1,3-BUTADIENE

This substance was considered by previous Workirmgs in June 1985 (IARC,
1986; see also correction, IARC, 1987a), March 188RC, 1987h), October 1991
(IARC, 1992) and February 1998 (IARC, 1999). Sitie# time, new data have become
available, and these have been incorporated imartbnograph and taken into con-
sideration in the present evaluation.

One of the metabolites of 1,3-butadiene, 1,2:3fakybutane, was also evaluated
previously by an IARC Working Group (IARC, 1976ndaits re-evaluation by the
present Working Group is included in this monograph

1. Exposure Data

1.1 Chemical and physical data

Butadiene
1.1.1  NomenclaturélARC, 1999; IPCS-CEC, 2000; O’Neil, 2006)

Chem. Abstr. Serv. Reg. Nb06-99-0

Chem. Abstr. Namé,3-Butadiene

IUPAC Systematic Namg,3-Butadiene

RTECS No.E19275000

UN TDG No. 1010 (stabilized)

EC No: 601-013-00-X

Synonyms Biethylene; bivinyl; butadiene; buta-1,3-diene;y-butadiene;trans
butadiene; divinyl; erythrene; pyrrolylene; vinyiglene

1.1.2  Structural and molecular formulae and relative molecular mass
H,C=—CH—CH=—=CH,

C,Hg Relative molecular mass: 54.09
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Chemical and physical properties of the pure substance

From IARC (1999), IPCS-CEC (2000), Lide (2005) abtNeil (2006) unless
otherwise specified

(@)
(b)
©
(d)
(€)

()
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(h)
(i)

()
(k)
()
(m)
(n)
()

(9]
(a)

Description Colourless gas

Boiling-point —4.4°C

Melting-point —108.9°C

Density df’ 0.6149

Spectroscopy datdUltraviolet (Grasselli & Ritchey, 1975), infrard@adtler
Research Laboratories, 1995; prism [893a], grdB86358]), nuclear magnetic
resonance and mass spectral data (NIH/EPA Chemniftaination System,
1983) have been reported.

Solubility: Slightly soluble in water (1 g/L at 2@); soluble in ethanol, diethyl
ether, benzene and organic solvents; very solubleadetone (see also
Verschueren, 1996)

Vapour pressurel20 kPa at 6C; 273 kPa at 25C (Grub & Ldser, 2005)
Relative vapour density (air =11.87 (Verschueren, 1996)

Stability: As a result of flow and agitation, electrostatiarges can be gen-
erated. The vapours are uninhibited and may foriyngers in vents or flame
arresters of storage tanks, and result in the algelof vents. On exposure to
air, the substance can form peroxides and inig&f@osive polymerization. It
may also polymerize due to warming by fire or aplesion. It decomposes
explosively on rapid heating under pressure and reagt vigorously with
oxidants and many other substances, causing firexgplosion hazards (IPCS-
CEC, 2000).

Flash-point —76°C (IPCS-CEC, 2000)

Auto-ignition temperature414 °C (IPCS-CEC, 2000)

Explosive limitsLower, 1.1%; upper, 12.3% (IPCS-CEC, 2000)
Octanol/water partition coefficienlog P,,, 1.99 (IPCS-CEC, 2000)

Odour threshold1-1.6 ppm [2.2-3.5 mgfin(recognition) (ACGIH, 2001)
Henry's law constant (calculated at 2& and 101.325 kPa)7460 Pa x
m/mol (Health Canada, 1999)

Organic carbon partition coefficieniog Ko, 1.86—2.36 (Health Canada, 1999)
Conversion factormg/nt = 2.21x pp

Diepoxybutane

Diepoxybutane is the racemic mixture of four diferisomers, with the following
Chem. Abstr. Serv. Reg. Nob464-53-5, diepoxybutane; 298-18-1)-fliepoxybutane;

! Calculated from: mg/fn= (molecular weight/24.47 ppm, assuming normal temperature {5 and
pressure (101.3 kPa)
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564-00-1,mesediepoxybutane; 30419-67-b-diepoxybutane; 30031-64-2;diepoxy-
butane.

1.1.1 Nomenclature

Chem. Abstr. Name,Z-Bioxirane

IUPAC Systematic Namg,2:3,4-Diepoxybutane

Synonyms Butadiene dioxide (diepoxybutane); 1,3-butadietiepoxide (£)-di-
epoxybutane)p-1,2:3,4-diepoxybutane{diepoxybutane)L-1,2:3,4-diepoxybutane;
(5,5)-1,2:3,4-diepoxybutane-fliepoxybutane)

1.1.2  Structural and molecular formulae and relative molecular mass

@) H
/\_ |
H,C— C—C—CH,
\/
@)
C,HsO, Relative molecular mass: 86.10

1.1.3 Chemical and physical properties

From O’Neil (2006)

(@) Description Colourless liquid

(b) Boiling-point 138°C

() Melting-point—19°C

(d) Solubility Miscible with water (hydrolyses)
(e) Vapour pressur@18 Pa at 25C

1.1.4 Technical products and impurities

In the production of polymers such as styrene—lenadcopolymer resins, the
polymerization catalysts used are sensitive to sompurities such as oxygen and
moisture. Butadiene that is used for polymerizat®®9.9% pure. Up to 22 different
volatile components of light molecular mass wereated as impurities with the ASTM
method D2593-93 (reapproved in 2004; ASTM, 2004).

1.1.5 Analysis

Selected methods for the analysis of butadieneaiiows matrices are listed in
Table 1. Those for the analysis of butadiene ithaite been evaluated; there appears to
be no single preferred method, but more recent givesa higher performance. Thermal
desorption provides high levels of accuracy andigian (Bianchiet al, 1997).
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Several gas detector tubes are used in conjungtitm common colorimetric
reactions to detect butadiene. The reactions iecthé reduction of chromate or di-
chromate to chromous ion and the reduction of anumoemmolybdate and palladium
sulfate to molybdenum blue (Saltzman & Harman, 1989

Passive dosimeters that use different techniquesrnfal desorption and gas
chromatography, colorimetric reactions) are alsolale for the detection of butadiene.

Table 1. Selected methods for the analysis of butadiene in varioosatrices

Sample matrix Sample preparation Assay Limit of Reference
procedure detection
Air Adsorb (charcoal); extract GC/FID 200 pg/m Occupational
(carbon disulfide) Safety and
Health
Administration
(1990a)
Adsorb (charcoal); extract GC/FID 0.2 pg/sample  Eller (1994)
(dichloromethane)
Adsorb on Perkin-Elmer GCI/FID 200 pg/m Health and
ATD 400 packed with Safety
polymeric or synthetic Executive
adsorbent material; thermal (1992)
desorption
3M passive monitoring GCI/FID 0.029 mg/m  Anttinen-
for a 20.5-L Klemettiet al.
sample (2004)
Foods and Dissolve {\,N- GC/MS-SIM ~1 pg/kg Startin &
plastic food- dimethylacetamide) or melt; Gilbert (1984)
packaging inject headspace sample
material
Plastics, liquid  Dissolve inortho- GC/FID 2-20 pg/kg Food and Drug
foods dichlorobenzene; inject Administration
headspace sample (1987)
Solid foods Cut or mash; inject GCI/FID 2-20 pg/kg Food and Drug

headspace sample

Administration
(1987)

GC/FID, gas chromatography/flame ionization detettGC/MS-SIM, gas chromatography/mass
spectrometry with single-ion monitoring
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1.2 Production and use

1.2.1 Production

Butadiene was first produced in the late nineteeetitury by pyrolysis of various
organic materials. Commercial production begahénli930s (Sun & Wristers, 2002).

(@) Manufacturing processes

()  Ethylene co-production

Butadiene is manufactured primarily as a co-prodfithe steam cracking of hydro-
carbon streams to produce ethylene. This processiais for over 95% of global buta-
diene production (White, 2007).

Steam cracking is a complex, highly endothermiolygis reaction, during which a
hydrocarbon feedstock is heated to approximately°’80and 34 kPa for less than 1 sec
and the carbon—carbon and carbon—hydrogen bondscaken. As a result, a mixture of
olefins, aromatic compounds, tar and gases is flwrmbese products are cooled and
separated into specific boiling-range cuts gfG, C; and Gcompounds. The Graction
contains butadiene, isobutylene, 1-butene, 2-buaadesome other minor hydrocarbons.
The overall yields of butadiene during the proaEgsend on both the parameters of the
process and the composition of feedstocks. Gepehalavier steam-cracking feedstocks
produce greater amounts of butadiene. Separatidnparification of butadiene from
other components is carried out mainly by an ettiadistillation process. The most
commonly used solvents are acetonitrile and dintfefmyamide; dimethylacetamide,
furfural andN-methyl-2-pyrrolidinone have also been used to ¢hid (Sun & Wristers,
2002; Walther, 2003).

(i)  Dehydrogenation
The intentional dehydrogenationmwbutane on-butenes also yields butadiene. This

is achieved by the Houdry process for dehydrogemadf n-butane or by oxidative
dehydrogenation of-butenes (Walther, 2003).

(i)  Ethanol-based production

A plant in India produces butadiene in a two-stegc@ss from ethanol. Initial de-
hydrogenation is achieved through a copper catadyst the resulting mixture is then
dehydrated at atmospheric pressure in the pressnaezirconium oxide or tantalum
oxide—silica gel catalyst at 300—3%8D. Overall yields of butadiene in the second reaction
are about 70%. This process is very similar toatiel condensation of acetaldehyde
(Walther, 2003).

(b) Butadiene extraction processes

Regardless of the production process, final pattificy of butadiene requires removal
of any butane, butene or acetylene impurities. ebdiyr, seven different commercial
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processes exist for the extraction of butadienediploy different extraction solvents.
The processes, identified by the licencer and type of dplen BASF Aktiengesellshaft
— N-methylpyrrolidone; Lyondell Petrochemical Comparyacetonitrile; Zeon Corp-
oration — dimethylformamide; ConocoPhillips — fuidil) Shell Chemical Company —
acetonitrile; Solutia —3-methoxyproprionitrile with 15% furfural; Dow (forenly Union
Carbide Corporation) — dimethylacetamide; and {nenkcer) — cuprous ammonium
acetate solution (Walther, 2003).

(c) Production volume

An estimated 9.3 million tonnes of butadiene weredpced worldwide in 2005
(CMAI, 2006). Production volumes for different regs for the years 2004 and 2006 are
given in Table 2.

World capacity grew by 3.5% per year between 198¥ 2002. During that period,
most of the increase in capacity occurred in AS@th America and the Middle East.
Asia is now the largest producer of butadiene, @rwbunts for one-third of the world
capacity (Walther, 2003).

Diepoxybutane is not believed to be produced cortiair except in small quan-
tities for research purposes (National Library @ditine, 2008).

Table 2. Butadiene production (in tonnes) by world region
from 1981 to 2006

Region 1981 1990 1996 2004 2006
North America 1480 1593 1956 2862 2878
South America - - - 377 377
Western Europe 636 1256 1017 1902 2232
Eastern Europe - - - 1170 736
Middle East/Africa - - - 180 340
Asia/Pacific 518 1253 1758 3104 4405

From IARC (1999), CMAI (2004, 2006)

#No data available for Germany

® No data available for the United Kingdom or Italy
¢ Value for Japan only

9 No data available for China

1.2.2 Use

Butadiene is used primarily in the production oftbgtic rubbers and polymers.
These polymers are used in a wide variety of im@listnd consumer products, to im-
prove their functionality, performance and safetyg fower their costs. Butadiene-based
products are important components of automobileastouction materials, appliance
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parts, computers and telecommunications equiprokeriing, protective clothing, pack-
aging and household articles (White, 2007).

The synthetic rubbers that are produced from bem&dinclude styrene—butadiene
rubber, polybutadiene rubber, styrene—butadierex,lathloroprene rubber and nitrile
rubber. Important plastics that contain butadiema anonomeric component are shock-
resistant polystyrene, a two-phase system thaisterd polystyrene and polybutadiene;
polymers that consist of acrylonitrile, butadieme atyrene; and a copolymer of methyl
methacrylate, butadiene and styrene, which is asedimodifier for poly(vinyl)chloride.
Butadiene is also used as an intermediate in th@uption of chloroprene, adiponitrile
and other basic petrochemicals (White, 2007).

Diepoxybutane has been proposed for use in cudlygners and cross-linking textile
fibres (National Library of Medicine, 2008).

1.3 Occurrence

1.3.1 Natural occurrence

Butadiene is not known to occur as a hatural prioduc

1.3.2 Occupational exposure

According to the 199093 CAREX database (see GeReraarks) for 15 countries
of the European Union (Kauppinegt al, 2000) and the 1981-83 US National
Occupational Exposure Survey (NOES, 1997), appratdiyn 31 500 workers in Europe
and 50 000 workers in the USA were potentially egobto butadiene.

Based on data from CAREX, the major categorieaddistrial exposure to butadiene
in 15 European countries are the manufacture afsindl chemicals (8000 persons),
rubber products (7000 persons), plastic produ®@Qpersons), petroleum refining (2200
persons) and building construction (1600 persdfe)gpineret al, 2000).

In the studies presented below, the accuracy ofetfeds of exposure to butadiene
measured with the methods used until the mid-1988¢ have been affected by the
inability to distinguish between butadiene and otllg compounds, low desorption
efficiency at low concentrations, possible sampieakthrough in charcoal tubes and
possible loss during storage (Lunsfetdil, 1990; Bianchéet al, 1997).

(@) Petroleum refining and butadiene monomer production

Detailed industrial hygiene surveys were condudtethe USA by the National
Institute for Occupational Safety and Health in 398 four of 10 facilities where
butadiene was produced by solvent extraction pffr@ctions that originated from
ethylene co-product streams (Krishnan al, 1987). Levels of butadiene to which
workers in various job categories were exposedsanemarized in Table 3. Jobs that
required workers to handle or transport contairersh as emptying sample cylinders or
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loading and unloading tank trucks or rail carssentéed the greatest potential exposure.
Geometric means of full-shift exposure levels fibreo job categories were below 1 ppm
[2.2 mg/mi]. Short-term samples showed that activities sischpen-loop sampling and
emptying cylinders were associated with peak expssof 100 ppm [220 mgfin Full-
shift area samples indicated that ambient condantsaof butadiene were greatest in the
rail car terminals (geometric mean, 1.8 ppm [3.9my and in the tank storage farm

(2.1 ppm [4.7 mg/ri}).

Table 3. Eight-hour time-weighted average exposure levels iregsonal
breathing zone samples at four butadiene monomer productiofaci-
lities in the USA, 1985

Job category No. of  Exposure level (ppm [mgf})
samples
Arithmetic Geometric Range
mean mean
Process technician
Control room 10 0.45[1.0] 0.09[0.2] <0.02-1.870.04-4.1]
Process area 28 2.23[4.9] 0.64[14] <0.08-34@.18-77]
Loading area
Rail car 9 14.6[32.4] 1.00[2.2] 0.12-124 [0.27-273]
Tank truck 3 2.65[5.9] 1.02[2.3] 0.08-5.46[0.18-12.1]
Tank farm 5 0.44[0.97] 0.20[0.44] <0.04-1.53[<0.09-3.4]
Laboratory technician
Analysis 29 1.06[2.3] 0.40[0.88] 0.03-6.31 [0.0%-0]
Cylinder emptying 3 126 [277] 7.46[16.5] 0.42-374 [0.93-826]

From Krishnaret al. (1987)

Monitoring in a plant in Finland generally indicatahbient air levels of butadiene of
less than 10 ppm [22 mgihat different sites (33 samples; mean sampling,tis h). In
personal samples for 16 process workers, the ctatiens ranged from <0.1 to
477 ppm [< 0.22-1050 mgfin (mean, 11.5 ppm [25 mgAn median, <0.1 ppm
[< 0.22 mg/ni]; 46 samples; mean sampling time, 2.5 h). Thedsigboncentrations were
measured during the collection of samples, for wipimtective clothing and respirators
were used (Work Environment Fund, 1991).

A study of biological monitoring for the mutagemitfects of exposure to butadiene
reported estimated average exposures of 1 pprmig/a7] for workers in a butadiene
monomer plant. Ambient air concentrations in prodac areas averaged 3.5 ppm
[7.7 mg/ni], while average concentrations of 0.03 ppm [0.@Q¢m were reported for
the control area (Ward, J.Bt al, 1996).

Levels of exposure to butadiene of workers in warijob groups in the production
and distribution of gasoline (see IARC, 1989) diews in Table 4. Table 5 shows
exposures in 1984-87 of workers in different arefspetroleum refineries and
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Table 4. Personal exposures to butadiene associated with gasoline

1984-85 in 13 European countri€g540 measurements)

Activity Exposure level (mg/f
Arithmetic Range Duration
mean (TWA)

Production on-site (refining) 0.3 ND-11.4 8h

Production off-site (refining) 0.1 ND-1.6 8h

Loading ships (closed system) 6.4 ND-21.0 8h

Loading ships (open system) 11 ND-4.2 8h

Loading barges 2.6 ND-15.2 8h

Jetty man 2.6 ND-159 8h

Bulk loading road tankers

Top loading<1h 1.4 ND-32.3 <1lh
Top loading >1 h 0.4 ND-4.7 8h
Bottom loading <1 h 0.2 ND-3.0 <1lh
Bottom loading > 1 h 0.4 ND-14.1 8h

Road tanker delivery (bulk plant to service station ND

Rail car top loading 0.6 ND-6.2 8h

Drumming ND

Service station attendant (dispensing fuel) 0.3 ND- 8h

Self-service station (filling tank) 1.6 ND-10.6 2rm

From CONCAWE (1987)
ND, not detected; TWA, time-weighted average
& Countries included not reported

Table 5. Eight-hour time-weighted average concentrations
of butadiene to which workers in different jobs in petoleum
refineries and petrochemical facilities were exposed ithe

USA, 1984-87
Job area No. of  Arithmetic meai Range

facilities

ppm mg/m  ppm mg/m

Production 7 0.24 0.53 0.008-2.0 0.02-4.4
Maintenance 6 0.11 0.24 0.02-0.37 0.04-0.82
Distribution 1 2.90 6.41 - -
Laboratory 4 0.18 0.40 0.07-0.4 0.16-0.88

From Heiden Associates (1987)
2Weighted by number of exposed workers
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petrochemical facilities where crude butadiene wesduced (usually a Cstream
obtained as a by-product of ethylene productioabld 6 shows more recent data on
crackers at butadiene production plants for thesy#386—-93 (ECETOC, 1997).

Exposure data from 15 monomer extraction siteshioryears 1984-93 showed that
less than 10% of the measured concentrations eedéegpm [11 mg/fh (Table 7); in
1995 (Table 8), personal exposure levels in geneese below 5 ppm [11 mgfin
(ECETOC, 1997).

In 1998, personal exposure to butadiene was mebBur@4 workers in a monomer
production facility in the Czech Republic. The me@n standard deviation [SD])
concentration of butadiene, calculated from 21Widdal time-weighted average (TWA)
measurements, was 0.6 + 2.1 miy[h27 + 0.95 ppm]. The personal TWA measure-
ments from all monomer production workers rangednfundetectable to 19.9 mg/m
The mean concentration for the control group was 8.0.03 mg/m[0.01+ 0.01 ppm],
calculated from 28 personal TWA exposure measurenfatbertiniet al, 2003a).

Personal exposure to butadiene of 10 workers wHd H#ferent jobs in a
petrochemical plant in Finland was assessed usisgiye monitors shortly after the
threshold limit value (TLV) of 1 ppm had come irflarce. A total of 119 personal
breathing zone samples were taken and 117 wengsadalOf these, 32 (27%) samples
were under the limit of quantification (0.029 md/f®.013 ppm] in a 20.5-L sample), 81
samples (69%) were between the limit of quantificaaind 1 ppm [2.2 mg/fhand four
samples (3%) were over the Finnish occupationabgxe limit of 1 ppm. The mean
value of all samples was 0.17 ppm [0.38 nifjand the mean value of the samples that
exceeded the Finnish occupational exposure lingt a5 ppm [3.87 mg/th The mean
level of exposure varied significantly € 0.03) between the 10 workers. Smoking did not
significantly affect the values, but the seasofiatewas significantd = 0.02) (Anttinen-
Klemettiet al, 2004).

The occupational exposure of 42 workers in a pe&ical plant in Italy where
butadiene was produced and used to prepare polym@rsassessed by biomonitoring.
The control group originated from the same indalktomplex and included 43 workers
who had no significant occupational exposure tadiahe. Active sampling from the
breathing zone of the workers was performed duairigll shift. Each exposed worker
was assessed three to four times over a periodvegeks during different shifts. The
mean exposure level of the control group wasp@@r [0.4 ppb] (SD, 1.0) and the
lowest and highest values were < 0.1 and@® [< 0.05 and 1.7 ppb], respectively.
The mean exposure level of the exposed group wagugint [5.2 ppb] (SD, 35.8) and
the lowest and highest values were <0.1 and 2@6/67 [<0.04 and 99.8 ppb],
respectively (Fustinorat al, 2004).

An exposure assessment was carried out in soutffanwan, China, on a 120-acre
[486 000 ] petrochemical complex that comprised 11 differmainufacturing plants.
Butadiene was produced in two of the plants, whiah an annual production of about
156 000 tonnes per year. Using the Fourier tramsfiofrared spectroscopy technique, data
were collected on 77 days during the period 199788 relative number of samples that



Table 6. Personal exposures to butadiene of craclkein butadiene production plants in the European
Union

Job category Year of No. of No. of Exposure level (ppm)
measurement workers samples
<1 1-2 2-3 3-4 45 5-10 10-25= 25

Unloading, loading, 1986-92 210 92 82 3 3 2 0 0 1 0

storage
Distillation (hot) 1986-93 394 92 382 0 3 1 20 2 2
Laboratory, 1986-93 132 184 178 2 1 2 1 0 0 0

sampling
Maintenance 1986-92 282 371 364 5 0 1 0 0 1 0
Other 1990-92 467 509 487 18 2 1 1 ND 0 0
Total 1986-93 1485 1548 1493 28 9 8 4 0 4 2

From ECETOC (1997)
ND, not detected [limit of detection not stated]
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Table 7. Personal exposures to butadiene in extraoh units® of butadiene production plants in the
European Union

Job category Year of No. of No. of Exposure level (ppm)
measurement workers ~ samples

<1 1-2 2-3 3-4 45 5-10 10-25= 25

Unloading, loading, 1986-93 392 224 178 9 8 7 2 11 22 7
storage

Distillation (hot) 1985-93 256 626 535 20 19 6 11 8 12 15

Laboratory, sampling  1985-93 45 48 29 4 2 2 3 5 1

Maintenance 1986-93 248 127 93 14 3 2 1 3 4

Other 1984-92 45 10 8 2 0 0 0 0 0

Total 1984-93 986 1035 843 49 32 17 16 25 23 30

From ECETOC (1997)
2 |solation of butadiene from,Gtream

99
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Table 8. Personal exposures to butadiene
at 15 monomer extraction sites in the
European Union in 1995

Job category Exposure level (ppm)

Time-weighted Range of

averages values
Production
Extraction <0.01-2 0-14
Derivatiorf 1.4-3.4 0.07-60
Storage and filling < 0.02-5 0-18.1
Transport <0.1-0.7 0.02-1.2
Laboratory 0.03-1 0-13.1

From ECETOC (1997)
#Integrated monomer extraction and styrene—butadien
production on same site

were above the detection limit was 15.2% and thenmalue of the measurements was
10.5+ 36.7 ppb [23.2 81.1ug/nT]. The maximum concentration measured was 3.1 ppm
[6.8 mg/m] (Chanet al, 2006). [Measurements were area samples and masr-u
estimate exposure of the workers.]

In the monomer industry, potential exposure to cmmgs other than butadiene
includes exposure to extraction solvents and coeisrof the ¢feedstock. Extraction
solvents differ between facilities: common solveirtslude dimethylformamide, di-
methylacetamide, acetonitrilg3-methoxypropionitrile (Fajen, 1985a), furfural and
agueous cuprous ammonium acetate (OccupationatySaid Health Administration,
1990b). Stabilizers are commonly used to prevemtfdihmation of peroxides in air and
during polymerization. No information was available these exposures or on exposure
to chemicals other than butadiene that are produncedme facilities such as butylenes,
ethylene, propylene, polyethylene and polypropylessins, methytert-butyl ether and
aromatic hydrocarbons (Fajen, 1985b,c).

(b)  Production of polymers and derivatives

In samples taken at a styrene—butadiene rubber ipldine USA in 1976 (Table 9),
levels of butadiene above 100 ppm [220 niiwere encountered by technical services
personnel (115 ppm [253 mginand an instrument man (174 ppm [385 mijym
Meinhardtet al, 1978). At another styrene—butadiene rubber mahufag plant in the
USA in 1979, the only two departments in which lsveere greater than 10 ppm
[22 mg/mi] were the tank farm (53.4 ppm [118 mdjrand maintenance (20.7 ppm [46
mg/nT]; Checkoway & Williams, 1982). Overall mean 8-h AWxposure levels differed
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Table 9. Eight-hour time-weighted average exposure levels bltadiene
measured in two styrene—butadiene rubber manufacturing plarg in the
USA

Reference Year of Job classification or No. of Exposure level
sampling department samples
ppm mg/m
Meinhardt 1976 Instrument man 3 58.6 130
et al.(1978) Technical services personnel 12 19.9 43.9
Head production operator 5 155 34.3
Carpenter 4 7.80 17.2
Production operator 24 3.30 7.29
Maintenance mechanic 17 3.15 6.96
Common labourer 17 1.52 3.36
Production foreman 1 1.16 2.56
Operator helper 3 0.79 1.75
Pipe fitter 8 0.74 1.64
Electrician 5 0.22 0.49
Checkoway & 1979 Tank farm 8 20.0 44.3
Williams (1982) Maintenance 52 0.97 2.1
Reactor recovery 28 0.77 1.7
Solution 12 0.59 1.3
Factory service 56 0.37 0.82
Shipping and receiving 2 0.08 0.18
Storeroom 1 0.08 0.18

considerably between the two plants: 13.5 ppm [0 and 1.24 ppm [2.7mgfh
respectively (Meinhardit al, 1982).

Detailed industrial hygiene surveys were condutciel®86 in five of 17 facilities in
the USA where butadiene was used to produce statediene rubber, nitrile—
butadiene rubber, polybutadiene rubber, neopredeadiponitrile (Fajen, 1988). Levels
of butadiene to which workers in various job catigowere exposed are summarized in
Table 10. Process technicians in unloading, intdmk farm and in the purification,
polymerization and reaction areas, laboratory tie@ms and maintenance technicians
were exposed to the highest levels. Short-term lagnghowed that activities such as
sampling a barge and laboratory work were associgith peak exposures of more than
100 ppm [220 mg/fih Full-shift area sampling indicated that geongetriean ambient
concentrations of butadiene were less than 0.5[pmmg/ni] and usually less than 0.1
ppm [0.22 mg/rfj in all locations measured at the five plants.

A biological monitoring study that used personahgling reported average levels of
butadiene of 0.30, 0.21 and 0.12 ppm [0.66, 0.46GR&7 mg/m for the high-, inter-
mediate- and low-exposure groups, respectively styrene—butadiene rubber plant in
Texas, USA (Ward, J.Bt al, 1996).
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Table 10. Eight-hour time-weighted average exposure levels ipersonal
breathing zone samples at five plants that produced butadie-based
polymers and derivatives in the USA, 1986

Job category No. of Exposure level (ppm [mg/h
samples
Arithmetic Geometric  Range
mean mean
Process technician
Unloading area 2 14.6 [32.27] 4.69[10.37] 0.7285 [1.7-63.0]
Tank farm 31 2.08[4.60] 0.270[0.60] < 0.006-23D.01-2.4]
Purification 18 7.80[17.24] 6.10[13.48] 1.33-2{8.0-53.3]
Polymerization or reaction 81 0.414[0.92] 0.062§] <0.006-11.3[<0.01-5.0]
Solutions and coagulation 33 0.048 [0.11] 0.0206Dp < 0.005-0.169 [< 0.01-4]
Crumbing and drying 35 0.033[0.07] 0.023[0.05] 0.605-0.116 [< 0.01-0.26]
Packaging 79 0.036 [0.08] 0.022[0.05] < 0.00558.[ 0.01-0.34]
Warehouse 20 0.020[0.04] 0.010[0.02] < 0.0056®[ 0.01-0.15]
Control room 6 0.030[0.07] 0.019[0.04] < 0.00270 [< 0.03-0.16]
Laboratory technician 54 2.27 [5.02] 0.213[0.47] 0.806-37.4 [< 0.01-82.65]
Maintenance technician 72 1.37 [3.02] 0.122[0.24 0.006-43.2 [< 0.01-95.47]
Utilities operator 6 0.118[0.26] 0.054[0.12] £©06-0.304 [< 0.01-0.67]

From Fajen (1988)

In 13 of 27 European sites where styrene—butadigioieer and styrene—butadiene
latex were produced, less than 10% of the condemsameasured exceeded 5 ppm
(Table 11; ECETOC, 1997).

Data from the Netherlands are available from 197@Wawds, but the measurement
methods used in the early surveys are unknown (Kekmom, 1996; Dubbeld, 1998).
No clear trend can be seen for the years 1990t@Average exposures were relatively
low (arithmetic mean < 3 ppm [6.6 mgdji(Table 12).

Exposure of 38 workers was measured in a butagielyener production facility in
China. Personal full-shift measurements establigihaitworkers in butadiene operations
were exposed to a median level of 2.0 ppm [4.4 rjg/8hort-term breathing zone
measurements of butadiene showed great extremesxpasure; DMF [dimethyl-
formamide] analysts had a median exposure of 54 ppmmiili®r] (range, below detec-
tion to 3090 ppm [6829 mgfin 50 samples), polymer analysts had a median exposure of
6.5 ppm [14.4 mg/fh (range, below detection to 1078 ppm [2382 niy/dil samples)
and maintenance-recovery workers had a median eseas 7.0 ppm [15.5 mgfh
(range, below detection to > 12 000 ppm [> 26 580n; 24 samples) (Hayest al,
2001).

A biomonitoring study carried out in a styrene-Hdigae rubber plant in Southeast
Texas, in which 37 workers were monitored durirgjrtentire work shift using passive
samplers, demonstrated that levels in the tank exeaeded the current Occupational



Table 11.

plants in the European Union (1984-93)

Eight-hour time-weighted average personaxposures to butadiene in styrene—butadiene rubber

Job category  No. of No. of Exposure level (ppm)
workers  samples
<05 0.51-1 1.01-2 2.01-3 3.01-4 4.01-5 5.01-10 .013@5 =25

Unloading, 132 77 47 1 8 6 3 0 5 5 2

loading and

storage
Polymerization 324 147 61 23 25 18 6 4 7 3 0
Recovery 103 165 113 9 9 14 7 4 5 4 0
Finishing 247 120 90 16 3 4 5 1 1 0 0
Laboratory 115 113 68 13 12 6 4 2 3 5 0

sampling
Maintenance 141 39 28 1 2 1 1 2 1 2 1
Total 1062 661 407 63 59 49 26 13 22 19 3

From ECETOC (1997)
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Table 12. Eight-hour time-weighted average exposure levels ofitadiene in
personal breathing zone samples at a plant that produced sgne—butadiene
polymer in the Netherlands, 1990-97

Year No. of  Exposure level (mg/f{ppm])
samples

Arithmetic  Range Methodl

mean
1990 27 5.45[2.47]  0.35-69.06 [0.16-31.24] 3M 3500
1991 19 1.11[0.50]  0.09-2.88 [0.04-1.30] NIOSH4.02
1992 23 2.79[1.26] 0.13-11.78[0.06-5.33] 3M 3520
1993 38 2.87[1.30] 0.15-13.13[0.07-5.94]  3M 3520/

NIOSH 1024

1996/97 process operators 20 2.77[1.25] 0.13-46.68-21.10] 3M 3520
1996/97 maintenance workers 14 0.54[0.24] 0.1B-@®5-4.48] 3M 3520

From Kwekkeboom (1996); Dubbeld (1998)

2 Analytical methods used are described by Biaethil (1997). Methods 3M 3500 and 3M 3520
involve absorption onto butadiene-specific actidatbarcoal, followed by desorption with carbon
disulfide or with dichloromethane, respectively,daanalysis by direct-injection gas chromato-
graphy with flame ionization detection.

Safety and Health Administation permissible expedimit for butadiene. However, the
workers wore protective equipment on this particigda. TWA values in various work
areas are summarized in Table 13 (Waral, 2001).

In 1998, 319 personal workshift TWA measurementsxpiosure to butadiene were
obtained for 34 workers in a polymer productiompla the Czech Republic. The mean
(+ SD) concentration of butadiene was 487 mg/m [0.8 + 2.1 ppm]. The individual
TWA measurements from all polymer production woskeanged from 0.002 to 39.0
mg/nT [0.001-17.6 ppm]. The level of exposure of thetrmbrgroup was 0.03 0.03
mg/nt [0.01+ 0.01 ppm], calculated from 28 personal TWA measergs (Albertiniet
al., 2003a).

A Finnish study assessed personal exposure toibogath three plants that manu-
factured styrene—butadiene latex. Full-shift amglgs were collected from the breathing
zone of 28 workers using passive samplers over thmoA total of 885 samples were
collected and the number of samples per particiarged from 19 to 39. Samples were
collected at the same time in all three plants. ddwa showed that 624 (70.5%) of the
samples were below the limit of quantification; 220.1%) samples were between the
limit of quantification and 1 ppm [2.2 mg/mand 21 (2.4%) were over the Finnish
occupational exposure limit of 1 ppm [2.2 m/nviean butadiene concentrations in the
three plants were 0.068, 0.125 and 0.302 ppm [0.28,and 0.67 mg/th respectively.
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Table 13. Time-weighted average exposures to butadiene in argtye—butadiene
rubber plant in the USA, 1998

Work area Subjects Detectable Samples below Exposure level (mean + SD)
samples the LOD? (ppm [mg/m))

Tank farm 6 17 0 4.04 £3.45[8.9 £ 7.6]
Recovery 6 17 0 1.09 £2.35[2.41 +5.19]
Reactor 9 17 3 0.64 +1.26 [1.41 +2.78]
Low area8 14 22 19 0.05 +0.06 [0.11 + 0.13]
Laboratory 1 2 0 0.29 £ 0.33[0.64 £ 0.73]
Blending 1 3 0 0.49 +0.24 [1.08 + 0.53]

From Wardet al.(2001)

LOD, limit of detection; SD, standard deviation

@ Half of the 0.002 ppm detection limit was usedatculate exposure to butadiene for the samples
P Coagulation, baling, packing, water paint, shigpiwarehouse and control room

Statistical analysis of the data did not indicatg aignificant difference between the
plants when all results were considered (Anttindemiéttiet al, 2006).

In a Czech study that included 26 female controtkess, 23 female butadiene-
exposed workers, 25 male control workers and 3@ rmatadiene-exposed workers, 10
personal full-shift (8-h) measurements per workesra 4-month period showed mean
8-h TWA exposure levels of 0.008 md/mnd 0.4 mg/fh[0.004 and 0.18 ppm] for
control and exposed women, respectively. The higbiegle 8-h TWA value among
exposed women was 9.8 md/f.5 ppm]. Mean 8-h TWA exposure levels were 0.007
mg/nT and 0.8 mg/rh[0.003 and 0.36 ppm] for control and exposed mespectively;
personal single 8-h TWA values of up to 12.6 migfs7 ppm] were measured in the
exposed group. The concentrations for butadienesed workers were significantly
higher than those for the controls for both men aminen; the concentrations for
butadiene-exposed workers were significantly hidghemen than for women (Albertini
et al, 2007). [The difference in exposure levels maydbe to differences in tasks
performed by men and women.]

Data from a Canadian styrene—butadiene rubber piditate a clear decrease in
exposure from 1977 to 1991 (Sathiakumar & Del2907; Table 14). The data were
used to validate the estimates of historical exgosubutadiene (Macalus al, 1996,
2004; Sathiakumaat al, 2007).

The manufacture of butadiene-based polymers anadiene derivatives implies
potential exposure to a number of other chemicahi&gthat vary according to product
and process and include other monomers (styrendoitrile, chloroprene), solvents,
additives (e.g. activators, antioxidants, modijiecaitalysts, mineral oils, carbon black,
chlorine, inorganic acids and caustic solutionge(f;al986a,b; Roberts, 1986). Styrene,
benzene and toluene levels were measured in 19#8ious departments of a plant that
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manufactured styrene—butadiene rubber in the US#am8-h TWA levels of styrene
were below 2 ppm [8.4 mgfn except for tank-farm workers (13.7 ppm [57.5 mity
eight samples); mean benzene levels did not ex@dedpm [0.3 mg/rfj, and those of
toluene did not exceed 0.9 ppm [3.4 mij/(E@heckoway & Williams, 1982). Meinhardt
et al (1982) reported that the mean 8-h TWA levelstgresie in two styrene—butadiene
rubber manufacturing plants were 0.94 ppm [3.9 rig65 samples) and 1.99 ppm [8.4
mg/nT] (35 samples) in 1977; the average level of bemzeeasured in one of the plants
was 0.1 ppm [0.3 mg/th(three samples). Average levels of styrene, t@udenzene,
vinyl cyclohexene and cyclooctadiene were repottede below 1 ppm in another
styrene—butadiene rubber plant in 1977 (Burrout®g7). Dimethyldithiocarbamate has
been used in some plants and dermal exposure goctimpound potentially exists
(Delzellet al, 2001).

