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4.1	 Absorption, distribution, 
metabolism, and excretion

In this Section, the most recent Ballschmiter 
& Zell (BZ) nomenclature was used throughout 
(see Mills et al., 2007). For the full corresponding 
IUPAC nomenclature, the reader is referred to 
Section 1.1, Tables 1.1–1.3. For the methyl sulfonyl 
metabolites, and wherever the nomenclature 
reported is unclear, the name of the metabolite 
is given as reported in the article, followed by, 
where appropriate, the abbreviation as well as the 
structural name (Maervoet et al., 2004; Grimm 
et al., 2015).

4.1.1	 Absorption

(a)	 Oral exposure

(i)	 Humans
The absorption of polychlorinated biphenyls 

(PCBs) was studied in four breastfed infants in 
Sweden by Dahl et al. (1995). Absorption was 
measured by comparing the estimated total 
intake and the excretion in faeces for 48 hours, 
at 1, 2, and 3 months postpartum. The concen-
trations of 56 congeners in maternal milk were 
determined. For tetrachlorosubstituted to octa-
chlorosubstituted congeners, absorption was 
found to be close to 100%, while absorption of 
trichlorinated congeners was 60–98%, probably 
due to the low levels at which they were present 

and ensuing analytical difficulties in detection. 
[Another possible explanation could be metabo-
lism of the trichlorinated congener.]

The gastrointestinal absorption of 10 conge-
ners from food was investigated using a mass 
balance approach in seven individuals aged 
24–81 years with different contaminant body 
burdens (Schlummer et al., 1998). The differ-
ence between ingested and excreted amounts of 
the chlorinated compounds was defined as net 
absorption. Nearly complete net absorption was 
observed for PCB-28, PCB-52, PCB-77, PCB-101, 
and PCB-126. Absorption of PCB-105, PCB-138, 
PCB-153, and PCB-180 was > 60% in most volun-
teers, but limited absorption was observed in the 
three older subjects. In all cases, absorption of 
PCB-202 was < 52%.

(ii)	 Experimental systems
Several reports have been published on the 

dietary absorption of PCBs, mostly individual 
congeners. Gastrointestinal absorption of conge-
ners with between one and six chlorine atoms has 
been investigated by monitoring faecal excretion 
in rats fed individual congeners at doses ranging 
from 5 to 100 mg/kg bw. Absorption of the 
administered dose was > 90% for all 20 conge-
ners tested (Albro & Fishbein, 1972). Metabolic 
studies in rodents given oral doses of various 
radiolabelled PCBs with three to six chlorine 
atoms (i.e. PCB-31, PCB-47, PCB-85, PCB-101, 
and PCB-153) indicated that gastrointestinal 

4. MECHANISTIC AND OTHER  
RELEVANT DATA
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absorption was highest for the trichlorobiphenyl 
congener (about 94% of the administered dose), 
and lowest for the hexachlorobiphenyl PCB-153 
(28%) (Bergman et al., 1982). In a study by Tanabe 
et al. (1981), absorption efficiency was 95% for 
dichlorobiphenyls, but only 75% for octachloro-
biphenyls. These data suggested that, in rats, 
absorption of PCBs decreases as the number of 
chlorine atoms increases.

(b)	 Inhalation

(i)	 Humans
There is indirect evidence for absorption of 

PCBs via inhalation in humans; several conge-
ners have been detected in body fluids of people 
exposed in occupational settings or frequenting 
contaminated buildings, such as schools, where 
air concentrations of PCBs have also been meas-
ured (Wolff, 1985; Wolff et al., 1992; Schwenk 
et al., 2002; Liebl et al., 2004).

(ii)	 Experimental systems
Hu et al. (2010) used a nose-only exposure 

system to assess the time course of PCB vapour 
uptake from commercial products in animals. 
Rats (average weight, 188 g) were exposed to 
vapours of Aroclor 1242 (PCB concentration, 
2.4 mg/m3; total amount, 40 μg) for a total of 
2 hours, with a 1-hour break, and killed at 0, 1, 3, 6, 
and 12 hours after exposure. Congeners detected 
in tissues included mostly PCBs with mono- or 
di-ortho-substitution, ranging from mono- to 
pentachlorobiphenyls, with the majority being 
tri- and tetrachlorobiphenyls. PCB-20 + PCB-28 
co-elution was most abundant in every tissue. 
When compared with the air mixture, most of 
the material retained in the tissues had shifted 
from mono- and dichlorinated PCBs to tri- and 
tetra- or even more highly chlorinated biphenyls. 
The amount of PCBs measured in the five tissues 
collected (liver, lung, blood, adipose tissue, and 
brain) was 5 μg per rat. The measured body burden 
(i.e. the sum of PCBs loaded at the end of expo-
sure) was 33 μg per rat, suggesting pulmonary 

absorption of close to 100%. Casey et al. (1999) 
found that uptake of PCBs was greater by inha-
lation than by ingestion in a comparison of rats 
exposed to Aroclor 1254 for 30 days via inhala-
tion (0.9 µg/m3) or in the diet (0.436 µg/g).

(c)	 Dermal exposure

(i)	 Humans
Studies on exposure of capacitor workers 

to PCBs suggested that these compounds are 
well absorbed by skin contact (Wolff, 1985). 
Skin samples collected from human cadavers 
and exposed in vitro to [14C]-labelled Aroclor 
1254 and Aroclor 1242 retained 43–44% of the 
administered dose over a 24-hour period when 
the mixtures were formulated in water (Wester 
et al., 1990, 1993). A lower retention was observed 
when PCBs were formulated in mineral oil or 
adsorbed on contaminated soil.

(ii)	 Experimental systems
In rhesus monkeys, percutaneous absorp-

tion in vivo of [14C]-labelled Aroclor 1242 and 
Aroclor 1254 formulated in mineral oil was 
20.4 ± 8.5% and 20.8 ± 8.3% of the administered 
dose, respectively, as determined by urinary and 
faecal excretion of radiolabel for 30 days after 
topical application (Wester et al., 1990).

In rats given selected mono-, di-, tetra- 
and hexachlorobiphenyls as a single dermal 
dose (0.4 mg/kg bw), dermal penetration 
varied inversely with the degree of chlorina-
tion Garner & Matthews (1998). At 48 hours, 
dermal penetration ranged from about 100% for 
the monochlorobiphenyl to about 30% for the 
hexachlorobiphenyl.

In rats given a topical dose of [14C]-labelled 
PCB-77 or PCB-153, absorption at 24 hours 
after dosing ranged from 5% to 8% for both 
compounds (Hughes et al., 1992). Skin retention 
was 3–31% for PCB-77 and 3–12% for PCB-153. 
Dermal absorption was similar for all application 
forms (solid, aqueous paste, aqueous suspension, 
dissolved in ethanol). For PCB-153, absorption 
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was significantly higher when PCB-153 was 
applied as a solid compared with in ethanol.

Male F344 rats were given single doses 
(0.4 mg/kg bw) of [14C]-labelled mono-, di-, tetra- 
and hexachlorobiphenyls applied to 1 cm2 areas 
of the dorsal skin (Garner et al., 2006). The more 
highly chlorinated PCBs were slowly absorbed 
and accumulated in the adipose tissue and skin. 
Excretion of absorbed radiolabel varied with 
chlorine content, ranging from 27% to about 
100% at 2 weeks after dosing (Garner et al., 2006).

4.1.2	 Distribution

The distribution of PCBs is dependent on the 
structure and the physicochemical characteris-
tics of the individual congeners, and also on dose.

(a)	 Humans

No studies of quantitative distribution in 
humans after controlled exposure to PCBs were 
available to the Working Group. However, some 
information existed regarding the concentration 
of PCBs in human tissues and biological fluids 
after occupational or dietary exposure. PCBs 
distribute preferentially to adipose tissue and 
concentrate in human breast milk due to its high 
fat content. The pattern of congeners observed in 
tissues does not correspond with the profiles of 
commercial PCB mixtures.

The most commonly detected PCBs in plasma 
and in adipose tissue of occupationally exposed 
individuals are the hexa- and heptachloro- 
biphenyls. PCB congeners with chlorine atoms 
in the 4 and 4′ positions were generally found at 
relatively high concentrations, while PCBs with 
nonsubstituted 3,4-positions on at least one ring 
were present at lower concentrations (ATSDR, 
2000).

In Greenlanders exposed through high 
consumption of fat from sea mammals, the 
most abundant PCB congeners found in adipose 
tissue, plasma, and liver were PCB-138, PCB-153, 
and PCB-180 (Dewailly et al., 1999).

Some studies focused on transplacental 
transfer of PCBs, as determined by measurement 
of PCB concentrations and congener profiles 
in maternal blood, placenta and cord blood. 
Tsukimori et al. (2013) investigated concentra-
tions of four non-ortho PCBs (PCB-77, PCB-81, 
PCB-126, PCB-169) in maternal blood, placenta, 
and cord blood in 19 pregnant women from 
Fukuoka City, Japan. Mean concentrations were 
3.95, 0.87, and 1.08 pg toxic equivalency (TEQ)/g 
lipid in maternal blood, placenta, and cord 
blood, respectively. Among specific congeners, 
PCB-126 showed the highest ratio for cord blood 
to maternal blood (0.3). PCBs are able to cross the 
placental barrier in humans, with PCB concen-
tration in cord blood being 25–50% of that in 
maternal blood.

A study of 360 second-grade schoolchildren 
(a subgroup of the cohort in Hesse, Germany) in 
1995 (Karmaus et al., 2001a, b) found a significant 
dose-dependent relationship between the dura-
tion of breastfeeding (0, 1–4 weeks, 5–8 weeks, 
9–12 weeks, >  12 weeks) and blood concentra-
tions of all organochlorine compounds, including 
PCBs. Breastfeeding for more than 12 weeks was 
associated with a doubling of concentrations of 
organochlorine compounds in the children’s 
blood.

Scheele et al. (1992) measured the concen-
trations of PCB-138, PCB-153, and PCB-180 in 
38 children with leukaemia and 15 children in a 
control group. The PCB concentrations in bone 
marrow were higher by two- to threefold than 
those in fat tissue; however, there was no signif-
icant difference between PCB concentrations in 
bone marrow of children with leukaemia and of 
children in the control group.

PCB-28, PCB-52, PCB-101, PCB-138, PCB-153, 
and PCB-180 were analysed in six post-mortem 
samples of human lung (Rallis et al., 2012). The limit 
of quantification (LOQ) varied from 1.7–4.5 ng/g 
tissue. PCB-153 (detected in two cases), PCB-138 
and PCB-180 (detected in three cases) were found 
at highest concentrations, ranging from < LOQ 
to 6.3 ng/g.



IARC MONOGRAPH – 107

316

In 107 post-mortem samples of human brain 
(Mitchell et al., 2012), eight congeners (PCB-28, 
PCB-95, PCB-105, PCB-118, PCB-138, PCB-153, 
PCB-170, and PCB-180) were analysed. PCB-138, 
PCB-153, and PCB-180 were most frequently 
detected, at average concentrations of 5.5–8 ng/g 
lipid. PCB-95 was mainly detected in samples 
from individuals with neurodevelopmental 
disorders with a known genetic basis, compared 
with neurologically typical controls.

In addition to the parent PCBs, hydroxyl
ated metabolites have been detected in human 
serum and adipose tissue (Fernandez et al., 
2008). The concentrations of hydroxylated PCBs 
(OH-PCBs; 14 congeners), methylsulfonyl PCBs 
(MeSO2-PCBs; 24 congeners), and parent PCBs 
(17 congeners) in five paired samples of human 
liver and adipose tissue were reported by 
Guvenius et al. (2002). The sum of OH-PCB 
congeners was higher in liver (7–175 ng/g lipid) 
than in adipose tissue (0.3–9 ng/g lipid), with 
3′-OH-PCB-138 and 4′-OH-PCB-130 as the 
predominant OH-PCB metabolites. The sum of 
MeSO2-PCBs was of the same order of magni-
tude as OH-PCB congeners in the same samples: 
12–358 ng/g lipid and 2–9 ng/g lipid in liver and 
adipose tissue, respectively. The concentrations 
of parent PCBs were similar in liver and adipose 
tissue, at 459–2085 ng/g lipid and 561–2343 ng/g 
lipid, respectively.

Concentrations and congener profiles of PCBs 
and OH-PCBs in placenta samples from a popula-
tion in Madrid, Spain, were reported by Gómara 
et al. (2012). The sum of PCB concentrations in 
placenta samples ranged from 943–4331 pg/g 
fresh weight, and their hydroxylated metab-
olites showed a 20-times lower concentration 
(53–261 pg/g fresh weight). PCB-52 and PCB-101 
accounted for more than 44% of the total amount 
of PCBs. The OH-PCB profiles were dominated 
by 4-OH-PCB-187 and 4-OH-PCB-146, repre-
senting >  50% of the sum concentration of 
OH-PCBs in the placenta samples.

The concentration of OH-PCBs may comprise 
10–20% of total PCBs in human serum, and as 
many as 38 different OH-PCBs were structur-
ally identified in human plasma, pooled from 
10 randomly selected male donors. Only a few 
of these make up the major proportion of the 
OH-PCBs present in human blood (Hovander 
et al., 2002).

MeSO2 metabolites of PCBs were investigated 
in serum samples from pregnant women from 
Slovakia and in a selected number of paired samples 
of cord blood (Linderholm et al., 2007). The major 
methylsulfone in most samples was a non-iden-
tified MeSO2-hexachlorinatedbiphenyl, followed 
by 4′-MeSO2-PCB-101, 4′-MeSO2-PCB-87, and 
4-MeSO2-PCB-149. The concentrations of MeSO2-
PCBs in maternal serum were about 1.5 times 
higher than in the corresponding cord serum on 
a lipid-weight basis. In samples of human adipose 
tissue, 4-MeSO2-PCB-49 [4-MeSO2-2,2′,4′,5-
tetraCB; 4′-MeSO2-PCB-49], 4-MeSO2-PCB-101 
[4′-MeSO2-PCB-101; 4-MeSO2-2,2′,4′,5,5′-
pentaCB], and 3-MeSO2-PCB-110 [5-MeSO2- 
PCB-110; 3-MeSO2-2,3′,4′,5,6- pentaCB] were the 
predominant MeSO2 metabolites (Karásek et al., 
2007).

(b)	 Experimental systems

(i)	 PCB mixtures
Adult rhesus monkeys were given Aroclor 

1248 as a single dose at 1.5 or 3.0 g per kg bw by 
gastric intubation, and killed after 4 days (Allen 
et al., 1974). At the lowest dose tested, average 
concentrations found in liver, kidney, and brain 
were 25, 12, and 17 µg/g tissue, respectively. In 
another study, two groups of eight adult rhesus 
monkeys were exposed to diets containing 
Aroclor 1248 at 2.5 ppm (Allen & Barsotti, 1976). 
After 6 months of exposure, the monkeys were 
successfully bred. After 2 months, milk samples 
after birth were obtained from four lactating 
mothers exposed at 2.5 ppm. Concentrations of 
PCBs ranged from 0.154 to 0.397 μg per g milk in 
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three samples of milk fat, and reached 16.44 μg 
per g in milk fat in the fourth sample.

PCBs were analysed in blood, adipose tissue, 
liver, kidney and brain from female rhesus 
monkeys fed Aroclor 1254 at a daily dose of 
0, 5, 20, 40, or 80 µg/kg bw for approximately 
6 years (16 animals per group) (Mes et al., 1995a). 
Offspring were nursed for 22 weeks and fed no 
additional PCBs until necropsy at approximately 
120 weeks after birth. PCB concentrations in 
all tissues of the adult monkeys (mothers and 
offspring) increased with increasing dose. Mes 
et al. (1994) reported that for groups exposed to 
higher doses (≥ 40 µg/kg bw), tissues of infants 
from dosed dams contained higher concen-
trations of PCBs than tissues of infants from 
control dams. The PCB distribution pattern in 
tissues from a dosed mother/infant pair differed 
considerably. A larger percentage of heptachloro
biphenyls was found in the infants than in their 
dams.

In rats given a single dose of Aroclor 1254 
at 500 mg/kg bw by gavage, the highest PCB 
concentrations were found in adipose tissue 
(996 µg/g wet weight), liver (116 µg/g wet weight), 
and brain (40 µg/g wet weight), indicating that 
PCBs are able to cross the blood–brain barrier 
(Grant et al., 1971). The relative amounts of PCBs 
in the brain, liver, spleen, blood, testes, heart, 
kidney, and adipose tissue of rats killed 3 weeks 
after treatment were 10%, 16%, 20%, 21%, 22%, 
24%, 36%, and 67%, respectively, of those found 
in animals killed after 2  days. In a subsequent 
long-term study, Grant et al. (1974) fed rats with 
Aroclor 1254 at a dietary concentration of 0, 2, 
20, or 100 mg/kg feed and found highest concen-
trations of PCBs after 246 days in adipose tissue, 
with concentrations reaching 26.1 ± 2.9 µg/g wet 
tissue at the lowest contamination tested (2 mg/kg 
feed). Levels of PCBs in all tissues analysed were 
dose-related, and generally, the tissue concen-
trations did not increase significantly after 64 
days of exposure. The residues present in the 
adipose tissue, liver, and brain had decreased by 

64%, 75%, and 10% respectively, 182 days after 
removal of Aroclor 1254 at 2 mg/kg from the 
diet. Part of the decrease observed in the adipose 
tissue and the liver resulted from a dilution effect 
due to weight increase in these tissues.

The analysis of individual congeners in 
tissues of rats fed diets containing Aroclor 
1254 for 84 days demonstrated a limited accu-
mulation of PCB congeners with a low level of 
chlorine substitution (tri- and tetrachlorobiphe-
nyls) (Nims et al., 1994). In these rats, time- and 
dose-dependent increases in the relative concen-
trations of PCB-138 and PCB-153 were detected 
in the liver and adipose tissue. Increases in 
PCB-99 concentrations in hepatic and adipose 
tissues, and in PCB-156 in adipose tissue, were 
also observed.

Aroclor 1254 was given to pregnant rats once 
daily on days 7–15 of gestation (Curley et al., 1973). 
The concentrations of PCBs found in fetuses were 
higher by twofold in the group at 50 mg/kg bw 
compared with the group at 10 mg/kg bw. The 
mean concentrations of PCB-derived compo-
nents found in brain, liver, and kidney in wean-
lings aged 21 days (27 days after the last dose was 
given to the mother in the group at 10 mg/kg bw) 
were approximately 2, 4, and 2 µg/g wet tissue, 
respectively. Concentrations in milk sampled 
from the same group were between 16 and 
25 µg/g.

Samples of brain, adipose tissue, and liver from 
rat pups and dams exposed to Aroclor 1254 were 
analysed by Shain et al. (1986). In adipose tissue, 
most congeners were detected at concentrations 
close to the feed concentration, but the following 
congeners accumulated to tissue concentrations 
10-fold those in the feed: PCB-176, PCB-146, 
PCB-138 + PCB-168 + PCB 178 (co-eluted), and 
PCB-177. In the liver and the brain, the conge-
ners present at the highest concentrations were 
PCB-85 and PCB-179 + PCB-188 (co-eluted). 
Bioaccumulation of congeners in the milk 
closely resembled that observed in fat samples 
from the dams. The chromatographic pattern 
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of bioaccumulated congeners in pup liver was 
different from that observed in the dams. The 
congener found at the highest concentration in 
samples of newborn rat brain was PCB-85. Shain 
et al. (1986) estimated that the transfer of PCBs 
through the mammary gland and milk in rats 
may be 100 times higher than the transfer across 
the placenta, resulting in a higher accumulation 
during lactation than during pregnancy.

Kodavanti et al. (1998) investigated the 
congener-specific distribution of PCBs in blood, 
brain, liver, and adipose tissue of adult rats given 
repeated doses of Aroclor 1254 (30 mg/kg bw per 
day; once per day, 5 days per week for 4 weeks). 
Total PCB congeners in control rat brain were 
< 0.02 µg/g tissue. Mean concentrations of total 
PCBs in treated rats in the frontal cortex, cere-
bellum, and striatum were 15.1, 13.1, and 8.2 µg/g 
tissue, respectively; those in the blood, liver, 
and adipose tissue were 1.6, 38.3, and 552 µg/g 
tissue, respectively. In addition to differential 
total uptake between tissues, there was differ-
ential accumulation of PCBs with respect to 
number of chlorine substituents. In all tissues, 
heavily (hexa- to nona-) chlorinated congeners 
were present in higher proportions than in the 
parent mixture, Aroclor 1254, while less highly 
(tetra- and penta-) chlorinated congeners were 
present to a lesser degree than their respective 
proportions in Aroclor 1254. This shift towards 
accumulation of heavily chlorinated congeners 
appeared to be more pronounced in the brain 
than in liver and fat.

In rats exposed via inhalation to vapour-phase 
PCBs generated from Aroclor 1242 for 10 days, 
much higher amounts of PCBs (× 400) were found 
in liver and lung than in blood (Hu et al., 2010). 
PCB-20 + PCB-28 (co-eluted), PCB-49 + PCB-69 
(co-eluted), PCB-52, PCB-60, PCB-61 + PCB-70 + 
PCB-74 + PCB-76 (co-eluted), PCB-66, PCB-83 + 
PCB-99 + PCB-112 (co-eluted), PCB-85 + PCB-116 
+ PCB-117 (co-eluted), PCB-90 + PCB-101 + 
PCB-113 (co-eluted), PCB-105, and PCB-118 were 
the major congeners in these tissues.

The presence of MeSO2-PCB atropisomers was 
determined in liver, lung, and adipose tissues of 
rats orally exposed to Clophen A50. In all tissues 
analysed, especially lung, para-MeSO2 PCBs 
were more abundant than meta-derivatives. An 
excess of the atropism 2(A2) of 4-MeSO2-PCB-149 
– (R)-3-MeSO2-PCB-149 – in lung extracts was 
observed (Larsson et al., 2002). The enantiomeric 
enrichment of PCB atropoisomers was reported 
in selected tissues from rats exposed to Aroclor 
1254 (Kania-Korwel et al., 2006). Both PCB-95 
and PCB-149 were enantiomerically enriched to 
a significant extent in adipose tissue, liver, and 
skin.

A few studies on complex mixtures such 
as Aroclor 1254 mention substantial retention 
of certain congeners in lung of treated mice 
(Anderson et al., 1993).

In mice exposed to contaminated soil 
(retrieved from a Superfund site before remedi-
ation) through their bedding for 4 weeks, total 
PCB residues in skin and fat declined about 80% 
during the 4-week recovery period. PCB resi-
dues were detected in the ear skin (total PCBs, 
208 mg/kg of tissue), trunk skin (total PCBs, 
129 mg/kg of tissue), and in body fat (total PCBs, 
370 mg/kg), confirming these tissues as impor-
tant PCB reservoirs (Imsilp & Hansen, 2005).

(ii)	 Individual congeners
Several experiments carried out in mammals, 

including non-human primates, confirm the data 
obtained with complex mixtures. The congeners 
investigated were unlabelled or labelled PCB-3, 
PCB-5, PCB-15, PCB-30, PCB-31, PCB-47, 
PCB-65, PCB-77, PCB-101, PCB-116, PCB-118, 
PCB-126, PCB-153, and PCB-196 (Goto et al., 
1974a, b; Matthews & Anderson, 1975a, b; Abdel-
Hamid et al., 1981; Beran et al., 1983; Shimada 
& Sawabe, 1984; Koga et al., 1990; van Birgelen 
et al., 1996; Pereg et al., 2001; NTP, 2006a, b, 2010). 
In some cases, mixtures of individual congeners 
were used (Öberg et al., 2002; NTP, 2006c, d). 
Taken together, the data indicated that an oral 
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dose of PCBs results in an initially high concen-
tration in liver and serum, followed by a decrease 
in concentrations in the liver, and a concomitant 
increase in adipose tissue and lipid-rich tissues. 
This redistribution generally occurred during 
the first week after dosing, and the differences 
between the congeners were mainly dependent 
on the number of chlorine atoms (ATSDR, 2000). 
In rodents, the hepatic retention/accumulation 
of non-ortho-substituted PCBs such as PCB-126 
may occur to a higher extent than in adipose 
tissue, including after long-term exposure (NTP, 
2006a). This was not the case for congeners with 
chlorine atoms in ortho positions, such as PCB-153 
(van Birgelen et al., 1996; NTP, 2006a, b).

4.1.3	 Metabolism

There is evidence that most known PCBs are 
subject to biotransformation (metabolism) in 
humans and other animals through enzymatic 
processes (Safe, 1993). Biotransformation is 
important for the eventual elimination of PCBs 
from the body, as most (but not all) of the metab-
olites are more water-soluble than the parent 
compound. As well as serving as substrates for 
biotransformation enzymes, some PCBs and PCB 
metabolites can interact with several drug-me-
tabolizing enzymes as inducers or inhibitors, as 
discussed further below.

The first step in metabolism targets the 
biphenyl ring carbons, and is catalysed by 
cytochrome P450 (CYP) monooxygenase 
enzymes. Subsequent metabolism involves one 
or more of several other possible enzymatic path-
ways (James, 2001). Some of the major pathways 
of PCB metabolism are illustrated in Fig.  4.1, 
with PCB-77 as an example. Fig 4.2 shows struc-
tures of representative PCB metabolites. The rate 
and extent of biotransformation of a particular 
PCB congener depend upon its chlorination 
pattern, the number of chlorine substituents, the 
species, age, and sometimes sex of the animal, 
and in some cases whether or not the exposure 
is continuous or a single exposure. The number 

of chlorine substituents and substitution pattern 
determine how well a particular PCB congener 
binds to and can be metabolized by the biotrans-
formation enzyme (Matthews & Dedrick, 1984). 
In general, congeners with more than four chlo-
rine substituents are more slowly metabolized 
than those with four or fewer chlorines, and 
congeners with unsubstituted 3,4-positions in 
one or both rings are more readily metabolized 
than those without such substitution patterns 
(Hansen, 2001). Biotransformation enzymes with 
similar functions often differ between animal 
species in properties of substrate recognition and 
binding, which contributes to species differences 
in metabolism. Very young animals often have 
lower levels of several biotransformation enzymes 
than adults, resulting in age-related differences in 
metabolism (Hines, 2008). In rodents, sex affects 
the expression of several important biotransfor-
mation enzymes, particularly CYP, which can 
lead to sex-specific differences in PCB metab-
olism. The reason that continuous exposure to 
certain PCB congeners can affect rate and extent 
of metabolism is that such exposure can result 
in upregulation of expression of enzymes that 
biotransform PCBs, through receptor-mediated 
processes. PCBs that bind the aryl hydrocarbon 
receptor (AhR) (see Section 4.3.1) are known to 
induce CYP isoforms in the 1 family (CYP1A1, 
CYP1A2 and CYP1B1) as well as epoxide hydro-
lase, some isoforms of uridine diphosphate-glu-
curonosyltransferase (UGT) and glutathione 
S-transferase (GST) (Parkinson et al., 1980; 
1983). PCBs that bind the nuclears receptors, the 
pregnane-X receptor (PXR) and the constitutive 
androstane receptor (CAR) have been shown to 
induce CYP3A4 and CYP2B isoforms (Petersen 
et al., 2007; Al-Salman & Plant, 2012).

In the context of carcinogenesis, biotransfor-
mation to electrophilic metabolites that are more 
chemically reactive than the parent PCB is likely 
to be an important component. Being more 
biotransformed, the metabolized congeners are 
more likely to undergo bioactivation.
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Fig. 4.2 Representative metabolites derived from PCB-77 (3,3′,4,4′-tetrachlorobiphenyl)
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The following sections describe the different 
enzymatic pathways known to be involved in 
PCB metabolism.

(a)	 CYP

The first step in biotransformation of PCBs is 
introduction of oxygen, catalysed by one or more 
members of the CYP superfamily of monooxy-
genase enzymes (Guengerich, 2008). Two mech-
anisms are known, H• radical abstraction and 
recombination of the short-lived chlorobiphenyl 
radical with an OH• radical from the active site of 
CYP to give a hydroxylated (phenolic) metabolite, 
and formation of an arene oxide by addition of 
oxygen across an aromatic bond in the biphenyl 
ring. The arene oxide is an electrophilic metab-
olite that can rearrange non-enzymatically to 
form a phenolic metabolite. If one of the carbons 
that forms part of the arene oxide is substituted 
with chlorine then, during the non-enzymatic 
rearrangement, that chlorine can migrate to 
the adjacent non-chlorine-substituted carbon, 
while the phenolic hydroxy group attaches to 
the carbon previously substituted with chlorine, 
a mechanism known as the NIH shift (shown 
in Fig.  4.1). Alternatively, the arene oxide may 
undergo further metabolism by epoxide hydro-
lase or GST, or may bind with a nucleophilic site 
on DNA, such as the N7 of guanine, to form an 
adduct.

As noted above, the chlorine substitution 
pattern, number of chlorine substituents and 
presence or absence of unsubstituted 3,4-posi-
tions are important factors in determining how 
readily a particular congener is metabolized by 
CYP. There are more than 50 isoforms of CYP in 
humans, and a similar number in experimental 
animals (Guengerich, 2008). Studies to date have 
shown that several human isoforms can biotrans-
form one or more PCB congeners; these include 
CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2C8, 
CY2C9, CYP2C19, and CYP3A4 (Ariyoshi et al., 
1995; McGraw & Waller 2006, 2009; Warner 
et al., 2009; Yamazaki et al., 2011). Related 

isoforms usually metabolize the same congeners 
in rat (Morse et al., 1995; Warner et al., 2009; Wu 
et al., 2011), mouse (Curran et al., 2011), and other 
species such as fish (Schlezinger et al., 2000). 
Studies have suggested that congeners with one 
or no ortho-chlorine substitutent are more likely 
to be metabolized by CYP1 family isoforms. 
Although it has not been explicitly demon-
strated, CYP1B1 metabolizes many of the same 
substrates as CYP1A1 and CYP1A2 (Shimada 
et al., 1997) and may also metabolize congeners 
with one or no ortho chlorine. However, CYP1B1 
protein is not constitutively expressed in liver, the 
major drug-metabolizing tissue, and is generally 
very low in normal tissues (Murray et al., 2001). 
Congeners with two or more ortho-chlorine 
substituents are usually metabolized by CYP2A, 
CYP2B, CYP2C and CYP3A subfamily isoforms. 
It is not well understood which isoforms are 
involved in monooxygenation of each known 
PCB congener. This is partly because of difficul-
ties in studying monooxygenation of some of the 
congeners in vitro with hepatic microsomes or 
expressed recombinant individual CYP isoforms. 
The less chlorinated congeners, which tend to be 
readily metabolized by CYP, are easily studied in 
vitro; however, until recently they attracted much 
less attention than the more highly chlorinated 
congeners (Espandiari et al., 2004). The difficulty 
in studying highly chlorinated congeners is that 
they are very slowly metabolized, and conditions 
for incubation in vitro are difficult to set up to 
produce sufficient hydroxylated metabolite for 
analysis. With increasingly sensitive analyt-
ical techniques, this problem can be overcome 
(Yamazaki et al., 2011). While some early publi-
cations claimed that certain congeners did not 
produce metabolites in particular species (Murk 
et al., 1994), these congeners were later shown 
through studies in vivo to produce hydroxylated 
metabolites (Buckman et al., 2007).

