAH carcinogenesis requires an understanding of the 
human enzymes involved and the genotoxic and non-genotoxic properties of PAH ortho-
quinones.  

(i) Aldo-keto reductase isoforms 

In humans, five AKR isoforms catalyse the oxidation of non-K region trans-
dihydrodiols to ortho-quinones; these are AKR1C1, AKR1C2, AKR1C3, AKR1C4 and 
AKR1A1 (Burczynski et al., 1998, 1999a,b; Palackal et al., 2001a,b, 2002a,b). AKR1C1 
isoforms are induced by bi- and monofunctional inducers, e.g. 3-methylcholanthrene and 
tert-butylhydroquinone, respectively, which is consistent with regulation via an anti-
oxidant-response element (Burczynski et al., 1999a,b). These enzymes have a substrate 
preference for non-K region trans-dihydrodiols of bay-region methylated PAHs, oxidize 
both the R,R and S,S stereoisomers and are overexpressed in lung adenocarcinoma (A549) 
cells (Palackal et al., 2002a,b). Two independent studies have validated the elevated  
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Figure 4.5.  Formation of DNA-reactive metabolites of benzo[a]pyrene via formation 

of 7,8-dihydrodiol and (a) diol epoxide or (b) catechol and ortho-quinone 
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expression of AKR1C1 in lung cancer tissue of patients with non-small-cell lung 
carcinoma where it was an indicator of poor prognosis (Hsu et al., 2001; Fukumoto et al., 
2005). In contrast, AKR1A1 is ubiquitously and endogenously expressed since it is a major  
metabolic enzyme; it is stereospecific for non-K region R,R-trans-dihydrodiols (Palackal 
et al., 2001a,b).  

(ii) Quinone-mediated DNA lesions and mutation 

PAH ortho-quinones produced by AKRs can form stable adducts, e.g., benzo[a]-
pyrene-7,8-dione–N2-deoxyguanosine (Shou et al., 1993; Balu et al., 2004), and unstable 
adducts, e.g., benzo[a]pyrene-7,8-dione–N7-guanine (McCoull et al., 1999). In addition, 
the reactive oxygen species generated by PAH ortho-quinones can attack DNA bases to 
produce oxidized purines (8-oxo-7,8-dihydro-2′–deoxyguanosine; 8-oxo-dGuo) (Park, J.-
H. et al., 2005). Further oxidation can take place to yield highly mutagenic spiroiminodi-
hydantoin or guanidinohydantoin adducts (Luo et al., 2001; Henderson et al., 2003). 
Reactive oxygen species can also abstract the C4-hydrogen from deoxyribose to form 
base propenals, which can lead to formation of a malondialdehyde–deoxyguanosine 
adduct. Alternatively, they can attack polyunsaturated fatty acids to yield lipid hydro-
peroxides that decompose to 4-hydroperoxy-2-nonenal, 4-hydroxy-2-nonenal and 4-oxo-
2-nonenal, each of which can react with bases in DNA to yield potentially mutagenic 
lesions (Burcham, 1998; Pollack et al., 2003). However, most of the lesions derived from 
reactive oxygen species are generally not detected by the traditional methods used to 
analyse covalent PAH–DNA adducts.  

In the initiation phase of PAH-induced carcinogenesis, critical proto-oncogenes, e.g., 
K-ras, and tumour-suppressor genes, e.g., p53, are mutated to undergo a change in 
function. One of the most prominent mutations observed are G→T transversions which 
occur at so-called hotspots, e.g. the K-ras codons 12 and 61 and the p53 codons 157, 248 
and 273 (Rodenhuis, 1992; Hainaut & Pfeifer, 2001). Two of the DNA lesions produced 
by PAH ortho-quinones provide straightforward routes to these G→T transversions. First, 
benzo[a]pyrene-7,8-dione–N7-guanine adducts are unstable and lead to formation of 
abasic sites which, if unrepaired, result in the incorporation of A opposite the lesion and, 
upon replication of the daughter strand lead to, a G→T transversion (Sagher & Strauss, 
1983). Second, 8-oxo-dGuo, if unrepaired, undergoes a base-pair mismatch with A and, 
upon replication of the daughter strand, a G→T transversion would again occur (Breen & 
Murphy, 1995). Under redox-cycling conditions, individual PAH ortho-quinones produce 
substantial amounts of 8-oxo-dGuo (Park, J.-H. et al., 2005) and introduce G→T trans-
versions in the p53 gene, which results in a loss of transcriptional competency (Yu et al., 
2002a,b). The pattern of G→T transversions is similar to that seen in patients with lung 
cancer. The formation of these mutations can be prevented by scavengers of reactive 
oxygen species, which suggests that 8-oxo-dGuo is the responsible lesion (Yu et al., 
2002a,b). It is noteworthy that 100% of small-cell lung cancers and 50% of non-small-cell 
lung cancers have lost one allele of the gene hOOG1, which encodes the key N-glyco-
sylase/AP lyase in the base-excision repair pathway responsible for the removal of 
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8-oxo-dGuo (Lu et al., 1997). Thus deficient base-excision repair of oxidative lesions is a 
risk factor in human lung cancer. 

For a complete and more detailed review of the mechanism involved in the formation 
of PAH ortho-quinones and reactive oxygen species the reader is referred to Penning et 
al. (1999). 

(b) Key relevant data 

(i) Benz[a]anthracene 

Enzymatic data 

Homogeneous rat liver dihydrodiol dehydrogenase (AKR1C9) and AKR1C1–
AKR1C4 oxidize both the (–)-3R,4R- and (+)-3S,4S-entantiomers of benz[a]anthracene-
3,4-dihydrodiol to yield benz[a]anthracene-3,4-dione (Smithgall et al., 1988a; Palackal et 
al., 2002a). AKR1A1 was found to be stereospecific and to oxidize only the relevant  
(–)-3R,4R-benz[a]anthracene-3,4-diol to yield benz[a]anthracene-3,4-dione (Palackal et al., 
2001a). 

Cell-based data 

No studies have been performed to show that benz[a]anthracene-3,4-dione is a 
cellular metabolite. However, the formation of DMBA-3,4-dione has been demonstrated 
by liquid chromatography/mass spectrometry (LC/MS) in cell lysates from human lung 
A549 adenocarcinoma cells, which constitutively overexpress AKR1C enzymes. In this 
instance, DMBA-3,4-dione was trapped as both a mono-thioether (1,6-addition product) 
and a bis-thioether conjugate (Palackal et al., 2002a). 

Chemical reactivity 

Benz[a]anthracene-3,4-dione is highly reactive with cellular thiols including GSH, L-
cysteine and N-acetyl-L-cysteine, with a bi-molecular rate constant for GSH of 1.8 × 104 
min-1 M-1 (Murty & Penning, 1992a). Reactions with deoxyribonucleosides have not been 
investigated. 

Cytotoxicity 

Benz[a]anthracene-3,4-dione (20 µM) had no effect on cell viability but reduced cell 
survival (>50%) of H4-II-e rat hepatoma cells following a single treatment for up to 4 h 
(Flowers-Geary et al., 1996). 

Mutagenicity (see Table 4.2) 

Benz[a]anthracene-3,4-dione was not mutagenic in the absence of redox-cycling in 
the Ames test using S. typhimurium strains TA97a, TA98, TA100, TA102 and TA104 
(Flowers-Geary et al., 1996). In the presence of rat liver metabolic activation and an 
NADPH-generating system, no mutagenic effect was found either, perhaps due to 
sequestration of the quinone by protein. Benz[a]anthracene-3,4-dione was a poor direct-
acting mutagen in a yeast reporter-gene assay that detects p53 mutations. In the same assay, 
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it was highly mutagenic under redox-cycling conditions in the presence of copper 
chloride and NADPH: single point mutations were observed, and the mutation pattern 
showed a high preference (>42%) for the formation of G→T transversions (Field et al., 
2005; Shen et al., 2006). 

(ii) Benzo[a]pyrene 

Enzymatic data 

Purified dihydrodiol dehydrogenase of rat liver oxidizes both the (–)-7R,8R- and (+)-
7S,8S-entantiomers of the benzo[a]pyrene-7,8-trans-dihydrodiol to yield benzo[a]pyrene-
7,8-dione (Smithgall et al., 1986, 1988b). Benzo[a]pyrene-7,8-dione was trapped as a 
thioether conjugate with 2-mercaptoethanol and the product was identified by electron-
impact mass spectrometry and nuclear magnetic resonance (NMR) spectrometry 
(Smithgall et al., 1988b). During this oxidation of benzo[a]pyrene-7,8-diol, consumption 
of molecular oxygen was observed and the formation of a superoxide anion radical was 
quantified wiht the spin-trapping agent, 5,5-dimethyl-1-pyrroline-N-oxide, which 
provided evidence for the generation of reactive oxygen species (Penning et al., 1996). 
Human recombinant AKR1C1–AKR1C4 each oxidized both stereoisomers of (±)-
benzo[a]pyrene-7,8-diol in the following rank order AKR1C2 >AKR1C1 >AKR1C4 
>AKR1C3. Each AKR1C isoform consumed the entire racemic benzo[a]pyrene-diol 
mixture, which indicated that both the minor (+)-S,S- and major (–)-R,R-stereoisomers 
formed in vivo are substrates for these enzymes. The quinone products of the reactions 
were trapped as either glycine or thioether conjugates, which were identified by co-elution 
with authentic synthetic standards (Burczynski et al., 1998, 1999a). AKR1A1 was found 
to be stereospecific and to oxidize only the metabolically relevant (–)-7R,8R-dihydroxy-
7,8-dihydrobenzo[a]pyrene to benzo[a]pyrene-7,8-dione, which was identified by use of 
LC/MS (Palackal et al., 2001b). 

Cell-based data 

Formation of benzo[a]pyrene-7,8-dione has been observed in rat hepatocytes 
(Flowers-Geary et al., 1995), in MCF-7 human breast carcinoma cells stably transfected 
with AKR1C9 (Tsuruda et al., 2001) and in human bronchoalveolar H-358 cells stably 
transfected with AKR1A1 (Jiang et al., 2005b). Formation of benzo[a]pyrene-7,8-dione 
and reactive oxygen species in rat hepatocytes was blocked by the AKR1C9 inhibitor, 
indomethacin, which showed that their formation was AKR1C9-dependent (Flowers-
Geary et al., 1995).  

Chemical reactivity 

Benzo[a]pyrene-7,8-dione is highly reactive with cellular thiols including GSH, L-
cysteine and N-acetyl-L-cysteine. For GSH, the bi-molecular rate constant is 1.3 × 103 
min-1 M-1 (Murty & Penning, 1992a). The thioether conjugates of benzo[a]pyrene-7,8-
dione have been characterized by two-dimensional NMR as the 1,4-Michael addition 



 POLYCYCLIC AROMATIC HYDROCARBONS 635 

 

products (Murty & Penning, 1992b). Reactions with deoxyribonucleosides are described 
below. 

Cytotoxicity 

Benzo[a]pyrene-7,8-dione (20 µM) reduced cell viability (by up to 40% after 4 h), 
had no effect on cell survival and depleted reduced GSH in H4-II-e rat and Hep-G2 
human hepatoma cells (Flowers-Geary et al., 1993, 1996). 

Genotoxicity 

Benzo[a]pyrene-7,8-dione forms stable deoxyguanine and deoxyadenine adducts in 
reactions with deoxyribonucleosides and in calf-thymus DNA. Reactions of 
[3H]benzo[a]pyrene-7,8-dione with calf thymus DNA or plasmid DNA followed by 
digestion led to the isolation of a single nucleoside adduct that co-eluted with a standard 
that was synthesized by reaction of benzo[a]pyrene-7,8-dione with oligo-deoxyguanosine. 
No adducts were observed upon reaction with oligomers of deoxythymidine, 
deoxycytidine or deoxyadenosine (Shou et al., 1993). Benzo[a]pyrene-7,8-dione–
deoxyguanosine and –deoxyadenosine adducts were also obtained by reaction with 
deoxyribonucleosides. Analysis of the benzo[a]pyrene-7,8-dione–N2-deoxyguanosine 
adducts shows that they exist as either hydrated 1,4-Michael addition products or as 
cyclized hydrated 1,6-Michael addition products. The structure of the deoxyadenosine 
adduct provides evidence for a hydrated cyclized 1,4-Michael addition product involving 
the N1 position of adenine. A number of different stereoisomers of each adduct are 
possible (Balu et al., 2004).  

Upon incubation with deoxyguanosine under acidic conditions, benzo[a]pyrene-7,8-
dione also forms the unstable adduct benzo[a]pyrene-7,8-dione-N7–guanine, which has 
been characterized by LC/MS (McCoull et al., 1999). Under redox-cycling conditions in 
the presence of copper chloride and NADPH, nanomolar concentrations of benzo[a]-
pyrene-7,8-dione can produce significant amounts of 8-oxo-dGuo (>60 adducts/105dGuo, 
a 30-fold increase over background) as measured by HPLC with electrochemical 
detection (ECD). In this case, the oxidant is singlet oxygen (Park, J.-H. et al., 2005). 
Under the same redox-cycling conditions, low micromolar concentrations of benzo[a]-
pyrene-7,8-dione caused strand scission of plasmid-DNA and oligonucleotides; the 
damaging species was the hydroxyl radical. The corresponding ortho-semiquinone did 
not cause strand scission (Flowers et al., 1997). 

Mutagenicity (see Table 4.2) 

Benzo[a]pyrene-7,8-dione was found to be a direct-acting mutagen in S. typhimurium 
strains TA97a, TA98, TA100, TA102 and TA104 at concentrations of 35 and 70 nmol/ 
plate, and was more mutagenic than the positive control used for each tester strain. The 
majority of the mutations observed were frameshifts. No increase in mutation efficiency 
was noted in the presence of a metabolic activation system containing rat liver 
microsomes and an NADPH-generating system when tester strains sensitive to oxidative 
mutagens (TA102 and TA194) were used (Flowers-Geary et al., 1996). 
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Benzo[a]pyrene-7,8-dione was found to be a poor direct-acting mutagen in a yeast 
reporter-gene assay that can detect p53 mutations. In the same assay, benzo[a]pyrene-7,8-
dione was found to be highly mutagenic at concentrations of 125 nM under redox-cycling 
conditions (copper chloride and NADPH). In contrast, (±)-anti-benzo[a]pyrene diol 
epoxide was only mutagenic at concentrations greater than 10 µM. Benzo[a]pyrene-7,8-
dione produced single point mutations in p53 and the mutation pattern showed a high 
preference for G→T transversions, which occurred preferentially at the same hotspots that 
were mutated in patients with lung cancer. The mutations were not found when the assay 
was conducted in the presence of scavengers of reactive oxygen species and the enzymes 
superoxide dismutase and catalase, which suggested that the superoxide anion and the 
hydroxyl radical were the responsible mutagens (Yu et al., 2002b). In human lung 
adenocarcinoma A549 cells, benzo[a]pyrene-7,8-dione was found to mutate p53, which 
led to predominately unstable A→G (T→C) transitions following acute treatment 
(Penning et. al., 2004).  

(iii) 5-Methylchrysene 

Enzymatic data 

5-Methylchrysene can be metabolically activated in mouse skin to yield 1,2-trans-
dihydroxy-1,2-dihydro-5-methylchrysene and 7,8-trans-dihydroxy-7,8-dihydro-5-methyl-
chrysene and their respective 3,4- and 9,10-epoxides (Melikian et al., 1982; Hecht et. al., 
1985). The former is the more relevant metabolite. With regard to stereospecificity, it is 
probable that rat liver dihydrodiol dehydrogenase oxidizes (+)-1S,2S-dihydroxy-1,2-
dihydro-5-methylchrysene and (–)-7R,8R-trans-dihydroxy-7,8-dihydro-5-methylchrysene 
to yield the presumptive quinone (Smithgall et al., 1986). Each of the human AKR1C 
enzymes (AKR1C1–AKR1C4) oxidizes the racemic 5-methylchrysene-7,8-trans-
dihydrodiol but the stereochemistry of the reaction has not been elucidated. The reaction 
preference was AKR1C4 >AKR1C2 >AKR1C1 >AKR1C3 (Burczynski et al., 1999b; 
Palackal et al., 2002a,b). Human AKR1A1 also oxidizes racemic 5-methylchrysene-7,8-
trans-dihydrodiol, which is the trans-dihydrodiol substrate with the highest Vmax/Km 
utilization ratio identified for this enzyme to date (Palackal et al., 2001a,b).  

Cytoxicity 

5-Methylchrysene-7,8-dione significantly reduced the survival of H4-II-e cells 
(Flowers-Geary et al., 1996). 

Mutagenicity (see Table 4.2) 

5-Methylchrysene-7,8-dione was found to be a direct-acting mutagen in S. 

typhimurium TA97a and TA100 at concentrations of 70 and 35 nmol/plate, respectively, 
and was more mutagenic than the positive control used for each tester strain (Flowers-
Geary et. al., 1996). The mutagenicity of this compound has not been examined in other 
assays. 
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Data gaps 

There are gaps in our knowledge concerning the possible role of the PAH ortho-
quinone pathway and reactive oxygen species in carcinogenesis: (i) not all the relevant 
PAHs have been examined; (ii) human AKRs other than AKR1A1 and AKR1C1–
AKR1C4 may be involved in the metabolic activation of PAH trans-dihydrodiols, e.g., 
AKR1B10, which is highly elevated in non-small-cell lung carcinomas (Fukumoto et al., 
2005); (iii) there is little information to address the competing roles of CYP- versus AKR-
mediated activation of PAHs; (iv) covalent DNA adducts (stable or unstable) or oxidative 
lesions that can be assigned to the AKR pathway have yet to be detected in cells or 
animals; the successful detection of these adducts requires the development of appropriate 
analytical chemical methods with sufficient sensitivity; (v) the mutagenicity of PAH 
ortho-quinones in mammalian cells has not been completely addressed; (vi) the 
transforming potential of the PAH ortho-quinones has not been measured; and (vii) the 
tumorigenicity of PAH ortho-quinones as initiators, promoters or both has not been 
examined systematically.  

4.2.4 Mechanism via meso-region biomethylation and benzylic oxidation  

The role of mechanisms that involve meso-region biomethylation and benzylic 
oxidation in the carcinogenesis of PAHs is based on the methylation of unsubstituted 
PAHs and the subsequent metabolic activation of the methyl group to electrophilic 
moieties. The meso-region of PAHs (also known as the L-region) has been purported to 
be a region of high reactivity either in an aromatic nucleus or on a side chain (Flesher et 
al., 2002, 2004). According to this theory, the chemical and biochemical activation 
pathways of both unsubstituted and meso-substituted PAHs are essentially the same, since 
unsubstituted PAHs are converted to generally more carcinogenic meso-methyl-
substituted PAHs in the metabolic activation process. For example, DMBA is more 
carcinogenic than 7-methylbenzo[a]anthracene which is more carcinogenic than 
benzo[a]anthracene (see review by Dipple et al., 1984). In a series of three biochemical 
transformation reactions, the first is the aralkylation (methylation) of unsubstituted PAHs 
at a meso-centre of high reactivity (Myers & Flesher, 1991). This conversion is mediated 
by the methyl donor, S-adenosyl methionine (Flesher et al., 1986). The second step is the 
hydroxylation of a meso-region methyl group by CYP isozymes (Sims, 1970); more 
recently, a chemical one-electron oxidation process has also been proposed at this stage 
(Flesher et al., 2004; Lehner et al., 2004). The third step is the formation of a reactive 
ester (e.g. sulfuric acid ester) via 3′-phosphoadenosine-5′-phosphosulfate (Chou et al., 
1998). Sulfooxymethyl esters generate a highly reactive benzylic carbonium ion that may 
form DNA adducts (Lehner et al., 2004; Ravi Kumar et al., 2005), and some have been 
found to be mutagenic (Watabe et al., 1986) and carcinogenic (Surh et al., 1991; Flesher 
et al., 1997a,b). 
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(a) Benzo[a]pyrene 

(i) Biomethylation to 6-methylbenzo[a]pyrene  

Benzo[a]pyrene was converted to 6-methylbenzo[a]pyrene using rat liver microsomal 
preparations (Flesher et al., 1990). S-Adenosylmethionine was identified as a carbon 
donor in this biotransformation (Flesher et al., 1982). 

(ii) DNA adducts of benzo[a]pyrene-related methylated 
intermediates 

Weanling female Sprague-Dawley rats injected subcutaneously with benzo[a]pyrene 
produced two groups of adduct profile: one that resulted from alkyl substitution and the 
other from ring oxidation. One major and two minor aralkyl–DNA adducts were detected 
in subcutaneous tissues. The total levels of diol epoxide adducts were 15–50 times higher 
than those of aralkyl adducts. Rats injected with 6-methylbenzo[a]pyrene, 6-hydroxy-
methylbenzo[a]pyrene and 6-acetoxymethylbenzo[a]pyrene produced the same aralkyl–
DNA adducts as those obtained from benzo[a]pyrene. The predominant in-vivo aralkyl–
DNA adduct was a deoxyguanosine adduct while the second major adduct was a deoxy-
adenosine adduct (Stansbury et al., 1994). 6-Hydroxymethylbenzo[a]pyrene is converted 
to 6-sulfooxymethylbenzo[a]pyrene by 3′-phosphoadenosine-5′-phosphosulfate sulfo-
transferase in vitro (Surh et al., 1990).  

(iii) Genotoxicity of 6-methylbenzo[a]pyrene and related 
metabolites 

6-Methylbenzo[a]pyrene and 6-sulfooxymethylbenzo[a]pyrene were mutagenic to S. 
typhimurium TA100 (Santella et al., 1982; Rogan et al., 1986) and formed DNA adducts 
in the liver of infant mice (Surh et al., 1990). 

(iv) Carcinogenicity of 6-methylbenzo[a]pyrene, 6-hydroxymethyl-
benzo[a]pyrene and 6-sulfooxymethylbenzo[a]pyrene  

The carcinogenic activities of 6-substituted benzo[a]pyrenes have been reviewed to 
some extent (Dipple et al., 1984; Harvey, 1991). 6-Methylbenzo[a]pyrene and 6-
hydroxymethylbenzo[a]pyrene were weak initiators of skintumours in CD1 mice, with 
five and eight fold lower activity, respectively, than that of benzo[a]pyrene (Slaga et al., 
1978c) and similar results were found for 6-methylbenzo[a]pyrene in SENCAR mice 
(Iyer et al., 1980). Based on studies that involved inhibition of CYP, it was concluded that 
methylation and hydroxymethylation of benzo[a]pyrene were not important pathways in 
the initiation of mouse skin tumours (Slaga et al., 1978c). However, 6-methyl- and 6-
hydroxymethylbenzo[a]pyrene induced malignant skin carcinomas after repeated 
application on mouse skin; 6-methylbenzo[a]pyrene was the more active. The sodium salt 
of 6-sulfooxymethylbenzo[a]pyrene was also tumorigenic on mouse skin (Cavalieri et al., 
1978). 6-Methyl-, 6-hydroxymethyl- and 6-sulfooxymethylbenzo[a]pyrene induced 
sarcomas at the injection site when given subcutaneously to rats (Flesher et al., 1997a), 
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and 6-sulfooxymethylbenzo[a]pyrene was also tumorigenic in the liver of infant mice 
(Surh et al., 1990). 

In conclusion, there is no direct evidence that this mechanism contributes to the 
tumorigenic activity of benzo[a]pyrene in mouse skin. 

(b) Benzo[a]anthracene 

(i) Biomethylation to methylbenz[a]anthracenes 

Qualitative studies of the metabolism of benz[a]anthracene in vitro with rat liver 
cytosol preparations fortified with S-adenosyl-L-methionine showed the formation of 7-
methylbenz[a]anthracene and 12-methylbenz[a]anthracene, which were further methyl-
ated to DMBA (Flesher et al., 1984). Subcutaneous injection of benz[a]anthracene into 
rats confirmed the formation of 7-methylbenz[a]anthracene, 12-methylbenz[a]anthracene 
and DMBA as well as that of hydroxymethylated benz[a]anthracene metabolites. No bio-
alkylation was detected after injection of six non-carcinogenic PAHs. (Flesher & Myers, 
1990).  

(ii) Benzylic oxidation and formation of reactive intermediates 

In in-vitro studies with rat liver cytosol, 7-methylbenz[a]anthracene, 12-methylbenz-
[a]anthracene and DMBA were metabolized to their hydroxymethyl metabolites. No 
oxidation was detected at the ring positions (Flesher & Myers, 1985). In vivo, DMBA was 
metabolized in rat subcutaneous tissues to the corresponding hydroxyalkyl metabolites, 
7 hydroxymethylbenz[a]anthracene, 7-hydroxymethyl-12-methylbenz[a]anthracene and 
7,12-dihydroxymethylbenz[a]anthracene (Myers & Flesher, 1989). These hydroxy-
methylated benz[a]anthracenes were further conjugated to sulfate to form reactive and 
mutagenic sulfooxymethylated benz[a]anthracene species (Watabe et al., 1985, 1986). 
Subcutaneous injection of either 7-hydroxymethyl-12-methylbenz[a]anthracene or 7-
sulfooxymethyl-12-methylbenz[a]anthracene into rats produced adduct patterns in DNA 
of subcutaneous tissue that were similar to those observed after injection of DMBA, with 
a 2:1 ratio of DMBA diol epoxide–DNA adducts to benzylic adducts (Ravi Kumar et al., 
2005). 

