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STYRENE AND STYRENE-7,8-OXIDE

Exposure Data

Styrene

1.1.1 Identification of the agent

Nomenclature

Chem. Abstr. Serv. Reg. No.: 100-42-5

Previously used Chem. Abstr. Serv. Reg. No.:
79637-11-9

Chem. Abstr. Serv. name: Ethenylbenzene
IUPAC systematic name: Styrene

Synonyms: Cinnamene; cinnamenol; cinnamol;
phenylethene; phenethylene; phenylethylene;
styrol; styrole; styrolene; vinylbenzene;
vinylbenzol

Structural and molecular formulae, and
relative molecular mass

[ ]/ X
Styrene

Molecular formula: CJH,
Relative molecular mass: 104.15

Chemical and physical properties of the
pure substance

Description: Colourless, viscous liquid with a
pungent odour (WHO, 1983)

Melting/freezing point: =31 °C (LARC, 2002)

Boiling point: 145 °C at 101.3 kPa (IARC,
2002)

Density: 0.906 g/cm? at 25 °C (Merck, 2017a)

Relative density: d,,, 0.9060 (water, 1) (LARC,
2002)

Solubility in organic solvents: Miscible with
acetone, benzene, carbon tetrachloride,
(diethyl) ether, ethanol, heptane (Chevron
Phillips Chemical Co., 2010)

Solubility in water: 0.31 g/L at 25 °C (NTP,
2016a)

Vapour pressure: 867 Paat 25 °C (IARC, 2002)

Saturated vapour concentration: 8500 ppm at
25°C (EPA, 1993)

Relative vapour density: 3.6 (air, 1) (IARC,
2002)

Evaporation rate: 1.92 (nBuAc, 1) (Chevron
Phillips Chemical Co., 2010)

Odour threshold: Low: 0.20 mg/m? (pure)
and 0.43 mg/m? (stabilized); high: 860 mg/m?
(Ruth, 1986)

Reactivity: Polymerizes readily at room
temperature in the presence of oxygen and
oxidizes on exposure to light and air (WHO,
1983). Styrene is stabilized by a small amount
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of a polymerization inhibitor; if this is not
present in adequate concentration, styrene
can polymerize and explode its container.
Polymerization is also accelerated at temper-
atures above 66 °C (NIOSH, 1983); recom-
mended storage temperature is 25 °C or less
(Shell, 2017). The vapours are heavier than air
and spread along the ground; distant ignition
is possible (Shell, 2017).

Octanol/water  partition
log K ,2.95 (IARC, 2002)

Conversion factor: 1 ppm = 4.26 mg/m? at
normal temperature (25 °C) and pressure
(101 kPa) (IARC, 2002)

(P):

coefficient

ow>

(d)  Technical products and impurities

Styrene monomer is available as a commer-
cial product with different levels of purity (i.e.,
99.7% t0 >99.9%) The impurities present and their
concentrations depend upon the manufacturing
route, as well as plant performance characteris-
tics. The typical inhibitor content of the standard
grade is 10-15 ppm 4-tert-butylcatechol (CEFIC
2007). The trace components in a commercial
product of purity 99.93% are listed in Table 1.1
(Chevron Phillips Chemical Co., 2010).

1.1.2 Production and use of styrene

Worldwide, styrene is one of the most impor-
tant monomers for polymers and copolymers
that are used in a wide range of applications.
Globally, it is estimated that more than 15 000
industrial plants in many countries produce or
use styrene in the manufacturing of polymeric
products (The Styrene Forum, 2017).

(@)  Production process

Styrene was first isolated in 1831 by distil-
lation of storax, a natural balsam. Commercial
production of styrene via dehydrogenation
of ethylbenzene began in Germany in 1925
(Tossavainen, 1978).
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Table 1.1 Trace components present in
commercially produced styrene

Trace chemical Concentration (ppm)

a-methylstyrene 175
> m- and p-xylene 120
o-xylene 125
Cumene 100
Propylbenzene 60
Ethylbenzene 50
Phenylacetylene 50
X m- and p-ethyltoluene 20
Aldehydes (as benzaldehyde) 15
4-tert-butylcatechol 12
Vinyltoluene 10
> m- and p-divinylbenzene <10
Peroxides (as benzoyl peroxides) 5
o-divinylbenzene <5
Polymerized styrene 1
Benzene <1
Chlorides (as CI) <1
Sulfur <1
Toluene <1

ppm, parts per million.
Adapted from Chevron Phillips Chemical Co. (2010).

There are two commercially viable methods
of producing styrene. The most important,
which accounts for over 90% of total world
styrene production, is catalytic dehydrogenation
in the vapour phase of high-purity ethylbenzene.
Common catalysts are based on ferric oxide
(Fe,O,) with chromia (Cr,0,) as a stabilizer and
potassium oxide as a coke retardant (Behr, 2017).
Typically, the crude product of the dehydrogena-
tion process consists of 64% styrene, 32% ethylb-
enzene, 2% toluene, 1% benzene, and 1% other
substances. The isolation of pure styrene from
the mixture by distillations is difficult because
of the similar boiling points of styrene and ethyl-
benzene (Behr, 2017).

The second process involves oxidation of
ethylbenzene to its hydroperoxide and reaction
with propylene to yield propylene oxide. The
co-product a-methylphenyl carbinol is then
dehydrated to styrene (Behr, 2017). A third
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process, involving oxidative dehydrogenation of
ethylbenzene to styrene with carbon dioxide, has
been proposed (Chon, 2003).

(b)  Production volume

Styrene is considered to be a high produc-
tion volume chemical (USDOE, 2012). In 2004,
the global styrene demand was reported to be
over 24 million metric tonnes (CEFIC, 2007).
In 2010, the global production of styrene was
27.5 million United States tons [25 million
tonnes], of which approximately 4.4 million
United States tons [4 million tonnes] originated
in the USA. In 2012, the world production of
styrene monomer exceeded 26.4 million metric
tonnes (Aghayarzadeh et al., 2014).