An important determinant of the activity of 
CYP is whether or not the isoform that metab-
olizes a particular congener is subject to induc-
tion, either through exposure to PCBs or through 
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exposure to other agents known to induce that 
form of CYP. For example, many congeners 
with no or one ortho chlorine are metabolized 
by CYP1A1 or CYP1A2 (Curran et al., 2011), 
and these congeners, like dioxin, polycyclic 
aromatic hydrocarbons and some components 
of tobacco smoke, induce CYP1A1 and CYP1A2 
by binding to and activating AhR (Parkinson 
et al., 1983; Safe, 1993). CYP1B1 is also induced 
by compounds that bind and activate AhR 
(Murray et al., 2001). A study in which wildtype 
and knockout mouse strains were exposed in 
utero and by lactation to a complex mixture of 
PCBs showed that mice with poor-affinity AhR 
and lacking CYP1A2 (Cyp1a2(–/–) knockout) had 
higher concentrations of congeners with no or 
one ortho chlorine in tissues than mice with 
high-affinity AhR and CYP1A2 (Cyp1a2(+/+) wild-
type), consistent with low metabolism of these 
PCB congeners in the knockout mice (Curran 
et al., 2011). PCBs with two or more ortho chlo-
rines and at least one para chlorine interact with 
rat and human CAR and induce CYP2B family 
isoforms, including CYP2B1 and CYP2B6 in a 
similar manner to the classic inducer, phenobar-
bital (Parkinson et al., 1980; Al-Salman & Plant, 
2012). Some PCBs with two or more ortho chlo-
rines have been shown to bind to the human and 
rat PXR and to human CAR, resulting in upreg-
ulation of CYP3A4 (Waller et al., 1996; Petersen 
et al., 2007; Al-Salman & Plant 2012). CYP3A4 
converts PCB-101 and PCB-118 to hydroxylated 
metabolites (McGraw & Waller, 2009). Activation 
of CAR also results in upregulation of CYP2B 
isoforms, several of which have been shown to 
metabolize PCBs with two or more ortho chlo-
rines. For example, human CYP2B6 and the 
related enzyme, canine CYP2B11, were shown to 
convert PCB-153 to the 3-hydroxylated metabo-
lite, albeit very slowly (Ariyoshi et al., 1995).

An interesting subgroup of PCBs comprises 
the 19 chiral PCB congeners, all of which have 
three or more ortho chlorines, which limit 
rotation around the biphenyl bond. There was 

evidence that these compounds are enantio
selectively metabolized, resulting in depletion 
of one enantiomer through metabolism, while 
the form that is resistant to metabolism accu-
mulates (Kania-Korwel et al., 2008; Lehmler 
et al., 2010). Forms of CYP identified as metab-
olizing chiral PCBs are rat CYP2B1 and human 
CYP2B6. For example, there was evidence that 
PCB-45, PCB-84, PCB-91, PCB-95, PCB-132 and 
PCB-136 were enantioselectively metabolized to 
hydroxylated metabolites in vitro by purified rat 
CYP2B1 and human CYP2B6, leading to altera-
tions in the enantiomeric fractions of the parent 
congeners (Warner et al., 2009). The positions 
of hydroxylation were not identified. In a sepa-
rate study, rat liver microsomes preferentially 
metabolized (+)-2,2′,3,3′,6,6′-hexachlorobiphenyl 
(PCB-136) to 5-hydroxy-PCB-136 (5-OH-PCB-
136), and treatment of rats with phenobarbital, 
which induces CYP2B1, further increased the 
formation of 5-OH-PCB-136 from (+)-PCB-136, 
compared with untreated rats, thereby leaving an 
excess of the less readily metabolized (–)-PCB-
136 (enantiomeric enrichment) (Wu et al., 2011). 
There was also a slight increase in 5-OH-PCB-
136 formation in dexamethasone-treated rats, 
which have induced CYP3A, compared with 
controls. The minor metabolites, 4-OH-PCB-136 
and 4,5-dihydroxy-PCB-136 were also formed 
preferentially by microsomes from phenobarbi-
tal-treated rats compared with controls. Since 
the ryanodine receptor is sensitized only by 
(–)-PCB-136, more rapid metabolism of (+)-PCB-
136 means that the more toxic enantiomer is 
preferentially retained in the body.

Once formed, OH-PCBs are sometimes 
further hydroxylated by CYP and perhaps other 
oxygenases to dihydroxy-PCBs (McLean et al., 
1996a; Garner et al., 1999; Wu et al., 2011). If 
the two OH groups are ortho to each other, the 
metabolites are termed catechols (Garner et al., 
1999), and if the two OH groups are para to each 
other, the metabolites are termed hydroquinones 
(or semiquinones) (Fig. 4.2).
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(b)	 Other oxidative enzymes

PCB catechols and hydroquinones can 
undergo oxidation to PCB quinones, which are 
electrophilic, potentially reactive, metabolites. 
One pathway for quinone formation is through 
the action of prostaglandin endoperoxide H 
synthase, an enzyme expressed in extrahepatic 
tissues, including prostate, ovary, and breast 
(Wangpradit et al., 2009). Hydroquinones can 
also be converted to quinones by peroxidases such 
as horseradish peroxidase, myeloperoxidase, and 
lactoperoxidase (Srinivasan et al., 2002).

(c)	 Epoxide hydrolase

If not quickly rearranged to form a phenolic 
metabolite, an arene oxide metabolite can be 
converted to a dihydrodiol by addition of water, 
in a reaction catalysed by epoxide hydrolase (Ota 
& Hammock, 1980). The dihydrodiol metabolite 
is generally non-toxic and readily eliminated as 
the dihydrodiol or as a glucuronide conjugate. 
It has been suggested that dihydrodiol metab-
olites of PCBs may be oxidized by dihydrodiol 
dehydrogenase to the corresponding catechol 
metabolite, thereby restoring aromaticity to the 
ring (Garner et al., 1999). Furthermore, catechols 
could be converted to the ortho quinone, which is 
chemically reactive and can bind to protein and 
DNA (Zhao et al., 2004).

(d)	 PCB oxygenation and formation of ROS

PCB biotransformation by CYP can some-
times give rise to formation of reactive oxygen 
species (ROS) of PCBs, through uncoupling of 
the CYP cycle. Formation of ROS during PCB 
monooxygenation by CYP most likely occurs if 
the congener binds to the CYP substrate-binding 
site in an orientation that is not favourable for 
rapid monooxygenation: this has been demon-
strated for PCB-77 biotransformation by CYP1A 
from fish and other vertebrates (Schlezinger et al., 
1999, 2000). PCB-77 has been shown to inhibit 
ethoxyresorufin O-deethylase (EROD) activity 

at high concentrations, perhaps by competitive 
inhibition of CYP1A by PCB-77 (Hahn et al., 
1993). Formation of ROS through uncoupling 
of the CYP1A cycle has been demonstrated with 
two other non-ortho-substituted PCB conge-
ners, PCB-126 and PCB-169 (Schlezinger et al., 
2006). PCB-126 and PCB-169 were also shown 
to uncouple human CYP1B1 and produce ROS 
(Green et al., 2008). Since CYP1B1 is expressed 
and inducible in tissues that are frequent targets 
for cancer, including colon, breast, lung, endo-
metrium, ovary, and prostate, formation of ROS 
in these tissues could result in genotoxicity.

PCB metabolism by peroxidases and prosta-
glandin H synthase (also called cyclooxygenase; 
COX) can also give rise to ROS (Gonçalves et al., 
2009). Another pathway leading to ROS produc-
tion during PCB metabolism occurs when quinone 
metabolites are formed. Quinones undergo redox 
cycling through reaction with glutathione (GSH) 
to form adducts through Michael addition. The 
quinone-GSH-adduct can be converted back 
to the semi-quinone or catechol and recycled 
through this pathway (Amaro et al. 1996; Oakley 
et al., 1996a). This cycling results in depletion of 
the important cellular antioxidant, GSH, which 
can cause oxidative stress to the cell and forma-
tion of ROS. Redox cycling of the 2′,5′-dihydroxy 
metabolite of PCB-12 has been shown to result in 
DNA adducts through formation of ROS (Oakley 
et al., 1996a).

(e)	 GST

Arene oxide metabolites of PCBs are poten-
tial substrates for GSTs, as shown in Fig.  4.1. 
After initial formation of a conjugate with GSH, 
the two terminal amino acids of the tripeptide 
are enzymatically removed, leaving a cysteine 
conjugate of the PCB. This metabolite may be 
converted to a mercapturic acid, which is readily 
excreted in urine or bile (Bakke et al., 1982). 
Alternatively, the cysteine conjugate may be a 
substrate for cysteine conjugate β-lyase, which 
converts the cysteine conjugate to a thiol. The 
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thiol metabolite of the PCB can then be methyl-
ated by methyltransferase and oxidized by flavin 
monooxygenase or CYP to yield the MeSO2-PCB 
(Mio & Sumino 1985). Depending on its structure, 
the MeSO2-PCB metabolite may not be readily 
excreted and may accumulate in tissues, particu-
larly liver, lung, and adipose tissue (Haraguchi 
et al., 1997a, b; Guvenius et al., 2002; Hovander 
et al., 2006; Karásek et al., 2007). Chiral PCBs 
were shown, by analysis of the MeSO2-PCBs 
present in human adipose tissue, seal blubber and 
pelican muscle, to form MeSO2-PCBs in an enan-
tioselective manner (Karásek et al., 2007). Tissue 
accumulation can occur in fatty tissues because 
the MeSO2-PCBs are very lipid soluble, especially 
those that are highly chlorinated. Accumulation 
in lung appears to be due to specific binding 
of the MeSO2-PCBs to an uteroglobin-like 
protein/PCB-binding protein, a protein that is 
synthesized in non-ciliated bronchiolar Clara 
cells of the lung epithelium (Nordlund-Möller 
et al., 1990; Anderson et al., 1993). Formation of 
MeSO2-PCBs and their retention in tissues are of 
concern because several of these metabolites have 
been shown to interact with the glucocorticoid 
receptor (Johansson et al., 1998), and to be antiest-
rogenic (Letcher et al., 2002). Some MeSO2-PCBs 
such as 3-MeSO2-2,2′,4′,5-tetrachlorobiphenyl 
[3′-MeSO2-PCB-49] and 3-MeSO2-2,2′,4′,5,5′-
pentachlorobiphenyl [3′-MeSO2-PCB-101] were 
potent inducers of CYP2B1 and CYP2B2 in rats 
(Kato et al., 1997).

(f)	 Glucuronosyltransferase and 
sulfotransferase

OH-PCBs may be expected to be conju-
gated with glucuronic acid or sulfate to form 
non-toxic, readily excreted metabolites, in 
reactions catalysed by uridine 5′-diphos-
phate-(UDP)-glucuronosyl transferase (UGT) or 
3′-phosphoadenosine-5′-phosphosulfate (PAPS)-
sulfotransferase (SULT). Glucuronide and sulfate 
conjugates of a hydroxylated metabolite of PCB-3 
were identified in urine of rabbits given 1 g by 
gavage (Block & Cornish, 1959).

Studies of glucuronidation have not been 
conducted with human liver microsomes or 
UGTs; however, two studies demonstrated 
formation of glucuronide conjugates with several 
OH-PCB metabolites, using rat liver microsomes 
and expressed rat UGTs in yeast strain AH22 
(Tampal et al., 2002; Daidoji et al., 2005). In a 
further study of OH-PCB glucuronidation, it 
was noted that rates of conjugation varied with 
the particular OH-PCB substitution pattern, 
in catfish as well as in rats (Sacco et al., 2008). 
Those OH-PCBs with only one chlorine flanking 
a 4-OH group exhibited a higher Vmax for glucu-
ronidation than OH-PCBs with a 4-OH-3,5-
dichloro substitution pattern. The more slowly 
glucuronidated 4-OH-3,5-dichloro-substituted 
OH-PCBs were shown to be more potent inhibi-
tors of human estrogen sulfotransferase (human 
SULT1E1) than those lacking two flanking chlo-
rine atoms (Kester et al., 2000).

In addition to a study in rabbits, which were 
shown to excrete glucuronide and sulfate conju-
gates of OH-PCB-3 (Block & Cornish, 1959), 
further evidence that OH-PCBs are sulfonated 
in vivo was provided by a study of the fate of 
PCB-3 in male rats given a dose of 112 mg/kg 
bw by intraperitoneal injection (Dhakal et al., 
2012). The major metabolite was the 4′-sulfate of 
PCB-3, with little evidence for the glucuronide 
conjugate; 4′-OH-PCB-3 was converted to the 
4′-sulfate conjugate by rat SULT1A1 (Liu et al., 
2009). The 4′-OH-PCB-3 was also a substrate 
for human hepatic cytosolic SULT1A1 (Wang 
et al., 2006). Other OH-PCBs tested were very 
poor substrates for human SULT1A1 (Wang 
et al., 2006), human SULT2A1 (Liu et al., 2006; 
Ekuase et al., 2011), rat liver SULT1A1, or rat liver 
SULT2A3 (Liu et al., 2009).

As noted above, OH-PCBs with a 4-OH-3,5-
dichloro- structural motif are potent inhibi-
tors of human SULT1E1, with 17-β-estradiol as 
substrate (Kester et al., 2000). Recent studies 
showed that some OH-PCBs inhibit sulfona-
tion of dehydroepiandrosterone (DHEA), cata-
lysed by human SULT2A1 or rat SULT2A3 (Liu 
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et al., 2006, 2009; Ekuase et al., 2011). As well as 
inhibiting sulfonation of estradiol and DHEA, 
OH-PCBs inhibit sulfonation and glucuronida-
tion of xenobiotic substrates. Several OH-PCBs 
were potent inhibitors (low µM values for IC50, 
the concentration producing 50% inhibition) of 
sulfonation of 3-hydroxy-benzo[a]pyrene cata-
lysed by human liver cytosol, human SULT1A1 
and human SULT1E1, but were very weak inhib-
itors or did not inhibit SULT1A3 (Wang et al., 
2005).

(g)	 Sites of metabolism

For most xenobiotics, including PCBs, the 
liver is the major organ of metabolism, as most 
of the drug-metabolizing enzymes are expressed 
in liver in high concentrations. This is true for 
several isoforms of CYP, epoxide hydrolase, GST, 
glucuronosyltransferase, and sulfotransferase; 
however, the liver is not the only site where these 
enzymes are expressed. The intestine expresses 
many of the same enzymes as the liver. The liver 
is able to convert PCBs to reactive metabolites, 
and to respond to PCBs that interact with AhR, 
but the role of metabolism in other tissues is not 
always clear. Tissues where there are associations 
between PCB exposure and cancer include the 
liver, lung, oral mucosa, uterus, thyroid, pancreas, 
adrenal, breast, skin, blood and lymphatic 
system, and these effects in some instances may 
be due to tissue distribution of PCBs or metabo-
lite. As noted above, CYP1B1 is inducible by AhR 
agonists and has been shown to be expressed in 
colon, breast, lung, endometrium, ovary and 
prostate (Schmidt & Bradfield, 1996; Green et al., 
2008). Prostaglandin endoperoxide H synthase, 
implicated in formation of quinone metabolites 
from OH-PCBs, is expressed in high concentra-
tions in the prostate gland, and is also found in 
ovary and breast (Wangpradit et al., 2009). The 
skin contains inducible CYP1A, as well as other 
drug-metabolizing enzymes (Costa et al., 2010).

4.1.4	 Excretion

(a)	 Humans

Two well designed studies (taking into 
account ongoing exposure and body weight 
changes, and not limited by small sample size 
or short sampling interval) showed that highly 
chlorinated congeners persist in the body, with 
half-lives averaging about 8–15 years, while less 
chlorinated PCBs clearly have shorter half-lives 
(Table  4.1; Grandjean et al., 2008; Ritter et al., 
2011).

Few studies on the faecal (Schlummer et al., 
1998; Moser & McLachlan, 2001), or urinary 
excretion (Price et al., 1972; ATSDR, 2000) of 
PCBs in humans have been published. A substan-
tial part of absorbed or retained PCBs may be 
eliminated via breast milk (see Section 1.4 in 
this Monograph). Concentrations varying from 
9 to 1915 ng/g lipid have been reported in the 
general population. Not only parent compounds, 
but also OH-PCBs were detected in breast milk. 
Traces of OH-PCBs (median of the sum of 12 
congeners, 3 pg/g milk) were found in milk 
samples collected in 2000–2001 from 15 mothers 
living in Stockholm; the ratio of total PCBs to 
total OH-PCBs was approximately 1400, and the 
major metabolite was an unresolved mixture of 
4-OH-CB-107 [4-OH-2,3,3′,4′,5-pentaCB; 4-OH-
PCB-109] and 4′-OH-CB-108 [4′-OH-2,3,3′,4,5′-
pentaCB; 4-OH-PCB-107] (Guvenius et al., 2003). 
Adenugba et al. (2009) analysed 15 samples of 
human bile, collected endoscopically, for seven 
PCB congeners (PCB-28, PCB-52, PCB-101, 
PCB-118, PCB-153, PCB-138, and PCB-180). 
Total PCB concentrations in bile ranged from 6 
to 49 ng/mL, and PCB-28 was the predominant 
congener.

(b)	 Experimental systems

Elimination half-lives have been estimated 
in different animal species. In rats, elimination 
half-lives vary from days (di- and trichloro-
biphenyl) to more than 3  months (penta- and 
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hexachlorobiphenyl), while a half-life of approx-
imately 10 months was estimated for Aroclor 
1254 in weanling pigs (ATSDR, 2000). Half-lives 
of a group of congeners (PCB-105, PCB-118, 
PCB-128, PCB-138, PCB-153, PCB-156, PCB-157, 
PCB-180, PCB-183) were estimated in monkeys 
dosed with Aroclor 1254. On average, half-lives 
varied from 0.4  years (PCB-105) to 1.9  years 
(PCB-128); however, a wide range of estimates 
(0.42–7.58 years, depending on individuals) was 
reported for PCB-128 (Mes et al., 1995b). [These 
data indicated that PCB half-lives vary according 
to species, and that PCB half-lives are longer in 
humans than in experimental animals, including 
monkeys.]

In rodents, PCBs administered by different 
routes are mainly excreted in the faeces, with 
urine usually representing a minor route of 
excretion.

PCB metabolites that have been identified in 
urine are mentioned in Section 4.1.3. In addi-
tion to OH-PCBs and dihydroxylated PCBs and 
corresponding glucuronides also observed in 
other studies, the elimination in urine of sulfated 
metabolites of PCB-3, PCB-3 2′-sulfate, PCB-3 
3′-sulfate, and PCB-3 4′-sulfate after a single 
intraperitoneal dose of PCB-3 (112 mg/kg bw) was 
reported. In rats, approximately 3% of the admin-
istered dose was excreted in the urine as sulfates 
over 36 hours, with peak excretion occurring 
10–20 hours after exposure (Dhakal et al., 2012). 
Mercapturic acid of [14C]-2,4′,5-trichlorobiphenyl 

(PCB-31) was isolated from the urine of rats 
treated with this congener (Bakke et al., 1982). 
This metabolite represented 0.3% of the admin-
istered dose of 4 mg per rat. About 57% of the 
administered dose was excreted in the bile, 
and 30–35% was present as metabolites in the 
mercapturic acid pathway.

Lactation is also a major route of excretion 
of PCBs in animals. In monkeys exposed to 
different doses of Aroclor 1254 in long-term 
studies, approximately 4% of the intake was 
eliminated in milk (Mes et al., 1994). The transfer 
of [14C]-labelled congeners PCB-77, PCB-126, 
PCB-169, and PCB-105 to milk has been inves-
tigated in mice (Sinjari et al., 1996). These 
compounds were administered intraperitoneally 
to lactating mice at a single dose of 2.0  μmol/
kg bw each on postnatal day 11. Concentrations 
of PCB-126, PCB-169 and PCB-105 in milk 
1  day after administration were higher (1450–
2520 pmol/mL) than concentrations of PCB-77 
(580 pmol/mL).

In addition to these routes of elimination, 
other minor pathways have been reported. 
Studies by Yoshimura & Yamamoto (1975) on 
PCB-66 in rats have suggested that excretion of 
unmetabolized PCB through the small intes-
tinal wall may occur. In other experiments with 
rats, PCBs were excreted unchanged in hair and 
through the skin (Matthews et al., 1976).

Table 4.1 Estimated human elimination half-lives for nine PCB congeners at background 
concentrations

Age group Elimination half-life (years)

PCB-28 PCB-52 PCB-105 PCB-118 PCB-138 PCB-153 PCB-170 PCB-180 PCB-187

Childrena NR NR 5.4 5.7 3.7 8.4 7.6 9.1 8
Adultsb 5.5 2.6 5.2 9.3 10.8 14.4 15.5 11.5 10.5

a	 Grandjean et al. (2008), n = 200
b	 Ritter et al. (2011), n = 229
NR, not reported
Adapted from Ritter et al. (2011)
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4.2	 Genetic and related effects

Since the first IARC Monograph on PCBs 
(IARC, 1978), the genetic and related effects 
of PCBs have been studied in several experi-
mental systems and in humans (for details and 
references, see Tables 4.2, 4.3, 4.4, 4.5, 4.6), and 
summarized in numerous reviews (Safe, 1989; 
Silberhorn et al., 1990; ATSDR, 2000; Ludewig, 
2001).

4.2.1	 Exposed humans

Several studies have used cytogenetic effects 
(structural chromosome aberration, sister-chro-
matid exchange, and DNA adducts) in cells from 
body fluids (blood and semen) as biomarkers 
in humans occupationally or environmentally 
exposed to PCBs (see Table 4.2).

(a)	 Genotoxicity and cytogenicity from 
occupational exposure

Peripheral lymphocytes from 32 workers 
exposed occupationally to commercial PCB 
mixtures (DELOR 103 and 106) for up to 25 
years were examined for cytogenetic changes. 
All workers with PCB exposure were smokers 
and moderate drinkers, and control groups 
were chosen accordingly: control group 1 
consisted of 20 people working outside the 
PCB-production unit, and control group 2 
consisted of 20 employees from administrative 
offices and the research department (Kalina 
et al., 1991). Workers with PCB exposure were 
also exposed to formaldehyde and benzene, but 
at levels not exceeding national exposure limits. 
Occupational exposure to PCB mixtures led to an 
increase in PCB plasma concentrations of more 
than 100-fold (305–487 µg/L), when compared 
with the control groups (1.5−3 µg/L). A signifi-
cant increase in the frequency of chromosomal 
aberration and sister-chromatid exchange was 
observed in workers exposed to PCBs for at least 
11 years; however, no dose–response effect was 

observed between cytogenetic effects and PCB 
blood concentrations. [The Working Group 
was not able to determine how the PCB plasma 
concentrations were measured. No quantita-
tive data were provided on the exposure of the 
workers to benzene and formaldehyde, or on 
whether all three groups were similarly exposed 
to benzene and formaldehyde. The choice of 
control group used for the t-test analysis was not 
clearly indicated].

An increase in structural chromosomal 
aberration in lymphocytes was also observed in 
workers occupationally exposed to PCBs when 
compared with a non-exposed control group; 
however, no information on PCB blood concen-
trations or confounders was available (Joksić & 
Marković, 1992).

Peripheral blood lymphocytes from male 
workers (n  =  21) exposed occupationally to 
PCBs for 2–5 years at a factory decontaminating 
industrial transformers and capacitors and from 
workers in an industrial control group (87; 53 
men and 34 women) were analysed for struc-
tural and numerical chromosomal aberrations. 
Significant increases of twofold in the frequency 
of structural chromosomal aberration and 
four- to sixfold in the frequency of premature 
centromere division in mitotic chromosomes 
were observed in the PCB-exposed group (Jakab 
et al., 1995; Major et al., 1999). [The Working 
Group noted that PCB concentrations in blood 
and/or air were not monitored, the industrial 
control group was not further specified, and no 
adjustment for confounders was made.]

Two studies of occupational exposure exam-
ined workers exposed to PCBs after a fire at an elec-
tric station (Elo et al., 1985; Melino et al., 1992). In 
one study, maximum blood PCB concentrations 
(median, 14 µg/L) were reached 3 days after expo-
sure and declined over the course of 1 month to 
background levels (≤ 2 µg/L). No exposure-related 
increases in the frequency of structural chromo-
somal aberration and sister-chromatid exchange 
in 15 PCB-exposed workers were observed for 
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7 months (Elo et al., 1985). [The Working Group 
noted that the control group was not defined. The 
data on observed chromosomal aberration and 
sister chromatid exchange, and the statistical 
method used, were not provided.] The other study 
reported a non-significant increase by fourfold 
in the frequency of chromosomal aberration, but 
no increase in the frequency of sister-chromatid 
exchange in a group of 12 workers (Melino et al., 
1992).

In another report, the study group consisted of 
45 randomly selected people (workers, residents, 
or children) living within 2 km of a capacitor-pro-
ducing factory known to cause occupational 
and environmental exposure to PCBs, in Semic, 
Slovenia, and was compared to workers that 
had pre-employment tests. An abnormally high 
frequency of structural chromosome aberration 
(55%) was observed in peripheral lymphocytes 
from workers and residents when compared 
with the control group (Tretjak et al., 1990). 
However, these findings were not correlated to 
environmental or blood PCB concentrations. 
[The Working Group noted that no PCB concen-
trations in blood were reported. No matched 
control group was available and no statistical 
analysis was performed. Heavy smokers and 
people who had had recent X-ray examinations 
were excluded from the study].

Men working in Chinese electrical and 
electronic equipment waste-dismantling facto-
ries were shown to be exposed occupationally 
to PCBs, tetrachlorodibenzo-p-dioxins and 
dibenzofurans (TCDD/Fs) and polybrominated 
diphenyl ethers (PBDEs). Urine concentrations 
of 8-hydroxydeoxyguanosine (8-OHdG), a 
product of oxidative DNA damage, were signif-
icantly increased in workers after their working 
shift when compared with levels before the 
working shift. However, no correlation could be 
drawn between the observed increase in urinary 
8-OHdG concentrations and occupational expo-
sure to any of the organochlorine compounds 
(Wen et al., 2008).

(b)	 Genotoxicity and cytogenicity from non-
occupational exposure

Three years after accidental contamination 
of cooking oil with PCBs in Taiwan, China (see 
Section 1.4.8), blood samples were taken from 36 
patients with Yucheng (“oil disease”); lympho-
cytes were analysed for chromosomal aberra-
tions and compared with lymphocytes from 
age- and sex-matched laboratory staff (n  =  10). 
Blood PCB concentrations ranged from 6.4 to 
101.8 µg/L. A high frequency of chromosomal 
aberration was observed in 19 out of 36 (53%) 
PCB-exposed patients, while none was seen in 
the control group. The findings could not be 
correlated with the blood PCB levels (Wuu & 
Wong, 1985). [The Working Group noted that no 
details on the statistical evaluation or adjustment 
for confounders were given.]

The frequencies of chromosomal aberra-
tion and sister-chromatid exchange in periph-
eral lymphocytes from 35 nonsmoking women 
from Taiwan, China, exposed to PCBs through 
contaminated rice oil (“Yucheng”) were similar 
to those from matched controls. However, when 
peripheral blood lymphocytes were treated with 
α-naphthoflavone in vitro [to increase sensi-
tivity], a small (20%) but significant increase 
in frequency of sister-chromatid exchange, but 
not chromosomal aberration, was observed 
(Lundgren et al., 1987, 1988).

Similarly, 27 years after exposure to high 
concentrations of PCBs, the frequency of 
sister-chromatid exchange in lymphocytes of 16 
victims of the “Yusho” food poisoning incident 
(see Section 1.4.8 in this Monograph) were not 
significantly different from those of a non-ex-
posed control group, despite persistently elevated 
blood PCB concentrations in these patients 
(281 pg/g fat versus 41 pg/g fat in the control 
group). Addition of α-naphthoflavone did not 
increase the frequency of sister-chromatid 
exchange (Nagayama et al., 2001).
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Blood concentrations of cadmium, lead, 
p,p′-dichlorodiphenyldichloroethylene (DDE), 
hexachlorobenzene, PCBs (PCB-99, PCB-118, 
PCB-170, PCB-138, PCB-153, PCB-180), and 
dioxin-like activity (Calux assay) were analysed 
in 1583 residents in nine different industrialized 
regions in Belgium (De Coster et al., 2008). Also 
analysed as effect biomarkers were the percentage 
of cells with micronucleus formation, DNA 
damage (comet assay) in peripheral blood cells, 
and 8-OHdG in urine. Overall significant differ-
ences between the different regions were found 
for micronucleus formation, DNA damage, and 
urinary 8-OHdG concentrations. Among these, 
positive correlations were reported between 
PCB-118 concentrations and both micronucleus 
formation and DNA damage.

In a group of 103 Inuit people from Northern 
Canada exposed to high dietary concentrations 
of PCBs and selenium, plasma PCB concentra-
tions and DNA adduct profiles in leukocytes 
were determined (Ravoori et al., 2008). The 
32P-postlabelling technique used allowed for 
differentiation between polar and lipophilic 
adducts. Plasma PCB concentrations were signif-
icantly correlated with increasing age [P < 0.01]. 
The most abundant PCB congeners in the plasma 
were PCB-138, PCB-153, and PCB-180. The most 
abundant adduct was 8-OHdG, which accounted 
for 51–57% of the total adduct burden. No corre-
lation between adduct levels and specific PCB 
congeners, smoking status, or sex were observed.

In a follow-up study in 83 subjects, Ravoori 
et al. (2010) reported 30–800-fold interindi-
vidual variability in levels of unidentified polar 
DNA adducts (indicative of oxidative stress) in 
leukocytes. Negative associations were observed 
between total DNA adduct levels and selenium, 
and PCB concentrations, the latter being signif-
icant. After grouping the individuals according 
to selenium/PCB ratio as high-ratio (ratio, > 33; 
mean, 75.5; n = 41), or low-ratio (ratio, ≤ 33; mean, 
18; n  =  42), levels of 8-OHdG and total DNA 
adducts were significantly negatively correlated 

with the high-ratio group (P = 0.014 and P < 0.01, 
respectively), while there was no correlation with 
the low-ratio group, indicating a mitigating effect 
of selenium on the toxicity of PCBs.

(c)	 Sperm DNA damage

Sex-chromosome disomy in sperm nuclei was 
determined in 192 men from subfertile couples. 
A positive association with YY, XY, and total 
sex-chromosome disomy and an inverse associa-
tion with XX disomy were observed with higher 
serum concentrations of four PCBs (PCB-118, 
PCB-138, PCB-153, and PCB-180) (McAuliffe 
et al., 2012). Other environmental organochlo-
rine pollutants may also have contributed to 
sex-chromosome aneuploidy, since plasma DDE 
concentrations were positively associated with 
increased rates of XX, XY, and total sex-chro-
mosome disomy.

In a group of 176 Swedish fishermen with low 
or high consumption of fatty fish, the DNA frag-
mentation index in sperm was compared with 
serum PCB concentrations (Rignell-Hydbom 
et al., 2005). Plasma concentration of PCB-153 
was statistically significantly associated with 
an increase in DNA fragmentation (P < 0.001); 
however, when adjusted for age, which was 
strongly associated with percentage DNA frag-
mentation index, this association was no longer 
significant (P  =  0.28). When PCB-153 concen-
trations were categorized into quintiles, the 
lowest-exposure quintile had significantly lower 
levels of DNA fragmentation than the other 
quintiles (P  <  0.001), even after adjustment for 
age (P  =  0.006). The association between DNA 
fragmentation and DDE concentrations was not 
significant (Rignell-Hydbom et al., 2005).

In sperm samples from 707 adult men (193 
Inuits from Greenland, 178 Swedish fishermen, 
141 men from Poland, and 195 men from 
Ukraine), DNA fragmentation was correlated 
with serum PCB-153 concentrations (Spanò et al., 
2005). After adjustment for age, period of sexual 
abstinence, and serum PCB-153 concentration, 
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levels of DNA fragmentation betwen men in the 
three European groups did not differ consider-
ably, but were significantly higher than those 
found in Inuit men. While DNA fragmentation 
in sperm was unrelated to PCB-153 concentration 
among the Inuits (very high PCB concentrations) 
and Polish men (very low PCB concentrations), 
increasing serum PCB-153 concentrations were 
significantly associated with increased DNA 
fragmentation in the Swedish (P  =  0.001), and 
Ukranian cohorts (P = 0.027), and in the three 
European groups combined (P  <  0.0001). No 
correlation between DNA fragmentation index 
and serum DDE concentrations was seen.

Similar results were observed in a subsequent 
study with a largely overlapping study popula-
tion (Stronati et al., 2006).

(d)	 Gene mutation

A possible correlation between PCB exposure 
and cancer of the pancreas has been discussed 
earlier (see Section 2.3.5). An analysis of blood 
organochlorine concentrations and KRAS muta-
tions in tissue from pancreatic cancer found 
a significant correlation between tumours 
harbouring KRAS mutations and PCB-138, and 
PCB-153, and between the two most common 
mutations in KRAS and PCB-138 concentrations 
(Porta et al., 2009). The dose–response pattern 
was approximately linear only for PCB-138.