(iii) Carcinogenicity of methylated benz[a]anthracene and its 
metabolites 

There is extensive literature on the carcinogenic activities of methylated 
benz[a]anthracenes. DMBA is carcinogenic and induces lung, skin and liver tumours in 
mice and tumours of the subcutaneous tissue and mammary gland in rats. 
7-Methylbenz[a]anthracene and 12-methylbenz[a]anthracene are also carcinogenic in 
mice and rats (see Dipple et al., 1984). 7-Hydroxymethyl-12-methylbenz[a]anthracene 
and 7-sulfooxymethyl-12-methylbenz[a]anthracene were tumorigenic when injected 
subcutaneously into rats (Flesher et al., 1997b). However, it was considered improbable 
that DMBA would act via metabolic activation to 7-sulfooxymethyl-12-methylbenz-
[a]anthracene to induce hepatomas in male B6C3F1 mice and lung adenomas in A/J mice, 
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to initiate mouse skin tumours, to induce injection-site sarcomas in rats or to initiate 
preneoplastic enzyme-altered foci in rat liver. In all these systems, the sulfate ester was 
not more carcinogenic than DMBA itself (Surh et al., 1991). 

In conclusion, in subcutaneous tissues of rats, benz[a]anthracene was biomethylated 
to DMBA which was metabolized to a series of hydroxymethylated and sulfooxy-
methylated methylbenz[a]anthracenes, some of which formed benzylic DNA adducts. 
However, for DMBA, there is disagreement in the literature on the role of this 
biomethylation mechanism in the formation of subcutaneous tumours in rats, and there is 
no evidence that this mechanism explains the tumorigenic activities of benzo[a]-
anthracene in mouse skin and lung. 

(c) Dibenz[a,h]anthracene 

Qualitatively, rat liver cytosol fortified with S-adenosyl-L-methionine transformed 
dibenz[a,h]anthracene to methylated and hydroxymethylated metabolites (Flesher et al., 
1986). No quantitative results were available. Both 7-methyl- and 7,14-dimethyldibenz-
[a,h]anthracene were carcinogenic (see review by Dipple et al., 1984), while the 
biological activities of hydroxymethylated dibenz[a,h]anthracenes are unknown. There is 
no evidence of genotoxicity of these intermediates or of DNA adducts of methylated 
dibenz[a,h]anthracene in rodent or human tissues. 

There are no adequate data to support a role for the biomethylation mechanism in the 
carcinogenicity of dibenz[a,h]anthracene.  

(d) 5-Methylchrysene 

5-Methylchrysene was converted in vitro by induced rat liver microsomal 
preparations and in vivo in rat dorsal subcutaneous tissues to the metabolites 5-hydroxy-
methylchrysene and 4,5-methylenechrysene (Myers & Flesher, 1991). 5-Hydroxymethyl-
chrysene was a metabolite of 5-methylchrysene after incubation with induced rat liver and 
human liver microsomes. Further metabolism of 5-hydroxymethylchrysene by Aroclor 
1254-induced rat-liver preparations produced the 1,2-diol and the 7,8-diol (Amin et al., 
1981). 5-Hydroxymethylchrysene, after activation to its sulfate conjugate, formed DNA 
adducts in calf thymus DNA (Okuda et al., 1986). 4,5-Methylenechrysene, a cyclization 
product of 5-methylchrysine, caused skin tumours in mice (Rice et al., 1988).  

5-Methylchrysene administered to strain A/J mice induced six different DNA adducts 
in the lung, none of which co-migrated with the adduct formed by sulfotransferase-
mediated activation of 5-hydroxymethylchrysene (Ross et al., 1995). 

(i) Carcinogenicity study of 5-hydroxymethylchrysene  

Groups of Charles River CD-1(ICR)BR mice received 10 daily dermal applications 
of 5-hydroxymethylchrysene (total dose, 116 or 39 nmol) in acetone followed 10 days 
later by 4 nmol TPA in acetone three times a week for 20 weeks. At 21 weeks, the 
incidence of skin tumours (tumours/mouse) in the two dose groups was 90% 



 POLYCYCLIC AROMATIC HYDROCARBONS 641 

 

(9.5 tumours/mouse) and 45% (2.6), respectively. Skin tumours developed in 5% 
(0.1 tumours/mouse) of the mice treated with TPA alone (Amin et al., 1981). 

(ii) Genotoxicity of 5-hydroxymethylchrysene 

Rat-liver hydroxysteroid sulfotransferase converted 5-hydroxymethylchrysene to its 
sulfate ester, 5-sulfooxymethylchrysene (Ogura et al., 1990), which bound in vitro to 
purine bases of calf thymus DNA to form N6-[(chrysen-5-yl)methyl]adenosine and 
N2-[(chrysen-5-yl)methyl]guanosine (Okuda et al., 1989). This 5-hydroxymethylchrysene 
sulfate is a strong bacterial mutagen in the presence of a 3′-phosphoadenosine 
5′-phosphosulfate-generating system (Okuda et al, 1986) 

In conclusion, 5-methylchrysene was metabolized in mouse skin to 5-hydroxymethyl-
chrysene which acted as a skin carcinogen. In vitro, 5-hydroxymethylchrysene was 
conjugated to sulfate and this conjugate formed DNA adducts. However, 5-hydroxy-
methylchrysene–DNA adducts have not been detected after treatment of mouse skin with 
5-methylchrysene. 

4.2.5 Receptor-mediated mechanism 

Several of the biological effects of PAHs, such as induction of xenobiotic 
metabolizing enzymes, immunosuppression, teratogenicity and carcinogenicity, are 
thought to be mediated by activating AhR signalling. This receptor is widely distributed 
and has been detected in most cells and tissues. There is also evidence that AhR signals 
act through a variety of pathways, and more recently, cross-talk with other nuclear 
receptors has been demonstrated to enable cell type- and tissue-specific control of gene 
expression. In addition, high-affinity ligands for AhR such as benzo[a]pyrene and 2,3,7,8-
tetrachlorodibenzo-para-dioxin (TCDD) differ in their biological responses. Furthermore, 
translocation of activated AhR may require threshold concentrations of the ligand and 
involves a variety of cellular responses. AhR induces phase I and II metabolism; 
additional responses include lipid peroxidation and the production of arachidonic acid-
reactive metabolites, decreased levels of serum thyroxine and vitamin A, persistent 
activation of thyroid hormone receptor and cross-talk with steroid hormone receptors. 
Responses to altered AhR signalling may therefore be designated as adaptive or toxic 
and/or as perturbations of endogenous pathways. Some basic information on AhR-
mediated mechanisms in relation to biochemical and toxicological effects is discussed 
below. 

(a) Basic principles of AhR  

AhR is a ligand-activated transcription factor that mediates responses to a variety of 
toxins, including halogenated aromatic toxins such as TCDD, PAHs and combustion 
products and numerous phytochemicals such as flavonids and indole-3-carbinol (Nebert 
et al., 2004 ; Chang et al., 2005). This receptor plays an essential role in the regulation of 
the metabolism of xenobiotics (phase I/phase II enzymes; also termed AhR signalling in 
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the adaptive response pathway) and the initiation of homeostatic responses (also termed 
AhR signalling in endogenous pathways) upon exposure to xenobiotics.  

Despite many attempts to identify AhR endogenous ligands, the nature of these 
ligands remains enigmatic. However, Adachi et al. (2001) identified the tryptophan 
analogues, indirubin and indigo in human urine, and these activate AhR.  

The greatest source of AhR ligands is food. AhR ligands may activate signalling 
pathways in a manner similar to that of growth factors, hormones, neurotransmitters and 
extracellular signals and can therefore act like classical mitogenic factors. Little 
information is available on receptor binding and AhR activity of individual PAHs. In the 
unligated state, AhR is complexed with chaperone proteins, i.e. the heat-shock protein 90 
dimer. Upon ligand binding, the chaperones dissociate, which enables AhR to translocate 
into the nucleus (Schmidt & Bradfield, 1996). Therefore, AhR is regulated primarily 
through receptor occupancy and through de-novo synthesis of the AhR repressor (AhRR), 
a protein which was first identified in mice (Mimura et al., 1999). AhRR is closely related 
to AhR in the primary sequence of the basic helix-loop-helix (bHLH) and Period 
(Per)-AhR nuclear translocator (Arnt)-Single-minded protein (Sim) (PAS)-A domain 
(N-terminal half of the PAS domain) but is highly divergent from AhR in the PAS-B 
domain (ligand binding domain). AhRR proteins typically do not bind AhR ligands and 
inhibit AhR signalling by competing for binding to xenobiotic or dioxin response element 
(XRE/DRE) recognition sites usually occupied by AhR-Arnt (Mimura et al., 1999). 

In addition, PKC is of critical importance for AhR activity. Inhibiton of PKC by 
staurosporine prevented ligand-induced DNA binding to XRE/DRE recognition sites of 
targeted genes (Delescluse et al., 2000). Furthermore, phosphorylation of AhR and Arnt 
threonine residues has been reported, and threonine kinases probably modify the activity 
of AhR (Puga et al., 2002). Notably, Vaziri et al. (1996) demonstrated the induction of 
AhR expression by the tyrosine kinase v-src (a viral oncoprotein) and by the platelet-
derived growth factor receptor basic fibroblast growth factor. 

Early observations suggest that the role of AhR was confined to adaptive responses to 
exposure to PAHs that mediated toxicity upon activation by halogenated dioxins, 
polychlorinated biphenyls (PCBs) and other halogenated aromatic hydrocarbons. More 
recently, however, AhR was shown to play a wider role in cell-cycle control (Elferink, 
2003) and seems to act as an environmental check-point that senses exposure to 
environmental toxicants. AhR may inhibit the cell cycle by displacing p300 from early 
region 2 binding factor-dependent promoters and repressing S phase-specific gene 
expression (Marlowe et al., 2004). Furthermore, AhR interacts with the retinoblastoma 
suppressor protein (pRb) by the control of p27kip1 expression which in turn inhibits cell-
cycle progression by the repression of CDK2 activity which prevents pRb 
hyperphosphorylation. This enables cell-cycle arrest in the G1 phase (Marlowe et al., 
2004).  
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(b) Control of gene expression by AhR 

The nuclear AhR complex consists of a heterodimer of AhR and Arnt. Unligated AhR 
is almost exclusively located in the cytoplasm whereas Arnt is found in the nucleus. AhR 
can still translocate to the nucleus in the absence of Arnt as shown in Arnt-deficient mice. 
Both AhR and Arnt are member of the bHLH-PAS family of transcription factor proteins 
which have essential roles in development (differentiation, neurogenesis, myogeneisis, B-
cell differentiation, sex determination) and in various signalling pathways. The PAS 
domain is required for binding to DNA and the bHLH motif is localized in the N-terminal 
region where it codes for two α helices that are separated by a non-helical loop. AhR and 
Arnt proteins were shown to contact the DRE or XRE sequence of regulated genes. The 
thymine position within a half-site of an E-box element (5′-GTG-3′) is specifically 
contacted by Arnt whereas AhR contacts a thymine outside of the E-box element (Bacsi 
et al., 1995). It is of considerable importance that E-box elements are recognized by many 
bHLH transcription factors. Thereafter, binding to the DRE or XRE leads to activation of 
a large number of genes, including cell-cycle genes, and xenobiotic metabolizing 
enzymes. Furthermore, in-depth studies over the past years have revealed many details of 
the mechanism of action of the AhR transcription factor and the activation of promotors 
of targeted genes.  

Transcriptional activation of targeted genes in response to AhR are not only species- 
and tissue-specific, but are also ligand-specific. This is of importance since AhR 
activation by certain PAHs did not produce the same spectrum of toxic effects as those 
observed with TCDD. AhR-mediated toxic responses may therefore be ligand-dependent 
and differences in biological responses may also be linked to the resistance of halogenated 
hydrocarbons to metabolism and may thereby increase AhR occupancy. Furthermore, 
there is evidence that the ligand-dependent recruitment of additional transcription factors 
upon activation of AhR results in combinatorial interactions of networked transcription 
factors with consequent alterations in signalling that perturb several metabolic pathways. 
Recently, a genetic algorithm was developed to study promoters of AhR-regulated genes. 
This method enabled the identification of transcription factor-binding sites of AhR-
regulated genes (Kel et al., 2004). Promoters and long-distance regulatory regions of 
AhR-responsive genes were analysed by the genetic algorithm and this computational 
approach was applied to currently unknown AhR-regulated genes. In essence, the method 
was able to predict in silico novel gene candidates, which were confirmed experimentally 
using cultures of human and rat hepatocytes. Mathematical models are therefore 
promising for the prediction of novel gene targets of AhR by interrogating promoter and 
regulatory sequences for further consideration in risk assessment. This includes, among 
others, the identification of tumour-suppressor and proto-oncogenes regulated by 
activated AhR. 
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(c) Genetic models to investigate AhR signalling 

Genetic studies and the application of gene targeting technologies provided valuable 
insight into AhR signalling pathways. Studies with AhR knockout mice provided clear 
evidence for the need of a functional receptor to obtain a xenobiotic response after 
exposure to halogenated aromatic hydrocarbons, PAHs and related chemicals (Fernandez-
Salguero et al., 1995). Specifically, AhR is required to induce toxicity or carcinogenicity 
after exposure to TCDD or benzo[a]pyrene, respectively (Fernandez-Salguero et al., 
1995; Mimura et al., 1997; Peters et al., 1999; Shimizu et al., 2000). Furthermore, 
Andersson et al. (2002) showed that a constitutively active AhR reduced the lifespan of 
transgenic mice and induced tumours in the stomach. This further demonstrates the 
oncogenic potential of AhR.  

The various AhR knockout strains, however, differ in phenotypes as a result of 
targeting mutations either in the first exon by deletion of the first methionine and a portion 
of the basic region (Fernandez-Salguero et al., 1995) or by deletion of exon 2 which 
encodes bHLH–DNA binding and the dimerization domain (Schmidt et al., 1996). 
Targeting exon 2 resulted in a frameshift with no synthesis of AhR protein. However, 
deletion of exon 1 resulted in 50% neonatal mortality and the inflammation of several 
major organs. Furthermore, surviving mice had decreased liver weights and portal fibrosis 
similar to that seen in mice with the exon 2 deleted, although the phenotypes appeared to 
be more severe upon targeting of exon 1. In addition, reduced liver size in AhR-null mice 
was associated with the incidence of apoptosis by a currently unknown mechanism 
(Zaher et al., 1998). 

(d) Cross-talk of AhR with steroid and other nuclear receptors 

AhR plays a much broader role than that initially assumed and there is evidence for 
inhibitory and additive cross-talk of AhR with other nuclear receptors (Pocar et al., 2005).  

TCDD induces hepatocellular carcinogenesis in female but not male Sprague-Dawley 
rats and the tumorigenic response in females has been reported to be estrogen-dependent 
(Safe, 2001). Cross-talk of AhR with the steroid receptor has been studied in human 
breast cancer and endometrial carcinoma cell lines. Inhibitory XRE/DRE were identified 
in the promotors of the estrogen-inducible pS2 breast cancer coding genes, in cathepsin D 
and c-fos genes (Safe et al., 2000). AhR–ARNT complexes competitively inhibited the 
binding of estrogen receptor (ER)-α to imperfect ER element sites. In T47D human breast 
cancer cells, a rapid proteasome-mediated degradation of AhR and ERα by activated 
AhR was observed, but TCDD elicited stronger effects than benzo[a]pyrene or 6-methyl-
1,3,8-trichlorodibenzofuran (Wormke et al., 2000). In MCF-7 cells, the direct interaction 
of activated AhR with the hypophosphorylated tumour suppressor RB was independent of 
Arnt and did not require an intact AhR–ARNT complex to contact XRE/DRE in order to 
mediate transcriptional activity (Carlson & Perdew, 2002). In contrast, a strong 
association of ARNT splice variants with ER-negative breast cancer and poor prognosis 
was reported. A truncated ARNT may affect AhR signalling and receptor cross-talk (Qin 
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et al., 2001). AhR–ER cross-talk affects multiple estrogen-dependent pathways with the 
induction of CYP monooxygenases by activated AhR that results in rapid metabolism and 
depletion of 17β-estradiol in vitro; however, this was not seen in vivo (Safe, 2001).  

Comparisons of AhR-sensitive and AhR knockout mice revealed thymic athrophy in 
AhR-sensitive strains as a result of T-cell apopotosis (Fernandez-Salguero et al., 1995; 
Kamath et al., 1997). Several AhR ligands, including DMBA, benzo[a]pyrene and 
TCDD, have been reported to induce apoptosis in various cell types of non-reproductive 
tissues (Miller et al., 1996; Lei et al., 1998; Jyonouchi et al., 1999). In human folicular 
granulosa cells, the AhR ligand TCDD also induced apoptosis in a dose- and time-
dependent manner by disturbing steroid metabolism (Heimler et al., 1998). Matikainen et 
al. (2001) studied AhR-dependent activation of the pro-apoptotic bax encoding gene. In 
murine oocytes, DMBA but not TCDD induced bax protein expression and subsequent 
apopotosis. When, however, guanine or cytosine was exchanged for adenine three bases 
downstream of the core XRE/DRE recognition site, TCDD also induced the bax protein. 
Therefore, ligand-dependent and single base-pair discrimination of flanking AhR 
recognition sites in promotors of targeted genes may be an important mechanism to 
rationalize selective responses in the control of gene expression. Furthermore, in-utero 
exposure to the AhR ligand TCDD induced cleft clitoris and vaginal threads of 
mesenchymal tissue in female rat offspring, which suggested an imbalance of 
proliferation and apoptosis in the development of female sexual organs. AhR may act as a 
novel regulator of ovulation, and the ovulatory gonadotropin surge has been shown to 
induce expression of AhR-regulated genes (Chaffin et al., 1999). In summary, AhR 
appears to play a prominent role in female reproduction, and complex interactions occur 
between AhR–Arnt and sex steroid receptors.  

Furthermore, pleiotropic responses to AhR signalling are probably tissue- and may be 
ligand-dependent and induce transcriptional activation of genes, the expression of which 
is normally restricted or even prevented. Selective and de-novo activation of additional 
genes, as well as repression of constitutively expressed genes, impacts cellular phenotype. 
There is clear evidence for tissue-specific regulation of certain genes with the induction 
for instance of transforming growth factor and plasminogen activator inhibitor-2 in 
human keratinocytes but not in rat hepatocytes (Vanden Heuvel et al., 1994). Cell type-
specific responses may also depend on the ability to recruit co-activator proteins 
selectively. Taken collectively, this may provide a molecular mechanism for tissue 
specificity and sensitivity to responses to AhR activation.  

(e) Ligand-independent AhR regulation 

Other regulatory mechanisms of AhR signalling may be active during inflammation 
when exposure to cytokines is increased. Indeed, various interleukins (iL) and interferons 
can provoke the expression of NF-κB, signal transducers and activators of transcription as 
well as CCAAT enhancer-binding proteins. Networking of AhR with these additional 
transcription factors may alter its signalling pathways. For instance, AhR and NF-κB 
interact physically and modulate each other transcriptionally (Tian et al., 1999, 2002). 
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Divergent signalling of AhR may also be operable through activation by cyclic adenosine 
monophosphate in the absence of an AhR ligand (Oesch-Bartlomowicz et al., 2005). 
Regulation of xenobiotic metabolizing enzymes by nuclear receptors other than AhR has 
been studied extensively. The pregnane X receptor, the retinoid x-receptor and the 
constitutive androstane receptor have been identified and play pivotal roles in induction of 
CYP monooxygenase gene families 2 and 3 (Xu et al., 2005). Other nuclear receptors 
involved in the regulation of xenobiotic metabolizing CYP1 forms include the 
glucocorticoid receptor and ER, both of which potentiate the induction of CYP1 
(Honkakoski & Negishi, 2000).  

The orphan nuclear receptor hepatic nuclear factor 4 is of critical importance in 
regulating the expression of CYP monooxygenase families 2 and 3. Cross-talk of AhR 
with these nuclear receptors remains uncertain and the importance of genetic 
polymorphism in xenobiotic metabolizing enzymes has been adressed elsewhere (Section 
4.1).  

(f) Regulation of xenobiotic metabolizing enzymes by 

antioxidant/electrophile response elements 

An electrophile response element has been identified in the promotors of some AhR-
regulated genes and provides an AhR-independent means to control gene expression. 
Examples include CYP1A1 and other members of the AhR gene battery. Specifically, for 
phase II metabolizing enzymes, a number of inducers have been identified such as 
butylated hydroxyanisole, tert-butylhydroquinone, green tea phenol, (–)-epicatechin-3-
gallate and the isothiocyanates. Upon metabolic activation, electrophiles are produced and 
cause cellular stress. This, in turn, activates MAPK pathways and results in the activation 
of the basic leucine zipper transcription factor, Nrf2, which dimerizes with the basic 
zipper transcription factors, Mafs. The heterodimeric complex then binds to an 
antioxidant/electrophile response element which has been identified in many xenobiotic 
metabolizing (phase I/II) and other cellular defence enzymes, of which thioredoxins and 
haemeoxygenase-1 are examples (Kong et al., 2001). Therefore, cellular stress can 
regulate xenobiotic metabolizing enzymes with the aim of removing and detoxifying 
harmful intermediates such as reactive oxygen species. 

(g) Genetic variability in AhR 

Genetic variability in the coding sequences of AhR accounts for marked strain and 
species differences in sensitivity to AhR ligands when responsiveness to AhR ligands 
depends on different alleles. To date, relatively few polymorphisms have been reported in 
humans and, in the case of the murine AhR gene, approximately 2200 mutations have 
been identified in 13 inbred strains (Thomas et al., 2002). Although variation in the 
human AhR gene exists, the relevance of this to risk for cancer remains uncertain. Indeed, 
a >12-fold variation in CYP1A1 activity in 3-methylcholanthrene-treated lymphocytes 
from 47 unrelated individuals has been reported, but none of the AhR gene 
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polymorphisms could explain the observed variability (Harper et al., 2002). In contrast, 
AhR-induced expression of CYP1 enzymes impacts the metabolism of PAHs and results 
in genotoxicity, mutations and tumour initiation (Nebert et al., 2000). Individual risk for 
cancer may be attributed to metabolic activation of PAHs but the balance between 
detoxification and metabolic potentiation depends on many factors (Nebert et al., 2004) 
and loosely or tightly coupled phase I and II metabolic reactions may be influential 
factors for risk of toxicity and cancer (see Sections 4.1.2 (b) and 4.3 on genetic variability 
in PAH-metabolizing enzymes).  

4.2.6 Immunological and haematological mechanisms 

(a) Introduction 

Innate and adaptive immune responses appear to play important roles in the 
protection of mammalian host organisms from cancer (Dupont, 2002). Therefore, a 
decrease in immune surveillance by agents such as PAHs might have negative 
consequences for cancer in humans. A significant number of studies have demonstrated 
that PAHs are immunosuppressive in animal models and following in-vitro exposure of 
human leukocytes. In animals, the concentrations of PAHs that are required to produce 
immunosuppression are generally quite high compared with those required to produce 
cancer. There are limited human epidemiological data to show that PAHs are 
immunosuppressive following environmental exposures. There are also extremely limited 
or no immunotoxicity data on many of the PAHs or complex mixtures that contain PAHs, 
with the exception of benzo[a]pyrene, on the immune system. 

The biological and toxicological actions of PAHs on the immune and haematopoietic 
systems represent a complicated interplay between the ability of a specific PAH to bind to 
endogenous AhR and induce CYPs in central and peripheral organs which results in the 
formation of oxidative and electrophilic metabolites and the removal of reactive 
molecules via secondary metabolic processes. Therefore, as with many tissues, the 
toxicity of PAHs to the immune system is dependent upon the exposure of cells and 
tissues to circulating parent compounds and metabolites, their expression of AhR and 
their propensity to form bioactive versus detoxified metabolites. The dose and route of 
exposure to PAHs are important determinants of immunotoxicity in animals and humans. 
In general, the total cumulative dose of exposure to PAHs appears to correlate with 
immunotoxicity in mice. It should be noted that PAHs have been observed in several 
studies to produce biphasic dose–response curves, whereby low doses stimulate immune 
responses and high doses produce inhibition (Burchiel & Luster, 2001; Booker & White, 
2005). An explanation for this finding may relate to signalling properties, which are 
discussed below. 