Table 14. Exposure levels of butadiene in a styrene—butadiemubber plant
in Canada

Year No. of jobs No. of Exposure level (medr: SD ) (ppm
monitored measurements [mg/m3])

1977 3 56 24.8 £69.9 [54.8 + 154.5]

1978 11 527 16.0 +£ 166.6 [35.4 + 368.2]

1979 13 274 10.6 £ 153.2 [23.4 + 338.6]

1980 13 301 14.5 £ 137.8 [32.0 £ 304.5]

1981 15 307 4.8 £38.4[10.6 £ 84.9]

1982 21 406 3.8+28.2[8.4+£62.3]

1983 13 113 3.9+19.4[8.6 +42.9]

1984 27 658 2.5+20.3[5.5+44.9]

1985 27 482 2.6 +18.4[5.7 £40.7]

1986 30 504 2.3+16.2[5.08 + 35.8]

1987 26 310 0.85+6.3[1.9+13.9]

1988 28 417 1.0+52[2.2+11.5]

1989 27 238 1.5+£55[3.3£12.2]

1990 27 223 0.63+3.3[1.4+7.3]

1991 25 162 0.34 £0.61 [0.75 + 1.35]

From Sathiakumaet al (2007)
SD, standard deviation
#Weighted by the number of measurements for job/gembinations in a year

(c) Manufacture of rubber and plastics products

In a tyre and tube manufacturing plant in the UBAL975, a cutter man/Banbury
operator was reported to have been exposed tqp21[46 mg/m butadiene (personal
6-h sample) (Ropert, 1976).

Personal 8-h TWA measurements taken in 1978 an® i®tompanies where
acrylonitrile—butadiene—styrene moulding operatisrese conducted showed levels of
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< 0.05-1.9 mg/h[< 0.11—4.2 ppm] (Burroughs, 1979; Belanger & BJek980; Ruhe &
Jannerfeldt, 1980).

In a polybutadiene rubber warehouse, levels ofDfjim [0.007 mg/rh butadiene
were found in area samples; area and personal satakém in tyre plants revealed levels
of 0.007-0.05 ppm [0.016-0.11 mdJrbutadiene (Rubber Manufacturers’ Association,
1984).

Unreacted butadiene was detected as a trace (R0drgkg) in 15 of 37 bulk
samples of polymers and other chemicals synthediped butadiene and analysed in
1985-86. Only two samples contained measurable @tsyai butadiene: tetrahydro-
phthalic anhydride (53 mg/kg) and vinylpyridineeha{16.5 mg/kg) (JACA Corp., 1987).

Detailed industrial hygiene surveys were condudted984-87 in the USA at a
rubber tyre plant and an industrial hose plant eh&yrene—butadiene rubber, poly-
butadiene and acrylonitrile—butadiene rubber weoegssed. No butadiene was detected
in any of 124 personal full-shift samples from waskia the following job categories that
were identified as involving potential exposurebtatadiene: Banbury operators, mill
operators, extruder operators, curing operators, coneegeators, calendering operators,
wire winders, tube machine operators, tyre builderd tyre repair and buffer workers
(Fajenet al, 1990).

Occupational exposures to many other agents irrubker goods manufacturing
industry have been reviewed previously (IARC, 1982)

(d) Comparison of exposure levels in monomer and styrene—butadiene
rubber production facilities

Exposures measured in monomer production facilittethe USA demonstrated
overall mean levels of 3.5 ppm [7.7 md/ifmeasured in 1979-92; number not reported;
stationary sampling; Cowlext al, 1994) and 7.1 ppm [15.7 mgjnimeasured in 1985;
87 samples; personal sampling; Krisheamal, 1987). Recently reported values from the
Czech Republic and Finland were 0.64 ppm [1.41 rfjg(measured in 1998; 217
samples; personal sampling) and 0.17 ppm [0.38 fhgfmeasured in 2002; 117
samples; personal sampling) (Albertial, 2003a; Anttinen-Klemetét al, 2004).

Measurement of butadiene concentrations in a sh®riadiene rubber plant in
Canada demonstrated a decrease in exposure dhengdtyears of monitoring. The
levels dropped from 24.8 ppm in 1977 [54.8 nifyim 0.34 ppm [0.75 mg/fhin 1991
(Table 14) (Sathiakumat al, 2007).

The decreasing trend of exposure was apparent tim tnonomer and styrene—
butadiene rubber production; however, the lackaté drom the 1940s to the 1970s does
not allow comparison between the two processes.

1.3.3 Environmental occurrence

According to the Environmental Protection Agencyxi€oChemical Release
Inventory in the USA, industrial releases of butadi to the atmosphere from industrial
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facilities in the USA were 4425 tonnes in 1987, 2&mnes in 1990 and 1385 tonnes in
1995. According to the same database, fugitiveraissions were 157 973 kg and point
source air emissions were 450 926 kg in 2005 (Bnuental Protection Agency Toxic
Release Inventory, 2005; National Library of Medkgi2008).

Under laboratory conditions, non-catalyst vehielpstted butadiene at a rate of 20.7
+ 9.2 mg/kg. Vehicles that had a functioning catalgmission control device had an
average emission rate of 21..5 mg/km. Based on these numbers, the authoctuciaal
that vehicle emissions of butadiene have been aniizty underestimated (Yet al,
1997). Based on an average of 20 000 km per year per cgu@ogianately 243 million
registered cars in the USA in 2004, and considealiegaverage emission rates estimated
by Yeet al (1997), emissions of butadiene from automobile exhaastbe estimated to
amount to approximately 106 770 tonnes per yeatr.

Butadiene is also released to the atmosphere frersnoke of bush fires, the thermal
breakdown or burning of plastics and by volatizatimm gasoline (Agency for Toxic
Substances and Disease Registry, 1992; see I1ARR).19

Kim et al (2001, 2002) measured the concentrations of l&tikeoorganic com-
pounds, including butadiene, in a wide range o&urnmicro-environments in the United
Kingdom (Table 15) and estimated the personal exposf 12 urban dwellers directly
and indirectly via static monitoring combined wdtipersonal activities diary (Table 16).

Table 15. Mean concentrations of butadiene in micro-
environments in the United Kingdom

Environment No. of samples Concentration
(mean % SD) (ug/M

Home 64 1.1+£1.9
Office 12 0.3+0.2
Restaurant 6 1.5+0.8
Public house 6 3.0+20
Department store 8 06+04
Cinema 6 0.6 +0.3
Perfume store 3 0.9+0.1
Library 6 04+0.2
Laboratory 8 0.2+0.1
Train station 12 22+1.7
Coach station 12 0.9+0.7
Road with traffic 12 1.8+0.9
Car 35 79+47
Train 18 1.0+0.6
Bus 18 1.7+0.9
Smoking home 32 1.7+£25
Nonsmoking home 32 0.5+0.3

From Kimet al (2001)
SD, standard deviation
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Table 16. Daytime and night-time concentrations (ug/f of butadiene recorded
during personal exposure monitoring in the United Kingdom, 1999-2000

Period No. of Mean Standard Minimum Maximum
samples deviation

Daytime 473 1.1 0.4 ND 26.3

Night-time 99 0.8 0.4 ND 7.9

From Kimet al (2002)
ND, not detected

Environmental exposure to emissions, including dietee, was compared between
bus and cycling commuters on a route in Dublin. Baswere collected during both
morning and afternoon rush-hour periods using oantis sampling. The average
concentrations experienced by the cyclist and the gassenger for all journeys were
0.47 ppb [103ug/nT] (SD, 0.19; min., 0.24; max., 0.81) and 0.78 ppiF fig/n7] (SD,
0.34; min., 0.34; max., 1.49), respectively (O’'Dghoeet al, 2007).

In the United Kingdom, the estimated emission ofatiene in 1996 was 10.6
thousand tonnes. Road vehicle exhaust emissionsat@t and comprised 68% of the
total emissions, while emissions from off-road e® and machinery accounted for
14%. The remaining emissions arose from the chéinidastry, during the manufacture
of butadiene and its use in the production of werioubber compounds. These two
processes accounted for 8 and 10%, respectivetptaifemissions in the United King-
dom in 1996 (Dollaret al, 2001).

Municipal structural fires are a source of butadjeand the mean level of butadiene
from nine fires ranged from 0.03 to 4.84 ppm [0@%-mg/n] (Austin et al, 2001).
Domestic wood burning also has an impact on legélbutadiene in homes. Wood
burners had a significantly higher personal exposorbutadiene (median, 0.L§/nT)
than the reference group. Similarly, significanitigher indoor levels were reported
(median, 0.23ig/n?) in homes of wood burners than in the homes ofafexence group
(Gustafsoret al, 2007).

The intake of butadiene that results from exposurenvironmental tobacco smoke
for a person who lives with one or more smokersames where smoking is permitted
was estimated to be in the range of 16487per day (Nazaroff & Singer, 2004). The
levels of butadiene in public houses in Dublin were assésdede and after the smoking
ban in 2004. The average level before the ban vi&sug/n [1.87 ppb]. The levels of
butadiene recorded in the same establishments wigarettes were no longer being
smoked dropped significantly to 0.2&/n? [0.1 ppb], which is still higher than the
average ambient level (0.f@/nT [0.05 ppb]) (McNabolet al, 2006).

In the metropolitan area of Mexico City, three paswho were simultaneously
monitored for butadiene inside the home and outdbad median levels of 2ig/nT
[1 ppb] (max., 11.5ug/m? [5.2 ppb]), 2.Qug/nT [0.9 ppb] (max., 8.gig/nT [3.7 ppb]) and
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0.8 pg/nt [0.4 ppb] (max., 4.6ug/n? [2.1 ppb]) for personal, indoor and outdoor ex-
posure, respectively (Serrano-Trespalaetal, 2004).

Ambient concentrations of butadiene were measurddpan during the years 1997—
2003 at general environmental stations, roadsat®ss and industrial vicinity stations.
The mean levels in 1998 were 0.28, 0.56 and g7t [0.13, 0.25 and 0.17 ppb] for the
general environment, roadside and industrial vigimespectively. The overall level was
0.36 pg/nt [0.16 ppb]. In 2003, corresponding levels wer20@42 and 0.3ug/nT
[0.10, 0.19 and 0.14 ppb], with an overall leved@9ug/nT [0.13 ppb] (Higashinet al,
2006).

Mainstream and sidestream cigarette smoke contain apateky 20-4Qug and 80—
130ug butadiene per cigarette, respectively; levels tddiane in smoky indoor environ-
ments are typically 10-3@y/nT [5-9 ppb] (IARC, 2004).

Based on its physical and chemical propertiesdieria is unlikely to be detected in
water or in soil (Agency for Toxic Substances amskeRse Registry, 1992).

14 Regulations and guidelines

Occupational exposure limits and guidelines foraligne in several countries,
regions or organizations are given in Table 17.

The government of the United Kingdom has imposedaiarquality standard for
butadiene of 2.25 pgfhf1.00 ppb] to be achieved by December 2003 (rgnaimual
mean) (AEA Energy & Environment, 2002).

Table 17.0ccupational exposure limits and guidelines for butadiene in seral
countries/regions or organizations

Country/region or TWA STEL Carcinogenicit? Notes
organization (ppmy  (ppmy
Belgium 2 Ca
Brazil 780
Canada
Alberta 2 Schedule 2
British Columbia 2 2 K2
Ontario 5
Quebec 2 A2
China (mg/m) 5 12.5 STEL based on the
‘ultra limit coefficient’
China, Hong Kong SAR 2 A2
Czech Republic (mg/f 10 20
Finland 1
Germany-MAK 1
Ireland 1 Ca2
Japan-JSOH 1

Malaysia 2
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Table 17 (contd)

Country/region or TWA STEL Carcinogenicit? Notes
organization (ppmy  (ppmy
Mexico 1000 1250 A2
Netherlands 21 Ca
New Zealand 10 A2
Norway 1 Ca
Poland-MAC (mg/rf) 10 40
South Africa-DOL CL 10
Spain 2 Cal
Sweden 0.5 5 Ca
United Kingdom 10 R45
USA
ACGIH (TLV) 2 A2 Cancer
NIOSH IDLH (ceiling) 2000 Ca
OSHA PEL 1 5

From ACGIH® Worldwide (2005)

ACGIH, American Conference of Governmental Indastilygienists; DOL CL, Department of
Labour — ceiling limits; IDLH, immediately dangemto life or health; JSOH, Japanese Society of
Occupational Health; MAC, maximum acceptable cotregion; MAK, maximum allowed concen-
tration; NIOSH, National Institute for Occupatiorigdfety and Health; OSHA, Occupational Safety
and Health Administration; PEL, permissible expeslimit; STEL, short-term exposure limit; TLV,
threshold limit value; TWA, time-weighted average

& Unless otherwise specified

P Ca (Belgium, Netherlands, Sweden, NIOSH), carcinsebstance is carcinogenic; Ca (Norway),
potential cancer-causing agent; 2, considered teabeinogenic to humans; A2, suspected human
carcinogen/carcinogenicity suspected in humansulistance which causes cancer in man/carcino-
genic to humans; Ca2, suspected human carcinogeh; Kbown or presumed human carcinogen;
R45, may cause cancer

2. Studies of Cancer in Humans

2.1 Background

Over the last 30 years, the relationship betwe@osxe to butadiene and cancer in
human populations has been investigated in numestugdies. The most relevant
investigations focused on working populations wherev employed in butadiene
monomer and styrene—butadiene rubber production.

Three independent cohorts of monomer productiorkeverin the USA have been
studied: at two Union Carbide plants in West ViigifWardet al, 1995), at a Texaco
plant in Texas (Divine & Hartman, 2001) and at alBlant in Texas (Tsait al, 2001).
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Two independent groups of styrene—butadiene ruttoeluction workers have been
studied. One was studied by the National Instibft€©ccupational Safety and Health
(NIOSH) in a two-plant complex in Ohio, USA (McMisbl et al, 1974, 1976;
Meinhardtet al, 1982), and the other comprised workers from dagilities in the USA
and Canada who were studied by researchers fromlahas Hopkins' University
(Matanoski & Schwartz, 1987; Matanosiial, 1990, 1993).

Subsequently, researchers from the University abaina at Birmingham (Delzedt
al. 1996) studied the two-plant complex originallyestigated by NIOSH plus seven of
the eight plants studied by the Johns Hopkins’ &hsity. The Johns Hopkins’ researchers
also conducted nested case—control studies witiigh working population (Santos-
Burgoaet al, 1992; Matanosket al, 1997). The University of Alabama at Birmingham
group recently updated the follow-up of the colant revised and refined their assess-
ment of exposures both to butadiene and to possibliunding co-exposures (Macaluso
et al, 2004). A number of largely overlapping publioas from these groups have been
reviewed. The most recent results were publishe@rayf et al (2005), Sathiakumast
al. (2005), and Chergt al (2007).

In addition to industry-based studies, a populdiased case—control study in
Canada (Paremt al, 2000) and a cohort study of students at a igbd adjacent to a
styrene—butadiene rubber production plant in thé JSughlin et al, 1999) are also
reviewed here.

Overall, the available studies focused consistemtlya possible increased risk for
neoplasms of the lymphatic and haematopoieticisyBtam exposure to butadiene.

Epidemiological studies of cancer and exposure uadiene are summarized in
Table 18.

2.2 Industry-based studies

2.2.1 Monomer production

A cohort mortality study included men who were gssd to any of three butadiene
production units located within several chemicaings in the Kanawha Valley of West
Virginia, USA. Of the 364 men included in the stu@y7 (76%) were employed in a
‘Rubber Reserve’ plant that operated during theo&g&Vorld War (Warckt al, 1995).
The plants produced butadiene from ethanol or fadefin cracking. The butadiene
production units included in this study were sedcfrom an index of chemical
departments that was developed by the Union Ca®atporation and included only
departments where butadiene was a primary prochetinaither benzene nor ethylene
oxide was present. The cohort studied was part lafge cohort of 29 139 chemical
workers whose mortality experience had been reportédrealthough without regard to
specific exposures (Rinslat al, 1988). Three subjects were lost to follow-ufB%6).
Mortality from all cancers was not increased (4&thg standardized mortality ratio
[SMR], 1.1; 95% confidence interval [CI], 0. 8-1.8even deaths from lymphatic and



Table 18. Epidemiological studies of exposure to3:putadiene and the risk for lympho-haematopoietiaeoplasms
Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Butadiene monomer production
Ward, E.Hetal 364 male Employment SMR Age, time  All 4 cases of
(1995, 1996), workers in in butadiene All (140-208) 48 1.1 (0.8-1.4) period,; lymphol/reticulo-
USA three units  departments; Lymphatic and 7 1.8 (0.7-3.6) county sarcomas had been
no benzene haematopoietic reference  employed> 2 years
or ethylene  Lymphosarcoma and 4 5.8 (1.6-14.8) rates (SMR, 8.3; 95% Cl,
oxide present reticulosarcoma (200) 1.6-14.8), as had
Leukaemia (204—208) 2 1.2 (0.2-4.4) those of stomach
cancer (SMR, 6.6;
95% Cl, 2.1-15.3);
all occurred in the
rubber reserve plant.
Divine & 2800 male Industrial SMR Age, time  No increasing trend
Hartman (2001), workers hygiene All cancers (140-209) Employed 333 0.9 (0.8-1.0) period, age by duration of
USA employed  sampling <5 years 170 1.0 (0.8-1.1) at hire employment; no
> 6 months data 5-19 years 55 0.8 (0.6-1.1) increasing trend by
in 1943-96 > 20 years 108 0.8 (0.7-1.0) exposure group;
Lymphohaematopoietic Employed 50 14 (1.1-1.9) lymphatic
(200-209) <5 years 26 1.6 (1.0-2.3) haematopoietic
5-19 years 8 1.2 (0.5-2.4) cancers and
> 20 years 16 1.3(0.8-2.2) lymphosarcoma
High exposure significantly
<5 years 20 1.8 (1.1-2.8) increased in the
>5 years 14 1.5(0.8-2.5) highest exposure
First employed category; elevations
1942-49 46 15(1.1-2.1) were found in
> 1950 4 0.7 (0.2-1.8) workers employed

<1950, and were
highest in short-term
workers.

0.
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Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Divine & Non-Hodgkin lymphoma Employed 19 1.5(0.9-2.3)
Hartman (2001) (200, 202) <5 years 12 1.3 (0.3-3.7)
(contd) 5-19 years 3 0.9 (0.3-2.3)
> 20 years 4 2.0 (0.9-3.9)
High exposure
<5 years 8 1.1 (0.3-2.9)
> 5 years 4 1.6 (0.9-2.6)
First employed
1942-49 17 1.6 (0.9-2.6)
= 1950 2 0.9 (0.1-3.2)
Leukaemia (204-207) Employed 18 1.3 (0.8-2.0)
<5 years 9 1.4 (0.6-2.6)
5-19 years 2 0.7 (0.1-2.6)
> 20 years 7 1.5(0.6-3.1)
High exposure
<5 years 8 1.9 (0.8-3.7)
>5 years 5 1.4 (0.4-3.2)
First employed
1942-49 18 15(0.9-2.4)
= 1950 0 0 (0-178)
Tsaiet al.(2001), 614 male Employed SMR Age, race, A concurrent
USA workers >5yearsin All cancers 16 0.6 (0.3-0.9) calendar morbidity study
butadiene Lymphatic and 3 1.1 (0.3-1.5) year; failed to show
production; haemopoietic (200-209) reference  differences in
most 8-h county- haematological
TWAs for specific values between
butadiene rates butadiene-exposed
<10 ppm and unexposed

workers within the

complex.
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Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Styrene—butadiene rubber (SBR) production
McMichaelet al. Case—cohort Employment All lymphatic and >5years in 51 6.2 (4.1-12.5) Age No information on
(1976), USA of 6678 for>2years  haematopoietic (200—93ynthetic plant exposure to specific
male rubber in SBR Lymphatic leukaemia 14 3.9 (2.6-8.0) agents
workers production (204)
based on
work
histories
Meinhardtet al. 2756 white Duration and SMR Age, time
(1982), USA men time of Lymphatic and Plant A 9 1.6 period, race
(overlapping with employed  employment ~ haematopoietic (200-5)
Delzellet al, for at least 6 Lymphosarcomaand  Plant A, total 3 1.8
1996) months reticulosarcoma Plant A, working 3 2.1
(Plant A, 1943-45
1662 men; Plant B, total 1 1.3
Plant B, Leukaemia (204) Plant A, total 5 2.0
1094 men) Plant A, working 5 2.8
1943-45
Plant B, total 1 1.0

ZL
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Table 18 (contd)
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Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Delzellet al. 15 649 8281 unique All cancers (140-208) Five main 950 0.93 (0.87-0.99) Age, race, Among ‘ever hourly
(1996), USA and workers combinations Lymphosarcoma (200) process groups 11 0.8 (0.4-1.4) calendar paid’ workers, 45
Canada employed  of work Other lymphopoietic (202and seven sub- 42 1.0 (0.7-1.5) time leukaemia deaths
(includes data  for at least 1 area/job title, Leukaemia (204-208) groups 48 1.3 (1.0-1.7) (SMR, 1.4; 95% ClI,
from Meinhardt year in eight grouped in Polymerization 1.0-1.9); SMR for
et al. (1982); production 308 work Maintenance 15 2.5(1.4-4.1) hourly workers
Matanoski & plants in areas with Labour 13 2.7 (1.4-45) having worked for
Schwartz, 1987; 1943-91 similar Laboratories 10 4.3 (2.1-7.9) > 10 years and hired
Lemenet al, exposure > 20 years ago, 2.2
1990; Matanoski (95% ClI, 1.5-3.2)
et al, 1990, based on 28
Santos-Burgoat leukaemia deaths
al., 1992;
Matanoskiet al,
1993, 1997)
Macaluscetal. 12 412 Retrospective Leukaemia (204—208) ppm-years SMR Age, race, Including 7
(1996), USA and subjects quantitative 0 8 0.8 (0.3-1.5) co-exposure decedents for whom
Canada (over- estimates of <1 4 0.4 (0.4-1.1) to styrene  leukaemia was listed
lapping with exposure to 1-19 12 1.3 (0.7-2.3) and as contributory
Delzellet al, butadiene, 20-79 16 1.7 (1.0-2.7) benzene; cause of death
1996) styrene and >80 18 2.6 (1.6-4.1) Mantel-
benzene by p-trend =0.01 Haenszel
work area Mantel-Haenszel rate ratios

0 1.0 adjusted by

<1 2.0 (NR) race,

1-19 2.1 (NR) cumulative

20-79 2.4 (NR) exposure to

>80 4.5 (NR) styrene

p-trend 0.01

€L



Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders

Matanoskiet al. Nested case-Estimated Hodgkin lymphoma (201)Average 8 1.7 (0.99-3.0) Birth year, Additional results

(1997), USA and control study cumulative  Leukaemia intensity of 26 1.5(1.1-2.1) age at hire  from the same

Canada (over-  from a exposure and exposure to before 1950, cohort are presented

lapping with cohort of average butadiene, race, length in the text

Delzellet al, 12 113 intensity of 1 ppm compared of employ- (Matanoski &

1996) employees atexposure to with 0 ppm ment Schwartz, 1987;

SBR plant  butadiene Matanoskiet al.,

1990; Santos-Burgoa
et al, 1992); non-
Hodgkin lymphoma
and multiple
myeloma were not
associated with
exposure to
butadiene.

Sathiakumaet 12 412 See Non-Hodgkin lymphoma Hourly workers SMR Age, race, No pattern by

al. (1998), USA subjects Macaluso (202) > 10 years 15 1.4 (0.8-2.3) calendar duration of

and Canada et al.(1996) worked and time employment, time

(same as Delzell > 20 years since since hire, period of

et al, 1996) hire hire or process group

122
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Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Delzellet al. 13 130 men Quantitative Leukaemia (204—-208) Butadiene ppm— Poisson regression  Age, years The association of
(2001), USA and employed  estimates years since hire  risk for leukaemia
Canada for at least 1 0 7 1.0 with butadiene was
year during > (0-<86.3 17 1.2 (0.5-3.0) stronger for ppm—
1943-91 at 6 86.3—< 362.2 18 2.0 (0.8-4.8) years due to
SBR plants >362.2 17 3.8(1.6-9.1) exposure intensities
p-trend <0.001 > 100 ppm.
Butadiene ppm-— Age, years
years since hire,
0 7 1.0 co-exposure =
>0-<86.3 17 1.3 (0.4-4.3) to other @
86.3-< 362.2 18  1.3(0.4-4.6) agents o)
>362.2 17 2.3(0.6-8.3) S
p-trend =0.250 >
Butadiene ppm-— Age, years O
years exposure since hire g
intensity < 100 m
ppm
0 7 1.0
>0-<37.8 17 1.1(0.5-2.7)
37.8-<96.3 17 2.8 (1.2-6.8)
296.3 18 3.0(1.2-7.1)
p-trend =0.25
Butadiene ppm— Age, years
years exposure since hire
intensity > 100
ppm
0 7 1.0
>0-<46.5 17 2.1(0.9-5.1)
46.5—<234.3 17 2.8 (1.2-6.7)
22343 18 5.8 (2.4-13.8)
p-trend =0.01

G/



Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% Cl) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Graffet al 16 579 men Same as Leukaemia (204-208) Butadiene ppm— Poisson regression  Age, years SMR analyses with
(2005), USA and working at 6 Delzell etal. years since hire  external reference
Canada plants> 1 (2001); 0 10 1.0 rates (national and
year by 1991 cumulative >0-<33.7 7 1.4 (0.7-3.1) state-specific) also
and followed exposure 33.7-<184.7 18 1.2 (0.6-2.7) conducted and
up through estimates for 184.7-< 425.0 18 2.9 (1.4-6.4) results for leukaemia
to 1998 butadiene, 24250 18 3.7 (1.7-8.0) consistent with those
styrene and p-trend <0.001 of internal analysis
DMDTC Butadiene ppm- Age, years using Poisson
years since hire, regression models.
Leukaemia (204-208) O 10 1.0 other agents
>0-<33.7 17 1.4 (0.5-3.9)
33.7—<184.7 18 0.9 (0.3-2.6)
184.7—< 425.0 18 2.1(0.7-6.2)
=2425.0 18 3.0(1.0-9.2)
p-trend =0.028
Chronic lymphocytic <33.7 7 1.0
leukaemia (204.1) 33.7—<425.0 11 1.5 (0.6-4.0)
=2425.0 7 3.9 (1.3-11.0)
p-trend =0.014
Chronic myelogenous < 33.7 3 1.0
leukaemia (205.1) 33.7-<425.0 8 2.7 (0.7-10.4)
>425.0 5  7.2(1.7-30.5)
p-trend =0.007
Other leukaemia <337 5 1.0
33.7—<425.0 5 1.1(0.3-3.9)
>425.0 4 4.0 (0.3-15.0)
p-trend =0.060

9.
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Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% Cl) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Sathiakumaet 17 924 male Same as SMR Age, race, Leukaemia excesses
al. (2005), USA workers Delzellet al. Non-Hodgkin lymphoma All workers 53 1.0 (0.8-1.3) calendar in production mainly
and Canada employed  (1996) (200, 202) Hourly workers 49 1.1 (0.8-1.5) period due to chronic
>1 year All cancer 1608 0.92 (0.88-0.97) lymphatic
before 1992 Lymphohaematopoietic 162 1.06 (0.9-1.2) leukaemia: polymer-
followed (200-208) ization (8 cases;
through to Hodgkin lymphoma 12 1.1 (0.6-2.0) SMR, 4.97; 95% ClI,
1998 Multiple myeloma (203) 26 0.95 (0.62-1.4) 2.15-9.80),
Leukaemia (204-208)  All workers 71 1.2 (0.9-1.5) coagulation (5 cases;
Hourly workers 63 1.2 (0.9-1.6) SMR, 6.07; 95% ClI,
Hourly workers 19 2.6 (1.6-4.0) 1.97-14.17) and
=20 years since finishing (7 cases;
hire —10 years SMR, 3.44; 95% ClI,
worked 1.38-7.09); myelo-
Production genous leukaemia
Polymerization 18 2.0 (1.2-3.2) particularly high in
Coagulation 10 2.3(1.1-4.3) maintenance labour
Finishing 19 1.6 (0.9-2.4) (acute, 5 cases;
Labour 15 2.0(1.1-3.4) SMR, 2.95; 95% ClI,
maintenance 0.96-6.88) and
Laboratories 14 3.3(1.8-5.5) laboratory (total, 6
Chronic lymphocytic All workers 16 1.5 (0.9-2.5) cases; SMR, 3.31;
leukaemia (204.1) Hourly workers 15 1.7 (0.96-2.8) 95% ClI, 1.22-7.20;

chronic, 3 cases;
SMR, 5.22; 95% ClI,
1.08-15.26)

INIIAVLNG-E'T
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Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% Cl) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Delzellet al. Butadiene ppm-— Age, years
(2006), USA and years since hire,
Canada Non-Hodgkin lymphoma 0 11 1.0 other agents
(200, 202) >0-<33.7 16 1.0 (0.4-2.6)
33.7—<184.7 10 0.4 (0.1-1.2)
184.7—< 425.0 12 0.9 (0.3-2.7)
=2 425.0 9 0.7 (0.2-2.3)
Non-Hodgkin lymphoma 0 12 1.0
and chronic lympho- > 0-<33.7 18 0.9 (0.4-2.1)
cytic leukaemia 33.7-<184.7 14 0.4 (0.2-1.1)
combined (200, 202, 184.7-<425.0 17 1.0 (0.4-2.7)
204.1) =2425.0 14 0.9 (0.3-2.7)
Lymphoid neoplasms 0 24 1.0
(200-204) >0-<33.7 28 0.9 (0.5-2.0)
33.7—<184.7 25 0.7 (0.3-1.6)
184.7-<425.0 21 1.3(0.6-3.1)
>425.0 22 15(0.6-3.8)
Myeloid neoplasms <337 19 1.0
(205, 206), 33.7—<184.7 15 0.8 (0.3-1.7)
(erythroleukaemia, 184.7-< 425.0 11 1.6 (0.6-4.1)
myelofibrosis, >425.0 11 2.4 (0.9-6.8)

myelosdysplasia,
polycythemia vera,
myeloproliferative
disease)

8.
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Table 18 (contd)

Reference, Cohort Exposure Organ site (ICD code) Exposure No. of  Relative risk (95% CI) Adjustment Comments
location description assessment categories cases/ for potential
deaths confounders
Chenget al Same as Same as Leukaemia (204-208) Cumulative 81 Cox regression Age, year of Lymphoid neo-
(2007), USA and Sathiakumar Delzellet al. ppm-years coefficient @) for birth, race, plasms associated
Canada et al (2005) (2001) exposure-response plant, years with butadiene ppm—
SE, p-value since hire, years and myeloid
Continuous B = 3.0*10* DMDTC neoplasms with

Mean scored
deciles

Total number of
peaks
Continuous

Mean scored
deciles

Average
intensity
Continuous

Mean scored
deciles

SE 1.4*10% p=0.04
(0.1¥10-5.8*10%)

B =5.8*10*

SE 2.7*10% p=0.03
(0.5%10%-11.1*10%

B =5.6*10°

SE 2.4*10° p = 0.02
(0.8*10°-10.4*109)
B =7.5*10°

SE 3.7*10° p = 0.04
(0.3*10°-14.7*107)

B =3.6*10°

SE 2.1*10°% p=0.09
(-0.5¥10%-7.7*109
B =3.8*10°

SE 3.7*10°% p=0.40
(-3.5%10%11.0*10%)

butadiene peaks;
neither trend
significant after
adjusting for
covariates; DMDTC
as a continuous
variable not
associated with
leukaemia,; risk
estimates for
quartiles of exposure
to DMDTC
significantly
increased without
monotonic trend.

Cl, confidence interval; DMDTC, dimethyldithiocarbate; ICD, International Classification of Diseg9¢R, not reported; SE, standard error; SMR, statided

INIIAVLNG-E'T

mortality ratio; TWA, time-weighted average
& 99.9% confidence interval
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haematopoietic cancers occurred (SMR, 1.8; 9590 @+3.6), including four cases of
lymphosarcoma and reticulosarcoma (SMR, 5.8; 95%l®}14.8). Three cases had a
duration of employment of 2 years or more (SMR, 8:8;0.05). Two cases of leukaemia
(SMR, 1.2; 95% CI, 0.2—-4.4) also occurred. A ngmniicant excess of mortality from
stomach cancer was observed (SMR, 2.4; 95% CI5T.B8-All five cases of stomach
cancer occurred among the subset of workers whabbad employed in the ‘Rubber
Reserve’ plant for 2 years or more (SMR, 6.6; 999%2@-15.3).

The mortality of a cohort of workers who manufaetubutadiene monomer in Texas,
USA (Downset al, 1987), has been investigated repeatedly wittateddand extended
follow-up (Divine, 1990; Divineet al, 1993; Divine & Hartman, 1996). The latest avail-
able update, that included 5 additional years ibdvioup up to 31 December 1999, was
reported by Divine and Hartman (2001). The cohorthat time included 2800 male
workers (of whom 216 were non-white and 10 werairdénown race) who had been
employed for at least 6 months between 1943 anfl. BBgosure assessment was based
on job history and industrial hygiene sampling data foyéaes after 1981. Each job was
assigned a score for exposure to butadiene thatrittbaccount calendar period and type
of operation. No information was reported on exposorchemicals other than butadiene.
The number of workers lost to follow-up was 19Z7%), all but 17 (< 1%) of whom
were known to be alive at the end of 1998. A total of 142 hdewre identified through
to 1999, and death certificates were obtained Ifdsua 19 (1.3%) of the deaths. SMRs
were calculated using mortality rates for the US fagjmn as the reference. The SMR for
all causes of death was 0.9 (95% CI, 0.8—0.9) lzatcfor all cancers (333 deaths) was 0.9
(95% ClI, 0.8-1.0). Fifty deaths from lymphatic and haepwgtic cancers (International
Classification of Diseases [ICD]-8, 200-209; SMRL; B5% CI, 1.1-1.9), nine deaths
from lymphosarcoma and reticulosarcoma (ICD-8, ZBMR, 2.0; 95% CI, 0.9-3.9), 19
deaths from non-Hodgkin lymphoma (ICD-8, 200, 28R, 1.5; 95% CI, 0.9-2.3), four
deaths from Hodgkin lymphoma (ICD-8, 201; SMR, B6% CI, 0.4-4.1), 18 deaths
from leukaemia (ICD-8, 204—207; SMR, 1.3; 95% C8-Q.0), seven deaths from mul-
tiple myeloma (ICD-8, 203; SMR, 1.3; 95% ClI, 0.%)2and 18 deaths from cancer of
other lymphatic tissue (ICD-8, 202, 203, 208; SNIRB; 95% ClI, 0.8—-2.1) were observed.
However, the latter category overlapped with nomigkin lymphoma and multiple
myeloma. The SMRs for the lymphatic and haemattipaiancers did not increase with
length of employment. Analysis by date of employtr&imowed an increased risk for
lymphatic and haematopoietic cancers among thesedinployed between 1942 and
1949. A separate mortality analysis for non-whileswed lower than expected mortality
for all malignant neoplasms (17 observed, 19 egpend a single death from lymphatic
and haematopoietic cancer. Subcohort analyses werefonagteups that were classified
as having background, low and varied exposure. bdekground-exposure group in-
cluded persons in offices, transportation, utgigad warehouses; the low-exposure group
had spent some time in operating units; and thiedrxposure group included those
with greatest potential exposure in operating utatsoratories and maintenance. In the
background-exposure group, four deaths from lymptend haematopoietic cancers
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(ICD-8, 200-209) were observed among those emplfiyed 5 years (SMR, 1.9; 95%
Cl, 0.5-4.7) and four among those exposed for 2éis/(SMR, 1.7; 95% CI, 0.5-4.3).
Eleven deaths from lymphatic and haematopoieticcaran (ICD-8, 200-209) were
observed in the low-exposure group, seven of wiviete among those with < 5 years of
employment (SMR, 0.9; 95% CI, 0.4-1.9) and four mgnthose employed for > 5 years
(SMR, 0.6; 95% ClI, 0.2-1.6). In the varied-expogymaup, with the highest potential for
exposure to butadiene, 34 deaths from lymphatic lemanatopoietic cancers (ICD-8,
200-209) were observed, 20 of which were amongeteagployed for < 5 years (SMR,
1.8; 95% ClI, 1.1-2.8) and 14 among those exposed fyears (SMR, 1.5; 95% ClI,
0.8-2.5). In all groups, the SMRs for lymphatic draematopoietic cancer decreased
with duration of employment. For lymphosarcoma aaticulosarcoma, two deaths
occurred in the low-exposure group (one among thlesployed < 5 years and one
among those employed > 5 years) and seven deaths weneedhirehe varied-exposure
group, five of which were among those employedcféryears (SMR, 3.7; 95% ClI, 1.2—
8.7) and two among those employed for > 5 yearsRSM87; 95% CI, 0.23-6.76).
Three deaths from leukaemia occurred (SMR, 0.7; @3%0.1-2.0) in the low-exposure
subgroup and 13 cases were observed in the vagedare group, eight of which were
among those employed for < 5 years (SMR, 1.9; 95%20.6-3.7) and five among those
employed > 5 years (SMR, 1.4; 95% CI, 0.4-3.2). &aths from non-Hodgkin
lymphoma were observed in the low-exposure graayr, &mong short-term employees
(SMR, 1.5; 95% ClI, 0.4-3.8) and two among thoseleysp for > 5 years (SMR, 0.9;
95% CI, 0.1-3.2), and 12 deaths occurred in thedkxposure group, eight of which
were among those employed for < 5 years (SMR,95% ClI, 0.9-3.9) and four among
long-term employees (SMR, 1.1; 95% CI, 0.3-2.9)e Naried-exposure’ group with
high potential for exposure to butadiene showedatdel SMR estimates for all
subcategories of lymphatic and haematopoietic canbat the increase was statistically
significant only for lympho/reticulosarcoma amorfgpde employed for < 5 years.
Slightly elevated SMRs were also found in the loyesure group for cancer of the
kidney (three cases; SMR, 1.6; 95% CI, 0.3—4.6;thrak cases; SMR, 1.9; 95% ClI, 0.4—
5.4; among short- and long-term employees, resgdgli In the varied-exposure group,
a suggestive excess incidence of kidney canceonlggpresent among those employed
for > 5 years (four cases; SMR, 1.65; 95% CI, 04%2). Survival analysis by Cox
regression was carried out using a cumulative exposcore as a time-dependent
explanatory variable for all lymphohaematopoietiopiasms, non-Hodgkin lymphoma
and leukaemia. None of these cancers was sigrilficassociated with the cumulative
exposure score. The elevated risk for all the lyohglematopoietic cancers and their
subcategories occurred among persons who wereefingioyed before 1950. [The
Working Group noted that although there was no engd of an exposure—response
relationship, it is probable that many workers wigithe years of the Second World War
would have had short but relatively intense exposureghasdiuration of exposure may
not be the most relevant dose metric.]
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Another relatively small retrospective mortalityidy, together with a prospective
morbidity survey, was performed on male employeésthe Shell Deer Park
Manufacturing Complex in the USA (Cowlesal, 1994) and was updated with a 9-year
extension of the follow-up (Tsat al, 2001). Butadiene monomer production took place
in the facility between 1941 and 1948 and from 19%@ards. The cohort comprised 614
eligible male employees who had worked for 5 yearsmore in jobs that entailed
potential exposure to butadiene. Also eligible wemngployees who had worked for at
least half of their total duration of employmentidg 1948-89 in a job that entailed
potential exposure to butadiene (with a minimumdsth period in such jobs). Female
employees were excluded because of the small nu@b&rwho met the eligibility
criteria. Industrial hygiene data from 1979 to 18®@wed that few exposures to buta-
diene exceeded 10 ppm [22 mdJas an 8-h TWA and that most were below 1 ppm [2.2
mg/nT]; the arithmetic mean exposure was 3.5 ppm [7.7 fiig®nly one study member
had unknown vital status at the end of the follgwvBerson—years were accrued after
1 April 1948 from the time that a person first met the elityleriteria. Death certificates
were obtained for all known decedents. SMRs adjufste age, race and calendar year
were calculated using county-specific mortalityesass the reference. Six hundred and
fourteen cohort members contributed a total of 4R [3erson—years during the expanded
study period, during which 61 deaths were idemtifithe SMR for all causes of death
was 0.55 (95% ClI, 0.42-0.70) and that for all rmaig neoplasms was 0.6 (16 deaths;
95% ClI, 0.3-0.9). Eight deaths were due to lung cancer (BMR95% ClI, 0.2-3.1) and
three to cancer of the lymphatic and haematopdistioges (SMR, 1.1; 95% CI, 0.3-1.5).
No deaths from leukaemia were observed, whereasdeath was expected. The
morbidity study included 289 of the 614 cohort memsbivho were actively employed at
some time between 1 January 1992 and 31 Decem®8r TBe morbidity experience of
this group was compared with that of an internahgarison group of 1386 active
employees during the same period who had had nosesg to butadiene. A morbidity
event was defined as an absence from work of y§ diaring 1992—-98 that resulted from
a specific diagnosed disorder. No meaningful differeircasorbidity events between the
butadiene-exposed and unexposed employees inghefrthe Shell Deer Park Manu-
facturing Complex were observed. [The Working Groaped that one criteria for in-
clusion in the cohort (at least half of total enyphent during 1948-89 in a potentially
exposed job) was a potential source of bias, aadttie SMR for all causes was un-
usually low.]