China consumes far more styrene than other
countries. In 2014, 30% of the world consump-
tion of styrene was estimated to be by China (IHS
Markit, 2017). Styrene consumption is expected
to remain relatively constant, growing at an
average rate of 1.6% per year during 2014-2019.
Higher growth in the production of expand-
able polystyrene (EPS) is predicted, especially
in construction where it is being increasingly
used as concrete forms and as insulation, driven
by demand for higher energy efficiency. Styrene
consumption for EPS production is expected to
grow at an average rate of 2.3% per year during
2019-2024. Styrene consumption for the produc-
tion of acrylonitrile-butadiene-styrene (ABS)
resins and styrene-butadiene rubber (SBR) is
expected to see the highest annual growth rates
of 3.6% and 4.1%, respectively (IHS Markit, 2017).

The production of styrene in the USA has
risen steadily since 1960. Between 1960 and
2006, estimated production ranged from a low of
1740 million pounds [~7.9 x 105 tonnes] in 1960
to a high of 11 897 million pounds [~54 x 105
tonnes] in 2000. In 2006, eight United States
manufacturers produced an estimated 11 387
million pounds [~51 x 10° tonnes] of styrene;
the three largest producers accounted for 54%
of production. United States consumption

of styrene in 2006 was 9600 million pounds
[~43 x 10° tonnes], more than 99% of which was
in the production of polymers and copolymers
(NTP, 2016a).

The USA is a producer and net exporter of
styrene to the rest of the world. In 2014, the
production capacity of styrene in Canada
and the USA was 880 thousand tonnes and
4.8 million tonnes, respectively. The amount of
styrene imported into the USA recently has been
small, and only from Canada. In 2014, the USA
exported 1.53 million tonnes of styrene (ICIS,
2014).

In 2016, 1 767 053 metric tons of styrene mono-
mer was produced in Japan (Statista, 2017).

In 2016, China imported 3.5 million tonnes
of styrene monomer; 1.23 million tonnes (35%)
of this quantity came from the Republic of Korea,
makingit thelargest supplier of styrene monomer
to China. Meanwhile, China’s total styrene
monomer demand has gradually increased from
8.49 million tonnes in 2013 to 9.1 million tonnes
in 2016, at an average annual growth rate of
2.38%. According to industry sources, China’s
annual domestic styrene monomer production
was about 8.39 million tonnes in 2017, and was
expected to rise by 2.3 million tonnes per year
to 10.7 million tonnes by 2019 (Plastemart.com,
2017).

Styrene is presently manufactured in and/or
imported into the European Economic Area at
a rate of 1-10 million tonnes per year (ECHA
2017).

(c) Uses

In the 1930s, styrene was used mainly in the
production of synthetic rubber; the application
of styrene as a solvent and cross-linking agent
in the production of fibreglass-reinforced plas-
tics started in the 1950s (Tossavainen, 1978).
The resins generally contain between 30% and
50% styrene by weight (Haberlein, 1998). Today,
styrene is primarily used as a monomer in the
production of polystyrene plastics and resins.
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Styrene producers sell styrene monomer to
companies that use styrene to make various
compounds and resins. Fabricators then process
the resins into a wide variety of products (Cohen
et al., 2002).

According to The Styrene Forum (2017), there
are six major styrene resin families: (i) polysty-
rene (PS); (ii) SBR; (iii) styrene-butadiene latex
(SBL); (iv) ABS; (v) styrene-based unsaturated
polyester resins (UPR); and (vi) styrene-acry-
lonitrile (SAN). Industry estimates of the relative
amounts of styrene consumed by these six resin
families are as follows: PS, 50%; SBR, 15%; SBL,
12%; ABS, 11%; UPR, 11%; and SAN, 1% (The
Styrene Forum, 2017). The uses, according to
Chevron Phillips Chemical Co. (2017) are vari-
able across these resin families. PS is primarily
used in packaging, disposables, and low-cost
consumer products. Improved grades of PS resins
are used in higher-performance applications,
such as home electronics and appliances. Uses of
PS include as EPS beads in food and beverage
packaging, building insulation, and cushion
packaging. SBR, a thermoplastic synthetic elas-
tomer, is used in the production of tyres. SBL is
another thermoplastic synthetic elastomer used
in carpet backing, for example. ABS and SAN
have many uses in the consumer durables market.
Styrene-based UPR are used in gel-coating and
laminating operations in the production of fibre-
glass-reinforced plastic products such as boats,
bathtubs, shower stalls, tanks, and drums, that
is, items that provide a long service life in both
indoor and outdoor applications (The Styrene
Forum, 2017).

In addition, recycled polystyrene is used
in packaging, construction materials, video
cassettes, office supplies, and other products.
A company in Oregon, USA, is developing a
production plant that can convert scrap poly-
styrene into a liquid monomer (Association of
Oregon Recyclers, 2017).
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1.2 Styrene-7,8-oxide
1.2.1 Identification of the agent

(a) Nomenclature

Chem. Abstr. Serv. Reg. No.: 96-09-3; (R)-(+)-
styrene-7,8-oxide: 20780-53-4; S)-()-
styrene-7,8-oxide: 20780-54-5; (+)-styrene-
7,8-oxide: 67253-49-0

Previously used Chem. Abstr. Serv. Reg. No.:
62497-63-6

Chem. Abstr. Serv. name: 2-Phenyloxirane
Synonyms: Epoxyethylbenzene; 1,2-(epoxy-
ethyl)benzene;  1,2-epoxy-1-phenylethane;
a,p-epoxystyrene;  phenethylene  oxide;
1-phenyl-1,2-epoxyethane;  phenylethylene
oxide; phenyloxirane; styrene epoxide;
styrene oxide; styryl oxide

(b)  Structural and molecular formulae, and
relative molecular mass

Styrene-7,8-oxide exists as two optical
isomers and the commercial product is a
racemic mixture.