The overall effects of PAHs on the immune and haematopoietic systems result from 
activation of both genotoxic and non-genotoxic (epigenetic) pathways (Figure 4.6). 
Because of the heterogeneity of lymphoid and myeloid cell populations and the complex 
interplay between different types of cells and secreted products, the mechanisms of action 
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of PAHs have been difficult to assess. Many PAHs clearly exert effects on the developing 
as well as the mature immune system in many mammalian species, and some correlation 
exists between the carcinogenicity of PAHs and their ability to produce 
immunosuppression. An understanding of the mechanisms of action for both 
carcinogenicity and immunotoxicity may help to evaluate potential risks of untested 
agents or complex mixtures. 

Figure 4.6  Polycyclic aromatic hydrocarbon (PAH) immunotoxicity 
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(b) Aromatic hydrocarbon receptors  

(i) Immunosuppressive PAHs as AhR ligands 
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specific and non-specific effects on membranes. Highly specific structure–activity 
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promoter regions referred to as DREs. AhR appears to play an important role in normal 
development of the immune system in mice (Fernandez-Salguero et al., 1995). The 
biological and toxicological activities of PAHs are largely dependent on their ability to 
interact with AhRs present in many mammalian cells and tissues (Nebert et al., 1993; 
Hankinson, 1995; Schmidt & Bradfield, 1996; Whitlock, 1999; Nebert et al., 2004).  

The mechanism whereby the activation of AhR leads to immunotoxicity is not known 
for AhR agonists, although certain effects have become better understood in recent years. 
Because many PAHs and their metabolites are moderate to strong (high-affinity) AhR 
ligands, it is difficult to distinguish between the action of a parent compound, such as 
benzo[a]pyrene, and that of metabolites that are formed in response to AhR binding and 
the induction of metabolic enzymes. However, certain AhR ligands that are poorly 
metabolized, such as TCDD (or dioxin) and some PCBs, have been studied extensively 
for their immunotoxicity. AhR-dependent processes are activated by TCDD and some 
PCBs through binding to AhR and accessory molecules (such as Arnt), which leads to 
immune effects via XRE/XDREs. XRE/XDREs are also activated by many PAH AhR 
ligands, and it appears that their activation is well correlated with immunotoxicity for 
halogenated aromatic hydrocarbons and many PAHs. Several lymphoid cell lines have 
been found to express AhR in mammalian species, including humans, although T 
lymphocytes may require activation of phytohaemagglutinin before significant levels of 
CYP1A1 can be induced (Whitlock et al., 1972; Germolec et al., 1996). TCDD 
suppresses numerous B- and T-cell responses in rodents (Vecchi et al., 1983) and 
produces thymic atrophy at higher concentrations (Camacho et al., 2005; Nohara et al., 
2005). It may also induce immunosuppressive factors or prevent growth factors from 
being released from cells (Jensen et al., 2003; Boverhof et al., 2004). Current evidence 
suggests that direct activation of AhR in T cells may play a major role in the 
immunosuppressive effects of TCDD on cell-mediated and perhaps humoral immunity 
(Kerkvliet et al., 2002; Funatake et al., 2004; Temchura et al., 2005). The affinity of AhR 
in various mouse strains is correlated with the potency of immunosuppression and thymic 
atrophy (Nebert et al., 1993). 

(ii) PAH metabolism in the immunotoxicity of benzo[a]pyrene and 
DMBA 

CYP metabolism occurs in central (liver, lung) and peripheral lymphoid tissues 
(lymph nodes, spleen and bone marrow) and is very important in the immunotoxicity of 
PAHs. The local metabolism of PAHs is generally much lower than that in the liver and is 
modified by the expression of AhR and constitutive levels of CYPs such as CYP1B1. 
CYP1A1 is highly inducible in some white blood cells. In murine spleen cells, the highest 
levels of CYP activity have been detected in monocytes and macrophages, and low levels 
have been detected in B and T cells (Kawabata & White, 1989; Ladics et al., 1992a,b,c). 
Most human and murine B- and T-cell lines used for in-vitro modelling studies have little 
CYP activity. Human peripheral blood T cells demonstrate an increase in levels of 
CYP1A1 following treatment with phytohaemagglutinin and PAHs (Whitlock et al., 
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1972). PAHs are metabolized by CYP-dependent and -independent pathways, which are 
referred to as phase I metabolic pathways. The CYP-dependent pathways, most notably 
CYP1A1, CYP1A2 (liver only) and CYP1B1, are induced following binding of AhR and 
activation of DREs.  

In general, benzo[a]pyrene and many other bay-region PAHs, including DMBA, are 
metabolized by CYP and other enzymes to form oxidative metabolites, such as epoxides. 
Although DMBA is not a naturally occurring compound, knowledge of its mechanism of 
action on the immune system has helped investigators to understand PAH pathways more 
generally. In the presence of microsomal epoxide hydrolase, epoxides are converted to 
dihydrodiols, which, in the presence of CYP1A1 or CYP1B1, can then undergo further 
metabolism to form diol epoxides, including benzo[a]pyrene-7,8-diol-9,10-epoxide and 
DMBA-3,4-diol-1,2-epoxide. These diol epoxides and other metabolites of benzo[a]-
pyrene (such as benzo[a]pyrene quinones) and DMBA (such as DMBA quinones) are 
strong electrophiles that trigger the induction of secondary phase 2 metabolizing enzymes 
through the Keap-1/Nrf-2 redox sensing system and the anti-oxidant/electrophilic 
response element signalling systems (Primiano et al., 1997; Nguyen et al., 2005). Phase II 
enzymes such as GSTs, NQO1, UGTs, epoxide hydrolase, aldehyde dehydrogenases and 
others are mainly expressed in the liver and lung, although low levels of GSTs are 
detected in human lymphocytes. Because lymphoid cells have limited expression of phase 
II detoxification enzymes, they may be somewhat sensitive to the formation of the phase I 
metabolites. Electrophilic metabolites of benzo[a]pyrene, most notably benzo[a]pyrene-
7,8-diol-9,10-epoxide and perhaps 7,8-benzo[a]pyrene quinone, bind covalently to DNA 
which leads to genetic mutations that are responsible for tumour initiation. In addition, the 
formation of benzo[a]pyrene diol epoxide–DNA adducts leads to the induction of the 
p53 pathway, which may trigger cell-cycle arrest and apoptotic pathways in target cells. 
Therefore, the same general genotoxic mechanisms that lead to mutagenicity may also 
play a role in immunosuppression for PAHs that can be bioactivated. 

Several oxidative metabolites of PAHs, such as benzo[a]pyrene quinones, are known 
to redox-cycle and lead to the production of reactive oxygen species (Zhu et al., 1995). 
PAH quinones are formed via CYP-dependent and -independent reactions, such as by 
peroxidases or by ultraviolet light (Reed et al., 2003). PAH quinones redox-cycle and 
thereby form reactive oxygen species, including superoxide anion and hydrogen peroxide. 
Through reactive oxygen species, PAH quinones may exert both genotoxic and non-
genotoxic effects, as shown by their ability to form 8-hydroxydeoxyguanosine on DNA as 
well as to alter signalling pathways in cells. Redox-cycling requires the reduction of 
equivalents generally supplied by NADPH, and thus benzo[a]pyrene quinones and related 
agents interact with the mitochondrial electron transport chain that leads to oxidative 
stress and ATP depletion. The immunotoxicological effects of benzo[a]pyrene quinones 
have not been fully evaluated. 

Support for an important role of CYP metabolism in the immunotoxicity of PAHs has 
been obtained from studies that demonstrate that the AhR antagonist and 
CYP1A1/CYP1B1, inhibitor, α-naphthoflavone, prevents the immunotoxicity of benzo-
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[a]pyrene and DMBA in murine spleens cells (Kawabata & White, 1987; Ladics et al., 
1991), human peripheral blood T cells (Davila et al., 1996) and murine bone marrow 
(Dertinger et al., 2001). The putative CYP1A1 and CYP1B1 metabolite responsible for 
murine spleen cell and human T-cell immunotoxicity due to benzo[a]pyrene is probably 
its diol epoxide (Davila et al., 1996). In addition, in these studies, the rank order of PAH 
immunotoxicity was found to be benzo[a]pyrene >DMBA >dibenz[a,c]anthracene 
>dibenz[a,h]anthracene >dimethylanthracene, benzo[e]pyrene >benz[a]anthracene 
>anthracene. The latter three PAHs had minimal immunotoxicity. 

An important role of metabolism in the toxicity of DMBA in the bone marrow of 
mice has been established through the use of CYP1B1-null (knockout) mice. DMBA-
induced pre-B cell toxicity was nearly totally abolished in mice that did not express 
CYP1B1 (Heidel et al., 2000). The splenic immunotoxicity of DMBA has been shown to 
be dependent on the expression and activity of CYP1B1 (Gao et al., 2005a), and it has 
recently been reported that microsomal epoxide hydrolase is also required for this spleen 
cell immunotoxicity. Thus, it is probable that DMBA-3,4-diol-1,2-epoxide is responsible 
for the immunotoxicity of DMBA in mice (Figure 4.7). 

Figure 4.7.  7,12-dimethylbenz[a]anthracene (DMBA) metabolism that yields 

genotoxic and non-genotoxic metabolites 

CH3

CH3

O

O

CYP1B1

CH3

CH3

O

CH3

CH3
OH

OH

CH3

CH3

O
OH

OH

CH3

CH3

1
2

3

EPHX1 CYP1B1 DNA or
Protein

DMBA DMBA-3,4-epoxide DMBA-3,4-diol
DMBA-3,4-diol-
1,2-epoxide

Peroxidases
or hv

DMBA-5,6-Quinones
DMBA-1,2-Quinones

AKR1C1

DNA or
Protein

DMBA-3,4-Quinone

NADPH-dependent
redox cycling yielding ROS

NADPH

Quinone

Catechol

SQ

O2-

O2 O2

H2O2

 
CYP, cytochrome P450; EPHX1, epoxide hydrolase enzyme; NADPH, nicotinamide adenine dinucleotide 
phosphate 



652 IARC MONOGRAPHS VOLUME 92  

 

(c) Correlation between carcinogenicity and immunotoxicity for some 

PAHs 

Activation of AhR may be linked to tumour promotion in various cells, since TCDD 
has been shown to increase the proliferation of epithelial cells through the stimulation of 
cell proliferation, inhibition of apoptosis and production of growth factors (Davis et al., 
2000, 2003). TCDD is a suspected tumour promoter in several tissues. The role of TCDD 
in promoting human leukaemia and lymphomas is controversial, but studies suggest that 
continual activation of AhR in human T cells leads to adult T-cell leukaemia 
(Hayashibara et al., 2003). Many PAHs are complete carcinogens and have the ability 
both to initiate and promote cancers. Tumour initiation pathways are associated with 
DNA binding and mutagenesis. 

Carcinogenic PAHs have been found to suppress the immune system of animals 
(White & Holsapple, 1984; Wojdani & Alfred, 1984; Wojdani et al., 1984). Initial studies 
showed that benzo[a]pyrene, DMBA and 3-methylcholanthrene suppressed humoral 
immunity, and later studies showed that many immune cells are targets of PAH. The 
humoral immune response to T-dependent antigens is considered to be a sensitive 
indicator of immune suppression. Suppression of T- and B-cell proliferation has been 
observed at similar exposure levels, but proliferation is considered to be a somewhat less 
sensitive indicator of immunotoxicity than T-dependent antibody responses. In general, 
there is some correlation between the carcinogenicity of a PAH and its immunotoxicity, 
which is probably due to requirements for AhR-binding activity and metabolic activation. 
(White et al., 1985). In a detailed analysis of more than 50 selected chemicals, many of 
which were PAHs, Luster et al. (1992) found that immunotoxicity in rodents was 
probably correlated with carcinogenicity; however, examples of immunotoxic chemicals 
that had unknown carcinogenicity status were found, and therefore the converse 
relationship might not be true.  

Mechanistically, the immunosuppression produced by benzo[a]pyrene and DMBA 
has both similarities and differences. Benzo[a]pyrene is a moderate to strong AhR ligand, 
whereas DMBA is a weak AhR ligand. In addition, as discussed above, much of the 
immunotoxicity of benzo[a]pyrene is largely due to CYP1A1-dependent metabolism. 
CYP1A1 is expressed only at low levels in lymphocytes until AhRs are activated. In the 
case of DMBA, the major metabolizing enzyme is CYP1B1, which is expressed in many 
tissues constitutively, but can also be induced through AhR and antioxidant response 
element mechanisms. 

(d) Targets of PAH toxicity in the immune system 

(i) Bone marrow 

Mammalian bone-marrow cells, and especially bone-marrow stromal cells, express 
AhR. PAHs that bind to and/or are activated by CYP are toxic to mouse and human stem 
cells (Fine et al., 1989; Murante & Gasiewicz, 2000; van Grevenynghe et al., 2005), and 
myeloid (Luster et al., 1985; Laupeze et al., 2002; van Grevenynghe et al., 2003) and 
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lymphoid progenitors (Luster et al., 1988; Yamaguchi et al., 1997a,b; Near et al., 1999; 
Thurmond et al., 2000). Both DMBA and benzo[a]pyrene exert important effects on bone 
marrow that alter the formation of B cells. The mechanism of pre-B cell bone-marrow 
suppression appears to be CYP1B1-dependent and may be caused by pre-B cell apoptosis 
(Heidel et al., 1999; Mann et al., 1999; Heidel et al., 2000; Allan et al., 2003; Galvan et 
al., 2003, 2005). 

(ii) Thymus 

Overactivation by TCDD of AhR in the thymus causes thymic atrophy (Nohara et al., 
2005). Most PAHs do not produce significant thymic atrophy until very high exposure 
levels are reached; however, DMBA is an exception and thymic atrophy is observed at 
low doses (Burchiel et al., 1992). The effects of DMBA on the thymus have not been 
found to correlate with AhR phenotype (Thurmond et al., 1987; Holladay & Smith, 
1995). 

(iii) Spleen 

Many studies have been performed with spleens obtained from PAH-treated mice, in 
which both DMBA and benzo[a]pyrene have been found to be immunosuppressive for 
humoral (Ward et al., 1984; White & Holsapple, 1984; Ward et al., 1986; Thurmond et 
al., 1987; Burchiel et al., 1988) and cell-mediated (Dean et al., 1986; House et al., 1989) 
immunity. DMBA was also found to be immunosuppressive following exposure in vitro 
(Thurmond et al., 1988). In general, the most sensitive target cells of PAHs appear to be 
B- and T-helper cells for humoral immunity and cytotoxic T cells for cell-mediated 
immunity, although macrophages and antigen-presenting cells have also been implicated 
(Myers et al., 1987; Blanton et al., 1988; Myers et al., 1988). Splenic natural killer cells 
have also been shown to be suppressed by DMBA (Dean et al., 1985, 1986). 

(iv) Peripheral lymphoid tissues 

A few peripheral lymphoid tissues have been examined for the effects of PAHs 
following intragastric administration of benzo[a]pyrene to rats; lymphoid organ weights 
were decreased at high doses (90 mg/kg) of benzo[a]pyrene (De Jong et al., 1999). It was 
found that the antibody response of lung-draining lymph nodes was suppressed in rats 
exposed intratracheally to benzo[a]pyrene (Bice et al., 1979). In mice, DMBA suppressed 
the response of murine mesenteric lymph nodes and Peyer’s patches following intra-
gastric administration (Burchiel et al., 1990; Davis et al., 1991). The concentrations of 
PAHs required to suppress humoral and cell-mediated immunity in mice are extremely 
high, typically in the range of 10–50 mg/kg benzo[a]pyrene. In general, DMBA produced 
more cytotoxicity in peripheral lymphoid organs than benzo[a]pyrene. 

(v) Skin 

The skin is not considered to be a primary or secondary lymphoid tissue; however, 
there are significant immune responses that occur in this tissue, many of which fall into 
the category of hypersensitivity responses. PAHs, such as DMBA, have been shown to 
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enhance cell-mediated hypersensitivity reactions in the skin of mice that may play a role 
in immune surveillance (Casale et al., 2000). 

(e) Potential mechanisms of immunosuppression by PAHs 

(i) Genotoxic mechanisms of PAH metabolite-induced 

immunotoxicity 

The mechanisms by which PAHs produce immunotoxicity are divided into two 
general categories: genotoxic (DNA targets) and non-genotoxic (protein targets). 
Genotoxic and epigenetic effects are seen for many complete carcinogens, such as PAHs 
that both initiate and promote tumours. Many PAHs are bioactivated to reactive 
metabolites that bind to DNA and exert mutagenicity and genotoxicity. The mechanism 
by which genotoxic chemicals produce immunosuppression is probably p53-dependent 
and may result from stable adduct formation in lymphoid cells. Bulky PAH–DNA 
adducts induce p53 which in turn inhibits cell cycling and induces apoptosis in many cells 
(Vogelstein & Kinzler, 1992).  

DMBA has been found to produce immunotoxicity in bone marrow through the 
induction of apoptosis (Page et al., 2002), and recent studies showed that p53 knockout 
mice are resistant to the suppressive effects of DMBA on bone marrow (Heidel et al., 
2000; Page et al., 2003). Many genotoxic chemicals that induce p53 are also 
immunosuppressive. Therefore, p53 is probably an important pathway for the immuno-
toxicity of numerous agents. In some studies, there is good agreement between the 
functional immunotoxicity observed and changes in immunophenotypic cell-surface 
markers (Burchiel et al., 1988), while in others, there has been a lack of agreement 
(House et al., 1987). These differences probably relate to the degree of apoptosis and cell 
death produced by PAHs, as it is improbable that functional changes would be detected 
simply by immunophenotypic analysis of spleen cells. Thus, immunophenotyping is 
probably not a sensitive marker for immunotoxicity at non-cytotoxic concentrations of 
xenobiotic compounds. 

(ii) Non-genotoxic (epigenetic) mechanisms of PAH immunotoxicity 

Several studies have shown that PAHs can activate or interfere with lymphocyte 
signalling pathways in both murine and human B and T cells. The ability of PAHs to 
signal through various receptor and oxidative stress pathways may correlate with tumour 
promotion. Many xenobiotic compounds produce biphasic effects on immune responses: 
low concentrations stimulate and high doses inhibit responses. Agents that mimic or alter 
signalling pathways may manifest these characteristics. 

AhR ligands 

Generally, a positive correlation is seen between the carcinogenicity and 
immunotoxicity of a PAH. This correlation probably exists because both carcinogenicity 
and immunotoxicity are largely dependent on AhR binding, increased CYP expression 
and the formation of bioactive metabolites (White et al., 1985; Burchiel & Luster, 2001). 
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Direct AhR-dependent immunosuppression has been reported in both T (Kerkvliet et al., 
2002) and B cells (Sulentic et al., 2000) for the pure AhR agonist, TCDD. TCDD has 
been shown to produce persistent changes in immunosuppressive cytokine production in 
monkeys (Rier et al., 2001), although the prevention of tumour necrosis factor -α activity 
has not been found to restore the T-dependent antibody responses in mice (Moos & 
Kerkvliet, 1995). Nevertheless, AhR-dependent altered cytokine production is a potential 
mechanism for PAH-induced immunosuppression. 

Calcium signalling 

The antigen receptor signalling pathways of lymphocytes are linked to changes in 
intracellular Ca2+ (reviewed in Davila et al., 1995; Burchiel & Luster, 2001). The 
structure–activity relationships for elevated of Ca2+ have largely been determined in vitro, 
and there appear to be PAH metabolism-dependent and -independent mechanisms that 
rapidly increase levels of Ca2+. DMBA produces a rapid increase in intracellular Ca2+ 
(Burchiel et al., 1991). Elevation of Ca2+ appears to be an inositol-1,4,5-triphosphate 
(IP3)-dependent process (Archuleta et al., 1993). However, further studies revealed that 
many PAHs also produce a rapid increase in intracellular Ca2+ that did not follow any 
structure–activity relationships relating to AhR binding (Davila et al., 1999). Sustained 
elevations in intracellular Ca2+ appeared to correlate with human T-cell signalling 
(Krieger et al., 1994). Benzo[a]pyrene increased intracellular Ca2+ in human peripheral 
blood mononuclear B and T cells and monocytes (Mounho et al., 1997). Benzo[a]pyrene 
diol epoxide appeared to be responsible for this elevation of Ca2+, perhaps due to the 
activation of protein tyrosine kinase (PTK) detected in a human B-cell line (Mounho et 
al., 1997). Thus, there appear to be several potential mechanisms of elevation of Ca2+ by 
PAHs in murine and human lymphocytes. The significance of altered Ca2+ signalling in 
PAH-induced immunosuppression may be increased in the presence of cyclosporine A, 
which is a potent immunosuppressive drug that is used in the prevention of transplant 
rejection and autoimmunity, and which interferes with Ca2+ signalling (Ruggenenti et al., 
1993). 

Inhibition of sarcoplasmic–endoplasmic reticulum calcium–ATPase  

Initial studies showed that the ability of PAHs to increase intracellular Ca2+ in human 
T cells correlated with an inhibition of sarcoplasmic–endoplasmic reticulum Ca2+–
ATPase (SERCA) activity (Krieger et al., 1995). However, PAHs failed to inhibit cloned 
rat SERCA enzymes (transiently expressed in human embryonic kidney cells), which 
suggested that metabolism might be required for this activity (Zhao et al., 1996). A well 
known SERCA inhibitor, thapsigargin, has been classified as a tumour promoter 
(Thastrup et al., 1990), which suggests that inhibition of SERCA by PAHs may be a 
potential mechanism of tumour promotion. 

Increased PTK activity 

PAHs have been found to increase PTK activity in lymphocytes leading to Ca2+-
dependent signalling in B and T cells in mice and humans (for a review, see Davila et al., 
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1995; Burchiel & Luster, 2001). DMBA activates human T cells directly (Burchiel et al., 
1991; Archuleta et al., 1993; Davis & Burchiel, 1992), whereas benzo[a]pyrene requires 
metabolism to its diol epoxide to activate human B cells (Mounho & Burchiel, 1998). In-
vitro studies with PAHs have shown that non-specific components are involved in PTK 
activation (Davila et al., 1999). The precise mechanism whereby PAHs activate PTK 
appears to be through the inhibition of protein tyrosine phosphatases. There is evidence 
that UV light increases PTK activity via this mechanism, as well as numerous oxidant 
chemicals and some metals (Schieven et al., 1994; Rhee et al., 2005; Tonks, 2005). 
Therefore, the mechanism of inhibition of protein tyrosine phosphatases by PAHs may be 
due to oxidative changes in the protein. Overactivation of PTK pathways and receptor 
tyrosine kinase pathways is associated with cancer in many cell types. 

Activation of Ca
2+
 channels: IP3 and ryanodine receptors  

Phospholipase Cγ (Cγ1 in T cells and Cγ2 in B cells) is activated by PAHs in human 
and murine T and B cells by PTKs. Phospholipase Cγ is responsible for the cleavage of 
membrane phosphatidylinositol-4,5-biphosphate and the release of IP3 and diacylglycerol. 
IP3 diffuses into the cytoplasm and binds to IP3 receptors that are located on the 
endoplasmic reticulum. IP3 receptors control release of Ca2+ into the endoplasmic 
reticulum and their activation leads to a rapid increase in intracellular Ca2+. 
Benzo[a]pyrene diol epoxide has been shown to activate B cell PTKs that are associated 
with the formation of IP3 (Mounho et al., 1989), and this activation may be dependent on 
protein tyrosine phosphatase. Therefore, one mechanism of PAH-induced elevation of 
Ca2+ is via the activation of phospholipase Cγ. 

A novel mechanism, ryanodine receptors that control Ca2+ refilling of endoplasmic 
reticulum stores, was discovered in the endoplasmic reticulum of lymphocytes (Sei et al., 
1999; Schwarzmann et al., 2002). Gao et al. (2005b) found that a novel metabolite, 7,8-
benzo[a]pyrene-quinone, produced a rapid increase in intracellular Ca2+ via the ryanodine 
receptor in human peripheral blood leukocytes and murine splenic B and T cells.  

Consequences of increased Ca
2+
 signalling in lymphocytes 

PAHs have the potential to activate numerous isoforms of PKC in lymphocytes and 
other immune cells. During the activation of PTKs, diacylglycerol and Ca2+ are produced 
and activate these isoforms of PKC, which are defined on the basis of their sensitivities to 
these two substances (Parker & Murray-Rust, 2004). Activation of PKC has been 
associated with tumour promotion by phorbol esters in many cells and tissues (Weinstein, 
1991). It is unclear which of the isoforms of PKC have immunological consequences. 
Because of altered B- and T-cell Ca2+ signalling, inappropriate activation may lead to such 
phenomena as persistent immunosuppression and tolerance (Ward et al., 1986; Burchiel 
et al., 1988). In T and B cells, excess Ca2+ signalling has been associated with tolerance 
(Schwartz, 2003). One of the consequences of helper T-cell tolerance would be the lack of 
production of IL-2, which is a key cytokine for both humoral and cell-mediated 
immunity. DMBA prevents the formation of IL-2 and exogenously added IL-2 can 
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partially overcome the immunosuppression produced by this agent (House et al., 1987; 
Pallardy et al., 1989). 