2.2.2  Styrene—butadiene rubber production

The 9-year mortality experience of a cohort of 6@&7&8e rubber workers from a
single, large tyre manufacturing plant in Ohio, Yapproximately 4% of whom worked
in the manufacture of synthetic rubber, was ingagtid during 1964—72 (McMichaet
al., 1974, 1976). Death rates from various spectigses were increased and included
lymphatic and haematopoietic cancers in general dgserved deaths; SMR, 1.36),
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lymphosarcoma and Hodgkin lymphoma (15 observedR SM64) and leukaemia (17
observed; SMR, 1.26). A case—cohort study was ehegithin the cohort to investigate
the association of excesses of mortality with djgejubs within the rubber industry to
compare workers who died from cancers in the 10{yeaod 1964—73 with a sample of
members of the whole cohort and to elucidate diffees in work histories (McMichaet
al., 1976). A 6.2-fold increase in risk for lymphatind haematopoietic cancers (99.9%
Cl, 4.1-12.5) and a 3.9-fold increase in risk yonphatic leukaemia (99.9% ClI, 2.6-8.0)
were found in association with more than 5 yearsvarfk in manufacturing units that
produced mainly styrene—butadiene rubber durin@-16d. [The Working Group noted
that no information was provided on exposure to specifistances including potentially
confounding chemicals such as benzene.]

Meinhardtet al (1982) studied the mortality experience of wiitale workers who
had been employed for at least 6 months in a tantglomplex styrene—butadiene rubber
facility in the USA. A total of 1662 workers employiedPlant A between 1943 and 1976
and 1094 workers employed in Plant B between 18801876 were followed up through
to 31 March 1976. Nine deaths from cancer of theplyatic and haematopoietic tissues
(ICD-7, 200-205) were seen in workers in Plant M 1.6). The SMR among those
from Plant A who were first employed between Janl&43 and December 1945 was
2.1. Five deaths from leukaemia (ICD-7, 204) wdsseoved in Plant A among workers
employed between 1943 and 1945 (SMR, 2.8). In Blanto deaths from lymphatic and
haematopoietic neoplasms (one lymphosarcoma/metigidoma and one leukaemia)
were observed.

Matanoskiet al. (1990) investigated mortality patterns from 194@nthetic rubber
production began in 1942) through to 1982 amond. 12 employees at styrene—buta-
diene rubber plants in Canada and the USA who teadiquisly been followed up through
to 1979 by Matanoski and Schwartz (1987). Oveltadlre were no increases in mortality
from lymphatic and haematopoietic cancers. Whenl@raps were classified according
to their longest-held job, production workers (praed by the authors to be those with
highest exposures to butadiene) had a significargtss of ‘other lymphatic cancer’ (nine
deaths; SMR, 2.60; 95% CI, 1.19-4.94). When mgytalinong production workers was
examined by race, a significant excess for leukaamas seen in blacks (three deaths;
SMR, 6.56; 95% ClI, 1.35-19.06). Of 92 deaths amaagk production workers, six
were from all lymphohaemopoietic cancers (SMR, 8% ClI, 1.87-11.07).

Nested case—control studies were conducted witlenstyrene—butadiene rubber
cohort in the USA and Canada (Santos-Burgioal, 1992; Matanosket al, 1997). In
the study by Santos-Burga al (1992), 59 cases of lymphatic and haematopoietic
cancer in male workers (1943—-82) were matched Bocbatrols by plant, age, year of
hire, duration of employment and survival to tinfedeath of the case. Each job was
assigned an estimated rank of exposure to butadiene agkestgnd cumulated exposure
for each worker was calculated using employmeribitigs. A strong association was
identified for both butadiene (odds ratio, 9.4; 968%2.1-22.9) and styrene (odds ratio,
3.1; 95% CI, 0.8-11.2). After controlling for theher exposure, the odds ratio for
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exposure to butadiene remained high and signifi@@ds ratio, 7.4; 95% ClI, 1.3-41.3)
whereas the relative risk estimate for styrene agsoximately unity (odds ratio, 1.1;
95% Cl, 0.23-4.95).

Matanoskiet al. (1997) conducted a second case—control studyvimnhested in the
styrene—butadiene cohort and included as cases mostsaintiedlymphatic and haemato-
poietic cancer decedents studied by Santos-Butah (1992). In this study, hospital
records obtained for 55 of the 59 cases studieSanjos-Burgoat al. (1992) were re-
viewed to confirm death certificate reports of lymapic and haematopoietic cancer. The
review confirmed all leukaemias, eliminated twoesasnd added one case of non-
Hodgkin lymphoma and confirmed all cases of Hodgkimphoma and multiple
myeloma. The final case groups included 58 totablyatic and haematopoietic cancers,
12 non-Hodgkin lymphomas (seven lymphosarcomas famd other non-Hodgkin
lymphomas), eight Hodgkin lymphomas, 26 leukaenaiad 10 multiple myelomas.
Controls were 1242 employees who were chosen lectehe distribution of the cohort
by plant and age, who had to have lived at leasbrag as cases and who represented
approximately 1% of the cohort, but were not maldhéividually to cases. Quantitative
exposure estimates for butadiene and styrene wevelaped by using exposure
measurements for work areas and jobs, when awilabd a modelling procedure to
obtain estimates for jobs that had no measuremé&tasit- and work area-specific
exposure estimates were linked to work histories to olvtdices of cumulative exposure
(ppm—months) and average intensity of exposure \p@dds ratios for an average
intensity of exposure of 1 ppm compared with O pgomd for ppm—months as a con-
tinuous variable were estimated using logarithryictdansformed exposure data in
unconditional logistic regression models that aled for year of birth, period of hire,
age at hire, race and length of employment. Leulkaemd Hodgkin lymphoma were
associated positively with average intensity of exjpe to butadiene (odds ratio at 1 ppm:
leukaemia, 1.50; 95% ClI, 1.07-2.10; Hodgkin lymphpth7; 95% CI, 0.99-3.02) and
with ppm—months of exposure to butadiene. Non-Hoddymphoma and multiple
myeloma were associated positively with averageniity of exposure and cumulative
exposure to styrene but not with indices of exmodor butadiene. Further analyses
indicated that, in models that included both aveiatensity of exposure to butadiene and
an indicator for longest employment in serviceplaband laboratory work areas, both
variables were statistically significantly, posdliy associated with leukaemia. Separate
analyses of lymphoid leukaemia (10 cases) and ndykdokaemia (15 cases) found that
the average intensity of exposure to butadiene,nbtitwork area, was significantly
associated with lymphoid leukaemia. Average intgnsf exposure to butadiene and
work area were both associated positively with wigeleukaemia, but the association
was significant only for work area. Matanoshi al. (1997) suggested that misclassi-
fication of quantitative indices of exposure todaliéne could explain the latter results.

Delzellet al (1996) and Sathiakumet al (1998) evaluated the mortality experience
of 15 649 men (87% white and 13% black) who hach leeaployed for at least 1 year at
any of eight styrene—butadiene rubber plants inUS& and Canada and who had
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worked in styrene—butadiene rubber-related operaticthede plants. Seven of the plants
had been studied previously by Matanoski and Sc¢hw&987), Matanosleét al (1990),
Santos-Burgoat al. (1992) and Matanoslét al(1993, 1997); the two-plant complex
studied earlier by Meinhardit al (1982) and Lemest al. (1990) was also included.
Complete work histories were available for 97%hef $ubjects: about 75% was exposed
to butadiene and 83% was exposed to styrene. Avédistdeveloped to identify every
combination of work area and job title, for a ta#él8281 uniqgue combinations. Using
information from the plant on processes and omeraitand on jobs and tasks within each
type of operation, 308 groups of work area wereipd, and comprised processes and
jobs that were considered to be similar. For aislftsese were further classified into five
main process groups and seven process subgroujisy @843-91, the cohort had a total
of 386 172 person-years of follow-up and 734 individual& et to follow-up (5%). A
total of 3976 deaths were observed compared witi3 4feaths expected on the basis of
general population mortality rates for the USA for (he Canadian subcohort) Ontario
(SMR, 0.87; 95% CI, 0.85—-0.90). Mortality from cancer wighty lower than expected
(950 deaths; SMR, 0.93; 95% CI, 0.87-0.99). Eldyemphosarcomas were observed
(SMR, 0.80; 95% ClI, 0.40-1.40) and 42 ‘other lymptietic cancers’ (SMR, 0.97; 95%
Cl, 0.70-1.52) which included 17 non-Hodgkin lymptas, eight Hodgkin lymphomas,
14 multiple myelomas, one polycythaemia vera andl myelofibroses. In addition, 48
deaths from leukaemia were observed in the fulbdg®MR, 1.31; 95% ClI, 0.97-1.74),
including 45 among ‘ever hourly paid’ (86% of the cohortjetts (SMR, 1.43; 95% ClI,
1.04-1.91). The excess was fairly consistent aglasgs and was concentrated among
‘ever hourly paid’ subjects with 10 or more yeaf®mployment and 20 or more years
since hire (28 deaths; SMR, 2.24; 95% ClI, 1.499328 among polymerization workers
(15 deaths; SMR, 2.51; 95% ClI, 1.40-4.14), maimeadabourers (13 deaths; SMR,
2.65; 95% ClI, 1.41-4.53) and laboratory workersdéfiths; SMR, 4.31; 95% ClI, 2.07—
7.93). Polymerization workers and maintenance ladysthad potentially high exposure
to butadiene but only low-to-moderate exposuretycese. Sathiakumast al (1998)
reported that, among subjects witi0 years of employment aad20 years since hire,
moderately non-significantly increased mortalitynfr non-Hodgkin lymphoma was also
apparent (15 deaths; SMR, 1.37; 95% ClI, 0.77-2128)without any consistent pattern
by duration of employment, time since hire, perdchire or process group. Mortality
from other types/sites of cancer was not signifigaievated in this cohort.

Macalusoet al (1996) reported an additional analysis, with nuetailed exposure
assessment, of mortality from leukaemia among 1% $ibjects (12 412 exposed to
butadiene) employed at six of the eight North Agaaristyrene—butadiene rubber manu-
facturing plants investigated by Delzetlal. (1996) [14 295 workers were included but a
further 2350 workers from the same plants who weteemployed in styrene—butadiene
rubber operations at those plants were not includdokelzell et al (1996)]. A total of
418 846 person—years of follow-up through 1991 &8deukaemia deaths, seven of
which were reported to be the contributory (‘unglad’) cause of death, were included
only in analyses that used internal comparisongoRgective quantitative estimates of
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exposure to butadiene, styrene and benzene weetodet and the estimation procedure
identified work areas within each manufacturingcpss, historical changes in exposure
potential and specific tasks that involved expasMi@hematical models were then used
to calculate job- and time period-specific average expssiihe resulting estimates were
linked with work histories to obtain cumulative exposistingates that were employed in
stratified and Poisson regression analyses of litpntates. Mantel-Haenszel rate ratios
adjusted by race, age and cumulative exposureytenst increased with cumulative
exposure to butadiene from 1.0 in the unexposedjeat through to 2.0, 2.1, 2.4 and 4.5
in the estimated exposure categories 0, < 1, 120979 and= 80 ppm—years, respec-
tively (p for trend = 0.01). The trend of increasing riskbméxposure to butadiene was
still significant after exclusion of the unexposedegory [p = 0.03). The risk pattern was
less clear and statistically non-significant fopesure to styrene (rate ratios, 0.9, 5.4, 3.4
and 2.7 in the estimated exposure categories 0f5<%, 10-39 and 40 ppm-—years,
respectively;p for trend = 0.14) and the association with benzdisappeared after
controlling for exposure to butadiene and styrene.

Irons and Pyatt (1998) suggested that apparentfgratit patterns of risk for
leukaemia between workers employed in butadieneomen production and those
involved in styrene—butadiene rubber productionhinie linked to a class of chemicals
with haematotoxic and immunotoxic potential (dit@damates) that were present in
styrene-butadiene rubber but not butadiene mongmeetuction. In particular, they
suggested that dimethyldithiocarbamate, which wsesi ibetween the early 1950s and
1965 in the majority of styrene—butadiene rubbantgl as a stopping agent in the cold
polymerization reaction, might confound an assamidbietween butadiene and leukaemia
in exposed workers.

A further analysis was then conducted among thehN@merican synthetic rubber
industry workers to evaluate the relative relevaoicbutadiene, styrene and dimethyl-
dithiocarbamate in the statistically significantlgcreased risk for mortality from
leukaemia (Delzellet al, 2001). The analysis included 13 130 men who Ibaeh
employed for at least 1 year during 1943-91 atadrgix synthetic rubber plants (of the
eight previously studied by Delzeit al (1996) and Sathiakumat al (1998)) that had
sufficient information for quantitative exposurdimation. Revised exposure estimates
for butadiene and styrene and new quantitativenatdis for dimethyldithiocarbamate
were developed (Macalust al, 2004). Quantitative estimates of cumulative sxpe
were obtained byaj identifying work area/job groups (‘jobs’) thatresisted of homo-
geneous work activitiesb) identifying the tasks that comprised each japidentifying
historical changes in exposure potential for eask;tl) computing time period-specific
average exposure concentrations in parts per mitintasks and jobsg) compiling the
job-specific estimates into a job—exposure matax éach plant; andf)(linking the
resulting job—exposure matrices with work histortes obtain cumulative exposure
estimates. The job—exposure matrix contained glpetific estimates of 8-h TWA
exposure concentrations for butadiene and othenichés for each job and for each year
from 1943 through to 1991. Mathematical models wesed to calculate plant-, task-,
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work areal/job group- and time period-specific agera&xposures. The revised TWA
exposure estimates, compared with the originaiestis, were about four to six times
higher for butadiene and two times higher for stgreestimates of the annual number of
peaks of exposure in each job (i.e. for each jJabnumber of component tasks in which
intensity exceeded 100 ppm for butadiene and 50 foprstyrene) were also computed.
Vital status at the end of 1991 was known for @8% of subjects. A total of 234 416
person-years of observation (average, 18 persors—yensubject) were accrued during
the follow-up period and included in the analysis. Infdiomafrom death certificates was
available for 3813 (98%) of 3892 decedents; thethdeartificates of 58 decedents
mentioned leukaemia as the underlying or contrigutiause of death. For 48 of these,
medical records confirmed that they had had leulkaefor 10, medical records were not
available and these were retained in the case giasupdditional decedent had medical
records that indicated leukaemia but the deatlificatt mentioned myelodysplasia: he
was added to the case group (total, 59 decedenis3oRaegression analysis was used to
estimate relative rates of mortality from leukaemwal their 95% ClIs for a particular
agent/exposure category compared with the categomprkers who were unexposed or
had low exposure; regression models for each ageht into account the level of
exposure, age, years since hire and, in some maetxposure to one or both of the
other chemicals. In some analyses, exposure wagdagnder the assumption that
exposures that occurred within 5 or 10 years bedesth were etiologically irrelevant.
Mortality from leukaemia showed a consistently fpasi association with increasing
exposure to butadiene (relative rate, 1.0; 1.2; €890.5-3.0; 2.0; 95% CI 0.8-4.8; and
3.8; 95% ClI, 1.6-9.1; for exposure to 0, 0-86.338862.2 and> 362.2 ppm-years,
respectively) p for trend < 0.001] and to styrene (relative rat8; 1.2; 95% CI, 0.5-3.3;
2.3; 95% ClI, 0.9-6.2; and 3.2; 95% ClI, 1.2-8.8¢kgposure to 0, 0-20.6, 20.6-60.4 and
> 60.4 ppm—years, respectively) for trend = 0.001]. Exposure to dimethyldithio-
carbamate also showed consistently increasedveelaties, but with no monotonic trend.
After controlling for exposure to styrene and dinyédithiocarbamate as well as for age
and years since hire, exposure to butadiene rethaioesistently but not statistically
significantly associated with increasing mortafiym leukaemia (relative rate, 1.0; 1.3;
95% Cl, 0.4-4.3; 1.3; 95% Cl, 0.4-4.6; and 2.3; ¥5999.6-8.3) jp for trend = 0.250].
When exposure to total peaks (> 100 ppm for butadand > 50 ppm for styrene)
was used in the analysis, a positive associati@xpdsure to butadiene and styrene with
mortality from leukaemia was again apparent; adjasts for other agents made the
associations irregular and imprecise. Lagging féf ar 10-year exposure period did not
alter the results materially. Models were alsotuestimate relative rates for leukaemia
for exposures to butadiene calculated at intesditie<c 100 ppm and > 100 ppm. In the
former analysis, a statistically non-significaneni of increasing relative rate with
increasing number of butadiene ppm—years was f(uatative rate, 1.0; 1.1; 95% CI,
0.5-2.7; 2.8; 95% Cl, 1.2-6.8; and 3.0; 95% Cl, 1.2—arlexposure to 0, 0-37.8, 37.8—
96.3 and= 96.3 ppm-years, respectively;for trend = 0.25), whereas the trend for
exposure to > 100 ppm was statistically signifiqaelative rate, 1.0; 2.1; 95% CI, 0.9—
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5.1; 2.8; 95% CI, 1.2-6.7; and 5.8; 95% CI, 2.4818r exposure to 0, 0—46.5, 46.5—
234.3 and= 234.3 ppm-years, respectively;for trend = 0.01). Analyses based on
quartiles or quintiles of exposure yielded patteshsesults similar to those seen in the
analyses based on tertiles shown above. Exposutaittmiene and dimethyldithio-
carbamate was further categorized to study iniergdbut no clear interaction between
the two agents was apparent. The analysis confirmednificant, although weaker,
association with exposure to butadiene even aftertraling for dimethyldithio-
carbamate: the relative rate for leukaemia for syp® to 0-38.7, 38.7-287.3 and
> 287.3 ppm—years of butadiene was, respectively, 115 (95% CI, 0.8-2.9) and 3.4
(95% Cl, 1.8-6.4) when unadjusted for exposurerteethyldithiocarbamatep(for trend

= 0.0001) and 1.0, 1.0 (95% CI, 0.5-2.1) and 294 <, 0.9-4.3) when adjusted for
exposure to dimethyldithiocarbamapef@r trend = 0.007). Dimethyldithiocarbamate was
associated with a non-monotonically increasing @isél the trend was statistically non-
significant after controlling for butadiene. Thdat®e rate for exposure to 0-342.4,
342.4-1222.6 and 1222.6 mg-years/cm of dimethyldithiocarbamate wnespectively,
1.0, 3.6 (95% ClI, 1.9-6.7) and 2.9 (95% CI, 1.5-8Ben unadjusted for exposure to
butadiene§ for trend = 0.003) and 1.0, 3.2 (95% ClI, 1.6-618) 2.1 (95% CI, 1.0-4.4)
when adjusted for exposure to butadiemdof trend = 0.196). A similar analysis was
conducted for co-exposure to butadiene and styfdme.marginal trend was consistent
and statistically significant for exposure to bigae adjusted for styrenp for trend =
0.006), but not for styrene adjusted for butadigméor trend = 0.763). Analyses by
specific subgroups of leukaemia were conductedspatse data rendered the results
largely uninformative. [The Working Group noted the diffties in estimating exposures
to dimethyldithiocarbamate, which are primarily at, and that substantial mis-
classification of exposure to this chemical wassjbs. Furthermore, the assessment of
exposure to dimethyldithiocarbamate was performéith whe knowledge of which
departments had excess mortality from leukaemia cndd conceivably have been
biased by this knowledge.]

Mortality from lymphatic and haematopoietic canicethe updated North American
cohort was studied in relation to exposure to beter] styrene and
dimethyldithiocarbamate (Gradft al, 2005). Two of the US plants were not included in
this analysis because information on work areafobup was not sufficient for
quantitative exposure estimation for all substancestuded were 16 579 men who had
worked at any of the six study plants for at ldagear by the end of 1991 and who were
followed up between 1944 and 1998. All work histories andsxe data came from the
previous study of Delzeltt al (2001), and exposure estimation procedures vieset
described by Macaluset al (2004). Information on vital status through t®89wvas
established for 97% of the study group. Cause afhde/as ascertained through death
certificates, the national death index and a seaframedical records. Most analyses used
Poisson regression models to obtain maximum likelihgtichates of the relative rate for
the contrast between categories of one agent.tigjdisr other agents and for additional
potential confounders. SMR analyses by level obeype to the agent were also made
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using state-specific US and Canadian male mortaliys as the comparison group and
data from death certificates and the national deathx only to determine causes of
death. During the observation period, 500 174 pengears were accrued. Based on a
review of medical records where possible, 81 defthm leukaemia, 58 from non-
Hodgkin lymphoma, 27 from multiple myeloma and 18nf Hodgkin disease were
ascertained. Single-agent analyses, adjustingderaamd years since hire, indicated a
positive association between exposure to butadieddeukaemia (relative risk, 1.0; 1.4;
95% ClI, 0.7-3.1; 1.2; 95% CI, 0.6-2.7; 2.9; 95%1XA4-6.4; and 3.7; 95% ClI, 1.7-8.0;
for exposure to 0, 0-33.7, 33.7-184.7, 184.7-425.@ &25.0 ppm-years, respectively)
[p for trend < 0.001] and between exposure to styeemkleukaemia (relative risk, 1.0,
1.3; 95% Cl, 0.6-3.2; 1.6; 95% CI, 0.7-3.9; 3.0%96I, 1.2-7.1; and 2.7; 95% ClI, 1.1—
6.4; for exposure to 0, 0-8.3, 8.3-31.8, 31.8-ahd=> 61.1 ppm-years, respectively)
[pfor trend = 0.001]. Exposure to dimethyldithioGarate was also positively
associated, but with no monotonic increase (r@aisk, 1.0; 2.5; 95% CI, 1.2-5.0; 3.0;
95% ClI, 1.5-5.9; 4.9; 95% ClI, 2.5-9.7; and 2.7; 95P41.4-5.4; for exposure to 0, 0—
185.3, 185.3-739.4, 739.4-1610.3 antb10.3 mg—years/cm, respectivelg)fpr trend

= 0.001]. Similar results were obtained for butadiand styrene when total peaks were
used as exposure metrics. Exposures to butadignenes and dimethyldithiocarbamate
were found to be highly correlated. In the models thatalatrolled for other agents, the
estimated relative rates for the increasing categof butadiene ppm-years were 1.0, 1.4
(95% ClI, 0.5-3.9), 0.9 (95% ClI, 0.3-2.6), 2.1 (96%0.7-6.2) and 3.0 (95% CI, 1.0—
9.2) [p for trend = 0.028]; for styrene, the associatippeared to be negative for trend

= 0.639]; and for dimethyldithiocarbamate, a pesitissociation was still apparent with
Nno monotonic exposure—response pattern (relatbke 1.0, 2.6; 95% CI, 1.2-5.8; 3.1;
95% Cl, 1.4-7.1; 4.4; 95% ClI, 1.9-10.2; and 2.0p95l, 0.8-4.8)p for trend = 0.066].
Individual adjustment for one or both of the oth@in exposure factors yielded similar
results: the positive increasing association betveegposure to butadiene and leukaemia
was slightly reduced; no association remained tipese; dimethyldithiocarbamate still
exhibited a positive association with leukaemia \ith no dose-response. Leukaemia
was positively associated with butadiene ppm-yeaxsued at exposure intensities
> 100 ppm and < 100 ppm. There was no evidence @ftaraction between butadiene
and dimethyldithiocarbamate or between butadiedesgmene. Analyses by histological
type clearly showed an association of butadiene—ypars with chronic lymphocytic
leukaemia (relative risk, 1.0; 1.5; 95% ClI, 0.6+89; 95% CI, 1.3-11.0p[for trend =
0.014], chronic myelogenous leukaemia (relativig, isO; 2.7; 95% CI, 0.7-10.4; 7.2;
95% Cl, 1.7-30.5) for trend = 0.007] and other leukaemia (relatisk, r1.0; 1.1; 95%
Cl, 0.3-3.9; 4.0; 95% ClI, 1.0-15.@®) for trend = 0.060] for exposures to 0—-33.7, 33.7—
425.0 ancz 425.0 ppm—yeatrs, respectively. No associations weemd for non-Hodgkin
lymphoma, multiple myeloma or acute myelogenoukdemia. Results for a case series
comprised of chronic lymphocytic leukaemia and Haalgkin lymphoma combined
were similar to those for non-Hodgkin lymphoma aldbelzellet al, 2006). External
analyses that compared mortality rates of workeesach cumulative exposure category
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to the rate in the general population and contiofte age, race and calendar year
provided consistent results.

The mortality follow-up of North American synthetiabber industry workers who
had been employed for at least 1 year before 1adardi992 at any of seven US and one
Canadian styrene-butadiene rubber plants wasdatended for a further 7 years from
1991 through to the end of 1998 (Sathiakumar g2@05) and included 17 924 subjects
(15 583 white and 2341 non-white). Work historiesviled information on each job
held, a description of the work area and job aryigtieclassification. Analyses of data by
work area were restricted to 15612 subjects whd lbeen employed in styrene—
butadiene rubber-related operations in the eighitpland classified into five major work
areas: production, maintenance, labour, laboratema other operations. For six of the
eight plants (a total of 14 273 subjects), work histowere sufficiently detailed to permit
further specification of three subgroups of workaain production, two in maintenance
and two in labour. Vital status was updated throiegh998 and ascertained for 97% of
the study group. In total, 570 (3%) subjects wert to follow-up. A total of 540 586
person-years of observation were accrued. SMRs werdataft using mortality rates of
the male population in Ontario (Canada) and irtlihee US states where the plants were
located. The update added 83 401 person—yearsi(8éase), 1578 deaths (34%), 492
deaths from cancer (44%) and 20 deaths from leulkaé39%) to those of the previous
study. Mortality from all causes was lower thart #negpected (6237 deaths; SMR, 0.86;
95% CI, 0.84-0.88) as was mortality from all caa¢@608 deaths; SMR, 0.92; 95% ClI,
0.88-0.97). Mortality from lymphatic and haemateioi cancer was slightly elevated
(162 deaths; SMR, 1.06; 95% CI, 0.90-1.23); 12hdefadbm Hodgkin lymphoma yielded
an SMR of 1.11 (95% ClI, 0.58-1.95) and 71 deathm femkaemia represented a modest
excess above expectation (SMR, 1.16; 95% CI, 0.8T}-1Mortality from non-Hodgkin
lymphoma was as expected (53 deaths; SMR, 1.00; @5%.75-1.30) and that from
multiple myeloma was lower than expected (26 de&MR, 0.95; 95% ClI, 0.62-1.40).
No consistent patterns were observed when mortadity analysed by ever/never hourly
paid, by years since hire or by years worked. & dkerall study group, the excess
mortality from leukaemia was concentrated among wiem had been hired in the 1950s
(31 deaths; SMR, 1.50; 95% CI, 1.01-2.11). The &xerortality from all leukaemias
was highest among hourly paid workers (63 deatmiR,S1.23; 95% CI, 0.94-1.57),
especially among those who had 20-29 years simeeahd= 10 years worked (19
deaths; SMR, 2.58; 95% CI, 1.56-4.03). Analysisspgcific histological type was
possible for 65 of the 71 leukaemias and for thé8198 time period only. For all
subjects included in this analysis, the SMR forf@lins of leukaemia (65 deaths) was
1.26 (95% CI, 0.97-1.61), that for lymphocytic leaknia (19 deaths) was 1.28 (95% Cl,
0.77-2.00) and that for myelogenous leukaemia @g8hd) was 1.27 (95% CI, 0.84—
1.83). In the SMR analysis restricted to 1968—38rlly paid workers had an overall
SMR for leukaemia (65 deaths) of 1.35 (95% CI, 41035), and the excess mortality
was particularly marked among those who had 20-€2@sysince hire ang 10 years
worked (SMR, 2.84; 95% CI, 1.68-4.49); a non-sigaift increase was seen for
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lymphocytic leukaemia (four deaths; SMR, 2.33; 95% CB-&37), whereas the excess
for myelogenous leukaemia was significant (nine de&hkR, 3.20; 95% ClI, 1.46-6.07)
and was stronger for the chronic myelogenous fa@im deaths; SMR, 6.55; 95% ClI,
2.40-14.26). Analysis by production work areashe whole cohort, with follow-up
between 1944 and 1998, showed an association betwesality from leukaemia and
working in the following areas: polymerization (@i8aths; SMR, 2.04; 95% CI, 1.21—
3.22), coagulation (10 deaths; SMR, 2.31; 95% (111-44.25) and finishing (19 deaths;
SMR, 1.56; 95% CI, 0.94-2.44); in maintenance lal§db deaths; SMR, 2.03; 95% Cl,
1.14-3.35); and in laboratories (14 deaths; SME;35% ClI, 1.78-5.46). The excesses
of mortality in production were mainly due to chionlymphatic leukaemia:
polymerization (eight deaths; SMR, 4.97; 95% C1529.80), coagulation (five deaths;
SMR, 6.07; 95% CI, 1.97-14.17) and finishing (sesdeaths; SMR, 3.44; 95% CI, 1.38—
7.09), whereas mortality from myelogenous leukaemias particularly high in
maintenance labour (acute, five deaths; SMR, 2.95; O5%.96—6.88) and in laboratory
workers (total, six deaths; SMR, 3.31; 95% CI, £2220; chronic, three deaths; SMR,
5.22; 95% Cl, 1.08-15.26).

Chenget al. (2007) used Cox proportional hazard models os¢hef data analysed
by Graffet al (2005) to examine further the exposure—response raldi@ween several
butadiene exposure indices and leukaemia (81 detdeind to assess exposure—
response relations between butadiene and all lyichptemplasms (120 decedents from
lymphatic leukaemia, non-Hodgkin lymphoma, Hodghiymphoma and multiple
myeloma) and all myeloid neoplasms (56 decedemism fmyeloid and monocytic
leukaemia, myelofibrosis, myelodysplasia, myeloprdiige disorders and polycythemia
vera). Cox regression techniques were considergérinit estimation of the exposure—
response relations throughout the exposure rarmepravide optimal control of
confounding by age and to be less affected bydotezlations among exposure variables.
A subset of 488 subjects was excluded becausedtbeped out from follow-up at ages
below that of the youngest leukaemia decedent.nRatteconfounders for which the
analyses controlled included dimethyldithiocarb@anaace, plant, years since hire and
year of birth. The butadiene exposure indices lisatiese analyses were: cumulative
exposure in ppm—years, total number of exposurgeaks (> 100 ppm) and average
intensities of exposure in parts per million. Altéde exposure indices were associated
positively with the risk for leukaemia. Penalizealiree regression indicated that the
natural logarithm of the hazard ratio for leukaemi@eased in a fairly linear fashion in
the exposure range below the 95th percentile fdhade indices. Analysis by decile of
exposure to butadiene showed an irregular pattérestmated rate ratios. After
controlling for all co-variates, estimated relatra¢es by decile range of values exhibited
a non-monotonic trend that was of borderline diedissignificance for ppm-—yearp for
trend = 0.049], but not for exposure to pegk®of trend = 0.071] or average intensity of
exposurep for trend = 0.433]. Models that used continuoysosure variables indicated
that, for butadiene ppm-years, the exposure—respaglation with leukaemia was
positive and statistically significant in all butd of the eight models evaluated. After
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adjustment for all co-variates, the regressionfimert 3 that estimated the slope of the
exposure—response relation was 3.0 ¥ (@5% Cl, 0.1x 10-5.8x 10% p = 0.04) in
models that used continuous, untransformed ppmsyga& x 10" (95% ClI, 0.5x 10™-
11.1x 10™* p = 0.03) in models that used mean scored decile§.4nd 10* (p = 0.04) in
models that used mean scored quintiles. The expassponse trend for butadiene peaks
and leukaemia was positive and statistically sigmifién all eight models. The regression
coefficient was 5.6 x 10 (95% Cl, 0.8x 10°-10.4x 10™ p = 0.02) in models that
used continuous, untransformed butadiene peakg.8nd10° (95% Cl, 0.3x 10°-14.7
x 107 p = 0.04) in models that used mean scored decildsutafdiene peaks, after
controlling for all covariates. The association aferage intensity of exposure to
butadiene with leukaemia was statistically sigaificonly in the model that used the
square-root transformation of parts per millionadigne. Lagging of exposure had a
small impact on the value of the coefficients fug three exposure variables. Lymphoid
neoplasms were associated with the ppm—years expwglex and myeloid neoplasms
with exposure to peaks. However, neither of the relati@ssstatistically significant after
control for covariates. Cumulative exposure to diyleithiocarbamate, when treated as
a continuous variable, was not associated withaeurda in any of the models. The risk
estimates for each quartile of cumulative expogoralimethyldithiocarbamate were
significantly increased, even after adjustment damulative exposure to butadiene,
without, however, a monotonic trend. Relative ratieneges were, respectively, 2.4 (95%
Cl, 1.2-5.0), 2.9 (95% ClI, 1.4-5.8), 4.5 (95% CP-8.9) and 2.1 (95% CI, 1.0-4.4)
[p for trend = 0.458].

[The Working Group noted that, given the strongelation between original and
revised estimates (Spearman’s 0.9) reported, the validation of the exposutaneges
in one plant during 1977-91 (Sathiakumar & DelZ#I07) showed that estimates from
the most recent measurements were in general Jesg ¢0 measured exposures,
especially for the styrene—butadiene rubber-relfgbdtitles. The ranking of jobs had
hardly changed from the first estimates (Macaltsal, 1996) to the adjusted estimates
(Macalusoet al, 2004). However, it is uncertain to what exterig tralidation can be
extrapolated to the other plants.]