Another study analysed post-mortem 
samples of brain from patients with neurodevel-
opmental disorders with a known genetic basis 
(n = 32), autism of unknown etiology (n = 32), 
and controls (n  =  43) for eight PCBs (PCB-28, 
PCB-95, PCB-105, PCB-118, PCB-138, PCB-153, 
PCB-170, and PCB-180) (Mitchell et al., 2012). 
The concentration of PCB-95 was significantly 
higher in the group with genetic neurodevelop-
mental diseases. In fact, PCB-95 was detected 
nearly exclusively in the brain of patients from 
mothers with a specific duplication in the long 
arm of chromosome 15 (dup15q11–q13) or 
deletions in the same chromosome 15q11–q13 

in patients with Prader-Willie syndrome. Five 
out of six patients with dup15q11–q13, which is 
related to autism spectrum disorder, were born 
after 1976.

(e)	 Epigenetic effects

In the study by Mitchell et al. (2012) cited 
above, samples of brain showing dup15q also 
showed a lower level of methylation in regions 
of repetitive DNA, suggesting that PCBs may 
have caused hypomethylation in these regions, 
resulting in chromosome instability and a higher 
risk of duplication.

Rusiecki and coworkers used pyrosequencing 
to estimate global DNA methylation via repetitive 
elements Alu and (long interspersed nucleotide 
element) LINE-1 assays of bisulfite-treated DNA 
in 70 samples from Inuit people in Greenland to 
examine epigenetic effects of high PCB contam-
ination (Rusiecki et al., 2008). They observed 
significant inverse correlations between percent-
ages of methylcytosine and plasma concentra-
tions of DDT, DDE, β-hexachlorocyclohexane, 
oxychlordane, α-chlordane, mirex, sum of PCBs, 
and sum of all persistent organic pollutants, after 
adjusting for age and cigarette smoking.

(f)	 Changes in gene expression

In samples taken in 2007 from 139 daugh-
ters of members of a cohort of fish-consumers 
in Michigan, there was no correlation between 
serum concentrations of PCB, PBDE, or DDE, 
and expression of four genes encoding 17-α-hy-
droxylase (CYP17A1), aromatase (CYP19A1), 
and estrogen receptor α and β (ESR1 and ESR2) 
(Karmaus et al., 2011). In contrast, maternal 
concentrations of serum PCB (prenatal PCB 
concentration), measured in 1973–1991, were 
highly significantly associated with decreased 
expression of the steroid synthesis genes CYP17 
and CYP19 in blood lymphocytes. Other persis-
tent organic pollutants were not correlated.
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4.2.2	Experimental systems

(a)	 Commercial PCB mixtures

Table 4.3 and Table 4.4 summarize data with 
commercial PCB mixtures in in-vitro and in-vivo 
studies respectively. For each category of test 
(non-mammalian systems, mammalian cells in 
vitro, and in-vivo assays), the data are presented 
by commercial PCB mixture in increasing 
order of chlorination, and for each commercial 
mixture, by end-point.

(i)	 Non-mammalian systems
All PCB mixtures tested for their ability 

to induce gene mutation in bacteria, i.e. PCB 
mixtures with chlorination levels ranging from 
~20% (e.g. Aroclor 1221) to ~70% (e.g. Aroclor 
1268) were not mutagenic in different strains of 
Salmonella typhimurium and Escherichia coli in 
the absence or presence of an exogenous meta-
bolic activation system comprising induced 
and non-induced liver microsomes (Table  4.3). 
However, only Aroclor 1254 was tested up to the 
recommended limit dose for hazard assessment 
of 5000 µg/plate (Shahin et al., 1979), not all 
strains typically used in the Ames test battery (S. 
typhimurium TA98, TA100, TA1535, TA1537) or 
E. coli WP2 uvrA were tested, and an exogenous 
metabolic system was not always included.

In contrast, Aroclor 1221 and Aroclor 1260 
did induce intrachromosomal recombination 
in Saccharomyces cerevisiae cells in the absence 
and presence of exogenous metabolic activation. 
Since Aroclor 1221 was effective at lower concen-
trations than Aroclor 1260, chlorination level 
seemed to be inversely correlated to mutagenicity 
of PCBs in this test system (Schiestl et al., 1997).

Additionally, Aroclor 1254 induced muta-
tions in the number of tandem repeats in S. 
cerevisiae transgenic for the human MS32 mini-
satellite (Appelgren et al., 1999).

Clophen mixtures did not induce somatic 
mutation in the fruit fly Drosophila melanogaster 
(Nilsson & Ramel, 1974).

(ii)	 Mammalian cells in vitro
Aroclor 1254 caused DNA strand breaks 

(detected by alkaline filter elution) in primary 
rat hepatocytes (Sina et al., 1983) and in primary 
rat prostate cells (comet assay; Cillo et al., 2007), 
while evidence for induction of unscheduled 
DNA synthesis in primary rat hepatocytes was 
equivocal (Probst et al., 1981; Althaus et al., 1982). 
An increase in the frequency of DNA adducts 
(detected by 32P-postlabelling) was observed in 
primary human hepatocytes from three different 
donors (Borlak et al., 2003), but not in cultured 
human hepatocarcinoma HepG2 cells or dexa-
methasone-treated primary rat fetal hepatocytes 
(Dubois et al., 1995). A dose-dependent increase 
in structural chromosomal aberration starting 
at concentrations of less than 1 µg/mL was seen 
in cultured human lymphocytes (Sargent et al., 
1989).

Aroclor 1221 caused intrachromosomal 
recombination at the Hprt locus in a mutant 
Chinese hamster V79 cell line (Helleday 
et al., 1998), and in human lymphoblastoid cells 
(Aubrecht et al., 1995). Aroclor 1016 enhanced 
DNA-adduct formation in primary human 
lymphocytes (Borlak et al., 2003); no increase in 
the frequency of chromosomal aberration was 
seen in chicken embryos and ouabain-resistant 
colonies in Chinese hamster V79 cells treated 
with Aroclor 1242 (Blazak & Marcum, 1975; 
Hattula, 1985).

(iii)	 In-vivo assays
Repeated doses of Aroclor 1254 did not alter 

hepatic levels of DNA adducts (as measured 
by 32P-postlabelling) in male Sprague-Dawley 
(given two intraperitoneal doses of 500 mg/kg 
bw) or male Fischer 344 rats (given 35 oral doses 
of 25 mg/kg bw) compared with controls (Nath 
et al., 1991; Chadwick et al., 1993).

When used for hepatic enzyme induction, a 
single intraperitoneal application of Aroclor 1254 
of up to 500 mg/kg bw in rats (Kornbrust & Dietz, 
1985; Shaddock et al., 1989) and 50 mg/kg bw 
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in cynomolgus monkeys (Hamilton et al., 1997) 
did not enhance unscheduled DNA synthesis in 
isolated primary hepatocytes.

Dietary exposure of male C57BL/6 (Big Blue®) 
mice transgenic for bacterial lacI to Aroclor 
1254 at 100 ppm (0.01%) for 7 weeks caused a 
significant, but less than twofold, increase in the 
frequency of mutation in the liver (Davies et al., 
2000).

No increase in the frequency of structural 
chromosomal aberration in bone marrow 
and spermatogonial cells was observed in rats 
given repeated doses of Aroclor 1254 by gavage 
(300 mg/kg bw for five consecutive days or 
50 mg/kg bw for seven consecutive days) or in the 
diet (500 ppm for 5 weeks) (Dikshith et al., 1975; 
Green et al., 1975a; Garthoff et al., 1977). Aroclor 
1254 did not increase the frequency of micronu-
cleus formation in bone marrow of B6C3F1 mice 
given Aroclor 1254 as intraperitoneal injections 
of 15  000 mg/kg bw on five consecutive days 
(Bruce & Heddle, 1979).

In contrast to the observations in rodents, 
a single intraperitoneal injection of Aroclor 
1254 induced a dose-dependent increase in the 
frequency of micronucleus formation in fish 
(Cyprinus carpio) erythrocytes (Al-Sabti, 1986), 
and aberrant metaphases and structural chromo-
somal aberration in fish kidney cells (Cyprinus 
carpio, Tinca tinica, Ctenopharyngodon idella), 
from the starting dose of 50 mg/kg bw (Al-Sabti, 
1985). In addition, Aroclor 1254 induced 
germline length mutation in the PC-1 but not 
PC-2 minisatellite region in male C57B1/6 mice 
given a single intraperitoneal dose of Aroclor 
1254 at 100 mg/kg bw (Hedenskog et al., 1997).

Kanechlor 500 (which has a similar level of 
chlorination as Arochlor 1254) caused a weak 
(less than twofold) increase in the frequency of 
micronucleus formation in bone-marrow cells in 
male ddY mice given an oral dose at 100 mg/kg 
bw for 6 days, but not when applied subcutane-
ously at the same dose (Watanabe et al., 1982).

A single dose of Aroclor 1242 did not 
enhance levels of DNA adducts (as measured 
by 32P-postlabelling) or 8-OHdG formation (as 
measured by high-performance liquid chroma-
tography/electrochemical detection) in liver, 
glandular stomach, spleen, thymus, prostate, 
testes, and seminal vesicles of male Lewis rats, 
nor did Aroclor 1242 induce structural chro-
mosomal aberrations in bone marrow and sper-
matogonial cells of Osborne-Mendel rats given a 
single oral dose of 5000 mg/kg bw, or repeated 
doses of 500 mg/kg bw for 4 days (Green et al., 
1975a; Schilderman et al., 2000).

Aroclor 1242, like Aroclor 1254, did not 
reduce the number of mitotic spermatogonial 
cells in Osborne-Mendel rats at the highest doses 
tested (Green et al., 1975a), and had no effect on 
the number of dominant lethals (Green et al., 
1975b).

A study by Desaulniers et al. (2009) exam-
ined the effects of PCB and organochlorine pesti-
cide mixtures on DNA methylation in the liver 
of exposed rats. The PCB mixture, but not the 
organochlorine pesticide mixture, reduced the 
mRNA abundance of DNA methyltransferase-1, 
-3a, and -3b, reduced the abundance of the methyl 
donor S-adenosylmethionine, and decreased the 
methylation of CpG sites in the promoter region 
of the tumour suppressor gene p16INK4a.

Another group analysed histone post-trans-
lational modifications in chromatids from liver 
of rats exposed to PCBs in early life (Casati et al., 
2012). There was a decrease in levels of histone 
H4K16Ac and histone H3K4me3, and an increase 
in the expression of SirtT1 and Jarid1b, genes 
encoding two chromatid-modifying enzymes 
(histone demethylases). A decrease in the abun-
dance of mRNA of androgen receptor, a histone 
enzyme coregulator, was also reported.

Ghosh et al. (2011) applied the tools of global 
gene expression and Ingenuity biological func-
tions analysis to peripheral blood mononuclear 
cells (PBMC) exposed in vitro to PCB-138 
(0.87 ng/mL) or PCB-153 (1.42 ng/mL) for 48 
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hours. The expression of several biologically 
significant genes was highly modulated in vitro, 
in general by downregulation, and differential 
gene expression was specific to the PCB used. 
Exposure to PCB-153 identified genes involved in 
three Ingenuity Pathway Analysis (IPA) networks 
involved in cellular movement, development 
and function of the haematological system, 
immune cell trafficking, molecular transport, 
and cancer. Exposure to PCB-138 resulted in 
significant expression of several genes including 
tumour necrosis factor-associated protein 1 
(TRAP1), contactin 5 (human neuronal NB-2 
gene) (CNTN5), glial cell line-derived neuro-
trophic factor family receptor α-1 (GFRA1), von 
Willebrand factor D and EGF domains (VWDE), 
and CYP1A2. Notable among these are the upreg-
ulated genes TRAP1, CNTN5, GFRA1, which are 
important in the activation of TRAP-1.

Using the same genomic methods, 
Hochstenbach et al. (2010) reported alterations 
indicative of exposure to immunotoxicants in 
whole genome gene-expression profiles (tran-
scriptomic changes) in human PBMC from two 
healthy donors exposed in vitro to a range of 
immunotoxic chemicals including PCB-153.

Wens et al. (2013) studied gene-expression 
profiles in PBMC exposed in vitro to a dioxin- 
like polychlorinated biphenyl, PCB-126 (1 μM), 
or a non dioxin-like polychlorinated biphenyl, 
PCB-153 (10 μM). Hierarchal cluster analysis 
created distinct clustered gene groups for samples 
exposed to PCB-126 or PCB-153. The number of 
differentially expressed genes varied with the 
compound used and ranged from 60 to 192. As 
expected, exposure to PCB-126 caused induc-
tion of the AhR signalling pathway. Exposure 
to PCB-153, which is known to disrupt thyroid 
metabolism, resulted in expression of the nuclear 
estrogen receptor ESR2.

(b)	 Individual congeners and their metabolites

In this section, the data in the text are 
presented first for non-mammalian systems and 
then combined for cell culture tests and in-vivo 
assays, by PCB congener and corresponding 
metabolite(s) (Table 4.5 and Table 4.6). Data in 
the table are presented first for non-mammalian 
systems and cell culture tests (Table 4.5), and 
then for in-vitro assays (Table 4.6).

(i)	 Non-mammalian systems
In tests for gene mutation in bacteria, the 

PCB congeners PCB-1, PCB-3, PCB-15, PCB-47, 
PCB-52, PCB-77, PCB-155, and PCB-209 were 
not mutagenic in various strains of Salmonella 
typhimurium and Escherichia coli in the absence 
or presence of exogenous metabolic activation 
(induced and non-induced liver microsomes), 
except in one study with PCB-3 in S. typhimu-
rium TA1538 in the presence of rabbit liver micro-
somes (Wyndham et al., 1976). Only PCB-209 
was tested up to the recommended limit dose of 
5000 µg/plate and in all strains typically used in 
the Ames test battery, i.e. S. typhimurium TA98, 
TA100, TA1535, TA1537, and in E. coli WP2 uvrA 
(Han et al., 2009).

The less chlorinated congener PCB-15 
was reported to induce somatic mutation in 
Drosophila melanogaster (Butterworth et al., 
1995).

(ii)	 Cell culture tests and in-vivo assays
Several studies have shown in vitro or in 

non-humans in vivo that PCB congeners with one 
to four chlorine atoms are bioactivated to DNA- 
and protein-binding intermediates in vitro and in 
vivo. Each congener produced multiple different 
DNA adducts, particularly with guanine. The 
most prominent ultimate DNA-binding inter-
mediates were quinone metabolites, but some 
binding of epoxide intermediates was suggested. 
Rodent and human liver microsomes produced 
similar or different adduct patterns depending 
on the PCB congener used, indicating that 
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species differences exist. Reactive intermediates 
can bind to cellular macromolecules, including 
DNA and DNA-maintenance proteins, and 
such adducts can be detected in multiple organs 
(Morales & Matthews, 1979; Amaro et al., 1996; 
McLean et al., 1996b; Oakley et al., 1996a, 1996b; 
Lin et al., 2000; Pereg et al., 2001, 2002; Srinivasan 
et al., 2002; Arif et al., 2003; Zhao et al., 2004; 
Bender et al., 2006; Bender & Osheroff, 2007).

PCB-1, PCB-2, PCB-3 and metabolites
Without exogenous metabolic activation, trit-

ium-labelled PCB-3 was reported to bind to DNA, 
RNA, and cellular proteins in cultured Chinese 
hamster ovary cells (Wong et al., 1979). PCB-3 
also enhanced unscheduled DNA synthesis by 
1.6-fold in the same cell line (Wong et al., 1979), 
and increased DNA-adduct formation dose-de-
pendently in primary human hepatocytes, as 
determined by 32P-postlabelling (Borlak et al., 
2003). Maximum adduct levels were observed 
24 hours after exposure and declined to control 
levels within 48 hours (Borlak et al., 2003).

The mutagenicity of PCB-3, its mono- and 
dihydroxylated metabolites, and its 3′,4′- and 
2′,5′-quinones was investigated in cultured 
Chinese hamster V79 cells (Zettner et al., 
2007). Induction of gene mutations at the Hprt 
locus was determined by 6-thioguanine resist-
ance. Induction of chromosomal and genomic 
mutation was assessed by micronucleus forma-
tion and immunochemical differentiation of 
micronuclei containing whole chromosomes 
(kinetochore-positive) or DNA fragments 
(kinetochore-negative). Both quinones, but not 
the PCB-3 itself or its mono- or dihydroxylated 
metabolites, caused a dose-dependent increase 
in the frequency of 6-thioguanine-resistant 
colonies at non-cytotoxic concentrations, and an 
increase in chromosomal and genomic mutation 
was observed at higher, cytotoxic concentrations.

In addition, the 2′,5′-dihydroxylated metab-
olites of PCB-3 and PCB-2, but not of PCB-1, or 
the 3′,4′-dihydroxy-PCB-3 induced polyploidy in 

V79 cells; of these dihydroxylated metabolites, 
only 3′,4′-dihydroxy-PCB-3 increased the levels 
of sister-chromatid exchange (Flor & Ludewig, 
2010).

As in V79 cells, PCB-3–2′,5′-quinone caused 
a dose-dependent increase in the frequency of 
micronucleus formation in human breast epithe-
lial MCF-10A cells (Venkatesha et al., 2008). At 
the concentrations tested, electron paramagnetic 
resonance showed an increase in steady-state 
levels of ROS, and detected the presence of a 
semiquinone radical, suggesting redox cycling 
of the 2′,5′-quinone. Furthermore, the increase 
in number of micronucleated cells observed with 
PCB-3–2′,5′-quinone and also with PCB-153 was 
consistent with an increase in levels of phosphoryl
ated histone protein γ-H2AX (Venkatesha et al., 
2008). The 2′,5′-quinone of PCB-3 also caused 
significant and dose-dependent shortening of 
the telomeres in human keratinocyte HaCaT 
cells after 11 weeks of exposure, and an increase 
in frequency of micronucleus formation in V79 
cells (Jacobus et al., 2008).

Induction of gene mutation in vivo by PCB-3 
and its monohydroxylated metabolite 4′-OH-
PCB-3 was investigated in male and female 
transgenic Fischer 344 (Big Blue®) rats given four 
intraperitoneal injections of PCB-3 at 113 mg/kg 
bw and 4′-OH-PCB-3 at 82 mg/kg bw over 4 
weeks. Seventeen days after the last injection, the 
frequency and spectrum of mutation in the lacI 
gene were determined in the liver (Lehmann 
et al., 2007) and lung (Maddox et al., 2008) of 
males, and in the liver of females (Jacobus et al., 
2010). Both PCB-3 and its 4′-OH-metabolite 
caused a similar, more than twofold, increase 
in mutation frequency in the liver of male rats; 
however, only the increase observed with PCB-3 
was statistically significant. Although the muta-
tion spectrum induced by PCB-3 was different 
from that in control rats, and similar to that 
induced by the positive control, 3-methylchol
anthrene, only the proportion of transitions 
was statistically different from that in control 
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rats. In contrast, the mutation spectrum for 
4′-OH-PCB-3 differed only slightly from that 
in the control group (Lehmann et al., 2007). In 
the liver of female rats treated with PCB-3 and 
its 4′-OH-metabolite, mutation frequencies and 
mutation spectra were not significantly different 
from those observed in control rats (Jacobus 
et al., 2010). PCB-3 and its 4′-OH-metabolite 
caused a twofold, but not statistically significant, 
increase in mutation frequency in the lungs of 
treated males. However, a shift in the mutation 
spectra, especially with PCB-3, and an increase 
in the frequency of mutation outside of the 
hotspot region for spontaneous mutation of lacI 
(base pairs 1–400) were observed (Maddox et al., 
2008). The genotoxicity profile of metabolites of 
PCB-3 is summarized in Table 4.7.

PCB-28, PCB-52, PCB-77
PCB-52 enhanced the frequency of DNA 

strand breaks in human lymphocytes (comet 
assay) and mouse fibroblast L-929 cells (alkaline 
sedimentation), but had no effect on the level 
of sister-chromatid exchange and structural 
chromosomal aberration in human lympho-
cytes (Stadnicki & Allen, 1979; Stadnicki et al., 
1979; Sargent et al., 1989; Sandal et al., 2008). 
However, the addition of PCB-77 at non-geno-
toxic concentrations led to a threefold increase 
in the frequency of chromatid breaks compared 
with that in control cells (Sargent et al., 1989).

PCB-28, PCB-52, and a synthetic mixture of 
PCBs similar to that present in air in Chicago, 
USA, at equimolar concentrations all caused 
a 30–40% reduction in telomerase activity in 
human skin HaCaT keratinocytes, but the 
effect on telomere length differed, with short-
ening effects caused by PCB-28, PCB-52, and 
the Chicago air mixture of about 10%, 40%, and 
5%, respectively, compared with controls after 6 
weeks of exposure (Senthilkumar et al., 2011).

PCB-77 caused DNA-adduct formation 
in human hepatocarcinoma HepG2 cells and 
in dexamethasone-treated primary rat fetal 

hepatocytes. In human lymphocytes, PCB-77 
induced structural chromosomal aberration, 
but no increase in the frequency of micronu-
cleated cells and sister-chromatid exchange was 
observed (Sargent et al., 1989; Dubois et al., 1995; 
Belpaeme et al., 1996b).

Long-term dietary exposure of female hepa-
tectomized Sprague-Dawley rats to PCB-52 at 
10 ppm for 7 months, or PCB-77 at 0.1 ppm for 
1 year, did not enhance the frequency of struc-
tural or numerical chromosomal aberration in 
liver and bone-marrow cells (Meisner et al., 1992). 
However, coexposure to PCB-52 and PCB-77 at 
the doses given above for 1  year increased the 
frequency of polyploidy and structural chromo-
some aberration in bone-marrow cells. Although 
the frequency of numerical and structural 
chromosomal aberration in primary hepatocytes 
remained unaffected after coexposure to PCB-52 
and PCB-77 for 7 months, the liver became more 
susceptible to diethylnitrosamine-induced geno-
toxicity (Sargent et al., 1992).

PCB-101, PCB-118, PCB-138
PCB-101, PCB-118, and PCB-138 were able 

to induce DNA strand breaks (comet assay) 
and micronucleus formation (except PCB-138) 
in fish fibroblast RTG-2 cells [usually not used 
for genotoxicity testing], in a single dose exper-
iment. However, the time course of markers for 
oxidative stress (carboxy-dichlorofluorescein 
oxidation, intracellular GSH, lipid peroxidation, 
and superoxide dismutase activity) did not corre-
spond with the observed genotoxicity (Marabini 
et al., 2011).

PCB-126
PCB-126 did not increase the frequency of 

micronucleus formation in human hepatoma 
HepG2 cells, but did cause a significant, but not 
dose-dependent, increase in levels of the DNA 
repair protein XPA (Western blot), whereas XPC 
protein levels were unaffected (Wei et al., 2009b).
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PCB-126 did not increase the frequency 
of mutation in fetuses of the transgenic 
MutaTMMouse on day 18 of gestation after a single 
maternal oral dose of 0.5 mg/kg bw on day 10 of 
gestation (Inomata et al., 2009).

PCB-126 and PCB-153
The role of oxidative DNA damage in carcino-

genesis caused by PCB-126, PCB-153, and a 
combination thereof, was investigated by meas-
uring in treated animals the accumulation of a 
DNA adduct, namely 3-(2′-deoxy-β-D-eryth-
ro-pentafuranosyl)-pyrimido[1,2-α]-purin-10-one 
(M1dG) (the pyrimidopurinone of deoxy-
guanosine) (Dedon et al., 1998), which can be 
formed by reaction of lipid-peroxidation derived 
malonedialdehyde or by oxidation of deoxyri-
bose-derived DNA base propenal and deoxy-
guanosine. Accumulation of M1dG adducts was 
assessed in the liver of female C57BL/6J mice 
given a single dose and in Sprague-Dawley rats 
exposed for 1  year. A single dose of a mixture 
consisting of four dioxin-like compounds 
(including PCB-126), or a mixture consisting of 
four non-dioxin-like PCBs (PCB 118, 138, 153, 
180), did not increase M1dG accumulation in 
the mouse liver. In female Sprague-Dawley rats 
exposed to PCB-126, PCB-153, or a combination 
of both for 1  year (see Section 3; NTP, 2006a, 
b, c), an increase in hepatic levels of M1dG was 
observed in rats treated with PCB-126, and in 
rats treated with a combination of PCB-126 + 
PCB-153. In female rats coexposed to PCB-126 
+ PCB-153, the observed levels of M1dG adducts 
correlated with the observed incidence of liver 
tumours (Jeong et al., 2008).

PCB-153
PCB-153 induced structural chromosomal 

aberration in human lymphocytes (Sargent et al., 
1989) and a statistically significant dose-de-
pendent increase in the frequency of micro-
nucleus formation in human breast epithelial 
MCF-10A cells (Venkatesha et al., 2008). PCB-153 

also induced a significant and dose-dependent 
twofold increase in the frequency of micronucle-
ation in human hepatocarcinoma HepG2 cells. 
Coexposure to PCB-153 and benzo[a]pyrene 
significantly and dose-dependently increased 
the frequency of micronucleus formation by 
60%. When α-naphthoflavone (an inhibitor 
of CYP1A1) was added to cultures exposed to 
PCB-153 and PCB-153 + benzo[a]pyrene, the 
frequency of micronucleation decreased almost 
to control levels (Wei et al., 2009a).

PCB-153 was able to induce DNA strand 
breaks and micronucleus formation in fish fibro-
blast RTG-2 cells (Marabini et al., 2011; see above 
for comments).

Treatment of immortal human skin HaCaT 
keratinocytes with PCB-153 at a single concentra-
tion resulted in a decrease in telomerase activity 
(~20% after 1 week to ~40% after 7 weeks of 
exposure) and telomeres were shortened by about 
40% (Senthilkumar et al., 2012). Shortening of 
telomeres was also observed in normal human 
foreskin keratinocytes exposed to PCB-153 in 
culture, but the difference compared with the 
control cells was not statistically significant on 
any of the days analysed.

PCB-209
PCB-209 did not induce mutation at the 

thymidine kinase locus in mouse lymphoma 
L5178Y/T+/- cells, and did not cause an increase 
in micronucleus formation in bone-marrow cells 
of male and female Crl:CD1 mice given a single 
oral dose at 2000 mg/kg bw (Han et al., 2009).

MeSO2-PCB metabolites
MeSO2-PCBs did not induce micronucleus 

formation in cultured human lymphocytes, 
but some, namely 3-MeSO2-2,5,2′,4′,5′-pentaCB 
[3′-MeSO2-PCB-101; 3-MeSO2-2,2′,4′,5,5′- pentaCB] and 
4-MeSO2-2,5,2′,3′,4′-pentaCB [4’-MeSO2-PCB-87; 
4-MeSO2-2,2′,3′,4′,5- pentaCB], enhanced levels 
of sister-chromatid exchange (Nagayama et al., 
1995, 1999).
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(c)	 Summary

Numerous cell-based test systems, and animal 
models, have been used to investigate the geno-
toxic potential of commercial PCB mixtures. 
However, only 13 individual congeners have been 
examined so far in studies of genotoxicity and 
related effects. Seven congeners (PCB-3, PCB-52, 
PCB-77, PCB-118, PCB-138, PCB-153, PCB-209) 
have been investigated in both cellular systems 
and animals. An additional four congeners 
(PCB-15, PCB-47, PCB-101, and PCB-155) were 
tested only in cellular systems, and two conge-
ners (PCB-126 and PCB-180) have been tested 
only in cellular systems or animals, respectively.

Studies on induction of gene mutation in 
bacteria exposed to PCB mixtures, or to the 
few individual congeners tested, gave negative 
results. However, these data were of limited 
value for assessing this end-point because the 
doses applied were usually < 1000 µg/plate and/
or where this was not the case, testing with 
an exogenous metabolic system was omitted. 
Studies with PCB-209 were not subject to the 
aforementioned limitations.

When high concentrations of commercial 
PCB mixtures were tested in Saccharomyces 
cerevisiae, genotoxicity was observed with 
Arochlor 1254, Aroclor 1221, and Aroclor 1260. 
In mammalian cells in vitro, Aroclor 1254 was 
reported to produce DNA adducts, unscheduled 
DNA synthesis, DNA strand breaks and, to some 
extent, chromosomal aberration. Although these 
end-points were negative when tested in rodents 
in vivo, Aroclor 1254 did increase chromosomal 
aberration and micronucleation in fish, and 
mutation frequency in the liver of transgenic Big 
Blue® mice. Aroclor 1254 induced cell transfor-
mation in cultured Syrian hamster embryo cells.

As for the individual congeners, the most 
comprehensive data on genetic effects were 
available for PCB-3 and its metabolites. PCB-3 
did not induce gene mutation in bacteria at doses 
up to 1000 µg/plate in the presence or absence of 

an exogenous metabolic system, except for one 
study in strain TA1538 in the presence of rabbit 
liver microsomes (see Table 4.4). However, PCB-3 
was reported to bind to DNA and to cause an 
increase in levels of DNA adducts in primary 
human hepatocytes.

The cell lines commonly used for mutagen-
icity testing (Chinese hamster lung fibroblast V79, 
Chinese hamster ovary fibroblast, and mouse 
lymphoma L5178Y cells) have no or only very 
limited biotransformation capability, a problem 
for test compounds that require metabolic acti-
vation. Using instead a series of synthetic PCB-3 
metabolites in the V79 gene mutation assay, the 
ortho (3,4-) and para (2,5-) quinones were shown 
to efficiently induce mutation at the Hprt locus 
at non-cytotoxic concentrations, while none of 
the tested mono- or dihydroxylated metabolites 
or PCB-3 itself induced mutation (see Table 4.4). 
In addition, an increase in chromosomal and 
genomic mutation was observed for all tested 
PCB-3 metabolites at higher, cytotoxic concen-
trations. Also, the 2′,5′-dihydroxylated metabo-
lites of PCB-3 and PCB-2, but not metabolites of 
PCB-1 or the 3′,4′-dihydroxylated PCB-3, induced 
polyploidy in V79 cells, indicating strict struc-
ture–activity requirements for this type of DNA 
damage. The 2′,5′-quinone of PCB-3 induced 
an increase in levels of ROS via a semiquinone 
radical at concentrations inducing micronu-
cleation, suggesting redox cycling of the 2′,5′-
quinone. PCB-3–2′,5′-quinone caused telomere 
shortening in cultured HaCaT cells exposed for 
11 weeks, an effect that may have been caused by 
oxidative stress.

The mutagenic activity of PCB-3 was also 
tested in an assay in transgenic rats in vivo. 
In the liver of male rats exposed to PCB-3, the 
mutation frequency was significantly increased 
and the mutation spectrum changed from 
predominantly transitions in the controls to 
predominantly G:C →  T:A transversions in the 
rats exposed to PCB-3. 4′-OH-PCB-3 caused a 
similar, but not statistically significant, increase 
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in mutation frequency and a minor shift in the 
mutation spectrum compared with rats in the 
control group. A sex-specific and organ-specific 
difference was noted, since the response was less 
pronounced in livers of female Big Blue® rats and 
lungs of males, in which the observed increases 
in mutation frequency were below the level of 
statistical significance.

The non-dioxin-like PCB-52 was not tested 
for gene mutation in bacteria and cultured 
mammalian cells. Data on chromosomal aber-
ration in cultured mammalian cells were ambig-
uous, but also of limited value since PCB-52 was 
never tested in the presence of a metabolic acti-
vation system. There were, however, indications 
of DNA damage caused by PCB-52 metabolites 
in studies in vitro and in vivo in rats coexposed 
to PCB-52 and dioxin-like PCB-77 for 1  year. 
Negative outcomes in other studies of chromo-
somal aberration in vivo may be attributed to the 
low doses tested.

The dioxin-like PCB-77 increased the level of 
DNA adducts in cultured mammalian cells. The 
lack of data on mutagenicity testing of PCB-77 
did not allow for an interpretation of these 
findings with regard to gene mutation. Data on 
structural/numerical chromosomal aberrations, 
including micronucleus formation, were incon-
clusive in vitro, and negative for chromosomal 
aberration in female rats after long-term dietary 
exposure.