(£)-styrene-7,8-oxide (R)-(+)-styrene-7,8-oxide

(S)-(-)-styrene-7,8-oxide

Molecular formula: CH,O
Relative molecular mass: 120.15
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(c)  Chemical and physical properties of the
pure substance

Description: Clear, colourless to straw-
coloured liquid with a sweet pleasant odour
(PubChem, 2017)

Melting/freezing point: =37 °C (Merck, 2017b)

Boiling point: 193-195 °C at 101.3 kPa (Merck,
2017b)

Density: 1.05 g/cm? at 20 °C (Merck, 2017b)

Relative density: d,;,, 1.051-1.054 (water, 1)
(Merck, 2017b)

Solubility in organic solvents: Soluble in
acetone, benzene, carbon tetrachloride,
heptane, and methanol (IARC, 1994)

Solubility in water: 3 g/L at 25 °C (Merck,
2017b)

Vapour pressure: 0.3 mm Hg = 40 Pa at 20 °C
(Merck, 2017b)

Relative vapour density: 4.30 (air, 1) (HSDB
2017b)

Odour threshold: Low: 0.3093 mg/m?; high:
1.9640 mg/m? (Ruth, 1986)

Reactivity: Polymerizes exothermically and
reacts violently with water in the presence of
catalysts (acids, bases, certain salts). Should
be stored at +15 to +25 °C. Decomposition
temperature: > 250 °C (Merck, 2017b).

Octanol/water  partition
logK_, 1.61 (IARC, 1994)

Conversion factor: 1 ppm = 4.91 mg/m? at
normal temperature (25 °C) and pressure
(101.3 kPa) (IARC, 1994)

(P):

coefficient

ow’

(d) Technical products and impurities

Typical product specification for styrene-
7,8-oxide is 99% minimal purity and 0.1-0.2%
maximal water content (IARC, 1994).

1.2.2 Production and use of styrene-7,8-oxide

(a)  Production process

Styrene-7,8-oxide is produced commercially
by the reaction of styrene with chlorine and
water to form styrene chlorohydrin, followed
by cyclization with aqueous base to produce
styrene-7,8-oxide. It is also prepared by epoxi-
dation of styrene with peroxyacetic acid (IARC,
1994). Styrene-7,8-oxide may be synthesized by
air oxidation of styrene over cobalt-containing
(Co,0,) catalysts (Lu et al., 2010).

Styrene monooxygenase produced by
recombinant Escherichia coli can catalyse the
enantiomeric oxidation of styrene to yield (S)-(-)-
styrene-7,8-oxide (Panke et al., 2002).

(b)  Production volume

Information available in 1991 indicated that
styrene-7,8-oxide was produced by three compa-
nies in Japan and one company in the USA
(IARC, 1994). In 2009, there was still only one
United States manufacturer of styrene-7,8-oxide
that had been identified (HSDB, 2017b).

Styrene-7,8-oxide is registered according to
the European Union Registration, Evaluation,
Authorisation and Restriction of Chemicals
(REACH) regulation, and is manufactured in
and/or imported into the European Economic
Area in quantities of 100-1000 metric tonnes per
year (ECHA, 2017).

(c) Uses

Styrene-7,8-oxide is used as a reactive plas-
ticizer or diluent for epoxy resins and in the
production of phenethyl alcohol (2-phenyleth-
anol) and styrene glycol, and their derivatives
(PubChem, 2017). It is used as a reactive plasti-
cizer, in surface coatings, as a food-grade flavour,
in styrene glycol, in cosmetics, and in perfumes
(Bajpai & Mukherjee, 2017).
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1.3 Measurement and analysis

1.3.1 Detection and quantification
(a) Air

Styrene and styrene-7,8-oxide concentrations
in air during the lamination process in the rein-
forced plastics industry were measured by Pfaffli
etal.(1979). The substances were sampled on char-
coal tubes and desorbed with dichloromethane
immediately after the sampling, and assayed by
capillary column gas chromatography. The iden-
tification was performed by a mass spectrometer
coupled with a gas chromatograph.

According to the National Institute for
Occupational Safety and Health (NIOSH)
Method 1501 for measurements of styrene in
workplace air, the sample is adsorbed on char-
coal and desorbed with carbon disulfide, and
styrene determined by capillary column gas
chromatography (GC) with a flame ionization
detector (FID); the estimated limit of detection
is 0.4 ug per sample (NIOSH, 1994).

Styrene in workplace air can also be sampled
on a solid sorbent and desorbed with ethyl
acetate; styrene is then determined by GC-FID
(Tornero-Velez et al., 2000).

A thermal desorption GC mass spectrometry
(MS) method to determine styrene in air and
evaluate styrene levels in the workplace and its
surrounding area was developed by Fernandez-
Villarrenaga Martin et al. (2000).

Styrene hasbeen measured inambientairand
indoor air as part of exposure to volatile organic
carbons (VOC:s) of children (Adgate et al., 2004)
and the general population (Rehwagen et al.,
2003). Indoor air and ambient air were sampled
by passive sampling followed by extraction with
acetone and/or carbon disulfide (2:1 volume/
volume) or carbon disulfide followed by GC-MS
analysis. The quantitation limit for styrene was
0.6 ug/m? in the study on children (Adgate et al.,
2004),and thedetectionlimitsin the general-pop-
ulation study were 0.01-0.05 pg/m? if converted
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to a sampling interval of 4 weeks (Rehwagen et
al., 2003).

Styrene-7,8-oxide can be determined in air
samples by GC-MS or GC-FID. The samples
were collected on a solid sorbent and desorbed
thermally with ethyl acetate or carbon disulfide
(Pellizzarietal., 1976; Fjeldstad etal., 1979; Taylor,
1979; Stampfer & Hermes, 1981; Tornero-Velez et
al., 2000). A detection limit as low as 2 ng/m? was
reported (Krost et al., 1982).

(b) Water, soil, sediment, etc.

United States Environmental Protection
Agency (EPA) Method 8260B can be used to
determine the concentration of various VOCs,
including styrene, by GC-MS in a variety of
matrices such as groundwater, aqueous sludges,
waste solvents, oily wastes, tars, soils, and sedi-
ments. Samples may be analysed using direct
injection, purge-and-trap (PT), closed-system
vacuum distillation, static headspace (solid
samples), or desorption from trapping media
(air samples) (EPA methods 5021, 5030, 5032,
and 5041). The practical quantification limits are
5 ug/L for groundwater samples, 5 ug/kg (wet
weight) for low-level soil and sediment samples,
250 pg/L for water-miscible liquid waste samples,
625 ug/kg for high-level soil and sludge samples,
and 2500 pg/L for non-water-miscible waste
samples (EPA, 1996).