2.2.3  Other rubber production

Bondet al. (1992) reported a mortality study of 2904 male keos engaged in the
development and manufacture of styrene-based pmydincluding styrene—butadiene
latex, who were potentially exposed to styrene aeldted chemicals [including
butadiene] for at least 1 year between 1937 and.IBfe number of person—years of
follow-up during 1970-86 for workers in this production \Was754. In comparison with
USA mortality rates, the SMR for all causes of Heatong styrene—butadiene latex
workers was 0.9, based on 82 deaths. A total of 13 cancersheamved (22.0 expected,;
SMR, 0.6), and no site had an SMR that exceedeay. @ne death from lymphatic and
haematopoietic cancers occurred, which was dueukaémia (ICD-8 204—207) versus
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0.9 expected. [The Working Group noted the limitdfdrmation relating to exposure to
butadiene.]

2.3 Population-based studies

The risk for lymphatic and haematopoietic cancexs avaluated among students of a
high school in eastern Texas, USA, that was bounithearear by facilities that had
produced synthetic styrene—butadiene rubber since 1848t{linet al, 1999). A cohort
of 15 043 students who had attended the school feastt 8 consecutive months during a
school year between 1963 and 1993 was construatedtal, 338 graduates (241 men
and 97 women) had died during the follow-up pedbd963—-95, which were fewer than
expected. The SMR for all lymphatic and haematdjgsoiancer was 0.84 (95% Cl, 0.74—
0.85) for men (12 observed deaths) and 0.47 (95%006-1.70) for women (two
observed deaths). The SMR was higher for 1530 merhati attended the school fop
years than for the 6352 who had attende@f@ryears. For the former group, the SMR
for all lymphatic and haematopoietic cancer wa® 8%% Cl, 0.87-8.20).

A population-based case—control study in the Mahtagea, Canada (Paresital,
2000), assessed the association between renalarelhoma and a large number of
occupational exposures among men aged 35-70 yetwrsdm 1979 and 1985. Cases
were identified at all large hospitals in the aaed were histologically confirmed; case
ascertainment was 95% complete. Comparison wagaaut with two sets of controls:
subjects with other types of cancer and peoplectselefrom the general population.
Questionnaires on cancer risk factors that incluifeime occupational history were
administered. Relative risks were estimated by agdtes from unconditional logistic
regression models. In the analysis, 142 casespdpBlation controls and 1900 other
cancer controls were available. The odds rati@tposure to ‘styrene—butadiene rubber’
was 2.1 (10 exposed cases; 95% ClI, 1.1-4.2) ajtarating for age, family income,
tobacco smoke and body mass index and 1.8 (95%h%=13.7) after controlling for other
occupational exposures. [The Working Group notedl ithwas unclear what was meant
by exposure to styrene—butadiene rubber.]

3. Studies of Cancer in Experimental Animals

3.1 Inhalation exposure

3.1.1 Mouse

Groups of 50 male and 50 female B6¢8fice, 8-9 weeks of age, were exposed by
whole-body inhalation to 625 or 1250 ppm [1380 88@ mg/ni| butadiene (minimum
purity, > 98.9%) for 6 h per day on 5 days per wieel60 weeks (males) or 61 weeks
(females). Equal numbers of animals were sham-expasd served as controls. The
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study was terminated after 61 weeks because ahaihtidence of lethal neoplasms in
the exposed animals. Deaths were mainly due t@naait lymphomas. The numbers of
survivors at 61 weeks were: males — 49/50 cortfb0 low-dose and 7/50 high-dose;
females — 46/50 control, 15/50 low-dose and 30/gb-Hose. As shown in Table 19,
butadiene induced haemangiosarcomas that origimatdee heart and metastasized to
various organs. The incidence of haemangiosarcaft®e heart in historical controls
was extremely low (1/2372 males, 1/2443 female#f)eOtypes of neoplasm for which
the incidence was significantly increased (Fishexact test) in animals of each sex were
malignant lymphomas, alveolar/bronchiolar adenomasarcinomas of the lung and
papillomas or carcinomas of the forestomach. Tumthat occurred with significantly
increased incidence in females only included hegditdar adenoma or carcinoma of the
liver: 0/50 control, 2/47q = 0.232) low-dose and 5/4p € 0.027) high-dose; acinar-cell
carcinoma of the mammary gland: 0/50 control, 2/49 low-doge5/49§ = 0.012) high-
dose; and granulosa-cell tumours of the ovary: 0/49ap6d5 o = 0.01) low-dose and
12/48 6 < 0.001) high-dose. Gliomas were observed in tiadnof one male mouse
exposed to 1250 ppm and in two male mice exposdi2%oppm butadiene (National
Toxicology Program, 1984; Huét al, 1985).

Table 19. Incidence of tumours in B6C3F mice exposed to butadiene t
inhalation at 625 and 1250 ppm for 61 weeks

Male Female
0 625 ppm 1250 ppm 0 625 ppm 1250 ppm
Haemangiosarcoma of 0/50 16/49 7149 0/50 11/48 18/49
heart (with metastases) (p<0.001§ (p=0.006) (p<0.001) (p<0.001)
Malignant lymphoma 0/50 23/50 29/50 1/50 10/49 10/49
(p<0.001) (p<0.001) (p=0.003) (p=0.003)
Lung alveolar/bronchiolar2/50  14/49 15/49 3/49 12/48 23/49
adenoma or carcinoma (p<0.001) (p<0.001) (p=0.01) (p<0.001)
Forestomach papilloma 06/49  7/40 1/44 0/49 5/42 10/49
carcinoma (p=0.003) (p=0.47) (p=0.018) (p<0.001)

From National Toxicology Program (1984); Heffal. (1985)
& p values from Fisher’s exact test

Because of the reduced survival of mice in théairstudy, further studies were con-
ducted at lower exposure concentrations. In orgystyroups of 70—90 male and 70-90
female B6C3F mice, 6.5 weeks of age, were exposed by whole-lidalation to O,
6.25, 20, 62.5, 200 or 625 ppm [0, 14, 44, 138, é40380 mg/n butadiene (purity,
> 99%) for 6 h per day on 5 days per week for up years. Up to 10 animals per group
were killed and evaluated after 40 and 65 weelexpbsure. Survival was significantly
reduced§ < 0.05) in all groups of mice exposed to 20 pprhigher; terminal survivors
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were: males — 35/70 control, 39/70 at 6.25 ppm/@4t 20 ppm, 22/70 at 62.5 ppm,
3/70 at 200 ppm and 0/90 at 625 ppm; females —033iAtrol, 33/70 at 6.25 ppm, 24/70
at 20 ppm, 11/70 at 62.5 ppm, 0/70 at 200 ppm &M@ & 625 ppm. As shown in Table
20, exposure to butadiene produced increases Indeses in the incidence of lympho-
mas, heart haemangiosarcomas, lung alveolar/baachhdenomas and carcinomas,
forestomach papillomas and carcinomas, Harderiandghdenomas and adenocarcino-
mas and hepatocellular adenomas and carcinomasin@idence of mammary gland
adenocarcinomas and benign and malignant ovarganigisa-cell tumours was increased
in females. Lymphocytic lymphomas were seen ay earlafter 23 weeks of exposure
and were the principal cause of death in male enthie mice exposed to 625 ppm
butadiene (Melniclet al, 1990; National Toxicology Program, 1993).

In the same study, a stop-exposure experiment aratucted in which groups of 50
male B6C3k mice, 6.5 weeks of age, were exposed to butadjmnity, > 99%) by
whole-body inhalation for 6 h per day on 5 dayswyeek at concentrations of 200 ppm
[440 mg/mi] for 40 weeks, 312 ppm [690 mgffior 52 weeks, 625 ppm [1380 mgim
for 13 weeks or 625 ppm [1380 md]nfor 26 weeks. The multiple of the exposure
concentration and duration of exposure (ppm—weela approximately 8000 ppm-—
weeks or 16 000 ppm-weeks for the exposure grodips: the exposures were ter-
minated, the animals were placed in control chamif@r up to 104 weeks after the
beginning of treatment. A group of 70 males seagahamber controls (0O ppm). [The
Working Group noted that this was the same cogtalp as that used in the experiment
described in the above paragraph.] Survival was redpce®.05) in all exposed groups;
the numbers of survivors at the end of the studyevgb controls, nine exposed to
200 ppm, one exposed to 312 ppm, five exposed Soppn for 13 weeks and none
exposed to 625 ppm for 26 weeks. As shown in T2hlexposure to butadiene produced
increases in the incidence of Ilymphomas, heart &agimsarcomas, lung
alveolar/bronchiolar adenomas and carcinomas,ttregxh papillomas and carcinomas,
Harderian gland adenomas and adenocarcinomastiptepand carcinomas and kidney
tubular adenomas. This exposure protocol reveatiliti@anal tumour sites in males
(preputial gland and renal cortex). The incidenfclmphocytic lymphoma was greater
after exposure to higher concentrations of butadiena short time than after exposure to
lower concentrations for an extended period (M&leical, 1990; National Toxicology
Program, 1993). Brain neoplasms including two niglagtomas and three gliomas were
observed in mice exposed to 625 ppm for 13 or 26kssén the stop-exposure study
(National Toxicology Program, 1993). Brain neoplasare rare and had never been seen
in historical National Toxicology Program contralsthe time of the study. [The Working
Group noted that brain tumours are rare in miceva@ig observed, although at a low
incidence, in both National Toxicology Program &mys (National Toxicology
Program, 1984, 1993).]

Follow-up studies were completed to test the hygsiththat the high incidence of
lymphocytic lymphomas in mice exposed to conceptmatof 200 ppm butadiene or
higher was at least partially dependent on thevatain of an endogenous retrovirus in



Table 20. Survival and incidence of tumours in micexposed to butadiene by inhalation for up to 2 yea

Exposure concentration (ppm)

96

0 6.25 20 62.5 200 625
Males
Initial numbe? 70 70 70 70 70 90
Number of survivors 35 39 24 22 3 0
Lymphoma 4 (8% 3 (6%) 8 (19%) 11 (25%) 9 (27%§ 69 (97%
Heart haemangiosarcoma 0 (0%) 0 (0%) 1(2%) 13%f 20 (57%§ 6 (53%f
Lung alveolar/bronchiolar adenoma and carcinoma22 (46%) 23 (48%) 20 (45%) 33 (72%) 42 (87%§ 12 (73%j
Forestomach papilloma and carcinoma 1 (2%) 0 (0%) 1 (2%) 5(13%) 12 (36%) 13 (75%f
Harderian gland adenoma and adenocarcinoma 6 (13%) 7 (15%) 11 (25%) 24 (53%) 33 (77%§ 7 (58%f
Hepatocellular adenoma and carcinoma 31 (55%) 27 (54%) 35 (68%) 32 (69%) 40 (87%)12 (75%)
Preputial gland adenoma or carcinoma 0 (0%) 0 (0% 0 (0%) 0 (0%) 5(17%) 0 (0%)
Females
Initial numbef 70 70 70 70 70 90
Number of survivors 37 33 24 11 0 0
Lymphoma 10 (20%) 14 (30%) 18 (41%) 10 (26%) 19 (58%) 43 (89%)
Heart haemangiosarcoma 0 (0%) 0 (0%) 0(0%) 3%)( 20 (64%) 26 (84%F
Lung alveolar/bronchiolar adenoma and carcinoma 4 (8%) 15 (3296) 19 (44%§ 27 (61%5 32 (81%5 25 (83%)
Forestomach papilloma and carcinoma 2 (4%) 2 (4%) 3 (8%) 4 (12%) 7 (31%0) 28 (85%j
Harderian gland adenoma and adenocarcinoma 9 (18%) 10 (21%) 7 (17%) 16 (40%) 22 (67%§ 7 (48%
Hepatocellular adenoma and carcinoma 17 (35%) 20 (41%) 23 (52%) 24 (60%§ 20 (68%§ 3 (28%)
Mammary gland adenocarcinoma 0 (0%) 2 (4%) 2 (5%) 6 (16%) 13 (47%J 13 (66%}f
Ovarian benign and malignant granulosa-cell tumourl (2%) 0 (0%) 0 (0%) 9 (24%) 11 (44%§ 6 (44%)

From Melnicket al (1990); National Toxicology Program (1993)

& Initial numbers include animals removed from thedgtfor interim sacrifices at 40 and 65 weeks qfasure.
® Mortality-adjusted tumour rates are given in paneses.

¢ p < 0.05, based on logistic regression analysis adjastment for intercurrent mortality
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Table 21. Survival and incidence of tumours in malenice exposed to butadiene in stop-exposure studies

Exposure
0 ppm 200 ppm, 312 ppm, 625 ppm, 625 ppm,
40 weeks 52 weeks 13 weeks 26 weeks

Initial number 70 50 50 50 50
Number of survivors 35 9 1 5 0
Lymphoma 4 (8%} 12 (35% 15 (55% 24 (61%§ 37 (90%§
Heart haemangiosarcoma 0 (0%) 15 (47%) 33 (87%} 7 (31%y§ 13 (76%)j
Lung alveolar/bronchiolar adenoma and carcinoma  (4B%6) 35 (88%) 32 (88% 27 (87%j 18 (89%)j
Forestomach squamous-cell papilloma and carcinomd. (2%) 6 (2096) 13 (52%§ 8 (33%f 11 (63%)§
Harderian gland adenoma and adenocarcinoma 6 (13%) 27 (72%} 28 (86%} 23 (82%} 11 (70%f
Preputial gland adenoma and carcinoma 0 (0%) o) (3 4 (21%) 5 (21%§ 3 (31%§
Renal tubular adenoma 0 (0%) 5 (16%) 3 (15%f 1 (5%) 1 (11%)

From Melnicket al (1990); National Toxicology Program (1993)

& After exposures were terminated, animals were placeontrol chambers until the end of the study(t weeks.

® Mortality-adjusted tumour rates are given in parneses.
¢ p<0.05, based on logistic regression analysis adjustment for intercurrent mortality
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the strain of mouse used in the study. Groups of 60 malel3&@a8 60 male NIH Swiss
mice, 4-6 weeks of age, were exposed to 0 or 1280 [2760 mg/nj butadiene
(> 99.5% pure) by whole-body inhalation for 6 h pay on 5 days per week for 52
weeks. An additional group of 50 male B6G8kice was exposed similarly to butadiene
for 12 weeks and held until termination of the expent at 52 weeks. The incidence of
thymic lymphomas was 1/60 control, 10/48 exposed foweeks and 34/60 exposed for
52 weeks in B6C3Fmice and 8/57 in NIH Swiss mice exposed for 52 ksee
Haemangiosarcomas of the heart were observed th BB&€3k mice and 1/57 NIH
Swiss mice exposed for 52 weeks. Exposure of Be@8€e to 1250 ppm of butadiene
for 6 h per day on 5 days per week for 3-21 weekatly increased the quantity of
ecotropic retrovirus recovered from bone marrowimirs and spleen. This was not the
case for NIH Swiss mice in which proviral ecotropiequences are truncated and the
virus is not expressed. The authors suggestedttibatack of retroviruses provides
resistance to the induction of the lymphomas bwdiate (Ironset al, 1987a, 1989;
Irons, 1990). [The Working Group noted that Swisgemare less sensitive to the
induction of haemangiosarcomas of the heart anghhgmas and that genetic factors
may contribute to the development of these tumpurs.

One study addressed the question of whether aesihgih level of exposure to
butadiene was sufficient to induce neoplasia. GgafB0 male and 60 female B6G3F
mice, 8—10 weeks of age, were exposed by whole-lmtdyation for a single 2-h period
to 0, 1000, 5000 or 10 000 ppm [0, 2200, 11 00@2>000 mg/r butadiene [purity
unspecified]. The mice were then held for 2 yeatrsyhich time all survivors were killed
and tissues and organs were examined histopatballygiSurvival, weight gains and
tumour incidence in exposed mice were not affebtedxposure to butadiene (survival:
males — 28/60 control, 34/60 low-dose, 44/60 micedmsd 34/60 high-dose; females —
45/60, 36/60, 38/60 and 48/60, respectively) (Buehal, 1993).

3.1.2 Rat

Groups of 100 male and 100 female Sprague-Dawlsy 4a5 weeks of age, were
exposed by whole-body inhalation to 0, 1000 or 86p6 [0, 2200 or 17 600 mgim
butadiene (minimal purity, 99.2%) for 6 h per day ® days per week for 111 weeks
(males) or 105 weeks (females). Survival was retlircdow- ( < 0.05) and high-dose
(p< 0.01) females and in high-dose males<(0.05); the numbers of survivors were:
males — 45 control, 50 low-dose and 32 high-desmafes — 46 control, 32 low-dose
and 24 high-dose. Tumours that occurred at a gignify increased incidence in males
were pancreatic exocrine adenomas (control, 3/k@¥:dose, 1/100; and high-dose,
10/100,p < 0.001) and interstitial-cell tumours of the tegtisntrol, 0/100; low-dose,
3/100; and high-dose, 8/100;for trend< 0.001). Those that occurred at a significantly
increased incidence in females were follicular-alenomas of the thyroid gland
(control, 0/100; low-dose, 2/100; and high-dosé1Q@; p for trend< 0.01), sarcomas of
the uterus (control, 1/100; low-dose, 4/100; argh{dose, 5/100p for trend< 0.05),
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carcinomas of the Zymbal gland (control, 0/100;-tmge, 0/100; and high-dose, 4/100;
p for trend< 0.01) and benign and malignant mammary tumounstr@o 50/100; low-
dose, 79/100; and high-dose, 81/1p@pr trend< 0.001). Mammary adenocarcinomas
were found in 18/100 control, 15/100 low-dose aBH.@0 high-dose female rats (Owen
et al, 1987; Owen & Glaister, 1990).

3.2 Carcinogenicity of metabolites
3.2.1 1,2-Epoxy-3-butene (epoxybutene)
Mouse

A group of 30 male Swiss mice, 8 weeks of age,jivedadermal applications of 100
mg undiluted epoxybutene, the initial monoepoxideaiolite of butadiene, three times
per week for life. The median survival time was 28ys; three skin papillomas and one
squamous-cell carcinoma were observed (Van Dwetrah 1963). [The Working Group
noted that this incidence was similar to that intaa groups that were left untreated.]

3.2.2 1,2:3,4-Diepoxybutane (diepoxybutane)
(@ Mouse

Two groups of 30 male Swiss mice, 8 weeks of agmived dermal applications of
100 mgD,L-diepoxybutane (10% in acetone) or 100 mgsediepoxybutane (10% in
acetone) three times a week for life. The mediavigl times were 78 and 154 weeks,
respectively. Two skin papillomas and one squancellsearcinoma were observed
following treatment wittD,L-diepoxybutane and six skin papillomas and fouastpus-
cell carcinomas were observed following treatmeittt mesediepoxybutane. Eight skin
papillomas and no carcinomas were observed in I2fome-treated controls (Van
Duurenet al, 1963).

D,L-Diepoxybutane induced one skin papilloma or 1 giéapillomas and six
squamous-cell carcinomas when applied to the dkiwm groups of 30 female Swiss
mice, 8 weeks of age, at respective doses of 10vag B 100 mg acetone three times per
week for life.meseDiepoxybutane induced five skin papillomas and feguamous-cell
carcinomas or one skin papilloma when applied ¢ostin of two groups of 30 female
Swiss mice at respective doses of 10 or 3 mg immi@@cetone three times per week for
life. No tumours were observed in 60 acetone-tceatmtrol mice (Van Duureat al,
1965).

Groups of 15 male and 15 female strain A mice, 4—6 wafekge, received 12 thrice
weekly intraperitoneal injections afdiepoxybutane at total doses ranging from 1.7 to
192 mg/kg bw (35-2200 pmol/kg bw) in water or tigdin. The experiment was
terminated 39 weeks after the first injectiarDiepoxybutane slightly increased the
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incidence (40-78% versus 27—-37% in controls) anttipticity (0.5-1.5 tumour/mouse
versus 0.29-0.48 tumours/mouse in controls) of tungurs (Shimkiret al, 1966).

Groups of male Swiss mice, 6 weeks of age, recaimbdutaneous injections of 0.1
or 1.1 mgp,L-diepoxybutane in 0.05 mL tricaprylin once a weak401-589 days. Five
local fibrosarcomas and two adenocarcinomas ofkb#in were observed in a group
of 50 mice (0.1-mg dose) and five local sarcomas gmoup of 30 mice (1.1-mg dose).
No tumours were observed in three tricaprylin-gdatontrol groups (total of 110
animals) (Van Duureat al, 1966).

Groups of 56 female B6C3ice [it is unclear whether the animals were 6 or 10-11
weeks of age] were exposed by inhalation to 0p2%&0 ppnD,L-diepoxybutane for 6 h
per day on 5 days per week for 6 weeks. Eight daip® group were examined for acute
toxicity at the end of the exposures and most @i remaining animals in each group
were held for 18 months to observe tumour development (finmals were actually held
for 6 months and four others for 12 months). Thaosures resulted in nasal lesions that
led to reduced survival. At the end of the expenitneeoplastic lesions were observed in
the nasal mucosa, reproductive organs, lymph ndomse, liver, Harderian gland,
pancreas and lung, but the only statistically §icanit increase was in the incidence of
Harderian gland lesions. The incidence of totalddaan gland tumours was 0/40
control, 2/42 low-dose and 5/36 high-dose aninals (.05,x° test) (Hendersost al,
1999, 2000).

(b) Rat

Subcutaneous injection of 1 rg.-diepoxybutane in 0.1 mL tricaprylin once a week
for 550 days induced nine local fibrosarcomas aredamlenocarcinoma of breast origin in
50 female Sprague-Dawley rats that were 6 weekagefat the beginning of the ex-
periment. One adenocarcinoma of breast origin wasrged in 50 control animals (Van
Duurenet al, 1966).

A 5-mg/mL dose of diepoxybutane dissolved in 0.5 tnidaprylin was administered
once a week by a gastric feeding tube to five fensgrague-Dawley rats, 6 weeks of
age, for 363 days. No gastric tumours were obsdivaad Duureret al, 1966).

Groups of 56 female Sprague-Dawley rats [it is esucivhether the animals were 6 or
10-11 weeks of age] were exposed by inhalation 2o080or 5.0 ppnw,L-diepoxybutane
for 6 h per day on 5 days per week for 6 weekshtEgimals per group were examined
for acute toxicity at the end of the exposures mmagdt of the 48 remaining animals in
each group were held for 18 months to observe tumhexelopment (four animals were
actually held for 6 months and four others for 12ths). The exposures resulted in nasal
lesions that led to reduced survival. At the endhef experiment, the only significant
increase was in the incidence of neoplasms of éisalrmucosa. The incidence of these
tumours, principally sqguamous-cell carcinomas, @&y control, 12/48 low-dose and
24/48 high-dose animals. Three high-dose rats hatpie tumours (Hendersogt al,
1999, 2000).
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4. Mechanistic and Other Relevant Data

The toxicokinetics and toxicology of butadiene haeen comprehensively reviewed
(IARC, 1999). No measured data on the pharmacotetf butadiene in exposed
humans were available at that time. Data on adomumber of metabolites and
haemoglobin adducts of butadiene in exposed huraadsdata on butadiene and its
metabolites in experimental systems using humasudss were included. However,
considerably more information is currently avaat#garding the metabolic pathways of
butadiene and its major metabolites (see Figure 1).

Figure 1. Metabolic pathways of butadiene deduced fromridings in mammals
in vitroandin vivo
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4.1 Absorption, distribution, metabolism and excretion

41.1 Humans

(@) Butadiene

Perbelliniet al (2003) determined the concentrations of butadienalveolar air,
blood and urine in humans after non-occupationglosdre. Breath, blood and urine
samples were taken from 61 men who lived in small mouniléages of Northeast Italy.
The mean age of the subjects was 44.5 years (raégé4 years); 15 were smokers and
46 were nonsmokers (11 of these were exposed endieand tobacco smoke). Samples
were collected after overnight rest and analyseddagispace and GC-MS methods. The
median concentrations of butadiene were 1.2 nglhge, < 0.8-13.2 ng/L) in alveolar
air, 2.2 ng/L (range, < 0.5-50.2 ng) in blood arfdrig/L (range, < 1-8.9 ng/L) in urine.
Concentrations were significantly higher (two teethtimes) in smokers compared with
nonsmokers in all biological media. The ratio af thedian butadiene concentration in
blood to alveolar air was 1.8, which is consisteith published values for measured
blood:air partition coefficients.

Lin et al (2001) conducted an inhalation study to ideritifjuential physiological
factors in the respiratory uptake of butadienetimans. Healthy volunteers (71 men and
62 women) were exposed to 2 ppm [4.42 mpMutadiene for 20 min followed by
purified air for 40 min. Exhaled breath samples eveollected during exposure to
determine the uptake of butadiene (micrograms jlegrekm of body weight (bw)
butadiene absorbed), which varied from 0.6 to kg bw. The blood:air partition
coefficient and alveolar ventilation were most gigant in determining uptake. Women
had a slightly higher uptake than men; increasig and cigarette smoking resulted in
decreased uptake. The mean percentage of totéédnbatadiene that was absorbed was
45.6% for men and 43.4% for women.

Lin et al (2002) developed an automated exposure systetudy the toxicokinetics
of inhaled gases in humans. Butadiene was usedyftem validation at three levels
(0.08, 0.4 and 2.0 ppm [0.18, 0.88 and 4.42 ny/amd the system was tested in three
subjects who were exposed to 2.0 ppm butadien€@omin. Steady-state levels of
butadiene in alveolar air were obtained beforeeth@ of the 20-min exposure. Levels
ranged between approximately 1 and 1.9 ppm. Byettikof the 40-min post-exposure
period, levels of butadiene in alveolar air hatbfaby at least 10-fold.

Smithet al (2001) assessed genetic and dietary factorafieat human metabolism
of butadiene by monitoring exhaled breath during and af8®-min exposure of 71 male
and 62 female volunteers to 2 ppm [4.42 mtmtadiene. Chlorzoxazone was admin-
istered following exposure and urine was colled@dneasure the cytochrome P450
(CYP) 2E1 phenotype. A physiologically based phawokeetic model was fit to the
exhaled breath measurements of each volunteetinoags model parameters, including
metabolic rate. No correlation was found betwedal toutadiene uptake and any of the
parameters (metabolic rate, oxidation rate and GiRshenotype or genotype).
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Gordonet al (2002) used real-time breath measurement metioomwestigate the
suitability of volatile organic compounds, includibutadiene, as breath biomarkers for
active and passive smoking. Five adult smoker/nokempairs were recruited into the
study. During cigarette smoking, smokers exhaléal fine breath analyser throughout a
2-2.5-h smoking period. After smoking, the longrtefecay in the breath of the smokers
was recorded continuously for 15 min. Exhaled bréatnonsmokers, who were in the
room with the smokers, was also monitored. The mami breath concentration of
butadiene was relatively constant among smokersasethged 373g/nT [169 ppm.
Following cessation of smoking, the mean residd¢ime was 0.47 min. The average
room air concentration of butadiene was 18)87°[42 ppm]. Many of the post-exposure
measurements of the breath of nonsmokers were kbevimit of quantitation. The
average increase in breath concentration of butadie nonsmokers and smokers,
respectively, was 14.4 and 3g@/nT [6.5 and 160 ppm].

(b) Metabolites

Several investigators have quantified the presasicenetabolites derived from
butadiene in the urine of humans in controlled fatowy, environmental or workplace
settings. A scheme that describes metabolic pathwilputadiene deduced from in-vitro
and in-vivo findings in mammals is presented iruFégl. Two urinary metabolites have
been identified: 1,2-dihydroxybutyl mercapturicch(@HBMA,; also referred to as DHB,
MI, M-l or M1) and monohydroxy-3-butenyl mercaptudacid (MHBMA; also referred
to as Mil, M-Il or M2). Both metabolites are mertaajc acids and are derived from the
glutathione (GSH) conjugates of electrophilic butadime&abolites (Figure 1). MHBMA
results from the enzyme-mediated reaction of 1¢Bee-butene (epoxybutene) with
GSH. Two isomeric forms of MHBMA have been quaatifin the urine of rats and mice
(Elfarraet al, 1995). It should be noted, however, that sombeearly studies may have
not quantified both of these isomers. DHBMA resfutisn the hydrolysis of epoxybutene
by epoxide hydrolase (EH) followed by further enagim reaction by CYP or alcohol
dehydrogenase (ADH) to yield hydroxymethylvinyl de¢ (HMVK) before eventual
conjugation with GSH (Sprague & Elfarra, 2004). Tietative proportions of these
metabolites that were measured depended on thiespeae to the higher concentrations
of DHBMA in control subjects, DHBMA appears to béeas specific biomarker for ex-
posure than MHBMA, for which background levels estatively low. However, both
metabolites appear to be elevated in humans exposkdtadiene compared with un-
exposed controls.

Sapkotaet al (2006) collected personal air and urine sampias findividuals in
traffic-dense environments in order to charactegiggosure to butadiene in this setting.
Urine samples were analysed for MHBMA and DHBMA. Exposoreutadiene differed
among the groups; median values were 2.38, 1.62 88d@nT [5, 3.6 and 1.9 ppm] for
toll collectors (nine individuals), urban—weekdase\en individuals) and suburban—
weekend (seven individuals) groups, respectiveliesé groups represented high,
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medium and low levels of exposure intensity. Atliiiduals were nonsmokers in non-
smoking households. For the three groups, meatslefeMHBMA were 9.7, 6.0 and
6.8 ng/mL and those of DHBMA were 378, 258, and B@®nL, respectively.

Urbanet al (2003) applied a tandem liquid chromatography{IMS method to
determine levels of MHBMA and DHBMA in the urine lmfimans. Exposure to tobacco
smoke had a significant effect on the urinary diameof MHBMA and the metabolite
ratio DHBMA/(DHBMA + MHBMA). Urine samples were delcted over a 24-h period
from 10 smokers and 10 nonsmokers. Mean MHBMA &ewedre 12.5 and 8614/24 h
for nonsmokers and smokers, respectively. Mean DBBMvels were 459 and
644u9/24 h for nonsmokers and smokers, respectivelg. Matabolic ratio was 0.970
and 0.859 for the two groups, respectively.

Fustinoniet al (2004) assessed exposure to butadiene in two groupsavkedan a
butadiene plant: 42 occupationally exposed worets43 unexposed controls. Personal
exposure to butadiene was assessed by collectirgamiples during the 8-h workshift
(three to four times over a period of 6 weeks Far éxposed and once for the control
group). Urine and exhaled air samples were cotlieatethe beginning and end of the
workshift and blood samples were taken at the énbeoworkshift for the exposed; all
samples were collected at the end of the workéhifthe controls. Concentrations of
DHBMA and MHBMA were determined in the urine sangplislean airborne butadiene
concentrations were 11.5 and Qu/nT [5.2 and 0.4 ppm] for exposed and control
groups, respectively. Mean concentrations of batadimetabolites in blood and urine
were higher in exposed workers: 8.3 ng/L and 54 nig blood and 4.3 ng/L and
3.1 ng/L in urine of exposed and control group®ieethe workshift, respectively. Con-
centrations of butadiene metabolites in urine atethd of the workshift were 6Qfy/L
and 602ug/L DHBMA and 10.5ug/L and 7.5ug/L MHBMA in exposed and controls,
respectively.

(c) Haemoglobin adducts

While haemoglobin adducts are not causally retatedutagenic events, they provide
an effective measure of exposure to reactive irgdiaes of chemicals. Haemoglobin
adducts accumulate during the life of red cellsciwhis approximately 120 days in
humans. The butadiene metabolite, epoxybutenebdms shown to react with haemo-
globin to formN-(2-hydroxy-3-butenyl)valine (MHbVal) adducts. Ahet haemoglobin
adduct of butadiene 8-(2,3,4-trihydroxybutyl)valine (THbVal), which can berieed in
humans by the reaction of 3,4-epoxy-1,2-butanddjmbxybutanediol) with haemoglobin
or by the reaction of 1,2:3,4-diepoxybutane (digtbokane) with haemoglobin followed
by hydrolysis of the haemoglobin adduct (Swenlet, 2000a). Swenbeig al (2001)
reviewed data on various biomarkers for butadiedenated that those on both DNA and
haemoglobin adducts strongly support the conclutiah epoxybutanediol is the major
electrophile that binds to these macromolecules.

Boogaard (2002) reviewed the use of haemoglobincgdo monitor exposure and
drew several important conclusions. In theory,rdraoval of haemoglobin adducts is a
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zero-order process and is only determined by ftieesfian of the erythrocyte. Poor
correlations were found between concentrationsldéiets in a spot blood sample and air
concentrations on a limited number of days (i.& days during the shift). In contrast,
good correlations were found when very frequentrainitoring was carried out, such as
10 full-day shift measurements over a 2-month periodd@oaelations were also found
between an increase in adduct concentration oghiod period of time and the cumu-
lative exposure during this time, which was detaadi by continuous monitoring. The
author noted that, when specific adducts are detedninformation is also obtained
regarding the chemical nature of the reactive imn¢eliates. Butadiene forms at least two
other reactive intermediates other than epoxybut#iapoxybutane and epoxybutanediol,
both of which form the same THbVal adducts. Onthefmajor data gaps in the assess-
ment of exposure to butadiene is a sensitive bikendhat is specific for diepoxybutane.
One potential biomarker is the cyclic addustN-(2,3-dihydroxy-1,4-butadiyl)valine
(PyrVal), which has recently been quantified irs il@td mice exposed to levels as low as
1 ppm [2.21 mg/f} butadiene for 10 days, but its presence hasoybetquantified in
human haemoglobin samples (Boyseal, 2004; Swenbergt al, 2007).

The utility of haemoglobin adducts as biomarkershiaman exposure to butadiene
has been investigated in several molecular epidegiial studies that often included the
measurement of urinary metabolites and personah@iiitoring of butadiene, as well as
genotoxicity end-points and metabolic phenotypes.

Van Sittertet al (2000) and Boogaaret al (2001a) reported on the assessment of
urinary metabolites and haemoglobin adducts. Qmy shvolved 44 male workers in a
butadiene monomer production facility in the Nedtoss who were exposed to low
levels of butadiene and 28 male administrative w@rkvith no occupational exposure to
butadiene. A second study conducted in a butadiem@omer and styrene—butadiene
rubber production facility in Prague, Czech Repylifivolved 24 male workers from the
monomer unit, 34 from the polymer unit and 25 adstriative workers. This study is
described in detail by Albertimit al (2001, 2003a). In the two studies, airborne koél
butadiene, MHBMA, DHBMA and MHbVal were determinddHBMA was more sen-
sitive than DHBMA for monitoring recent exposuresdacould be detected at an 8-h
TWA exposure as low as 0.13 ppm [0.29 nill/riThe sensitivity of DHBMA was
restricted by high background levels, of which th&gin is unknown. This study
confirmed the higher hydrolytic activity in humac@mpared with rodents, as shown in
other studies, which was reflected in the much dniglatio of DHBMA/(MHBMA +
DHBMA).

In the study in the Netherlands, airborne levelsdatfadiene ranged from 0.2 to
9.5 ppm [0.09-4.3 mgfth (8-h TWA) and levels of MHbVal ranged from 0.6 to
3.8 pmol/g haemoglobin in exposed workers and fodtrto 1.2 pmol/g haemoglobin in
controls. In the study in Prague, airborne levélsutadiene ranged from 0 to 0.038 ppm
[0-0.02 mg/r for the controls, 0.02 to 1.6 ppm [0.009-0.72 migyfor the monomer
workers and 0.02 to 4.2 ppm [0.009-1.9 niffor the polymer workers. There was a
strong correlation between the 60-day average raigbooncentration of butadiene and
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MHbVal, which the authors concluded was a sensitive rddtiramonitoring cumulative
exposures to butadiene above 0.35 ppm [0.16 fhgim controls, urinary levels of
MHBMA ranged from 0.1 to 7.3 pg/L and those of DHBNtom 197 to 747ug/L. In
the monomer and polymer workers, levels of MHBMA ranged fddrl to 44 pg/L and
from 1.7 to 962ug/L, respectively, in end-of-shift urine samplegvels of DHBMA
ranged from 52 to 3522 pg/L in the monomer and fd®0 to 26 207ug/L in the
polymer workers. For each metabolite there wasoagtcorrelation between the urinary
concentration and 8-h TWA levels of airborne bugadi

Albertini et al (2001, 2003a) conducted a molecular epidemicdbgitudy of
humans exposed to butadiene in an occupationaigséit Prague, Czech Republic (24
butadiene monomer production workers, 34 polymgoizavorkers and 25 controls).
Personal 8-h TWA measurements of exposure to lamadivere made on several
occasions over a 60-day period, and biological snpere obtained for the measure-
ment of biomarkers of butadiene metabolism: urinary lboditas of butadiene, MHBMA
and DHBMA and the haemoglobin adducts, MHbVal ahdbWVal. Mean 8-h TWA
levels of exposure to butadiene were 0.642 mfim2 ppm] for the monomer workers,
1.794 mg/m[3.96 ppm] for the polymerization workers and 0.0&§/n[0.05 ppm] for
the controls. All four biomarkers were significgntiorrelated with levels of exposure to
butadiene; the haemoglobin adducts were the mgbtyhtorrelated. After a workshift,
mean concentrations of DHBMA were 764, 4647 and 898 for the monomer pro-
duction, polymerization and administration workersspectively, and mean concen-
trations of MHBMA were 9.44, 120.17 and 1.4@/L, respectively. The proportion of
MHBMA to the total urinary metabolites (MHBMA + DHBR) was analysed relative to
the glutathionestransferase (GST) genotyp&STM1andGSTT1 for all three exposure
groups. The mean ratios for workers with the horgomg null genotypes in all groups
were always lower than those for workers with pasitgenotypes. Thus, although
MHBMA represents a minor pathway in butadiene nadisim, there is a decrease in the
proportion of this metabolite formed by GST-nulliinduals. Concentrations of MHbVal
were 0.47, 2.23 and 0.22 pmol/g haemoglobin fornttmmomer production, polymer-
ization and administration workers, respectivellye Group means were correlated with
the measured mean levels of exposure to butadieen concentrations of the THbVal
adduct were 178.73, 716.70 and 94.77 pmol/g haetioglfor the three groups,
respectively. Thus, the THbVal adduct is presentagicentrations that are increased
approximately fivefold over background. There was affect of GSTT1or GSTM1
genotype on the formation of haemoglobin adducts.