Oxidative stress 

In many cells, PAHs are known to cause oxidative stress (Nebert et al., 2000), which 
is associated with the activation of the AhR (Senft et al., 2002). Although few studies 
have been carried out on oxidative stress produced by benzo[a]pyrene quinones in 
lymphocytes, previous studies in bone-marrow cells demonstrated that these redox-
cycling agents may also lead to GSH depletion (Zhu et al., 1995; Romero et al., 1997). 
Direct exposure of murine and human lymphocytes to 7,8-benzo[a]pyrene quinone (but 
not 1,6-, 3,6- or 6,12-benzo[a]pyrene quinone) led to rapid elevation of Ca2+ (Gao et al., 
2005b), whereas treatment with 1,6-, 3,6-, and 6,12-benzo[a]pyrene quinone increased 
free intracellular Ca2+ only after prolonged (12–18 h) exposures in vitro, presumably due 
to mitochondrial redox-cycling, depletion of ATP and Ca2+ overload. Other PAH 
quinones have also been shown to produce immunotoxicity. For example, treatment of 
murine spleen cells in vitro with 1,4-naphthaquinone produced immunotoxicity in mice, 
whereas exposure to naphthalene produced no adverse immune effects (Kawabata & 
White, 1990). In-vitro exposure of murine spleen cells to benzo[a]pyrene quinones 
produced a strong proliferative signal in T cells, but not B cells (Burchiel et al., 2004). 
Thus, the effects of PAHs that induce oxidant stress on murine spleen cells appear to be 
mixed. 

(f) Complex mixtures 

Humans are exposed to complex mixtures of PAHs via the diet, air and skin contact 
(Rothman et al., 1993; Schoket, 1999; Scherer et al., 2000; Arrieta et al., 2003; Oh et al., 
2005). Low concentrations of high-molecular-weight PAHs, such as benzo[a]pyrene, are 
found in diesel exhaust and higher levels are found in woodsmoke (Burchiel et al., 2005). 
Occasional dermal exposure may also occur and is usually associated with occupational 
exposures to tars, soots and vapours. Exposures to PAHs can be monitored using major 
urinary metabolites (Wu et al., 2002). Some epidemiological evidence indicates that 
complex mixtures containing PAHs produce immunosuppression under conditions of 
environmental and industrial exposures in humans (Szczeklik et al., 1994; Winker et al., 
1997; Karakaya et al., 1999; Biro et al., 2002; Karakaya et al., 2004; Oh et al., 2005).  

In animal models, recent data demonstrate that diesel exhaust, which contains an 
abundance of low-molecular-weight PAHs (such as naphthalene, anthracene and 
phenanthrene), and woodsmoke (which contains measurable concentrations of 
benzo[a]pyrene) are immunosuppressive to murine spleen cells following chronic 
(6 months) inhalation (Burchiel et al., 2004, 2005). It is unclear which components of 
diesel exhaust and woodsmoke are responsible for this suppression, but PAHs may play a 
role. The particulate fraction of diesel exhaust contains many potential immuno-
suppressive chemicals, including PAHs and metals, and important interactions may occur 
between oxidant-generating PAHs and metals. In addition, because it is well known that 
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diesel exhaust causes inflammation in the lung and generates significant inflammatory 
and chemo-attractant cytokine production, it is possible that immune modulation may be 
caused secondary to altered cytokine production. 

(g) Summary 

PAHs exert many important effects on the immune system of many species. The dose 
and route of exposure determine the nature of the effect of specific and adaptive immune 
responses. Studies with pure PAHs suggest that AhRs play a critical role in the activation 
of immunotoxic PAHs, such as benzo[a]pyrene, via diol epoxide mechanisms which lead 
to DNA interactions that cause genotoxicity and suppress immunity by p53-dependent 
pathways. Benzo[a]pyrene diol epoxide may also affect protein targets and modulate 
lymphocyte signalling pathways via non-genotoxic (epigenetic) mechanisms. Certain 
oxidative PAHs, such as benzo[a]pyrene quinones, may be formed via CYP-dependent 
and -independent (peroxidase) pathways. Redox-cycling PAH quinones may exert 
oxidative stress in lymphoid cells. Human exposures to PAHs are usually in the form of 
complex mixtures, and it is difficult to attribute the relative contributions of individual 
PAHs to the overall immunotoxic effects. Some evidence suggests that environmental 
exposures to PAH may produce immunotoxicity, but further epidemiological studies are 
needed. 

4.2.7 Genotoxic and epigenetic effects of mixtures 

(a) Aluminium production 

Filter extracts of airborne particles from a Söderberg pot-room and an anode paste 
plant were mutagenic in S. typhimurium TA98 and TA100 after metabolic activation, and 
positive results were obtained without metabolic activation in strain TA98 (Krokje et al., 
1985). Several studies examined the levels of aromatic DNA adducts in peripheral blood 
lymphocytes of aluminium workers and showed mixed results. In 172 Hungarian 
aluminium plant workers, increased levels of aromatic DNA adducts were measured 
compared with controls (Schoket et al., 1999). Other studies have observed aromatic 
DNA adducts in peripheral blood lymphocytes of Hungarian aluminium workers at 
different factories, at different times of the year and in different job categories (Schoket et 
al., 1993a,b, 1995). A significant linear correlation was observed between total aromatic 
DNA adducts in white blood cells and urinary 1-hydroxypyrene levels in Hungarian pot-
room workers with the GSTM1-nul genotype (Schoket et al., 2001).  

Other populations of aluminium plant workers had detectable levels of aromatic DNA 
adducts (Kriek et al., 1993; Ovrebo et al., 1995; van Schooten et al., 1995). Ninety-eight 
Swedish pot-room workers were examined for aromatic DNA adducts and 
polymorphisms. No significant differences were observed in the levels of total or 
individual DNA adducts between pot-room workers and controls (Tuominen et al., 2002). 
Only one sample from the lymphocytes of 30 aluminium plant workers was found to 
contain benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adducts (Vähäkangas et al., 1985). 
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Analysis of levels in a group of 36 aluminium anode plant workers did not show a 
significant percentage of subjects with DNA adduct levels that exceeded the 95th 
percentile of the control value (Pavanello et al., 1999a,b). Serum antibodies to 
benzo[a]pyrene-7,8-diol-9,10-oxide–DNA were detected in 13.3% of 105 aluminium 
plant workers (Galati et al., 2001). Urine samples from pot workers and anode paste 
workers in a Swedish aluminium plant were not mutagenic in S. typhimurium (Krokje et 
al., 1988). The lymphocytes of 42 Italian aluminium plant workers were examined for 
micronuclei and DNA damage (single-cell gel electrophoresis assay). While none of the 
workers showed significant changes in micronucleus formation, significant increases in 
DNA damage were noted (Crebelli et al., 2002). Ninety-eight Swedish pot-room workers 
and 55 controls were examined for the effect of genetic polymorphisms of 
biotransformation enzymes on gene mutations, DNA strand breaks and micronuclei in 
mononuclear blood cells and urinary 8-hydroxydeoxyguanosine. No correlations were 
found between any of the genotoxicity biomarkers and any of the exposure measures, 
length of employment in the pot-room, 1-hydroxypyrene in urine or PAH–DNA adducts 
in peripheral lymphocytes, even when genotypes for biotransformation enzymes were 
considered (Carstensen et al., 1999). 

(b) Chimney sweeps 

The frequencies of micronuclei in peripheral B or T lymphocytes and whether genetic 
polymorphisms in metabolic activating enzymes could explain some of the variation in 
micronucleus formation was studied in 71 Swedish chimney sweeps. The sweeps did not 
have higher frequencies of micronuclei in either cell type when the results were adjusted 
for age and tobacco smoking and there was no association between duration of 
employment and micronuclei formation (Carstensen et al., 1993). The same cohort was 
further studied for the presence of aromatic DNA adducts and micronuclei and was 
genotyped for CYP1A1 and GST1. While no specific DNA adducts were identified, the 
sweeps had higher but not significantly increased total DNA adduct levels in white blood 
cells. There were no systematic differences in DNA adduct patterns between sweeps and 
controls. DNA adducts in sweeps were moderately but statistically significantly correlated 
with micronuclei in both T and B lymphocytes. This correlation between adduct levels 
and micronuclei was most marked in the T lymphocytes of individuals who lacked the 
GST1 gene (Ichiba et al., 1994).  

The lymphocytes of 45 five Swedish chimney sweeps and 49 controls were 
investigated for micronucleus formation after stimulation with phytohaemagglutinin and 
pokeweed mitogen and analysis of lymphocyte subgroups and neutrophilic leukocytes. 
There was a statistically significant effect among sweeps with respect to both 
micronucleus variables and neutrophilic leukocytes. The effect on lymphocyte micro-
nuclei was more significant in pokeweed mitogen-stimulated cells, which may imply that 
T4 lymphocytes were preferentially damaged by the occupational exposure (Holmen et 
al., 1994). Analysis of benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adduct levels in a group 
of 19 chimney sweeps showed that the percentage of subjects with adduct levels that 
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exceeded the 95th percentile of the control value was significantly high in chimney 
sweeps (Pavanello et al., 1999a), and these higher levels were associated with the lack of 
GSTM1 activity (Pavanello et al., 1999b). 

(c) Creosote 

Creosote induced mutations in S. typhimurium TA1537, TA1538, TA98 and TA100 
in the presence of an Aroclor 1254-induced rat liver metabolic activation system (Bos et 
al., 1983, 1985). A portion of the mutagenicity was attributed to benzo[a]pyrene, 
benz[a]anthracene and fluoranthene in the complex mixture (Bos et al., 1984a, 1987). 
Four creosotes used in Finland were mutagenic in S. typhimurium TA98 , TA100, 
YG1021 and YG1024 in the presence of an Aroclor 1254-induced rat liver metabolic 
activation system (Nylund et al., 1992). The urine from rats treated with creosote by 
intraperitoneal administration was mutagenic in S. typhimurium TA98 and TA100 in the 
presence of an Aroclor 1254-induced rat liver homogenate supplemented with 
β-glucuronidase (Bos et al., 1984b). Using the same bioassay method, urine samples of 
three workers in the creosote wood-preserving industry were not mutagenic although 
organic extracts of wipe-test samples from the surfaces of their work environments were 
(Bos et al., 1984a). Several creosote samples induced sister chromatid exchange in 
Chinese hamster ovary cells in the presence of an Aroclor 1254-induced rat liver 
metabolic activation system (Nylund et al., 1992). Creosote applied topically to mouse 
skin in vivo or human skin in short-term organ culture produced a complex pattern of 
aromatic DNA adducts with similar levels in both systems (Schoket et al., 1988a,b). 
Multiple topical treatments of mice with creosote resulted in accumulation of DNA 
adducts in lung tissues (Schoket et al., 1988a). Extracts of soil samples from a wood-
preserving waste site known to contain creosote and pentachlorophenol were topically 
applied to mouse skin. Aromatic DNA adducts were detected in distal organs (lung, liver, 
kidney and heart) as well as the skin. The anti-benzo[a]pyrene-7,8-diol-9,10-oxide–
deoxyguanosine adduct was detected in all organs (Randerath et al., 1996, 1997). 

(d) Coal tar 

(i) Human data 

Urine samples from some nonsmoking psoriasis patients treated with coal tar and UV 
light were mutagenic in S. typhimurium TA98 in the presence of an Aroclor 1254-induced 
rat liver metabolic system (Wheeler et al., 1981). The urine of all 15 nonsmoking patients 
who were treated with a 2% coal-tar ointment and who had avoided a high-temperature 
cooked meat diet was mutagenic in S. typhimurium YG1024 with exogenous metabolic 
activation. GSTM1-nul patients had higher levels of mutagens in their urine than GSTM1-
positive patients (Gabbani et al., 1999). The skin and white blood cells (monocytes, 
lymphocytes and granulocytes) of a group of eczema patients treated topically with coal-
tar ointments showed the presence of aromatic DNA adducts by 32P-postlabelling 
analysis. One of the adducts co-migrated with the benzo[a]pyrene-7,8-diol-9,10-oxide–
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DNA adduct (Godschalk et al., 1998). Analysis of anti-benzo[a]pyrene-7,8-diol-9,10-
oxide–DNA adduct levels by an HPLC/fluorescence method in a group of 26 psoriasis 
patients showed that the percentage of subjects with adduct levels that exceeded the 95th 
percentile of the control value was not significant (Pavanello et al., 1999a). The white 
blood cells of 23 psoriasis patients who were undergoing clinical coal-tar therapy were 
examined for benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adducts by an enzyme-linked 
immunsorbent (ELISA) method. Although these adducts were detected and their levels 
decreased with time after treatment, no relationship could be ascertained between the 
level of exposure and the amount of adducts. Also, no difference in the level of DNA 
adducts was found between smoking and nonsmoking patients (Paleologo et al., 1992). 
PAH diol epoxide–DNA adducts and GSTM1 genotype in the white blood cells of 57 
psoriasis patients and 53 controls were determined by ELISA methods and polymerase 
chain reaction respectively. PAH diol epoxide–DNA adducts were slightly elevated in 
patients compared with controls, but there was no relationship between the presence of 
the GSTM1 gene and DNA adducts (Santella et al., 1995). Skin biopsy samples from 
12 psoriasis patients who received therapy with coal-tar ointment contained aromatic 
DNA adducts as measured by 32P-postlabelling analysis (Schoket et al., 1990). No 
significant effect of coal-tar treatment of psoriasis patients on the levels of 
benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adducts was detected by 32P-postlabelling 
analyses in peripheral blood lymphocytes (Pavanello & Levis, 1994). In a study of 111 
Korean coal tar-based paint workers, the levels of aromatic DNA adducts measured by 
32P-postlabelling analysis were slightly higher than those of 27 on-site control workers 
(Lee et al., 2003). The lymphocytes of 49 coal-tar workers exhibited a significant increase 
in the frequency of chromosomal aberrations, sister chromatid exchange and satellite 
associations compared with controls (Yadav & Seth, 1998). Increased levels of p53 were 
found in skin biopsies of atopic eczema patients treated topically with coal tar. A 
correlation was also observed between p53 and levels of aromatic DNA adducts 
measured in the same tissue by 32P-postlabelling analysis (Godschalk et al., 2001).  

(ii) Studies in experimental systems 

In a previous monograph, coal-tar pitch and roofing-tar emissions were found to be 
mutagenic in bacteria (in the presence of an Aroclor 1254-induced rat liver metabolic 
system) and mammalian cells (in the presence and absence of an Aroclor 1254-induced 
rat liver metabolic system), to induce sister chromatid exchange in Chinese hamster ovary 
CHO cells and to enhance viral transformation in Syrian hamster embryo cells (both in 
the absence of an Aroclor 1254-induced rat liver metabolic system) (IARC, 1985). Coal 
tar applied topically to the skin of male Parkes mice in vivo produced a complex pattern 
of DNA adducts in skin and lung tissues (Schoket et al., 1988a). In the skin, several 
groups of adducts were attributed to groups of PAHs. Coal-tar adduct spot 2 was the 
major adduct formed by benzo[ghi]perylene (Hughes et al., 1993). Male B6C3F1 mice 
fed a diet of coal tar from manufactured gas plant residue produced a complex pattern of 
aromatic adducts in the liver, lung and forestomach DNA which increased with dose and 
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time of treatment (Culp & Beland, 1994). In lung DNA, one adduct was tentatively 
identified as the anti-benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine adduct (Culp 
& Beland, 1994). The identity of this adduct was confirmed by analysis of the lung DNA 
of female B6C3F1 mice fed a diet of coal tar from manufactured gas plant residue; 
however, based on the levels of this adduct, it was suggested that benzo[a]pyrene may 
contribute only a small fraction to the DNA adducts formed in the lung tissue of mice 
administered coal tar (Beland et al., 2005). Female B6C3F1 mice were fed diets of coal 
tar, and DNA adduct formation, cell proliferation and mutations in tumours in the K-ras, 
H-ras and p53 genes were determined. The anti-benzo[a]pyrene-7,8-diol-9,10-oxide–
deoxyguanosine adduct was identified in forestomach DNA. Cell proliferation was 
increased in the small intestines by dietary coal tar. Of the K-ras, H-ras and p53 
mutations observed in coal tar-induced tumours, the most abundant were K-ras mutations 
in forestomach and lung tumours (Culp et al., 2000). B6C3F1 mice fed diets containing 
coal tar from manufactured gas plant residue produced a complex pattern of aromatic 
DNA adducts in the lung, forestomach and spleen tissues. Benzo[a]pyrene content alone 
in the coal tar could not account for the levels of aromatic DNA adducts (Weyand et al., 
1991). Strain A/J mice formed aromatic DNA adducts in the lungs when fed coal tar 
(from manufactured gas plant residue) in the diet. Three major DNA adducts were 
identified as being derived from benzo[b]fluoranthene, benzo[a]pyrene and benzo[c]-
fluorene (Koganti et al., 2001). Female ICR mice received topical applications of 
manufactured gas plant residue. Of the complex pattern of lung adducts, one was 
identified as being derived from 7H-benzo[c]fluorene. The quantitative results suggested 
that components other than 7H-benzo[c]fluorene played an important role in lung DNA 
adduct formation (Cizmas et al., 2004). Epidermal cells but not hepatocytes isolated from 
C3H/Tif/hr hairless mice that received topical applications of coal tar had higher levels of 
DNA strand breaks as measured by the alkaline comet assay. Coal tar applied topically to 
lambda lacZ transgenic mice (MutaMouse) strongly increased the mutation frequency in 
epidermal cells but not in hepatocytes (Thein et al., 2000). A retrospective comparison of 
tumour induction and DNA adduct formation by benzo[a]pyrene and coal tars in several 
experimental protocols indicated that tumour outcomes were not predicted by either 
quantitation of total DNA adducts or by DNA adducts formed by benzo[a]pyrene. These 
data suggested that benzo[a]pyrene content alone may not accurately predict tumour 
outcomes (Goldstein et al., 1998). 

(e) Coke ovens 

As reported in a previous monograph, coke-oven materials were found to be 
mutagenic in bacteria in the presence or absence of an Aroclor 1254-induced rat liver 
metabolic system, to be mutagenic in several mammalian cell lines, to induce DNA strand 
breaks in Syrian hamster embryo cells, to induce sister chromatid exchange in Chinese 
hamster ovary CHO cells (in the presence or absence of an Aroclor 1254-induced rat liver 
metabolic system) and to enhance viral transformation in Syrian hamster embryo cells 
and morphological cell transformation of BALB/c 3T3 cells (in the absence of an Aroclor 



 POLYCYCLIC AROMATIC HYDROCARBONS 663 

 

1254-induced rat liver metabolic system) (IARC, 1984). In two early studies (Harris et al., 
1985; Haugen et al.,1986), two methods were used to confirm the presence of benzo[a]-
pyrene diol epoxide–DNA adducts in the lymphocytes of coke-oven workers. Urine 
samples from 31 male nonsmoking coke-oven workers were mutagenic in S. typhimurium 
YG1024 in the presence of an exogenous source of metabolic activation but not two 
samples from 31 male nonsmoking controls (Simioli et al., 2004). A higher percentage 
(51%) of 39 French coke-oven workers had anti-benzo[a]pyrene-7,8-diol-9,10-oxide–
DNA adducts in their lymphocytes and monocytes as measured by an HPLC/fluorescence 
method compared with 18% in 39 unexposed persons. Smokers in the exposed group had 
3.5 times more DNA adducts than nonsmokers (Rojas et al., 1995). Analysis of anti-
benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adduct levels by an HPLC/fluorescence 
method in a group of 15 male coke-oven workers showed that the percentage of subjects 
with adduct levels that exceeded the 95th percentile of the control value was significantly 
higher (Pavanello et al., 1999a), and these higher levels were associated with a lack of 
GSTM1 activity (Pavanello et al., 1999b). In a study of 95 male Polish coke-oven 
workers, those with the GSTM1-nul genotype had a significantly higher risk of having 
high levels of anti-benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adduct as measured by an 
HPLC/fluorescence method than individuals with the active GSTM1 genotype (Pavanello 
et al., 2004). Eighty-nine male Taiwanese coke-oven workers in three exposure groups 
(topside workers, cokeside workers and plant office staff) were compared with 63 
referents. All groups contained smokers and nonsmokers. Levels of aromatic DNA 
adducts in white blood cells were measured by 32P-postlabelling analysis and were highest 
in the topside workers; smoking contributed only a small effect (Chen, M.L. et al., 2003). 
Thirty-five Dutch coke-oven workers were compared with 37 controls for genotoxic 
effects and genetic polymorphisms in GSTM1 and GSTT1. Occupational exposure did not 
cause a significant induction of sister chromatid exchange, high-frequency sister 
chromatid exchange, DNA strand breaks or aromatic DNA adducts (as measured by 32P-
postlabelling analysis) in lymphocytes or micronuclei in exfoliated urothelial cells. 
Smoking caused a significant increase in the incidence of sister chromatid exchange, 
high-frequency sister chromatid exchange and DNA adducts, but not of micronuclei or 
DNA strand breaks. GSTM1 and GSTT1 polymorphisms had no effect on any biomarker 
(van Delft et al., 2001). Twenty-nine coke-oven workers and a control group were studied 
for frequencies of DNA single-strand breakage, DNA protein cross-links (alkaline filter 
elution assay), sister chromatid exchange and DNA adducts (measured by 32P-
postlabelling analyses) in lymphocytes. While the frequency of DNA strand breaks in the 
lymphocytes of coke-oven workers was significantly higher than that in controls, the 
DNA adduct rate was not significantly increased in workers (Popp et al., 1997). Eighty-
nine French coke-oven workers were compared with 44 power plant workers for anti-
benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adduct levels and genetic polymorphisms to 
CYP1A1, GSTM1 and GSTT1 genes. Higher levels of DNA adducts were detected in 
individuals with the combined CYP1A1(*1/*2 or *2A/*2A)-GSTM1-nul genotype (Rojas 
et al., 2000). Non-tumorous lung tissues from 20 lung cancer patients and white blood 
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cells from 20 coke-oven workers were examined for levels of anti-benzo[a]pyrene-7,8-
diol-9,10-oxide–DNA adducts by HPLC/fluorescence analyses and for genetic 
polymorphisms. All subjects were current smokers. Subjects with the combination of 
homozygous mutated CYP1A1 (MspI/MspI) and GSTM1*0/*0 genotypes had higher 
levels of anti-benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adduct levels than those with 
CYP1A1 and GSTM1 wild-types (Rojas et al., 1998). Twenty coke-oven workers, 30 
graphite electrode-producing plant workers and 47 control subjects were compared for 8-
oxo-deoxyguanosine levels, DNA damage by the alkaline single-cell comet assay and 
genetic polymorphisms in their white blood cells. Levels of 8-oxo-deoxyguanosine in 
white blood cells and DNA damage in lymphocytes were higher in coke-oven workers 
and graphite electrode-producing plant workers than in control subjects. The 
polymorphisms of the genes CYP1A1, GSTM1, GSTT1 and GSTP1 showed no 
association with the biomarkers of effect (Marczynski et al., 2002). Urinary 8-oxo-
deoxyguanosine levels were higher in 55 Taiwanese topside coke-oven workers than in 
162 sideoven coke-oven workers (Wu et al., 2003). The influence of four polymorphisms 
of nucleotide excision-repair genes and of GSTT1 on levels of anti-benzo[a]pyrene-7,8-
diol-9,10-oxide–DNA adducts was studied in lymphocyte and monocyte fractions of 
white blood cells from 67 Polish coke-oven workers by HPLC/fluorescence analyses. The 
increase in anti-benzo[a]pyrene-7,8-diol-9,10-oxide–DNA adduct levels was significantly 
related to lack of GSTM1 activity and to the low nucleotide DNA excision-repair capacity 
of the XPC-PAT+/+ genotype (Pavanello et al., 2005). The peripheral blood lymphocytes 
of coke-oven workers (143) and non-coke-oven workers (50) were studied for DNA 
damage by the alkaline comet assay and for genetic polymorphisms of XRCC1 and 
ERCC2 DNA excision-repair genes. DNA damage was significantly greater in coke-oven 
workers than in non-coke-oven workers and greater in coke-oven workers with the GA 
genotype of the G27466A polymorphism of XRCC1 than those with the GG genotype 
(Leng et al., 2004a). Peripheral blood lymphocytes from 141 coke-oven workers and 66 
non-coke-oven worker controls were studied for cytokinesis-block micronucleus 
frequencies and the effects of genetic polymorphisms. The micronucleus frequency was 
significantly higher in coke-oven workers than in control workers. Among the coke-oven 
workers, the mEH His113 variant genotype exhibited a significantly lower frequency of 
micronuclei than the Tyr113/Tyr113 genotype; the low-microsomal epoxide hydrolase 
activity phenotype exhibited a lower frequency than the high-microsomal epoxide 
hydrolase activity phenotype; the GSTP1 Val105/Val105 genotype exhibited a higher 
frequency than the GSTP1 Ile105/Ile105 or Ile105/Val105 genotypes; and a joint effect of high 
–microsomal epoxide hydrolase activity phenotype and GSTM1-null genotype on 
frequencies of micronuclei was also found (Leng et al., 2004b). The frequency of mutants 
at the HPRT locus (6-thioguanine resistance) in lymphocytes from a population of 
43 coke-oven workers was compared with that of a group of 26 non-exposed workers. A 
non-significant increase in frequency was observed in the exposed group compared with 
the non-exposed group. The percentages of the different types of gene alteration were 
similar in exposed and non-exposed subjects based on an analysis of mutations in 161 
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HPRT clones derived from exposed and non-exposed workers. Only the frequency of 
splice mutations in mutant clones derived from coke-oven workers was higher than that in 
controls (Zanesi et al., 1998). No difference in the plasma levels of either p53 (mutated or 
wild-type) or p21WAF1 protein was found between 66 exposed Czech coke-oven workers 
and 49 controls; however, significantly higher levels of p53 and p21WAF1 protein were 
found in the group exposed to higher levels of carcinogenic PAHs compared with the 
group exposed to lower levels. Overall, a negative correlation between the levels of p53 
protein and personal exposure to carcinogenic PAHs was found (Rossner et al., 2003). 
Cytogenetic markers (chromosomal aberrations, sister chromatid exchange, cells with a 
high frequency of sister chromatid exchange, the heterogeneity index of sister chromatid 
exchange and genetic polymorphism of genotypes GSTM1 and NAT2) were evaluated in 
the peripheral lymphocytes of 64 coke-oven workers and 34 machine worker controls 
from the same plant. All the cytogenetic markers and sister chromatid exchange were 
significantly increased in the exposed compared with the control group even when 
smoking status was taken into account. No effects of GSTM1 or N-acetyltransferase 
(NAT2) genotypes (individually or in combination) on the cytogenetic markers were 
observed (Kalina et al., 1998).  