Styrene-7,8-oxide and other electrophiles
can be determined in environmental samples by
reaction in aqueous solution with 4-nitrothio-
phenol to form thioethers; these have absorption
maxima at about 445 nm and can be separated
using high-performance liquid chromatography
(HPLC). Styrene-7,8-oxide has two absorption
maxima, at 339 nm and 340 nm. The level of
detection was less than 1 part per billion (ppb)
in water (Cheh & Carlson, 1981).
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(c) Blood and urine

A rapid and simple PT-GC technique for
the measurement of styrene in urine and blood
samples was developed by Prieto et al. (2000,
2002).

Methods of isotope-dilution GC-MS have
been described for determination of styrene and
styrene-7,8-oxide in blood. Positive ion chemical
ionization allowed the detection of styrene at
concentrations greater than 2.5 ug/L blood and
of styrene-7,8-oxide at concentrations greater
than 0.05 ug/L blood (Tornero-Velez et al., 2001).

An alternative method for the measurement
of styrene-7,8-oxide is reaction with valine,
followed by derivatization with pentafluoro-
phenyl isothiocyanate and analysis via negative
ion chemical ionization GC and tandem mass
spectrometry (MS/MS) (styrene-7,8-oxide detec-
tion limit, 0.025 pg/L blood). The detection limit
for styrene-7,8-oxide by these two methods were
10-20-fold lower than those of the GC assays
based upon either electron-impact MS or FID
(Tornero-Velez et al., 2001).

Levels of unmetabolized styrene in urine can
be determined by headspace solid-phase micro-
extraction followed by GC-MS analysis, with a
detection limit of 0.2 ug/L (Fustinonietal., 2008).

Mandelic acid (MA) and phenylglyoxylic
acid (PGA), urine metabolites of styrene and
styrene-7,8-oxide, can be determined by HPLC
(Ghittori et al., 1997; Marhuenda et al., 1997)
or by liquid chromatography (LC) with MS/
MS using negative ion mode and quantification
by selected reaction monitoring (Manini et al.
2002). The detection limit of the HPLC method is
15 mg/L for MA and is 2 mg/L for PGA. The limit
of detection for both MA and PGA is 0.1 mg/L
using the LC-MS/MS method.

1.3.2 Styrene and styrene-7,8-oxide
biomarkers in exposure assessment

Measurement of biological indicators of
exposure incorporates the influence of multiple
routes of absorption and the use of personal
protective equipment within a comprehensive
exposure assessment. The relationship between
air concentrations and biological measures of
exposure to styrene has been studied extensively.
About 95% of the absorbed styrene is excreted in
urine as MA and PGA. Reliable, sensitive, and
specific analytical methods exist for monitoring
occupational exposure to styrene and styrene-
7,8-oxide. Among the biological monitoring
methods available (Section 1.3.1), measurements
of MA and PGA in urine are the most commonly
used biological indices of exposure to styrene and
styrene-7,8-oxide. Styrene itself can be measured
in alveolar air, blood, and urine, and styrene-7,8-
oxide and the haemoglobin adducts of styrene-
7,8-oxide can be measured in blood. Table 1.2
and Table 1.3 provide summary data from occu-
pational studies in which both personal inhal-
ation exposure concentrations and biological
indicators of styrene and styrene-7,8-oxide expo-
sures in urine and blood, respectively, have been
reported in reinforced plastics manufacturing
workers.

(a) Mandelic acid and phenylglyoxylic acid in
urine

Reliable, sensitive, and specific analyt-
ical methods exist for MA and PGA in urine
(Marhuenda et al., 1997; Manini et al., 2002). MA
and PGA are produced by sequential metabo-
lism, MA appearing first in the urine (Guillemin
& Bauer, 1979). The relationship between the
excreted levels of MA and PGA varies according
to factors such as the intensity of exposure and
the sampling time. The biological half-life of
PGA is longer than that of MA; accumulation of
PGA can occur during a working week, whereas
MA is mostly cleared within 24 hours (Perbellini
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Table 1.2 Urine biomarker levels and their correlation coefficients (r) with styrene (and styrene-7,8-oxide) inhalation
exposure concentrations in reinforced plastics manufacturing workers

Reference Occupation No. of Sampling Mandelic acid + Mandelic acid Phenylglyoxylic acid Styrene
description workers matrix phenylglyoxylic acid
Location, and/or  and time
collection samples Mean Mean r Mean r Mean
date exposure exposure exposure exposure
(range and/ (range and/ (range and/ (range and/or
or SD) (mg/g or SD) (mg/g or SD) (mg/g SD) (pg/L)®
creatinine)? creatinine)? creatinine)?
Guillemin et All workers 88 End of NR 1003.7 0.749 339.1 0.706
al. (1982) shift (SD, 1206.8) (SD, 360.2)
Hand 4 1341.6 352.4
Switzerland,  lamination, (SD, 756.2) (SD, 98.1)
10 plants; NR  containers of
various sizes
Hand 5 976.8 307.1
and spray (SD, 485.4) (SD, 163.3)
lamination
of boats 13 m
long and small
objects
Hand, spray, 8 655.1 240.2
and automatic (SD, 305.8) (SD, 124.0)
system
lamination of
silos and small
boats
Hand 6 1246.6 255.8
lamination of (SD, 1233.9) (SD, 155.7)
inside coating
of oil tanks
Hand, spray, 12 715.6 (SD, 782) 187.6
and artificial (SD, 145.5)
marble
production
and lamination
of boats,
showers,

tables, sinters,
etc.