The limited data available on PCB-126 
suggested no genotoxic potential in vitro or in 
vivo. However, increased levels of DNA adduct 
(M1dG) indicative of the formation of ROS and/
or lipid peroxidation were seen in female rats 
exposed to PCB-126 and PCB-126 + PCB-153 for 
1 year (Jeong et al., 2008).

Non-dioxin like PCB-153 gave positive results 
when tested for micronucleus formation in two 
cultured mammalian cell lines and one fish cell 
line. Also, reduction in telomerase activity corre-
sponding to shortened telomeres was reported in 
cultured human cells. [Since no in-vivo data were 

available, the significance of these in-vitro results 
could not be assessed by the Working Group.]

For the decachlorinated PCB-209, a series of 
standard assays for genotoxicity that followed 
internationally accepted testing guidelines for 
regulatory purposes were performed under good 
laboratory practice (GLP) conditions, and showed 
no mutagenic and/or genotoxic potential.

4.3	 Biochemical and cellular effects

4.3.1	 AhR binding and activation

(a)	 AhR activity

AhR is a cytosolic, ligand-activated tran-
scription factor that mediates many toxic and 
carcinogenic effects in vertebrates. TCDD has 
extremely high affinity to the AhR and is the refer-
ence AhR agonist and toxicant. AhR-mediated 
toxic responses are consequences of deregulated 
physiological functions, and sustained (chronic) 
AhR activation by persistent “dioxin-like” 
compounds is the key process in dioxin-like 
toxicity (Bock & Köhle, 2006). Toxicological 
evaluation of dioxin-like-PCBs (DL-PCBs) is 
based on various end-points associated with acti-
vation of the AhR and AhR-mediated physiolog-
ical and toxic responses (Haws et al., 2006). The 
major advantages of this concept are that most 
(if not all) effects of dioxin-like compounds are 
mediated via AhR activation, and that various 
effects of TCDD reported in many in-vivo and 
in-vitro models associated with carcinogenesis 
and tumour promotion may be extrapolated for 
DL-PCBs (IARC, 2012).

Effects of AhR-mediated changes in gene 
expression include the control of xenobiotic-me-
tabolizing enzymes, modulations in cell cycle 
progression and cell proliferation, suppression of 
apoptosis, and perturbation of various develop-
mental signalling pathways involved in carcino-
genic processes (Vezina et al., 2004; Sartor et al., 
2009; Faust et al., 2013). In addition, AhR interacts 
with other signalling and transcription pathways, 
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including estrogen, thyroid and retinoic acid 
receptors, mitogen-activated protein kinases 
(MAPKs), NF-κB, retinoblastoma protein, and 
hypoxia-inducible factor-1 α (Tian et al., 2002; 
Beischlag et al., 2004; Murphy et al., 2007; Puga 
et al., 2009). Several molecular mechanisms that 
are related to AhR and that may contribute to 
carcinogenesis have been proposed:

•	 Induction of CYP1 enzymes linked to toxicity 
and cancer initiation (DNA-adduct forma-
tion and oxidative DNA damage);

•	 Sustained AhR-dependent expression of 
genes directly or indirectly controlling the 
cell cycle, proliferation and apoptosis, and 
cross-talk between genes in the AhR and 
growth-regulatory pathways;

•	 AhR-mediated cytoskeletal remodelling, 
reduced cell–cell contacts, modulation of 
developmental/differentiation pathways, cell 
plasticity and invasiveness affecting tumour 
progression;

•	 Upregulation of proinflammatory genes 
(Gasiewicz et al., 2008).

Correlations between the immunosuppres-
sive effects of PCBs and activation of the AhR 
pathway have been also reported (see Section 
4.3.4).

(b)	 Concepts of TEF and TEQ

The concept of toxic equivalency (TEQ) 
is based on a common mechanism of action 
(mediated through AhR activation) of persistent 
organic pollutants (including polyhalogenated 
dibenzo-p-dioxins, dibenzofurans and biphe-
nyls). It uses relative effective potencies (REP) of 
individual compounds to activate the AhR, and 
AhR-dependent toxic or biological effects rela-
tive to the reference toxicant TCDD; toxic equiv-
alency factors (TEFs) for individual compounds 
were established/extrapolated from the database 
of many in-vivo studies. Since the 1980s, the TEF 
concept has been developed and refined (Safe 

et al., 1985; Safe, 1990; Ahlborg et al., 1994; Van 
den Berg et al., 1998). Current TEF values were 
reevaluated recently using a refined TEF database 
(Haws et al., 2006; Van den Berg et al., 2006).

TEQ is defined by the sum of concentrations 
of dioxin-like compounds multiplied by their 
TEF values. A limitation of the concept is the 
additivity model being used, but its major advan-
tage is the transformation of data on chemical 
concentration of complex mixtures into a single 
TCDD-like activity of the mixture. Many exper-
imental studies with complex mixtures have 
confirmed that the TEQ approach is consistent 
with an additive model, although some deviations 
from additivity are observed. Another disadvan-
tage is that the potential toxic and carcinogenic 
effects of non dioxin-like-PCBs (NDL-PCBs) 
are not included in this concept; high levels of 
NDL-PCBs may even suppress AhR-mediated 
toxicity, and thus act as antagonists.

Importantly, studies of carcinogenic and 
tumour-promoting activity were accounted for 
in the refined TEF database. Based on the TEF 
approach, carcinogenic hazard in humans may 
only be identified for DL-PCBs. The current TEF 
values for the PCB congeners included in the TEF 
concept are presented in Section 1, Table 1.4.

(c)	 Validation in experimental systems

AhR activation by DL-PCBs has been 
reported in many studies in vitro and in vivo, 
including comparative toxicogenomic analyses 
in primary human, monkey, and rodent hepat-
ocytes (Silkworth et al., 2005; Westerink et al. 
2008). In a comparative in-vitro study in primary 
cultures of human and rat hepatocytes exposed 
to TCDD or PCB-126 at various concentrations 
for 48 hours, dose–responses and relative effec-
tive potencies (REP-values) were calculated for 
induction of CYP1A1 and other AhR-responsive 
genes (Carlson et al., 2009). Previously, Silkworth 
et al. (2005) found that human cells are about 
10–1000 times less sensitive to TCDD, PCB-126, 
and Aroclor 1254 than are rat and monkey cells. 
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Importantly, the newly calculated rat–human 
interspecies relative potency factors for PCB-126 
were more than 100 times lower than the current 
rodent-derived value (Silkworth et al., 2005).

These and other studies showed a relative 
insensitivity of the human AhR and human 
cells to PCB-126. In addition to a lesser potency 
of TCDD in human models (Haws et al., 2006), 
lower potencies of PCB-126 might be due to 
species differences in relative intrinsic efficacy 
and/or species-specific differences in recruitment 
of transcriptional co-activators (Carlson et al., 
2009). In spite of the discrepancies between rela-
tive potencies of PCB-126 and TCDD in rodent 
and human liver cells, REP estimates based on 
induction of CYP1A1 or other AhR target genes 
might be relevant to evaluate the carcinogenic 
and hepatotoxic potential of TCDD and PCB-126 
in humans.

The TEF approach and additivity concept 
were evaluated in 2-year cancer bioassays in 
groups of 53–55 female Harlan Sprague-Dawley 
rats receiving TCDD at a dose of 3–100 ng/kg 
bw per day, PCB-126 at a dose of 30–1000 ng/kg 
bw per day, 2,3,4,7,8-pentachlorodibenzofuran 
(PeCDF) at a dose of 6–200 ng/kg bw per day, or 
a mixture of the three toxicants. Dose–response 
curves for hepatic, pulmonary, and oral mucosal 
neoplasms showed that carcinogenic effects 
could be predicted from the WHO TEF values 
(Walker et al., 2005).

In a short-term study, female Harlan 
Sprague-Dawley rats were exposed for 13 weeks 
to toxicologically equivalent doses of four poly-
chlorinated aromatic hydrocarbons based on 
their TEF: TCDD (100 ng/kg bw per day), PeCDF 
(200 ng/kg bw per day), PCB-126 (1000 ng/kg 
bw per day), or PCB-153 (1000 μg/kg bw per 
day) (Vezina et al., 2004). The AhR agonists 
(TCDD, PeCDF, and PCB126) produced very 
similar global gene-expression profiles, while 
PCB-153 showed a different, non-AhR-mediated 
response. All four compounds induced signifi-
cant liver hypertrophy. TCDD and PCB-126 were 

more effective in activating AhR-dependent gene 
expression and inducing hepatic hypertrophy 
than was PeCDF, although the administered 
doses of each compound were based on equal 
TEQ values. These data fitted perfectly with the 
TEF value for PCB-126 in rats. Nevertheless, the 
gene-expression data might not bear a direct 
relevance to carcinogenicity of the studied 
compounds (Vezina et al., 2004).

Global gene expression was investigated in 
vitro in the contact-inhibited rat liver progenitor 
WB-F344 cells exposed to PCB-126 at a concen-
tration of 100 nM, or TCDD at 1 nM, for 6, 24, 
and 72 hours (Faust et al., 2013). AhR depend-
ency was validated using both chemical inhibi-
tion of AhR and knockdown of the AhR or the 
aryl hydrocarbon receptor nuclear translocator 
(ARNT) using small interfering RNA (siRNA). 
Gene ontology analysis revealed that, apart 
from deregulation of drug and lipid metabolism, 
genes participating in regulation of the cell cycle 
and growth control, developmental and cancer 
pathways, cell–cell communication and adhe-
sion were significantly affected. Importantly, 
transcriptional regulation mediated by PCB-126 
was very similar to that induced by TCDD in rat 
liver in vivo (Vezina et al., 2004), and in rat liver 
progenitor WB-F344 cells. [Nevertheless, the 
relevance of these data to human carcinogenesis 
remained limited due to the species-specific 
pattern of AhR-dependent gene expression (Dere 
et al., 2011).]

4.3.2	Cell death and proliferation

(a)	 Apoptosis, cell proliferation, and cell cycle 
control

(i)	 Apoptosis
DL-PCBs and NDL-PCBs have been shown 

to suppress DNA damage-induced apoptosis in 
vitro (Knerr & Schrenk, 2006; Al-Anati et al., 
2010).
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PCB-28, PCB-101, and PCB-187 inhibited 
ultraviolet irradiation-induced apoptosis in 
hepatocytes from male Wistar rats pre-exposed 
to ultraviolet radiation before being treated 
with PCBs for 12 hours. A statistically signifi-
cant suppression of apoptosis was found after 
the treatment with PCB-28 at 1 nM, PCB-101 at 
10 nM, or PCB-187 at 1 µM (Bohnenberger et al., 
2001; Schrenk et al., 2004).

PCB-126, and several NDL-PCBs (concen-
tration range, 0.01–10 μM), attenuated the 
TP53-mediated apoptotic response via phos-
phorylation of the regulatory protein MDM2 in 
human hepatoma HepG2 cells (Al-Anati et al., 
2009). PCB-28, PCB-101, and PCB-153 reduced 
benzo[a]pyrene-induced phosphorylation of 
MDM2, and amplified the benzo[a]pyrene-in-
duced TP53-dependent apoptotic response; 
however, benzo[a]pyrene-induced apoptosis 
was inhibited. Reduced levels of phosphorylated 
forkhead family transcription factor FOXO3a 
[FOXO3] were also reported after treatment with 
NDL-PCBs (Al-Anati et al., 2010). FOXO3a prob-
ably functions as a trigger for apoptosis through 
expression of genes necessary for cell death. Thus 
NDL-PCBs may also inhibit benzo[a]pyrene-in-
duced apoptosis by preventing phosphorylation 
of FOXO3a (Al-Anati et al., 2010).

(ii)	 Cell proliferation
Cell proliferation can be caused either by 

cytotoxicity/injury and regenerative prolifera-
tion, or by a sustained increase in proliferation. 
It is mediated via several signal-transduction 
pathways leading to pro-proliferative changes in 
gene expression (controlled by specific transcrip-
tion factors, such as AhR, CAR, NF-κB or AP-1). 
These events may drive genotoxic and nongeno-
toxic processes associated with tumour promo-
tion and progression. PCBs have been reported 
to induce such proliferative events in a series 
of experimental in-vitro and in-vivo models 
(Tharappel et al., 2002; Marlowe & Puga, 2005; 
Puga et al., 2009).

CAR is known to control the hepatic 
expression of detoxification enzymes and to 
induce sustained cell proliferation in the liver. 
Ortho-substituted PCBs induce expression of 
CYP isoenzymes (see Section 4.1.3) via CAR 
(Muangmoonchai et al., 2001). The activation of 
CAR-dependent gene expression by NDL-PCBs 
in vivo has been observed, e.g. in rat liver after 
28-day exposure to PCB-180 (Roos et al., 2011), 
or in the liver of immature, ovariectomized 
C57BL/6 mice treated with PCB-153 (Kopec 
et al., 2010). Using a range of genetically engi-
neered human cell models derived from liver, 
lung, and colon tissues, it has been shown that 
several NDL-PCBs, such as PCB-99, PCB-138, 
PCB-153, PCB-180 or PCB-194, may activate 
CAR-controlled reporter vectors, as well as PXR 
reporters, in a tissue-specific manner (Al-Salman 
and Plant, 2012). [The Working Group was aware 
that the relevance to human risk of CAR-driven 
hepatocarcinogenic effects seen in rodents has 
been questioned (Holsapple et al., 2006).]

In the 13-week study by Vezina et al. (2004), 
modulation of global gene expression was 
analysed in liver of female rats given PCB-153 
at a dose of 1000 μg/kg bw per day. In addition 
to CYP2B1 and CYP2B2, PCB-153 also modu-
lated the expression of anti-apoptotic genes (Bcl2 
and Wee1 were downregulated), and other genes 
associated with liver injury. PCB-153 selectively 
enhanced expression of the cAMP response 
element modulator (CREM), which is a signature 
response to liver regeneration after hepatocyte 
injury.

In an initiation–promotion study in female 
Sprague-Dawley rats, an increase in the frequency 
of several preneoplastic foci, and increased NF-κB 
and AP-1 binding activities were observed in the 
liver of rats given PCBs (Tharappel et al., 2002). 
Although cell proliferation was not affected by 
PCB-153, apoptotic indexes were decreased in 
focal hepatocytes by PCB-153. The induction 
of altered hepatic foci appeared to be related to 
compensatory cell proliferation in rats treated 
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with PCB-77, while inhibition of apoptosis 
appeared to be important for rats treated with 
PCB-153 (Tharappel et al., 2002). In a subsequent 
study, a single dose of PCB-153 (at 150 or 300 
µmol/kg bw), but not PCB-77, induced hepato-
cyte proliferation and hepatic NF-κB activation 
in male Sprague Dawley rats (Lu et al., 2003). 
Comparison of the effects of PCB-153 in wild-
type mice and in mice deficient in the NF-κB p50 
subunit suggested possible involvement of NF-κB 
in PCB-153-modulated cell proliferation and 
apoptotic changes (Lu et al., 2004). Absence of 
the NF-kB p50 subunit inhibited the promoting 
activity of PCB-153, as illustrated by the NF-κB 
knockout study in mice treated with diethylni-
trosamine/PCB-153. Taken together these data 
implicate a possible role for oxidative stress-me-
diated activation of specific transcription factors, 
such as NF-κB, as a possible mode of action for 
NDL-PCBs (Glauert et al., 2008).

Brown et al. (2007) have reported a correla-
tion between incidence of tumours of the liver 
and increased activity of mixed function oxidases 
and increased expression of proliferating cell 
nuclear antigen (the indicator of cell prolifera-
tion) in Sprague-Dawley rats exposed to repeated 
doses of Aroclor mixtures for 24 months. [From 
these data, it was not clear to which class of PCB 
congeners (DL- or NDL-PCBs) the effects could 
be attributed.]

In nontumorigenic human mammary epithe-
lial MCF-10A cells, PCB-153 at a concentration of 
1–15 μM, Aroclor 1254 and 2-(4-chlorophenyl)
benzo-1,4-quinone increased levels of reactive 
oxygen species, and caused cell-cycle delay and 
growth inhibition by suppressing levels of cyclin 
D1 (Venkatesha et al., 2008, 2010; Chaudhuri 
et al., 2010).

Further studies also examined the role of 
AhR in PCB-mediated deregulation of cell prolif-
eration. Activation of AhR is known to cause a 
delay in cell-cycle progression in several cancer 
cell lines, models of differentiated cells (e.g. 
rodent hepatoma cells), and in primary rodent 

hepatocytes (Elferink, 2003; Marlowe & Puga, 
2005). However, AhR ligands have been found 
to elicit opposite effects in liver progenitor cells: 
induction of cell proliferation in contact-in-
hibited rat liver progenitor cells in vitro by 
DL-PCBs was reported to be an AhR-dependent 
process (Vondráček et al., 2005). Like TCDD, 
PCB-126 at 100 pM, 4′-OH-PCB-79 (a metab-
olite of coplanar PCB-77) at 1 μM, or PCB-105 
(mono-ortho-chlorinated congener) at 10 μM 
increased the percentage of cells in S-phase 
and the total number of cells. In contrast, the 
NDL-PCBs and their metabolites had no effect 
on cell proliferation at concentrations up to 10 
μM. Only PCB-126 (AhR-activating), and not 
PCB-153 (not AhR-activating), upregulated 
levels of cyclin A and D2 protein (Vondráček 
et al., 2005). The proliferative effects of PCB-126 
were further potentiated by tumour necrosis 
factor-α (Umannová et al., 2007).

(iii)	 DNA synthesis
The rate of DNA synthesis in altered hepatic 

foci and in tumours in PCB-treated rats and 
mice was studied by Tharappel et al. (2002), 
who gave rats DEN at a dietary concentration of 
150 mg/kg followed by four biweekly intraperito-
neal injections of PCB-77 or PCB-153 at a dose of 
100 or 300 µmol/kg bw. Rats were given bromo-
deoxyuridine (BrdU) in Alzet osmotic pumps 
for the measurement of DNA synthesis in focal 
and nonfocal hepatocytes. PCB-77 increased 
the BrdU labelling indexes in GSTP-positive 
foci and in normal hepatocytes, but PCB-153 
did not. Similarly, PCB-153 did not influence 
the BrdU labelling index in DEN-initiated 
hepatic tumours in mice (Glauert et al., 2008). 
Haag-Grönlund et al. (2000) found that weekly 
subcutaneous injections of PCB-118 at doses of 
10–10 000 µg/kg bw did not increase BrdU label-
ling in focal hepatocytes after 20 weeks, but that 
PCB-118 at a dose of 10 000 µg/kg bw increased 
the BrdU labelling index after 52 weeks.
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(b)	 Cell–cell communication

Several studies have demonstrated that PCBs 
can inhibit gap-junctional intercellular commu-
nication (GJIC) both in vivo (Krutovskikh et al., 
1995; Bager et al., 1997) and in vitro in rat liver 
epithelial cells, mouse and rat hepatocytes, 
human keratinocytes, and normal human breast 
epithelial cells (Ruch & Klaunig, 1986; Swierenga 
et al., 1990; Hemming et al., 1991; Kang et al., 
1996). The ortho-substituted PCBs were potent 
inhibitors of GJIC at low micromolar concentra-
tions, while the coplanar PCBs did not inhibit 
GJIC after a single dose (Machala et al., 2003). The 
assay for GJIC inhibition showed good predict-
ability for tumour promotion of ortho-substi-
tuted PCBs. Recently, inhibition of GJIC has 
been confirmed using single doses of ultrapure 
NDL-PCB congeners (Hamers et al., 2011).

Different cell- and connexin-specific mecha-
nisms of action probably account for the inhibi-
tory effects of PCBs on GJIC. Of the NDL-PCBs, 
PCB-153 decreased the number of gap-junction 
plaques, and decreased levels of connexin 43 
(constitutive protein of gap junctions) in liver 
epithelial cells. PCB-153 enhanced proteasomal 
and lysosomal degradation of connexin 43 and 
inhibited trafficking of connexin 43 to the plasma 
membrane (Šimečková et al., 2009a). In contrast, 
inhibition of GJIC by AhR ligands (i.e. DL-PCBs 
such as PCB-126) seems to proceed mainly 
through downregulation of mRNA of connexin 
32 in hepatocyte-derived models (Herrmann 
et al., 2002).

(c)	 Other cellular mechanisms relevant to PCB-
induced carcinogenesis

NDL-PCBs have been shown to elicit addi-
tional nongenomic effects on membrane-associ-
ated proteins, which are closely related to tumour 
promotion and progression.

PCB-153 was found to increase the incidence 
of glutamine synthetase-positive tumours of the 
liver in male B6129sf2/J mice, and almost 90% 

(34 out of 38) of all tumours from mice treated 
with PCB-153 contained mutations in the β-catenin 
gene (Catnb), compared with ~45% (17 out of 
37) of tumours in the control group. Tumours 
containing mutations of Ha-ras [Hras] and B-raf 
[Braf] were rare and not significantly different 
between treatment groups. Exposure to PCB-153 
appeared to strongly select for Catnb-mutated, 
glutamine synthetase-positive tumours of the 
liver in mice (Strathmann et al., 2006).

In the rat liver progenitor WB-F344 cell line, 
PCB-153 was found to decrease levels of several 
proteins at adherens junctions involved in cell–
cell communication and intracellular signalling, 
including E-cadherin, β-catenin, and plakoglobin 
(Šimečková et al., 2009b). Such mechanisms may 
be involved in the effects of NDL-PCBs, contrib-
uting to promotion of tumours.

Oral administration of dioxin-like PCB-126, 
mono-ortho-substituted PCB-118, and non-diox-
in-like PCB-153 differentially altered expression 
of the tight junction proteins claudin 5, occludin, 
and ZO-1 in brain capillaries in C57/B16 mice. 
These alterations were associated with increased 
permeability of the blood–brain barrier. Most 
importantly, exposure to individual PCB conge-
ners enhanced the rate of formation and progres-
sion of brain metastases by luciferase-tagged 
melanoma cells (Seelbach et al., 2010).

As vascular endothelial cells create a selective 
barrier to the passage of cancer cells, it is of interest 
to note that non-dioxin-like PCB-104 induced 
endothelial hyperpermeability of human micro-
vascular endothelial cells HMEC-1 and trans-en-
dothelial migration of human breast cancer cells 
MDA-MB-231; these effects were associated with 
overexpression of vascular endothelial growth 
factor (Eum et al., 2004).

Structurally different PCBs may induce 
proinflammatory mediators, which further 
contribute to metastasis. PCB-77, PCB-104 and 
PCB-153 induced expression of intercellular 
adhesion molecule-1 (ICAM-1), vascular cell 
adhesion molecule-1 (VCAM-1), and monocyte 
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chemoattractant protein-1 (MCP-1) in the liver, 
lung, and brain of male C57Bl/6 mice. PCB-77 
and PCB-104 also increased levels of matrix 
metalloproteinase-7 (MMP-7) mRNA in the 
liver and brain (Sipka et al., 2008).

The mixture of seven NDL-PCBs (PCB-28, 
PCB-52, PCB-101, PCB-138, PCB-153, PCB-180, 
and PCB-209) increased cell motility of human 
non-metastatic MCF-7 cells and human meta-
static breast cancer MDA-MB-231 cells in vitro 
via production of reactive oxygen species, and 
activation of the Rho-associated kinase (ROCK). 
In a follow-up study in vivo, the PCB mixture 
enhanced the capability of metastatic breast 
cancer cells to metastasize to bone, lung, and 
liver (Liu et al., 2010).

To explore the possible effects of PCBs on 
telomeres and telomerase, human skin kerati-
nocytes were exposed to a synthetic mixture of 
volatile PCBs, or the prominent airborne PCB 
congeners, PCB-28 or PCB-52, for up to 48 
days (see also Section 4.2.2b). The PCB mixture 
and the two congeners significantly inhibited 
telomerase activity from day 18, while telomere 
length was reduced by PCB-52 from day 18, 
and by PCB-28 and by the mixture from day 30 
onwards (Senthilkumar et al., 2011). 

New bioanalytical tools (e.g. transcriptomics) 
applied in human, animal, and in-vitro studies 
might improve the ability to predict the poten-
tial carcinogenicity of chemicals by elucidation 
of similar mechanisms (Guyton et al., 2009). 
Several analyses of global gene expression in 
rodent models included identification of the 
effects of DL-PCBs, especially PCB-126, on path-
ways related to carcinogenicity.

4.3.3	Endocrine disruption

Extensive data indicate an association 
between exposure to PCBs and endocrine 
disruption. The effects include primarily inter-
ference with the function of sex hormones, i.e. 
estrogens and androgens, and their receptors 

(reviewed by Bonefeld-Jørgensen, 2010; Bonefeld-
Jørgensen et al., 2011; Crinnion, 2011; Fucic 
et al., 2012). In addition, PCBs are able to bind 
to thyroxine transport protein (TTR), human 
thyroxine-binding globulin, and thyroid-hor-
mone receptors (reviewed by Cheek et al., 1999; 
Kawano et al., 2005; Grimm et al., 2013); disrup-
tion of the thyroid-hormone system was observed 
up to 30 years after exposure (Masuda, 2001). 
Furthermore, PCBs affect hormone-metabo-
lizing enzymes, e.g. of the CYP1, CYP2, CYP3A 
subfamilies, and uridine-diphosphate-glucu-
ronyl transferase, iodothyronine deiodinase, and 
sulfotransferase (Brouwer et al., 1998).

OH-PCB and PCB-catechol and PCB-quinone 
metabolites formed by CYP and other oxida-
tive enzymes have been implicated as direct or 
indirect endocrine-disrupting agents. The inter-
actions found depended upon the position of 
hydroxylation, as well as the proximity of chlo-
rine substitutents and the substitution pattern. 
Some OH-PCBs are retained in blood because 
they bind to transthyretin (TTR) (Lans et al., 
1993). Several OH-PCBs, PCB-catechols and 
PCB-quinones interact with estrogen receptors 
and other cellular receptors as agonists or antag-
onists (Garner et al., 1999). Other OH-PCBs 
inhibit human estrogen sulfotransferase, thyroid 
hormone sulfotransferase and phenol sulfotrans-
ferases, with inhibitory potencies (IC50) ranging 
from less than nM to low µM (Schuur et al., 
1998a). Species differences in the protein struc-
tures of these sulfotransferases are such that 
there are differences in potency of inhibition 
of the corresponding sulfotransferases from 
other species such as fish (Wang & James, 2007). 
The human sulfotransferase enzymes are more 
potently inhibited by OH-PCB than those of 
other species (see details below).
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(a)	 Humans

(i)	 Effects on sex hormones and their receptors
Serum samples were collected from male 

residents of an area in eastern Slovakia with 
extensive environmental contamination from a 
former PCB-production site, as well as from a 
neighbouring non-industrial region. The highest 
quartile of PCB concentrations was significantly 
associated with reduced estrogen receptor-me-
diated activity, and a negative correlation was 
observed between total estrogenic activity and 
dioxin-like activity. No correlation was found 
between E2 [17beta-estradiol] concentrations 
and total PCB concentrations (Rs  =  0.078). E2 
was largely responsible for the estrogenic activity 
identified in total serum extracts (Plísková et al., 
2005).

PCB-induced endocrine dysfunction related 
to the hypothalamic–pituitary–gonadal axis was 
evaluated in a birth-cohort study in Germany, 
initiated in 2000. Healthy mother–infant pairs 
were recruited in the industrialized city of 
Duisburg. Dioxins, DL-PCBs, and six indicator 
PCBs (PCB-28, PCB-52, PCB-101, PCB-138, 
PCB-153, PCB-180) were measured in maternal 
blood during pregnancy and in breast milk. 
Concentrations of testosterone and estradiol 
were measured in maternal and cord serum 
of 104 mother–infant pairs. Linear-regression 
analysis was used to describe the association of 
PCBs in maternal blood or milk with the serum 
concentrations of the sex steroids, after adjust-
ment for confounding. Median concentrations 
for the sum of indicator PCBs were 149 ng/g 
in maternal blood fat and 177 ng/g in milk fat. 
Typically, reduction in testosterone concentra-
tions was more pronounced in the cord serum of 
female babies. In contrast, male babies showed 
a stronger reduction in estradiol concentra-
tions. The only statistically significant reduction 
associated with the six indicator PCBs was for 
testosterone in girls (means ratio, 0.76; 95% CI, 
0.61–0.96) (Cao et al., 2008).

Serum concentrations of testosterone in rela-
tion to concentrations of PCBs were investigated 
in an adult Native American (Mohawk) popula-
tion. Fasting serum samples were collected from 
257 men and 436 women, and analysed for the 
presence of 101 PCB congeners, and for testos-
terone, cholesterol, and triglycerides. The associ-
ations between testosterone and tertiles of PCB 
concentrations in serum (both adjusted for wet 
weight and lipid) were assessed by use of a logistic 
regression model, controlled for age, body mass 
index (BMI), and other factors. The lowest tertile 
was taken as the reference level. Testosterone 
concentrations in men were inversely correlated 
with total PCB concentration in serum, and 
with concentrations of the congeners PCB-74, 
PCB-99, PCB-153, and PCB-206, but not PCB-52, 
PCB-105, PCB-118, PCB-138, PCB-170, PCB-180, 
PCB-201, or PCB-203. Testosterone concentra-
tions in women were much lower than in men, 
and not significantly correlated with serum 
concentrations of PCBs (Goncharov et al., 2009).

A possible correlation between exposure 
to PCBs and testosterone concentrations was 
studied in 834 men from Eastern Slovakia (age, 
21–78 years; median age, 48 years), of whom 
432 were from a highly polluted area, and 402 
were from an area with background pollution. 
Serum concentrations of 15 PCB congeners 
were measured by gas chromatography/mass 
spectrometry, and total testosterone was deter-
mined immunochemically (electrochemilumi-
nescence). Correlation coefficients for each PCB 
congener and for the total of 15 PCBs (Σ15PCBs) 
with testosterone were determined. The full 
cohort of 834 men (median concentration of 
Σ15PCBs, 885 ng/g lipid) showed a highly statis-
tically significant negative correlation between 
testosterone concentration and age (r  =  0.303; 
P  <  0.0001). A significant negative correlation 
(P  <  0.05) with testosterone concentration was 
seen only for two mono-ortho-congeners, i.e. 
PCB-105 and PCB-118. No significant correla-
tions were found in the subcohort of 444 men 
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in a narrower age range (41–55 years), in which 
there was no effect of age on testosterone concen-
trations (Langer et al., 2010).

A follow-up study by the same authors 
included 429 men (age, 41–55 years) from a highly 
polluted area in Eastern Slovakia. For all subjects, 
the serum concentrations of 15 PCB congeners 
and several other chemicals were measured by 
gas chromatography/mass spectrometry, and 
total testosterone in serum was determined 
by electrochemiluminescence immunoassay. 
Similarly to the previous analysis, there was 
no statistically significant correlation between 
Σ15PCBs and testosterone (Langer et al., 2012).

The association of PCBs with sex-hormone 
concentrations in serum was assessed in 341 
men from an infertility clinic in the USA, whose 
exposure levels to PCBs were comparable to 
those observed in the general population. In 
crude regression models, inverse correlations 
were found between serum concentrations of 
PCBs and steroid hormone-binding globulin 
(SHBG) and total and free testosterone. However, 
after adjustment for lipids, age, and body-mass 
index, nearly all the significant associations 
disappeared: an inverse correlation remained 
between PCB-118 and SHBG (P  <  0.01), while 
those between DL-PCBs and SHBG and total 
testosterone, and between PCB-118 and total 
testosterone, were suggestive but not statistically 
significant (Ferguson et al., 2012).

A few studies explored the relationship 
between levels of steroid hormones in consumers 
of contaminated fatty fish from the Great Lakes 
(Persky et al., 2001; Turyk et al., 2006; see below).

(ii)	 Effects on the thyroid-hormone system
In a study of more than 600 children in 

Germany, blood samples collected from 320 
children showed a significant positive correla-
tion between serum concentrations of PCBs and 
increased levels of thyroid-stimulating hormone 
(TSH), and a significant inverse correlation with 

free total thyroxine (T4), as was to be expected 
when TSH increases (Osius et al., 1999).