4.3 Potentially susceptible subpopulations 

4.3.1 Polymorphisms 

(a) Introduction 

Individuals who are deficient in enzymes that activate PAHs to reactive metabolites 
may be at lower risk for chemical carcinogenesis (Nebert et al., 1999; Bouchardy et al., 
2001; Kiyohara et al., 2002a; Daly, 2003; Nebert, 2005b), whereas those who are 
deficient in enzymes that detoxicate reactive metabolites of PAHs may have a higher risk 
(Bartsch et al., 2000; Williams, 2001; see Table 4.3).  

A large number of epidemiological studies have been conducted to ascertain whether 
genetic polymorphisms of drug-metabolizing enzymes are related to cancer susceptibility 
in humans (Bartsch et al., 2000; Williams & Phillips, 2000; Kiyohara et al., 2002b; Daly, 
2003). Some showed positive relationships between genetic polymorphisms of particular 
enzymes and the occurrence of cancers in selected organs (Bartsch et al., 2000; Williams 
& Phillips, 2000), but others suggested that none of the roles of these genetic poly-
morphisms can be determined with respect to cancer susceptibility, even when the same 
combination of enzymes and sites of cancers are compared (Kiyohara et al., 2002b). 
There are many race-related differences in genetic polymorphisms of drug-metabolizing 
enzymes in humans, and these phenomena may explain in part why such different results 
were obtained (Bartsch et al., 2000; Inoue et al., 2000; Williams & Phillips, 2000; Kiyohara 
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et al., 2002b). Other factors such as age, sex, race, tobacco smoking, alcohol drinking and 
several environmental factors that modulate (induce or inhibit) drug-metabolizing 
activities affect the differences in individual susceptibilities towards cancer (Daly, 2003) 
and indicate that complex interactions occur between multiple genes and the environment. 

Individuals have different and unique combinations of drug-metabolizing enzymes in 
their organs (Nebert et al., 1999; Daly, 2003). For example, some people have enzymes 
that are defective for the activation of PAHs and normal enzymes that detoxicate PAHs, 
whereas others have normal enzymes that activate PAHs and enzymes that are defective 
for the detoxication of reactive PAH metabolites (Garte et al., 2001; Murata et al., 2001; 
Yin et al., 2001; Kiyohara et al., 2002a; Hung et al., 2004; Lodovici et al., 2004; Masson 
et al., 2005). In these cases, it is difficult to interpret from epidemiological studies which 
polymorphisms of drug-metabolizing enzymes are involved in susceptibility to human 
cancer. In many cases, individuals have different combinations of polymorphic enzymes 
that activate and/or detoxicate PAHs and metabolites (Le Marchand et al., 1998; 
Quiñones et al., 1999; Grzybowska et al., 2000; Nerurkar et al., 2000; Olshan et al., 2000; 
Kiyohara et al., 2002b; Hashibe et al., 2003; Sarmanova et al., 2004; Masson et al., 
2005). 

(b) Polymorphism of CYP1A1 

CYP1A1 is mainly expressed in extrahepatic organs and participates in the activation 
of carcinogenic PAHs including benzo[a]pyrene (Pelkonen & Nebert, 1982; Kawajiri & 
Fujii-Kuriyama, 1991; Shimada et al., 1992). 

Of 11 alleles of CYP1A1 genetic polymorphisms reported to date (see 
http://www.imm.ki.se/CYPalleles), four types of genetic polymorphism of CYP1A1 have 
been reported to be related to susceptibility to cancer (Kawajiri & Fujii-Kuriyama, 1991). 
Two genetically linked polymorphisms of the CYP1A1 gene — the MspI polymorphism 
(CYP1A1*2A) located in the 3'-flanking region and the Ile-Val polymorphism 
(CYP1A1*2C) at amino acid residue 462 in the haeme-binding region — were first 
reported to be associated with susceptibility to tobacco smoking-associated squamous-cell 
carcinoma of the lung in Japanese populations (Hayashi et al., 1991; Nakachi et al., 1993; 
Kawajiri et al., 1996). Three genotypes of the MspI polymorphism were found, namely 
genotype A (dominant homozygous allele), genotype B (heterozygote) and genotype C 
(homozygous rare allele). Type C was found at high levels among lung cancer patients in 
Japanese and Asian populations, but not among those in non-Asian populations (Kawajiri 
& Fujii-Kuriyama, 1991; Kiyohara et al., 2002b). A lower incidence of CYP1A1 variants 
in the latter populations has been reported (London et al., 1995; Ishibe et al., 1998; 
London et al., 2000).  

A CYP1A1*3 polymorphism has been reported, with a single base change (adenine to 
guanine) in the 3′-noncoding region (Crofts et al., 1994; London et al., 1995; Taioli et al., 
1995a; Kiyohara et al., 2002a). No linkage between CYP1A1*3 and either CYP1A1*2A 
(MspI) or CYP1A1*2C (Ile-Val) polymorphisms was observed (London et al., 2000). This 
race-specific polymorphism in African–Americans, with frequencies of 15–20% for 
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CYP1A1*2, is associated with an increased risk for adenocarcinoma (Taioli et al., 1995a; 
Kiyohara et al., 2002b), although contrasting results have been obtained (Taioli et al., 
1995a; Kiyohara et al., 2002b; Nagata & Yamazoe, 2002; Daly, 2003). Rare cases of this 
polymorphism have been reported in Japanese and Caucasians (Inoue et al., 2000; 
Kiyohara et al., 2002b). The CYP1A1*5 polymorphism (Thr461Asn) is reported to be 
unrelated to susceptibility to lung cancer (Cascorbi et al., 1996). 

Race-related differences in several types of polymorphism in the CYP1A1 gene have 
been reported (Hayashi et al., 1991; Kelsey et al., 1994; Taioli et al., 1995b; Inoue et al., 
2000). Inoue et al. (2000) showed that the occurrence of MspI (CYP1A1*1 
polymorphism) and Ile-Val (CYP1A1*2 polymorphism) types of CYP1A1 genetic 
polymorphism was more frequent in Japanese populations than in Caucasians. No cases 
of CYP1A1*4 polymorphism were found in Japanese populations, whereas two of 45 
Caucasians had a heterozygous m4-mutant (C4887A at exon 7) (Inoue et al., 2000). The 
CYP1A1*3-type polymorphism, a type specific for black Africans, was not detected in 
either Japanese or Caucasian populations (Crofts et al., 1993; Cascorbi et al., 1996; 
Aynacioglu et al., 1998; Inoue et al., 2000).  

(c) Polymorphism of CYP1B1 

Among 26 CYP1B1 alleles determined (see http://www.imm.ki.se/CYPalleles), 
different CYP1B1 polymorphisms with amino acid changes at Arg48Gly, Ala119Ser, 
Leu432Val, Ala443Gly and Asn453Ser have been studied in relation to susceptibility to 
cancer (Stoilov et al., 1997; Bailey et al., 1998; Fritsche et al., 1999; Bejjani et al., 2000; 
Watanabe et al., 2000; Ko et al., 2001; Aklillu et al., 2002; Sørensen et al., 2005). Several 
combinations of these polymorphisms lead to various halotypes — CYP1B1*2 (Arg48Gly, 
Ala119Ser), *3 (Leu432Val), *4 (Asn453Ser), *5 (Arg48Gly, Leu432Val), *6 (Arg48Gly, 
Ala119Ser, Leu432Val ) and *7 (Arg48Gly, Ala119Ser, Leu432Val, Ala443Gly) (Aklillu et 
al., 2002; Nagata & Yamazoe, 2002). 

Watanabe et al. (2000) studied the frequency of CYP1B1*2 (Ala-Ser) and CYP1B1*3 
(Leu-Val) polymorphisms in 336 breast and 330 lung cancer patients and 324 randomly 
selected healthy controls in a Japanese population. Their results showed that the former 
polymorphism is associated with genetically determined susceptibility to cancer of the 
breast or squamous-cell carcinoma of the lung but that the Leu-Val polymorphism did not 
show any association with the cancers. 

Several studies have reported the relationship between CYP1B1 polymorphisms and 
risk for breast cancer (Zheng et al., 2000; Rylander-Rudqvist et al., 2003), squamous-cell 
neck cancer (Ko et al., 2001) and lung cancer (in combination with GST1, NQO1 and 
NAT2) (Inoue et al., 2000; Kiyohara et al., 2002b; Sørensen et al., 2005) in various ethnic 
populations. Rylander-Rudqvist et al. (2003) found no association between CYP1B1*1, 
*2, *3 or *4 alleles and risk for breast cancer in a study of 1521 cases and 1498 controls. 
No association of polymorphisms of CYP1B1 or other genes (including GST, NQO1 and 
NAT 2) and risk for lung cancer was reported (Sørensen et al., 2005). 
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Inoue et al. (2000) showed that the incidence of the genetic polymorphism in the 
CYP1B1 gene is more frequent in Caucasians than in Japanese populations. The 
frequency of the CYP1B1*2- and CYP1B1*3-type polymorphisms was expressed by 
28.9% and 37.5%, respectively, in Caucasian and by 14.1% and 21.8%, respectively, in 
Japanese. No CYP1B1*4-type polymorphisms were detected in the Japanese population, 
whereas 24% of Caucasians had this allele mutant (Inoue et al., 2000).  

(d) CYP1A2, CYP2C9 and 3A4 

CYP1A2 is mainly expressed in the liver (Guengerich & Shimada, 1991; Shimada et 
al., 1994). This is a major enzyme involved in the activation of aryl- and heterocyclic 
amines to carcinogenic products (Shimada et al., 1989a,b; Shimada & Guengerich, 1991; 
Lang et al., 1994). CYP1A2 also catalyses the oxidation of PAHs, although usually at 
much slower rates than CYP1A1 and 1B1 (Shimada et al., 1989b; Shimada & 
Guengerich, 1991; Shimada et al., 2001a).  

Little is known about the relationships between CYP1A2 polymorphisms and 
susceptibility to cancer (Chida et al., 1999; Huang et al., 1999; Aklillu et al., 2003; 
Murayama et al., 2004; Li et al., 2006).  

Other CYP enzymes, including CYP2C9 and 3A4, have been shown to play a role in 
the metabolism of PAHs, particularly in the liver where these enzymes are expressed at 
high levels (Yun et al., 1992; Shimada et al., 2001a). The implications of polymorphisms 
of these CYPs in susceptibility to cancer in humans are not clear at present (Garcia-
Martin et al., 2002a,b; Plummer et al., 2003). 

(e) Epoxide hydrolase 

Microsomal epoxide hydrolase (mEH) plays two roles in the metabolism of PAHs: 
one is detoxication of various reactive PAH metabolites and the other is activation of 
PAH epoxides to form proximate PAH diols that are finally activated to ultimate 
carcinogenic metabolites by CYP (Jerina & Dansette, 1977; Lu & West, 1979; Pelkonen 
& Nebert, 1982; Hassett et al., 1994; Hecht, 2002b).  

Two genetic polymorphisms, a Tyr113His substitution in exon 3 (EH3) and a 
His139Arg substitution in exon 4 (EH4), have been reported in relation to susceptibility to 
cancer (Omiecinski et al., 2000; Kiyohara et al., 2002b; Lee et al., 2002; Park, J.Y. et al., 
2005). The exon 3 polymorphism of the mEH gene has been reported to be associated 
with a significantly decreased risk for lung cancer (Benhamou et al., 1998; Lee et al., 
2002; Gsur et al., 2003). However, there was no significant association of mEH 
polymorphisms with susceptibility to breast cancer in Caucasian populations (de Assis et 
al., 2002). A significant increase in risk for lung cancer has been reported with the exon 4 
genotype (Park, J.Y. et al., 2005). Reports also indicate that the polymorphisms of mEH 
at exon 3 and 4 are associated with colorectal adenoma (Huang et al., 2005).  
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(f) Glutathione S-transferase  

The role of genetic polymorphisms of GST genes in influencing susceptibility to 
cancer is complicated (Strange et al., 2001). GST enzymes participate in the detoxication 
of reactive metabolites of PAHs and other xenobiotics (Strange et al., 2001). Three types 
of genetic polymorphism of GSTM1, T1 and P1 have been examined in relation to 
susceptibility to cancer in humans (Strange et al., 2001; Wang et al., 2003). A large study 
with 1969 controls and 2048 cases of breast cancer showed that none of the single gene 
GST polymorphisms (e.g. GSTM1, T1 or P1) confer a substantial risk for breast cancer to 
its carriers (Vogl et al., 2004), although several studies have reported that one or two 
alleles of GST polymorphisms are related to susceptibility to cancer at other sites (Spurdle 
et al., 2001). Deletion of GSTM1 may result in an increase in the incidence of ovarian 
cancer (Spurdle et al., 2001), a decrease in the incidence of prostate cancer (Kidd et al., 
2003) and enhance susceptibility to cancer induced by air pollution from indoor coal 
combustion emissions (Lan et al., 2000).  

(g) Sulfotransferase 

SULTs play an important role in the conjugation of many endogenous and exogenous 
substrates (Raftogianis et al., 1999; Wang et al., 2002; Daly, 2003). Relationships 
between the SULT1A1 polymorphism (Arg213His) and susceptibility to cancer have been 
reported (Raftogianis et al., 1999; Moreno et al., 2005). The association between this 
single-nucleotide polymorphism (G→A) and risk for lung cancer was assessed in 805 
patients with lung cancer and 809 controls in a hospital-based case–control study in the 
Chinese Han population. Compared with the GG genotype, the variant SULT1A1 
genotype (638GA or AA) was associated with a significantly increased overall risk for 
lung cancer [odds ratio, 1.85; 95% CI, 1.44–2.37] (Liang et al., 2004). Stratification 
analysis showed that the increased risk for lung cancer related to the variant SULT1A1 
genotypes was more pronounced in younger subjects and limited to smokers rather than 
nonsmokers. The risk for lung cancer for the variant genotypes was increased 
significantly with cumulative dose of smoking (Liang et al., 2004). In a second study, the 
association between the variant A-allele and lung cancer was examined in 463 Caucasian 
lung cancer cases and 485 frequency-matched Caucasian controls (Wang et al., 2002). It 
was found that there was an overall significant difference between cases and controls 
when adjusted by sex and smoking status (adjusted odds ratio, 1.41; 95% CI, 1.04–1.91) 
and was higher in women (adjusted odds ratio, 1.64; 95% CI, 1.06–2.56) than in men 
(adjusted odds ratio, 1.23; 95% CI, 0.80–1.88). In both these studies, the SULT1A1*2 
(low sulfonation phenotype) was associated with an increased risk which indicated the 
role of this enzyme in detoxication. In a third study, the SULT1A1*1 synonymous single-
nucleotide polymorphism (fast sulfonation phenotype) was modestly associated with an 
increased risk for colorectal carcinoma in smokers, which was increased in the presence 
of the NAT2 slow-acetylator phenotype which indicated that this enzyme can also lead to 
carcinogen activation (Tiemersma et al., 2004). In another study, the association of 
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polymorphisms in GSTM1, GSTT1, NAT, SULT1A1 and CYP1B1with tobacco smoking 
and the incidence of urinary bladder cancer in Bresica, northern Italy, was examined. The 
SULT1A1*2 (low sulfonation phenotype) showed a modest protective effect consistent 
with a role in aromatic amine activation (Hung et al., 2004) . 

(h) UDP-Glucuronosyltransferases  

Of the hepatic UGTs, only UGT1A1 and UGT1A9 exhibit activity against the 7R,8R-
trans-dihydrodiol of benzo[a]pyrene, the precursor to the highly mutagenic (+)-anti-
benzo[a]pyrene diol epoxide (Fang et al., 2002; Fang & Lazarus, 2004). The UGT1A1*28 
allelic variant contains an additional (TA) dinucleotide repeat in the ‘TATTA’ box [(TA)6 
>(TA)7] of the UGT1A1 promoter which has been linked to decreased expression of the 
UGT1A1 gene. Significant decreases in UGT1A1 protein and bilirubin-conjugating 
enzyme activity were observed in normal liver microsomes from subjects with the homo-
zygous polymorphic UGT1A1(*28/*28) genotype variant compared with subjects homo-
zygous for the wild-type UGT1A1*1 allele. Significant decreases in the glucuronidation 
of the 7R,8R-trans-dihydrodiol of benzo[a]pyrene were observed in subjects who had the 
UGT1A1 (*28/*28) genotype compared with subjects who had a wild-type UGT1A1 
(*1/*1) genotype (Fang & Lazarus, 2004). An association of this genotype with an 
increased risk for cancer induced by benzo[a]pyrene was suggested. 

(i) Aldo-keto reductase  

The genotic variability of AKR had been presented previously (see section 4.1.2b). 
The association between AKR1C3*Gln5H is single-nucleotide polymorphism and risk for 
lung cancer was assessed in a population-based case–control study of 119 cases and 113 
controls in Xuan Wei, China, an area that has one of the highest rates of lung cancer in 
China due to the use of smoky coal for heating and cooking. The AKR1C3*Gln/Gln 
genotype was associated with a 1.84 fold [95% CI, 0.98–3.45] increased risk for lung 
cancer (Lan et al., 2004). 

(ii) NAD(P)H quinone oxidoreductase 1 

The homozygous NQO1*2/*2 allele is essentially a null phenotype and provides a 
tool to assess the potential chemoprotective role of the enzyme against xenobiotics (Ross 
et al., 2000). Only one study has been performed on the association of the NQO1*2/*2 
allele with the incidence of lung cancer (Lewis et al., 2001). The NQO1 genotype was 
related to risk for lung cancer in patients who attended a Manchester (United Kingdom) 
bronchoscopy clinic; those who carried at least one variant allele were found to have an 
almost fourfold increased risk for developing small-cell lung cancer (adjusted odds ratio, 
3.80; 95% CI, 1.91–12.1). No association between NQO1 genotypes and risk for non-
small-cell lung cancer was found. Furthermore, the excess risk for small-cell lung cancer 
associated with non-wild-type NQO1 genotypes was only apparent in heavy smokers who 
had a >10-fold increased risk (adjusted odds ratio, 12.5; 95% CI, 2.1–75.5). These results 
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suggest that NQO1 is involved in the detoxication of those carcinogens that are associated 
with the development of small-cell lung carcinoma (Lewis et al., 2001). 

In other studies aimed at identifying susceptible populations, genetic polymorphisms 
in NQO1 were scored together with those in other enzymes that affect PAH 
metabolism/activation. In one study, the association of the NQO1*2/*2, CYP1A1*2A, 
HYL1*2 (epoxide hydrolase) and HYL1*3 alleles were not associated with the risk for 
lung cancer in Najing Province in China (Yin et al., 2001). However, when the data were 
stratified, it was found that smokers carrying the HYL1* allele had a higher relative risk 
for lung cancer. In a second study, the association of cigarette smoking with the risk for 
advanced colorectal adenoma in relation to CYP1A1 Val462 and NQO1*2/*2 poly-
morphic variants was investigated in 725 non-Hispanic Caucasian cases with advanced 
colorectal adenoma of the distal colon and 729 gender- and ethnicity-matched controls. 
Subjects who carried either allele had a weakly associated risk for colorectal adenoma; 
however, those who carried both alleles had an increased risk versus nonsmokers, 
particularly among recent and current smokers (odds ratio, 17.4; 95% CI, 3.8–79.8; p for 
interaction = 0.02) (Hou et al., 2005). A population-based cohort study investigated the 
occurrence of lung cancer in relation to polymorphisms in CYP1B1, GSTA1, NQO1 and 
NAT2. Among 54 200 Scandinavian cohort members, 265 lung cancer cases were 
identified and a subcohort that comprised 272 individuals was used for comparison. No 
overall associations were found between the polymorphisms and risk for lung cancer. The 
NAT2 fast-acetylator genotype seemed to be protective against lung cancer in light 
smokers but not in heavy smokers (>20 cigarettes/day) (Sørenson et al., 2005). In a fourth 
study, the modifying influence of CYP1A1, GSTM1, GSST1 and NQO1 polymorphisms 
on risk for lung cancer was studied in 524 lung cancer cases and 530 control subjects. No 
evidence of an influence of genetic polymorphisms on risk for lung cancer was found. In 
smokers, however, there was a suggestion that the variant CYP1A1 Val462 and NQO1*2 
genotypes may confer an increased risk for squamous-cell carcinoma (Alexandrie et al., 
2004). 

4.3.2 Age-related susceptibility 

No data were available in humans on age-dependent susceptibility to cancer that 
results from exposure to PAHs.  

Studies in animals indicate that exposure early in life to individual PAHs, including 
benzo[a]pyrene and DMBA, may lead to higher rates of tumour formation later in life. 
Vesselinovitch et al. (1975) showed that a significantly higher incidence of liver 
hepatomas was observed in male B6C3F1 mice that were treated intraperitoneally with 
75 and 150 µg/g bw benzo[a]pyrene on postnatal days 1, 15 or 42. Lung tumours were 
more prevalent in male and female B6C3F1 mice treated with benzo[a]pyrene at birth 
than in animals treated at 15 or 42 days of age. Similar results were found for the 
incidence of liver tumours in C3AF1 mice under the same experimental conditions. 
Walters (1966) observed a significantly higher incidence of lung tumours when 15 µg 
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DMBA were administered subcutaneously to newborn (1-day-old) BALB/c mice 
compared with suckling (2–3 weeks of age) and adult mice. Pietra et al. (1961) observed 
an increased incidence of lymphomas and lung tumours when 30–900 µg DMBA were 
administered subcutaneously to newborn mice compared with adult (8-week-old) mice. 

The age-dependent susceptibility to benzo[a]pyrene and DMBA may be dependent 
on their ability to act as mutagens. An analysis by the Environmental Protection Agency 
(2005) indicated that there can be greater susceptibility for the development of tumours as 
a result of exposures to mutagenic chemicals early in life compared with later stages of 
life (see also Barton et al., 2005). In general, there are limited data to elucidate the 
mode(s) of action that leads to differences in tumour incidence following exposure early 
in life or later. Differences in the capacity to metabolize and clear chemicals at different 
ages can result in larger or smaller internal doses of the active agent(s), which either 
increases or decreases risk (Ginsberg et al., 2002). Several studies have shown increased 
susceptibility of weanling animals to the formation of DNA adducts following exposure 
to vinyl chloride (Laib et al., 1989; Morinello et al., 2002a,b), and in-vivo transplacental 
micronucleus assays have indicated that fetal tissues are more sensitive than maternal 
tissues to the induction of micronuclei by mutagenic chemicals (Hayashi et al., 2000).  