LZl - SHAVYOONOW DV
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Table 1.2 (continued)

Reference Occupation No. of Sampling Mandelic acid + Mandelic acid Phenylglyoxylic acid Styrene
description workers matrix phenylglyoxylic acid
Location, and/or  and time
collection samples Mean r Mean r Mean r Mean
date exposure exposure exposure exposure
(range and/ (range and/ (range and/ (range and/or
or SD) (mg/g or SD) (mg/g or SD) (mg/g SD) (pg/L)®
creatinine)? creatinine)? creatinine)?
Guillemin et Automatic 3 551.7 230.8
al. (1982 system, pipes (SD, 107.1) (SD, 39.3)
(cont.) and others
objects
Hand, spray, 14 1179.5 465.0
and vacuum (SD, 663.4) (SD, 216.4)
lamination of
basins, walls,
baths, etc.
Hand, spray, 19 175.4 145.3
automatic (SD, 127.7) (SD, 102.4)
system, UV-
hardening,
and silica
reinforcement
of large pipes
Hand, spray, 15 2334.3 763.4
and vacuum (SD, 1891.2) (SD, 596.0)
lamination of
cabins, walls,
etc.
Hand 2 305.5 132.5
lamination of (SD, 68.6) (SD, 118.1)
parts of car
bodies
Ikeda et al. Hand 118 End of NR 0.88 NR 0.86 NR 0.82
1982) lamination shift
Japan,
five boat
production
plants; NR

dPIX0-8’/-2uUaIA1s pue suaIAlS
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Table 1.2 (continued)

Reference Occupation No. of Sampling Mandelic acid + Mandelic acid Phenylglyoxylic acid Styrene
description workers matrix phenylglyoxylic acid
Location, and/or  and time
collection samples Mean r Mean r Mean r Mean r
date exposure exposure exposure exposure
(range and/ (range and/ (range and/ (range and/or
or SD) (mg/g or SD) (mg/g or SD) (mg/g SD) (ug/L)®
creatinine)? creatinine)? creatinine)?
Imbriani etal. Boat 121 End of 51 (median) 0.89
1986) manufacturing shift (19.7-189.0)
Italy; NR
Triebig et al. Lamination of 36 End of 0.36 NR 0.21 (median)  0.676 0.19 (median)  0.845
1989) boats, pipes, or shift (0.02-4.29) (0.01-3.64) g/L (0.01-0.87)
containers g/L g/L
Germany, four
plants; NR
Truchonetal. Choppergun 7 End of 0.73
(1992) use shift (0.08-1.75)
mmol/mmol cr
Canada Painting (gel 9 0.58
(Quebec), coat) (0.11-0.94)
three plants; mmol/mmol cr
NR Laminating 18 1.25
(rollers) (0.28-1.90)
mmol/mmol cr
Foreman 8 0.28
(0.03-1.10)

mmol/mmol cr

LZl - SHAVYOONOW DV
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Table 1.2 (continued)

Reference Occupation No. of Sampling Mandelic acid + Mandelic acid Phenylglyoxylic acid Styrene
description workers matrix phenylglyoxylic acid
Location, and/or  and time
collection samples Mean r Mean r Mean r Mean r
date exposure exposure exposure exposure
(range and/ (range and/ (range and/ (range and/or
or SD) (mg/g or SD) (mg/g or SD) (mg/g SD) (pg/L)®
creatinine)? creatinine)? creatinine)?
Truchon etal. Cutter 11 0.24
(1992) (0.05-0.96)
(cont.) mmol/mmol cr
Warehouse 19 0.05
work (0.00-0.21)
mmol/mmol cr
Finishing 31 0.08
(0.00-0.39)
mmol/mmol cr
Mould repair 8 0.02
(0.00-0.08)
mmol/mmol cr
Gobba et al. Hand 65 End of 13.03 0.81 9.73 0.82 3.30 0.78 605.38 0.86
1993 lamination shift (0.31-53.22; (0.24-40.23; (0.07-12.99; (38.40-2169.60;
SD, 12.76) SD, 9.94) SD, 2.82) SD, 515.33)
Ttaly, 10 mol/L mol/L mol/L nmol/L
plants; NR Hand 198 NR NR NR 556.13 0.88
lamination (18.24-2015.04;
SD, 461.76)
nmol/L
Galassi et al. Hand 2386 End of 682 (GM, 450)
1993 lamination shift (GSD, 2.75)
Spraying 250 404 (GM, 211)
Italy, 87 laminating (GSD, 3.3)
plants; Rolling 63 327 (GM, 182)
1978-1990 (GSD, 3.08)
Semi- 121 243 (GM, 154)
automatic (GSD, 2.59)
process
Non-process 762 186 (GM, 94)
work (GSD, 3.27)
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Table 1.2 (continued)

Reference Occupation No. of Sampling Mandelic acid + Mandelic acid Phenylglyoxylic acid Styrene
description workers matrix phenylglyoxylic acid
Location, and/or  and time
collection samples Mean r Mean r Mean r Mean r
date exposure exposure exposure exposure
(range and/ (range and/ (range and/ (range and/or
or SD) (mg/g or SD) (mg/g or SD) (mg/g SD) (ug/L)®
creatinine)? creatinine)? creatinine)?
Ghittorietal.  Fibreglass- 22 End of 580.0 (GM, 0.86 174.0 (GM, 0.82 25.6 (GM, 18.8) 0.83
1997 reinforced shift 472.0) (GSD, 156.6) (GSD, (GSD, 2.39)
plastics 2.0) 1.64)
Italy; NR
Haufroid etal. Fibreglass- 30 End of 4349 0.92 314.6 0.90 120.3 0.93 18.2 ppm
(2001) reinforced shift (20.3-1757.8) (15.5-1410.2) (4.8-347.7) (0.9-68.9 ppm)
plastics [77.5
Belgium; NR (3.8-293.5)]
Prieto et al. Boat 34 End of GM 128 0.862  104.5 (GM, 0.834  42.6 (GM, 0.841 5.7 (5.1 GM) 0.788¢
(2002) construction shift 91.1) (15-230; 37.0) (10-83; (1.7-15.3; SD,
SD, 53.1) 21.1) 2.9)
Spain; NR
Teixeira etal.  Fibreglass- 72 Next 443 (23-1770;  0.85
2007) reinforced morning  SD, 44)
plastics
Portugal; NR
Fustinoni et Fibreglass- 8 End of 226.30 0.974 148.13 0.975 77.97 0.931 7.5 (2.1-29.7) 0.810
al. (2008) reinforced shift; (51.73-779.61)  (0.787) (30.64-515.12)  (0.766) (20.89-248.99) (0.818) (0.451)
plastics repeated d d d d
Italy; NR Varnish 13 (3-4x) 69.52 40.01 24.02 4.3 (1.8-53.6)
workers (16.11-178.31) (7.95-130.71) (8.13-56.71)
Tranfo et al. Hand lay- 7 End of 103 0.74
(2012) up open- shift (76.7-132.3;
moulding SD, 21)
Italy, two process
plants Compression 12 85.9
closed (2.52-218.4;
moulding SD, 75.6)
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Table 1.2 (continued)