Hagmar et al. (2001a) studied the relationship 
between the amounts of various organohalo-
genic compounds in fatty fish from the Baltic Sea 
and hormone levels in adult men who consumed 
these fish. Plasma samples from 110 men (43 
from south-eastern Sweden, 67 from Latvia; age 
range, 23–79 years) who consumed up to 32 fish-
meals per month were analysed for the presence 
of 18 PCB congeners, five OH-PCBs, and various 
other chemicals. In addition, plasma concentra-
tions of follicle-stimulating hormone, luteinizing 
hormone, prolactin, plasma thyrotropin, free 
and total triiodothyronine (T3), free and total 
T4, and free testosterone were measured. After 
adjustment for age, no significant associations 
were found between any of these markers and 
any of the PCBs or OH-PCBs. However, a study 
among 182 fishermen’s wives (age range, 23–46 
years) from the east coast of Sweden, who had 
a median consumption of contaminated fatty 
fish from the Baltic Sea of two meals per month 
(range, 0–12 meals), found a significant inverse 
correlation between PCB-153 concentrations 
(range, 16–776 ng/g lipid) and total T3 levels in 
plasma, also after adjustment for age (P < 0.001) 
(Hagmar et al., 2001b). An inverse correlation 
was also observed with total T4, which was 
borderline significant (P = 0.07).

Parallel to a larger investigation of consump-
tion of contaminated fatty fish from the Great 
Lakes and effects on reproductive function, the 
association between PCB intake via consump-
tion of fish and effects on thyroid and steroid 
hormones was studied in 178 men, and on 
thyroid hormones in 51 women (Persky et al., 
2001). Serum concentrations of PCBs and fish 
consumption were associated with significantly 
lower levels of T4 and a significantly lower free 
T4 index in women. Fish consumption, but not 
serum PCB concentration, was associated with a 
higher uptake of T3 in men. Results for TSH were 
inconsistent. Among men, there were significant 
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inverse associations for serum PCB concentra-
tion and fish consumption with SHBG-bound 
testosterone, but no association with SHBG 
itself, or with free testosterone. There were no 
significant overall associations for serum PCB 
concentration or fish consumption with estrone 
sulfate, follicle-stimulating hormone, luteinizing 
hormone, or dehydroepiandrosterone sulfate.

The relationsip between levels of steroid 
and thyroid hormones and total NDL-PCBs 
was investigated in 56 men who were frequent 
or infrequent consumers of fish from the Great 
Lakes (Turyk et al., 2006). The men had consumed 
fish meals for 15–57 years. Significant inverse 
associations with serum PCB concentrations 
were found for T3, T4, TSH, and SHBG-bound 
testosterone, after adjustment for age, body-mass 
index, and use of medication. Follicle-stimulating 
hormone, luteinizing hormone, free testosterone, 
and SHBG were not associated with PCB concen-
trations in serum.

To assess the relationship between exposure 
to organochlorine compounds and thyroid func-
tion and neurodevelopment, a population-based 
birth-cohort study was conducted on the Faroe 
Islands (Denmark), where the regular consump-
tion of PCB-contaminated fish is an important 
source of exposure (see Section 1.4.1). The study 
included 182 newborns who were followed up 
until age 54 months. PCB levels (calculated as 
the sum of congeners PCB-138, PCB-153, and 
PCB-180, multiplied by two) were measured in 
breast milk and maternal serum, and maternal 
blood and cord blood were collected for meas-
urement of thyroid parameters. After covariate 
adjustments, consistent inverse and monotonic 
associations were observed between total PCB 
exposure and the resin T3 uptake ratio, a proxy 
measure of the binding capacity of T4-binding 
globulin sites that are not saturated with T4. The 
resin T3 uptake ratio is high in hyperthyroidism 
and low in hypothyroidism. No associations with 
other thyroid parameters (TSH, free T3, free T4) 
were observed (Julvez et al., 2011).

In a study in 39 healthy pregnant women 
in the metropolitan area of Tokyo, Japan, asso-
ciations were studied between in-utero expo-
sure to PCBs or OH-PCBs and free T4 or TSH 
status in newborns. The concentration of total 
OH-PCBs and of OH-metabolites of PCB-187 in 
umbilical cord tissue was significantly correlated 
with higher levels of free T4 in heel-prick blood 
samples obtained from neonates aged 4–6 days. 
On the other hand, the concentration of total 
PCBs and of the congeners PCB-118, PCB-138, 
PCB-153, and PCB-180 showed no relationship 
with free T4 and TSH levels (Otake et al., 2007).

In a study in 232 healthy mother–infant pairs 
recruited between 2000 and 2002 in the indus-
trialized city of Duisburg, Germany, TSH, total 
T4, T3, free T4 and free T3 were measured in 
serum of the pregnant women and in cord serum 
(Wilhelm et al., 2008). Blood levels (n = 182) of 
WHO 2005 TEQ (which includes PCDD/PCDF 
+ PCBs) were in the range of 3.8–58.4 pg/g lipid 
(median, 19.3 pg/g lipid). The corresponding 
value for human milk (n = 149) was 2.6–52.4 pg/g 
lipid (median, 19.7 pg/g lipid). Multiple regres-
sion analyses did not detect any effects on thyroid 
hormones related to WHO 2005 TEQs in blood 
or milk of mothers and their newborns.

In a study among Inuit women and their 
infants, a positive correlation was found between 
concentrations of OH-PCBs and total T3 in plasma 
of 120 women at delivery (β = 0.57; P = 0.02). In 
umbilical cord plasma of 95 newborns, PCB-153 
concentrations were negatively correlated with 
T4-binding globulin concentrations (β = – 0.26; 
P = 0.01). No associations were observed between 
organochlorine contaminants and thyroid 
hormones in blood plasma collected from infants 
aged 7 months (Dallaire et al., 2009).
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(b)	 Experimental systems

(i)	 Effects on sex hormones and their receptors

Experimental animals in vivo
Groups of pregnant Wistar WU rats 

received a daily oral dose of 4-OH-2,3,3′,4′,5-
pentachlorobiphenyl [4-OH-PCB-109] at 0.5 or 
5.0 mg/kg bw, or Aroclor 1254 at 25 mg/kg bw, 
on days 10–16 of gestation. The diestrous stage 
of the estrous cycle was significantly prolonged 
in 75% and 82% of female offspring exposed to 
4-OH-PCB-109 at the lower and higher dose, 
respectively, compared with 64% of Aroclor-
exposed offspring. This effect resembled a state 
of pseudopregnancy. Plasma estradiol concen-
trations in female offspring were significantly 
increased (50%) in the proestrous stage after 
exposure to 4-OH-PCB-109 at the higher dose, 
while no effects on estradiol were seen in rats 
treated with Aroclor 1254 (Meerts et al., 2004).

In the offspring (age, 17 weeks) of Sprague-
Dawley dams treated intragastrically with 
PCB-77 at a dose of 250 ng/kg bw on days 13–19 
post-conception, the concentrations of folli-
cle-stimulating hormone, luteinizing hormone, 
and testosterone were similar to those in the 
controls (Wakui et al., 2012).

In-vitro assays
In an in-vitro estrogen-reporter assay with 

T47 human breast-cancer cells, the less chlorin-
ated congeners (PCB-28, PCB-52, PCB-66, and 
PCB-74) were estrogenic, while the more highly 
chlorinated congeners (PCB-138, PCB-153, 
PCB-170, PCB-180, PCB-187, PCB-194, PCB-199, 
and PCB-203) acted as anti-estrogens. Co-planar 
PCBs had no effect on estrogen-receptor activa-
tion in this assay (Plísková et al., 2005).

Less chlorinated, ortho-substituted, non-co-
planar PCBs were weakly estrogenic in some 
in-vitro assays. Results in MCF-7 human breast-
cancer cells were generally consistent with, but 
not absolute in, the requirement for ortho-chlo-
rine substitution and para-hydroxylation for 
estrogenic potency (Gierthy et al., 1997).

In MCF-7 human breast-cancer epithe-
lial cells, three abundant PCBs, i.e. PCB-138, 
PCB-153 and PCB-180, showed pleiotropic effects 
on the estrogen and androgen receptors. Slightly 
increased cell proliferation was observed at low 
PCB concentrations (1–10 nM) in cells co-treated 
with E2 at 0.01 nM, while the PCBs significantly 
inhibited cell growth at higher concentrations 
(1 and 10 µM). In a reporter assay (ERE-tk-CAT 
analysis), the three congeners induced a signif-
icant decrease of ER-E2-mediated CAT activity. 
PCB-138 had a dose-dependent antagonistic 
effect on androgen-receptor activity in tran-
siently co-transfected Chinese hamster ovary 
cells, with an IC50 of 6.2 µM. Thus the three 
PCBs compete with the binding of two natural 
hormone-receptor ligands (Bonefeld-Jørgensen 
et al., 2001). In reporter-based assay with LNCaP 
human prostate-cancer cells, the congeners 
PCB-42, PCB-128, PCB-138 and the Aroclor 
mixtures 1242, 1248, 1254, and 1260, showed 
antagonizing effects on androgen-receptor 
activity (Portigal et al., 2002).

The effects of PCB-77, PCB-118, PCB-126, 
and PCB-153 (at 0.01–20 µg/mL) on the human 
prostatic carcinoma cell-line LNCaP were inves-
tigated in vitro. PCB-77 and PCB-126 reduced 
androgen-dependent prostate-specific antigen 
(PSA) secretion and LNCaP cell proliferation, 
and inhibited 5-α-reductase activity. PCB-118 
and PCB-153 had no effect on 5-α-reductase, but 
showed a biphasic effect on LNCaP cell prolif-
eration, with low concentrations (0.1–1 µg/mL) 
causing an increase, and higher concentrations 
(10–20 µg/mL) a significant reduction. Likewise, 
PCB-118 and PCB-153 enhanced PSA secretion 
at low concentrations and reduced it at higher 
concentrations. Since induction of ethoxyre-
sorufin-O-deethylase (EROD) and inhibition of 
5-α-reductase activity were not observed, these 
PCBs act through an AhR- and androgen-recep-
tor-independent mechanism. The anti-andro-
genic effects of the meta- and para-substituted 
PCB-77 and PCB-126 are more pronounced than 
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those of ortho-substituted PCB-118 and PCB-153 
(Endo et al., 2003).

The estrogenicity of binary mixtures of the 
OH-PCBs 2,4,6-trichloro-4′-biphenylol (4′-OH-
PCB-30) and 2,3,4,5-tetrachloro-4′-biphenylol 
(4′-OH-PCB-61), was examined in the MCF-7 
focus assay and a competitive estrogen-receptor 
binding assay. Although the individual OH-PCBs 
were estrogenic in both assays, there was no 
synergy when they were combined at various 
concentrations as equimolar mixtures (Arcaro 
et al., 1998). Likewise, the estrogenic activities of 
these two OH-PCBs were additive when tested 
as equimolar mixture in several systems (MCF-7 
cells, MDA-MB-231 human breast-cancer cells, 
mouse uterus) at high and low levels of estro-
gen-receptor expression, confirming the lack of 
a synergistic effect (Ramamoorthy et al., 1997).

PCB-138, PCB-153, and PCB-180, as well 
as other non-ortho- and di-ortho-substituted 
PCBs, were shown to interfere with the func-
tion of the androgen and estrogen receptors in 
vitro (Schrader & Cooke, 2003; Hjelmborg et al., 
2006). Similarly, some OH-PCBs showed estro-
genic and/or anti-estrogenic effects (Jansen et al., 
1993; Rasmussen et al., 2003).

PCB-54 was chosen as a prototypical 
ortho-substituted PCB to test the hypothesis 
that ortho substitution in the absence of para- or 
meta-substituted chlorines may lead to enhanced 
estrogenic activity. The results indicated that 
PCB-54 is estrogenic both in vitro in the MCF-7 
cell-focus test, and in vivo in the rat uterotropic 
assay (Arcaro et al., 1999). The estrogenic activity 
of PCB-54 in MCF-7 cultures was inhibited by 
the estrogen-receptor antagonist LY156758. 
Competitive binding assays with recombinant 
human (rh) estrogen receptor indicated that 
PCB-54 does not bind to rhERalpha or rhERbeta, 
but the 4-hydroxylated metabolite of PCB-54 does. 
This metabolite was also 10-fold more estrogenic 
than PCB-54 in the MCF-7 focus assay, but was 
not detected in the medium of MCF-7 cultures 
exposed to PCB-54. These results suggested that 

the estrogenicity observed in the human breast-
cancer cells and the rat uterus may be due to (i) 
binding of an undetected metabolite of PCB-54 
to the estrogen receptor; (ii) direct binding of 
PCB-54 to a novel form of the estrogen receptor; 
or (iii) an unknown mechanism involving the 
estrogen receptor (Arcaro et al., 1999).

Evidence that PCB-77 can act as an 
estrogen – with effects mediated by the estrogen 
receptor– was based on results from a variety of 
assays, including those assessing binding to the 
receptor in a competitive binding assay (where 
PCB-77 at 700-fold molar excess inhibited 
[3H]-estradiol binding to the estrogen receptor 
by 50%); regulation of gene expression from a 
transfected exogenous (ERE-tk-CAT) or endog-
enous (pS2) estrogen-regulated gene; regulation 
of cell growth in the estrogen-dependent human 
breast-cancer cell lines MCF-7 and ZR-75–1; and 
activity in the immature mouse uterine-weight 
bioassay in vivo. These data demonstrated that 
PCB-77 mimics estrogenic action at concentra-
tions in the nanomolar range (292 ng/L), which is 
comparable to concentrations of PCBs found in 
human tissues (Nesaretnam et al., 1996).

The estrogenic effects of PCBs may be mediated 
in part by their hydroxylated metabolites. Both 
the parent compound and the OH-metabolite 
show low affinities for both the α- and β-iso-
form of the estrogen receptor, which suggests 
that they have only weak activity as estrogen-re-
ceptor agonist or antagonist. However, PCBs and 
OH-PCBs may be indirectly estrogenic by inhib-
iting human estrogen sulfotransferase (hEST). 
When 31 OH-PCBs were tested for their inhib-
itory effect on hEST, hydroxylation of one of 
the phenyl rings appeared to increase the inhib-
itory effect in the order para-OH >  meta-OH 
>  ortho-OH. Indeed, various environmen-
tally relevant OH-PCBs (e.g. 4-OH-2,3,3′,4′,5-
pentachlorobiphenyl, 4-OH-PCB-109; and 
4,4′-dihydroxy-3,3′,5,5′-tetrachlorobiphenyl, 
4,4′-(OH)2PCB-80) are very potent inhibitors 
of hEST. Since sulfation by this enzyme is an 
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important pathway for E2 inactivation, inhibition 
of this metabolic step would lead to increased 
bioavailability of estradiol. This would explain 
the indirect estrogenicity of hEST inhibitors 
(Kester et al., 2000).

A series of twelve PCBs were investigated for 
their ability to bind to the uterine estrogen-re-
ceptor protein, by use of a competitive equilibri-
um-binding assay with enriched cytosol-receptor 
preparations (0–40% ammonium sulfate frac-
tion) from uteri of ovariectomized mice. PCBs 
that showed strong affinities generally possessed 
either single or multiple ortho-chlorine substitu-
ents. For OH-metabolites, ortho-chlorine substi-
tution on the phenolic ring seemed less effective 
than on the nonphenolic ring. Thus 4′-OH-2,4,6-
trichlorobiphenyl (4′-OH-PCB-30), which has 
two ortho chlorines and a para substituent, had 
the strongest binding affinity. For PCBs without 
ortho chlorines, the binding activity decreased 
10–100-fold. PCBs that demonstrated appreci-
able receptor-binding activity were also active in 
vivo in stimulating an increase in uterine weight, 
while weak binders were inactive in this respect. 
The ortho-chlorine substitution appears essen-
tial in determining receptor-binding activity, 
probably because of decreased conformational 
flexibility due to restricted rotation about the 
inter-ring bond (Korach et al., 1988).

The effects of structure and substituent 
position on the estrogenic and anti-estrogenic 
activities of various OH-PCBs were investigated 
in a series of assays. The presence of an ortho 
or meta substitution in the phenolic ring had 
minimal effects on estrogenic activity, while the 
2,4,6-trichloro- and 2,3,4,6-tetrachloro configu-
ration in the non-phenolic ring were required for 
this response. Substitution in the phenolic ring 
had no effect on anti-estrogenic activity (Connor 
et al., 1997).

In-vitro toxicity profiles were determined 
for 24 NDL-PCBs with respect to 10 different 
mechanisms of action. All NDL-PCBs antago-
nized androgen-receptor activation; none were 

androgenic. Less chlorinated NDL-PCBs (PCB-
19, PCB-28, PCB-47, PCB-51, PCB-53, PCB-100, 
PCB-104, PCB-136) were weak estrogen-receptor 
agonists. More highly chlorinated NDL-PCBs 
(PCB-138, PCB-153, PCB-170, PCB-180, PCB-190) 
were weak estrogen-receptor antagonists; several 
inhibited estradiol-sulfotransferase activity 
by >  50% (PCB-28, PCB-47, PCB-51, PCB-53, 
PCB-100). On the basis of hierarchical analysis 
of the toxicity profiles, three separate clusters 
of NDL-PCBs and a fourth cluster of reference 
DL-PCBs could be distinguished. The indicators 
PCB-28, PCB-52, PCB-101, PCB-118, PCB-138, 
PCB-153, and PCB-180 contributed most to the 
anti-androgenic, anti-estrogenic, anti-thyroidal, 
tumour-promoting, and neurotoxic potencies 
calculated for PCB mixtures reported in human 
samples, while the most potent AhR-activating 
DL-PCB, PCB-126, contributed at most 0.2% to 
any of these calculated potencies. It was suggested 
that PCB-168 should be added to the list of indi-
cator congeners, given its relatively high abun-
dance and its anti-androgenic and TTR-binding 
properties (Hamers et al., 2011).

(ii)	 Effects on the thyroid-hormone system

Experimental animals in vivo
Marmoset monkeys were treated with oral 

doses of PCB-77 at 0.1, 1, or 3 mg/kg bw, twice 
per week, for 18–23 weeks. Histological exam-
ination of the thyroid gland showed dose-de-
pendent hyperplasia of follicular cells, which 
was associated with various changes in thyroid 
function. The average serum concentrations of 
T4 during the treatment period were reduced by 
35% in monkeys at 0.1 mg/kg bw, 81% at 1 mg/kg 
bw, and >  99% at 3 mg/kg bw. A reduction in 
serum concentrations of T4 was observed from 
2 weeks and throughout the entire treatment 
period (18–23 weeks), and was reflected in a 
decrease in the free T4 index in the groups at 1 
and 3 mg/kg bw. Serum T3 concentrations were 
reduced in the group at 3 mg/kg bw within 2 
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weeks. Concentrations of TSH were increased 
in the group at the highest dose as a feedback 
response to the strongly reduced serum T4 
concentrations (van den Berg et al., 1988).

Pregnant Wistar WU rats were given Aroclor 
1254 as daily oral dose at 5 or 25 mg/kg bw on 
days 10–16 of gestation to determine effects on 
thyroid-hormone concentrations in plasma and 
brain, on peripheral thyroid-hormone concen-
trations, and on peripheral thyroid-hormone 
metabolism in fetal and weanling rats. Maternal 
exposure to Aroclor 1254 significantly reduced 
fetal (day 20 of gestation) and neonatal (post-
natal day 4) plasma concentrations of total T4 
and free T4. These effects were less pronounced 
in offspring at age 21 days and absent at 90 days. 
T3 concentrations in brain tissue in the exposed 
fetuses were significantly decreased relative 
to controls, but only in the group at the lower 
dose. On postnatal day 21, T4 concentrations had 
significantly decreased in the forebrain of female 
weanling rats from the group at the higher dose, 
but no reductions were seen in male or female 
neonates. The deiodination of T4 to T3 was signif-
icantly increased in fetal forebrain homogenates 
at both doses. No alterations in thyroid-hormone 
metabolism were seen in forebrain homogenates 
from adult offspring exposed pre- and postna-
tally to Aroclor 1254. Accumulation of the PCB 
metabolite 2,3,3′,4′,5-pentachloro-4-biphenylol 
[4-OH-PCB-109] was observed in fetal plasma 
and forebrain tissue on day 20 of gestation, and 
in neonatal and weanling plasma on postnatal 
days 4, 21, and 90 (Morse et al., 1996).

In groups of Sprague-Dawley rats given 
two or five weekly intraperitoneal injections of 
PCB-126 (0.2 mg/kg bw) or PCB-114 (20 mg/kg 
bw), total T4 concentrations in serum were lower 
than those in the controls. The expression of TTR 
was significantly higher in the PCB-treated group 
than in the control group (Han et al., 2010).

Reduced thyroid-hormone levels were 
found in serum of Sprague-Dawley rats treated 
with MeSO2 metabolites of the following 

PCB congeners: 3-MeSO2-2,2′,3′,4′,5,6-
hexachlorobiphenyl [5′-MeSO2-PCB-132]; 
3-MeSO2-2,2′,3′,4′,5,5′-hexachlorobiphenyl 
[3′-MeSO2-PCB-141]; 3-MeSO2-2,2′,4′,5,5′,6-
hexachlorobiphenyl [5-MeSO2-PCB-149] and 
4-MeSO2-2,2′,4′,5,5′,6-hexachlorobiphenyl 
[4-MeSO2-PCB-149]. These MeSO2-PCBs are 
found in human milk, liver, and adipose tissue. 
All four metabolites (20 µmol/kg bw, intra-
peritoneal injection, once per day, for 4  days) 
reduced the serum concentration of total T4 by 
22–44%, on days 2, 3, 4 and 7 after the last dose. 
Concentrations of total T3 were reduced by 37% 
on day 7 after treatment with 4-MeSO2-PCB-149. 
A 30% increase in thyroid weight was seen after 
treatment with 3′-MeSO2-PCB-141. These data 
suggest that these 3- and 4-MeSO2 metabo-
lites act as endocrine disrupters, but probably 
through different mechanisms (Kato et al., 
1998). A similar study was conducted with the 
meta-MeSO2 metabolites of tetra- and penta-
chlorinated biphenyls: 3-MeSO2-2,2′,4′,5-tetraCB 
[3′-MeSO2-PCB-49], 3-MeSO2-2,3′,4′,5-tetraCB 
[3-MeSO2-PCB-70], 3-MeSO2-2,2′,3′,4′,5-pentaCB 
[3′-MeSO2-PCB-87], 3-MeSO2-2,2′,4′,5,5′-
pentaCB [3′-MeSO2-PCB-101], and the para-Me-
SO2-metabolite 4-MeSO2-2,2′,4′,5,5′-pentaCB 
[4′-MeSO2-PCB-101]. The data showed that all 
five MeSO2-PCBs influence thyroid-hormone 
metabolism (Kato et al., 1999). A further study by 
this group demonstrated that the meta-MeSO2 
metabolites of PCB-49, PCB-70, PCB-87, PCB-101, 
PCB-132, PCB-141, PCB-149 [3′-MeSO2-PCB-49, 
3-MeSO2-PCB-70, 3′-MeSO2-PCB-87, 3′-MeSO2- 
PCB-101, 5′-MeSO2-PCB-132, 3′-MeSO2-PCB-141, 
5-MeSO2-PCB-149] and the para-MeSO2 
metabolite of PCB-101 [4′-MeSO2-PCB-101] 
induced hepatic microsomal UDP-glucuronosyl 
transferase (UDP-GT) in male Sprague-Dawley 
rats. The increase in hepatic glucuronidation 
of T4 after the administration of the eight test 
compounds was the probable cause of the reduced 
serum concentration of T4 (Kato et al., 2000).



IARC MONOGRAPH – 107

368

Thyroid hormone status and metabolism 
were studied in groups of pregnant Wistar 
WU rats given oral doses of 4-OH-2,3,3′,4′,5-
pentachlorobiphenyl [4-OH-PCB-109] ([14C]- 
labelled or unlabelled) at 5 mg/kg bw on days 
10–16 of gestation. Fetuses were studied at days 
17 and 20 of gestation. The test compound accu-
mulated in the fetal compartment, with fetal/
maternal ratios of 11.0, 2.6, and 1.2 in liver, 
cerebellum, and plasma, respectively, at day 20. 
Radiolabel was bound to plasma TTR in dams 
and fetuses. Fetal plasma concentrations of total 
T4 and free T4 were significantly decreased 
at days 17 and 20 of gestation (89% and 41%, 
respectively, at day 20), while fetal concentra-
tions of TSH were increased more than twofold 
at day 20 of gestation. No effects were seen on T3 
concentrations in fetal brain (Meerts et al., 2002).

In a study to investigate the effects of PCBs 
on thyroid-hormone status, female Sprague-
Dawley rats were given Aroclor 1254 at a dose 
of 4 mg/kg bw per day by gastric intubation for 
14 days. To test underlying mechanisms, micro-
somal enzyme activities (CYP isozymes and 
UDP-GT, indicating metabolic activation and/or 
biliary clearance), ex-vivo binding of [125I]-T4 to 
plasma proteins (suggesting effects on peripheral 
thyroid-hormone transport), and light micro-
scope morphology of the thyroid gland were 
studied. The extent of thyroid-hormone reduc-
tion (free T4 to 30% and total T4 to 60% of control) 
observed after exposure to Aroclor 1254 corre-
sponded with a decrease in the ex-vivo binding of 
[125I]-T4 to plasma TTR, and with induction of the 
microsomal phase-I enzymes (ethoxy- and meth-
oxy-resorufin dealkylase, EROD and MROD). 
The phase-II enzyme UDP-GT was moderately 
elevated. The thyroid morphology showed acti-
vation of the epithelium, but no degenerative 
alterations correlated with exposure to Aroclor 
1254. The results suggested that the decrease in 
T4 is mainly due to disturbed serum transport, 
as a result of binding of Aroclor 1254 metabolites 
to TTR (Hallgren & Darnerud, 2002).

Miller et al. (2012) studied the effects of 
exposure to PCBs and PBDEs on T4 levels in rat 
offspring from day 6 of gestation until postnatal 
day 21. In male rat offspring, exposure to PCBs or 
PBDEs at a dose of 1.7, 5, 10, 20, 40, or 60 μmol/
kg bw per day induced equivalent and dose- 
dependent reductions in T4 from postnatal days 
7 to 21. Exposure to equimolar mixtures of PCBs 
and PBDEs at a dose of 3.4, 10, 20, 40, or 80 μmol/
kg bw per day additively reduced T4 levels during 
the exposure period. The effects on T4 levels were 
similar in males and females.

In-vivo and ex-vivo systems
The OH-PCB metabolites 4-OH-PCB-69, 

4-OH-PCB-106, and 4-OH-PCB-121 were tested 
for capacity to disrupt the thyroid-hormone 
system via proliferation of thyroid hormone-de-
pendent rat-pituitary GH3 cells. Growth of GH3 
cells was stimulated by all three 4-OH-PCBs 
(Ghisari & Bonefeld-Jørgensen, 2005). These 
OH-PCBs were previously reported to bind to 
the thyroid receptor and to thyroid-hormone 
transport proteins (Cheek et al., 1999).

PCBs are the most concentrated class of 
pollutant found in polar bears (Ursus maritimus). 
In plasma samples collected from polar bears, 
no binding of [125I]-T4 to TTR was observed. 
Incubation of these plasma samples with [14C] 
-2,3,3′,4′,5-pentachloro-4-biphenylol [[14C]-4-
OH-PCB-109], a PCB metabolite with a higher 
binding affinity to TTR than the endogenous 
ligand T4 itself, resulted in competitive binding. 
Incubation of plasma with T4 at up to 1 mM (a 
concentration that is not physiologically relevant) 
did not result in any detectable competition. 
These results suggested that the binding sites on 
TTR for T4 in wild polar bears are completely 
saturated (Gutleb et al., 2010).

Disruption of thyroid-hormone transport 
may be an important mechanism by which PCBs 
can alter thyroid-hormone homeostasis. In a 
systematic in-vitro study of PCB-binding to TTR, 
the role of ortho substitution was investigated in 
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more detail. PCBs that have only ortho substitu-
tion show significant binding activity. The conge-
ners most closely resembling the diiodophenolic 
ring of T4, i.e. di-meta-substitution in one or 
both rings, showed the highest binding activity 
to TTR. Multiple ortho substituents decreased 
the binding activity of such congeners. PCBs 
with a single meta substitution in one or both 
rings resemble more closely the monoiodophe-
nolic ring of T3, and showed significantly lower 
binding activity to TTR. This was consistent with 
the relatively low binding activity of T3 and the 
smaller size of chlorine compared with iodine. 
The addition of ortho substituents gave variable 
results, depending on their position (Chauhan 
et al., 2000).

In in-vitro studies that assessed the effect of 
OH-PCBs on thyroid-hormone sulfation, the 
inhibition of sulfotransferase activity towards 
3,3′-diiodo-thyronine (T2) appeared to be 
similar to that towards T3. Hydroxylated metab-
olites of PCBs strongly inhibited T2 sulfotrans-
ferase activity, the most potent inhibitor being 
3-OH-2,3′,4,4′,5-pentachlorobiphenyl (3-OH-
PCB-118). An important structural requirement 
for inhibition of T2 sulfotransferase by OH-PCBs 
is the presence of a hydroxyl group in the para or 
meta position, with ortho-OH-PCBs being much 
weaker inhibitors (Schuur et al., 1998a, b).

4.3.4	Effects on the immune system

The effects of PCBs on several parameters 
related to the immune system have been reported 
for humans, and more extensively for exper-
imental animals (reviewed by Tryphonas & 
Feeley, 2001).

(a)	 Adults

Immunomodulatory effects of PCBs have been 
reported in workers occupationally exposed to 
these chemicals, in humans following consump-
tion of contaminated fish, and in populations 
accidentally exposed to PCBs and their heat- 

degradation products, PCDFs, and polychlorin-
ated quarterphenyls (PCQ) via consumption of 
contaminated rice oil (the Yusho and Yucheng 
poisoning incidents). In addition, PCB exposure 
during prenatal and early life has been associated 
with incidence of infectious and allergic diseases 
in children, and alterations in immune-system 
development.

Lawton et al. (1985) tested 194 workers 
exposed occupationally (152 men, 42 women) to 
one or more of the Aroclors 1254, 1242, and 1016 
in a capacitor plant factory for an average dura-
tion of 17 years. The results taken in 1976 were 
compared with those from the same workers 
taken in 1979, two years after discontinuation 
of all PCB use in 1977. Significantly increased 
levels of leukocytes, with a concomitant increase 
in levels of lymphocytes, monocytes and eosin-
ophils, were observed when these workers were 
tested in 1976. Interestingly, the levels of circu-
lating polymorphonuclear cells were reduced in 
the same workers. Similar, but not statistically 
significant, shifts in leukocyte levels were noted 
when testing was repeated in 1979. A positive 
association was observed between serum PCB 
concentrations and blood monocytes, and was 
reported to persist even 2 years after discontin-
uation of PCB use. [The Working Group noted 
that the extent to which PCB exposure compro-
mises the immune system could not be estimated 
on the basis of immune-cell alterations, since 
measurement of functional immune parameters 
was not part of the study protocol.]

In contrast, a study by Emmett et al. (1988a, b) 
of 55 transformer repairmen working in a factory 
and exposed to Aroclors 1260 and 1242 did not 
report any significant exposure-related effects on 
the immune system. The percentage of workers 
with positive skin responses (delayed-type hyper-
sensitivity) to mumps and trichophyton antigens 
was similar to that of 56 nonexposed workers.

Follow-up studies of the Yusho and Yucheng 
populations indicated that several immune- 
related parameters were disrupted in exposed 
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adults. These included a statistically significant 
decrease in serum levels of immunoglobulins 
A and M, reduced T-helper (Th) and increased 
T-suppressor cells (Ts) resulting in reduced Th:Ts 
cell ratio, persistent respiratory distress caused 
by Gram-negative bacilli-infected airways, and 
increased in-vitro lymphoproliferative responses 
of peripheral blood leukocytes to phytohaema-
glutinin, concanavalin A, and pokeweed mito-
gens at 1 and 3 years after exposure. Furthermore, 
a reduced number of patients with positive skin-
test reactivity to streptokinase/streptodornase 
antigens was observed at 1 year after exposure, 
and to tuberculin antigens at up to 4 years after 
exposure (Lü & Wu, 1985; Nakanishi et al., 1985), 
while some other immunological effects persisted 
up to 30 years after exposure (Masuda, 2001).