As outlined by the Environmental Protection Agency (2005), some generalized 
aspects that potentially lead to childhood susceptibility may apply to benzo[a]pyrene and 
other PAHs that act through a mutagenic mechanism. (i) More frequent cell division 
during development can result in enhanced fixation of mutations due to the reduced time 
available for repair of DNA lesions; clonal expansion of mutant cells produces a larger 
population of mutants (Slikker et al., 2004). (ii) Some embryonic cells, such as brain 
cells, lack key DNA repair enzymes. (iii) Some components of the immune system are 
not fully functional during development (Holladay & Smialowicz, 2000; Holsapple et al., 
2003). (iv) Hormonal systems operate at different levels during different stages of life 
(Finch & Rose, 1995). (v) Induction of developmental abnormalities can result in a 
predisposition to carcinogenic effects later in life (Birnbaum & Fenton, 2003).  

Studies on the carcinogenicity of DMBA indicate a potential period of increased 
susceptibility during pubertal periods of tissue development. An increased incidence of 
mammary tumours was found in 5–8-week-old rats treated with DMBA compared with 
older or younger rats (Meranze et al., 1969; Russo et al., 1979). This observation 
corresponds with pubertal development of the mammary tissue, ovarian function that 
begins between 3 and 4 weeks of age and mammary ductal growth and branching that 
occur by approximately week 5 of age, all of which are consistent with the 5–8-week 
susceptible period (Silberstein, 2001). 

Several carcinogenicity studies have been conducted on benzo[a]pyrene or coal-tar 
mixtures following neonatal exposure without an adult comparison or in in-utero mouse 
models. Strain A and C57BL mice were administered single subcutaneous injections of 4 
or 6 mg benzo[a]pyrene on gestational days 18 and 19 (Nikonova, 1977). The offspring 
of strain A mice developed lung tumours at a much higher incidence than those of C57BL 
mice. The incidence of liver tumours was increased above controls only in C57BL 



 POLYCYCLIC AROMATIC HYDROCARBONS 677 

 

offspring. Direct intraperitoneal administration of 560 nmol benzo[a]pyrene in DMSO to 
neonatal CD-1 mice within 24 h of birth and at 8 and 15 days of age resulted in an 
increased incidence of liver tumours in males (Wislocki et al., 1986), but no liver tumour 
formation in female mice. This treatment induced a significantly increased incidence of 
lung tumours in male and female mice.  

Groups of 15-day-old male and female B6C3F1 mice received a single intraperitoneal 
injection of 0.125, 0.25 or 0.375 µg benzo[a]pyrene or 7980 µg manufactured gas plant 
residue in corn oil. Twenty-six weeks after exposure, benzo[a]pyrene induced liver 
tumours in male mice in a dose- and time-dependent manner in the high-dose group. 
Manufactured gas plant residue induced liver tumours in male mice to a much greater 
extent than benzo[a]pyrene. There was little or no tumour formation in the lung or 
forestomach with either treatment (Rodriguez et al., 1997), using 32P-postlabelling, 
positive responses for DNA adduct formation were observed in the liver, lung and 
forestomach of both sexes of mice. However, differences in the time course of adduct 
accumulation and decline occurred. For example, liver adducts peaked at 24 h and 
declined over the next 14 days, while forestomach and lung adducts peaked at higher 
levels at 2–3 days after exposure, then also declined over the next 14 days. Despite the 
difference in tumorigenicity, adduct levels were similar in male and female mice in all 
three tissues examined. They indicated that the inability of benzo[a]pyrene to induce 
tumour formation in the lung and forestomach of this strain of mice and in the liver of 
female animals could not be accounted for in terms of the lack of DNA damage as 
measured by adduct formation. The authors indicated that the exposure of 15-day-old 
B6C3F1 mice to low levels of benzo[a]pyrene induced well-defined premalignant 
changes in the liver and hepatocellular carcinomas by 40 weeks after exposure, while 
single doses of the same carcinogen at 42 days of age did not induce lesions over 2 years 
after exposure. 

Numerous animal studies have been conducted that indicate effects on reproductive 
and developmental end-points following exposure to mixtures of PAHs and individual 
PAHs (ATSDR, 1995; IPCS, 1998; see also Section 4.4). These studies suggest suscepti-
bility to the toxicity of PAHs during the prenatal period, a critical time for phase I and II 
enzyme development. Lack of phase I enzymes may result in protection against the 
toxicity of benzo[a]pyrene, while the lack of phase II enzymes in the presence of phase I 
enzymes could exacerbate toxicity (see Mukhtar & Bresnick, 1976). Animals as young as 
1 day of age can metabolize benzo[a]pyrene to a broad spectrum of metabolites (Melikian 
et al., 1989), which allows the possible conclusion that their overall metabolism might not 
differ significantly from that of adults. These animals have metabolic competence to 
enable phase I and phase II metabolism (Melikian et al., 1989), although activities may 
differ between newborn and adult animals. 

Lyte and Bick (1985) evaluated the effects of benzo[a]pyrene on the generation of 
antibody-producing cells in young (3–6 months), middle-aged (13–16 months) and old 
(23–26 months) male mice. Old animals were particularly susceptible to the immuno-
suppressive effects of benzo[a]pyrene.  
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4.4 Other toxicity 

4.4.1 Phototoxicity 

Sunlight is a complete carcinogen (IARC, 1992) and is responsible for the induction 
of cutaneous squamous-cell and basal-cell carcinomas in humans. Since PAHs are 
ubiquitous in the environment and concomitant exposure of humans to PAHs and light is 
inevitable, the photomutagenicity of these compounds is of considerable importance to 
human health. Human exposure to PAHs occurs mainly through skin absorption, 
inhalation or food consumption (IARC, 1983). PAH-contaminated skin may be exposed 
to sunlight, which is of concern for people who work outdoors and handle products that 
contain PAHs, such as roofers, tanners and road-construction workers. Because of the 
multiple aromatic ring systems in PAHs, these compounds can absorb light energy in the 
UVA region (320–400 nm) and, for some PAHs, also near the visible region (400–700 
nm) (Dabestani & Ivanov, 1999) to form reactive species that cause damage to human 
cellular components. It has been shown that concomitant exposure to PAHs and light can 
cause DNA single-strand breaks, oxidation of DNA bases and formation of DNA adducts 
(Yu, 2002). In general, for those PAHs or mixtures of PAHs that exhibit carcinogenic 
activity in skin, these effects were found to be enhanced when the compounds were tested 
in combination with UV radiation under certain experimental conditions (Santamaria et 
al., 1966). 

From a mechanistic point of view, two pathways result in phototoxicity: (i) dynamic 
phototoxicity, which involves damage to cells during phototransformation of chemical 
species. This process includes excited-state energy transfer to biological macromolecules, 
which results in electron transfer that may convert both the PAH and the biological 
molecule into free radicals. It also leads to the production of short-lived reactive inter-
mediates such as singlet oxygen, the superoxide free radical and other chemically reactive 
species (Yu, 2002); and (ii) formation of toxic photoproducts: during photolysis, some 
relatively light-stable compounds such as quinones and nitro-PAHs are produced, which 
may be toxic both in the presence and absence of metabolic activation or light-induced 
activation (Sinha & Chignell, 1983).  

Irradiation with UV light (>295 nm) of a mixture of the PAH anthracene and human 
serum albumin induced covalent binding of anthracene to the protein, which then resulted 
in the formation of protein–protein cross-links and cell-membrane damage via lipid 
peroxidation (Sinha & Chignell, 1983). Evidence of damage to cell membranes following 
irradiation (near UV, 290–400 nm) of benzo[a]pyrene, anthracene or 1-nitropyrene mixed 
with cells has also been reported (Kagan et al., 1989; Tuveson et al., 1990; Zeng et al., 
2002, 2004). Possible DNA damage induced by the combination of light and a 
photoreactive chemical includes: (i) single-strand breaks, (ii) double-strand breaks, (iii) 
release of DNAbases (depurination/depyrimidination), (iv) oxidation of guanine to 
8-hydroxy- or 8-oxoguanine, (v) induction of covalent DNA adducts, (vi) induction of 
DNA–DNA cross-links and (vii) induction of DNA–protein cross-links (Yu, 2002). Most 
of these forms of damage can be repaired without leading to mutation. To date, several 
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types of DNA damage caused by the combination of PAHs and light have been studied: 
the formation of PAH–DNA covalent adducts, DNA single-strand breaks, depurination/ 
depyrimidination and the formation of the oxidative product, 8-hydroxyguanine.  

Studies on the photomutagenicity of PAHs (see Table 4.4) indicate that these 
compounds can be activated by light in the absence of metabolizing enzymes. In 
particular, six of 16 PAHs tested, including those that are most abundant in the 
environment — acenaphthene, acenaphthylene, anthracene, benzo[ghi]perylene, fluorene 
and pyrene — were not mutagenic through metabolic activation but were photomutagenic 
in S. typhimurium TA102 (see references cited in Table 4.4). This result may influence the 
methods of risk assessment of PAHs. At present, the data are insufficient to interpret the 
results of in-vitro photomutagenicity studies in terms of human health. However, the 
possible adverse health effects due to skin contamination with PAHs and concomitant 
exposure to sunlight deserve further study. 

Yan et al. (2004) determined the photomutagenicity of 16 PAHs on the 
Environmental Protection Agency priority-pollutant list in S. typhimurium TA102 with 
concomitant irradiation with UVA and visible light (300–800 nm). Positive 
photomutagenicity (+) was scored (see Table 4.4) when the number of revertant colonies 
per plate due to combined exposure to light and a PAH exceeded twice that of the control 
with light only. Strong photomutagenicity (++) was scored when the number of revertant 
colonies per nanomole of PAH was higher than 2000. As shown in Table 4.4, 11 of the 16 
PAHs tested were found to be photomutagenic. Based on the number of revertants per 
nanomole of test chemical, anthracene, benz[a]anthracene, benzo[a]pyrene, benzo[ghi]-
perylene, indeno[1,2,3-cd]pyrene and pyrene were identified as strongly photomutagenic, 
with a number of revertant colonies per nanomole of PAH in the range of 2000–20 000. 
The data indicated a fair correlation between observed photomutagenicity and reported 
carcinogenicity. 

Phototoxicity, including photomutagenicity, is closely related to the photochemical 
reactions that generate reactive PAH intermediates and reactive oxygen species during 
photolysis (Yu, 2002). Certain PAHs with extended aromatic ring systems can absorb 
light in the UVA (320–400 nm) and visible (>400 nm) range. Usually, PAHs with three 
or four aromatic rings absorb UVA light and those with five or more aromatic rings as 
well as the hydroxyl-, amino- and nitro-substituted PAHs with three or four aromatic 
rings absorb visible light (Dabestani & Ivanov, 1999). Upon absorption of light energy, 
PAHs are excited to higher energy states (singlet or triplet) that undergo electron or 
energy transfer to molecular oxygen, solvents or biological molecules in the cell and 
generate reactive species. These reactive species or intermediates damage cellular 
constituents such as the cell membrane, nucleic acids or proteins. This activation pathway 
is usually similar to the enzymatic activation pathway, in that it converts relatively inert 
PAHs to reactive species. There is evidence that PAH mixtures and individual PAHs can 
be phototoxic towards microorganisms, plants, cells and animals. In addition, PAHs are  
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Table 4.4.  Photomutagenicity of 16 polycyclic aromatic hydrocarbons 
(PAHs) on the priority list of the Environmental Protection Agency and 
their reported carcinogenicity and mutagenicity 

PAH  Photomutagenicitya Carcinogenicityb Mutagenicityc 

Acenaphthene + 0 –d 

Acenaphthylene + I –d 

Anthracene  ++ 0 – 
Benz[a]anthracene ++ ++ + 
Benzo[a]pyrene ++ ++ + 
Benzo[b]fluoranthene  – ++ +d 
Benzo[ghi]perylene ++ I –d 
Benzo[k]fluoranthene + ++ +d 
Chrysene + + + 
Dibenz[a,h]anthracene – ++ + 
Fluoranthene – 0 +d 
Fluorene + I – 
Indeno[1,2,3-cd]pyrene ++ ++e +d 
Naphthalene – I – 
Phenanthrene – I – 
Pyrene ++ 0 – 

Adapted from Yan et al. (2004)  
a    PAH is defined as photomutagenic (+ or ++) when the number of revertant colonies due to 
concomitant exposure to light and the PAH is greater than twice that found in the light-only 
control. A PAH is defined as strongly photomutagenic (++) if the number of revertant colonies per 
nanomole of the PAH is more than 2000. 
b    Data summarized from IARC (1983), National Toxicology Program (1993), White (2002) and 
the Environmental Protection Agency web-site pages for acenaphthylene, naphthalene and 
fluorene.  Carcinogenicity symbols are: (0) no evidence of carcinogenicity; (I) inadequate evidence 
for evaluation; (+) limited evidence of carcinogenicity in experimental animals; (++) sufficient 
evidence of carcinogenicity in experimental animals. 
c    Based on McCann et al. (1975) using S. typhimurium TA98 or TA100 with metabolic activation 
d Based on Nagai et al. (2002) using S. typhimurium TA98 with metabolic activation 
e    From the Environmental Protection Agency web site for animal carcinogenicity studies 
(http://www.epa.gov/NCEA/iris/subst/0457.htm) 

generally more toxic when they are exposed to UV light than if they are kept in the dark. 
For certain PAHs, the increase in toxicity can be six- to sevenfold (Swartz et al., 1997).In 
vivo, the formation of covalent PAH–DNA adducts through irradiation with light may 
compete with enzymatic activation. Indeed, irradiation of benzo[a]pyrene or DMBA 
inside the cells tends to lower the amount of covalent DNA adducts formed by enzymatic 
activation (Prodi et al., 1984), an effect that was mainly attributed to photodegradation of 
the PAHs. 

Photo-oxidation of the unsubstituted PAHs — two-ring naphthalene (Vialaton et al., 
1999); three-ring anthracene (Mallakin et al., 2000) and phenanthrene (Wen et al., 2002); 
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four-ring benz[a]anthracene (Dong et al., 2002) and pyrene (Sigman et al., 1998); and 
five-ring benzo[a]pyrene (Lee-Ruff et al., 1988) — can produce respective quinones, 
ring-open products or hydroxy-substituted products. In addition to quinones, hydroxy- 
(Koizumi et al., 1994), carboxy- (Zeng et al., 2002), hydroxymethyl- and formyl-PAHs or 
methyl-substituted PAHs (Wood et al., 1979) are also detected among the photoproducts. 
Quinones are known sensitizers of reactive oxygen species, but are relatively stable 
against photo-oxidation. There is no appreciable degradation when 7,12-benz[a]-
anthracene-quinone is irradiated with UVA light (170 J/cm2/h) for 60 min. However, 
during the irradiation, 7,12-benz[a]anthracene-quinone can cause DNA strand breaks 
(Dong et al., 2002). Therefore, these quinones are potentially more phototoxic. 

Some commercial medicines also contain PAHs. For example, coal tar, a complex 
mixture of PAHs, is widely used in creams, ointments, lotions and shampoos for the 
treatment of psoriasis, a common skin disease (Comaish, 1987). The formation of DNA 
adducts in exposed skin and of chromosomal aberrations in peripheral blood lymphocytes 
have been shown to occur in psoriasis patients treated with coal tar (Sarto et al., 1989; 
Schoket et al., 1990; Godschalk et al., 1998). Topical application of coal tar to the skin 
followed by UV radiation, known as the Goeckerman therapy for psoriasis, has been 
reported to increase the risk for developing skin cancer (Stern et al., 1980), although other 
studies have found no appreciable increase (Pittelkow et al., 1981). UVB radiation and 
coal tar have an additive effect on the induction of metabolizing enzymes and on the 
formation of DNA adducts in mouse skin when coal tar is applied before, but not after, 
irradiation (Mukhtar et al., 1986). These effects are difficult to interpret because both 
UVB and PAHs can activate metabolizing enzymes individually. Since human skin is 
exposed to light, it is of particular importance and significance to investigate human 
health risks posed by exposure to the combination of PAHs and light. 

4.4.2 Reproductive and developmental toxicity 

The available studies of human exposure to PAHs suggest that these compounds may 
affect the developing fetus. These studies have generally focused on the exposure of 
pregnant women in situations in which PAHs are a known or perceived component of 
diverse complex mixtures, such as tobacco smoke or ambient air pollution, e.g. in areas of 
the world that are highly industrialized or burn large amounts of coal (Perera et al., 1998, 
1999; Šrám et al., 1999; Landrigan et al., 2004; Perera et al., 2004; Wormley et al., 2004; 
Perera et al., 2005; Šrám et al., 2005; Wolff et al., 2005). A lack of information on 
exposure concentrations, time of exposure during pregnancy and co-exposure to other 
chemicals potentially confounds the results of these studies. Nevertheless, a pattern of 
effects has emerged that shows reduced fetal birth weight and length, impaired 
intrauterine growth and reduced length of gestation.  

Studies in experimental animals are available that indicate the reproductive and 
developmental toxicity of individual PAHs, including anthracene, benz[a]anthracene, 
benzo[a]pyrene, chrysene, dibenz[a,h]anthracene and naphthalene (for reviews, see 
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ATSDR, 1995; IPCS, 1998). The majority focus on the reproductive and developmental 
toxicity of benzo[a]pyrene. Benzo[a]pyrene has been shown to impair male and female 
reproductive performance and to decrease pup weight in laboratory animals exposed by 
the oral and inhalation routes. Exposure of pregnant female mice to benzo[a]pyrene 
affected the fertility and the histopathology of the ovaries and testes of their offspring 
(MacKenzie & Angevine, 1981; Kristensen et al., 1995). No standard developmental or 
two-generation reproductive studies are available on exposure to benzo[a]pyrene via the 
oral route, but several studies have evaluated the reproductive effects of in-utero 
exposure. The available data show that exposure of pregnant females to benzo[a]pyrene 
affects the fertility of male and female mice exposed in utero. Teratogenicity has not been 
reported based on gross examination, and none of the studies conducted detailed skeletal 
or visceral examinations of pups. Inhalation studies with benzo[a]pyrene in pregnant rats 
have demonstrated decreased fetal survival, which resulted from a reduction of luteotropic 
hormone synthesis and release (Archibong et al., 2002). Similar studies in male rats 
showed reduced reproductive capacity due to changes in sperm parameters, impaired 
epididymal function and disturbed hormonal regulation in the testes (Inyang et al., 2003).  

4.4.3 Hepatic and renal toxicity 

The available data on the effects of PAHs other than cancer are sparse except for 
immunological and reproductive/developmental studies (see Sections 4.2.6 and 4.4.2). No 
studies were found that examined hepatic or renal toxicity following exposure to PAHs in 
humans. Numerous animal studies (as reviewed in ATSDR, 1995) have been conducted 
with individual PAHs, such as benzo[a]pyrene, benz[a]anthracene, fluoranthene, 
acenaphthene and fluorene. These studies have shown increases in liver weight but no 
accompanying overt toxicity. In addition, limited data are available concerning the 
potential renal toxicity of PAHs (see ATSDR, 1995). Some recent studies indicate that 
benzo[a]pyrene may exhibit limited hepato- and nephrotoxic effects at high doses (De 
Jong et al., 1999; Knuckles et al., 2001; Kroese et al., 2001). 
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5.  Summary of Data Reported and Evaluation 

5.1 Exposure data 

Polycyclic aromatic hydrocarbons (PAHs) are products of the incomplete combustion 
or pyrolysis of organic material. They are ubiquitous in the environment, which leads to 
measurable background levels of exposure in the general population. Tobacco smoke is a 
significant source of exposure to PAHs; in the nonsmoking, non-occupationally exposed 
population, diet is frequently the major source of exposure to PAHs.  

High levels of occupational exposure can occur during the conversion of coal to coke 
and coal tar, and during the processing and use of coal-tar derived products. Industries 
and occupations for which exposures are reviewed in this monograph include coal 
gasification, coke production, coal-tar distillation, paving and roofing that involve coal 
tar, the use of creosote as a wood preservative, aluminium production (including anode 
manufacturing), carbon electrode manufacture, calcium carbide production, occupation as 
a chimney sweep and other exposures to soot, and thermoelectric power plants.  

Occupational exposures to benzo[a]pyrene in these industries can be as high as 
100 µg/m3 compared with typical ambient air concentrations of a few nanograms per 
cubic metre. Similarly, levels of 1-hydroxypyrene, a urinary metabolite, can reach 
100 µmol/mol creatinine in highly exposed workers but are generally less than 
0.1 µmol/mol creatinine in people who are not exposed occupationally. The highest 
reported levels of exposure to benzo[a]pyrene by inhalation have been measured in the 
aluminium production industry when the Söderberg process is used. Levels of exposure to 
PAHs and profiles of exposure to multiple PAHs are, to a large extent, dependent on the 
industry, the job tasks performed within an industry, and the time period and country of 
exposure. Available information on dermal exposure suggests that it is a major route in 
many of the industries considered. Few measurements have been made of exposure to 
PAHs with a molecular weight greater than 300. 

5.2 Human carcinogenicity data 

Coal gasification 

Epidemiological studies that are of sufficient size to be informative have consistently 
shown an excess of lung cancer associated with gas production. A large epidemiological 
cohort study of over 11 000 British gas production workers showed an excess incidence 
of lung cancer and urinary bladder cancer. A study of nearly 5000 German gas production 
workers showed an excess incidence of lung, stomach and colorectal cancer among gas 
furnace workers; the risk for lung cancer was related to duration of employment. A large 
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study of over 3000 Chinese gas plant workers that was only reported briefly showed an 
excess incidence of lung cancer among workers in the gas department. A case–control 
study nested within a cohort of gas and electricity production workers in France supported 
an association between coal gasification and the excess incidence of lung cancer. The 
Working Group noted that the findings are probably not explained by tobacco smoking 
habits, although no study fully adjusted for this. 

Coke production 

Most but not all of the epidemiological studies provided evidence of an excess risk for 
lung cancer among coke production workers. A large cohort study of coke plant workers 
in the USA and Canada showed an excess in mortality from lung cancer. The risk was 
highest in work areas close to the ovens and was especially high among workers in top-
side jobs; an exposure–response trend was found. A very large study of coke plant 
workers in China that was only reported briefly also showed an increased risk for lung 
cancer. Cohort studies from France, Italy, Japan and the Netherlands supported an 
increased risk for lung cancer, although the studies were not fully conclusive when 
considered individually. Two mortality studies of coke plant workers in the United 
Kingdom showed no excess of lung cancer, although a record linkage study from the 
United Kingdom indicated an elevated risk. A case–control study among Chinese women 
who were exposed to coke oven emissions showed a positive exposure–response 
relationship after adjustment for tobacco smoking and supported an association between 
the excess incidence of lung cancer and coke production.  

Coal-tar distillation 

Two large surveillance programmes provide evidence of an increased risk for skin 
cancer among coal-tar distillers. Notifications of skin cancer in England during 1911–
38 were analysed in relation to occupation, and more than 700 skin cancers that were 
attributed to exposure to coal tar among coal-tar distillers had been notified; crude 
mortality rates for scrotal cancer were very high among coal-tar distillers. Occupational 
health surveillance in a German coal-tar distillation plant identified more than 
600 individuals with skin lesions during 1946–96, a third of whom also had malignant 
skin tumours; 20 cases of scrotal cancer were observed. More recent cohort mortality 
studies showed no indication of an increased risk for skin cancer, but this design is not 
sufficiently sensitive to identify potential risks for skin cancer. The findings for other 
cancer sites were inconsistent; a modest, non-significant increase in mortality was 
reported for lung cancer in one British and one Dutch study, and a significant excess in 
the incidence of buccal cavity and pharyngeal cancers was reported in a French study.  
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Paving and roofing with coal-tar pitch 

Studies of pavers and roofers who presumably have been exposed to coal-tar pitch 
(and often also to bitumen) have suggested increased cancer risks in these occupations; 
studies of members of a roofer’s union in the USA, analyses of registry-based data on 
pavers in the United Kingdom and roofers in the USA, and follow-up studies of cancer 
incidence among pavers in Finland and the Netherlands all showed an excess risk for lung 
cancer. Mortality from urinary bladder, laryngeal and skin (non-melanoma) cancer was 
increased in one of these cohorts, but this finding was not widely supported by other 
studies. Three case–control studies (conducted in the USA) reported a tobacco smoking-
adjusted increase in the risk for lung cancer among roofers; none of these increases was 
statistically significant, but a meta-analysis of the case–control studies reported a 
statistically significant meta-relative risk.  