Reference Occupation No. of Sampling Mandelic acid + Mandelic acid Phenylglyoxylic acid Styrene
description workers matrix phenylglyoxylic acid
Location, and/or  and time
collection samples Mean r Mean r Mean r Mean r
date exposure exposure exposure exposure
(range and/ (range and/ (range and/ (range and/or
or SD) (mg/g or SD) (mg/g or SD) (mg/g SD) (pg/L)®
creatinine)? creatinine)? creatinine)?
Bonannietal. Plant A: 20 End of 7.3 (median) 0.729
2015 motorcycle shift (2.7-30.1)
helmets (25-75th
Italy, four percentile)
plants; Plant B: 12 76.7 (median)
2011-2013 fibreglass- (20.9-117.1)
reinforced (25-75th
plastic percentile)
containers and
pieces
Plant C: 14 33.8 (median)
compression (12.5-126.9)
closed (25-75th
moulding percentile)
Plant D: 12 331.1 (median)
fibreglass- (214.1-400.1)
reinforced (25-75th
plastic percentile)
containers and
pieces
Carbonari et Fibreglass- 30 End of 47.14 (SD, 0.895 NR 0.948 NR 0.821 43.92 (SD, 0.419
al. (2015 reinforced shift 427.26) (95th 123.64 mg/g
plastics percentile) creatinine)
Italy, two workers
plants

cr, creatinine; GM, geometric mean; GSD, geometric standard deviation; NR, not reported; SD, standard deviation.
» Concentrations given in mg/g creatinine unless indicated otherwise.
> Concentrations given in pug/L unless indicated otherwise.
< A high correlation was also reported between styrene in blood and styrene in urine: r = 0.732.
4 Correlation coefficient for exposure to styrene-7,8-oxide (in brackets).
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Table 1.3 Blood biomarker levels and their correlation coefficients (r) with styrene and styrene-7,8-oxide inhalation
exposure levels in reinforced plastics manufacturing workers

Reference Location; Occupation  No.of  Sampling Styrene Styrene-7,8-oxide Comments/
collection  description  workers matrix additional data
date and/or andtime Mean Rangeand/ r Mean Range and/or r
samples exposure or SD (ug/L)? exposure SD (pg/L)?
(ng/L)® (ng/L)*
Cherryetal. United Boat 27 End of 6.9 umol/L  2.0- 0.44
1980) Kingdom,  industry shift 20.9 pmol/L
one plant;
1979
Triebigetal. Germany, Lamination 36 End of 390 50-4820 0.823
1989) four plants;  of boats, shift
NR pipes, or
containers
Gobbaetal.  Italy, 10 Hand 100 End of 5.3 umol/L  0.16- 0.86 Urine styrene
1993 plants; NR  lamination morning 20.80 pmol/L and blood styrene
36 shift 5.65 umol/L.  0.48-17.93;  0.88 r=0.89
5.24 umol/L
Korn et al. Germany, Reinforced 13 Next NR 78-836 0.87 NR 0.9-4.1 0.88 Blood styrene-
1994 one plant; polyester morning styrene-7,8-oxide
NR resin correlation r = 0.82
production
Somorovskd  Slovakia; All workers 36 End of 601.2 1104.5
etal. (1999)  NR Hand 9 shift 2098.2 1330.8
laminators
Medium- 12 81.3 80.3
exposed
sprayers
Maintenance 15 84.5 81.9
workers
Prieto et al. Spain; NR Boat 34 End of 53.9 9.9-186.7 0.698
2002) construction shift
Serdar et al. USA, 17 All workers 295;212 End of 83 < 1-2050 0.85  0.069 <0.050-0.393 0.34 Blood styrene/
(2006 plants; shift styrene-7,8-oxide
1996-1999 correlation r = 0.49

NR, not reported; SD, standard deviation.

+ Concentrations are given in pg/L unless indicated otherwise.
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et al., 1988). The kinetics of MA and PGA forma-
tion and elimination can be influenced by expo-
sure to other solvents, including ethylbenzene,
phenylglycol, some pharmaceuticals, and alco-
holic beverages, thus limiting the specificity of
metabolite analyses as markers of styrene and
styrene-7,8-oxide exposure. Prieto et al. (2002)
observed that co-exposure to acetone reduced
the concentrations of MA and PGA in urine. The
sum of the two excreted metabolites (MA+PGA)
is less affected by these confounding factors, and
is therefore better suited for monitoring expo-
sure to styrene and styrene-7,8-oxide (Ong et
al., 1994). The reported correlation coefficients
between personal inhalation exposures to styrene
and styrene-7,8-oxide and creatinine-adjusted
MA+PGA concentrations in urine are generally
higher than those for the unadjusted values. Holz
etal. (1995) observed urine MA+PGA concentra-
tions of less than 10 mg/g creatinine in 25 control
subjects who were not exposed to styrene, indi-
cating that non-occupational exposure to styrene
may occur but at a magnitude that will not likely
influence biological monitoring results.

A strong correlation between measured
styrene inhalation concentrations and MA+PGA
concentrations in urine has been observed in
multiple studies (see Table 1.2). These studies
indicate a strong correlation (average, 0.84;
range, 0.73-0.974) between the post-shift
MA+PGA urine concentration and occupa-
tional inhalation exposure to styrene. Haufroid
et al. (2001) measured a mean airborne styrene
concentration of 18.2 ppm (range, 0.9-68.9
ppm) [77.5 (3.8-293.5) mg/m?] in 30 workers
in a fibreglass-reinforced plastics factory.
The relationships observed between airborne
styrene concentration and the concentrations of
MA+PGA in post-shift urine samples were not
different when considering MA+PGA (correl-
ation coefhcient (r) = 0.92, P < 0.0001) and MA
(r=0.90, P < 0.0001) or PGA (r = 0.93, P < 0.0001)
alone. Urine concentrations of MA+PGA, MA,
and PGA corresponding to inhalation exposure