Consumption of contaminated fish has been 
associated with some effects on the immune 
system. High consumption of fatty fish from 
the Baltic Sea correlated positively with B-cell 
numbers, but negatively with the percentage of 
cytotoxic (CD8+) T-cells in 68 fishermen in Latvia 
(Hagmar et al., 1995). [The significance of these 
observations was not clear, since no functional 
immune parameters were examined.]

Svensson et al. (1994) studied levels of 
leukocytes in a group of 23 men in Sweden 
who consumed high levels of fatty fish species 
from the Baltic Sea and compared results with 
20 men who ate practically no fish. No effects 
were reported on leukocyte counts, the number 
of total lymphocytes or their subsets, or serum 
immunoglobulin levels. A marginal reduction in 
natural killer (NK) cell activity was reported for 
the fish-eating population. This was in agreement 
with the weakly negative correlation observed 
between NK cell numbers and blood concentra-
tions of PCB-126 and PCB-118 in some of the 
same subjects tested 3 years previously.

(b)	 Children

Weisglas-Kuperus et al. (1995) studied 
children residing in the Netherlands and who 
were exposed, in utero and via breastfeeding, 
to ambient concentrations of PCBs. The study 
group consisted of 207 healthy mother–infant 
pairs. Prenatal exposure to PCBs was estimated 
by the sum of PCB-118, PCB-138, PCB-153, and 
PCB-180 (ΣPCB) in maternal and cord plasma, 
and in breastfed infants by the TEQ levels 
(based on 17 dioxins and 8 dioxin-like PCBs) 
in human milk. A higher prenatal PCB/dioxin 
exposure was associated with increased numbers 
of T lymphocytes bearing T-cell receptors of the 
gamma/delta type, increased cytotoxic T-cells 
at age 18 months in breastfed infants; higher 
prenatal and postnatal concentrations of PCB/
dioxin was associated with reduced monocytes 
and granulocytes at age 3 months. In follow-up 
studies, statistically significant associations were 
observed between prenatal PCB exposure and 
increased number of lymphocytes, T-cells, and 
cytotoxic (CD3+CD8+) cells, memory (CD4+ 
CD45RO+) cells, T-cell receptor (TcR) αβ+, and 
activated T-cell (CD3+ HLA-DR+) numbers in the 
toddlers.

Horváthová et al. (2011a, b) collected 
blood specimens from newborns, and infants 
aged 6 and 16 months, from two districts in 
Slovakia, Michalovce and Svidnik/Stropkov, 
that had respectively high and low environ-
mental PCB contamination, and correlated 
blood PCB concentrations with lymphocyte- 
receptor expression. The percentages of lymphoid 
dendritic cells and naive/resting T lymphocytes 
were significantly increased at 6 months in the 
Michalovce area compared with those in cord 
blood samples (P  <  0.001). Overall there was a 
positive correlation of terminally differentiated 
effector memory T-lymphocyte population with 
age, and a negative linear correlation for myeloid 
dendritic cells from birth to 6  months in both 
regions. The Michalovce samples indicated 
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significantly higher expression of memory T 
lymphocytes (at birth, 6, and 16 months), termi-
nally differentiated effector memory T lympho-
cytes (at birth and at 6 months), and lymphoid 
dendritic cells (at 6  months) than in samples 
from Svidnik/Stropkov.

Jusko et al. (2012) investigated the effect of 
several PCB congeners on thymus volume in 1134 
mother–infant pairs residing in eastern Slovakia. 
Samples of maternal and infant (age 6 and 16 
months) blood were collected and analysed for 15 
PCB congeners. Higher maternal concentrations 
of PCBs were associated with reduced thymus 
volume at birth, while maternal PCB concentra-
tion was not predictive of thymus volume in the 
infants aged 6 and 16 months.

In a subgroup of 331 children aged 7–10 years 
from the Hesse, Germany cohort, mean concen-
trations of PCBs were 0.50 μg/L, and this value 
was significantly associated with increased levels 
of serum immunoglobulin M (IgM) (Karmaus 
et al., 2005).

Similar immune-related sensitivities in 
adolescence were reported by Van Den Heuvel 
et al. (2002) for a study in Flanders, Belgium. In 
this study, serum concentrations of PCB-138, 
PCB-153 and PCB-180, and combined serum diox-
in-like activity as determined by AhR-mediated 
expression of a reporter gene luciferase, were 
measured in samples from boys and girls (aged 
17–18 years) with certain immune-related 
respiratory complaints. A significantly negative 
correlation between the percentage of eosino-
phils and NK cells in peripheral blood and TEQ 
in serum (P = 0.009 and P = 0.05, respectively) was 
observed. Similarly, significant negative correla-
tions were calculated between serum TEQs and 
levels of specific IgE antibodies to allergens (cat 
dander, house dust mite, and grass pollen), and 
the incidence of reported allergies of the upper 
airways. A significant positive correlation was 
observed between increased serum TEQs and 
increased serum IgA levels (P = 0.05).

(c)	 Non-human primates

Unlike all other experimental animal models 
in which exposure levels were high, the available 
studies in non-human primates used PCB doses 
that were relatively low (<  1 mg). Such studies 
have shown that non-human primates are more 
sensitive to the immune-related effects of PCBs 
than any other experimental animal tested. 
Alterations in the immune system and immuno-
toxicity were also reported after PCB exposure 
during prenatal or early life.

Thomas & Hinsdill (1978) investigated 
immunological parameters in groups of eight 
rhesus monkeys fed diets containing Aroclor 
1248 at a dose of 0.1 or 0.2 mg/kg bw per day for 
11 months. The reported immune-related effects 
were seen only at 0.2 mg/kg bw and included 
significantly reduced titres of antibodies to 
sheep red blood cells (SRBC) at weeks 1 and 
12 after primary immunization, and decreased 
percentage of gamma-globulin after 20 weeks, 
compared with a control group of five monkeys. 
The response to tetanus toxoid was not affected 
by treatment. Reduced titres to SRBC were also 
reported in the single female cynomolgus monkey 
(Macaca fascicularis) treated with a PCB mixture 
with constituents similar to those ingested by 
Yusho patients, and containing predominantly 
penta- and hexachlorobiphenyls and no PCDFs, 
prepared from Kanechlor 400 and administered 
at 5 mg per day for 20 weeks (Hori et al., 1982).

Differences in PCB-induced toxicity were 
investigated in cynomolgus (Macaca fascicu-
laris) and rhesus (Macaca mulatta) monkeys 
(Tryphonas et al., 1986; Arnold et al., 1990). In 
these studies, groups of four cynomolgus and 
four rhesus monkeys ingested Aroclor 1254 in 
apple juice-gelatin-corn oil emulsion at doses 
of 0.00 (control) or 280 µg/kg bw per day for 
12–13 months (cynomolgus monkeys) and 27–28 
months (rhesus monkeys) respectively. The 
total serum IgM levels and titres to anti-SRBC 
(primary response) antigens were significantly 
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reduced in both species. Based on clinical and 
pathological findings, the rhesus monkeys were 
more sensitive to PCB-induced toxicities than 
the cynomolgus monkeys, although effects on 
the immune system were similar in both species.

A long-term study with Aroclor 1254 
(Tryphonas et al., 1989, 1991a, b; Arnold et al., 
1993, 1995) was of particular significance since it 
was the only long-term study in which low doses 
(range, 5–80 µg/kg bw per day) of commercial 
PCB mixtures were used. Immunological effects 
were reported after 23–25 months (phase I) 
(Tryphonas et al., 1989), during which time a 
blood PCB pharmacokinetic equilibrium was 
established, and after 55 months (phase II) 
(Tryphonas et al., 1991a, b). Testing at phase I 
detected significant shifts in Th and Ts lympho-
cyte subsets (decreased Th, increased Ts and 
decreased Th:Ts cell ratio) at 80 µg/kg bw per 
day, and significantly reduced titres in response 
to SRBC antigens (Tryphonas et al.,1989). The 
response to SRBC antigens was significantly 
reduced even at a dose of 5 µg/kg bw per day. 
These effects in monkeys were comparable to 
those reported for the Yucheng population at 
1 and 3  years after exposure (Lü & Wu, 1985). 
Several significant immune-related parameters 
were affected in monkeys exposed continuously 
to Aroclor 1254 for 55 months (phase II). Effects 
included: a dose-related decrease in the anam-
nestic (IgM and IgG) response to SRBC antigens; 
a dose-related decrease in the lymphoprolifer-
ative response of leukocytes to the mitogens 
concanavalin A and phytohaemaglutinin, but not 
to pokeweed mitogen (mostly B-cell dependent); 
reduced monocyte activity (peak chemilumines-
cence after phorbol myristate acetate activation); 
significantly higher levels of serum complement 
(CH50) activity across all treated groups compared 
with controls; a dose-related significant increase 
in thymosin α1 (Tα1) levels in treated groups 
compared with controls; a significant but not 
dose-related increase in levels of interferon at the 
20 and 80 μg/kg bw per day, with a significantly 

reduced interferon level at 40 μg/kg bw per day. 
Tumour necrosis factor (TNF) levels were not 
affected significantly by treatment (Tryphonas 
et al., 1991a, b).

Hand-reared infant rhesus (Macaca mulatta) 
monkeys (age, 66 weeks) were treated with a 
mixture of PCB congeners at a dose of 7.5 μg/kg 
bw per day, which represents the approximate 
daily intake of a nursing infant whose mother’s 
breast milk contained PCBs at a concentration 
of 50 ppb. The PCB congeners used for treatment 
were those commonly found in human breast 
milk in Canada. Treatment continued until 
the monkeys reached age 20 weeks. Significant 
treatment-related effects characterized by 
reduced antibody responses to SRBC antigens, 
and reduced levels of the HLA-DR cell surface 
marker were observed (Arnold et al., 1999).

Groups of eight adult female rhesus monkeys 
were fed diets containing Aroclor 1248 at a 
concentration of 2.5 or 5.0 ppm for approximately 
1.5 years (Allen & Barsotti, 1976). Six of the eight 
monkeys treated with Aroclor 1248 at 5.0 ppm, 
and all monkeys at 2.5 ppm were successfully 
bred after 6 months of exposure. There was one 
live infant born among monkeys at 5.0 ppm, and 
five infants born to monkeys at 2.5 ppm. Infants 
were permitted to nurse with their mothers. 
Three infants died within 8 months, after 44, 112 
and 239 days, respectively. At necropsy, histo-
pathological observations of the infant tissues 
included a near complete absence of thymo-
cytes in the cortical and medullary areas of the 
thymus, extremely small lymph nodules of the 
spleen with inapparent germinal centres, and 
hypocellularity of the bone marrow.

(d)	 Rodents and rabbits

(i)	 Effects on the thymus

Commercial PCB mixtures
Thymic atrophy was detected in female 

White New Zealand rabbits fed diets containing 
Aroclor 1260 at a dose of 118 mg/kg bw per 
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day for 38 days, or Aroclor 1260 at a dose of 
120 mg/kg bw per day for 28 days (Vos &Beems, 
1971; Vos & Notenboom-Ram, 1972); in male 
White New Zealand rabbits fed Aroclor 1254 at 
a dietary concentration of 20, 45.8, or 170 ppm 
[0.92, 2.10 or 6.54 mg/kg bw per day] for 56 days 
(Street & Sharma, 1975); in male Fischer 344 rats 
given Aroclor 1254 at a dose of 10 or 25 mg/kg bw 
per day by gavage for 15 weeks (Smialowicz et al., 
1989); in female guinea-pigs fed Clophen A60 at a 
dietary concentration of 50 ppm for 49 days (Vos 
& van Driel-Grootenhuis, 1972) and in male 
Sprague-Dawley rats fed Aroclor 1262, 1254, or 
1248 at 1% of the diet for 6 weeks. The severity of 
thymic atrophy was Aroclor 1254 = Aroclor 1248 
> Aroclor 1262 (Allen & Abrahamson, 1973).

Thymic atrophy was not detected upon expo-
sure to Aroclor 1248 when fed to female outbred 
albino mice (50, 100, 500 or 1000 ppm) for 3 to 5 
weeks (Thomas & Hinsdill, 1978), or to Aroclor 
1242 (167 ppm) fed to Balb/c mice (Loose et al., 
1979).

PCB congeners
Thymic atrophy characterized by reduc-

tions in cortical and medullary volume was also 
reported in weanling male and female Sprague-
Dawley rats treated with feed containing indi-
vidual PCB congeners for 13 weeks at the 
following concentrations: PCB-126, 0.1–100 ppb 
(0.01–7.4 μg/kg bw per day) (Chu et al., 1994); 
PCB-153, 0.05–50 ppm (3.6–3534 μg/kg bw per 
day) (Chu et al., 1996b); PCB-28, 0.05–50 ppm 
(2.8–3783 μg/kg bw per day) (Chu et al., 1996c); 
and PCB-105, 0.05–50 ppm (3.9–4327 μg/kg bw 
per day) (Chu et al., 1998). In contrast, PCB-77, 
PCB-118, and PCB-128 did not have any signif-
icant effects on the thymus when fed to wean-
ling male and female Sprague-Dawley rats for 13 
weeks at the following concentrations: PCB-77: 
0.01–10 ppm (0.73–768 μg/kg bw per day) in 
males; 0.01–10 ppm (0.92–892 μg/kg bw per day) 
in females (Chu et al., 1995); PCB-118: 0.01–10 
ppm (0.66–683 μg/kg bw per day) in males; 0.002–2 

ppm (0.17–170 μg/kg bw per day) in females; 
PCB-128: 0.05–50 ppm (4.5–4397 μg/kg bw per 
day) (Lecavalier et al., 1997).

In male C57BL/6 (Ah+) and DBA/2 (Ah-) mice 
given intraperitoneal doses of PCB-77 (DL-PCB) 
or PCB-52 (NDL-PCB) at 0, 10, or 100 mg/kg bw 
per day, thymic atrophy was observed only in 
C57BL/6 mice treated with PCB-77 (Silkworth & 
Grabstein, 1982). The results suggested that PCB 
immunotoxicity in mice is mediated through the 
AhR, present only in the C57BL/6 mice.

(ii)	 Effects on humoral immunity

Commercial PCB mixtures
Several studies reported effects of PCBs 

on humoral immune reactivity. A significant 
reduction in production of antibodies to tetanus 
toxoid was noted in guinea-pigs fed Clophen 
A60 (Vos & van Driel-Grootenhuis, 1972), to 
keyhole limpet haemocyanin (KLH) in rats fed 
Aroclor 1254 (Exon et al., 1985), and to SRBC 
using the plaque-forming cell assay in mice given 
Aroclor 1254 intraperitoneally (Wierda et al., 
1981; Loose et al., 1979). Mice genetically engi-
neered to be either aryl hydrocarbon-responsive 
(Ahb/Ahb) or non-responsive (Ahd /Ahd) did not 
exhibit the same sensitivity to PCB-induced 
suppression in the plaque-forming cell assay. 
For example, C57BL/6N (Ahb/Ahb) mice injected 
intraperitoneally with Aroclor 1254 at a dose of 
250–750 mg/kg bw exhibited significant reduc-
tions in plaque-forming cell numbers after 
5 days, compared with controls, while DBA/2N 
(Ahd /Ahd) mice failed to demonstrate any signif-
icant PCB-induced effects on plaque-forming 
cell numbers, compared with controls (Lubet 
et al., 1986).

PCB congeners
Cotreatment of C57BL/6 B6 mice with 

PCB-153 and TCDD showed that PCB-153 
partially antagonized TCDD-mediated immu-
notoxicity in various assays (Biegel et al., 1989).
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Individual congeners were also assessed for 
their immunotoxicity in AhR-responsive or 
AhR-non-responsive mouse models. Bandiera 
et al. (1982) reported that PCB-77 binds AhR with 
high affinity and causes severe suppression of the 
humoral antibody response in C57BL/6 B6 (Ahb/
Ahb) mice. In comparison, PCB-77 exhibited 
lower binding affinity for AhR in DBA/2N (Ahd/
Ahd) mice and did not cause any immune-related 
effects (Silkworth & Grabstein, 1982). In contrast, 
the di-ortho-substituted PCB-52 had weak AhR 
binding affinity and was not immunosuppressive 
in either mouse strain (Silkworth & Grabstein, 
1982).

(iii)	 Effects on cellular immunity
The effects of PCBs were less pronounced 

on cellular immune responses than on humoral 
immune reactivity. Reduced skin reactivity to 
tuberculin was detected in female guinea-pigs 
fed Clophen A60 at 50 or 250 ppm for 49 days 
(Vos & van Driel-Grootenhuis, 1972; Vos & Van 
Genderen, 1973). In contrast, no effects were 
detected when dinitrochlorobenzene was used 
as the skin sensitizer in female Swiss-Webster 
mice fed Aroclor 1254 at 10, 100, or 250 ppm 
[1.17, 116, 292 mg/kg bw per week] for 12 weeks 
(Talcott & Koller, 1983). Similarly, White New 
Zealand male rabbits fed Aroclor 1254 at 170 
ppm [6.54 mg/kg bw per day] for 56 days did not 
show any effects on skin reactivity to tuberculin 
sensitization (Street & Sharma, 1975).

Studies on the mitogen-induced proliferative 
activity of splenic mononuclear leukocytes and 
the mixed lymphocyte response, both in-vitro 
correlates of cellular immune responses, also 
gave conflicting results and suggested that PCBs 
may affect a specific subpopulation of T lympho-
cytes. A few studies reported that phytohaemag-
glutinin-induced leukocyte blastogenic activity 
was increased upon exposure to Aroclors, while 
no effect was noted when concanavalin A, S. 
typhimurium, or pokeweed mitogens were used 
(Bonnyns & Bastomsky, 1976; Wierda et al., 1981; 

Smialowicz et al., 1989). The mixed lymphocyte 
response was not affected by treatment with the 
less chlorinated Aroclor 1242 (Carter & Clancy, 
1980; reviewed by Silkworth & Loose, 1981).

Nakanishi et al. (1995) treated female Sprague-
Dawley rats (age, 8 weeks) intraperitoneally with 
5 mg of Kanechlor 400 in 2 mL of corn oil, and 
effects on the immune system were examined 
at termination of the study 4 weeks later. The 
percentage of T lymphocytes, and T-helper and 
T-suppressor cells, was significantly decreased in 
the treated groups compared with the controls. In 
contrast, the percentage of T lymphocytes in the 
bronchoalveolar lavage fluid was not significantly 
increased after treatment with Kanechlor 400. 
The percentage of T-suppressor cells increased 
significantly, while the percentage of T-helper 
cells was not affected by treatment. Release of 
O2

– by alveolar macrophages, stimulated with 
either wheat germ lectin or phorbol myristate 
acetate, increased significantly compared with 
the controls (Martin et al., 1981). In addition, 
there was mild inflammation of the alveoli after 
administration of PCBs. In support of this obser-
vation, Kikuchi et al. (1971) reported that lung 
autopsies for two Yusho patients showed the pres-
ence of pulmonary haemorrhage and pulmonary 
oedema. [It is conceivable that failure to remove 
O2

– produced by macrophages might be respon-
sible for the observed pathogenesis of interstitial 
changes of the lung after treatment with PCBs].

(iv)	 Effects on innate (non-specific) immunity
The cellular components of innate immu-

nity, including phagocytic cells (neutrophils, 
macrophages) and NK cells, are targets of 
PCB-induced immunotoxicity. Functional 
impairment of these cells is characterized by 
reduced phagocytic activity and consequently 
diminished ability to eliminate pathogenic infec-
tions in PCB-exposed experimental animals, 
as well as compromised immunosurveillance 
mechanisms.
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Male ICR mice fed diets containing Kanechlor 
500 at 400, 200, or 100 μg per gram feed showed 
increased susceptibility to herpes simplex virus 
compared with control mice (Imanishi et al., 
1980). Likewise, Koller (1977) demonstrated that 
Balb/c male mice fed diets containing Aroclor 
1242 at 375 ppm for 6 months showed a signif-
icant increase in susceptibility to Moloney 
leukaemia virus; this effect was not seen with 
Aroclor 1221. In Balb/c male mice given feed 
containing Aroclor 1242 at 167 ppm for 6 weeks, 
there was significantly increased susceptibility 
to S. typhosa endotoxin and to malaria parasite 
Plasmodium berghei (Loose et al., 1979). Reduced 
clearance of Listeria monocytogenes was observed 
in adult and neonate male and female ICR mice 
given Aroclor 1254 at 75 mg/kg bw per day by 
gavage for 14 days (Smith et al., 1978). Thomas 
& Hinsdill (1980) reported increased sensitivity 
to endotoxin challenge in outbred, female albino 
mice fed Aroclor 1248 at 100 ppm, but no effect 
on resistance to S. typhimurium in mice fed 
Aroclor 1248 at 1000 ppm.

NK-cell activity was reported to be decreased 
in male Fischer 344 rats exposed daily to Aroclor 
1254 at 10 or 25 mg/kg bw by gastric intubation 
for up to 15 weeks (Smialowicz et al., 1989), and 
in male Sprague-Dawley rats fed Aroclor 1254 at 
50 or 500 ppm for 10 weeks (Talcott et al., 1985; 
Exon et al., 1985).

Paradoxically, despite the evidence that 
PCB-induced immunosuppression impairs 
immune surveillance, Aroclor 1254 protected 
mice and rats against certain kinds of exper-
imentally induced tumours, such as Ehrlich’s 
tumour ascites (Keck, 1981) and primary Walker 
256 tumour (Kerkvliet & Kimeldorf, 1977).

(e)	 Fish and marine mammals

As top predators, marine mammals and large 
fish bioaccumulate PCBs at high concentrations 
in fat. Several studies have reported on the 
immunotoxic effects of PCBs on fish and marine 
mammals in contaminated environments (Mahy 

et al., 1988; Osterhaus & Vedder, 1988; Cleland 
et al., 1989; Dietz et al., 1989; Visser et al., 1993; 
De Swart et al., 1994; Ross et al., 1995, 1996; 
Hammond et al., 2005; Iwanowicz et al., 2009; 
Frouin et al., 2010; Duffy-Whritenour et al., 
2010).

4.3.5	Effects on inflammatory response

Several in-vivo and in-vitro studies have 
investigated the role of PCBs in the development 
of inflammatory responses, and are reviewed in 
the following section. Pertinent to this review 
are the following questions: (i) is the observed 
inflammation in PCB-treated animals directly 
related to PCB exposure, or is it a secondary 
development following PCB-induced toxicity in 
target organs; and (ii) does inflammation play 
an active role in the development of cancer after 
PCB exposure?

(a)	 Humans

No studies defining an association between 
exposure to PCBs and the development of 
inflammation in relation to cancer in humans 
were available to the Working Group.

(b)	 Experimental animals in vivo

(i)	 Commercial PCB mixtures
Tryphonas et al. (1984) reported significant 

changes indicative of an ongoing inflammatory 
response in the liver of cynomolgus monkeys 
(Macaca fascicularis) treated with Aroclor 1254 
or Aroclor 1248. These changes included “ground 
glass” appearance of the cytoplasm and pyknosis 
of the nuclei with or without neutrophil infiltra-
tion, eosinophilic necrosis of single or clusters 
of hepatocytes often with neutrophilic infiltra-
tion or collapse of the connective tissue frame-
work, and moderate, diffuse sinusoidal fibrosis 
and hypercellularity, and were associated with 
PCB-induced necrosis of the liver.

Interstitial inflammation of the liver was 
also observed in cynomolgus monkeys fed with 
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P-KC-400 (Kanechlor 400 from which PCDFs 
had been removed, largely containing tri- and 
tetrachlorobiphenyls), or PY-PCB (a PCB mixture 
with constituents similar to those ingested by 
Yusho patients, and largely containing penta- 
and hexachlorobiphenyls and no PCDF) at 5 mg 
per day, for 20 weeks (Hori et al., 1982).

(ii)	 PCB congeners
Inflammatory responses, presumably 

secondary to PCB-induced toxic effects, have 
been reported in long-term studies of carcino-
genicity in rats treated with PCB-126 (NTP, 
2006a), PCB-153 (NTP, 2006b), PCB-126 + 
PCB-153 (NTP, 2006c, varying ratios study), 
PCB-126 + PCB-118 (NTP, 2006d), and PCB-118 
(NTP, 2010). The incidence and severity of inflam-
mation in the treated groups varied according 
to the congener administered. For PCB-118 and 
PCB-126, the incidence of inflammation and 
degree of severity were significantly increased in 
core groups receiving the three higher doses than 
in the controls, while for PCB-153, the incidence 
in the core groups was only slightly increased 
compared with the controls and was not dose- 
dependent. In addition to the core groups, inflam-
mation, albeit of low incidence and intensity, was 
also observed in the control groups in the studies 
with PCB-118 and PCB-126, and in the uterus of 
rats in the PCB-153 control group, but not in the 
ovary of rats in the same group.

Sipka et al. (2008) investigated the potential 
for various PCB congeners to induce inflamma-
tion in mice. Mice were given a single gavage 
dose (150 μmol/kg bw) of PCB-77, PCB-104, 
or PCB-153. The levels of specific inflamma-
tory mediators including intercellular adhesion 
molecules (ICAM-1), vascular cell adhesion 
molecule-1 (VCAM-1) mRNA and monocyte 
chemoattractant protein-1 mRNA (MCP-1) were 
determined in the liver, lung, and brain. All three 
PCB congeners activated inflammatory media-
tors, and the organs affected varied according to 
the congener used. PCB-77 and PCB-104 caused 

induction of all three inflammatory mediators 
in the liver and lungs, but not in the brain. In 
contrast, the effects of PCB-153 varied across 
mediators and were predominantly seen in the 
lung and brain. Concentrations of PCB-153 were 
higher in the lung and brain than in the liver, 
and PCB-153 was the only PCB to be detected in 
the brain (Sipka et al., 2008). These observations 
suggested that the observed differences in target 
organ for the effects on inflammatory mediators 
were due to differences in PCB-congener accu-
mulation in the organs affected.

In another study, a single dose of PCB-77 
resulted in increased expression of VCAM-1 only 
in the wildtype (AhR-positive) mice, and not in 
mice lacking the AhR gene (Hennig et al., 2002b).

Sipos et al. (2012) suggested that exposure 
to environmental toxicants including PCBs 
may cause vascular inflammation that facili-
tates the development of brain metastases. The 
crucial event in metastasis is adhesion of blood-
borne tumour cells to the vascular endothelium, 
followed by transcapillary migration. In wild-
type or ICAM-1-deficient mice injected with 
Lewis lung carcinoma cells via the carotid artery, 
oral pretreatment with PCB-118 enhanced devel-
opment of brain metastases by inducing overex-
pression of ICAM-1 (also designated as CD54) 
and VCAM-1 in the brain endothelium (Sipos 
et al., 2012).

(c)	 In-vitro studies

In-vitro studies by Narayanan et al. (1998) 
indicated that Aroclor 1242 and PCB-47 (a major 
constituent of Aroclor 1242) impaired the oxida-
tive burst (respiratory burst) in human neutro-
phils by inhibiting the antioxidant enzyme 
superoxide dismutase, which converts O2

– to 
H2O2. Pre-incubation of neutrophils with Aroclor 
1242 or PCB-47 before stimulation with phorbol 
12-myristate 13-acetate, elevated the respiratory 
burst, and resulted in a significant increase in 
intracellular O2

– production and a significant 
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decrease in H2O2 compared with that in unex-
posed but agonist-stimulated neutrophils.

Additional in-vitro studies indicated that 
non-coplanar PCBs stimulate neutrophil produc-
tion of superoxide anions (O2

–) by a mechanism 
that is structure-specific and dependent on the 
chlorine substitution pattern of the biphenyl 
rings. On the contrary, coplanar congeners with 
high affinity for AhR do not activate neutrophils 
to produce superoxide anions and may inhibit 
this response (Brown et al., 1998). In these 
studies, neutrophils were isolated from male 
Sprague-Dawley rats and exposed to specific 
PCB congeners at 0 (vehicle), 10, or 50 μM for 30 
minutes at 37 °C, before stimulation with phorbol 
12-myristate 13-acetate at 0 or 20 ng/mL. PCB-4, 
PCB-8, or PCB-11 (50 μM) stimulated neutro-
phils to produce O2

–. Incubation of neutrophils 
with PCB-15, PCB-126, PCB-127, or PCB-128 
did not result in generation of O2

–. Of the various 
congeners tested, PCB-8 elicited the highest 
production of superoxide anions.

Exposure to PCB-4, PCB-8, PCB-11, or 
PCB-128 before addition of phorbol myristate 
acetate caused a significant increase in the 
amount of O2

– produced that was greater than 
that seen with either compound alone. Phorbol 
myristate acetate-stimulated production of O2

–

was unaffected by prior exposure to PCB-15, 
PCB-126, or PCB-127. In separate experiments, 
PCB-126 inhibited the amount of O2

– produced 
in response to activation with either PCB-4 or 
PCB-11. From these results it appeared that 
non-coplanar congeners are capable of stimu-
lating neutrophil production of O2

–. Coplanar 
congeners with a high affinity for AhR do not 
activate neutrophils to produce O2

– and may 
inhibit this response.

Kwon et al. (2002) investigated the effects of 
PCB-153 on the expression of cyclooxygenase-2 
(COX-2) and pro-inflammatory cytokines such 
as IL-1β, IL-6 and TNF-α in a human leukaemic 
mast cell line. The expression of TNF-α and IL-1β 
mRNA was not dependent on PCB-153, while the 

expression of COX-2 and IL-6 mRNA was highly 
induced by PCB-153. Pre-treatment with pyrroli-
dine dithiocarbamate, an NF-κB-pathway inhib-
itor, suppressed induction of COX-2, TNF-α and 
IL-1β, and reduced the induction of IL-6 mRNA 
by PCB-153.

The effects of PCBs on the activation of 
human granulocytes were investigated by Voie 
et al. (1998). Respiratory burst activity was 
measured as luminol-amplified chemolumines-
cence in human granulocytes. Ortho-substituted 
PCB congeners (PCB-47 and PCB-4) stimu-
lated chemoluminescence in a concentration- 
dependent manner (ED50, approximately 10 
μM), while meta- and para-substituted conge-
ners had no significant effect. Furthermore, 
using several enzyme-specific inhibitors, it was 
shown that PCB-activated chemiluminescence 
was dependent on Ca++-dependent phospholi-
pase D or phospholipase C, phosphatidylinositol 
3-kinase, and protein kinase C activation before 
activation of the NADPH oxidase.

In an early experiment, porcine pulmonary 
artery-derived endothelial cells were incubated 
for up to 24 hours with PCB-77, PCB-114, or 
PCB-153, which were selected for their varying 
binding avidities to AhR and different capacities 
to induce CYP (Toborek et al., 1995). PCB-77 
and PCB-114 significantly disrupted endothelial 
barrier function in a dose-dependent manner by 
allowing an increase in albumin transfer across 
endothelial monolayers. PCB-77 and PCB-114 
also enhanced oxidative stress (increasing levels 
of 2,7-dichlorofluorescein fluorescence, lipid 
hydroperoxides, and intracellular calcium) and 
caused increased activity and level of CYP 1A, 
and decreased levels of vitamin E in the culture 
medium. In contrast, incubation of endothelial 
cells with the non-dioxin-like PCB-153 did not 
have any effect on cellular oxidation, intracel-
lular calcium levels, or on endothelial barrier 
function.

Additional in-vitro experiments (Hennig 
et al., 1999; 2002a, 2002b) further suggested 



IARC MONOGRAPH – 107

378

that PCBs are atherogenic, exerting their effect 
by disrupting normal cellular functions of the 
vascular endothelium, and confirmed that 
oxidative stress and activation of the CYP1A 
subfamily may play a role in the events that lead 
to atherogenicity.