Creosote 

A number of cases of skin cancer, including scrotal cancer, have been reported among 
workers who had been occupationally exposed to creosote. A cohort study of wood 
impregnators in Norway and Sweden and a cohort study of timber workers in Finland, 
who had been exposed to creosote, reported a statistically significant excess incidence of 
non-melanoma skin cancer. A study of power linesmen in Sweden did not report any 
statistically significant increase in the incidence of cancer, although the risk for non-
melanoma cancer was slightly increased. A nested case–control study of lung cancer 
among a cohort of gas and electricity workers in France reported an increased risk for 
exposure to creosote, with evidence of an exposure–response relationship. A cohort study 
of workers in the USA who had used creosote for the treatment of wood indicated the 
possibility of an increase in mortality from lung cancer. A study that applied a job–
exposure matrix to job titles in the Swedish census and linked this to cancer incidence 
found an increase in the incidence of cancers of the renal pelvis and urinary bladder that 
was related to exposure to creosote. 

Aluminium production 

The first reports of risk for cancer associated with work in the aluminium production 
industry were made in the 1970s in the former USSR. A series of reports from Québec, 
Canada, showed statistically significant excess risks and positive exposure–response 
relationships for lung and urinary bladder cancer after adjustment for tobacco smoking. A 
study of an aluminium production plant in British Columbia, Canada, found statistically 
significant exposure-related trends in risk for both lung and urinary bladder cancer. A 
Norwegian cohort study showed an increase in the risk for cancer of the urinary bladder 
but not of the lung. In a study of multiple plants in the USA, the risk for lung cancer was 
close to that expected, but a statistically significant excess risk for bladder cancer was 
found. A study in the French aluminium industry reported excesses in the risk for cancer 
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of the lung and urinary bladder. In a recent meta-analysis of studies that used benzo[a]-
pyrene as an index of exposure to PAHs, results from eight cohort studies of lung cancer 
and six studies of urinary bladder cancer in aluminium workers were pooled. Pooled risk 
estimates indicated a positive exposure–response relationship between cumulative 
exposure to benzo[a]pyrene and both urinary bladder and lung cancer.  

In two studies, statistically significant increases in the incidence of lymphatic and 
haematopoietic cancers were reported for aluminium workers. Increased risks for 
pancreatic cancer were also reported in two studies. 

Carbon electrode manufacture 

A study of carbon electrode workers in China showed an excess risk for lung cancer 
and a positive exposure–response relationship between increasing exposure to carbon 
compounds and lung cancer risk. When the study was limited to nonsmokers, the 
increased risk was still observed. However, the study included both carbon electrode 
workers and pot-room workers in an aluminium smelter, and it is questionable how much 
of the excess risk may be attributed to exposures in carbon electrode manufacture. A 
small study of carbon electrode manufacturing workers in Japan showed an excess 
incidence of lung cancer. A large study of workers at a carbon product department of a 
plant in the USA showed no excess incidence of respiratory cancer and no exposure–
response trend in internal analyses. A cohort study of two plants in France and two cohort 
studies from Italy provided no evidence for an increased risk for lung cancer associated 
with carbon electrode manufacture. A small study from Sweden based on only two cases 
was uninformative due to small numbers. 

Calcium carbide production 

One study of calcium carbide production workers showed an increased risk for 
cancers of the prostate and of the colon but not of the lung. The study provided little 
information on risk for cancer in relation to exposure to PAHs. 

Chimney sweeps and other exposures to soot 

A large cohort study of chimney sweeps in Sweden showed an excess incidence of 
cancers of the lung, oesophagus, urinary bladder and haematolymphatic system; the 
excess remained after adjustment for tobacco smoking and a trend in exposure–response 
was observed. A smaller cohort study of chimney sweeps in Germany showed excess 
mortality from lung cancer, and a Danish cohort study showed an excess of cancer deaths 
among chimney sweeps. Record linkage studies from Finland and Norway showed 
increased risks for lung cancer, although the results from the Finnish study were not 
statistically significant. A record linkage study from the United Kingdom showed no 
increased mortality from lung cancer. A large number of case series reported an increased 
risk for skin cancer, especially scrotal cancer, among chimney sweeps. 
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Case–control studies by cancer site 

Lung 

Smoking-adjusted increased risks for lung cancer were reported for several industries 
and for general occupational exposures to PAHs in Germany, Norway and Sweden. The 
two larger studies (Germany and Sweden) also found positive exposure–response 
relationships. A study of lung cancer in Canada found an excess risk for exposure to 
PAHs from any occupational source among light smokers and nonsmokers only; a Dutch 
study reported inconsistent results. 

Other sites 

Six studies of renal-cell carcinoma and exposure to PAHs were reviewed. One 
showed an increased risk among coke-oven workers and another study found a 
statistically non-significant positive association with exposure to coke. Exposure to coal 
tar and to coal-tar pitch was assessed in three studies of renal-cell carcinoma; a 
statistically significant or nearly significant increase in odds ratios was found in all three 
studies. Three studies investigated occupational exposures to PAHs and the incidence of 
renal-cell carcinoma; one was uninformative due to the small number of exposed cases 
and the other two found no excess risk for renal-cell carcinoma. 

Among eight case–control studies of urinary bladder cancer and occupational 
exposure to PAHs, exposure to mixtures of coal-tar pitch, coal tar and asphalt was 
assessed in three, two of which found a statistically significant excess risk. Assessment of 
exposure based on industries or job titles gave inconsistent results for bladder cancer 
risks. Four studies assessed general occupational exposure to PAHs and one found a 
borderline significantly increased risk for cancer of the urinary bladder. 

Three studies of laryngeal cancer consistently showed statistically significant 
associations with exposure to PAHs, as assessed from lifetime occupational history. 
Case–control studies of skin cancer (two studies), pancreatic cancer (three studies and one 
meta-analysis of four case–control studies), stomach cancer (two studies), oesophageal 
cancer (two studies) and prostate cancer (two studies) assessed jobs that entailed high 
known occupational exposure to PAHs; the results were inconsistent. 

Dietary intake 

Few epidemiological studies have directly investigated the association between 
dietary intake of PAHs and risk for cancer. The studies conducted to date have all used a 
questionnaire with a meat-cooking module in conjunction with a database of levels of 
benzo[a]pyrene that was used as a marker for total intake of PAHs. Three case–control 
studies of colorectal adenoma, a precursor of cancer, showed small to moderate increases 
in risk with higher estimated intake of benzo[a]pyrene. In contrast, there was no 
association with intake of benzo[a]pyrene in a case–control study of colon cancer. One 
case–control study of pancreatic cancer found a moderate increase in risk associated with 
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benzo[a]pyrene intake; no association was found in one study of prostatic cancer and non-
Hodgkin lymphoma. The available information is at present too limited to draw definitive 
conclusions. 

5.3 Animal carcinogenicity data 

Studies on the carcinogenicity in experimental animals of anthanthrene, anthracene, 
benz[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, 
benzo[a]fluorene, benzo[b]fluorene, benzo[c]fluorene, benzo[ghi]perylene, benzo[c]-
phenanthrene, benzo[a]pyrene, benzo[e]pyrene, chrysene, coronene, cyclopenta[cd]pyrene, 
dibenz[a,c]anthracene, dibenz[a,h]anthracene, dibenz[a,j]anthracene, dibenzo[a,e]fluoran-
thene, dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, dibenzo[a,i]pyrene, dibenzo[a,l]pyrene, 
fluoranthene, fluorene, indeno[1,2,3-cd]pyrene, 1-methylchrysene, 2-methylchrysene, 3-
methylchrysene, 4-methylchrysene, 5-methylchrysene, 6-methylchrysene, 2-methylfluoran-
thene, 3-methylfluoranthene, perylene, phenanthrene, pyrene and triphenylene were 
considered by previous working groups. For these compounds, only studies that were 
evaluated since that time are summarized below. 

Acenaphthene was tested for carcinogenicity by dermal administration in two 
experiments in mice, both of which were considered to be inadequate for an evaluation. 

2,3-Acepyrene (cyclopentano[cd]pyrene) was tested for carcinogenicity in one 
initiation–promotion study and one study of repeated dermal application in mice, both of 
which gave negative results. 

Anthanthrene was tested for carcinogenicity on mouse skin in one initiation–
promotion study that gave negative results. Anthanthrene also gave negative results when 
tested for carcinogenicity by intramamillary administration to rats.  

Anthracene was tested for carcinogenicity on mouse skin in two experiments, one of 
which was an initiation–promotion study. Both gave negative results. It also gave 
negative results when administered by subcutaneous injection to mice in one study.  

11H-Benz[bc]aceanthrylene gave positive results when tested for carcinogenicity in 
one initiation–promotion study on mouse skin, but gave negative results after 
subcutaneous injection to mice. 

Benz[j]aceanthrylene was tested for carcinogenicity in one dermal initiation–
promotion study on mouse skin and after intraperitoneal administration to mice. In both 
instances, highly significant increases in tumour incidence and/or in the number of 
tumours per animal were observed. 

Benz[l]aceanthrylene was tested for carcinogenicity in one dermal initiation–
promotion experiment in mice, in which it was positive as a tumour initiator. 

Benz[a]anthracene was tested for carcinogenicity in a number of bioassays. It gave 
negative results in one study of repeated application on mouse skin and positive results in 
four initiation–promotion studies on mouse skin. In three assays in newborn mice, results 
were positive in two studies and questionable in one study, possibly due to the low dose 



760 IARC MONOGRAPHS VOLUME 92  

 

tested. One study of intratracheal instillation and one of buccal pouch application in 
hamsters and one study of intramammary administration to rats gave negative results. 

Benzo[b]chrysene was tested for carcinogenicity on mouse skin in one initiation–
promotion study that gave positive results.  

No data were available to the Working Group on the carcinogenicity of 
benzo[g]chrysene in experimental animals. 

Benzo[a]fluoranthene was tested for carcinogenicity in one initiation–promotion 
experiment in mice that gave positive results. 

Benzo[b]fluoranthene was tested for carcinogenicity by dermal application in mice 
in multiple studies, by intraperitoneal injection into mice in one study and by intra-
pulmonary implantation into rats in one study. In all of these studies, benzo[b]-
fluoranthene exhibited significant carcinogenic activity. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of benzo[ghi]fluoranthene in experimental animals. 

Benzo[j]fluoranthene was tested for carcinogenicity by dermal application in mice in 
four studies, by intraperitoneal injection into newborn mice in two studies and by 
intrapulmonary implantation into rats in one study. With the exception of one study in 
newborn female mice, benzo[j]fluoranthene exhibited significant carcinogenic activity in 
all of the assays. 

Benzo[k]fluoranthene was tested for carcinogenicity by dermal application in mice 
in one study, by intraperitoneal injection into newborn mice in one study and by 
intrapulmonary implantation into rats in one study. Benzo[k]fluoranthene exhibited 
significant carcinogenic activity in the dermal and intrapulmonary assays. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of benzo[a]fluorene in experimental animals. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of benzo[b]fluorene in experimental animals. 

Benzo[c]fluorene was tested for carcinogenicity by oral and intraperitoneal 
administration to mice; both studies gave positive results. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of benzo[ghi]perylene in experimental animals. 

Benzo[c]phenanthrene was tested for carcinogenicity by intraperitoneal injection 
into infant mice, which resulted in a substantial induction of lung tumours. 

In several studies in which benzo[a]pyrene was applied to the skin of different 
strains of mice, benign and malignant skin tumours were observed. No skin tumours 
developed in mice that lacked the aryl hydrocarbon receptor (AhR–/– mice). In a large 
number of initiation–promotion studies, benzo[a]pyrene was active as an initiator when 
applied to the skin of mice. 

In a series of studies in newborn and adult mice, intraperitoneal injection of 
benzo[a]pyrene increased the incidence of liver and lung tumours and, occasionally, that 
of forestomach and lymphoreticular tumours. 
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Subcutaneous injection of benzo[a]pyrene induced malignant tumours (mainly 
fibrosarcomas) at the injection site in mice, rats and hamsters. AhR–/– mice did not 
develop tumours.  

Intratracheal administration of benzo[a]pyrene alone or mixed with particulates and 
suspended in saline with or without suspendents resulted in benign and malignant 
respiratory tumours in numerous studies in hamsters and in a few studies in rats and mice. 
Larger benzo[a]pyrene particles were generally more effective than smaller ones. Mice 
that lack the nucleotide excision repair gene XPA (XPA–/– mice) showed a stronger lung 
tumour response after intratracheal instillation of benzo[a]pyrene than their similarly 
treated XPA+/+ and XPA+/– counterparts. 

Following administration of benzo[a]pyrene by gavage or in the diet to mice and rats 
of different strains, increased tumour responses were found in several organs, including 
the lung, forestomach, liver, lymphoreticular tissue, oesophagus and tongue. Oral 
administration of benzo[a]pyrene to XPA–/– mice resulted in a significantly higher 
increase in lymphomas than that observed in similarly treated XPA+/– and XPA+/+ mice. 
Benzo[a]pyrene administered by gavage to XPA–/–/p53+/– double transgenic mice induced 
tumours (mainly splenic lymphomas and forestomach tumours) much earlier and at a 
higher incidence than in similarly treated single transgenic and wild-type counterparts. 
These cancer-prone XPA–/– or XPA–/–/p53+/– mice also developed a high incidence of 
(mainly) forestomach tumours when fed benzo[a]pyrene in the diet.  

Dose-related increases in the incidence of malignant lung tumours were found after 
injection of benzo[a]pyrene in beeswax/tricaprylin or beeswax/trioctanoin into the lung 
tissue of rats.  

In a lifespan inhalation study in male hamsters, benzo[a]pyrene induced dose-related 
increases in the incidence of polyps, papillomas and squamous-cell carcinomas in both 
the upper respiratory tract (nose, larynx and trachea) and the upper digestive tract 
(pharynx, oesophagus and forestomach).  

Repeated application of benzo[a]pyrene to the buccal pouch mucosa of male hamsters 
resulted in a high incidence of forestomach papillomas. 

In rat subcutaneous tracheal grafts exposed to benzo[a]pyrene in beeswax, a high 
incidence of squamous-cell carcinomas was found. In one of 13 benzo[a]pyrene-exposed 
human bronchial grafts transplanted subcutaneously into nude mice, a squamous-cell 
carcinoma developed, while four other grafts developed preneoplastic epithelial changes.  

In three studies in rats, benign and malignant mammary gland tumours developed 
after intramamillary administration of benzo[a]pyrene. 

In three studies in mice, intracolonic instillation of benzo[a]pyrene induced a variety 
of benign and malignant tumours in various organs but no colonic tumours. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of benzo[e]pyrene in experimental animals. 

The carcinogenicity of chrysene was assessed in three studies in newborn mice, in 
three initiation–promotion studies in mice and after pulmonary implantation into rats. 
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Chrysene gave a positive response in two of three assays in newborn mice, in one of three 
initiation–promotion studies and in the pulmonary implantation study. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of coronene in experimental animals. 

4H-Cyclopenta[def]chrysene was tested for carcinogenicity in two initiation–
promotion experiments in mice, in which a positive response was observed. 

Cyclopenta[cd]pyrene was tested for carcinogenicity by repeated dermal exposure of 
mice and by intraperitoneal administration to newborn and adult mice. In all of these 
studies, cyclopenta[cd]pyrene gave a positive response. 

5,6-Cyclopenteno-1,2-benzanthracene was tested for carcinogenicity in mouse skin 
in two similarly designed studies that were conducted in the same laboratory; both studies 
gave positive results.  

Dibenz[a,c]anthracene was tested for carcinogenicity in an initiation–promotion 
study in mouse skin, but the results were questionable, presumably due to the low 
initiating doses of dibenz[a,c]anthracene that were used. Dibenz[a,c]anthracene gave 
negative results when administered subcutaneously to mice, and tumour incidence was 
not significantly increased over that observed in controls when the compound was 
administered intraperitoneally to newborn mice.  

Dibenz[a,h]anthracene was tested for carcinogenicity by dermal application in mice, 
subcutaneous injection into mice and rats, intraperitoneal injection into mice, 
intrapulmonary injection into mice and rats and intramammary and intratracheal injection 
into rats. In the majority of these studies, dibenz[a,h]anthracene exhibited significant 
carcinogenic activity. 

Dibenz[a,j]anthracene was tested for carcinogenicity in three studies on mouse skin, 
each of which showed a positive response. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of dibenzo[a,e]fluoranthene in experimental animals. 

13H-Dibenzo[a,g]fluorene was tested for carcinogenicity in two bioassays in which 
mice received repeated dermal applications. Both assays yielded positive results, although 
control groups were not included for comparison. 

Dibenzo[h,rst]pentaphene was tested for carcinogenicity in one study in mice by 
subcutaneous injection and gave positive results.  

Dibenzo[a,e]pyrene was assessed in two initiation–promotion studies on mouse skin. 
One of the studies gave positive results, while the other gave negative results. 
Dibenzo[a,e]pyrene gave negative results when tested for carcinogenicity by 
intramamillary administration to rats. 

Dibenzo[a,h]pyrene was tested for carcinogenicity in one study on mouse skin, in 
three tumour initiation–promotion studies on mouse skin, by intraperitoneal injection into 
mice and by intramammary injection into rats. It exhibited significant carcinogenic 
activity in all of these studies. 

Dibenzo[a,i]pyrene was tested for carcinogenicity in three initiation–promotion 
studies in mouse skin, one study of subcutaneous injection into mice, one study of 
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intraperitoneal administration to newborn mice, two studies of intratracheal 
administration to hamsters and one study of intramamillary administration to rats. All 
studies gave positive results.  

Dibenzo[a,l]pyrene was tested for carcinogenicity in studies of single and repeated 
dermal application to mice, as well as several initiation–promotion studies on mouse skin; 
all studies gave positive results. Dibenzo[a,l]pyrene also induced oral cavity tumours 
when applied dermally to the tongue of hamsters, and lung tumours in mice following 
intraperitoneal injection. In addition to lung tumours, dibenzo[a,l]pyrene induced hepatic 
tumours and a variety of tumours at other sites when administered intraperitoneally to 
newborn mice. Multiple tumour sites were also observed following intragastric 
application of dibenzo[a,l]pyrene in mice. Intramamillary administration to rats also 
yielded positive results. Furthermore, two studies in fish demonstrated that non-
mammalian species are also susceptible to dibenzo[a,l]pyrene-induced tumorigenicity.  

Dibenzo[e,l]pyrene was tested for carcinogenicity in one study and in one initiation–
promotion study on mouse skin, both of which gave negative results.  

1,2-Dihydroaceanthrylene was tested in an early design-limited study by 
subcutaneous injection into mice and yielded negative results. More recently, it was tested 
in two intraperitoneal bioassays in newborn mice. In one assay, an increase in lung 
tumours was observed at the highest dose administered in males and females combined. 

1,4-Dimethylphenanthrene was tested in two initiation–promotion studies in mice 
and gave positive results. 

Fluoranthene was tested for carcinogenicity in four studies in newborn mice and in 
one study in mice by dermal application. All the studies in newborn mice gave positive 
results, whereas the study in mouse skin gave negative results.  

No new studies were available to the Working Group to evaluate the carcinogenicity 
of fluorene in experimental animals. 

Indeno[1,2,3-cd]pyrene was tested for carcinogenicity in two initiation–promotion 
studies in mice, both of which gave positive results, and by pulmonary injection into rats, 
which also yielded positive results. Indeno[1,2,3-cd]pyrene did not induce tumours in 
newborn mice following intraperitoneal injection. Indeno[1,2,3-cd]pyrene was 
administered subcutaneously to mice in an experiment that did not include control 
animals; sarcomas were observed.  

No new studies were available to the Working Group to evaluate the carcinogenicity 
of 1-methylchrysene in experimental animals. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of 2-methylchrysene in experimental animals.  

No new studies were available to the Working Group to evaluate the carcinogenicity 
of 3-methylchrysene in experimental animals.  

No new studies were available to the Working Group to evaluate the carcinogenicity 
of 4-methylchrysene in experimental animals.  
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5-Methylchrysene was tested for carcinogenicity in numerous initiation–promotion 
studies in mice and by intraperitoneal administration to newborn mice in one study and to 
adult mice in another study. All of these studies gave positive results. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of 6-methylchrysene in experimental animals.  

2-Methylfluoranthene was tested for carcinogenicity in one study by intraperitoneal 
administration to newborn mice which gave positive results.  

3-Methylfluoranthene was tested for carcinogenicity in one study by intraperitoneal 
injection to newborn male mice which gave positive results.  

1-Methylphenanthrene was tested for carcinogenicity in an initiation–promotion 
study in mice and was negative. 

Naphtho[1,2-b]fluoranthene was tested for carcinogenicity in one initiation–
promotion experiment in mice that gave positive results.  

Naphtho[2,1-a]fluoranthene was tested for carcinogenicity in one initiation–
promotion experiment in mice that gave positive results. 

Naphtho[2,3-e]pyrene was tested for carcinogenicity in one initiation–promotion 
experiment in mice and in one study by repeated dermal application in mice. The 
initiation–promotion study gave positive results; repeated dermal application gave 
negative results. 

Perylene was tested for carcinogenicity by dermal application in mice (repeated dose 
and initiation–promotion protocols) and by intraperitoneal injection into mice. All studies 
gave negative results.  

Phenanthrene was tested for carcinogenicity in one repeated-dose study on mouse 
skin and in one study of intrapulmonary injection into rats. Both studies gave negative 
results. 

Picene was tested for carcinogenicity in an early design-limited study by dermal 
application in mice which gave negative results. More recently, picene was tested in three 
studies in mice by dermal application, two of which were initiation–promotion 
experiments. All three studies gave positive results. Picene has also been tested by 
subcutaneous injection into newborn and adult mice, and young rats. It gave positive 
results in mice and negative results in rats. 

Pyrene was tested for carcinogenicity on mouse skin, in multiple studies in newborn 
mice and in A/J mice. All studies gave negative results. 

No new studies were available to the Working Group to evaluate the carcinogenicity 
of triphenylene in experimental animals. 

A number of studies assessed the carcinogenicity of defined mixtures of PAHs in 
different species using various treatment regimens. Examples include the co-adminis-
tration of binary mixtures of strong (e.g. benzo[a]pyrene) and weak (e.g. benzo[e]pyrene) 
carcinogens onto mouse skin, using repeated dosing or initiation–promotion protocols, 
and the subcutaneous injection of binary mixtures of strong (e.g. benzo[a]pyrene) and 
weak (e.g. benzo[e]pyrene) or two strong (e.g. benzo[a]pyrene and dibenz[a,h]anthra-
cene) carcinogens into mice. In some experiments, tumorigenic responses were consistent 
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with an additive effect. In other instances, the tumorigenic responses were less than or 
greater than the anticipated additive response. The reasons for these variations in tumori-
genicity were not apparent. Additional experiments included the administration of 
multiple PAHs, including those with both strong and weak carcinogenic potential. As 
with the binary mixtures, the responses were varied; nevertheless, at low doses of the 
mixtures, greater than additive responses were observed while, at high doses, these were 
less than additive, perhaps due to metabolic saturation. 

The carcinogenicity of a variety of coal-tar preparations has been assessed in 
various species. The carcinogenicity of solvent-refined coal distillates and their 
subfractions was assessed in two initiation–promotion studies in mice, both of which gave 
positive results. Coaltar-based paints were evaluated in one initiation–promotion study 
and one study by oral administration to mice; both gave positive results. Crude coal-tar 
preparations were assessed in two studies in mouse skin (one of which used repeated 
doses and the other used an initiation–promotion protocol). The study with repeated doses 
was inadequate for an evaluation of carcinogenicity, but the initiation–promotion study 
gave positive results. Coal-tar pitch was assessed by repeated application onto mouse skin 
in four studies, all of which gave positive results. Manufactured gas plant residues were 
evaluated in two studies of oral administration to mice and one study in newborn mice. 
All gave positive results. 

5.4 Mechanism of action and other relevant data 

Exposure to PAHs, most of which are associated with a solid or liquid matrix in 
aerosols of polluted air or food, occurs through the airways, skin and digestive tract. The 
bioavailabilities of individual PAHs may differ and contribute to differences in activity, 
particularly for those that contain five or more aromatic rings. Bioavailable fractions of 
PAHs are absorbed into the circulation through all three routes. Metabolic activation of 
lipophilic PAHs occurs primarily in the liver, but also in many other tissues, including the 
epithelial barriers. Although distribution through the circulatory system is widespread, 
slow absorption through most epithelia results in higher levels of enzymes that activate 
PAH substrates at the site of entry. This uneven distribution of dose is a factor that may 
contribute to the high propensity of PAHs to act as carcinogens at the sites where they 
enter the body. 