to 20 ppm [85 mg/m?] of styrene were 420, 307,
and 113 mg/g creatinine, respectively. Prieto et
al. (2002) reported a mean air concentration of
styrene of 70.5 mg/m? after 4 hours of expo-
sure in 34 fibreglass boat construction workers.
The geometric mean MA+PGA concentration
in urine at the end of the 4-hour exposure
was 128 mg/g creatinine with a correlation
coefficient of 0.862 with the inhalation expo-
sure. Using the regression equation provided
by Prieto et al. (2002), inhalation exposure to
20 ppm [85 mg/m’] of styrene is associated with
a PGA+MA concentration of 170 mg/g creatinine
in urine. Teixeira et al. (2007) reported a mean
MA+PGA concentration of 443 mg/g creatinine
in urine samples collected before the work shift
in the morning, following personal inhalation
exposure measurements of an 8-hour time-
weighted average (TWA) air concentration of
styrene of 30.4 ppm [129.5 mg/m?] (r = 0.85), in
75 fibreglass-reinforced plastics workers.

(b)  Styrenein urine

Reliable, sensitive, and specific analytical
methods exist for styrene in urine (Imbriani et
al., 1986; Ghittori et al., 1997; Fustinoni et al.,
2008). Strong correlations between measured
inhalation exposure to styrene and styrene
concentrations in urine have been reported in six
studies (Imbriani et al., 1986; Gobba et al., 1993;
Ghittori et al., 1997; Prieto et al., 2002; Fustinoni
etal., 2008; Carbonari et al., 2015) (see Table 1.2).
Imbriani et al. (1986) reported a median breath-
ing-zone air concentration of 109 mg/m? and a
corresponding median concentration of 51 ug/L
styrene in urine (r = 0.89) at the end of the 4-hour
work shift in 121 workers in a plastic boat factory.
A mean urine concentration of43 pg/L wasestim-
ated to be associated with an inhalation exposure
concentration of 20 ppm [85 mg/m?] styrene.
Gobba et al. (1993) reported a geometric mean
breathing-zone air concentration of 87.9 mg/m?
styrene and a mean styrene concentration of
556.13 nmol/L [57.9 ug/L] in urine (r=0.88) at the
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end of the 8-hour work shift in 198 fibreglass-re-
inforced plastics manufacturing workers. The
authors calculated a urine styrene concentration
of 38 ug/L to correspond to a styrene inhalation
exposure of 20 ppm [85 mg/m?3]. Ghittori et
al. (1997) reported a mean breathing-zone air
concentration of 112 mg/m? styrene and a mean
styrene concentration in urine of 25.6 ug/L at
the end of an 8-hour work shift (r = 0.83) in
22 fibreglass-reinforced plastics workers. The
urine concentration of styrene associated with
an air concentration of 20 ppm [85 mg/m?] was
18 ug/L. Prieto et al. (2002) reported a mean
styrene concentration of 5.7 pg/L in urine after 34
workers were exposed to a 4-hour mean styrene
breathing-zone air concentration of 70.5 mg/m?
(r = 0.788) in a fibreglass boat manufacturing
plant. The urine concentration of styrene asso-
ciated with an inhalation exposure of 20 ppm
of styrene was 6.6 ug/L. Fustinoni et al. (2008)
reported mean styrene inhalation exposure
concentrations of 3.4 mg/m’ for 13 varnish
workers and 18.2 mg/m? for 8 reinforced plastics
workers exposed to styrene. The measured mean
urine concentrations of styrene were 4.3 pg/L for
varnish workers and 7.5 pg/L for plastics workers
at the end of the 8-hour work shift, with a correl-
ation of 0.810 between the air and urine styrene
levels.

These studies indicate that styrene in urine
can be used as a biomarker for styrene exposure.
Styrene in urine does not appear to be affected by
co-exposure to other solvents or alcohol (Prieto
et al., 2002). However, monitoring styrene in
urine can be limited by the fact that less than
1% of absorbed styrene is eliminated unchanged
in urine (NTP, 2008). Precautions are neces-
sary to avoid contamination of the sample from
airborne styrene concentrations, because the
monitored biomarker is the parent compound.
In addition, the timing of sample collection is
critical; because of the fast elimination kinetics,
the sample should be obtained immediately after
the cessation of exposure.
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(c)  Styrene and styrene-7,8-oxide in blood

The measurement of styrene and styrene-7,8-
oxide in blood has only been published in a few
studies to date (Somorovska et al., 1999; Serdar et
al., 2006) (see Table 1.3). Somorovska et al. (1999)
investigated styrene exposure and styrene levels
in blood as well as other end-points including
DNA strand breaks, chromosomal aberrations,
immune parameters, and genotyping of poly-
morphic genes (see Section 4.2.1) in 44 workers
exposed to styrene in a hand lamination plant
in Europe. The mean breathing-zone air styrene
concentration was 101 mg/m?® and the mean
blood concentration of styrene was 601.2 pg/L.
The mean air and blood styrene concentra-
tions were 199 mg/m? and 2098.2 pg/L for hand
laminators (group exposed to high concen-
trations), 55 mg/m?® and 81.3 pg/L for sprayers
(group exposed to medium concentrations),
and 27 mg/m? and 84.5 pg/L for maintenance
workers (group exposed to low concentrations),
respectively.

Serdar et al. (2006) measured styrene and
styrene-7,8-oxide in personal breathing-zone
air and blood samples collected repeatedly from
295 reinforced plastics workers in the USA. The
median breathing-zone air styrene concentra-
tion was 9.14 ppm [85.19 mg/m?] and the median
blood concentration of styrene was 0.083 mg/L
(r = 0.85). The median breathing-zone air
styrene-7,8-oxide concentration was 17.10 ppb
[84.03 ug/L] and the median blood concentration
of styrene-7,8-oxide was 0.069 pg/L (r = 0.34).
Styrene inhalation exposure was 535-fold higher
than exposure to styrene-7,8-oxide, and the
blood concentrations of styrene were 1200-fold
higher than those of styrene-7,8-oxide.