Albertini et al (2007) reported a second study in Czech workexsincluded both
men and women: 23 female workers exposed to butadienem2fefcontrol workers, 30
male workers exposed to butadiene and 25 male atontrkers. Multiple external
exposure measurements were made over a 4-montid g@fore biological samples
were collected. Mean 8-h TWA exposure levels we®® mg/mi [0.0035 ppm] and
0.397 mg/m [0.180 ppm] for female controls and exposed warkeaespectively.
Exposure levels for men were 0.007 my[fh0032 ppm] and 0.808 mg1j0.370 ppm]
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for controls and exposed, respectively. Urinary concamtiaof MHBMA and DHBMA
were elevated in exposed male and female workenpaed with controls. Mean levels
of DHBMA were 331.6ug/L and 508.1ug /L for control and exposed women,
respectively, and 5128y/L and 854.1ug/L for control and exposed men, respectively.
Mean levels of MHBMA were 8.8g/L and 19.2ug /L for control and exposed women,
respectively, and 14,89/L and 47.Qug/L for control and exposed men, respectively. As
part of this study, assays were conducted to daterthe presence of the haemoglobin
adduct, PyrVal. This adduct is specific for thehhjggenotoxic metabolite of butadiene,
diepoxybutane. All samples were below the limit of quatiin for the assay (0.3 pmol/g
haemoglobin).

Swenberget al (2007) quantified PyrVal in the blood of mice amads exposed to
1 ppm [2.21 mg/f} butadiene. For these comparative studies, 50 argnbglobin from
workers, rats and mice were analysed by the maihBdysenet al (2007). Whereas all
rat and mouse samples had guantifiable amountgr¥@aR none of the human samples
did. The authors reported that, although the TWposkres to butadiene in the Czech
study were below 1 ppm [2.21 md]rfor both men and women, the duration of exposure
was much greater for humans than for rodents, wimniade the cumulative exposures
comparable. Since haemoglobin adducts form overlifespan of the erythrocyte
(humans, 120 days; rats, 63 days; and mice, 43),dayman haemoglobin had a
cumulative exposure similar to that of both ratd amce (women: 0.18 ppm butadiene x
17.1 weeks = 3.1 ppm—-weeks; men: 0.37 ppm butadiene w&eks = 6.3 ppm—weeks;
rodents: 1 ppm butadiene x 4 weeks = 4.0 ppm—weg&ksy also reported that the
analytical peaks in samples from rats exposed ppri [2.21 mg/fj butadiene were
sufficiently large that quantitative measurementsla have been made with one-third of
the haemoglobin, which suggests that humans forleaat three times less PyrVal than
similarly exposed rats and 100 times less thariaimnexposed mice.

Fustinoni et al (2002) investigated the role of genetic polymapis in the
metabolism of butadiene in 40 Italian subjects.rfyhwere occupationally exposed
during butadiene monomer production or polymeidratiprocesses and 10 were
unexposed administrative clerks. Air samples wakeated from butadiene-exposed
workers during the workshift using personal sangpl@ersonal exposure to airborne
butadiene ranged from 4 to 20d/nt [1.8-90.5 ppm]. At the end of the workshift, blood
and urine samples were collected from all subjeCincentrations of the urinary
metabolite DHBMA and the haemoglobin adduct THbVal weressssl. Median urinary
DHBMA concentrations were 17.1 mg/g creatinine xpased workers and 1.42 mg/g
creatinine in unexposed workers; THBVal levels w&rgpmol/g haemoglobin and 35.3
pmol/g haemoglobin in exposed and unexposed greegEectively. Smoking influenced
the formation of haemoglobin adducts and higherU&lltevels were found in subjects
with GSTM1null andGSTT1null genotypes.

Hayeset al (2001) examined a spectrum of outcomes in 41dmria polymer
production workers and 38 controls in China. Smelkarcounted for 86.7% of the
exposed group and 78.6% of the controls. Mediaadiee concentrations (6-h TWA)
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were 2 ppm [0.90 mg/fhfor the exposed group and 0 ppm for the contrats,
determined during a 6-h workshift using personad@ars. A post-shift blood sample and
during-shift urine samples were also collected. istedurinary concentrations of
DHBMA were 1.3ug/mg creatinine in the exposed group andu@/ng creatinine in the
controls. THbVal haemoglobin adducts were signifisemore common [numerical data
not provided] in exposed workers than in the unsgdd < 0.0001) and correlated well
with air measurement (Spearmap’s 0.40,p = 0.03) and weakly with urinary butadiene
(Spearman’e = 0.37,p = 0.24).

(d) Physiologically based toxicokinetic models

Physiologically based models founded on informatjweor distributions for
population parameters as well as previously pubtlisidata on exhaled breath
concentrations of butadiene in exposed humans lbese designed to facilitate a global
sensitivity analysis of the kinetics of butadiemel és metabolites in humans; the most
recent was published by Brochaital. (2007) and its purpose was to guide the design of
new human experiments intended to collect critically uséfietic data on butadiene and
its metabolites.

4.1.2 Experimental systems

At the beginning of each of the following sectiobsef highlights on the disposition
of butadiene that were summarized previously (IARE99) are presented. The reader
should refer to that monograph for citations andencomplete descriptions of the
relevant studies. These highlights are followedrfgrmation that has been published
since that time. For this and other sections, digmatane refers to thet) racemic
mixture of diastereomers, unless otherwise spdcifie

(@) Butadiene

Inhalation pharmacokinetic studies conducted irn@pe-Dawley rats and B6C3F
mice demonstrated linear metabolic elimination tkseat exposures of up to about
1000 ppm [2200 mg/f) maximal rates of butadiene metabolism were highemice
(400umol/h/kg) than in rats (22@mol/h/kg) (IARC, 1999). In the linear range, metab-
olism is limited by the uptake of this gas. At eglént, non-saturating exposure levels,
steady-state blood concentrations of butadienalawat twofold higher in mice than in
rats. Numerous metabolites have been identifigbddrurine of rats and mice exposed to
butadiene (Figure 1); the major urinary metabokes mercapturic acids (DHBMA and
MHBMA) that result from conjugation of epoxybuteoe HMVK, a metabolite of
butenediol, with GSH.

Exhaled epoxybutene was measured in chamber atsresph which male B6C3F
mice or Sprague-Dawley rats were exposed for U hoto constant concentrations of
butadiene that ranged from 1 ppm to 6000 ppm [421260 mg/rf| (mice) or
10 000 ppm [22 100 mgfn(rats) (Filseret al, 2007). In additional experiments, blood
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levels of diepoxybutane, butenediol and epoxybutimh@/ere measured at the end of 6-h
exposures that ranged from 60 ppm [132.6 rfigim to about 1200 ppm [2652 mdjm
Epoxybutanediol is formed by partial hydrolysis dépoxybutane or by oxidation of
butenediol (Figure 1). Blood concentrations of gfokene were estimated from the
product of its atmospheric concentration at steasye and its blood:air partition
coefficient. Mouse:rat ratios of blood concentnagicof epoxybutene were 2.0-2.6 at
concentrations of butadiene below 10 ppm [22.1 g8 at 100 ppm [221 mgfin
4.9 at 625 ppm [1381 mgfirand 8.0 at 1250 ppm [2762.5 mdInBlood concentrations
of diepoxybutane in mice were 0.30, 2.2 andBrl/L at 67, 630 and 1270 ppm [148,
1392.3 and 2806.7 mgffrbutadiene, respectively. Diepoxybutane was neeatied in
the blood of rats exposed to up to 900 ppm [1988iidutadiene (detection limit,
10 nmol/L) (Filseret al, 2007). However, previous studies (IARC, 1999)ortg
diepoxybutane levels of 2.4-5 nmol/L in male andchtribl/L in female Sprague-Dawley
rats exposed to 62.5 ppm [138 m{/butadiene. Butenediol levels reachedu@@l/L in
both species exposed to 1200 ppm [2652 rigimtadiene, whereas maximum blood
levels of epoxybutanediol were 4@nol/L in mice exposed to 300 ppm [663 md/m
butadiene and 9.pmol/L in rats exposed to 150 ppm [331.5 miy/toutadiene. The
limited epoxybutanediol formation was suggesteteaue to competition by butadiene
for the CYP-mediated oxidation of epoxybutene &pdkybutane and of butenediol to
epoxybutanediol. In rats, the total blood concéisina of epoxybutene and
epoxybutanediol were greater after exposure to @98 [442 mg/nj butadiene than
after exposure to 1000 or 8000 ppm [2210 or 17 @8MT]; the latter values are the
concentrations of butadiene that were used in@rainogenicity study.

First-pass metabolism of butadiene to epoxybuteliepoxybutane, butenediol,
epoxybutanediol and crotonaldehyde was quantifi¢de livers of male Sprague-Dawley
rats and B6C3Fmice perfused in a gas-tight all-glass systemséFit al, 2001).
Concentrations of butadiene in the perfusate arfdgien rates were 330 nmol/mL at 3—
4 mbU/min for mouse liver and 240 nmol/mL at 17-20./min for rat liver.
Concentrations of butadiene and its metabolitahenperfusate that entered and left the
liver were measured during 100-min perfusions. Peefusate consisted of Krebs-
Henseleit buffer that contained bovine erythrocytes,ri@oserum albumin and a constant
concentration of butadiene. The rate of single-pagadiene metabolism was estimated
to be 0.014 and 0.055 mmol/h per liver of mouse maid respectively. The mean
concentration of epoxybutene was 1.1 nmol/mL inr¢tdiver effluent and 9.4 nmol/mL
in the mouse liver effluent. Butenediol concentradi in the perfusates that left the liver
were similar in rats and mice (approximately 7 8namol/mL, respectively). Levels of
diepoxybutane and epoxybutanediol were below thit ¢if detection in the effluent from
the rat liver and low in the mouse liver efflueapgroximately 0.06 and 0.07 nmol/mL,
respectively). Concentrations of crotonaldehyde ewbelow the limit of detection
(60 nmol/L) in both rat and mouse liver.

Filser et al (2001) also studied butadiene metabolism in peduivers obtained
from rats that were depleted of GSH by pretreatmétht diethylmaleate. Under these
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conditions, the rate of metabolism was not alteredwever, concentrations of
epoxybutene and butenediol were increased 25- &hwbld, respectively, and

concentrations of diepoxybutane and crotonaldehigdéhe effluent perfusates were
quantifiable (0.15 and 0.10 nmol/mL, respectivelie authors concluded that GST
activity is important in controlling the productiofi diepoxybutane and crotonaldehyde in
rats.

(b) Metabolitesn vitro (see Figure 1)

Butadiene is oxidized initially to epoxybutene bgatinamide adenine dinucleotide
phosphate (NADPH)-dependent metabolism that prynarivolves CYP2E1 and
CYP2A6. This metabolic pathway has been measuredidrosomal fractions obtained
from the livers and lungs of mice, rats and hunatsfrom the kidney and testis of rats
and mice (IARC, 1999). At low concentrations ofdaiene, metabolism via CYP2E1
predominates. Liver microsomes from mice, rats dmuoinans can also oxidize
epoxybutene to diepoxybutane. Kinetic parameteraxifmum velocity [V..] and
Michaelis-Menten constant [ indicated faster rates of oxidative metabolisin o
butadiene and epoxybutene in microsomes from nhiaa tn those from rats, while
human liver microsomes showed a wide range of itediCsanadyet al, 1992;
Duescher & Elfarra, 1994), but only a small numbehuman liver and lung samples
were analysed. Mouse, rat and human microsomesaavert epoxybutene to both
(x)-diepoxybutane andmesediepoxybutane. The latter isomer is preferentially
hydrolysed in rat and human liver microsomes (KeafisElfarra, 1997). Epoxybutene
and diepoxybutane are eliminated by microsomal BiEH) and by cytosolic GST
activities. In-vitro kinetics of EH- and GST-catséygl metabolism of epoxybutene and
diepoxybutane in microsomal and cytosolic fractims livers and lungs of mice, rats
and humans have also been reported (IARC, 1999). GSTiestwere highest in mouse
and lowest in human cytosol; EH activities werenki in human and lowest in mouse
microsomes. Bone-marrow cells of mice and humams aiso oxidize butadiene to
epoxybutene by a myeloperoxidase-catalysed reactighird epoxide intermediate of
butadiene metabolism, epoxybutanediol, can be fbrbyethe oxidation of butenediol
(the product of epoxybutene hydrolysis) or by patidrolysis of diepoxybutane.

Hepatocytes isolated from male B6G3mice and Sprague-Dawley rats were
incubated with epoxybutene and evaluated for thradtion of diepoxybutane, butenediol
and GSH conjugates at 5-min intervals during indabatof up to 45 min (Kempet al,
2001). The results are shown in Table 22. Cumualdavels of combined racemic and
mesediepoxybutane (oxidation of epoxybutene) were éign mouse than in rat
hepatocyte cultures, whereas the cumulative lewélsbutenediol (hydrolysis of
epoxybutene) were higher in the rat hepatocyteiradt GSH conjugates were present at
similar levels in both rat and mouse hepatocytiies.

Hepatic microsomes pooled from cynomolgus monkeayhiumans exposed to
butadiene (monkey microsomes: 46 ppm, 290 ppm ol0@3 ppm [102, 641 or
61 880 mg/r; human microsomes: 45 ppm, 450 ppm or 36 000 f@@n 995 or
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79 560 mg/rf) produced epoxybutene at similar rates (Dahl &ndison, 2000).
Oxidation of epoxybutene to diepoxybutane, whichc@npetitively inhibited by
butadiene, was slightly faster in monkey than iman microsomes.

Table 22. Area under the concentration versus time curve
(nmolmhin/10°® cells) for epoxybutene-derived metabolites in
isolated mouse and rat hepatocytes during 45-min incubations
with epoxybutene

Concentration of Diepoxybutane Butenediol GSH conjugates
epoxybutenep(M)
Mouse hepatocytes
5 63+ 23 9+1 22+ 14
25 197+ 28 133+ 24 117+ 32
250 616t 53 908+ 172 1101+ 322
Rat hepatocytes
5 51 78+ 20 27+ 1
25 13+3 435+ 98 153+ 9
250 80+ 3 3403+ 755 1552+ 206

From Kempeset al (2001)
GSH, glutathione

(c) Metabolitesn vivo (see Figure 1)

The identification of epoxybutene in exhaled brebkhod and multiple organs of rats
or mice exposed to butadiene indicates the systewddability of this metabolic
intermediate. At equivalent exposure concentratiohsbutadiene, tissue levels of
epoxybutene and diepoxybutane were higher in e in rats (IARC, 1999).

YC-Labelled epoxybutene was administered as a sintyiperitoneal injection to
male Sprague-Dawley rats and B6C8#ce at doses of 1, 5, 20 and 50 mg/kg bw; urine
and faeces were collected up to 48 h after tredtn(Rithardsonet al, 1998).
Approximately 50% of the administered radioactivity wasreted in the urine and 2-5%
in the faeces. Urinary metabolites identified iis $tudy are listed in Table 23. Because
the percentage of urinary radioactivity recovereddach metabolite did not differ in
relation to the administered dose, mean valuessi¢he dose groups are shown. Both
species preferentially metabolized epoxybuteneit@cidconjugation with GSH. In rats,
48-64% of the urinary radioactivity was derivedhirthe direct reaction of epoxybutene
with GSH and 14—-25% was derived from hydrolysis ofxgpatene. In mice, 60—72% of
the urinary radioactivity was derived from the diresaction of epoxybutene with GSH
and 6-10% was derived from hydrolysis of epoxybeitetNo metabolites of
diepoxybutane were detected in the urine of ethecies.
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Table 23. Urinary metabolites in rats and mice given a singleniraperitoneal
injection of 1, 5, 20 or 50 mg/kg bw [44Clepoxybutene

Metabolité % of recovered urinary radioactivity
Rat Mouse
Polar fractiofi 2242 23+ 1
4-(N-Acetyl+-cysteinS-yl)-1,2-dihydroxybutane and 14+ 3 10+ 2
4-(N-acetyli-cysteinS-yl)-2-hydroxybutanoic acid
3-(N-Acetyli-cysteinS-yl)propan-1-ol and 62 -
3-(N-acetyl+-cysteinS-yl)propanoic acid
(R)-2-(N-Acetyl-L-cysteinS-yl)-1-hydroxybut-3-ene 131 11+1
1-(N-Acetyl-L-cysteinSyl)-2-(9)-hydroxybut-3-ene and 19+5 26+ 6
1-(N-acetyli-cysteinSyl)-2-(R)-hydroxybut-3-ene
(9-2-(N-Acetyl-L-cysteinS-yl)-1-hydroxybut-3-ene 252 11+ 2
4-(N-Acetyl-L-cysteinS-yl)-1-hydroxybut-2-ene 04 -
S-(1-Hydroxybut-3-en-2-yl)mercaptoacetic acid - A0
S(2-Hydroxybut-3-en-1-yl)mercaptoacetic acid - A0

From Richardsoet al (1998)

2 |talicized metabolites are produced subsequenydodtysis of epoxybutene; the other metabolites
listed are produced by direct reaction of epoxybeteith glutathione.

® Individual metabolites in the polar fraction weess than 1% of the recovered urinary radioactivity.

Male Sprague-Dawley rats and B6G3Rice were exposed by nose-only inhalation
to 200 ppm [442 mg/th[2,3-*C]butadiene for 6 h; radioactivity in urine, facceshaled
volatiles and f'C]carbon dioxide was measured during and up to 4&er exposure
(Richardsoret al, 1999). Total uptake of butadiene was 0.19 mrgdiik (10.3 mg/kg)
in rats and 0.38 mmol/kg bw (20.5 mg/kg) in mice.rats, 40% of the recovered
radioactivity was exhaled a&'C]carbon dioxide, 42% was excreted in urine, 8% was
excreted in faeces and 9% remained in the cartassiice, 6% of the recovered
radioactivity was exhaled a$'C]carbon dioxide, 71% was excreted in urine, 11% wa
excreted in faeces and 13% remained in the caBasause the position of the radiolabel
in this study was on carbons 2 and 3, the formaifdi’C]carbon dioxide is a result of
the loss of two carbon atoms from butadiene. Uyimaetabolites identified in this study
are listed in Table 24. Metabolites arising frora threct reaction of epoxybutene with
GSH accounted for 8% of the metabolized dose saatl 16% of the metabolized dose
in mice. In contrast to the study of epoxybutene metabdkichardsoret al, 1998), the
study on butadiene metabolism identified trinydimxtyl mercapturic acids in the urine
of exposed rats and mice.
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Table 24. Urinary metabolites in rats and mice exposed to 200 pp
[*“Clobutadiene for 6 h

Metabolité % of total radioactivity recovered
Rat Mouse
Polar fraction 16.6£ 0.6 33.0+ 0.6
4-(N-Acetyl-L-cysteinSyl)-1,2,3-trihydroxybutane and 4.1+ 0.2 6.7 0.3
3-(N-acetyl-L-cysteinSyl)-1,2,4-trihydroxybutane
4-(N-Acetylt-cysteinS-yl)-1,2-dihydroxybutane 7312 7.1+ 0.3
4-(N-Acetylt-cysteinS-yl)-2-hydroxybutanoic acid 1.1+0.1 -
3-(N-Acetylt-cysteinS-yl)propan-1-ol and 0.4+0.1 -
3-(N-acetyli-cysteinS-yl)propanoic acid
(R)-2-(N-Acetyl-L-cysteinSyl-1-hydroxybut-3-ene 1203 1.9+04
1-(N-Acetyl-L-cysteinSyl)-2-(S)-hydroxybut-3-ene 0.20.1 1.3£0.2
1-(N-Acetyl-L-cysteinSyl)-2-(R)-hydroxybut-3-ene 1604 6.1+ 0.2
(9-2-(N-Acetyl-L-cysteinSyl)-1-hydroxybut-3-ene 4.20.6 25+0.1
4-(N-Acetyl-L-cysteinS-yl)-1-hydroxybut-2-ene - 0.10.1
S-(1-Hydroxybut-3-en-2-yl)mercaptoacetic acid - 164
S(2-Hydroxybut-3-en-1-yl)mercaptoacetic acid - 206.1
Unknown 3.9+0.8 -

From Richardsoet al (1999)
2 ltalicized metabolites are produced subsequenydodtysis of epoxybutene; the other
metabolites listed are produced by direct reaatioepoxybutene with glutathione.

Urinary metabolites were also identified in maleggpe-Dawley rats and B6C3F
mice exposed by nose-only inhalation to 1, 5 orppén [2.21, 11 or 44 mgfh
[2,3-C]butadiene for 6 h (Bootét al, 2004a). This study did not include measurements
of radioactivity in faeces, exhaled volatiles, carldioxide or the carcass. Urine was
collected over an 18-h period after exposure btitdaning exposure. The profiles of
urinary metabolites were somewhat similar to theperted by Richardsat al (1999).

Four mercapturic acids derived from HMVK were idiggd in the urine from male
B6C3R mice and Sprague-Dawley rats given a single iatitgmeal injection of 25,
62.5, 125 or 200 mg/kg bw butanediol (Sprague &id, 2004). The metabolites were
N-acetylt-cysteinSyl conjugates of 1,2-dihydroxybutane, 1-hydroxiptRanone,
propanol and propionic acid. HMVK may be formed APH- or CYP-mediated
oxidation of butenediol. These four HMVK-derived metébslaccounted for 7 and 11%
of the total radioactivity recovered from rats amide exposed to butadiene, respectively
(Richardsoret al, 1999).
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Trace amounts of 1-hydroxy-2-butanone, crotonial,agropionic acid and 2-
ketobutyric acid were detected in the urine of n&€3R mice and Sprague-Dawley
rats administered butanediol by intraperitoneaatpn (mice: 125 or 250 mg/kg bw;
rats: 62.5, 125, 200 or 250 mg/kg bw) (Sprague &ark, 2003). The combined
concentration of these metabolites was less thanol%he administered dose of
butenediol; these low levels may be due to furthetabolism of the carboxylic acids
prior to their excretion in the urine. The detettiof these metabolites suggests the
possibility that toxic intermediary metabolitesclswas crotonaldehyde, may be formed
from butenediol.

(d) Haemoglobin adducts

Epoxybutene can form two diastomeric pairs of atidat theN-terminal valine of
haemoglobin termed MHbVaN-(2-hydroxy-3-buten-1-yl)valine andll-(1-hydroxy-3-
buten-2-yl)valine (IARC, 1999). Levels of these ackd formed in rats and mice are
dependent on exposure concentrations of butadieratjon of exposure and the turnover
rates of red blood cells.

Much work has been carried out on the use of haletiogadducts as biomarkers of
internal levels of the epoxide intermediates ofalli#tne metabolism. Epoxybutene,
diepoxybutane and epoxybutanediol can react with Nterminal valine to form
MHbVal, PyrVal and THbVal adducts, respectively yBenet al, 2007). In addition,
THbVal may also be formed by the reaction of hadolig with diepoxybutane and
subsequent hydrolysis of the remaining epoxidefgrou

THbVal adduct levels in haemoglobin isolated fromnytl@ocytes of male Sprague-
Dawley rats and B6C3Fnice exposed by nose-only inhalation to 1, 5 or 20 ppm [2.2, 1
or 44 mg/nd| [2,3-*C]butadiene for 6 h per day for 5 days were 80,drt®512 pmol/g
haemoglobin for rats, respectively, and 143, 35100 pmol/g haemoglobin for mice,
respectively (Bootlet al, 2004a). However, the level of radioactivity vesproximately
1.3-fold higher in rat than in mouse haemoglobin. The uneddevels of THbVal adduct
represented only about 1-2% of the total radioaaiducts in the haemoglobin, which
indicates that multiple alkylation sites within hasglobin may be modified by butadiene
metabolites. After incubation of epoxybutane witlytlerocytes, Mollet al. (2000)
detected 10 epoxybutane adducts on each of-thed3-globin chains.

A specific ring-closed adduct, the pyrolidine addBgrVal, can be formed by the
reaction of haemoglobin with diepoxybutane (Fet¢dal, 2004). This adduct has been
measured after in-vitro reactions of rat and moasghrocyte haemolysates with
diepoxybutane and after intraperitoneal injectiohdiepoxybutane into Fischer 344 rats
and C57/BL mice. The levels of PyrVal adduct peniaistered dose were similar in rat
and mouse haemoglobin after in-vitro or in-vivo @re to diepoxybutane. In addition,
THbVal adducts were measured in rats and mice gingaperitoneal injections of
diepoxybutane or epoxybutanediol. Levels of thiduatl were similar in mice and rats
dosed with epoxybutanediol; however, after treatnwith diepoxybutane, levels of
THDbVal adducts were three to four times higheais.r
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Several haemoglobin adducts were measured in ratsn@ce after inhalation
exposure to butadiene (Boysetral, 2004, 2007). Female B6C3fice were exposed to
3, 62.5 or 1250 ppm [6.6, 138 or 3453 mi/butadiene for 6 h per day for 2 weeks,
while female Fischer 344 rats were exposed to 82d5 ppm [6.6 or 138 mgfnfor
10 days. At equivalent butadiene exposures, theldesf MHbVal and PyrVal were
higher in mice than in rats, while levels of THbMakre similar in these species
(Table 25). The formation of each of these addincteice and rats was more efficient
(pmol adduct/g haemoglobin per ppm butadiene) ap® butadiene than at higher
exposure concentrations. The major adduct formedide and rats is THbVal. In rats,
formation of THbVal reaches a plateau at expostmebutadiene above 62.5 ppm
(Boysenet al, 2007).

Table 25.N-Terminal haemoglobin adducts (pmol/g haemoglobin and adducts/
ppm butadiene) in mice and rats exposed to butadiene (BD) for 1&gs

Exposure MHbVal PyrVal THbVal
(ppm)
pmol/g /ppm BD  pmol/g /ppm BD  pmol/g /ppm BD
Mice 0 0.9+ 0.9 54+ 8
3 38+ 6 12.7 49 3 16.2 339 41 112.8
62.5 145t 21 2.3 13& 64 21 3202 302 51.2
1250 7386 227 5.9 248%F 426 2.0 14 838 975 11.9
Rats 0 2806 60 2
3 1.3t0.7 4.3 41 1.3 39# 12 132
62.5 86t 1.2 14 3&1 0.6 293% 39 47
1250 1682+ 58 14 5555 469 4.4

From Boyseret al (2007)
MHbVal, N-(2-hydroxy-3-butenyl)valine; PyrVah,N-(2,3-dihydroxy-1,4-butadiyl)valine; THbVal,
N-(2,3,4-trihydroxybutyl)valine

The levels of THbVal adducts in female B6G8kice exposed by inhalation to 6, 18
or 36 ppm butanediol for 6 h per day on 5 days per week for 4 wesgsapproximately
twofold higher than those in female Fischer 344 exjposed to the same concentrations
of this metabolite. The similarity in the shape tbé dose-response curves for the
formation of these adducts and the induction ofolgnthine—guanine phosphoribosyl
transferase genélprt) mutant frequency in splenic T cells from mice and rateseghto
butenediol suggests that epoxybutanediol (the jtodiibutenediol epoxidation) may
play a significant role in the mutagenicity of lditme (Powlet al, 2005).

(e) Physiological toxicokinetic models of butadiene disposition

Several physiologically based toxicokinetic moddiave been developed to
characterize the disposition of butadiene and epoxybunerats and mice (IARC, 1999).
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These models were based on species-specific phyisimlparameters, in-vitro metabolic
parameters, and blood:air, tissue:air and tissadbpartition coefficients. Adjustable
parameters were estimated by fitting the modedata on butadiene and epoxybutene
uptake in rats and mice exposed separately to taeses in closed chambers. Although
each model was fairly effective in reproducing digae uptake in rats and mice, they
overpredicted blood levels of epoxybutene measugidzbequently in rats and mice
exposed to butadiene. This discrepancy was redbgedssuming that epoxybutene
formed from butadiene is partially sequestered in an ipatic compartment that allows
first-pass metabolism of epoxybutene by EH or spasng that only a small fraction of
butadiene (19-24%) is oxidized to epoxybutene. Nohdhe models included the
formation or elimination of epoxybutanediol.

Predictions of human blood levels of diepoxybutare sensitive to parameters that
affect the metabolism of butadiene to epoxybutéme,rate at which epoxybutene is
oxidized to diepoxybutane and the rates of hydimlysepoxybutene and diepoxybutane.

To address the finding that physiological modelsbatadiene disposition that
reproduced the uptake of this gas and epoxybuteowm fclosed chambers but
overpredicted blood concentrations of epoxybutemasured subsequently in rats and
mice exposed to butadiene, a modified model waggsex in which epoxybutene
formed from butadiene has privileged access to Ebhif & Melnick, 2000; based on
work of Oesch & Daly, 1972). This was then expantedhclude equations for the
production and metabolism of butenediol and epoteyimdiol (Kohn & Melnick, 2001).
The model predicts higher concentrations of epatarimdiol than either epoxybutene or
diepoxybutane in all metabolizing tissues of ratd aice at all butadiene exposures
examined.

4.2 Genetic and related effects

The genetic toxicology of butadiene and its majartaholites, epoxybutene and
diepoxybutane, has been reviewed (IARC, 1999; Hspnde2001).

421 Humans

The HPRT variant frequency in lymphocytes as well as thaceatration of the
urinary metabolite of butadiene, DHBMA, was exardine 49 workers in a styrene—
butadiene rubber production facility in Texas, Ug%mmenheuseet al, 2001). The
study included 24 subjects who had high exposudeZ&nwho had low exposure for
HPRT variant frequency analysis, 22 subjects who hgtl bkposure and 24 who had
low exposure for dosimeter measurements and 24hatdhigh exposure and 23 who
had low exposure for urine analyses. The mean vélegosure to butadiene was 148
0.37 ppm [3.2% 0.82 mg/mj] (meanz standard error [SE]) for the high-exposure group
and 0.15+ 0.02 ppm [0.33 0.04 mg/n for the low-exposure group. The frequency of
HPRTvariants was 6.66 1.4 x 10° (meant SE) for the high-exposure group and 2:10
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0.2 x 10° for the low-exposure group € 0.0002). When smoking status was considered,
the frequency oHPRT variants was 6.& 1.2 x 10° for 19 nonsmokers in the high-
exposure group and 18 0.2 x 10° for 20 nonsmokers in the low-exposure group
(p<0.0005). The concentration of DHBMA was 204848 ng/mg creatinine in the
urine of the high-exposure group compared with-688 ng/mg creatinine in the urine of
the low-exposure groupp & 0.0005).

Another study was conducted in the same styrenadiaue facility in 1998 (Ward
et al, 2001). The frequency &fPRTvariants in lymphocytes as well as the concentratio
of the urinary metabolite of butadiene, DHBMA, weseamined in 37 workers (22 who
had high exposure and 15 who had low exposure). nié@n value of exposure to
butadiene was 1.74 0.54 ppm [3.7& 1.2 mg/ni] (mean+ SE) for the high-exposure
group and 0.0 0.03 ppm [0.15+ 0.07 mg/m for the low-exposure group. The
frequency oHPRT variants was 10.6¥ 1.51x 10° (meant SE) for the high-exposure
group and 3.54 0.61x 107 for the low-exposure group € 0.001). The concentration
of the metabolite was 353 ng/mg creatinine in the urine of the high-exjpegroup
compared with 27% 50 ng/mg creatinine in the urine of the low-expesyroup. Unlike
the previous study, this difference was not sigaift © > 0.05).

A subset of the workers from the Texas facility waslysed for their frequency of
HPRT mutants (Maet al, 2000). HPRT mutants were analysed by a multiplex
polymerase chain reaction (PCR) and the frequerdgarge deletions in butadiene-
exposed workers (17.5%; 25/143) was significanifjnér than that in control subjects
(9.7%; 21/217p < 0.05). This increase in large deletions was dumegpily to an increase
in multiple exon deletiong(< 0.05). When thélPRT mutants were analysed for cDNA
sequence mutations, the majority of the mutations wbdén both exposure groups were
single-base substitutions. However, the overattidigion of the types of mutation was
significantly different between the two grougs< 0.05). A non-significant increase in
mutations at AT sites was observed in butadienesegworkers (46%) compared with
the control group (39%), and the proportion of AT:A transversions was also
increased in the butadiene-exposed group (16%) a@dpwvith the control group (8%;
p= 0.25). Three new mutable sites were identifiegasitions 116, 370 and 410. The
frequency of -1 frame shift mutations was signifibahtgher (11%jp < 0.05) in exposed
workers than in the controls (2%). Polymorphismsttie mEH gene may play a
significant role in the sensitivity of humans tae tgenotoxic effects of butadiene. In
workers exposed to > 150 ppb [33[ugnT] butadiene, individuals who had at least one
polymorphic mEH His allele had a significantp(< 0.001) threefold increase in the
frequency oHPRTvariant (mutant) lymphocytes compared with indigiduvho had the
Tyr/Tyr genotype (Abdel-Rahmaat al, 2001).

Blood samples from 19 exposed (butadiene monomer pioaluctit) and 19 control
(heat production unit) workers at a petrochemicahgany in the Czech Republic were
analysed for chromosomal aberrations and sisteneltid exchange (Sraet al, 1998).
The median exposure concentration of butadiene 0u&& mg/m [0.24 ppm] for the
exposed group and 0.013 mdf®.006 ppm] for the control group. A significant increase
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in the percentage of aberrant cells was observieiexposed group (3.%11.33 versus
2.031 1.01%;p < 0.01). When smoking status was considered irexpesed group, no
difference in the percentage of aberrant cellsakaerved between smokers (3£11.50)
and nonsmokers (3.11.24), although nonsmokers were exposed to ntadg times
more butadiene (1.73 mgi)rthan smokers (0.53 mglnThere was also a significant
increase in the frequencies of sister chromatid exchasrgeelh in the exposed compared
with the control groups (6.9 1.51 and 4.84 1.11 [meant SD], respectively;
p < 0.001).

A comparison of conventional cytogenetic analysesl dluorescence in-situ
hybridization (FISH) was conducted among 82 workers chemical plant in the Czech
Republic (Sranet al, 2004). Twenty-three subjects worked in monomedipetion and
were exposed to 0.642 mg/j®.3 ppm] butadiene, 34 worked in polymer prodarcti
(1.794 mg/m [0.812 ppm] butadiene) and 25 matched contro28mg/mi [0.01 ppm]
butadiene) worked in administration. Using both hds, no significant differences in
chromosomal aberration frequency were detectededsetvany of the groups. When
subjects with suspected clonality were excludednadysis of the data by FISH found a
significant difference between the polymer productivorkers (2.73 1.51 genomic
frequencies of stable chromosomal exchanges) anchéimomer production and control
groups (1.72+ 1.14 and 2.06t 1.31 genomic frequencies of stable chromosomal
exchanges, respectively).

A study that used several different biomarkersaieine the effects of exposure to
butadiene on workers was undertaken in the CzeguliRe (Albertini et al, 2001).
Eighty-three workers from the same industrial sitere divided into three groups:
controls (25 from administration), and monomer (24) amghper (34) workers. Polymer
workers typically had levels of exposure (1.%¥64.69 mg/m [0.8 ppm]) that were
significantly higher than those of the monomer veosk(0.64+ 2.06 mg/m [0.29 ppm])
and controls (0.3 0.03 mg/m [0.14 ppm]). Analysis by autoradiography PRT
mutations in 49 workers showed a significant diffexe between the control (10.%5
6.11x 10 and the monomer (5.234.72x 10 and the polymer workers (6.484.77
x 10°). This trend contradicts that expected. Analysisabcloning assay oHPRT
mutations in 75 workers showed no significant difeces between the groups (controls,
13.00+ 8.1 x 10% monomer workers, 10.68 5.4 x 10°% polymer workers, 18.83
17.41x 10°°). Assays for sister chromatid exchange were cdetpler 73 study subjects.
No significant differences were observed betweengtioups. Chromosomal aberrations
were analysed by traditional methods in 82 workBne mean percentages of cells with
aberrations were 1.56, 1.52 and 1.54% for the abntrtonomer and polymer groups,
respectively. The mean number of chromosomal bneaksell was also similar between
the groups. Chromosomal changes analysed by FISBl stiowed no significant
differences. [The Working Group noted the very highels of butadiene-derived
metabolites in the urine of controls.]

A Health Effects Institute Report summarized thedgtof workers in the Czech
Republic (Albertiniet al, 2003a). The conclusions on the genotoxicityistudiere that
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‘none of these measures showed positive responegpasure levels encountered in this
study’. HPRT mutations analysed by cloning or autoradiograpiititiques showed no
effect of butadiene, and mutation spectra wereigoifisantly different between exposed
and unexposed worketldPRTmutation frequencies were also unrelated to the metabolic
genotypes examined. When smoking status was coegjdthere was no significant
effect of smoking and no significant exposure grbygmoking interaction oRPRT
mutation frequencies. Chromosomal aberrations sedlpy traditional or FISH methods
and sister chromatid exchange were also unaffected byueggosbutadiene. The results
of the study by Sramat al. (1998) were in conflict with these conclusions ahdwed
increased chromosomal aberrations.