PAHs are metabolized by phase I enzymes and peroxidases, which produce DNA-
reactive metabolites, and phase II enzymes, which form polar conjugates. Phase I 
enzymes, such as cytochrome P450s, catalyse the mono-oxygenation of PAHs to form 
phenols and epoxides. Specific cytochrome P450 isozymes and epoxide hydrolase can 
form reactive diol epoxides that comprise one class of ultimate carcinogenic metabolites 
of many PAHs. Both cytochrome P450s and peroxidases can form radical cations by one-
electron oxidation that comprise another class of ultimate carcinogenic metabolites. 
Further oxidation of PAH phenols leads to the formation of PAH quinones. The major 
cytochrome P450s that are involved in the formation of diol epoxides are 1A1, 1A2 and 
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1B1, while 2C9 and 3A4 play a minor role in the activation of PAHs. PAHs induce 
increased expression of activating cytochrome P450s via enhanced aryl hydrocarbon 
receptor-mediated transcription. Polymorphisms in human cytochrome P450s have been 
identified, some of which may be associated with increased susceptibility. Additional 
enzymes that may play a role in the further activation of some PAH diols include 
members of the aldo-keto reductase family, among which polymorphisms that influence 
susceptibility have been identified. Nicotinamide adenine dinucleotide phosphate:quinone 
oxidoreductase 1 catalyses the reduction of PAH quinones to hydroquinones which may 
be re-oxidized and generate reactive oxygen species. Polymorphisms in this gene have 
also been described. 

The major phase II enzymes include the glutathione S-transferases, uridine 5′-
diphosphate glucuronosyltransferases and sulfotransferases . The major glutathione S-
transferases involved in the conjugation of PAH metabolites are M1, P1 and T1. Multiple 
polymorphisms of these as well as polymorphisms in both uridine 5′-diphosphate 
glucuronosyl- and sulfotransferases have been identified, some of which can modulate 
susceptibility to cancer. 

The current understanding of the carcinogenesis of PAHs in experimental animals is 
almost solely based on two complementary mechanisms: those of the diol epoxide and the 
radical cation. Each provides a different explanation for the data observed in experimental 
animals. 

The diol epoxide mechanism features a sequence of metabolic transformations of 
PAHs, each of which leads to potentially reactive genotoxic forms. In general, PAHs are 
converted to oxides and dihydrodiols, which are in turn oxidized to diol epoxides. Both 
oxides and diol epoxides are ultimate DNA-reactive metabolites. PAH oxides can form 
stable DNA adducts and diol epoxides can form stable and depurinating adducts with 
DNA through electrophilic carbonium ions. The inherent reactivities of oxides and diol 
epoxides are dependent on topology (e.g. bay regions, fjord regions, cyclopenta rings), 
and the reactivity of diol epoxides is further dependent on factors such as stereochemistry 
and degree of planarity. Both stable and depurinating adducts are formed primarily with 
guanines and adenines, and induce mutations (e.g. in ras proto-oncogenes) that are 
strongly associated with the tumorigenic process. Some mutagenic PAH diols, oxides and 
diol epoxides are tumorigenic in experimental animals. 

One-electron oxidation creates radical cations at a specific position on some PAHs. 
The ease of formation and relative stabilities of radical cations are related to the ionization 
potential of the PAH. Additional important factors in the radical cation mechanism are 
localization of charge in the PAH radical cation and optimal geometric configuration, 
particularly the presence of an angular ring. The radical cation mechanism results in the 
formation of depurinating DNA adducts with guanines and adenines, which generate 
apurinic sites that can induce mutations in ras proto-oncogenes, which are strongly 
associated with tumorigenesis. 

There is strong evidence that the diol epoxide mechanism operates in the mouse lung 
tumorigenesis of many PAHs evaluated in this monograph. For some PAHs, there is 
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strong evidence that both radical cation and diol epoxide mechanisms induce mouse skin 
carcinogenesis. Many of the pathways that lead to PAH carcinogenesis involve geno-
toxicity, and the genotoxic effects of PAHs and their metabolites were included in the 
overall evaluation of each PAH discussed. 

The genotoxic effects of exposure to complex mixtures that contain PAHs have been 
studied in some populations exposed in industrial settings and in patients who undergo 
coal-tar therapy. Measured end-points include mutagenicity in urine and the presence of 
aromatic DNA adducts in the peripheral lymphocytes of exposed workers. In some 
studies, specific benzo[a]pyrene–DNA adducts have been measured. Cytogenetic effects 
such as micronucleus formation have also been reported. 

Other mechanisms of carcinogenesis have been proposed for PAHs, but these are less 
well developed. The ortho-quinone/reactive oxygen species mechanism features enzy-
matic oxidation of non-K-region PAH diols to ortho-quinones by aldo-keto reductases, 
and has been studied only in in-vitro systems. These PAH ortho-quinones are highly 
reactive towards DNA; they yield DNA adducts and damage DNA. PAH ortho-quinones 
induce mutations in the p53 tumour-suppressor gene in vitro; they can also undergo 
repetitive redox cycling and generate reactive oxygen species, which have been associated 
with oxidative DNA-base damage as well as the induction of pro-oxidant signals that may 
have consequences on growth. Reactive oxygen species can also be produced by other 
mechanisms such as the formation of PAH quinones through peroxidase reactions. Thus, 
this pathway has the potential to contribute to the complete carcinogenicity of a parent 
PAH. 

The mechanism of meso-region biomethylation and benzylic oxidation features 
biomethylation of parent PAHs to methyl PAHs. Methyl PAHs are further metabolized 
by cytochrome P450s to hydroxymethyl PAHs that are converted into reactive sulfate 
ester forms that are capable of forming DNA adducts. Studies on this mechanism have 
been limited to subcutaneous tissues in rats that are susceptible to PAH tumorigenesis. 

Several of the biological effects of PAHs, such as enzyme induction of xenobiotic 
metabolizing enzymes, immunosuppression, teratogenicity and carcinogenicity, are 
thought to be mediated by activation of the aryl hydrocarbon receptor. This receptor is 
widely distributed and has been detected in most cells and tissues. There is also evidence 
that the aryl hydrocarbon receptor acts through a variety of pathways and, more recently, 
that cross-talk with other nuclear receptors enables cell type-specific and tissue-specific 
control of gene expression. Translocation of the activated aryl hydrocarbon receptor to the 
nucleus may require threshold concentrations of the ligand. Various oxidative and 
electrophilic PAH metabolites are also known to induce enzyme systems via anti-oxidant 
receptor elements. The biological effects of aryl hydrocarbon receptor and anti-oxidant 
receptor element signalling involve a variety of cellular responses, including regulation of 
phase I and II metabolism, lipid peroxidation, production of arachidonic acid-reactive 
metabolites, decreased levels of serum thyroxine and vitamin A and persistent activation 
of the thyroid hormone receptor. Aryl hydrocarbon receptor signalling may result in 
adaptive and toxic responses or perturbations of endogenous pathways. Furthermore, 
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metabolic activation of PAHs produces cellular stress. This in turn activates mitogen-
mediated protein kinase pathways, notably of Nrf2. The Nrf2 protein dimerizes with Maf-
oncoproteins to enable binding to an anti-oxidant/electrophilic response element, which 
has been identified in many phase I/II and other cellular defence enzymes and controls 
their expression. Therefore, cellular stress may be regulated independently of aryl 
hydrocarbon receptor-mediated xenobiotic metabolizing enzymes.  

PAHs exert many important effects on the immune system of many species. The dose 
and route of exposure determine the nature of the effect of specific and adaptive immune 
responses. Extremely limited or no data are available on many of the pure PAHs (with the 
exception of benzo[a]pyrene) and complex mixtures considered in this monograph. 
Studies with those PAHs that have been investigated indicate that the aryl hydrocarbon 
receptor plays a critical role in the activation of immunotoxic PAHs via diol epoxide 
mechanisms that lead to DNA interactions, cause genotoxicity and suppress immunity by 
p53-dependent pathways. Benzo[a]pyrene diol epoxide may also affect protein targets 
and modulate lymphocyte signalling pathways via non-genotoxic (epigenetic) 
mechanisms. Certain PAH metabolites, such as benzo[a]pyrene quinones, may be formed 
via cytochrome P450-dependent and -independent (peroxidase) pathways, and redox-
cycling PAH quinones may exert oxidative stress in lymphoid cells. Human exposures 
usually involve complex mixtures of PAHs, and it is difficult to attribute the relative 
contributions of individual PAHs to the overall immunotoxic effects. There is some 
evidence that human environmental exposures to PAHs may produce immunotoxicity, 
but further studies are needed. 

Since PAHs are ubiquitous in the environment, and concomitant exposure of humans 
to PAHs and ultraviolet light is inevitable, the photomutagenicity and photocarcino-
genicity of these compounds are of considerable importance to human health. PAH-
contaminated skin may be exposed to sunlight, which is of greatest concern in outdoor 
workers who handle products that contain PAHs. Such workers include roofers, tanners 
and road construction workers. Some commercial medicines also contain PAHs. For 
example, coal tar, a complex mixture of PAHs, is widely used in creams, ointments, 
lotions and shampoos for the treatment of psoriasis (the Goeckerman therapy). A topical 
application of coal tar on the skin followed by irradiation with ultraviolet light has been 
found to increase the risk for developing skin cancer.  

PAHs must be metabolically activated in order to induce tumours. However, 
individuals differ in their ability to metabolize PAHs: people who are deficient in 
particular enzymes that activate PAHs to reactive metabolites may be at a lower risk for 
chemical carcinogenesis, whereas deficiencies in enzymes that detoxify reactive meta-
bolites may increase this risk. Some of the epidemiological studies that have been 
conducted to date have shown positive relationships between genetic polymorphisms of 
drug-metabolizing enzymes and susceptibility to cancer, while others have been 
inconclusive. Many factors, including race, age, sex, tobacco smoking, alcohol intake and 
genetic factors, could induce or inhibit drug-metabolizing activities which indicates that a 
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complex interaction exists. Multi-gene and exposure interactions may also play a complex 
role in the interpretation of any increases in risk. 

Newborn animals treated with benzo[a]pyrene or dimethylbenz[a]anthracene have 
been shown to develop higher incidences of liver and lung tumours than animals treated 
later in life. The age-dependent susceptibility to these two compounds may be dependent 
on their ability to act as mutagens. Analyses of data on a variety of chemicals for which 
tumour incidence following perinatal exposure was compared with that following adult 
exposure show that the increased susceptibility may be linked to a mutagenic mechanism 
of action. In addition, studies on the carcinogenicity of dimethylbenz[a]anthracene 
indicate that a potential period of increased susceptibility to mammary tumorigenesis 
exists during the pubertal period of development. 

The available data on the effects of PAHs other than cancer are sparse, with the 
exception of reproductive or developmental and immunological studies. Chronic 
bioassays are available for benzo[a]pyrene, but they do not include histological analyses. 
Short-term studies, however, indicate that limited hepato- and nephrotoxic effects occur at 
high doses. Human exposure to polluted air containing mixtures of PAHs and animal 
studies with individual PAHs indicate that these compounds may affect the developing 
fetus and impair male and female reproductive performance. 

Mechanistic considerations pertinent to the evaluations 

In making its evaluations of the compounds below, the Working Group considered 
the following mechanistic data. 

Benz[j]aceanthrylene is mutagenic in bacteria and in mammalian cells. It causes 
morphological cell transformation in mouse embryonic fibroblasts. K-Ras codon 
12 mutations are found in benz[j]aceanthrylene-induced lung adenomas in mice. Benz[j]-
aceanthrylene-1,2-diol, which is formed by cyclopenta-ring oxidation of the parent 
compound, is found in rodent liver and lung tissue. This metabolite is also formed in vitro 
in the presence of human microsomes. Benz[j]aceanthrylene-1,2-oxide is mutagenic in 
bacteria and causes malignant cell transformation in mouse embryonic fibroblasts. 
Benz[j]aceanthrylene-9,10-diol and benz[j]aceanthrylene-9,10-diol-7,8-oxide, which are 
formed via the diol epoxide pathway, are mutagenic in bacteria, cause malignant cell 
transformation in mouse embryonic fibroblasts and form DNA adducts in these cells. 
Benz[j]aceanthrylene-9,10-diol-7,8-oxide–DNA adducts have been found in 
benz[j]aceanthrylene-induced lung tumours in mice. 

There is strong evidence that benz[j]aceanthrylene is activated via cyclopenta-ring 
oxidation and the formation of its diol epoxide. 

The Working Group did not review all the mechanistic data on 
benzo[c]phenanthrene, but concluded that the formation of its diol epoxide as a 
mechanism for tumorigenesis is consistent with its activity as a mouse skin tumour 
initiator in a limited number of studies. 
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The complete sequence of steps in the metabolic activation pathway of 
benzo[a]pyrene to mutagenic and carcinogenic diol epoxides has been demonstrated in 
experimental animals, in human tissues and in humans. Following exposure, humans 
metabolically activate benzo[a]pyrene to benzo[a]pyrene diol epoxides that form DNA 
adducts: the anti-benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine adduct has been 
measured in populations (e.g. coke-oven workers, chimney sweeps) exposed to PAH 
mixtures that contain benzo[a]pyrene. The reactive anti-benzo[a]pyrene-7,8-diol-9,10-
oxide induces mutations in rodent and human cells. Mutations (G→T transversions) in 
the K-ras proto-oncogene in lung tumours from benzo[a]pyrene-treated mice are 
associated with anti-benzo[a]pyrene-7,8-diol-9,10-oxide–deoxyguanosine adducts. Simi-
lar mutations in the K-RAS proto-oncogene and mutations in TP53 were found in lung 
tumours from nonsmokers exposed to PAH-rich products of coal combustion that are 
known to contain benzo[a]pyrene (as well as many other PAHs). In an in-vitro study, the 
codons in the tumour-suppressor gene TP53 that are most frequently mutated in human 
lung cancer were shown to be targets for DNA adduct formation and mutations induced 
by benzo[a]pyrene. 

Cyclopenta[cd]pyrene induces mutation in bacteria, in mammalian cells and in 
various human cell lines that express cytochrome P450 1A1. It causes sister chromatid 
exchange and morphological cell transformation in mouse embryonic fibroblasts. Two 
major classes of K-ras oncogene mutations are found in lung adenomas from 
cyclopenta[cd]pyrene-treated mice. Cyclopenta[cd]pyrene-3,4-oxide is mutagenic in 
bacteria and in mammalian cells, and induces morphological cell transformation in mouse 
embryo fibroblasts. DNA adducts with deoxyguanosine and deoxyadenosine are found in 
the lungs of mice treated with cyclopenta[cd]pyrene. Cyclopenta[cd]pyrene-3,4-diol and 
4-hydroxy-3,4-dihydro-cyclopenta[cd]pyrene are mutagenic in bacteria in the presence of 
3′-phosphadenosine-phosphosulfate. 4-Sulfooxy-3,4-dihydrocyclopenta[cd]pyrene is a 
direct mutagen in bacteria. Human liver microsomes and recombinant human cytochrome 
P450 1A1, 1A2 and 3A4 metabolize cyclopenta[cd]pyrene at the cyclopenta ring. 

There is strong evidence that activation via cyclopenta-ring oxidation is the 
mechanism by which cyclopenta[cd]pyrene is tumorigenic in mouse lung. 

Dibenz[a,h]anthracene induces DNA damage and mutation in bacteria, DNA 
damage in cultured rodent and human cells, mutation and chromosomal damage in rodent 
cells in culture and morphological cell transformation in mouse embryonic fibroblasts. It 
induces sister chromatid exchange and micronucleus formation in lung cells and 
micronucleus formation in bone marrow and spleen erythrocytes of rats treated by 
intratracheal instillation. Dibenz[a,h]anthracene-3,4-diols (racemic mixture and the 
individual stereoisomers) are mutagenic in bacteria. Racemic dibenz[a,h]anthracene-3,4-
diol induces tumours in mouse skin and lung. Dibenz[a,h]anthracene-3,4-diol-1,2-oxide 
induces morphological cell transformation in mouse embryonic fibroblasts. Racemic 
dibenz[a,h]anthracene-3,4-diol-1,2-oxide is tumorigenic in mouse skin. Dibenz[a,h]-
anthracene is metabolized to dibenz[a,h]anthracene-3,4-diol by recombinant human liver 
cytochrome P450s and by human liver microsomes. Human skin treated with dibenz[a,h]-
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anthracene in short-term culture shows an adduct profile that is qualitatively similar to 
that seen in mouse skin treated in vivo. There is moderate evidence that activation via the 
formation of the diol epoxide is the mechanism by which dibenz[a,h]anthracene is 
tumorigenic in mouse skin. 

The complete sequence of metabolic activation of dibenzo[a,l]pyrene has been 
demonstrated in experimental animals and in human cells in culture. Dibenzo[a,l]pyrene 
is mutagenic in bacteria, in mammalian cells and in human cell lines. It causes 
morphological cell transformation in mouse embryonic fibroblasts. Dibenzo[a,l]pyrene 
induces Ki-ras mutations at codon 12 and 61 in mouse lung adenomas, and Ha-ras 
mutations at codon 61 in mouse skin papillomas. Dibenzo[a,l]pyrene-11,12-diol forms 
DNA adducts in Chinese hamster V79 cells that express recombinant human cytochrome 
P450 1A1 and is mutagenic in Chinese hamster V79 cells in the presence of metabolic 
activation systems. Recombinant human cytochrome P450 1B1, expressed in Chinese 
hamster V79 cells, metabolizes dibenzo[a,l]pyrene-11,12-diol to reactive metabolites that 
form dibenzo[a,l]pyrene–11,12-diol-13,14-oxide adducts. Dibenzo[a,l]pyrene-11,12-diols 
(racemic mixture) induce tumours in mouse skin and lung. Dibenzo[a,l]pyrene-11,12-
diol-13,14-epoxides (racemic mixture) are mutagenic in bacteria and in mammalian cells 
and induce tumours in the skin and lung of mice and in breast tissue of rats. 

There is strong evidence that the diol epoxide metabolic pathway is a mechanism in 
the induction of lung tumours in dibenzo[a,l]pyrene-treated mice and that the radical 
cation and diol epoxide metabolic pathways are mechanisms in dibenzo[a,l]pyrene-
induced mouse skin tumorigenesis. The enzymes that metabolize dibenzo[a,l]pyrene to its 
reactive diol epoxides (cytochrome P450 1A1 and 1B1) are present in human tissues and 
in human mammary cells in culture. Mutations (G→T transversions) in the K-ras proto-
oncogene in lung tumours from dibenzo[a,l]pyrene-treated mice are associated with anti-
dibenzo[a,l]pyrene-11,12-diol-13,14-oxide–DNA adducts. Similar mutations in the K-
RAS proto-oncogene were found in lung tumours from nonsmokers exposed to PAH-rich 
products of coal combustion that are known to contain dibenzo[a,l]pyrene (as well as 
many other PAHs). 

5.5 Evaluation 

There is sufficient evidence in humans for the carcinogenicity of occupational 
exposures during coal gasification. There is sufficient evidence in experimental animals 
for the carcinogenicity of manufactured gas plant residues. 

There is sufficient evidence in humans for the carcinogenicity of occupational 
exposures during coke production. There is sufficient evidence in experimental animals 
for the carcinogenicity of coke-oven coal-tar samples. There is inadequate evidence in 
experimental animals for the carcinogenicity of crude coal-tar preparations. 

There is sufficient evidence in humans for the carcinogenicity of occupational 
exposures during coal-tar distillation. There is sufficient evidence in experimental animals 
for the carcinogenicity of solvent-refined coal distillates. 
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There is sufficient evidence in humans for the carcinogenicity of occupational 
exposure as a chimney sweep. There is sufficient evidence in experimental animals for the 
carcinogenicity of soot extracts. There is inadequate evidence in experimental animals for 
the carcinogenicity of soots. 

There is sufficient evidence in humans for the carcinogenicity of occupational 
exposures during paving and roofing with coal-tar pitch. There is sufficient evidence in 
experimental animals for the carcinogenicity of coal-tar pitch. 

There is sufficient evidence in humans for the carcinogenicity of occupational 
exposures during aluminium production. 

There is limited evidence in humans for the carcinogenicity of occupational exposures 
during carbon electrode manufacture. 

There is inadequate evidence in humans for the carcinogenicity of occupational 
exposures during calcium carbide production. 

There is limited evidence in humans for the carcinogenicity of creosotes. There is 
sufficient evidence in experimental animals for the carcinogenicity of creosotes. 

There is sufficient evidence in experimental animals for the carcinogenicity of 
benz[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene, chrysene, cyclopenta[cd]pyrene, dibenz[a,h]anthracene, dibenzo[a,h]-
pyrene, dibenzo[a,i]pyrene, dibenzo[a,l]pyrene, indeno[1,2,3-cd]pyrene and 5-methyl-
chrysene. 

There is limited evidence in experimental animals for the carcinogenicity of 
anthanthrene, benz[j]aceanthrylene, benzo[c]fluorene, benzo[c]phenanthrene, dibenz[a,c]-
anthracene, dibenz[a,j]anthracene, dibenzo[a,e]fluoranthene, 13H-dibenzo[a,g]fluorene, 
dibenzo[a,e]pyrene, fluoranthene, 2-methylchrysene, 3-methylchrysene, 4-methylchrysene, 
6-methylchrysene, 2-methylfluoranthene and picene.  

There is inadequate evidence in experimental animals for the carcinogenicity of 
acenaphthene, acepyrene (3,4-dihydrocyclopenta[cd]pyrene), anthracene, 11H-
benz[bc]aceanthrylene, benz[l]aceanthrylene, benzo[b]chrysene, benzo[g]chrysene, 
benzo[a]fluoranthene, benzo[ghi]fluoranthene, benzo[a]fluorene, benzo[b]fluorene, 
benzo[ghi]perylene, benzo[e]pyrene, coronene, 4H-cyclopenta[def]chrysene, 5,6-
cyclopenteno-1,2-benzanthracene, dibenzo[h,rst]pentaphene, dibenzo[e,l]pyrene, 1,2-
dihydroaceanthrylene, 1,4-dimethylphenanthrene, fluorene, 1-methylchrysene, 3-
methylfluoranthene, 1-methylphenanthrene, naphtho[1,2-b]fluoranthene, naphtho[2,1-
a]fluoranthene, naphtho[2,3-e]pyrene, perylene, phenanthrene, pyrene and triphenylene.  

Overall evaluation 

Occupational exposures during coal gasification are carcinogenic to humans 

(Group 1). 
Occupational exposures during coke production are carcinogenic to humans 

(Group 1). 
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Occupational exposures during coal-tar distillation are carcinogenic to humans 
(Group 1). 

Occupational exposure as a chimney sweep is carcinogenic to humans (Group 1). 
Occupational exposures during paving and roofing with coal-tar pitch are 

carcinogenic to humans (Group 1). 
Occupational exposures during aluminium production are carcinogenic to humans 

(Group 1). 
Occupational exposures during carbon electrode manufacture are probably 

carcinogenic to humans (Group 2A). 
Occupational exposures during calcium carbide production are not classifiable as to 

their carcinogenicity to humans (Group 3). 
Creosotes are probably carcinogenic to humans (Group 2A). 
Benzo[a]pyrene is carcinogenic to humans (Group 1). 
Cyclopenta[cd]pyrene, dibenz[a,h]anthracene and dibenzo[a,l]pyrene are probably 

carcinogenic to humans (Group 2A). 
Benz[j]aceanthrylene, benz[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene, 

benzo[k]fluoranthene, benzo[c]phenanthrene, chrysene, dibenzo[a,h]pyrene, dibenzo[a,i]-
pyrene, indeno[1,2,3-cd]pyrene and 5-methylchrysene are possibly carcinogenic to humans 
(Group 2B). 

Acenaphthene, acepyrene (3,4-dihydrocyclopenta[cd]pyrene), anthanthrene, 
anthracene, 11H-benz[bc]aceanthrylene, benz[l]aceanthrylene, benzo[b]chrysene, benzo[g]-
chrysene, benzo[a]fluoranthene, benzo[ghi]fluoranthene, benzo[a]fluorene, benzo[b]fluorene, 
benzo[c]fluorene, benzo[ghi]perylene, benzo[e]pyrene, coronene, 4H-cyclopenta-
[def]chrysene, 5,6-cyclopenteno-1,2-benzanthracene, dibenz[a,c]anthracene, dibenz[a,j]-
anthracene, dibenzo[a,e]fluoranthene, 13H-dibenzo[a,g]fluorene, dibenzo[h,rst]pentaphene, 
dibenzo[a,e]pyrene, dibenzo[e,l]pyrene, 1,2-dihydroaceanthrylene, 1,4-dimethyl-
phenanthrene, fluoranthene, fluorene, 1-methylchrysene, 2-methylchrysene, 3-methyl-
chrysene, 4-methylchrysene, 6-methylchrysene, 2-methylfluoranthene, 3-methyl-
fluoranthene, 1-methylphenanthrene, naphtho[1,2-b]fluoranthene, naphtho[2,1-a]-
fluoranthene, naphtho[2,3-e]pyrene, perylene, phenanthrene, picene, pyrene and 
triphenylene are not classifiable as to their carcinogenicity to humans (Group 3). 

In making the overall evaluations of benz[j]aceanthrylene, benzo[c]phenanthrene, 
benzo[a]pyrene, cyclopenta[cd]pyrene, dibenzo[a,h]anthracene and dibenzo[a,l]pyrene, 
the Working Group took into consideration the mechanistic data detailed in Section 5.4. 