Treatment of porcine endothelial cells with 
the DL-PCBs PCB-77, PCB-126, or PCB-169 
resulted in increases in expression of the CYP1A1 
gene, oxidative stress, and the DNA-binding 
activity of NF-κB in a concentration-dependent 
manner. PCB-126 elicited a maximal response 
at the lowest concentration (0.5 μM) tested. In 
addition, all three coplanar PCBs increased 
endothelial production of IL-6. The expression 
of adhesion molecule VCAM-1 by endothelial 
cells was highest at 3.4 μM PCB-77 or PCB-169 
(Hennig et al., 2002b).

When human umbilical vein endothelial 
cells (HUVEC) were treated with PCB-104, 
a non-coplanar congener, PCB-104 increased 
the oxidative stress and markedly upregulated 
the expression of monocyte chemoattractant 
protein-1 (MCP-1), and the adhesion molecules 
E-selectin, and ICAM-1, at both the mRNA and 
protein levels, in a time and concentration-de-
pendent manner. Furthermore, PCB-104 stimu-
lated the adhesion of THP-1 cells (a human acute 
monocytic leukaemia cell line) to endothelial cell 
monolayers (Choi et al., 2003).

4.3.6	Quantitative structure–activity 
relationships (QSAR)

Based on their structure–activity charac-
teristics, PCB congeners are generally grouped 
as dioxin-like and non-dioxin-like (see Section 
1.1.1):
•	 DL-PCBs are meta-/para-chloro-substi-

tuted PCBs and include PCB-77, PCB-126, 
PCB-169 and their mono-ortho-chlorinated 
derivatives. These congeners can adopt a 
coplanar structure and display avid binding 
to AhR (avidity to AhR diminishes with 

ortho-chloro-substitution). AhR activation 
leads to a multitude of biological and toxic 
manifestations, referred to as “dioxin-like 
activity”.

•	 NDL-PCBs are ortho/para-substituted PCBs. 
Ortho/para-substitution (at least two chlo-
rines in ortho positions) is associated with 
the capacity to induce CAR/PXR-dependent 
gene expression (e.g. CYP2B, CYP3A isoen-
zymes). CAR agonists have substitutions in 
ortho, para with or without meta substitution, 
while PXR agonists and ryanodine agonists 
have multiple ortho positions substituted 
with chlorines.

•	 Some PCB congeners do not elicit activation 
of AhR, CAR, or PXR.

PCB congeners can also be grouped as lower- 
and higher-chlorinated congeners. The number 
of chlorine substituents is linked to persistency 
and bioaccumulation in animals and humans; 
less chlorinated congeners are typically volatile 
and metabolically active, and may produce ROS 
and genotoxic insults (see Section 4.2).

Additionally, a specific configuration may 
show activity in a specific bioassay, e.g. for endo-
crine effects (especially modulation of steroid and 
thyroid nuclear receptors), neurotoxic activities 
(release of a neurotransmitter, calcium home-
ostasis), and/or events associated with tumour 
promotion (e.g. inhibition of GJIC) (see Section 
4.3.2).

The TEQ concept used for risk assessement 
of PCBs is based on AhR-mediated toxicity of 
DL-PCBs (see Section 4.3.1). In contrast, the 
toxicity profiles of NDL-PCBs are insufficiently 
characterized.

Defining key structural toxicity determi-
nants of individual congeners modulating CAR-, 
PXR-, androgen receptor-, estrogen receptor-, 
and other receptor-dependent gene expression is 
not easy; with the exception of AhR, androgen 
receptor, and estrogen receptor, there were no 
systematic studies comparing a large series of 
PCB congeners in a receptor-based bioassay.
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Only a few specific QSAR studies addressing 
carcinogenicity of PCBs have been published. 
Ruiz et al. (2008) attempted to predict muta-
genicity and carcinogenicity of all 209 PCB 
congeners and some oxidative metabolites using 
experimental data on DNA-adduct forma-
tion, on GJIC-inhibition potency, and National 
Toxicology Program (NTP) rodent carcino-
genicity bioassays. Interestingly, a positive 
mutagenicity activity was predicted for the less 
chlorinated PCBs and their hydroxy- and benzo-
quinone metabolites. Carcinogenicity of many 
di- to hexachlorinated PCBs was predicted by the 
QSAR based on NTP carcinogenicity studies in 
mice, while no carcinogenicity was predicted for 
tested congeners in the analysis for rats. [A signif-
icant drawback was that carcinogenicity predic-
tions were not applicable for the highly abundant, 
higher-chlorinated congeners PCB-153, PCB-170 
and PCB-180 (predicted values were outside the 
optimum prediction space). Therefore QSAR 
analyses of carcinogenicity of PCB congeners 
were inadequate, especially when regarding 
possible extrapolation to hazards in humans.]

An alternative and more complex approach 
was reported recently by Stenberg et al. (2011). 
Multivariate toxicity profiles and QSAR model-
ling of NDL-PCBs were used, based on a variety 
of molecular descriptors. The toxicity profiles 
of 24 selected PCBs were identified by in-vitro 
screening; the different mechanisms of action, 
which were mostly related to endocrine disrup-
tion and neurotoxicity, also included tumour 
promotion. NDL-PCBs were highly purified, 
to exclude any contaminating dioxin-like 
compounds before testing (Hamers et al., 2011). 
QSAR analysis included also several param-
eters relevant to carcinogenicity, such as ROS 
production and inhibition of GJIC. Principal 
component analysis was used to derive general 
toxicity profiles from experimental in-vitro 
data, and individual QSAR models were calcu-
lated for each in-vitro response using a set of 67 
chemical descriptors. It was shown that PCBs 

could be divided into at least three major clus-
ters; the DL-PCBs, and two separate NDL-PCB 
clusters with similar toxicity profiles. The first 
NDL-PCB cluster included mainly less-chlorin-
ated, ortho-substituted congeners with generally 
higher biological activities (e.g. PCB-28, PCB-95, 
PCB-101, PCB-136); this subset of congeners was 
also the most active in the study of GJIC inhibi-
tion. The second cluster of NDL-PCBs included 
congeners with a narrow effective concentration 
and lower biological activities, with the excep-
tion of three assays related to endocrine activity 
(e.g. PCB-118, PCB-138, PCB-153, PCB-170, 
PCB-180) (Stenberg et al., 2011).

QSAR approaches might become a useful 
tool for evaluation and prediction of toxicity 
of PCBs related to carcinogenesis; however, 
currently their use is hampered by the lack of 
data on specific mechanisms of action for larger 
congener sets.

4.4	 Organ toxicity relevant to 
carcinogenicity

The reader is referred to Section 3.1.2 and 
Table 3.1 for study design and additional results 
of the experiments described below.

4.4.1	 Hepatic preneoplastic lesions

(a)	 Promotion of preneoplastic lesions

(i)	 Commercial PCB mixtures
PCB mixtures, including Aroclor 1254, 

Clophen A 30, Clophen A 50, and Phenoclor 
DP6, have shown promoting activity in liver 
carcinogenesis (Glauert et al., 2001). Several 
initiating agents were used, including diethyl-
nitrosamine (DEN), aflatoxin B1, and benzo[a]
pyrene. The following markers of altered hepatic 
foci were used in these studies: gamma-glutamyl 
transferase (GGT), ATPase, and glycogen. The 
promoting activity of PCBs was observed in males 
and females. In one study, the promoting activity 
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of Clophen A 50 was much higher in female rats 
than in males (Deml & Oesterle, 1982); a similar 
observation was made for phenobarbital (Xu 
et al., 1990). In mice, males are more susceptible 
than females to hepatocarcinogenesis; higher 
production of IL-6 by Kupffer cells in males may 
be responsible for this sex-specific difference 
(Naugler et al., 2007). In a dose–response study 
with Clophen A 50, a threshold dose (1 mg/kg 
bw, three times per week, for 11 weeks) was iden-
tified (Deml & Oesterle, 1987).

(ii)	 Individual congeners
Many studies have examined the ability of 

individual PCB congeners to promote altered 
hepatic foci in rat liver (Glauert et al., 2001). 
Most of the studies used DEN as the initiating 
agent, whether as a single necrogenic dose, as a 
low dose in conjunction with partial hepatec-
tomy, as a low dose in newborn animals, or in 
the drinking-water for 10–12 days. The following 
markers of altered hepatic foci were used in these 
studies: GGT, GSTπ, ATPase, and/or glucose-6-
phosphatase. PCB congeners that had promoting 
activity included non-ortho PCBs (PCB-77 and 
PCB-126), which activated AhR; di-ortho-sub-
stituted PCBs (PCB-47, PCB-49, and PCB-153), 
which activated CAR; and mono-ortho-sub-
stituted PCBs (PCB-105, PCB-114, PCB-118, 
and PCB-156), which activated both receptors. 
Non-ortho-PCBs were the most efficacious 
(Glauert et al., 2001). PCBs that did not induce 
(PCB-3 and PCB-15) or that weakly induced 
(PCB-28 and PCB-101) either receptor had poor 
promoting activity (Oesterle & Deml, 1981; Deml 
et al., 1985; Buchmann et al., 1991; Kunz et al., 
2006). [These differences could be due to phar-
macokinetics as well as pharmacodynamics.]

(iii)	 Combinations of individual congeners
Several studies have investigated the effects 

of administering combinations of two or more 
PCB congeners. Most of these studies found that 
the co-administration of non-ortho and di-ortho 

PCBs produced less than additive effects, while 
administration of two non-ortho PCBs produced 
additive effects. These studies used DEN as the 
initiating agent, either as a low dose in combi-
nation with partial hepatectomy, or as a hepato-
toxic dose.

In the earliest study, Sargent et al. (1991) 
examined the separate and combined effects of 
dietary administration of (di-ortho) PCB-52 at 
10 ppm, and (non-ortho) PCB-77 at 0.1 ppm for 
1  year in rats. When administered separately, 
PCB-77 did not increase the number or volume 
of altered hepatic foci, but PCB-52 increased the 
volume fraction but not the number of altered 
hepatic foci. Coadministration of PCB-52 and 
PCB-77, however, increased both the number and 
volume fraction of altered hepatic foci in a more 
than additive manner. In a study examining 
the interactive effects of a non-ortho-substi-
tuted PCB (PCB-126), a mono-ortho-substituted 
PCB (PCB-105), and a di-ortho-substituted PCB 
(PCB-153), no more than additive effects were 
observed. An additive effect was observed with 
PCB-105 + PCB-153, while less than additive 
effects were observed for PCB-126 + PCB-153, 
and for PCB-126 + PCB-105 (Haag-Grönlund 
et al., 1998). In another study, PCB-77 and 
PCB-153 were administered every 2 weeks sepa-
rately at 300 µmol/kg bw, or in combination at 
150 µmol/kg bw (total PCB dose, 300 µmol/kg 
per injection) for four injections (Berberian et al., 
1995). Numbers and volume of foci induced by 
PCB-77 were decreased by the coadministration 
of PCB-153. In a study using a similar experi-
mental design, rats were injected four times with 
PCB-77 or PCB-153 (100 or 300 μmol/kg bw), 
or PCB-77 + PCB-153 (100 μmol/kg bw each) 
biweekly. Both PCB-77 and PCB-153 separately 
increased the number and volume of GSTP-
positive foci, but coadministration of PCB-153 
inhibited the number and volume of foci induced 
by PCB-77 (Tharappel et al., 2002). When PCB-126 
(non-ortho) and PCB-153 (di-ortho) were coad-
ministered using 14 combinations of doses, a less 



Polychlorinated biphenyls

381

than additive effect was observed (Dean et al., 
2002). Finally, the tumour-promoting activity 
of a polyhalogenated aromatic hydrocarbon 
mixture (TCDD; 1,2,3,7,8-pentachlorodiben-
zo-p-dioxin; 2,3,4,7,8-pentachlorodibenzofuran; 
PCB-126; PCB-118; and PCB-156) with or without 
PCB-153 (di-ortho) was compared with that of 
TCDD alone, the mixture and TCDD having the 
same total TEF (van der Plas et al., 1999). The 
mixture produced a lower mean volume of foci 
and volume fraction of foci in the liver than did 
TCDD alone. The addition of PCB-153 slightly 
increased the mean volume of foci and volume 
fraction of foci in the liver, but still not above that 
produced by TCDD alone. TCDD and PCB-126 
(non-ortho) were found to have an additive effect 
in another study (Hemming et al., 1995).

(b)	 Initiation of preneoplastic lesions

Studies examining the effect of PCBs as initi-
ating agents fell into two categories: those that 
examined the effect of PCB treatment with no 
subsequent chemical treatment, and those in 
which PCB treatment was followed with proto-
cols designed to shorten the latency period and 
increase the number and size of lesions, such 
as the Solt-Farber selection protocol (Solt et al., 
1977; Tsuda et al., 1980; Semple-Roberts et al., 
1987). Groups of animals treated with PCBs only 
were often control groups in initiation–promo-
tion studies, e.g. PCB-only groups being used to 
compare initiator + PCB groups.

Several studies have observed a small increase 
in the number of altered hepatic foci after treat-
ment with PCBs only. These PCBs included 
Clophen A 50, PCB-49, PCB-77, and PCB-114 
(reviewed in Glauert et al., 2001). There are two 
possible explanations for this phenomenon: first, 
these PCBs have initiating activity; or second, 
these PCBs are very efficient at promoting cells 
that have initiated spontaneously (e.g. from 
errors in DNA replication, exposure to back-
ground chemicals or radiation, etc.). Other 
studies, however, have observed that certain 

PCBs, including Aroclor 1254, Clophen A 50, 
PCB-52, PCB-77, and PCB-153, do not produce 
any increase in the number of altered hepatic 
foci after treatment with the PCB congener 
only (reviewed in Glauert et al., 2001). [Possible 
reasons for obtaining different results for the 
same PCBs included use of different doses, use 
of different proliferative stimuli, and different 
latency periods.]

Three studies have used PCBs as initiating 
agents in the Solt-Farber protocol to determine 
whether altered hepatic foci would develop. 
This protocol involves treatment with an initi-
ating agent (either known or to be tested) in 
conjunction with a proliferative stimulus. After a 
recovery period (usually 2 weeks), rats are treated 
with 2-acetylaminofluorene (2-AAF; to inhibit 
cell proliferation), given either in the diet or by 
gavage, for 2 weeks, with a proliferative stimulus 
(usually an oral dose of carbon tetrachloride or 
partial hepatectomy) after the first week.

Hayes et al. (1985) assessed Aroclor 1254, a 
reconstituted human breast milk mixture of PCB 
congeners, PCB-47, PCB-52, and PCB-153, and 
found that none of them had initiating activity. 
Espandiari et al. (2003) examined less chlorin-
ated PCBs, and observed that some (PCB-3, 
PCB-15, PCB-52, and PCB-77) increased the 
number of GGT-positive foci, while others did 
not (PCB-12 and PCB-38). A subsequent study 
showed that the PCB-3 metabolites 4-OH-PCB-3 
and the ortho 3,4-quinone of PCB-3 acted as the 
proximate and ultimate carcinogens (Espandiari 
et al., 2004). [Negative results obtained after the 
administration of PCBs could indicate lack of 
initiating activity, likely due to low metabolic 
activation, or could be caused by alteration of 
other components of the protocol, such as acetyl-
aminofluorene metabolism and effects.]
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4.4.2	Liver

Liver toxicity is commonly observed in long-
term studies in rats and mice exposed to PCBs, 
with dose- and duration-dependent increases in 
the incidence, severity, and breadth of spectrum 
of lesions observed (Kimbrough & Linder 1974; 
Mayes et al., 1998; NTP, 2006a, c, d, 2010).

For PCB-126, PCB-118, and binary mixtures 
of PCB-126 with PCB-153 or PCB-118, hepatic 
toxicity increased with increasing dose and 
duration of exposure, and was characterized by 
increases in the incidence and severity of hepato
cyte hypertrophy (most likely due to alterations 
in PCB-induced CYP expression), diffuse fatty 
changes, multinucleated hepatocytes, pigmenta-
tion (likely due to haemosiderin accumulation), 
inflammation, altered hepatic foci, necrosis, oval 
cell hyperplasia, cholangiofibrosis, bile-duct 
hyperplasia, bile-duct cysts, and nodular hyper-
plasia (NTP, 2006a, c, d, 2010).

With PCB-153, hepatocyte hypertrophy 
was seen after 14, 31, and 53 weeks in female 
rats treated with doses of up to 3 mg/kg bw by 
gavage; at 2 years, there were also increases in the 
incidence of fatty change, bile-duct hyperplasia, 
oval-cell hyperplasia and pigmentation (NTP, 
2006b).

While none of these hepatic responses are 
specifically preneoplastic, cholangiofibrosis 
and cholangiocarcinoma represent different 
diagnoses along the same continuum of patho-
genesis. Cholangiofibrosis was seen in the 
above-mentioned NTP studies of female rats 
treated with specific PCB congeners by gavage, 
in female rats fed with Aroclor 1260 (Kimbrough 
et al., 1975), and in female rats treated with other 
dioxin-like compounds by gavage (NTP, 2006e, 
f, g). In general, the higher the dose and duration 
of exposure, the higher the incidence, severity, 
and breadth of spectrum of responses observed. 
The observations of biliary and hepatocellular 
lesions are characteristic of an initial insult and 
the response of the liver to repair the injury and 

regenerate, leading to a hepatic stem-cell response 
and a bifurcating lineage of subsequent patholo-
gies of both bile-duct cells and hepatocytes.

4.4.3	Lung

In the long-term NTP studies in female 
Harlan Sprague-Dawley rats treated with 
PCB-126, PCB-118, PCB-118 + 126 and PCB-126 
+ 153 by gavage, there were clear increases in the 
incidence of cystic keratinizing epithelium of 
the lung and of squamous cell carcinoma (NTP, 
2006a, c, d, 2010). The two common effects seen 
in PCB-treated rats were an increased incidence 
of alveolar epithelial bronchiolar metaplasia and 
of squamous metaplasia of the lung (reviewed in 
Sells et al., 2007). Squamous metaplasia was char-
acterized by the transition of alveolar epithelial 
cells to squamous metaplastic cells with distortion 
of the normal architecture. Keratin formation 
was evident and inflammation was sometimes 
observed. The more expansive lesions formed 
keratinizing cysts, which consisted of a cystic 
structure with a thin uniform wall composed of 
mature squamous cells that contained various 
amounts of keratin. The term “cystic keratinizing 
epithelioma” was used for a benign neoplasm in 
this family of lesions, and “squamous cell carci-
noma” was used as a diagnosis for the malignant 
form of the lesion (Sells et al., 2007). Alveolar 
epithelial bronchiolar metaplasia was charac-
terized by metaplasia of alveolar epithelium to 
respiratory type primarily at the junction of the 
terminal bronchioles and along alveolar ducts. 
Alveolar epithelial bronchiolar metaplasia did 
not appear to be associated with progression to 
neoplasia, but may have been characteristic of 
increased metabolic activity in the metaplastic 
area (Brix et al., 2004).

No pulmonary toxicity was observed in a 
long-term NTP study with PCB-153 in female 
rats (NTP, 2006b). Pulmonary toxicity was not 
reported in long-term bioassays with Aroclors 
1016, 1242, 1254, and 1260 in CD Sprague-Dawley 
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rats (Mayes et al., 1998). [Differences between 
the studies included strain of rat used (Harlan 
Sprague-Dawley versus Charles River Sprague-
Dawley), route of exposure (feed for Aroclors 
versus gavage for the PCB congeners), and use of 
complex mixtures (Aroclors) versus individual 
or binary mixtures of single PCB congeners.]

4.4.4	 Thyroid

In long-term NTP studies of female Sprague-
Dawley rats treated with PCB-126, PCB-118, 
PCB-126 + 118, and PCB-126 + 153 by gavage, 
there were increased incidences of follicular cell 
hypertrophy of the thyroid in the exposed groups 
at 14, 31, 53 weeks, and 2 years (NTP, 2006a, c, 
d, 2010; Yoshizawa et al., 2010). Increased inci-
dence of follicular cell hypertrophy was also seen 
with PCB-153 only at 53 weeks and 2 years (NTP, 
2006b).

The observation of thyroid follicular cell 
hypertrophy in treated rats was attributed to 
alterations in the expression of UDP-GT in the 
liver, leading to a decrease in circulating T4, 
disruption of thyroid-hormone homeostasis, and 
compensatory hypertrophy (Hill et al., 1989). 
[The Working Group noted that other mecha-
nisms may be operational.] A persistent increase 
in the incidence of follicular cell hypertrophy 
has often been linked to increased incidences of 
follicular cell tumours of the thyroid in studies 
in experimental animals (see Section 3). No 
neoplasms were observed in treated females. 
Increased incidence of thyroid follicular cell 
tumours was seen in male CD SD rats exposed to 
Aroclors 1242, 1254, or 1260, although without 
significant increase in the incidence of thyroid 
follicular cell hypertrophy (Mayes et al., 1998). 
The morphological appearance of the thyroid 
tumours was characteristic of those developed as 
a secondary response to chronic overstimulation 
of TSH. [This phenomenon is more common in 
males than females rats due to higher circulating 
levels of TSH in males.]

4.4.5	Adrenal gland

In the long-term NTP study in female Harlan 
Sprague-Dawley rats treated with PCB-126 by 
gavage, increased incidences of adrenal atrophy 
and cytoplasmic vacuolization were observed 
in those groups in which elevated incidences of 
adrenal adenoma were seen (NTP, 2006a). In 
long-term NTP studies in female rats treated with 
PCB-118, increases in the incidence of adrenal 
atrophy and cytoplasmic vacuolization, but not 
adrenal adenoma, were observed (NTP, 2010). 
Treatment with PCB-153 or Aroclors had no 
effect on the adrenal gland in long-term studies 
in female rats (Mayes et al., 1998; NTP, 2006b).

4.4.6	 Pancreas

A common occurrence in long-term studies 
with PCBs with dioxin-like activity (PCB-126, 
PCB-118, PCB-126 + PCB-118, and PCB-126 + 
PCB-153) in female rats (males were not studied) 
was toxicity in the pancreas (NTP, 2006a, c, d, 
2010). In the NTP studies with PCB-126 and 
PCB-118, pancreatic acinar cytoplasmic vacuoli-
zation, atrophy, and chronic active inflammation 
were observed. No effect on the pancreas was 
seen in female rats exposed to PCB-153 at doses 
of up to 3 mg/kg bw per day for 2 years (NTP, 
2006b). Increased incidence of acinar adenoma 
was observed in a long-term NTP study of 
PCB-126/153 in female rats, and sporadic inci-
dences of acinar adenoma were observed in a 
long-term NTP study of PCB-118 in female rats, 
although it was uncertain whether this was a 
treatment-related effect (NTP, 2006c, 2010).

4.4.7	 Female reproductive system

In the long-term NTP study of PCB-118 and 
PCB-153 in female Harlan Sprague-Dawley rats, 
there was no increase in the incidence of cystic 
endometrial hyperplasia of the uterus and squa-
mous metaplasia of the uterus; the incidences 
of squamous metaplasia and cystic endometrial 
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hyperplasia in the core study groups were signif-
icantly less than the incidence in the vehicle-con-
trol group. In the PCB-118 stop-exposure group, 
in which exposure (to 4600 μg/kg bw) was for 
only 30 weeks followed by vehicle only (corn 
oil) for up to 2 years, the incidences of these two 
lesions were significantly increased compared 
with those in the core-study group exposed 
continually at 4600 μg/kg bw per day (NTP, 
2006b, 2010). Accordingly, there was a significant 
increase in the incidence of uterine carcinoma in 
the stop-exposure group in which exposure was 
for only 30 weeks followed by vehicle only (corn 
oil) for up to 2  years, but not in the long-term 
exposure group (see Section 3.1.1). While the 
mechanism was not known, it was speculated 
that exposure to PCB-118 for the first 30 weeks 
led to the early development of responsive uterine 
carcinoma, and that the subsequent cessation 
of exposure reestablished a normal estrogenic 
milieu that promoted the development of these 
uterine neoplasms, which would otherwise have 
been suppressed if exposure had been continued 
for the full 2 years (Yoshizawa et al., 2009).

In the 2-year NTP study with PCB-153 in 
female Harlan Sprague-Dawley rats, there was a 
significant increase in the incidence of chronic 
active inflammation of the ovary; however, there 
was no increase in the incidence of ovarian 
tumours (NTP, 2006b).

4.4.8	Skin

Chloracne and other dermal alterations are 
well known effects of long-term exposure to PCBs 
and related compounds (ATSDR, 2000). These 
effects have been reported in workers exposed 
occupationally to PCBs, and also in individ-
uals exposed by accidental ingestion of rice oil 
contaminated with high concentrations of PCBs 
(Yusho and Yucheng), and in rhesus monkeys 
fed a diet containing Aroclor 1248. Chloracne is 
probably caused by interference of PCBs with the 
metabolism of vitamin A in the skin, resulting 

in disturbances of the epithelial tissues of the 
pilo-sebaceous duct (Coenraads et al., 1994).

(a)	 Human exposure

(i)	 Occupational exposure
Chloracne is the most easily recognized effect 

of exposure to PCBs and structurally related chlo-
rinated organic chemicals (Rice & Cohen, 1996). 
Chloracne first develops on the face, under the 
eyes and behind the ears, but severe chloracne 
can cover the entire body. Histologically, the 
lesions consist of keratinous cysts caused by squa-
mous metaplasia of sebaceous glands. The acute 
stage is followed by vermiculite skin atrophy. 
Mild to moderate chloracne was observed in 7 
out of 14 workers exposed to Aroclors (formu-
lation not specified) at 0.1 mg/m3 for an average 
duration of 14.3  months (Meigs et al., 1954). 
[Because PCBs were used as a heat-exchange 
material, it is possible that these workers were 
exposed to pyrolysis products.] Three cases of 
chloracne occurred among autoclave opera-
tors (number not specified) exposed to Aroclor 
1254 at 5.2–6.8 mg/m3 for 4–7 months (Bertazzi 
et al., 1987). [The presence of pyrolysis products 
may have been a confounding factor.] In 1977, 
four more cases of chloracne were diagnosed 
among 67 workers from the same plant who 
were engaged in impregnating capacitors with 
Pyralene 3010 (0.048–0.275 mg/m3) and had skin 
contact confirmed as a major exposure route. 
An increased incidence of non-adolescent acnei-
form eruptions was reported in workers exposed 
to various Aroclors at mean concentrations of 
0.007–11 mg/m3 for > 5 years; 40% of the workers 
had been exposed for > 20 years (Fischbein et al. 
1979, 1982). Maroni et al. (1981a, b) reported ten 
cases of acne and/or folliculitis and five cases of 
dermatitis among 80 capacitor-manufacturing 
workers in Italy. All the workers with chloracne 
were employed in jobs with high exposure. Their 
blood PCB concentrations ranged from 300 to 
500 μg/L. No definite association was found 
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between chloracne and blood PCB concentra-
tions. Other dermal effects reported in workers 
included skin rashes, pigmentation, disturbances 
of skin and nails, erythema and thickening of the 
skin, and burning sensations (Ouw et al., 1976; 
Fischbein et al., 1979, 1982; Smith et al., 1982). 
In these studies, the workers were exposed to 
various Aroclors at concentrations as low as 
0.003 mg/m3 for > 5 years. In those studies that 
looked at PCB profile of exposure, statistically 
significant associations between dermatolog-
ical effects and plasma concentrations of more 
highly chlorinated PCB congeners were reported 
(Fischbein et al., 1979, 1982; Smith et al., 1982), 
while no relationships were found between the 
incidence of skin rash or dermatitis, and plasma 
concentrations of less chlorinated PCBs (Smith 
et al., 1982).

(ii)	 Accidental exposure
Skin effects were widely reported among 

victims of the Yusho and Yucheng poisoning 
episodes (Lü & Wu, 1985; Kuratsune, 1989; 
Rogan, 1989; Guo et al., 1999). However, these 
effects could not be attributed solely to exposure 
to PCBs, since the victims were also exposed 
to PCDFs and other chlorinated chemicals 
(ATSDR, 1994). Characteristic skin changes 
included marked enlargement, elevation and 
keratotic plugging of follicular orifices, comedo 
formation, acneform eruptions, hyperpigmenta-
tion, hyperkeratosis, and deformed nails. Dark-
coloured pigmentation frequently occurred in 
the gingival and buccal mucosa, lips, and nails, 
and improved only gradually in most patients 
(Kuratsune et al., 1971; Fu, 1984; Lü & Wu, 
1985; Kuratsune, 1989; Rogan, 1989). At 14 years 
after the Yucheng incident, exposed men and 
women had a higher lifetime prevalence of chlo-
racne, abnormal nails, hyperkeratosis, and gum 
pigmentation (Guo et al., 1999). Skin lesions were 
commonly observed in children born to mothers 
exposed during the Yusho or Yucheng incidents 
(Gladen et al., 1990).

(b)	 Experimental systems

(i)	 Animal studies in vivo
Female rhesus monkeys fed diets containing 

Aroclor 1248 at concentrations of 2.5 and 
5.0  ppm developed facial oedema, swollen 
eyelids, erythema, loss of hair, and acne, within 
2  months. After 6  months, the monkeys were 
bred with control males. In the seven offspring 
carried to term, and exposed for 4  months to 
PCBs via the lactating mother, focal areas of 
hyperpigmentation and acneiform lesions of 
the face developed within 2  months, and were 
accompanied by increased skin PCB concentra-
tions (Allen & Norback, 1976).

Developing Xenopus laevis tadpoles were 
exposed to Aroclor 1254 at concentrations of 0 
to 100 μg/mL from day 5 to day 9 after fertiliza-
tion. Exposure at the higher concentrations (10, 
50, and 100 μg/mL) caused statistically signifi-
cant reductions in survival and body size, and 
resulted in histological abnormalities, including 
aberrant tail-tips, and aberrant myotomal and 
melanocyte morphologies; tadpoles treated with 
Aroclor 1254 were devoid of dendritic arboriza-
tions, resulting in decrease in total melanocyte 
area (Fisher et al., 2003).

(ii)	 Human cells in vitro
Only two studies were available on the 

molecular effects of PCBs in human skin cells. 
Exposure of normal human melanocytes to 
TCDD resulted in activation of the AhR signal-
ling pathway, AhR-dependent induction of 
tyrosinase, and consequently, elevated total 
melanin content. These effects were due to the 
induction of tyrosinase and tyrosinase-related 
protein 2-gene expression. Thus AhR is able 
to modulate melanogenesis by controlling the 
expression of melanogenic genes (Luecke et al., 
2010).

Exposure of human skin keratinocytes to 
a synthetic mixture of volatile PCBs, or the 
common airborne congeners PCB-28 or PCB-52 
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led to significant inhibition of telomerase activity 
and reduced telomere length. All PCBs decreased 
cell proliferation, and PCB-52 produced a small 
increase in the fraction of cells arrested in G0/G1 
of the cell cycle. Changes in telomere length and 
telomerase activity are hallmarks of ageing and 
carcinogenesis; these effects suggested a poten-
tial mechanism by which exposure to PCBs could 
lead to skin cancer (Senthilkumar et al., 2011).

4.5	 Susceptibility

4.5.1	 Genetic polymorphisms

Single nucleotide polymorphisms in the 
genes for metabolizing enzymes or receptors 
can potentially affect expression or inducibility 
(if these polymorphisms were in the promoter 
region of the gene), and stability or function of 
the protein (if they were in the coding region). 
The individual response to carcinogens may 
be influenced by polymorphisms in genes for 
metabolizing enzymes, including xenobiotic- 
and steroid-metabolizing CYP, GST, catechol 
O-methyltransferase (COMT), and others (Singh 
et al., 2008); receptors that control expression of 
metabolizing enzymes such as AhR (Ng et al., 
2010) and the AhR repressor (Hung et al., 2013); 
and receptors that interact with endogenous 
molecules such as steroid hormones.