Further molecular epidemiological analysis of bigad-exposed workers in the
Czech Republic was conducted to determine whethgrgander differences in the
response to butadiene existed (Alberéhial, 2007). The average level of exposure to
butadiene (mg/M was 0.397% 0.502 (mearx SD) [0.18 ppm] for the 23 women and
0.808+ 1.646 [0.37 ppm] for the 30 men. Thus, exposed matkess had a significantly
higher level of exposure than female workers is ttudy. It should be noted that
exposed male workers also had higher levels ofsxpdo styrene than female workers
and that exposed female workers had higher le¥etxmosure to toluene and benzene
than the exposed male workers. Although urinanceotrations of the mercapturic acid
metabolites of butadiene, DHBMA and MHBMA, were leg in butadiene-exposed
women than in female controls, the differences weatesignificant. The levels of both
DHBMA and MHBMA (ug/L) were significantly increased in male butadierposed
subjects (854.1% 567.0 and 47.% 44.3, respectively) compared with male controls
(512.8 £ 272.1 and 14.% 10.3, respectivelyp < 0.05). Thus, significantly higher
concentrations of metabolites occurred in men thawomen in both the control and
exposed group$iPRTmutations measured by the T-cell assay did notrdiffmificantly
between exposed and control groups of either sexsigjhificant associations between
exposure to butadiene and sister chromatid exchangbhromosomal aberrations were
detected in either sex. Effects of genotype wese ekamined. In this stud@STTinull
workers showed a significantly slower rise in tae of MHBMA excretiong§ < 0.05). In
addition, individuals with the EH genotype that dcifies low activity showed a
significantly higher rise in urinary MHBMA/(DHBMA +MHBMA) ratios with
increasing exposure to butadiene.

Zhang et al. (2004) measured chromosomal changes in the paalplood
lymphocytes of 39 butadiene polymer production waskand 38 unexposed controls in
Yanshan, China. The median exposure level for thadene-exposed workers as a 6-h
TWA was 2 ppm [4.42 mg/fhwhereas the control group had a median level pbi.
Tobacco use was controlled for by including a similargrgage of smokers with similar
pack—years of smoking in both the control and espasoups. No significant numerical
or structural chromosomal changes were detectedg uBiSH with probes for
chromosomes 1, 7, 8 or 13STT1andGSTM1genotypes had no significant effect on the
frequency of hyperdiploidy of the above chromosomesn the frequency of structural
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changes of chromosomes 8 and 12 in the butadigreses group. The EEPHX1
Y113H polymorphism had no effect on chromosomalagerorHPRTmutant frequency

in either the exposed or control workers. Howewarkers with the histidine arginine
HR or RR allele of theEPHX1 H139R polymorphism had increased levels of
hyperdiploidy of chromosomes 1, 7 and 8. Overatdjgted EPHX1 activity did not
influence genetic damage at low occupational exessio butadiene. Further analysis at
this plant of 41 workers exposed to the same mddigis of butadiene (2 ppm) and 38
controls was undertaken (Hayes al, 2001). No differences were observed in the
Glycophorin A assay between the exposed workers th@dcontrols. The mutation
frequency ofHPRT measured with the T-cell cloning assay was algosigmificantly
different and no significant increase was deteictasister chromatid exchange frequency.

Another study at a tyre plant in the Slovak Remubkamined 110 workers, who
were exposed to several xenobiotics of which betsiwas the most prominent, for
markers of genotoxicity in relation to several pedyphisms (Vodickat al, 2004). The
workers were divided into three groups: high expe¢butadiene concentration, 26.2
mg/nT [1.18 ppm]), low exposure (butadiene concentra@oBr 2.2 mg/ni [1.04 ppm])
and no exposure (trace amounts). The frequenciesabichromosomal aberrations were
significantly lower (1.3t 1.3;p < 0.01) in the low-exposure group compared with th
high- and no-exposure groups (221.4 and 2.3t 1.1, respectively). No significant
differences were observed in DNA single-strand breaks singhe-strand break endo IlI-
sensitive site frequencies. A non-significant twofalghler rate of DNA repair was found
in the high-exposure group (Gt8.6 single-strand breaksPHaltons) compared with the
low- and no-exposure groups (®30.3 and 0.3t 0.4 single-strand breaksfidaltons,
respectively). A weak but non-significant assooiatiwvas found between CYP2EL
expression in peripheral blood lymphocytes and fleguency of chromosomal
aberrations r( = 0.298;p = 0.097). In all individuals, assessment of sdvgemetic
polymorphisms suggested that individuals who had B®°HXL-activity genotypes had
the highest level of chromosomal aberrations. $agmitly lower frequencies of
chromosomal aberratiop € 0.024) were detected in individuals who hadwligant CC
genotype associated with the XPD exon 23.

A study of 27 healthy male Caucasian workers expasdutadiene and 26 matched
controls from an Italian petrochemical plant anedygenotoxic effects (Lovregliet al,
2006). The mean exposure to butadiene was+6141.0 ug/nt [0.003 ppm] for the
butadiene-exposed workers which was significanifferént from that of the controls
(0.8+ 1.1 pg/nT [0.0004 ppm]p < 0.001). No significant differences were obserived
sister chromatid exchange, the percentage of gétls a high frequency of sister
chromatid exchange, chromosomal aberrations oifgragion index in the peripheral
blood lymphocytes of these two groups. When subjeare classified according to
smoking status, a significant increase was obseivettie mean frequency of sister
chromatid exchange in smokers (&61.2) compared with nonsmokers (550.8;

p = 0.001). Exposure to butadiene was also highemiokers than in nonsmokers but this
was not statistically significanp € 0.3).
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4.2.2 Experimental systems

(@) Butadiendsee Table 26 for details and references)

The genotoxicity of butadiene has been reviewedaqusly (IARC, 1999).

The frequency of DNA single-strand breaks was med in NMRI mice exposed to
butadienen vivo.

Decreases in cloning efficiency of T cells andgaificant increase iklprt mutation
frequencywas observed in female B6G3Hice exposed to 3 ppm [6.63 mdim
butadiene for 2 weeks and in rats exposed to 628 [138.1 mg/n] butadiene for
2 weeks; these are the currently reported lowestrobd-effect levels for butadiene that
inducedHprt mutations in mice and rats, respectively. Hpet mutation frequency was
also increased ifEphx1 null and Xpc (DNA repair enzyme) null mice exposed to
butadiene for 4 weeks compared with normal mice.

Characterization dfiprt mutations in cDNA and genomic DNA from splenic élkc
mutants was carried out in male B6¢3Rice and Fischer 344 rats. The médprt
mutant frequency in mice was 9.203.25 x 10° in the butadiene-exposed animals
compared with 1.4& 0.84 x 10° (p < 0.001) in the controls. In rats, the medprt
mutant frequency in the exposed animals was 8.282 x 10° compared with 3.0
0.98 x 10° (p < 0.001) in the controls. In mice, real time PGRlI @DNA sequencing
showed a statistically significant difference i thverall proportion of mutation types
detected in control versus butadiene-exposed miee(.042), while multiplex PCR of
genomic DNA showed that deletion mutations weraifiigntly increased in butadiene-
exposed micep(= 0.031). Analysis of the individual mutation tgglat occurred in both
treated and control mice showed that exposure tadimne significantly increased the
frequencies of each type of base substitution, pixfmr A:T- G:C transitions, and
frameshifts and deletions. In male rats, no differendaeirotverall mutational spectra was
detected using cDNA sequencing alone or when cadbiwith multiplex PCR.
Statistical analyses of the individual mutationetyshowed that exposure to butadiene
significantly increased base substitution at ATT:A transversions in both mice and rats,
and single-base insertions, deletion mutations emdplex mutations as well as
G:C- C:G transversions in mice.

In the bone marrow of B6C3H.acl transgenic mice exposed to butadiene, a
significant increase in point mutations was observédabase pairs compared with air-
exposed mice. In the spleen of the exposed micsigrificant increase in base
substitution mutations (GCAT transitions and GG TA transversions at non-CpG
sites) was detected, and a significant increageTinbase pairs occurred, similar to that
observed in the bone marrow.

Micronucleus formation was increased in NMRI miced amale and female
B6C3FR/CrBR mice exposed to butadiene. Male B6¢Bfce were exposed to butadiene
and the bone marrow was harvested 24 h after ohsafposure (Jackscet al, 2000).
The frequencies of micronucleated polychromatictheogytes were significantly
increased (28.2 3.1/100 cellsp < 0.05) compared with controls (9.87 + 2.1/100 yels



Table 26. Genetic and related effects of butadiene

Test system Result Dos€ Reference
(LED or HID)

Without With

exogenous exogenous

metabolic  metabolic

system system
Salmonella typhimuriuifA100, reverse mutation - + 1080 ppm Arekal (1994)
Salmonella typhimuriurifA1530, reverse mutation - + 86 ppm de Meestet (1980)
Salmonella typhimuriunfA1535, reverse mutation - + 216 ppm Arekal (1994)
Salmonella typhimuriurA1537, TA98, reverse mutation - - 1080 ppm khed al (1994)
Escherichia colWP2uvrA, reverse mutation - - 1080 ppm Arakal (1994)
Drosophila melanogastesomatic mutation or recombination - 10 000 fppim Victorinet al (1990)
Drosophila melanogastesex-linked recessive lethal mutation - 500 jopm Fouremaret al (1994)
DNA single-strand breaks, NMRI mouse alveolar mphegesn vitro - NT 40 ppm Wallest al. (1995)
Gene mutation, mouse lymphoma L5178Y cdllslocusin vitro - - 650 ppm McGregat al (1991)
Sister chromatid exchange, Chinese hamster ovésyiceitro - (+) 1.35 Sasiadedt al (1991a)
Sister chromatid exchange, human lymphociytestro + + 108 Sasiadedt al (1991b)
Binucleated cells, human bronchial epithelial ciellsitro + NT 25ug as soot/mL medium  Catakd al (2001)
DNA cross-links, B6C3Fmouse livetin vivo + 450 ppminh 7 h Jelittet al (1989)
DNA cross-links, B6C3Fmouse livein vivo - 2070 ppminh 8 h/d, 7 d Ristatial (1990)
DNA cross-links, B6C3Fmouse lung and liven vivo + 250 ppminh 7 h Vangakt al. (1993)
DNA single-strand breaks, B6Caffouse liveiin vivo + 2000 ppminh 7 h/d, 7 d Vangaileal (1993)
DNA single-strand breaks, NMRI mouse lung and livevivo + 200 ppminh 16 h Walles al (1995)
DNA strand breaks, CD-1 mouse liver, bone marrovestisin vivo - 130 ppm inh 6 h/d, 4 wk Andersenal. (1997)
DNA damage, CD-1 mouse testicular callwvivo + 125 ppminh 6 h Brinkwortbt al. (1998)
DNA single-strand breaks adrradiation-specific DNA repair activity, + 500 mg/m6 h/d, 28 d Vodickat al (2006)

NMRI micein vivo

DNA cross-links, Sprague-Dawley rat liviervivo - 550 ppminh 7 h Jeliteet al (1989)
DNA cross-links, Sprague-Dawley rat liviervivo - 1240 ppminh 8 h/d, 7 d Ristaual (1990)
DNA cross-links, Sprague-Dawley rat liver and lungivo — 2000 ppminh 7 h Vangathal (1993)
DNA single-strand breaks, Sprague-Dawley rat limerivo + 2000 ppminh 7 h/d, 7 d Vangalaal (1993)

act
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Table 26 (contd)

Test system Result Dos€ Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Gene mutationlacZ mouse bone marroim vivo + 625 ppm inh 6 h/d, Recioet al (1992)
5 d/wk, 1 wk
Gene mutation, B6C3fnouse T lymphocytesiprt locusin vivo + 625 ppm inh 6 h/d, Cochrane & Skopek
5 d/wk, 4 wk (1993)
Gene mutation, B6C3fnouse T lymphocytesiprt locusin vivo + 625 ppm inh 6 h/d, Cochrane & Skopek
5 diwk, 2 wk (1994) 5
Gene mutationl.acl micein vivo + 62.5 ppm inh 6 h/d, Sisket al (1994) w
5 d/wk, 4 wk C
Gene mutation, B6C3fnouse T lymphocytesiprt locus in vivo + 1300 ppm inh 6 h/d, Tateset al (1994) ;
5 diwk, 1 wk o
Gene mutationl.acl micein vivo + 1250 ppm inh 6 h/d, Recio & Meyer (1995) g
5 d/wk, 4 wk m
Gene mutation, (102/E4 C3H/E1)k mouse splenocyteBiprt locusin vivo + 500 ppminh 6 h/d, 5d Tatesal. (1998)
Gene mutation, CD-1 mouse splenocytdsit locus in vivo - 1300 ppm inh 6 h/d, Tateset al. (1998)
5 d/wk, 4 wk
Gene mutation, female B6C3fice,Hprt locusin vivo + 20 ppm 6 h/d, 5 d/wk, Menget al (1999a)
2 wk
Gene mutation, female B6C3fmouse thymic and + 20 ppm 6 h/d, 5 d/wk, Walker & Meng (2000)
splenic T cellsHprt locusin vivo 2 wk
Gene mutation, female Fischer 344 rédgrt locusin vivo +) 625 ppm 6 h/d, 5 d/wk, Walker & Meng (2000)
4 wk
Gene mutation, female B6C3fice,Hprt locusin vivo + 3 ppm 6 h/d, 5 d/wk, Menget al (2001)
2 wk
Gene mutation, male B6C3mice and Fischer 344 ratdprt locusin vivo + 1250 ppm 6 h/d, 5 d/wk, Menget al.(2004)

2 wk

€ct



Table 26 (contd)

Test system Result Dos€ Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Gene mutation, B6C3f.acl transgenic micen vivo + 625 ppm 6 h/d, 5 d/wk, Recioet al. (2001)
4 wk
Gene mutation, B6C3Hnice,Znfnlal/lkarogyenen vivo (+) NG Karlssoret al (2002)
Gene mutationEphxZplus miceHprt locusin vivo (+) 20 ppm 7 h/d, 5 d/wk, Wickliffe et al (2003,
4 wk 2007)
Gene mutationEphxtnull mice, Hprt locusin vivo + 20 ppm 7 h/d, 5 d/wk, Wickliffe et al (2003,
4 wk 2007)
Gene mutationXpcplus mice,Hprt locusin vivo +) 20 ppm 7 h/d, 5 d/wk, Wickliffe et al (2007)
4 wk
Gene mutationXpcnull mice, Hprt locusin vivo + 20 ppm 7 h/d, 5 d/wk, Wickliffe et al (2007)
4 wk
Gene mutation, male B6C3Fice and female Fischer 344 rdtprt locus + 1250 ppm 6 h/d, 5 d/wk, Menget al (2007a)
in vivo 2 wk
Gene mutation, female Fischer 344 rédgrt locusin vivo (+) 62.5 ppm 6 h/d, 5d/wk, Menget al.(2007a)
2 wk
Mouse spot test, female T-stock mice + 500 ppm inh 6 h/d, Adler et al. (1994)
5 d/wk, 1 wk
Sister chromatid exchange, B6G3fouse bone marroim vivo + 116 ppminh 6 h Cunninghaghal (1986)
Sister chromatid exchange, Sprague-Dawley rat buareow - 4000 ppminh 6 h Cunninghaghal (1986)
in vivo
Sister chromatid exchange, B6G3Rouse bone marroim vivo + 7 ppminh 6 h/d, 5 d/wk, Ticeetal (1987)
2 wk
Micronucleus formation, B6C3fnouse bone marroim vivo + 116 ppminh 6 h Cunninghaghal (1986)
Micronucleus formation, B6C3fnouse peripheral bload vivo + 70 ppminh 6 h/d, 5 d/wk, Ticeetal (1987)

2 wk

144"
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Table 26 (contd)

Test system Result Dos€ Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Micronucleus formation, B6C3fnouse peripheral blodd vivo + 7 ppminh 6 h/d, 5 d/wk, Jauhaset al (1988)
13 wk
Micronucleus formation, NMRI mouse bone marriowivo + 35 ppminh 23 h Victoriet al. (1990)
Micronucleus formation, (102/E4 C3H/E1)k and CB6kmicein vivo + 50 ppm inh 6 h/d, 5 d/wk Adlet al. (1994); Autio
et al (1994)
Micronucleus formation, (102 C3H) micein vivo + 200 ppm inh 6 h/d, 5 d/wk  Xiao & Tates (1995)
Micronucleus formation, (102/E4 C3H/E1)k mouse splenocytes + 130 ppminh 6 h/d, 5d Stephareiial. (1998)
in vivo
Micronucleus formation (102/E4 C3H/E1)Rk mouse spermatids + 250 ppminh 6 h/d, 5d Tommatial. (1998)
in vivo
Micronucleus formation, male B6C3Ficein vivo + NT 1100 ppm initial Jacksoret al. (2000)
concentration 4 h
Micronucleus formation, male and female (102E23H/EI)R mouse + NT 500 ppm 6 h/d, 5d Ranaleti al (2001)
primary lung fibroblasts vivo
Micronucleus formation, male and female B6@8FBR micein vivo + NT 1000 ppm 6 h/d, 2 d Bevanal (2001)
Micronucleus formation, NMRI mici vivo + NT 500 mg/m 6 h/d, 28 d Vodickat al. (2006)
Micronucleus formation, Sprague-Dawley rat bonermvain vivo 4000 ppminh 6 h/d, 2 d Cunninghatral (1986)
Micronucleus formation, Sprague-Dawley ratvivo - 500 ppm 6 h/d, 5 d/wk Autiet al. (1994)
Chromosomal aberrations, B6G3d NIH mouse bone marrawvivo + 1500 ppm inh 6 h Irorest al (1987b)
Chromosomal aberrations, B6G3Rouse bone marroim vivo + 700 ppm inh 6 h/d, Ticeet al (1987)
5 d/wk, 2 wk
Chromosomal aberrations, (102/ET3H/E1)k mouse embryos + 130 ppminh 6 h/d, 5d Pachierettial. (1998)

in vivo
Aneuploidy, B6C3rand NIH mouse bone marrawvivo

1500 ppm inh 6 h

Irores al. (1987b)

INIIAVLNG-E'T
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Table 26 (contd)

Test system

Result

Without With
exogenous exogenous
metabolic  metabolic

Dosé€
(LED or HID)

Reference

system system
Dominant lethal test, male CD-1 mice + 233 ppm inh 6 h/d, Morrisseyet al (1990)
5 diwk, 1 wk
Dominant lethal test, CD-1 mice + 1250 ppm inh 6 h/d, Andersoret al (1993)
5 d/wk, 10 wk
Dominant lethal test, CD-1 mice - 6250 ppm inh 6 h Anderset al (1993)
Dominant lethal test, (102/B4C3H/E1)k mice + 1300 ppm inh 6 h/d, Adler et al (1994)
5 d/iwk, 1 wk
Dominant lethal test, (102/B4C3H/E1)R mice + 500 ppminh 6 h/d, 5d Adlet al. (1998)
Dominant lethal test, CD-1 mice + 65 ppm inh 6 h/d, 5 d/wk, Andersoret al (1998)
4 wk
Dominant lethal test, CD-1 mice + 125 ppm inh 6 h/d, Brinkworth et al (1998)
5 d/wk, 10 wk
Dominant lethal test, Sprague-Dawley rats - 125® mh 6 h/d, Andersoret al. (1998)
5 d/wk, 10 wk
Mouse (C3H/E1) heritable translocation test + QaBpPm inh 6 h/d, Adler et al. (1995)
5 d/wk, 1 wk
Mouse (102/EX C3H/E1)k heritable translocation test + 500 ppm inh 6 B/d, Adleret al. (1998)
Binding to DNA, male B6C3Fmouse and male Wistar rat liver + 13 ppm inh 4-6.6 h Kreilingt al. (1986a)
in vivo
Binding to DNA at N7 of guanine, male B6G3Rouse liver + 450 ppminh 7 h Jelittet al. (1989)
in vivo
Binding to DNA at N7 of guanine, male B6G3Fouse liver + NG Bolt & Jelitto (1996)
in vivo
Binding to DNA at N of adenine, mouse lurig vivo + 200 ppm inh 6 h/d, Koivisto et al (1996)

5 d/wk, 1 wk

9T
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Table 26 (contd)

Test system Result Dosé€ Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Binding to DNA at N7 of guanine, mouse testis antglin vivo + 200 ppm 6 h/d, 5d Koivistet al (1998)
Binding to DNA at N7 of guanine, male Wistar raliin vivo - 550 ppminh 7 h Jeliteet al (1989)
Binding to DNA at N7 of guanine, male Wistar raliin vivo - NG Bolt & Jelitto (1996)
Binding to DNA at N of adenine, rat lunip vivo + 200 ppm inh 6 h/d, Koivisto et al (1996)
5 diwk, 1 wk
Binding to DNA at N7 of guanine, male Sprague-Dawigt liverin vivo + 200 ppm inh 6 h/d, Koivisto et al (1997)
5 d/iwk, 1 wk
Binding to protein, male B6C3fnouse and male Wistar rat liviervivo + 13 ppminh 4-6.6 h Kreilingt al. (1986a)
Sperm morphology, CD-1 mide vivo + 1165 ppm inh 6 h/d, Morrisseyet al (1990)

5 d/wk, 1 wk

@ +, positive;—, negative; (+), weakly positive; NT, not tested Nhot given

P LED, lowest effective dose; HID, highest ineffeetistose; d, day; inh, inhalation exposure; wk, week

INIIAVLNG-E'T
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determined by acridine orange staining. Two othethods to determine micronucleus
frequency also showed similar results.

The contribution of CYP2E1 to the genotoxicity aftddiene was investigated by
pretreating animals with 1{ansdichloroethylene, a selective CYP2EL inhibitord an
1l-aminobenzotriazole, an irreversible inhibitor s#veral CYPs, before exposure to
butadiene (Jacksoret al, 2000). Pretreatment with Ilt@&nsdichloroethylene
significantly lowered the micronucleus frequenabserved (19.& 2.5) but the levels
were still elevated over those in unexposed cai(dl.5+ 2.0). Pretreatment with
1-aminobenzotriazole caused the micronucleus frexyut fall to a level similar to that
in unexposed animals. The frequency of kinetochegative micronuclei was also
significantly increased in butadiene-exposed arsir(il.3+ 1.2) compared with controls
(5.2+ 1.7), indicating that butadiene is a clastogen.

(b) Butadiene metabolites

()  Epoxybutenésee Table 27 for details and references)

Epoxybutene is mutagenic 8almonella typhimuriurm the presence and absence of
a metabolic activation system.

The cll mutant frequency was increased only in Bigell mice but not rat
fibroblastsin vitro. The in-vitro mutational spectrum induced by efmx}gne (1 mM for
24 h) in Ratd_acl cells was compared with a background spectrum. Signifiocreases
in GC- AT transitions at non-CpG sites as well as -GTA transversions (32% of the
epoxybutene-induced mutations) were observed. Atbase pairs, a significant increase
was observed in AT, CG and AT- TA transversions.

Epoxybutene increased micronucleus formation irh ligig Blue rat and mouse
fibroblasts.

In a human B-lymphoblastoid cell line that does express active CYP2EL, the
mutational spectrum &PRTinduced by epoxybutene showed a significant ineréas
G:C- AT and A:T- T:A mutations. The 3stereoisomer increased tHHERT mutation
frequency in human lymphoblastoid TK6 cells whetbasZR-isomer caused significant
increases at higher doses only.

Mean frequencies of sister chromatid exchange vignéisantly increased in human
whole blood lymphocyte cultures by epoxybutene athithe GSTMXnull (p < 0.001)
andGSTMZpositive p = 0.03) genotypes compared with unexposed controls

The effect ofGSTM1genotype as well as an adaptive dose of epoxybunsrthe
induction of sister chromatid exchange was examil¢ithout an adaptive dose, both
genotypes showed a significant increase in sisteneatid exchange over controls. With
the adaptive dose, the mean number of sister chicbragachanges was significantly
higher following exposure to epoxybutene in B8TMXnull group (17.42+ 2.43;
p=0.01) than in the control group (7.69..00) or theGSTMZ2positive group (14.0%
4.22). The results show an increased sensitivitg ®TM2null subjects to the induction
of sister chromatid exchange by epoxybutene.



Table 27. Genetic and related effects of epoxybuten

Test system Result Dosé& Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Salmonella typhimuriurifA100, TA1535, TA98, TA97a, reverse + + 2-10 mM Himmelsteiet al (2001)
mutation
Gene mutation, Big Blué mouse fibroblasts, cll locus vitro + 125uM Erexson & Tindall
(2000a)
Gene mutation, Ratacl transgenic fibroblastgacl locusin + 0.6 mM Saranket al.(1998);
vitro Recioet al (2000)
Gene mutation, Big Blueé rat fibroblasts, cll locus vitro (+) 500uM Erexson & Tindall
(2000a)
Sister chromatid exchange, male CD-1 mouse and Galeat - 931uM Kligermanet al
splenic lymphocytes atdGtage in the cell cycla vitro (1999a,b)
Micronucleus formation, Big Bluié mouse and rat fibroblasits  (+) 125uM Erexson & Tindall
vitro (2000a)
Micronuclei formation, Chinese hanster V79 callwitro + 1mM Himmelsteiret al (2001)
Gene mutation, human lymphoblastoid TK6 cdi®RTlocus + 400uM for 24 h Recicet al. (2000)
in vitro
Gene mutation, human lymphoblastoid TK6 céi®RTandTK  + 400uM 2S or R-  Menget al. (2007b)
loci in vitro isomer for 24 h
Gene mutation, human lymphoblastoid TK6 cei®RTlocusin  + 400pM 2R-isomer  Menget al. (2007b)
vitro for 24 h
Gene mutation, human lymphoblastoid TK6 cei®RTlocusin  + 200uM 2Sisomer  Menget al.(2007b)
vitro for 24 h
Sister chromatid exchange, human whole bloodyaté&ye in the — 931uM Kligermanet al
cell cyclein vitro (1999a,b)
Sister chromatid exchange, human whole blood lyroptes, + 25uM for 24 h Sisiadeket al (1999)

GSTMZL}, GSTMH in vitro
Micronucleus formation, human lymphocytasvitro

300uM

Murg et al (1999a)
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Table 27 (contd)

Test system Result Dosé Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Chromosomal aberrations, human peripheral bloogphgnytes  + 931uM Kligermanet al (1999b)
treated with ara-@ vitro
Hyperdiploidy and chromosomal breakage (1cen-qgrg, - 300uM Murg et al (1999a)
human lymphocyteim vitro
Inhibition of IL-2 production, human CD4ymphocytesn vitro  — 10uM Ironset al (2001)
Inhibition of clonogenic activity, human CD3done marrow - 1mM Ironset al. (2000)
cellsin vitro
Inhibition of clonogenic activity, human CD3#one marrow - 100uM Ironset al (2001)
cellsin vitro
Gene mutation, female B6C3mouse splenic T cell$jprt locus + 2.5 ppm 6 h/d, Menget al.(1999b)
in vivo 5 d/wk, 4 wk
Gene mutation, female Fischer 344 igitenic T cellsHprt - 25 ppm 6 h/d, Menget al. (1999b)
locusin vivo 5 d/wk, 4 wk
Gene mutation, female B6C3Eacl transgenic mouse spleen 29.9 ppm 6 h/d, Recioet al (2000, 2001);
and bone marrown vivo 5 d/iwk, 2 wk Sarankeet al. (2001)
Gene mutation, female B6C3Eacl transgenic mouse lung +) 29.9 ppm 6 h/d, Recioet al (2000, 2001);
vivo 5 d/wk, 2 wk Sarankeet al. (2001)
Gene mutation, female Fischer 34dcl transgenic rat spleen _ 29.9 ppm 6 h/d, Recioet al (2000)
in vivo 5 d/wk, 2 wk
Gene mutation, female Fischer 34dcl transgenic rat bone (+) 29.9 ppm 6 h/d, Recioet al (2000)
marrowin vivo 5 d/wk, 2 wk
Gene mutation, female B6C3mouse splenic T cellgiprt locus  + 2.5 ppm 6 h/d, Walker & Meng (2000)
in vivo 5 d/wk, 4 wk

0€T
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Table 27 (contd)

Test system

Dosé
(LED or HID)

Reference

Gene mutation, female Fischer 344gplenic T cellsHprt locus
in vivo

Gene mutationEphxtplus mice Hprt locusin vivo

Gene mutationEphxEnull mice,Hprt locusin vivo

Gene mutationXpcplus mice Hprt locusin vivo

Gene mutationXpcnull mice,Hprt locusin vivo

Gene mutationXpc—/— mice Hprt locusin vivo

Micronucleus formation, male C57/BL mouse polychatim
erythrocytesn vivo

Micronucleus formation, male Sprague-Dawley rat
polychromatic erythrocytes vivo

Result

Without With
€X0genous exogenous
metabolic  metabolic
system system

+

+

+

+

2.5 ppm 6 h/d,

5 d/wk, 4 wk

80 mg/kg/48 x 3
80 mg/kg/48 hx 3
100 mg/kg/48 Ix 3
100 mg/kg/48 Ix 3
150 mg/kg
250umol/kg

1125pumol/kg

Walker & Meng (2000)

Wickliffe et al (2007)
Wickliffe et al (2007)
Wickliffe et al (2007)
Wickliffe et al (2007)
Wickliffeet al. (2006)
Fredet al. (2005)

Fredet al. (2005)

IL, interleukin
&+, positive; —, negative; (+), weak positive; Nibt tested

b LED, lowest effective dose; HID, highest ineffeetidose; d, day; wk, week
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Epoxybutene did not induce sister chromatid exchamgchromosomal aberrations in
human blood lymphocytes when added at that&ge of the cell cycle. However, from
further studies in which excision repair was intet)j it is probable that epoxybutene
induces chromosomal aberrations and DNA damageighegpaired by the excision
process in glymphocytes (Kligermaat al, 1999a,b).

In vivo, a significant increase in mutation frequency waeieiesl at thédprt locus in
splenic T cells from female B6C3ice exposed to epoxybutene. Exposure to epoxy-
butene by inhalation resulted in an approximatefgefold increase in the frequency of
Lacl mutants in the lungs of female B6G3Fcl transgenic mice (8.8 3.0 x 10° and
9.9+ 3.0 x 10° compared with air-exposed controls 8.0.7 x 10°and 3.6: 0.7 x 10?).
Significant increases in GEAT transitions at CpG sitep € 0.001) were detected. A
number of other alterations (insertions, deleti@msl tandem changes) were also
increased in the lungs of exposed mice (10/54, X@¥jpared with controls (2/59, 4%).
When these alterations were considered separatdiythe frequency of deletions was
significantly increasedp(= 0.005).

(i)  Epoxybutanediolsee also Table 28 for details and references)

Epoxybutanediol has the least mutagenic potencyhefbutadiene epoxides in
traditional mutagenic assays.

Epoxybutanediol increased cll mutant frequency ig BlueCl mouse but not rat
fibroblasts.

Mutational spectra of epoxybutanediol were obtaimethe Hprt locus in Chinese
hamster ovary-K1 cells. Of the 41 mutants analy88d(61%) were base substitutions
and 16 (39%) were deletions. The most common ha#ssititions were GC AT and
AT - GC transitions. Among the deletions, the majoritythee mutants showed single
exon loss.

Epoxybutanediol increased micronucleus formatiomiim Bluell rat fibroblastsn
vitro. The same effect was seen in Big Bluanouse fibroblasts only at higher
concentrations.

Epoxybutanediol weakly suppressed the haematopojatbgenitor clonogenic
response in human CD3done-marrow cells.

(i) Diepoxybutandsee also Table 29 for details and references)

Diepoxybutane has been shown to be the most mutagetine butadiene epoxides
in traditional mutagenicity assays.

Diepoxybutane is mutagenic . typhimurium Escherichia coliand Sulfolobus
acidocaldariusin the presence and absence of a metabolic dotivatstem.

Thirty-nine diepoxybutane mutants were analysed in€3e hamster ovary-K1 cells.
Of these, 24 (62%) were base substitutions an@8%) were deletions. The major base
substitutions were GG AT transitions (11/24) and AT TA (5/24) and GC. CG (6/24)
transversions. Among the deletions, the majorityhefmutants showed single exon loss.



Table 28. Genetic and related effects of epoxybutadiol

Test system Result Dosé& Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic metabolic
system system
Gene mutation, Big Blué mouse fibroblasts, cll locus vitro + NT 1000puM Erexson & Tindall (2000a)
Gene mutation, Big Bl rat fibroblasts, cll locums vitro - NT 1000uM Erexson & Tindall (2000a)
Gene mutation, Chinese hamster ovary CHO-K1 ddltst locus + NT 2mM Leeet al (2002)
in vitro
Micronucleus formation, Big Blué mouse fibroblasts vitro + NT 500uM Erexson & Tindall (2000a)
Micronucleus formation, Big Blué rat fibroblastsn vitro + NT 250uM Erexson & Tindall (2000a)
Inhibition of IL-2 production, human CD4ymphocytesn vitro - NT 10uM Ironset al. (2001)
Inhibition of clonogenic activity, human CD36one-marrow cells — NT 10°M Ironset al. (2000)
in vitro
Inhibition of clonogenic activity, human CD3#one-marrow cells  (+) NT 100puM Ironset al (2001)

in vitro

IL, interleukin
&+, positive; —, negative; (+), weak positive; Nibt tested
b LED, lowest effective dose; HID, highest ineffeetidose

INIIAVLNG-E'T

€eT



Table 29. Genetic and related effects of diepoxybame

VET

Test system Result Dosé Reference
(LED or HID)
Without With
€X0genous exogenous
metabolic  metabolic
system system
Escherichia coliTRGS, hié revertants, + huma@®-alkylguanine- + NT 1mM Valadezt al (2004)
DNA alkyltransferase
Salmonella typhimuriunYG7108, hiérevertants , + huma@®- + NT 1mM Valadezt al (2004)
alkylguanine-DNA alkyltransferase
Escherichia colKL185, RC50, G1209, reverse mutation or genetic+ NT 5-300ug/mL Reilly & Grogan (2002)
recombination
Escherichia colMBL50 cells,supFmutant frequency + NT 40M all isomers  Kimet al. (2007)
Salmonella typhimuriurii100, TA97a, reverse mutation - 10 mM Himmefs&tial. (2001)
Salmonella typhimuriurffA1535, TA98, reverse mutation + + 0.2 mM Himmeiset al. (2001)
Sulfolobus acidocaldariuBG29, DG38, DG64, reverse or forward + NT 5-300pg/mL Reilly & Grogan (2002)
mutation
Gene mutation, Big Blueé mouse and rat fibroblasts, cll locus + NT 2.5uM Erexson & Tindall
in vitro (2000a)
Gene mutation, Chinese hamster ovary-K1 cklfgt locus + NT 20uM Leeet al (2002)
in vitro
Gene mutation, Rat2 transgenic fibroblakes;l locusin vitro +) NT 10uM Recioet al.(2000)
Sister chromatid exchange, male CD rat and CD-1saaplenic + NT 2.5uM Kligermanet al (1999a)
lymphocytes, whole blood and isolated blood lympttes at G
stage in the cell cyclia vitro
Sister chromatid exchange, Big Blllanouse and rat fibroblasts + NT 2uM Erexson & Tindall
in vitro (2000b)
Micronucleus formation, Big Blué mouse and rat fibroblasts + NT 2.5uM Erexson & Tindall
in vitro (2000a)
Micronucleus formation, Rat2acl cellsin vitro + NT 2uM Recioet al (2000, 2001)
Micronucleus formation, Chinese hamster V79 cin vitro + NT 12.5uM Himmelsteinet al. (2001
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Table 29 (contd)
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Test system Result Dosé Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Gene mutation, human lymphoblastoid TK6 cél®RTlocusin + NT 4uM for 24 h Recicet al.(2000)
vitro
Gene mutation, human lymphoblastoid TK6 céH®RTlocusin + NT 2uM all isomers Menget al. (2007b)
vitro for24 h
Gene mutation, human lymphoblastoid TK6 cell, locusin vitro + NT 2uM all isomers Menget al. (2007b)
for 24 h
Sister chromatid exchange, human whole blood asidtesd blood + NT 2.5uM Kligermanet al (1999a)
lymphocytesn vitro
Sister chromatid exchange, human whole blood lyroptesin vitro  + NT 5uM Schlade-Bartusiakt al.
(2001, 2004)
Micronucleus formation, human lymphocyiasvitro + NT 2.5uM Murg et al (1999a)
Chromosomal breakage (1cen-g12 region), AZH-1 dedl® human + NT 5uM Murg et al (1999b)
lymphoblastoid TK6 cells
Chromosomal breakage (1 cen-q12 region), humanhpaeyies + NT 2.5uM Murg et al. (1999a)
in vitro
Hyperdiploidy (chromosome 1), AZH-1 cells from huma + NT 10puM Murg et al (1999b)
lymphoblastoid TK6 cells
Hyperdiploidy, human lymphocytés vitro + NT 10puM Murg et al (1999a)
Inhibition of IL-2 production, human CD4ymphocytes - NT 1aM Ironset al. (2001)
Inhibition of clonogenic activity, human CD3#one-marrow cells + NT @M mesoor D,L Ironset al (2000, 2001)
Inhibition of clonogenic response, human CD34+ bowerow cells  + NT M Ironset al. (2001)
Cell cycle arrest in ¢G,, human embryonic lung fibroblasts + NT 140d for 1 h Schmiederegt al. (2005)
Increased p53 and p?t, human embryonic lung fibroblasts + NT 14o@ for 1 h Schmiederest al (2005)

GET



Table 29 (contd)

Test system Result Dos€ Reference
(LED or HID)
Without With
€X0genous exogenous
metabolic  metabolic
system system
Comet tail moment&phxtplus micen vivo - NT 15 mg/kg/24 k2  Wickliffe et al (2003)
Comet tail moment&phxtnull micein vivo + NT 1.5 mg/kg/24 k2 Wickliffe et al (2003)
Gene mutation, female Fischer 344 rat and femag3B6mouse + NT 2 ppm 6 h/d, Menget al. (1999b);
splenic T cellsHprt locusin vivo 5 diwk, 4 wk Walker & Meng (2000)
Gene mutation, female Fischer 344l transgenic rat bone marrow (+) NT 3.8 ppm 6 h/d, Recioet al (2000)
in vivo 5 diwk, 2 wk
Gene mutation, female Fischer 34dcl transgenic rat spleen and - NT 3.8 ppm 6 h/d, Recioet al (2000)
female B6C3FLacl transgenic mouse bone marrow and spleen 5 diwk, 2 wk
in vivo
Gene mutationEphxtplus mice Hprt locusin vivo + NT 15 mg/kg/24 2 Wickliffe et al (2003,
2007)
Gene mutationEphxEnull mice,Hprt locusin vivo + NT 15 mg/kg/24 k2 Wickliffe et al (2003,
2007)
IL, interleukin

&+, positive; —, negative; (+), weak positive; Nibt tested
b LED, lowest effective dose; HID, highest ineffeetidose; d, day; wk, week

9€T
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1,3-BUTADIENE 137

At low concentrations of diepoxybutane, increasethée frequency of sister chromatid
exchange were observed in Big Bluenouse and rat fibroblasts and of micronucleus
formation in Ratd.acl cellsin vitro (Erexson & Tindall, 2000b; Recet al, 2000, 2001).

Increases in thédPRT and thymidine kinaseTK) mutation frequency in human
lymphoblastoid TK6 cells were observed with allners (or the R3R-, 2S3S and
mesestereoisomers) of diepoxybutane. The mutationattspm of diepoxybutane at
HPRTIin human TK®6 cells after exposure to racemic digpotane was compared with
background. Significant increases in AiT:A transversions and partial deletions were
detected. Diepoxybutane increased the frequendiesstr chromatid exchange and
micronucleus formation in human lymphocyiteitro. Other genetic alterations such as
chromosomal breakage and hyperdiploidy were obdeas& the concentration of
diepoxybutane increased.

The effect of various polymorphisms on the fregyerfcsister chromatid exhange in
whole blood lymphocytes from human volunteers aftervitro exposure to
diepoxybutane was examined. A significant diffeeemcsister chromatid exchange was
observed between tH8STTInegative andsSTT1positive individuals (79.2& 23.33
and 58.96t 17.44, respectivelyy < 0.01). Individuals who were heterozygous for the C2
allele in CYP2E1 (C1/C2), which is associated wither enzyme activity, had higher
levels of sister chromatid exchange (704830.85) compared with C1/C1 individuals
(56.83% 17.64;p < 0.05). TheRAD51polymorphism as well as EH activity had no effect.
In individuals with theGSTT2null genotype, a significant difference was obsdrin
individuals with very low or low expected EH activ{72.13 + 12.41) and in individuals
whose activity was expected to be high (102723.22). Similar results were observed in
an earlier study in whictGSTTInull individuals had a sister chromatid exchange
frequency of 84.& 20.3 whereas individuals who weBSTTpositive had a frequency
of 67.9+ 10.8 p < 0.001). In this study, no effect was observedndividuals with
differentGSTM1genotypes (Schlade-Bartusigikal, 2000, 2004).

After in-vivo exposure of female B6C3Rice and Fischer 344 rats to diepoxybutane,
dose-related increases in mutation frequency atHire locus were observed in the
splenic T cells of both specidsacl transgenic mice and rats exposed to diepoxybutane
showed no or a weak increasé.atl mutation frequency in the spleen and bone marrow.

4.2.3 Mechanism of mutation induction

(@ DNA adducts

Many adducts with epoxybutene, epoxybutanediol dieghoxybutane have been
identified in reactions with nucleosides and DiMAvitro (see Table 30 for details and
references). The mutagenicity and mutation spettsaveral of these adducts have been
investigated (see Table 31 for details and refe®ndany of these adducts can also
block replication by many polymerases or can cammssincorporation of proper
nucleotides (see Table 32 for details and refe@nBNA adducts have been identified
in humans exposed to butadiene and in animals edfosutadiene and its metabolites.



Table 30. Reactivity of butadiene metabolites wittDNA basesin vitro

Targets Butadiene Adducts formed Kinetics Analytical Analytical
metabolite methods methods
2'-Deoxyadenosine  EB Rj-N°-(1-Hydroxy-3-buten-2-yl)deoxyadenosin&)-{\°-(1-hydroxy- NMR, MS, Nechevet
3-buten-2-yl)deoxyadenosine CD al. (2001)
2'-Deoxyguanosine  EB R)-N?-(1-Hydroxy-3-buten-2-yl)deoxyguanosin&){N>(1-hydroxy- NMR, MS, Nechevet
3-buten-2-yl)deoxyguanosine CD spectra al. (2001)
2'-Deoxyguanosine  EB N7-(2-Hydroxy-3-butenyl)guanine (G1) (equal amours)-(1- Neutral thermal LC/IMS, Boogaardet
(hydroxymethyl)-2-propenyl)guanine (G2) (equal amts hydrolysis NMR al. (2001b,
2004)
Single- and double- EB N7-(2-Hydroxy-3-buten-1-yl)guanine (GIN7-(1-hydroxy-3-buten-  Enzymatic and neutral HPLC, UV, Selzer &
stranded calf 2-yl)guanine (G2); diastereomersh8-(2-hydroxy-3-buten-1- thermal hydrolysis, FAB-MS Elfarra
thymus DNA yl)deoxyuridine;N®-(2-hydroxy-3-buten-1-yl)deoxyadenosiié3-(2-  all adducts detected at (1999);
hydroxy-3-buten-1-yl)adenine (A1N3-(1-hydroxy-3-buten-2- EB =10 mM in ssDNA Elfarraet al.
ylhadenine (A2) and= 100 mM in (2001)
dsDNA; |, Il major
adducts, Ill-V more
prominent in ssSDNA
than dsDNA
Calf thymus DNA EB N7-(2-Hydroxy-3-butenyl)guanine (GI)7-(1-(hydroxymethyl)-2- ~ Neutral thermal HPLC, UV Boogaaret
propenyl)guanine (G2)\3-(2-hydroxy-3-butenyl)adenine (A1LN3- hydrolysis, al. (2004)
(1-hydroxymethyl-2-propenyl)adenine (A2) Gl=2G2>>A2>Al
2'-Deoxyguanosine  EBD N7-(1-(Hydroxymethyl)-2,3-dihydroxypropyl)guanine &jor) (G3);  Neutral thermal LC/IMS, Boogaardet
N7-(2,3,4-trihydroxybut-1-yl)guanine (minor) (G4) hydrolysis NMR al. (2001b)
Deoxyadenosine’s EBD N®-2,3,4-Trihydroxybutyladeninéy1-trihydroxybutyladenine Base hydrolysis at Zhaoet al.
monophosphate 37°C (1998)
2'-Deoxyguanosine- EBD N7-(2,3,4-Trihydroxybut-1-yl)guanine (G4) Half-lif80+ 4 h HPLC, UV Koivistoet
5'-phosphate, calf al. (1999)
thymus DNA
Salmon testis DNA  DEB N®-2,3,4-Trihydroxybutyladeninéy1-trinydroxybutyladenine Base hydrolysis at Zhaoet al.

37°C

(1998)

8ET
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Table 30 (contd)

Targets Butadiene Adducts formed Kinetics Analytical Analytical
metabolite methods methods

2'-Deoxyguanosine  DEB Diastereomeric pairdNgR2-hydroxy-1-oxiranylethyl)-2 Product profile similar HPLC, MS, Zhang &
deoxyguanosine (P4-1 and P4-2); 7,8-dihydroxy-8axyf-D- although much slower NMR Elfarra
erythro-pentofuranosyl)-3,5,6,7,8,9-hexahydro-lig&epino[1,2- at DEB:dG ratio 10:1 (2003)
ajpurin-11(11H)one (P6); 1-(2-hydroxy-2-oxiranylethy compared to 80:1 at
2'deoxyguanosine (P8 and P9); 1-[3-chloro-2-hydroxy-1 pH 7.4
(hydroxymethyl)propyl]-2'-deoxyguanosine (1AP9 &#P9); 4,8-
dihydroxy-1-(2-deoxy3-D-erythro-pentofuranosyl)-9-
hydroxymethyl-6,7,8,9-tetrahydro-1H-pyrimido[2p] purinium ion
(1BP4 and 2BP4); 6-0x0-2-amino-9-(2-deap-erythro-
pentofuranosyl)-7-(2-hydroxy-2-oxiranylethyl)-6, ¢gdro-1H-
purinium ion (P5 and Pp

2'-Deoxyguanosine  DEB 7-Hydroxy-6-hydroxymethyl-5,8;fetrahydropyrimido[1,2]purin-  Acid hydrolysis HPLC, MS, Zhang &
10(1H)one (H2); 2-amino-1-(4-chloro-2,3-dihydroxyyd, 7- H4'/H3 - hydrolysis NMR Elfarra
dihydro-6H-purine-6-one (H4); 2-amino-1-(2,3,4-yrilmoxybutyl)- products of P5/P5 (2004)
1,7-dihydro-6H-purin-6-one (HH5'); 7,8-dihyroxy-1,5,6,7,8,9- H2 - of P4-1, P4-2; H4,
hexahydrol,3-diazepino[1&}purin-11(11H)one (H3J; 5-(3,4- H1'/H5', hydrolysis of
dihydroxy-1-pyrrolidinyl)-2,6-diamino-4(3H)pyrimidione (H3); 2- P8/P9
amino-7-(3-chloro-2,4-dihydroxybutyl)-1,7-dihydrd4€purin-6-one
(H3); 2-amino-7-(2,3,4-trihydroxybutyl)-1,7-dihyd&H-purin-6-one
(H4)

2'-Deoxyguanosine  DEB Diastereomeric pairdeR-hydroxy-1-oxiranylethyl)-2 P5, P5, P8, P9 half- HPLC, UV, Zhang &
deoxyguanosine (P4-1 and P4-2); 7,8-dihydroxy-8i¢axy-D- lives of 2.6, 2.7, 16 and MS, NMR Elfarra
erythro-pentofuranosyl)-3,5,6,7,8,9-hexahydro- lif&epino[1,2- 16 h, respectively; (2005)

ajpurin-11(11H)one (P6); 1-(2-hydroxy-2-oxiranylethy
2'deoxyguanosine (P8 and P9); 6-0x0-2-amino-9-(2-g¢Hr-
erythro-pentofuranosyl)-7-(2-hydroxy-2-oxiranylefhg,9-dihydro-
1H-purinium ion (P5 and P5')

P4-1, P4-2 and P6 are
stable at physiological
conditions (pH 7.4,

37 °C)
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Table 30 (contd)

Targets Butadiene Adducts formed Kinetics Analytical Analytical
metabolite methods methods
2'-Deoxyguanosine  DEB 7:12,3-Dihydroxy-1,4-butanediyl)bis[2-amino-1,7-ddrp-6H- PA1-PA4 formed in the HPLC, UV, Zhang &
purin-6-one] (bisN7G-BD); 2-deoxy-1-[4-(2-amino-1,7-dihydro-6H- reaction in acetic acid MS, NMR Elfarra
purin-6-on-7-yl)-2,3-dihydroxybutyl]-guanosin®{G-N1dG-BD); 2- P5D +dG produces bis- (2006)
amino-9-hydroxymethyl-4-(4-acetyloxy-2,3-dihydroxhl)-8,9- N7G-BD
dihydro-7H-[1,4]oxazepino[4,3,2-gh]purin-8-ol (PAB-amino-9- P8, P9 + dG produces
hydroxymethyl-4-{4-[2-amino-9- or 7-(4-acetyloxy22, N7GN1dG-BD
dihydroxybutyl)-1,7-dihydro-6H-purin-6-on-7- or 9p2,3-
dihydroxybutyl}-8,9-dihydro-7H-[1,4]-oxazepino[4 Bgh]purin-8-ol
(PA2); 2-amino-7,9-bis(4-acetyloxy-2,3-dihydroxyiil,7-
dihydro-6H-purin-6-one (PA3); 99is(4-acetyloxy-2,3-
dihydroxybutyl)-7,7-(2,3-dihydroxy-1,4-butanediyl)bis[2-amino-1,7-
dihydro-6H-purin-6-one] (PA4)
2'-Deoxyadenosine DEB R(R)-N-(2,3,4-Trihydroxybut-1-yl)deoxyadenosin§ $)-N°-(2,3,4- NMR, MS, Nechevet
trinydroxybut-1-yl)deoxyadenosine CD al. (2001)
2'-Deoxyguanosine  DEB RR)-N2-(2,3,4-Trihydroxybut-1-yl)deoxyguanosin& $)-N2- NMR, MS, Nechevet
(2,3,4-trihydroxybut-1-yl)deoxyguanosine CD spectra al. (2001)
2'-Deoxyguanosine  DEB N7-(2,3,4-Trihydroxybutyl)guanine (G4) (majoiy7-(1- Neutral thermal LC-MS, Boogaardet
(hydroxymethyl)-2,3-dihydroxypropyl)guanine (G3)irar) hydrolysis NMR al. (2001b,
2004)
Guanosine £)-DEB (*)-N7-(2,3,4-Trihydroxybutyl)guanine Acid hydrolysis E®IS/MS Oeet al.
(1999)
Guanosine mese meseN7-(2,3,4-Trihydroxybutyl)guanine (G4) Acid hydrolys LC-MS/MS Oeet al.
DEB (1999)
2'-Deoxyguanosine- RR/SS N7-(2-Hydroxy-3,4-epoxy-1-yl)-5GMP Half-life, 31+ 3 h HPLC, UV Koivisto et
5'-phosphate, calf DEB al. (1999)

thymus DNA

ovT
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Table 30 (contd)

Targets Butadiene Adducts formed Kinetics Analytical Analytical
metabolite methods methods
Calf thymus DNA Racemic  1-(Aden-1-yl)-4-(guan-7-yl)-2,3-butanedidli{A-N7G-BD; 1); 1- Acid hydrolysis; half-  MS/MS, Parket al.
DEB (aden-3-yl)-4-(guan-7-yl)-2,3-butanedi®di3A-N7G-BD; 2); 1-(aden- lives in dsDNA: HPLC, UV (2004)
7-yl)-4-(guan-7-yl)-2,3-butanedioN7A-N7G-BD; 3); 1-(aderN’- 2,31h; 3,17 h;
yl)-4-(guan-7-yl)-2,3-butanedioN’A-N7G-BD; 4) 1 and 4 not released
Guanosine; calf DEB 1,4-bis-(Guan-7-yl)-2,3-butanediol (*G-BD); N7- Neutral thermal UV, MS, Park &
thymus DNA (2,3 ,4)trinydroxybutylguanineN7-THBG) hydrolysis; half-life of NMR Tretyakova
bisN7G-BD, 81.5 h; (2004)
half-life of N7-THBG,
48.5h
Guanosine mese mesel,4-bis-(Guan-7-yl)-2,3-butanediol UV, MS, Parket al.
DEB NMR (2005)
2'-Deoxyguanosine; HMVK Diasteromeric pair of HMVK-derived N>-propanodeoxyguanosine 2'-Deoxyguanosine uv, MS, Powleyet al.
calf thymus DNA C-6 adducts; as well as a diastereomeric pair 8fHIMVK-derived reaction run at pH 11, NMR (2003)
1,N*-propanodeoxyguanosine adducts calf thymus DNA

experiment at pH 7.4

BD, butadiene; CD, circular dichroism; DEB, diepbuyane; dG, deoxyguanine; dGMP, desoxyguanosineopimsphate; dsDNA, double-stranded DNA; EB,
epoxybutene; EBD, epoxybutane diol; FAB, positiwe fast atom bombardment; G, guanosine; HMVK, hygneethylvinyl ketone; HPLC, high-performance liquid
chromatography; LC, liquid chromatography; LC-MS/Mi§uid chromatography in combination with tandemass spectrometry; MS, mass spectrometry; NMR,
nuclear magnetic resonance; ssDNA, single-strabdédl; THBG, trihydroxybutylguanine; UV, ultraviolet

INIIAVLNG-E'T

134"



Table 31. Genetic and related effects of the DNA ddcts of butadiene

Adduct

Test system

Resi(total
mutation %)

Common mutations

References

R-EB-N*guanine
SEB-N*guanine

R-EB-deoxyinosine
S-EB-deoxyinosine

R-EB-deoxyinosine
SEB-deoxyinosine
R-EB-deoxyinosine

S-EB-deoxyinosine

R-EB-N®-adenine
SEB-N®-adenine
RR-EBD-N°-adenine
SS-EBD-N®-adenine
EB-N3-2'-deoxyuridine

R R-EBD-N?-guanine
SS-EBD-N*guanine

R R-DEB-N*-N?-guanine cross-link
SSDEB-N*-"2guanine cross-link

R,R-DEB-N°-N°-deoxyadenosine
cross-link

mmm

mmimm

mmm

E. coliAB 2480
E. coliAB 2480

COS-7 cells
COS-7 cells
. coliAB 2480

. coliAB 2480
. coliAB 2480

E. coliAB 2480

. coliAB 2480
. coliAB 2480
. coliAB 2480
. coliAB 2480
COS-7 cells

E. coliAB 2480

E. coliAB 2480

. coliAB 2480
. coliAB 2480
. coliAB 2480

&)
(<1

+(59)
+(94.5)
+(53)
+ (96.5)
+(90)
+(91)

(+)(0.13)
(+) (0.25)
+(97)
(<1
(<1

+

+
() (8)

G- T transversions (45%)
G- A transitions (32%)
-G (48%)
A~ C (7%)
-G (79%)
A - C (10%)
A- G (43%)
A G (87%)
A- G (65%)
A-T (29%)
A- G (63%)
A - C (32%)

AG
A.C
—CT transitions (53.4%)

C- Atransversions (32.5%)
G-A G-T,
G- C (nearly equal)
G-A G-T,
G- C (nearly equal)
GT

G-A

A G (7.5%)

Carmicalet al. (2000a)
Carmicalet al. (2000a)

Kanuriet al. (2002)

Kanuriet al. (2002)

Kanuriet al. (2002)

Kanuriet al. (2002)

Rodriguezet al. (2001)
Rodriguezet al. (2001)
Carmicalet al. (2000b)
Carmicalet al. (2000b)
Carmicalet al. (2000b)
Carmicalet al. (2000b)
Fernandest al. (2006)
Carmicalet al. (2000a)
Carmicalet al. (2000a)
Carmicalet al. (2000c)

Carmicalet al. (2000c)
Kanurket al. (2002)

A4

26 ANNTOA SHAVEOONOW DV



Table 31 (contd)

Common mutations

References

Adduct Test system Resitotal
mutation %)

S,S-DEB-N®-NP-deoxyadenosine E. coli AB 2480 (+) (2.8)
cross-link

R,R-DEB-N°-N°®-deoxyadenosine COS-7 cells + (54)
cross-link

S S DEB-N®-N°-deoxyadenosine COS-7 cells (+) (19.4)
cross-link

A G (2.3%)

A G transitions(40%)

A - C transversions (9%)
AG (13%)

A-T (5.6%)

Kanuret al. (2002)
Kanuriet al. (2002)

Kanuriet al. (2002)

&, positive; (+), weakly positive:, negative
DEB, diepoxybutane; EB, epoxybutene; EBD, epoxyhediol
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Table 32. Effect of the butadiene-derived DNA addus on replication/repair

Adducf Test system Blockafle Single nucleotide Comment
incorporatiofi

References

R-EB-N°®-adenine E. coliDNA polymerases Pol -
I, land Il
SEB-N®-adenine E. coliDNA polymerases -
Pol I, Il and 1l
R-EB-N*guanine E. coliDNA polymerases +
Pol I, Il and 1ll
SEB-N%guanine E. coliDNA polymerases +
Pol I, Il and 111
R-EB N’-guanine Yeast DNA polymerase - Mostly C
SEB N*guanine Yeast DNA polymerage - C More efficient than
R-stereoisomer
R-EB N-guanine E. coliDNA polymerase Pol |  +
SEB N%guanine E. coliDNA polymerase Pol |  +
EB-N3-2-deoxyuridine  Bacterial Klenow (Kf) +
EB-N3-2-deoxyuridine ~ Mammalian polymerage (+)
EB-N3-2-deoxyuridine  Yeast polymerase +
EB-N3-2-deoxyuridine  Mammalian polymerase +
RR-EBD-N*guanine Yeast DNA polymerage - C
SSEBD-N*-guanine Yeast DNA polymerage - C More efficient than

R-stereoisomer
RR-EBD-N*guanine E. coliDNA polymerase Pol |  +
S,S-EBD-N?guanine E. coliDNA polymerase Pol |  +
RR-EBD-N®-adenine E. coliDNA polymerases -
Pol I, Il and I

Carmicalet al. (2000b)
Carmicalet al. (2000b)
Carmicalet al. (2000a)
Carmicalet al. (2000a)

Minkoet al.(2001)
Minko et al.(2001)

Minko et al.(2001)
Minko et al.(2001)
Fernandssal. (2006)
Fernandest al. (2006)
Fernandest al. (2006)
Fernandest al. (2006)
Minkoet al. (2001)
Minko et al.(2001)

Minko et al. (2001)
Minko et al.(2001)
Carmicalet al. (2000b)

144’

26 ANNTOA SHAVEOONOW DV



Table 32 (contd)

Adduct

Test system

Blockade Single nucleotide Comment

incorporatiofi

References

SSEBD-N°-adenine
R,R-EBD-N*guanine
SSEBD-N*guanine
R R-EBD-N*guanine

SSEBD-N*-guanine

R R-EBD-N*guanine
SSEBD-N*-guanine
RR-DEB-N*-N*
guanine cross-link
SSDEB-N*-N*-
guanine cross-link
R R-DEB-N*N?
guanine cross-link
SSDEB-N-N*-
guanine cross-link
RR-DEB-N*-N?*
guanine cross-link

E. coliDNA polymerases

Pol I, Il and I

E. coliDNA polymerases

Pol I, Il and 11l

E. coliDNA polymerases

Pol I, Il and Il
Bacteriophage TDNA

polymerase
Bacteriophage TDNA

polymerase

HIV-1 reverse transcriptase
HIV-1 reverse transcriptase

E. coliAB2840 plaque-
forming efficiencyin vivo
E. coliAB2840 plaque-
forming efficiencyin vivo
E. coliDNA polymerases
Pol I, Il and Il

E. coliDNA polymerases
Pol I, Il and I

E. coliUvrABC nuclease

*)
*)

dTTP

dTTP Misinsertion frequency
40-fold higher than the
R,R-isomer

Carmicalet al. (2000b)
Carmicalet al. (2000a)
Carmicalet al. (2000a)
Zanget al. (2005)
Zanget al. (2005)
Zanget al. (2005)
Zanget al. (2005)
Carmicalet al. (2000c)
Carmicalet al. (2000c)
Carmicalet al. (2000c)
Carmicalet al. (2000c)

Carmicalet al. (2000c)
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Table 32 (contd)

Adducf Test system

Blockafle Single nucleotide Comment References
incorporatiofi

SSDEB-N*-N%*guanine E. coliUvrABC nuclease
cross-link

RR-DEB-N*guanine-  Yeast DNA polymerasg
N?-guanine cross-link

S,S-DEB-N*guanine- Yeast DNA polymerasg
N?-guanine cross-link

Carmicalet al. (2000a)
Minko et al.(2001)

Minko et al.(2001)

DEB, diepoxybutane; EB, epoxybutene; EBD, epoxyhedtol; HIV, human immunodeficiency virus

& Most were tested in an oligonucleotide
® +, highly blocked; (+), partially blocked:; no blockage
¢ C, cytidine; dTTP, deoxythymidine triphosphate

orT
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() Butadiene
Humans

The levels of the DNA addudy-1-(2,3,4-trihydroxybutyl)adenine, was determined
in 15 male butadiene-exposed (monomer unit) andnale control workers from a
butadiene monomer production plant in the CzechuRap(Zhaoet al, 2000). The
median exposure concentration of butadiene forettqosed group was 0.53 md/m
[0.24 ppm] whereas that for the control group w&4® mg/m [0.006 ppm]. Because of
interfering background peaks, thél-adenine adducts were convertedNfsadenine
adducts. This adduct was detected in 14 of 15 exposmrkers and five of 11 controls.
The difference in the levels of adducts betweerbtiiadiene-exposed workers (4.5.7
adducts/1®nucleotides) and the control workers (8.8.2 adducts/fnucleotides) was
significant p = 0.038). When controls were subdivided into smekad nonsmokers, the
adduct levels were 1.5 1.7 adducts/TOnucleotides for four smokers and @&30.6
adducts/1dnucleotides for seven nonsmokers but the differemas not significant. A
significant correlation between the levels of tNel-(2,3,4-trihydroxybutyl)adenine
adduct in lymphocyte DNA and individual exposuresbutadiene was found in the
exposed groupr (= 0.707;p = 0.005), controlr(= 0.733;p = 0.01) and both groups
combined = 0.723;p < 0.001; Zhaet al, 2001). However, no significant correlations
were found with other genotoxic effects such as DMNiigle-strand breaks or
micronucleus formation.

Experimental systems

1,4-Bis(guan-7-yl)-2,3-butanediol is thé7-guanineN7-guanine crosslink formed
from the reaction of DNA with diepoxybutane. Thispound has been identified in the
livers and lungs of C57BL/6 mice that were exposed to 625[pp&1 mg/n| butadiene
by inhalation for 7 h per day for 5 days (Gogeiral, 2007). The DNA from livers and
lungs contained 32 0.4 and 1.& 0.5 adducts/f0guanines from racemic diepoxybutane
but no adducts frormesediepoxybutane were detected.

Male B6C3Fk mice and Sprague-Dawley rats were exposed forté 200 ppm
[442 mg/n] [2,3-*C]butadiene by nose-only inhalation and were kilk&l h after
treatment; the livers and lungs were analysed fdARdducts (Boogaaret al, 2001Db).

In the livers and lungs of both rats and migé;(2,3,4-trihydroxybut-1-yl)guanine (G4)
was the major adduct detected. Mice had4@2and 8 4 G4 adducts/Fhucleotides
(meanst SE) and rats had #02 and 13 0.2 G4 adducts/fmucleotides in the liver and
lung, respectively. Smaller amounts 67-(2-hydroxy-3-buten-1-yl)guanine (G1) and
N7-(1-hydroxy-3-buten-2-yl)guanine (G2) were deteckdduse liver and lung contained
21 + 9 and 3.4+ 1.3 adducts/fOnucleotides, respectively, and rat liver and lung
contained 1.9+ 0.2 and 3.6+ 1.2 adducts/TOnucleotides, respectively. In rats, no
N7-(1,3,4-trihydroxybut-2-yl)guanine (G3) was desectwhereas mouse liver and lung
contained 2% 2 and 4.3 0.1 adducts/Ffhucleotides, respectively. A similar profile was
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also obtained in animals that were killed immedjai@fter cessation of exposure
(Boogaarckt al, 2004).

In another study, male B6C3kice and Sprague-Dawley rats were exposed to
20 ppm [44.2 mg/fj [2,3-*C]butadiene for either 6 h or for 6 h per day faldys by
nose-only inhalation, and the livers, lungs andetesvere analysed for DNA adducts
(Booth et al, 2004b). Following the single 20-ppm exposure,via$ the major adduct
detected in all tissues in rats and mice. Mice 1#&81+ 3.64, 13.64 0.97 and 6.04&
0.8 G4 adducts/fucleotides and rats had 5%3.32, 3.3 1.74 and 1.3% 0.50 G4
adducts/1bnucleotides in liver, lung and testis, respegiiv€imall amounts of G3 (the
exact identity was not determined) were detectedistently in mouse liver and in only
one rat liver sample and was not detected in argr tifsue. Following the 20-ppm 5-day
exposure, G4 was again the main adduct detected and revadgise tissues were higher
than those in corresponding rat tissues. G1 andi€@ detected in the liver and lung of
mice and rats but not in mouse testis; rats hagctddtle levels in the testis. G3 was
detected in mouse tissues and in the liver of Tdts.amounts of these other metabolites
were much lower than that of G4.

Female Sprague-Dawley rats were exposed to 10002210 mg/n| butadiene by
inhalation for 6 h per day on 5 days per week Bkeks. DNA was isolated from the
liver and was analysed for the presence ofothiegioisomer of HMVK-derived N
propanodeoxyguanosine by LC-MS/MS (Powgéewgl, 2007). No adducts were detected.

Female B6C3Fmice and Fischer 344 rats were exposed by inbal&ti butadiene
for 6 h per day on 5 days per week for 2 weeksgiC#, 1999; Blairet al, 2000). The
mean daily concentration of butadiene was apprdeima 250 ppm [2762.5 mgfin
DNA was isolated and analysed for the presence)eGd andmeseG4. On exposure
day 10, mouse liver had 3.9 and 2£)-G4 andmeseG4 adducts/10normal bases,
respectively. On the same exposure day, rat ligdr h6 and 0.8t}-G4 andmeseG4
adducts/1®normal bases, respectively. The in-vivo half-livesre 4.1 and 5.5 days for
(£)-G4 andmeseG4, respectively, in mouse liver DNA. Half-livesr fiz)-G4 andmese
G4 in rat liver DNA were 3.6 and 4.0 days, respetyi

DNA adducts were measured in the livers, lungskiahkys of Fischer 344 rats and
B6C3R mice after exposure to 0, 20, 62.5 or 625 pprd02, 138 or 1381 mgfin
butadiene for 6 h per day or 5 days per week fareéks (Swenbergt al, 2000b).
Adducts corresponding to tié/-guanine adducts of epoxybutene (G1 and G2) and th
2,3,4-trihydroxybutane—guanine adduct (G4) that dam formed from either
epoxybutanediol or diepoxybutane were analysed. I@drevas detected in mice and rats
than G1 and G2. In rats, adduct levels in the wiffetissues were similar. In general,
mouse tissues contained higher levels of DNA adduct

DNA adducts were measured in the livers, lungskishakys of Fischer 344 rats and
B6C3R mice after exposure to 0, 20, 62.5 or 625 pprd02, 138 or 1381 mgfin
butadiene for 6 h per day on 5 days per week feeeks (Kot al, 1999). Both racemic
andmeseG4 and G1 and G2 were analysed by LC-MS/MS. At [1381 mg/ri)
butadiene, mouse liver had 3%%.5, 32.2+ 4.2, 3.0+ 0.1 and 2.4t 0.3 racemic G4,
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mese G4, G1 and G2 adductsf§fianine bases, respectively. At 625 ppm butadrane,
liver had 7.7+ 4.5, 4.2+ 2.5, 1.2+ 0.5 and 0.% 0.5 racemic G4nese G4, G1 and G2
adducts/1fyuanine bases, respectively. The number of adéhrctoth G4 and G1 and
G2 was similar for all three tissues at all dosesrened in both rats and mice. Mice had
significantly higher amounts of G4 adducts thas matall three tissues after exposure to
625 ppm. This difference was also significant ingland kidney at 62.5 ppm but not at
20 ppm. Overall, the amounts of G1 and G2 adducts were loarethiose of G4 adducts
in both species.

In the lungs of mice exposed to 500 ppm [1105 righutadiene for 6 h per day for
5 days,N7-guanine DNA adducts arising from epoxybutene gmukybutanediol were
analysed (Koivisto & Peltonen, 2001). All four epbutene-derived adducts were
detected, most of which arose fr@epoxybutene. For epoxybutanediol, 75% of the total
adducts originated from theRaliol-3S-epoxybutene isomer and the reaction occurred
almost exclusively at the terminal carbon.

Rats were exposed to 300 ppm [663 niplmtadiene for 6 h per day for 5 days and
their liver DNA was analysed for tié-(2,3,4-trihydroxy-but-1-yl)adenine adduct (Zhao
et al, 1998). The average level of adduct detectedeiated rats was 4.5 adducts/10
nucleotides whereas none was detected in contiolea

(i)  Butadiene metabolites in experimental systems
Epoxybutene

Male B6C3k mice and Sprague-Dawley rats received a singlepetitoneal
injection of 1-50 mg/kg bw/{Clepoxybutene and were killed 48 h later (Boogaal,
2004). DNA was isolated from liver and lung andlgsed for the presence of adducts.
No adducts were detected in the lungs in eitheraaimice. Adduct levels in the liver
were below the limit of detection in rats treated with 1 midkgand in mice treated with
1 and 5 mg/kg bw epoxybutene. Overall, the adduct profies similar in rats and mice
but rats had much higher levels of adducts thae.niicmice treated with 21 mg/kg bw
epoxybutene, the average concentrations of G1 &h@&& and G4 were 368, 28 and 50
adducts/1®nucleotides, respectively. In rats treated withmigdkg bw epoxybutene, the
concentrations of G1 and G2, G3 and G4 were 8501, 21+ 12 and 101+ 25
adducts/1®nucleotides, respectively.

The livers and lungs of male B6G3mice and Sprague-Dawley rats that received an
intraperitoneal injection of 20 mg/kg bw f&2]epoxybutene and were killed 48 h later
were analysed for DNA adducts. In rats, 857 G1@addducts/Tnucleotides and 101
G4 adducts/10 nucleotides were detected whereas 368 G1 and @Rctsild
nucleotides and 50 G4 adduct§/bdicleotides were detected in mice (Boogaeirdl,
2001b). No DNA adducts were detected in the lung.

Butanediol

Female B6C3Fmice and Fischer 344 rats were exposed by inbal#ti 0-36 ppm
[0-129.6 mg/nj butanediol. DNA was isolated from liver and luamgd analysed for the
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presence of G4 (Powlest al, 2005). Both racemic andeseisomers of this compound
can be formed and values were reported as totalMize had significantly greater
amounts of adduct than rats in both liver and lung at 6 andri§24p6 and 64.8 mgfin
but there was little difference between the tidsuels. At 6 ppm, mice had 60301740
and 5570 540 fmol adducts/mg DNA whereas rats had 26680 and 232& 640 fmol
adducts/mg DNA in the liver and lung, respectivelymilarily shaped dose—response
curves were observed for G4 and k@t mutant frequency in splenic T cells in rodents
exposed to butanediol.

However, when female Fischer 344 or Sprague-Daveitsywere exposed to higher
concentrations of butanediol (36 ppm or 1000 ppespectively, for 6 h per day on
5 days per week for 4 weeks), no adducts were deleatathe DNA of the liver of these
animals (Powlet al, 2007).

Diepoxybutane

Diepoxybutane induces the formation of DNA—protemss-links with the DNA
repair proteinO®-alkylguanine—-DNA alkyltransferase (AGT) (Loetetral, 2006). The
product of initial DNA alkylation by diepoxybutanbl/-(2'-hydroxy-3 4 -epoxybut-1-
yl)—-deoxyguanosine, was incubated with recombirtamhan AGT and analysed by
HPLC—electrospray ionization MS. Analysis of the wholetgin showed the presence of
a monoalkylated protein and a protein that conthim@ butanediol cross-links. Peptide
mapping revealed that the DNA-AGT cross-link inealvthe sulfhydryls of Cy$ or
Cys*® within the human AGT active site and fé position of guanine in duplex DNA.
No cross-linking was detected with Gy€ys* or Cys2 The resulting structure was $(
cysteinyl)-4-(guan-7-yl)-2,3-butanediol.

The effect of the stereochemistry of the isomerdiegoxybutane and their abilities to
form cross-links with calf thymus DNA was investigd (Parket al, 2005). Comparable
amounts of total 1,4-bis-(guan-7-yl)-2,3-butanedioilsN7-guanine—butadiene) cross-
links and G4 adducts were observed. However, thestpf cross-link (either interstrand
or intrastrand) varied depending on the stereoisased.SS-Diepoxybutane produced
the highest amount of 1,3 interstrand cross-lird&%4) followed closely by racemic
diepoxybutane (90%)meseDiepoxybutane produced almost equal amounts of 1,3
interstrand (49%) and 1,2 intrastrand cross-lirkk%q). R R-Diepoxybutane produced
19% 1,2 intrastrand cross-links and 68% 1,3 irmslt cross-links but also produced a
large quantity of 1,2 interstrand cross-links (13#%@t were not detected with the other
stereoisomers.