(a)	 Metabolizing genes

As discussed in Section 4.1.3, CYP plays an 
important role in PCB metabolism. Knowledge 
of the particular CYP isoform most likely to bind 
and/or metabolize a PCB congener is impor-
tant in evaluating risk from exposure to this 
congener. Many human CYP isoforms exhibit 
pharmacogenetic polymorphisms, which can 
affect expression levels, catalytic activity per 
unit enzyme with particular substrates, or both 
parameters (Ingelman-Sundberg et al., 2007). 
Variations in activity due to polymorphism 
could lead to inter-individual differences in the 

capacity to metabolize particular congeners. If 
metabolism of the congener produced genotoxic 
metabolites, such as arene oxides, quinones, or 
reactive oxygen species through the action of 
CYP, this could mean that greater amounts of 
these potential carcinogens would be formed 
in some individuals with increased metabolic 
activity. Alternatively, people with a lower meta-
bolic activity for some PCBs could accumulate 
greater amounts of those PCBs, if continually 
exposed. Both scenarios could lead to increased 
risk of cancer, through several mechanisms.

(i)	 Cancer of the breast
Epidemiological studies have provided 

evidence for increased risk of cancer of the breast 
in women with a particular genetic polymor-
phism in the CYP1A1 gene and high serum PCB 
concentrations (Moysich et al., 1999; Laden et al., 
2002; Charlier et al., 2004; Zhang et al., 2004; Li 
et al., 2005). In the variant form, CYP1A1*2C, 
also called the m2 variant, has valine substituted 
for isoleucine at position 462 near the C terminus 
of the protein (Persson et al., 1997). This variant 
is found in 10–15% of the white population and 
in a larger proportion of African-Americans 
(reviewed in Brody et al., 2007). Persson et al. 
(1997) reported that the activity per unit enzyme 
of this variant, measured in vitro, was similar 
to that of wildtype CYP1A1. Polymorphisms in 
AhR, or its repressor, that influence the expres-
sion of CYP1A1 may be more important than 
CYP1A1 genotype in determining the in-vivo 
activity of CYP1A1 (Smart & Daly, 2000; Hung 
et al., 2013).

Among postmenopausal patients with cancer 
of the breast in western New York state, USA, 
the incidence of cancer of the breast was higher 
in women with total PCB concentrations (73 
congeners) of 3.73–19.04 ng/g of serum and the 
CYP1A1*2C polymorphism than in women with 
lower PCB concentrations or wildtype CYP1A1 
(Moysich et al., 1999). In a study of Caucasian 
women in Connecticut, USA, in which serum 
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concentrations of PCB-74, PCB-118, PCB-138, 
PCB-153, PCB-156, PCB-170, PCB-180, PCB-183, 
and PCB-187 were measured, cancer of the 
breast was more prevalent in postmenopausal 
women with lipid-adjusted serum concentra-
tions of 611–2600  ng/g and the CYP1A1*2C 
polymorphism than in controls (Zhang et al., 
2004). If the CYP1A1 polymorphism was absent 
(homozygous wildtype alleles), there was no 
effect of serum PCB concentration on incidence 
of cancer of the breast. An epidemiological study 
of African-American and white women in North 
Carolina, USA, examined lipid-adjusted total 
plasma PCB concentrations, CYP1A1 polymor-
phism, and risk of cancer of the breast (Li et al., 
2005). Although results were not conclusive 
due to small sample size, premenopausal white 
women with cancer of the breast were more likely 
to have total PCB concentration >  0.35  ng/mL 
serum and the CYP1A1*2C polymorphism than 
were controls, while there was no relationship 
between cancer of the breast in women with 
total PCB concentration <  0.35  ng/mL serum 
or lacking this polymorphism. In the African-
American women, total PCB concentrations 
were somewhat higher (≥ 0.430 ng/mL), and the 
CYP1A1*3 polymorphism was more prevalent in 
pre- and postmenopausal patients with cancer of 
the breast (Li et al., 2005).

Another study found a non-significantly 
elevated risk of cancer of the breast among 
women with the CYP1A1-m1 variant and high 
serum PCB concentrations (McCready et al., 
2004).

(ii)	 Cancer of the testis
Data from 568 cases of testicular cancer 

and 698 controls enrolled in the United States 
Servicemen’s Testicular Tumor Environmental 
and Endocrine Determinants Study were used 
to examine associations between testicular 
germ cell tumours (TGCT) and exposure to 
PCBs, as affected by polymorphisms in several 
hormone-metabolizing genes, i.e. CYP17A1, 

CYP1A1, HSD17B1, HSD17B4 and androgen 
receptor. Among these, the polymorphism 
rs384346 in HSD17B4 modified the association of 
TGCT risk with PCB-118 and PCB-138 concen-
trations. Among men who were homozygous for 
the major allele genotype, there was a statisti-
cally significant dose-dependent reduction in 
risk (P for trend, < 0.001) with higher exposure 
to PCB-118 and PCB-138. Men in the highest 
quartile of PCB-118 exposure had an almost 50% 
reduction in risk of TGCT (OR, 0.46, 95% CI, 
0.31–0.70) compared with men in the lowest quar-
tile; similar results were seen for PCB-138. For 
any minor allele of this HSD17B4 polymorphism, 
there were no associations between PCB-118 and 
PCB-138 concentrations and risk of TGCT. No 
interactions between other PCB congeners of 
interest (PCB-153, PCB-156, PCB-163, PCB-170, 
PCB-180, and PCB-187) and enzyme polymor-
phism were observed (Chia et al., 2010).

(b)	 Polymorphisms in other genes

Among highly exposed Yucheng patients, 
combined CYP1A1-Msp1 mutant genotype and 
GSTM1-null genotype were associated with an 
increased risk of chloracne (OR, 2.8; 95% CI, 
1.1–7.6). Among intermediately exposed individ-
uals, the GSTM1-null genotype was associated 
with skin allergy (Tsai et al., 2006).

Patients with non-Hodgkin lymphoma and 
PCB-118 concentrations in the highest quartile 
(> 12.85–202.13 μg/L plasma) were more likely to 
have a polymorphic variant of AhR (IVS + 4640 
null; G/G genotype) than controls, although 
the effect was not strong and was also related to 
highest levels of oxychlordane and trans-nona-
chlor (Ng et al., 2010).

Among women with cancer of the breast who 
carried a variant of the tumour-suppressor gene 
TP53, total PCB exposure in the highest quartile 
was associated with an increased risk of cancer 
of the breast, but this was not statistically signif-
icant (OR, 3.0; 95% CI, 0.66–13.62) (Høyer et al., 
2002).
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4.5.2	Exposure in utero, postnatally, and of 
children

PCBs can pass through the placenta during 
embryonic development and accumulate in breast 
milk. In addition, compared with adults, children 
have a lower barrier to absorption through the 
skin, gastrointestinal tract and lungs, and lower 
levels of detoxifying enzymes (Lindström et al., 
1995). A combination of all these factors leads to 
a higher accumulation of PCBs in children.

(a)	 Toxicokinetics and distribution in tissues

(i)	 Children
Grandjean et al. (2008) studied the elimi-

nation kinetics of PCBs in two groups of chil-
dren with elevated PCB concentrations due to 
breastfeeding. Children were followed from age 
4.5 to 7.3  years (99 subjects) and 7 to 14 years 
(101 subjects). Subjects with exposures above the 
median and in the highest quartile showed half-
lives of about 3–4 years for PCB-138; 4.5–5.5 years 
for PCB-105 and PCB-118; 6.5–7.5 years for PCBs 
156, 170 and 187; and 7–9 years for PCBs 153 and 
180. The longest half-lives correspond to elimi-
nation of the parent PCB solely with a daily fat 
excretion rate of 1–2 g, while shorter half-lives 
assume metabolic break-down.

Scheele et al. (1992) measured the concentra-
tions of PCB-138, PCB-153, and PCB-180 in bone 
marrow (collected during routine bone-marrow 
aspiration) of 38 children with leukaemia and 15 
control children (nine had idiopathic thrombo-
cytopenia and six were bone-marrow donors). 
Most of the samples were pooled to ensure suffi-
cient volume for analysis. Total PCB concentra-
tions were determined on the basis of congeners 
PCB-138 + PCB-153 + PCB-180 and multiplied 
by 1.7 (Deutsche Forschungsgemeinschaft, 
1988). The mean and median concentrations 
of total PCBs in bone marrow of children were 
3.6 mg/kg fat basis and 2.9 mg/kg, respectively. 
PCB concentrations in bone marrow were two- 
to threefold those in fat tissue. [The reason for 

the high affinity of bone marrow for PCBs was 
not clear. It is possible that genetic factors may 
play a role.] There were no significant differences 
in PCB concentrations between the group of chil-
dren with leukaemia and the control group. [The 
Working Group noted that the authors did not 
report whether parental smoking, an important 
confounding factor, was accounted for in their 
statistical analysis.]

A study in 360 schoolchildren (a subgroup of 
the Hesse, Germany cohort) in 1995 (Karmaus 
et al., 2001a, b) focused on the potential of 
early childhood factors such as breastfeeding, 
parity, and parental smoking to contribute to 
the variety of effects observed with exposure 
to organochlorine compounds including PCBs, 
at approximately age 7  years. Concentrations 
of PCBs (sum of congeners PCB-101, PCB-118, 
PCB-138, PCB-153, PCB-170, PCB-180, PCB-183, 
and PCB-187) were determined in whole blood. 
A significant dose–dependent relationship 
(P  <  0.0001) existed between the duration of 
breastfeeding (none, 1–4 weeks, 5–8 weeks, 9–12 
weeks, > 12 weeks) and the sum of PCB concen-
trations. Of all the potential factors analysed, 
breastfeeding accounted for most of the variance 
in PCB concentrations. Exclusive breastfeeding 
beyond 12 weeks was associated with a doubling 
of PCB concentrations in whole blood compared 
with bottle-fed children (sum of PCBs, 0.25 μg/L 
versus 0.55 μg/L).

(ii)	 Experimental animals
Sixteen (eight/group) adult female rhesus 

monkeys were exposed to diets containing 
Aroclor 1248 at 2.5 or 5.0 ppm for approximately 
1.5 years (Allen & Barsotti, 1976). Six out of the 
eight monkeys treated with Aroclor 1248 at 5.0 
ppm, and eight out of the eight monkeys at 2.5 ppm 
were successfully bred after 6  months of expo-
sure. One live infant was born to dams exposed 
at 5.0 ppm, and five infants were born to monkeys 
at 2.5 ppm. Infants were permitted to nurse with 
their mothers. All six surviving infants had PCBs 
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in their tissues at birth: PCB concentrations in 
skin biopsies (epidermis, dermis and the attached 
underlying subcutaneous tissue) ranged from 1.0 
to 4.8 μg per g of tissue. By the third month, skin 
PCB concentrations ranged from 86.4 to 136.8 
μg per g of tissue. The infant that died after 239 
days had PCB concentrations of more than 20 μg 
per g in seven organs (adrenal gland, cerebrum, 
kidney, muscle, pancreas, testes, thymus). In the 
two infants that survived for shorter periods, this 
PCB concentration was exceeded only in three 
tissues (bone marrow, lung, thymus) in one 
infant and two tissues (bone marrow, pancreas) 
in the other.

Female rhesus monkeys were fed a daily dose 
of Aroclor 1254 (0, 5, 20, 40 or 80 μg/kg bw) for 
approximately 6 years (Arnold et al., 1993, 1995; 
Mes et al., 1994, 1995a). Blood and adipose tissue 
from offsprings exposed in utero/during lacta-
tion who had nursed for 22 weeks were analysed 
for PCB content at 120 weeks after birth. PCB 
concentrations in the adult monkeys increased 
with their dosage. Tissues of live infants of dosed 
dams contained more PCBs than those of infants 
of control dams, and less PCBs than those of still-
born infants. Also, offspring with higher PCB 
concentrations showed a marked shift from tetra- 
and hexachlorobiphenyls to penta- and hepta-
chlorobiphenyls. The PCB distribution pattern in 
tissues from a dosed mother–infant pair differed 
considerably. A larger percentage of heptachloro-
biphenyls was found in the infant than in its dam 
(Mes et al., 1995a). Depletion studies revealed 
that PCB concentrations in the blood of exposed 
infants declined rapidly after weaning due to 
growth dilution and approached maternal levels 
within 40–50 weeks. Approximately 100 weeks 
after weaning, PCB concentrations in adipose 
tissue of infants from treated dams reached levels 
of those in the control group (Mes et al., 1994).

Male Swiss mice aged 8  days were given a 
single intraperitoneal injection of a mixture of 
PCB-99, PCB-105, PCB-118, PCB-128, PCB-138, 
PCB-153, PCB-156, PCB-170, and PCB-180 at 

500 mg/kg bw (Anderson et al., 1993). Groups 
of 25 mice were killed at 1 and 7 days, and at 8, 
12, and 16 weeks after treatment. Congeners in 
group 1 (PCB-99, PCB-105, PCB-118, PCB-128) 
were eliminated from the body more rapidly 
than congeners in group 2 (PCB-138, PCB-153, 
PCB-156, PCB-170, PCB-180). PCB concentra-
tion in the carcass (adipose compartment) was 
the most predictable finding, since the congeners 
behaved similarly within each group. In contrast, 
in lung, after a rapid loss during the first week, 
all congeners except PCB-153 were retained 
and decreased in amount only as a function of 
dilution due to growth. Congeners PCB-105 and 
PCB-138 were present at higher proportions in 
the lung than in the carcass. In the liver, retention 
of all congeners was observed during the prepu-
bertal growth phase, with specific enrichment 
of PCB-105, followed by more rapid depletion of 
certain congeners (Anderson et al., 1993).

(b)	 Effect on gene expression

Dutta et al. (2012) used microarray-based 
differential gene expression analysis of a group 
of children (mean age, 46.1  months) of central 
European descent (Slovak Republic) to study the 
impact of PCBs on different cellular pathways 
and to explain their possible mode of action. 
The subset of children having high blood PCB 
concentrations (> 75th percentile) was compared 
with their low PCB counterparts (< 25th percen-
tile), with mean lipid-adjusted PCB concen-
trations of 3.02  ±  1.3 and 0.06  ±  0.03 ng/mg 
of serum lipid, respectively. A set of 162 genes 
with statistically significant differential expres-
sion (P  <  10–5) between groups with high and 
low PCB concentration was identified. Analyses 
using the IPA tool indicated that cell–cell signal-
ling and interactions, cellular movement, cell 
signalling, molecular transport, and vitamin 
and mineral metabolism were the major molec-
ular and cellular functions associated with the 
genes differentially expressed in children with 
high PCB concentrations. Furthermore, the 



IARC MONOGRAPH – 107

390

differential gene expression appeared to play 
a pivotal role in the development of probable 
diseases and disorders, including cardiovascular 
disease and cancer. The analyses also pointed 
out possible organ-specific effects, e.g. cardio-
toxicity, hepatotoxicity and nephrotoxicity in 
the children exposed to high concentrations of 
PCBs. Expression levels of BCL2, paraoxonase 1 
(PON1), interleukin IL1F7, IL23A and integrin β 
1 (ITGB1) were significantly altered in these chil-
dren; more specifically, BCL2 and ITGB1 were 
downregulated, while IL1F7, PON1, and IL23A 
were upregulated.

(c)	 Enzymatic effects in feto-placental unit, 
and fetal and neonatal liver

Alvares & Kappas (1975) investigated the 
induction of aryl hydrocarbon hydroxylase (Ahh) 
by PCBs in the feto-placental unit, fetal livers and 
neonatal livers during lactation. For the in-utero 
exposure protocol, pregnant Sprague-Dawley 
rats were injected intraperitoneally with Aroclor 
1254 (25 mg/kg bw per day) for 6 days, and killed 
24 hours later on day 20 of gestation. For the 
lactation experiments, untreated mothers were 
injected intraperitoneally with Aroclor 1254 
(25 mg/kg bw per day) for 6 days starting on day 
2 postpartum; the offspring of these dams were 
killed on day 8 postpartum.

PCBs caused a 10-fold induction in Ahh 
activity in the placenta, but only a threefold 
induction in the fetal livers. Ahh activity in 
placentas of untreated rats was markedly lower 
than that observed in the fetal liver of the same 
rats. In the liver of neonates whose mothers were 
treated with Aroclor 1254 postpartum (infants 
exposed through lactation), there was an 18-fold 
increase in Ahh activity, a threefold increase 
in CYP content, and a twofold increase in 
N-demethylase activity. Thus Aroclor 1254 was a 
more potent inducer of Ahh activity in placenta 
and liver when exposure occurred through 
lactation than through in-utero exposure when 
administered to pregnant rats.

4.6	 Mechanistic considerations

The group of PCBs comprises 209 individual 
congeners with widely different physical and 
chemical properties. The number of chlorine 
atoms on the two phenyl rings and their relative 
positions determine the biological and toxico-
logical attributes of each congener. Some PCBs 
are susceptible to metabolic conversion, which 
may give rise to a series of metabolites, each with 
its own profile of biological and toxicological 
activities. In this section, various mechanisms 
of carcinogenesis will be identified and summa-
rized for specific subgroups of PCBs and their 
metabolites.

4.6.1	 Metabolic activation and genotoxicity 
of PCBs and their metabolites

(a)	 Metabolism leading to formation of 
electrophiles

The 209 PCB congeners vary greatly in their 
susceptibility to metabolic attack, with less chlo-
rinated biphenyls being much more susceptible. 
The first metabolic step is mono-oxygenation, 
which leads to the formation of hydroxylated 
metabolites, a reaction that is mediated by 
enzymes of the CYP super-family. There are 837 
possible mono-hydroxylated products (Rayne & 
Forest, 2010; Grimm et al., 2015). Depending on 
the number of chlorines present, the arene oxide 
may emerge as a highly reactive, electrophilic 
species: the lower the number of chlorines, the 
more reactive the arene oxide.

Mono-hydroxylated PCBs may undergo a 
second hydroxylation, producing a dihydroxyl
ated PCB derivative, either as catechol (hydroxyl 
groups in the ortho configuration) or as hydro-
quinone (hydroxyl groups in the para configu-
ration) (McLean et al., 1996a). The formation of 
dihydroxylated PCBs is catalysed primarily by 
CYP enzymes. PCB catechols and hydroquinones 
may then be oxidized by peroxidases, prosta-
glandin synthase, and probably other enzymes, 
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giving rise to the formation of highly reactive 
electrophilic PCB quinones (Amaro et al., 1996; 
Oakley et al., 1996a; Wangpradit et al., 2009).

The oxygenated PCB intermediates and 
metabolites, i.e. the arene oxides and the 
quinones, are probably the most relevant to 
PCB-induced carcinogenesis, but many other 
metabolites may also be formed. For example, 
OH-PCBs are substrates for glucuronidation 
(Tampal et al., 2002) and sulfation (Liu et al., 
2006, 2009; Ekuase et al., 2011). All electrophilic 
PCB metabolites with elevated chemical reac-
tivity, however, should be regarded as probable 
cancer initiators.

(b)	 Binding to DNA and protein

Covalent binding to cellular macromolecules 
(adduct formation) has been observed in mice 
treated with radiolabelled PCB-153 and PCB-136, 
the binding of the latter decreasing in the order 
RNA >  protein >  DNA (Morales & Matthews, 
1979). Formation of protein and DNA adducts 
was observed in vitro with PCB-3 and the tetra-
chlorinated congeners PCB-47, PCB-49, PCB-52, 
and PCB-77 (Wyndham et al., 1976; Shimada 
& Sawabe, 1984). DNA-adduct formation was 
also observed with a series of 15 mono- and 
dichlorinated PCBs, with but not without acti-
vation by microsomes, horseradish peroxidase 
and hydrogen peroxide (McLean et al., 1996b). 
This suggested that quinones were the ultimate 
genotoxic agents. Indeed, tests with synthetic 
quinones of less chlorinated PCBs confirmed the 
extensive DNA-adduct formation, particularly 
with deoxyguanosine (Oakley et al., 1996a; Zhao 
et al., 2004).

These experiments indicated that PCBs 
require CYP-mediated metabolic activation, 
that a lower degree of chlorination favours 
bioactivation, that an arene oxide intermediate 
and/or possibly a semiquinone or quinone is 
the ultimate DNA-binding species, and that 
guanine is the major target site in DNA. Apart 
from binding to DNA, PCB quinones also bind 

cellular proteins, preferably, but not exclusively, 
to cysteine (Amaro et al., 1996; Srinivasan et al., 
2002; Bender et al., 2006).

(c)	 Indirect genotoxicity: metabolism-
associated generation of ROS

The arene oxides and quinones are prob-
ably the metabolites with most relevance to the 
cancer-initiating activity of PCBs, since they 
can be regarded as direct-acting genotoxic inter-
mediates. In addition, dihydroxylated PCBs 
and their corresponding PCB quinones may 
undergo redox cycling, thereby generating ROS, 
which are considered to be active in the initia-
tion, promotion, and progression of cancer. For 
example, ROS formed during auto-oxidation of 
a PCB hydroquinone may give rise to oxidative 
DNA damage, e.g. 8-OHdG. Mutations induced 
by these lesions may lead to activation of onco-
genes or inhibition of tumour-suppressor genes, 
thus contributing to the carcinogenic potential 
of PCBs (Amaro et al., 1996; Oakley et al., 1996a). 
Formation of ROS may also induce DNA strand 
breaks (Srinivasan et al., 2001).

(d)	 Mutagenic effects

PCB-3, 4-OH-PCB-3, and two hydroqui-
nones of PCB-3 were tested for mutagenicity in 
Big Blue® rats and in Chinese hamster V79 cells. 
These results demonstrated that monochlorin-
ated PCBs are mutagenic in vivo in the target 
organ, the liver, and studies in vitro suggested 
that metabolic activation to electrophilic and 
mutagenic species plays a crucial role. Although 
the ultimate mutagenic metabolite (ortho- or 
para-quinone, or epoxide or other metabolite) 
could not be deduced with certainty, the evidence 
pointed towards adduct formation by a quinone, 
or quinone-induced redox cycling as the mode 
of action.

Apart from gene mutations, other forms of 
genotoxicity observed after exposure to PCBs 
included the induction of DNA strand breaks, 
and anomalous segregation of chromosomes. 
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Elevated concentrations of mono- and dihy-
droxylated metabolites of PCB-3 were shown to 
induce these types of lesions in vitro (Zettner 
et al., 2007; Flor & Ludewig, 2010).

With regard to the PCB congeners consid-
ered to act primarily through trans-activation 
of nuclear receptors, the available data provided 
little evidence regarding genotoxicity (see Section 
4.2).

(e)	 Cancer initiation and promotion

The ability of commercial PCB mixtures 
and individual PCB congeners to initiate and/
or promote neoplastic lesions has been studied 
in rodent two-stage models of liver carcino-
genesis. Aroclor 1254, which contains mainly 
tetra- and pentachlorobiphenyls, acted as a weak 
tumour initiator in the mouse two-stage model 
of skin carcinogenesis (DiGiovanni et al., 1977). 
In contrast, when tested using the Solt-Farber 
protocol, Aroclor 1254 and the PCB-153, PCB-52, 
and PCB-47 did not produce a positive response 
in male F344 rats (Hayes et al., 1985). No nodules 
were apparent in animals receiving PCB-12 
(dichloro-) or PCB-138 (trichloro-) as initi-
ator, while PCB-3 (mono-chlorinated) induced 
clearly visible nodules in 50% of the exposed rats 
(Espandiari et al., 2003). Thus less chlorinated 
PCBs seem to be able to initiate hepatocarcino-
genesis in the rat, but in view of the small number 
of congeners tested, a clear structure–activity 
relationship could not be established.

A series of synthetic oxygenated metabolites 
of PCB-3 were studied with respect to focus 
formation in rat liver. Test compounds included 
the 2-OH-, 3-OH-, 4-OH-, 2,3-dihydroxyl-, 
3,4-dihydroxyl-, 2,5-dihydroxyl-, 2,3-quinone, 
3,4-quinone, and 2,5-quinone metabolites of 
PCB-3. The 4-OH- and 3,4-quinone metabo-
lites significantly increased focus number and 
focus volume, while none of the other metabo-
lites had a significant effect on either parameter 
(Espandiari et al., 2004, 2005). The 3,4-ortho-qui-
none of PCB-3 was the initiating metabolite, and 

that PCB-3 is metabolized in rat liver in vivo to 
yield this ultimate carcinogenic species.

(f)	 Direct and indirect endocrine disruption

After the liver, the thyroid gland is the 
second major target of the toxicity of PCBs. In 
rats, exposure to PCBs produced an increase in 
the mass and/or volume of the thyroid gland, 
and in the number of thyroid neoplasms (Mayes 
et al., 1998). Both these changes may be linked to 
the PCB-driven reduction in serum T4 concen-
trations, a commonly measured effect of PCBs 
(Knerr & Schrenk, 2006; Pearce & Braverman, 
2009). Suggested mechanisms include: (a) 
PCB-induced alterations in the structure and 
function of the thyroid gland; (b) PCB-induced 
alterations in thyroid-hormone metabolism, 
biliary excretion of T4-glucuronide (Martin 
et al., 2012), and effects on de-iodonase activity; 
and (c) interference with the transport of T4. 
OH-PCBs are competitors for the T4-binding 
site in the transport protein TTR (Brouwer et al., 
1998; Gutleb et al., 2010), with binding affinities 
up to an order of magnitude stronger than that 
of the natural ligand, T4 (Chauhan et al., 2000). 
The sulfate conjugates of OH-PCBs also bind to 
TTR, with affinities similar to that of T4 (Grimm 
et al., 2012).

Circulating steroid and thyroid hormones 
are sulfated by sulfotransferases, which is an 
important feature of their homeostatic control. 
Since OH-PCBs are both substrates and inhib-
itors of these enzymes, they may directly influ-
ence the circulating levels of steroids and thyroid 
hormones by affecting the rates of sulfation 
(Schuur et al., 1998b, c; Kester et al., 2000; Liu 
et al., 2009; Ekuase et al., 2011).

OH-PCBs have both estrogenic and anti- 
estrogenic properties (see Section 4.3.3).
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4.6.2	Receptor-driven effects of PCBs and 
their metabolites

PCBs and their metabolites may bind to 
and activate a wide range of cellular receptors, 
as illustrated in Table  4.8. Activation of AhR, 
CAR, and other receptors results in extensive 
modulation of expression of genes involved in 
cell-cycle control, cell proliferation, apoptosis, 
cell–cell communication, cell adhesion and 
migration, the pro-inflammatory response, and 
endogenous metabolism. Deregulation of those 
processes is directly associated with carcino-
genesis, i.e. tumour promotion and progression 
(see Sections 4.3.1 and 4.3.2). The most significant 
events include modulation of cell proliferation, 
suppression of apoptosis (i.e. survival of initiated 
cells), impaired plasma-membrane function and 
plasma membrane-mediated signal transduc-
tion (i.e. modulation of cell plasticity, cell–cell 
communication, adhesion and migration) and 
induction of proinflammatory mediators. In 
part, induction of cell proliferation may be a 
consequence of cytotoxicity and tissue injury 
– after biotransformation processes, oxidative 
stress, etc. – and is considered regenerative cell 
proliferation (see Section 4.3.2).

In addition, disruption of endocrine func-
tion, due to interaction of PCBs or their metabo-
lites with steroid and thyroid hormone receptors 
and serum proteins, or as a result of changes in 
biosynthesis and catabolism of steroids, may be 
linked to cancer development in hormone target 
tissues (see Section 4.3.3). Receptor-mediated 
gene expression is also linked to induction of 
proinflammatory processes and immunotoxic 
effects (see Sections 4.3.4 and 4.3.5).

(a)	 Induction of xenobiotic metabolism

Many highly chlorinated PCB congeners are 
potent inducers of enzymes involved in the metab-
olism of xenobiotics (Parkinson et al., 1983) via 
binding to AhR (Bandiera et al., 1982). Efficient 
induction has been reported of a wide spectrum 

of enzymes, notably certain CYP-dependent 
mono-oxygenases of the CYP1A subfamily, as 
well as CYP2Bs and microsomal epoxide hydro-
lase (Parkinson et al., 1983), glutathione trans-
ferases, and UDP-glucuronosyl transferases (for 
a review, see Parkinson et al., 1980).

Individual PCB congeners that showed the 
strongest binding to the AhR were identified as 
those in which the chlorines are in the meta and 
para positions of the phenyl rings in the absence 
of ortho chlorines (see Section 1.1.1). These PCBs 
are referred to as “coplanar” or “dioxin-like,” 
typical examples being PCB-77, PCB-126, and 
PCB-169. Other PCBs, characterized by substitu-
tion in the ortho and para positions of the phenyl 
rings (e.g. PCB-153), activate CAR. PCBs in this 
group induce CYP2B1/2 and other enzymes, 
and as such resemble the drug phenobarbital 
(Parkinson et al., 1983). Many PCBs that acti-
vate CAR also activate the pregnane X receptor 
(Holsapple et al., 2006). PCBs that have one chlo-
rine in the ortho position may be mixed-type 
inducers of CYPs, for example PCB-118, which 
induces members of the CYP1A and the CYP2B 
subfamilies.

Exposure to PCBs may alter the meta-
bolic status in the liver, which will change the 
metabolism of endogenous or other exogenous 
compounds. For example, PCBs induce CYPs in 
the liver, which may redirect the metabolism of 
endogenous estrogen to more harmful estrogen 
catechols (Ho et al., 2008), or generate ROS that 
produce estrogen quinones (Brown et al., 2007).

(b)	 Immunomodulation

The biochemical events leading to the 
observed PCB-induced immunomodulation 
have not been completely elucidated. Studies on 
structure–activity relationships, and structure–
toxicity relationships have demonstrated that 
some of the PCBs share a common mechanism 
of action with other structurally related halo-
genated aromatic hydrocarbons such as dioxins 
and dibenzofurans (Safe, 1990). These studies 
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indicated that certain immunotoxic effects seen 
with dioxin-like PCB congeners depend on the 
presence of AhR, which regulates the synthesis of 
a variety of proteins (Safe, 1990). AhR is present 
in several tissues and cells of the immune system 
as shown in rodents (e.g. Mason & Okey, 1982), 
in non-human primates (Van Der Burght et al., 
1998) and in humans (Hakkola et al., 1997).

AhR is present in several tissues and cells of 
the immune system in animals and in humans. 
Binding of PCBs to AhR is a prerequisite for 
some of the immunotoxic effects of the DL-PCBs 
(reviewed in Silkworth et al., 1984; Safe, 1990). 
TEFs were calculated for individual PCB conge-
ners and several commercial PCB products, 
based on the suppression of the response in a 
challenge test against sheep erythrocytes (SRBC) 
– a parameter predictive of effects on humoral 
immunity (Davis & Safe, 1989, 1990). Highly 
chlorinated commercial PCB products, including 
Aroclors 1260, 1254, and 1248 have higher TEFs, 
while lower TEFs were calculated for the less 
chlorinated Aroclors 1242, 1016, and 1232.

Clearly some PCBs produce their immuno-
toxic effects by binding to AhR present in tissues 
and cells of the immune system, while others may 
follow different pathways and produce similar 
effects. Furthermore, individual congeners in 
commercial PCB products may antagonize each 
other’s effects by mechanisms that have not been 
fully elucidated (see Section 4.3.4).

Overproduction of IL-6 has been shown to 
be responsible for the pathogenesis of inflam-
mation-associated colorectal cancer (Waldner 
et al., 2012). Furthermore, activation of NF-κB, 
a hallmark of inflammatory responses, plays a 
fundamental role in the formation and devel-
opment of malignant tissue changes caused by 
inflammation, and is thought to function as a 
tumour promoter in inflammation-associated 
cancer (Pikarsky et al., 2004; Karin, 2006).

(c)	 Interference with endogenous transport by 
PCBs and their metabolites

Endogenous substances such as vitamins, 
metals, steroids, and hormones are transported 
throughout the body by virtue of their binding 
to serum proteins. Substances that interfere with 
these processes can severely impair their tissue 
availability. Notable examples are the ability of 
PCB metabolites to interfere with vitamin A 
homeostasis and T4 transport (Grimm et al., 
2012), and steroid metabolism (see Section 4.3.3).

Overall, PCBs can induce formation of ROS, 
genotoxic effects, immune suppression, inflam-
matory responses, and endocrine effects to 
various extents and through different pathways. 
DL-PCBs exert their effects mainly through acti-
vation of AhR and the downstream cascade of 
related events; less chlorinated PCBs act more 
readily through metabolic activation and the 
ensuing effects involving their metabolites.
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