N°-(2-Hydroxy-3,4-epoxybut-1-yl)adenine can potefyidbe produced from the
reaction of diepoxybutane with DNA. This compousdazll as its corresponding DNA
oligomer have been synthesized (Antsypowvéthal, 2007). Yields of the compounds
were lower than expected and both readily cyclitedan unidentified exocyclic
diepoxybutane—deoxyadenosine side-product. Formaficross-links by this compound
was minimal. The half-life ofN°-(2-hydroxy-3,4-epoxybut-1-yl)adenine in single-
stranded DNA was < 2 h at physiological conditions.
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Calf thymus DNA incubated with a 40-fold molar ess®f epoxybutene resulted in
the detection of equimolar amounts of the Miguanine adducts of epoxybutene (G1
and G2) (Blairet al, 2000); when diepoxybutane was used, t§eG4 adduct was
detected as the major product. When human TK6 ee#lee exposed to 40QM
epoxybutene for 24 h, the concentration of G1 add@lucts was 480.9 and 4.1 1.0
adducts/1fhormal cells, respectively. Urine samples from @sc344 rats and B6C3F
mice exposed to 1250 ppm [3453 mi/ioutadiene were analysed for the presence of
N7-guanine adducts. For all 3 days on which the etddwere analysed, rats excreted
significantly more G1 and G2 antl){G4; G1 was the major adduct excreted. In mice, a
small amount oimeseG4 was detected but none was found in rat urine.

DNA adducts were analysed in MCF-7 cells aftertaebqosure to epoxybutanediol
and diepoxybutane at concentrations of 100—1066l/mg DNA (Koivistoet al, 1999).

At all concentrations tested, more diepoxybutiifeguanine adducts were detected. In
the lungs of mice exposed to 50-1300 ppm [110.53-283/m] butadiene for 6 h per
day for 5 days, large amounts of epoxybutanelitlguanine (G4) adducts were
detected. A small peak for the adduct between gigpndgane and guanine B was
detected; however, this peak also elutes closdlyam epoxybutene-derived adduct.

(b)  Structural effects of the adducts on DNA

The (R 3R)-N*(2,3,4-trihydroxybutyl)-2-deoxyadenosyl (BDT) DNAdduct of
epoxybutanediol causes low levels of.& mutations and the §39-BDT DNA adduct
causes low levels of AC mutations. These adducts were incorporated attpesition
in theras61 oligodeoxynucleotide that was then used to exastinetural perturbations
in duplex DNA (Merritt et al, 2004; Scholdbergt al, 2004). Both adducts were
orientated in the major groove of the DNA, whictsuléed in minimal structural
perturbation and allowed the Watson-Crick bindmgamain intact. However, the major
difference between the two stereocisomers was ibatation of the BDT moiety in the
major groove. For thB,R-BDT adduct, the BDT moiety was orientated in plaith the
modified base-pair XT*" whereas th&SBDT adduct was tilted out of the base-pairing
plane. This difference is due to differential interactiohis'’0* with the hydroxyl groups
of the BDT moieties. To determine if a structural basisexkiiir the low levels of A C
mutations observed with the §29-BDT DNA adduct, it was incorporated site-
specifically into theas61 oligodeoxynucleotide opposite a mismatched decxyipe in
the complementary strand opposite the adducted/dderine (Scholdbesrg al, 2005a).
Nuclear magnetic resonance studies revealed twdoroomtions of the adducted
mismatched duplex. In the major conformation, thesgnce of the trinydroxy adduct
allowed formation of an & mismatched base pair in which the adduct waseimtajor
groove of DNA and both mismatched bases were iglicath. Thus, if this adduct is not
repaired, the subsequent mismatch would resufeimbserved A C mutations.

N1-[1-Hydroxy-3-buten-Z)-yl]-2'-deoxyinosine, a DNA adduct of epoxybutene, is
highly mutagenic in several systems and causesya fortion of A-G mutations. By
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incorporating this adduct into thaes61 oligodeoxynucleotide at the second position of
codon 61, positioning of the adduct in DNA coulddatermined (Merritet al, 2005a).
This adduct caused a significant structural pestish and showed the rotation of the
adduct into a syn conformation, which placed thadiene moiety into the major groove
of the DNA duplex. This positioning disrupted Wasorick hydrogen bonding and
some altered base stacking was observed. This @yiormation may also facilitate
incorporation of desoxy cytosine triphosphate viaogkteen-type templating with
deoxyinosine and result in-AG mutations.

N1-[1-Hydroxy-3-buten-29-yl]-2'-deoxyinosine has been synthesized into an
oligonucleotide that contained the epoxybutene edalithe second position of codon 61
of the human Nas proto-oncogene (Scholdbergt al, 2005b). The adducted
deoxyinosine was rotated into a high syn conformnativhich allowed the adduct to be
accommodated into the major groove of the DNA. Thisformation positions the adduct
to form the protonated Hoogsteen-pairing interactigth desoxy cytosine triphosphate
during DNA replication thus generating-AG mutations. Some base—base stacking
interactions were also perturbed.

The effect of the 1,4-bis(@leoxyadenositN®-yl)-2R 3R-butanediol cross-link in an
oligonucleotide that contains the cross-link betw#ige second and third adenines of
codon 61 in the human s proto-oncogene in duplex DNA was studied (Mesttal,
2005b). The adduct was orientated in the DNA mgjoove. Watson-Crick base-pairing
was disrupted at KT*". At the cross-link site, an opening of base-p&il X altered base
stacking patterns and caused slight unwindingeoXNA duplex.

Examination of the effect of the 1,4-bis(2'-deoysmuosinNC-yl)-253Sbutanediol
cross-link was also undertaken in a manner sirtoléihat for theR R isomer (Xuet al,
2007). The adduct orientation was similar to tHahe RR adduct and it also disrupted
Watson-Crick hydrogen bonding at the same baseTgaarlargest difference between the
SSandRR adducts was in the conformation of the butadieénciBecause of the anti-
conformation of the two hydroxyl groups on ti%S adduct, a greater structural
perturbation to the DNA duplex occurred, and reslin a 10° bending of the cross-
linked duplex.

Biochemical data suggest that both stereoisomersNY°-deoxyadenosine
intrastrand cross-linked adducts are by-passedvayiety of DNA polymerases, yet can
be significantly mutagenic and lead te-A4 transitions (Kanut al, 2002).

4.2.4  Alterations in oncogenes and suppressor genes in tumours

A specific codon 13 mutation in kas has been described previously (see IARC,
1999).

Lymphomas induced in B6CgMnice by exposure to butadiene were analysed for
gross structural alterations and point mutationsséweral proto-oncogenes that are
implicated in theas, p53or pRbpathways (Zhuang & Sdéderkvist, 2000). Using southern
blotting, no structural alterations or amplificatsowere detected Rafl, Mdm2, c-Myg



1,3-BUTADIENE 153

Cdc25a or Cdc25b Ten tumours exhibited four identical silent baséstitutions
(GAC522AAC, GTG531GTC, TCG533TCC, GCT543ACT) antklatypic analysis
showed loss of heterozygosity of thRafl locus in six of 31 butadiene-induced
lymphomas. No changes were detected in lymphomaseadoy long-term inhalation of
20-625 ppm [44.2—1381 mgfmbutadiene in B6C3Fmice that were analysed for
genetic alterations ifiRbl, Ccndl and Cdk4 genes. These results suggest that, if the
inactivation of other tumour-suppressor genes neaintolved in the development of a
subset of butadiene-induced lymphomas, the geladttications in the above proto-
oncogenes do not play an important role in theldpweent of these tumours.

Studies using theupF gene and the three diepoxybutane isomers showae& 8
diepoxybutane was the most potent mutagen folldwel,R-diepoxybutane anthese
diepoxybutane (Kimet al., 2007). The major form of mutation was AsT:A
transversion following treatment with all three retésomers. However,SS
diepoxybutane induced larger numbers of GAT transitions whileR R-diepoxybutane
resulted in a higher frequency of G:d:A transversions.

Rarely is the nervous system a target in chemarairogenesis but, in B6Cghice
exposed to 625 ppm [1381 md]mbutadiene, six malignant gliomas and two
neuroblastomas were observed. Only one tumour &éas keported in more than 500
historical control mice. Morphologically, the cheteristics of the malignant gliomas and
neuroblastomas were consistent with those repdaediumans. Tumours were also
evaluated for genetic alterations pp3 K- and Hras genes (Kimet al, 2005). One
neuroblastoma had a mutation in codon 61 of thadfiene. Missense mutationsgs3
exons (exons 5-8) were detected in two neuroblastoamd three of six malignant
gliomas and consisted mostly of-@\ transitions (5/6). Three of five malignant gliosna
and both neuroblastomas showed nuclear accumulatiop53 protein. Loss of
heterozygosity at thp53 gene locus was also observed in four of five malig gliomas
and both neuroblastomas. All of these tumours a@ysgl loss of the C57 (B) allele at the
Ink4a/Arf gene locus, which codes for tipd6™* that may play a key role in the
development of mouse brain tumours.

Male and female B6C3Fnice were exposed to a total of 8100 ppm [17 90T/
weeks and 16 200 ppm [35 802 mijrweeks butadiene (Taet al, 2007). Of 51 lung
tumours, 34 had a GGECGC transversion mutation in the codon 13 of thekgene.

A loss of heterozygosity on chromosome 6 was obseirv14 of 51 of the lung tumours
and all were in the region of i&s. There is mounting evidence thatr&s, which is a
known oncogene, functions as a tumour-suppressar ged its loss may play a major
role in mouse lung carcinogenesis.

Point mutations iras genes were analysed in forestomach tumours frote amal
female B6C3F mice that had been exposed to 6.25-625 ppm [1333—g/m]
butadiene by inhalation for 6 h per day on 5 dagisvpeek for 1-2 years (Silkst al,
2001). Among the butadiene-induced tumours, 204oté@nhtainedras gene mutations
compared with four of 11 spontaneous forestomadplasms. In butadiene-induced
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forestomach tumours, the most common transversiens GGC- CGC in codon 13 in
K-ras, and CAA- CTA in codon 61 in Has.

In male and female B6C3Fnice exposed to 6.25-625 ppm [13.8-1381 rfig/m
butadiene by inhalation for 6 h per day on 5 darsaeek for 2 years, an increase in the
incidence of cardiac haemangiosarcomas was obseBleden of these haemangio-
sarcomas were analysed for alterations inpB&gene andas proto-oncogenes (Horag
al.,, 2000). Most of the butadiene-induced haemangioszas (9/11) had Kas muta-
tions and all nine had GC transversions in codon 13. Of the nine haemaagiomas
with the Kras mutations, five also had anrds codon 61 CGA mutation. Mutations in
exons 5-8 of thp53 gene were identified in five of 11 haemangiosa@am

Butadiene-induced mammary tumours (17) were celteftom female B6C3Fmice
that were exposed to 6.25-625 ppm [13.8-1381 fhdpmadiene by inhalation for up to
2 years (Zhuangt al, 2002). Genetic alterations in thB3gene were found in seven of
17 tumours. All of these tumours also showed ldsheowild-typep53 allele. Missense
mutations in codons 12, 13 or 61 of thedd-gene were found in nine of 17 tumours.
Seven of these nine ks mutations were G C transversions in the first base of codon
13. Missense mutations in tBecatenin gene were identified in three of 17 turaoiilo
mutations were identified in thgpcor Axingenes.

4.3 Mechanistic considerations

The carcinogenicity of butadiene is most probablgdisted by its metabolic
intermediates. This view is based largely on tleetfaat butadiene-induced mutagenicity
requires metabolic activation, and the DNA-reactpoxides formed during butadiene
biotransformation are direct-acting mutagens (IARZ99; Melnick & Kohn, 1995). The
first step in butadiene metabolism primarily inesdv CYP-mediated oxidation to
epoxybutene. At low concentrations of butadiendgabwism via CYP2E1 predominates
(IARC, 1999). Epoxybutene may be metabolized byjugation with GSH via GST or
by hydrolysis via EH. Epoxybutene may also be @édito multiple diastereomers of
diepoxybutane (Krause & Elfarra, 1997), while ditoyd/butene formed by hydrolysis of
epoxybutene may be oxidized to epoxybutanediol.|atter epoxides are also detoxified
by GST or EH. Partial hydrolysis of diepoxybutaismaroduces epoxybutanediol. Each
of these epoxide intermediates may contributedarhtagenicity and carcinogenicity of
butadiene. Factors that impact their relative dmutions include tissues levels, reactivity
with DNA and repair of covalent DNA adducts. Foample, genetically modified mice
that are deficient in mEH activity are more sustiptthan wild-type mice to the
mutagenic effects of butadiene and diepoxybutarielfifie et al, 2003). The detection
of metabolites derived from HMVK and crotonaldehyidethe urine of rats or mice
treated with butenediol suggests that these conajsommay also be formed during the
metabolism of butadiene (Sprague & Elfarra, 200842. The potential contributions of
these DNA alkylating agents (crotonaldehyde and H%o the mutagenicity and
carcinogenicity of butadiene are not fully known.
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The enzymes that regulate epoxide formation andiration are polymorphic in
human populations. While there are reports thatate that genetic polymorphisms in
GST and mEH affect the in-vitro mutagenicity of duliene-derived epoxides or the
mutagenicity of butadiene in occupationally exposgemtkers (Wienckeet al, 1995;
Abdel-Rahmaret al, 2003), the extent to which these enzyme varggslimpact the
carcinogenicity of butadiene is not known. In addit CYP is inducible by a variety of
environmental and pharmaceutical agents. The egborainge and distribution of
butadiene or epoxybutene oxidation kinetics in hurissuesn vitro is limited by the
high interindividual variability in CYP, EH and GSictivities and the fact that small
numbers of human liver and lung samples have beglysed (Bolet al, 2003; Thieret
al., 2003; Norppa, 2004; Schlade-Bartusialal, 2004).

The metabolism of butadiene in mice and rats detraias linear metabolic
elimination kinetics at exposures of up to abo@dlppm [2210 mg/fh (Kreiling et al,
1986b). Toxicity studies conducted with much higkeposures add little additional
information on the health effects of butadiene b@iges due to saturation of butadiene
metabolism. Responses that increase proportiomdtty exposures above 1000 ppm
butadiene probably represent effects of the parentpound. In the range of linear
kinetics, mice metabolize butadiene at about tifiee rate observed in rats. Species
differences in metabolic clearance of butadienevatxposure concentrations are largely
due to differences in blood:air partition coeffiti® and physiological parameters that
include alveolar ventilation rate, cardiac outpud dlood flow to metabolizing tissues
(Kohn & Melnick, 1993; Sweenest al, 2001).

Although the formation of epoxybutene occurs primdny CYP-mediated oxidation
of butadiene, formation of this alkylating agentabynyeloperoxidase-catalysed reaction
in bone-marrow cells (Maniglier-Poulet al, 1995) may be relevant to the induction of
haematopoietic cancers in mice and humans.

Data on urinary metabolites indicate that the elaton of epoxybutene in mice
occurs to a greater extent by conjugation with GB&h by hydrolysis (IARC, 1999).
Although no studies have been reported that claizetthe full profile of urinary
metabolites for butadiene in humans, the high @ftibHBMA to MHBMA in exposed
workers indicates that epoxybutene is preferentialbtabolized by hydrolysis before
GSH conjugation in humans. In rats, metabolic elation of epoxybutene formed from
butadiene occurs to a similar extent by hydrolggisGSH conjugation. In molecular
epidemiological studies of occupational exposurdsutadiene, the ratio of MHBMA to
MHBMA + DHBMA was lower in workers who had homozygonull genotypes for
GSTM1andGSTT1(Albertini et al, 2001, 2003a).

The formation of epoxybutanediol or diepoxybutaeguires a second oxidation step
on either butenediol or epoxybutene, respectiviyncreasing exposure concentrations
of butadiene, competition between butadiene andnlediol or epoxybutene for CYP
may limit the extent to which the second oxidation reactiag occur. Consequently, the
blood concentration of epoxybutanediol is greater rats exposed to 200 ppm
[442 mg/ni] butadiene than in those exposed to levels of 198 [2210 mg/r) or
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higher (Filseret al, 2007). Competitive inhibition by butadiene of gerond oxidation
(Filseret al, 2001) may account for the greatfgrt mutation efficiency in rats exposed
to 62.5 ppm [138 mg/th or mice exposed to 3 ppm [6.63 mdfreompared with
exposure of either species to 625 or 1250 ppm [1882762.5 mg/f} (Meng et al,
2007a). Thus, high-dose studies of butadiene malgig 625 ppm) may not adequately
reveal the full carcinogenic potential of this gasower levels of exposure.

Haemoglobin adducts have been measured as biomarkénternal levels of the
epoxide intermediates of butadiene metabolism. lseMeMHbVal, PyrVal and THbVal
adducts are reflective of blood concentrations pbdxgbutene, diepoxybutane and
epoxybutanediol, respectively. Each of these addus been measured in rats and mice
exposed to butadiene at concentrations as low @sn8[6.63 mg/rj. At equivalent
exposures to butadiene, the levels of MHbVal and/&ywere higher in mice than in
rats, while levels of the major adduct, THbVal, gsmilar in these species (Boyssn
al., 2004, 2007). The formation of each of these eiddin mice and rats was more
efficient at 3 ppm than at higher exposure coneaéatrs of butadiene. MHbVal and
THbVal have also been measured in workers expasdaltbdiene (mean 8-h TWA
exposures of 0.3-0.8 ppm [0.66—1.76 nigyrvhile levels of PyrVal in workers exposed
to mean concentrations of 0.37 ppm [0.82 mbAvere below the limit of detection
(Albertini et al, 2003a, 2007). Species differences in the lesklhese haemoglobin
adducts reflect differences in exposure to butadidood levels of the epoxide
intermediates, reactivity of the epoxide with Nwerminal valine and other reactive sites
of haemoglobin and the half-life of red blood celiéhen adduct levels are normalized
per gram of haemoglobin per part per million of butadiereletels of MHbVal adducts
in workers are slightly lower than those in rats exposed fr8[f.63 mg/r butadiene,
while the levels of THbVal adducts are higher irrkeos than in rats or mice exposed to
3 ppm butadiene. These data demonstrate the sgstemilability of epoxybutene and
epoxybutanediol in workers at occupational exposevels of butadiene. In workers
exposed to butadiene, THbVal levels are affectethbycombined polymorphisms for
CYP2E1GSTM1andGSTT1genes (Fustinomt al, 2002).

The major DNA adducts formed in the liver, lung agkidney of rats and mice
exposed to butadiene are at thé position of guanine. G4 adducts are much more
abundant than G1 and G2 adducts, which are defreed epoxybutene (Koet al,
1999). G4 adducts reach a plateau in rats at @&fppm [137 mg/rfj butadiene, while
G1 and G2 adducts increase nearly linearly with exposulegadiene of up to 625 ppm
[1381 mg/mi]. The similarity in the shape of the dose—respausees for the formation
of THbVal adducts, G4 adducts and thert mutation frequency in splenic T cells from
mice and rats exposed to butenediol suggestspbayleutanediol may play a role in the
mutagenicity and carcinogenicity of butadiene (Powlkes, 2005).N7-Guanine adducts
can undergo spontaneous depurination from DNA apdte apurinic sites. Epoxide
metabolites of butadiene can also react at basegasites to form adducts at
N3—cytosine,Nl—adenine,NG—adenine,Nl—guanine and\lz—guanine (Selzer & Elfarra,
1996a,b, 1997; Zhaet al, 1998; Zhang & Elfarra, 2004). An increase Mi-
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trihydroxybutyladenine adducts was detected in lyoagtes of workers occupationally
exposed to butadiene (Zhab al, 2000). Alkylation ofN1l-adenine by epoxybutene
followed by hydrolytic deamination to form deoxysmee has been shown to be highly
mutagenic (Rodrigueet al, 2001); this DNA lesion strongly codes for incaigdmn of
cytosine during DNA replication which leads to theneration of A.G mutations.
Diepoxybutane is a bifunctional alkylating agerdttoan form DNA-DNA crosslinks
through binding at th&l7 position of guanine of double-stranded DNA todoice bis-
N7-guanine-2,3-butanediol (Park & Tretyakova, 20@8purination of these interstrand
or intrastrand lesions can induce point mutationslarge deletion mutations. However,
when diepoxybutane alkylates &fi-adenine in DNA, an exocyclic adenine adduct is
formed preferentially to DNA-DNA cross-linked prausi (Antsypovictet al, 2007).

Butadiene and its epoxide metabolites are genotixiaultiple tissue sites in mice
and rats and in a variety of other test systemsitdo studies demonstrate that
diepoxybutane is more potent than epoxybutene axypitanediol in the induction of
micronuclei and gene mutations in mammalian cEligxybutanediol, epoxybutene and
diepoxybutane induced -GA transition mutations, adenine mutations{A and A- G)
and deletions (Reciet al, 2001; Leeet al, 2002). The observed base substitution
mutations induced by these alkylating agents aresistent with their DNA adduct
profiles. AT and G- C transversions are the most common mutations wdabefter
in-vivo exposure to butadiene or in-vitro expodorepoxybutene or diepoxybutane.

Markers of individual susceptibility can modulate tgenotoxic effects of butadiene.
In experimental studies, mice that lack a functionBH gene were more susceptible than
wild-type mice to the mutagenic effects of butadien diepoxybutane (Wickliffet al,
2003). EH activity varies considerably among irdlisls. Butadiene-exposed workers
with the low EH activity genotype were reportedb® more susceptible to butadiene-
induced genotoxicity (lymphocytdPRTmutant variant frequency) than individuals with
the more common EH genotype (Abdel-Rahnearal, 2001, 2003). In contrast, no
significant effects were observed for inductionHRPRT mutations or sister chromatid
exchange in individuals witeST (M1 or T1) polymorphisms (Abdel-Rahmas al,
2001). These differences in response are consigtmthe known important role of EH
in the detoxification of butadiene epoxides inués in which these intermediates are
produced. Several other molecular epidemiologitaliss report no effect of butadiene
on HPRTmutations or chromosomal changes at levels of atimnal exposures and no
significant associations with genotype (Zhagl, 2004; Albertiniet al, 2001, 2007).
Discrepancies among these studies may be relatdiffeaences in workplace levels of
exposure to butadiene, the impact of exposuresitidiene or other genotoxic agents
from other sources (e.g. cigarette smoke, autometihaust), group size and the level of
enzyme activity associated with a particular gepety

The induction of sister chromatid exchange in huiyanphocytes exposéd vitro to
diepoxybutane was significantly higher in lymphocytesf@STT null individuals than
GSTT1positive individuals (Wiencket al, 1995), which indicates that the GST pathway
may be important in the detoxification of diepoxtdne released into whole blood.
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Epoxybutene can induce sister chromatid exchangecaromosomal aberrations in
human peripheral lymphocytes treaieditro; the lack of induction of these effects ip G
lymphocytes appears to be due to effective DNA sixai repair (Kligermaret al,
1999b). Other studies demonstrate the importandaN# repair in the genotoxicity of
butadiene-derived epoxides. For example, mice idafién nucleotide excision repair
activity are more susceptible than wild-type misahe mutagenic effects of butadiene
and diepoxybutane (Wickliffet al, 2007).

The mechanistic link between animal and human as@induced by butadiene is
supported by the identification in mice of genediterations in butadiene-induced
tumours that are frequently involved in the devidept of a variety of human cancers.
The Kras, H-ras, p53 pl6pl5 and Fcateninmutations detected in tumours in mice
probably occurred as a result of the DNA reactigityl genotoxic effects of butadiene-
derived epoxides. A consistent pattern ofas-mutations (G- C transversions at codon
13) was observed in butadiene-induced cardiac hagiosarcomas, neoplasms of the
lung and forestomach and lymphomas (Heh@l, 2000; Sillset al, 2001; Tonet al,
2007). Alterations in the53 gene in mouse brain tumours were mostly &transition
mutations (Kimet al, 2005). Inactivation of the tumour-suppressor gegri® andpl5
may also be important in the development of butediaduced lymphomas (Zhuaet
al., 2000). Mammary gland adenocarcinomas induceditadizne in mice had frequent
mutations in thg53 H-ras and S-cateningenes (Zhuangt al, 2002). These obser-
vations point to a genotoxic mechanism that urelerfhe development of butadiene-
induced cancers. Although genotoxicity data indicdtat diepoxybutane is the most
genotoxic of the butadiene epoxides, the relatowgribution of these metabolic inter-
mediates to the mutagenicity and carcinogenicityutddiene is not known.

A comparison of the degree of evidence on metabplisaemoglobin adduct
formation and genetic changes in rodents and huegnssed to butadiene is given in
Table 33.

Table 33. Comparison of the degree of evidence on metalsnli, haemoglobin
adduct formation and genetic changes in rodents and humans mosed to
butadiene

Parameter Rats Mice Humans
In-vitro metabolism of butadiene to epoxybutene ofsgr Strong Strong
In-vitro metabolism of epoxybutene to diepoxybutanetrong Strong Strong
In-vivo measure of epoxybutene in blood Strong 1’iro NI
In-vivo measure of diepoxybutane in blood Strong rosy NI
N-(2,3,4-Trihydroxybutyl)valine haemoglobin adducts$trong Strong Strong

N-(2-Hydroxy-3-butenyl)valine haemoglobin adducts ro8g Strong Strong
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Table 33 (contd)

Parameter Rats Mice Humans

N,N-(2,3-Dihydroxy-1,4-butadiyl)valine haemoglobin Strong Strong Wedk
adduct

Urinary excretion of butadiene-derived mercapturic Strong Strong Strong
acid metabolites

DNA adducts Strong Strong Strong

Mutations in reporter genes in somatic cells Strong Strong Inconsistehit

Chromosomal aberrations or micronuclei No evidenc8trong Weak

NI, no information
& Possibly due to a lack of adequate studies
® Three negative and one positive studies

5. Summary of Data Reported

5.1 Exposure data

1,3-Butadiene is a colourless gas that is prodbgetthiree different methods. More
than 95% of global production is as a co-produwnfthe industrial synthesis of ethylene.
Regardless of the process, the production of eriadnonomer requires the removal of
impurities. Butadiene is used primarily (85%) ie froduction of synthetic rubbers and
polymers (polymer production).

The highest exposure to butadiene occurs in odomgdisettings. No measurements
of exposure in butadiene monomer production befoeel970s are available, but levels
of exposure have decreased from the late 1970 tearly 2000s from < 20 mgrto
<2 mg/n.

In styrene—butadiene polymer production, the estichenedian levels of exposure to
butadiene in earlier decades varied from 8 mg/m@0tang/ni, while current measure-
ments of exposure in modern facilities in North Acee and western Europe are
generally below 2 mg/f Levels reported in China are somewhat high#r rag/n).
Regardless of the type of factory, production psscer country, some tasks are still
characterized by very high exposures (~200 Mgtmt are typically short in duration.

Butadiene is a ubiquitous environmental contamiraant levels lower than those
found in occupational settings have been reporteghibient air (< 0.02 mgfy these
mainly originate from combustion products (e.g. enotehicle emissions and tobacco
smoke).
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The American Conference of Governmental IndustHgbienists has reported
occupational exposure limits for butadiene in waiacountries that range from 1 to
1000 ppm (2—2210 mgfin

5.2 Cancer in humans

The Working Group reviewed studies of three cohoftsiorkers in the butadiene
monomer industry and two cohorts of workers indtygene—butadiene rubber industry.
A study of styrene—butadiene rubber workers by researahttrs University of Alabama
at Birmingham was considered by the Working Graupéd the most informative. This
study examined the mortality rates of approximat&y000 workers from eight styrene—
butadiene rubber facilities in the USA and Canadalidf studies of some of the facilities
included in this study were carried out by researshat the National Institute for
Occupational Safety and Health and at Johns Hopglimsersity.

A limiting factor in the present evaluation wastttiee diagnosis and classification of
lymphatic and haematopoietic malignancies are mete complex and have undergone
several changes over the course of time (see G&wmrarks).

Although overall mortality from leukaemia was ordlyghtly elevated in the most
recent update of the University of Alabama at Birghiam cohort, larger excesses of
mortality from leukaemia were seen in workers ia thost highly exposed areas of the
plants and among hourly paid workers, especiatigghwho had been hired in the early
years and had had longer employment %.20 years). These excesses were attributable
to increased rates of mortality from both chrogimphocytic and chronic myelogenous
leukaemia. Furthermore, a significant exposure-aresp relationship between cumu-
lative exposure to butadiene and mortality fromkémumia was observed in this study.
Exposure—response relationships were apparent for lnathic lymphocytic and chronic
myelogenous leukaemia. An exposure—response redhtjp between cumulative expo-
sure to butadiene and leukaemia was also apparent in ien @aalysis conducted by the
University of Alabama at Birmingham that used dedént method for the assessment of
exposure and in the previous Johns Hopkin's stidhile concerns had been raised that
these findings might have been due to confoundinmy fexposure to other chemicals in
the styrene—butadiene rubber industry, the mostnteanalyses indicated that the
exposure—response relationship for butadiene anddeia was independent of expo-
sures to benzene, styrene and dimethyldithiocarteama

A slight overall excess of mortality from leukaemias also observed in two of the
studies of the butadiene monomer industry, wheeseasall deficit in mortality was
observed in the third cohort study. The excessatatity from leukaemia in one of the
monomer industry cohorts was more pronounced amankers who had been exposed
during the Second World War when exposures to mrachad probably been higher.
The excess of leukaemia in this cohort did noteiase with duration of exposure or
cumulative exposure.
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The strongest evidence for an association betwegadiene and non-Hodgkin
lymphoma derives from the studies of workers inrtf@momer industry. Based on four
cases (lymphosarcoma and reticulosarcoma), an apiely sixfold statistically
significant excess risk was observed in one ofthihee studies. An approximately 50%
non-significant excess of mortality from non-Hodgkin pimoma was reported in another
study of the monomer industry. Although the exocalssnortality from non-Hodgkin
lymphoma in this study did not increase with daratiof exposure, it was more
pronounced among workers who had been exposedydhignSecond World War when
exposures had presumably been higher. The third study wiathemer industry reported
only one case of non-Hodgkin lymphoma (0.2 expgctédnon-significant twofold
excess of mortality from lymphosarcoma and retsalooma was reported in one of the
two plants included in the earlier National Indétdior Occupational Safety and Health
study of styrene—butadiene rubber workers. No dvexaess of mortality from non-
Hodgkin lymphoma was observed in the Universitplabama at Birmingham study.

Overall, the epidemiological studies provide evigerthat exposure to butadiene
causes cancer in humans. This excess risk cannotedonably explained by
confounding, bias or chance. This conclusion imarily based on the evidence for a
significant exposure—response relationship betvesposure to butadiene and mortality
from leukaemia in the University of Alabama in Bingham study, which appears to be
independent of other potentially confounding expesult is also supported by elevated
relative risks for non-Hodgkin lymphoma in othemdses, particularly in the butadiene
monomer production industry. The Working Group waable to determine the strength
of the evidence for particular histological subtyps lymphatic and haematopoietic
neoplasms because of the changes in coding anabdiagpractices for these neoplasms
that have occurred during the course of the epidlegital investigations. However, the
Working Group considered that there was compediirigence that exposure to butadiene
is associated with an increased risk for leukaemias

5.3 Cancer in experimental animals

Two bioassays of butadiene by inhalation exposumice showed increases in the
incidence of lymphoma and neoplasms of the hear, lforestomach, liver, Harderian
gland, preputial gland and kidney in males andeiases in the incidence of lymphomas
and neoplasms of the heart, lung, forestomachr, lidarderian gland, ovary and
mammary gland in females. The heart neoplasms kighty malignant and distinctive
forms of haemangiosarcoma that were very rare @totigal controls. The second
bioassay was undertaken at much lower exposurds I¢ivan the first, but tumours
developed at the same organ sites in both stubliessecond study included exposure
levels that were comparable with or even lower thestorical levels of occupational
exposure in humans.

In a single study of inhalation exposure in ratgatiene caused increases in the
incidence of pancreatic exocrine adenomas ancheaneis and interstitial-cell tumours of
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the testis in males. In females, increases in tisgence of thyroid follicular-cell
tumours, uterine sarcomas, Zymbal gland carcinomrad benign and malignant
mammary tumours were observed. This study was conducteplosiiee levels that were
much higher than those used in the inhalation bayasin mice.

D,L-Diepoxybutane, a metabolite of butadiene, wagdellr carcinogenicity in mice
by repeated subcutaneous injection, by repeategbaritoneal injection and by inhalation
exposure. It caused fibrosarcomas at the sitelmfusaneous injection and increased the
incidence of Harderian gland tumours following ilaitian exposure.

D,L-Diepoxybutane was tested for carcinogenicity i3 la one study by inhalation
and caused squamous-cell carcinomas of the nasalsaut also induced fibrosarcomas
in rats at the site of repeated subcutaneous imjediut did not cause gastric tumours
when administered by gavage.

meseDiepoxybutane was tested for carcinogenicity by soplication in one study
in male and one study in female mice in direct canigpn withD,L-diepoxybutane. In
both studies,mesediepoxybutane caused an increased incidence ainsmus-cell
papillomas and carcinomas of the skin at the $itplication whileD,L-diepoxybutane
gave negative results.

5.4 Mechanistic and other relevant data

The carcinogenicity of butadiene is most probablgdisted by its metabolic
intermediates. This assumption is based largelythen fact that butadiene-induced
mutagenicity requires metabolic activation and tithé DNA-reactive epoxides
(stereoisomers of epoxybutene, epoxybutanediol diepoxybutane) that are formed
during the biotransformation of butadiene are thaeting mutagens. Studies in humans
indicate that butadiene is absorbed via inhalatoa that the blood:air partition
coefficient and alveolar ventilation are importg@rameters in the determination of
uptake. Several studies have quantified the pres@fcmetabolites derived from
butadiene in the urine of humans exposed via itibalan controlled laboratory,
environmental or workplace settings. Two urinarytabelites have been identified in
humans: 1,2-dihydroxybutyl mercapturic acid and afyalroxy-3-butenyl mercapturic
acid, which are derived from the conjugation withtathione of hydroxymethylvinyl
ketone (a metabolite of butenediol) and epoxybutespectively.

Several molecular epidemiological studies havesasskthe utility of haemoglobin
adducts as biomarkers of human exposure to butadiEine butadiene metabolite,
epoxybutene, can react with tNeerminal valine of haemoglobin to foriN(2-hydroxy-
3-butenyl)valine adducts, which have been obseivadorkers exposed to butadiene.
The haemoglobin adductN-(2,3,4-trihydroxybutyl)valine, which is formed fro
epoxybutanediol or diepoxybutane, has also beeenadts in these workersl,N-(2,3-
Dihydroxy-1,4-butadiyl)valine, which is another add formed by the reaction of
diepoxybutane with haemoglobin, has not been detaot butadiene-exposed workers.
The presence dN-(2,3,4-trinydroxybutyl)valine andN-(2-hydroxy-3-butenyl)valine in
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workers exposed to butadiene demonstrates thensgséailability of the metabolites
epoxybutene and epoxybutanediol at occupationalsexp levels.

Several studies in humans have demonstrated the-lidting properties and
clastogenic effects of butadiene. An increaseNit+(2,3,4-trihydroxybutyl)adenine
adducts — derived from epoxybutanediol or diepoxybe — was detected in the
lymphocytes of workers occupationally exposed ttadiene. One study in workers
exposed to butadiene found an increase in thedreguof chromosomal aberrations and
sister chromatid exchange. Other studies foundgmifisant increases in chromosomal
alterations in workers, although the exposure auragons were lower than those used
in studies with mice.

The enzymes that regulate epoxide formation andirgtion are polymorphic in
human populations. The extent to which the vaitadsl of these enzymes modulate the
carcinogenicity of butadiene is not known. Butadiemposed workers with the low
epoxide hydrolase activity genotype were more siiae to butadiene-induced geno-
toxicity (frequency of human hypoxanthigeianine phosphoribosyl transferase gene
variants in lymphocytes).

More than 10 urinary metabolites, including thejagation products monohydroxy-
3-butenyl mercapturic acid and 1,2-dihydroxybutyl cagturic acid, have been identified
in butadiene-exposed rats and mice.

At equivalent exposures to butadiene, blood levkthe haemoglobin addudis(2-
hydroxy-3-butenyl)valine and\,N-(2,3-dihydroxy-1,4-butadiyl)valine were higher in
mice than in rats, while levels of the major addiet2,3,4-trihydroxybutyl)valine, were
similar in these species. All of these adducts haeen measured in rats and mice
exposed to butadiene at concentrations as lowpsid6 mg/m).

Butadiene is clastogenic in mice and induces chsomal aberrations, micronucleus
formation and sister chromatid exchange. It hadeen found to be clastogenic in rats.

The most abundant DNA adduct measured in rats acel exposed to butadiene is
N7-trihydroxybutylguanine, which is derived from ethepoxybutanediol or diepoxy-
butane. Epoxide metabolites of butadiene can a&aot rat base-pairing sites to form
adducts aN3—cytosine,Nl—adenineNG—adenine,Nl—guanine ansz—guanine. Butadiene
and its epoxide metabolites are genotoxic at nheltipsue sites in mice and rats and in a
variety of other test systems.

Mutations inras proto-oncogenes and thB3tumour-suppressor gene (genes that are
involved in the development of a variety of cangerere identified in several different
types of tumour induced by butadiene in mice. A and G- C transversions are the
most common mutations observed after in-vivo exmodo butadiene or in-vitro
exposure to epoxybutene or diepoxybutane.

Although genotoxicity data indicate that diepoxylbetés the most genotoxic epoxide
formed from butadiene, the relative contribution alf epoxide metabolites to the
mutagenicity and carcinogenicity of butadiene iskmmwn.
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6. Evaluation and Rationale

6.1 Carcinogenicity in humans

There issufficientevidencen humans for the carcinogenicity of 1,3-butadiene.

6.2 Carcinogenicity in experimental animals

There issufficient evidencin experimental animals for the carcinogenicityl¢s-
butadiene.

There issufficient evidencén experimental animals for the carcinogenicitybgf-
diepoxybutane.

6.3 Overall evaluation

1,3-Butadiene isarcinogenic to humans (Group. 1)
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