(d)  Other styrene and styrene-7,8-oxide
biomarkers

Styrene-7,8-oxide albumin and haemoglobin
adducts are specific biomarkers for styrene and
styrene-7,8-oxide exposure, and correlate well
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with inhalation exposures to these compounds.
However, the biomarker measurements have
some disadvantages, including low concentra-
tions and short half-life and/or lifespan in blood,
and the analytical methods are time-consuming
and not sufficiently sensitive for haemoglobin
adducts (Teixeira et al., 2007; Fustinoni et al.,
2008).

1.4 Occurrence and exposure

1.4.1 Environmental occurrence

Because of the extensive commercial use of
styrene, people come into contact with styrene
in air, food, water, consumer products, and the
built environment. Styrene can be emitted to
the air from industrial production and use of
styrene and styrene-based polymers, motor-ve-
hicle emissions and other combustion processes,
oft-gassing of building materials and consumer
products, and cigarette smoking (LIARC, 1994;
ATSDR, 2010). Styrene has been measured in
outdoorair (generallylessthan 1 ppb [4.3 pg/m?]),
but higher levels are generally found in indoor
air, drinking-water, groundwater, surface water,
soil, and food (Cohen et al., 2002; IARC, 2002).
The presence of styrene in packaged foods
is reported to be primarily due to monomer
migrating from polystyrene containers (WHO
1983). For the general population, daily styrene
intake is expected to be orders of magnitude
lower than daily intakes for workers in occupa-
tions with exposure to high concentrations of
styrene (Cohen et al., 2002). Nevertheless, most
of the general population has detectable levels
of styrene in their biological fluids (e.g. blood
and breast milk) (IARC, 2002; Blount et al.,
2010; CDC, 2018). Although styrene exposure is
common, arising from multiple sources, styrene
is not a persistent chemical; it does not persist in
air, water, or soil (Health Canada, 1993).

Styrene is not known to bioaccumulate in
humans for extended periods of time (Bond

& Bolt, 1989; Pekari et al., 1993; IARC, 2002;
ATSDR, 2010).

The general public is indirectly exposed to
styrene-7,8-oxide via metabolism of styrene.
Styrene-7,8-oxide adducts of albumin and
haemoglobin were detected in people who were
not occupationally exposed to styrene or styrene-
7,8-oxide (Yeowell-O’Connell et al., 1996).

(a) Ambient air

Styrene has been detected in the atmosphere
in many locations. Its presence in air is princi-
pally due to emissions from industrial processes
involving styrene and its polymers and copoly-
mers. Other sources of styrene in the environ-
ment include vehicle exhaust, cigarette smoke,
and other emissions from the combustion and
incineration of styrene polymers (WHO, 1983).

In the USA, there was an overall decrease
in styrene emissions from 2005 to 2015 driven
mainly by decreases in styrene air releases from
the plasticsand rubber and transportation equip-
ment industries. These reductions were substan-
tial enough to effect a 46% decrease in the total
air release of 180 United States Occupational
Safety and Health Administration carcinogens
reported to the Toxics Release Inventory (EPA,
2015).

Ambient air monitoring data from the USA
include databases compiled and maintained
by the California Air Resources Board. The 20
test stations are located in urban areas, repre-
senting the greatest proportion of the California
population. Styrene is measured from a 24-hour
sample collected once each month. Based on the
measurements from each test station for each
month from 1989 to 1995, the average reading for
styrene was approximately 0.2 ppb [0.9 pug/m’]
over 6 years. The detection level for styrene was
0.1 ppb [0.4 pg/m?] and the highest measurement
was 2.9 ppb [12.4 pg/m?] (Styrene Information &
Research Center, 2001).

Styrene levels of 1.1-6.6 ug/m? were measured
in air samples from the Pennsylvania Turnpike
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Allegheny Mountain Tunnel in 1979. The mean
concentration in the tunnel intake air was less
than 0.1 pg/m*® (Hampton et al., 1983). Air
concentrations of styrene in the vicinity of five
rural hazardous waste sites in New Jersey, USA
of up to 15.5 ppb [66.0 ug/m?] were measured
(LaRegina et al., 1986).

As part of the Minnesota Children’s Pesticide
Exposure Study (MNCPES) survey of VOCs in
households with children, styrene was quantified
in 39% of outdoor samples (n = 100) with a mean
of 0.5 pg/m? (limit of quantitation, 0.6 pg/m?) in
1997 (Adgate et al., 2004).

In Canada, styrene levels in ambient air
were determined in a survey of 18 sites (mostly
urban) in 1988-1990. The mean concentra-
tions in 586 24-hour samples ranged from
0.09 pg/m? to 2.35 pug/m? (Newhook & Caldwell,
1993). In a survey of VOCs in outdoor envi-
ronments proximal to apartment dwellings in
Leipzig, Germany in 2000-2001, Rehwagen et al.
(2003) determined a mean styrene concentration
of 0.09 ug/m? (n = 222, 4-week samples). Median
ambient styrene concentrations collected once a
month at six sites in the Hyogo Prefecture, Japan
during 2005-2009 were 0.25-0.73 pg/m? (n = 60)
(Okada et al., 2012).

Thermal degradation of styrene-containing
polymers also releases styrene into ambient air
(Hoff et al., 1982; Lai & Locke, 1983; Rutkowski
& Levin, 1986). Styrene levels ranged from
0.003 ppm to 2.01 ppm [0.013-8.56 mg/m?] and,
along with benzene, toluene, naphthalene, and
1,3-butadiene, accounted for 31% of the total
concentration of VOCs found in smoke from
municipal structural fires (Austin et al., 2001).

Although styrene-7,8-oxide was identified in
air samples collected in the Los Angeles Basin
and in other unidentified areas in the USA,
measurements were not reported (IARC, 1985).
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(b) Indoor air

For residential exposure, median concen-
trations obtained by personal air sampling are
generally in the range of 1-4 ug/m? (Wallace et
al., 1985; Wallace, 1986). Off-gassing of styrene
from some styrene-containing household prod-
ucts may contribute to indoor air levels (Knoppel
& Schauenburg, 1989; Hodgson, 1999; Willem &
Singer, 2010). Indoor air studies conducted in
residential settings in Canada, Finland, France,
Germany, and the USA have generally been
consistent with the earlier findings of Wallace
et al. (1985), and Wallace (1986). The MNCPES
study determined an average indoor styrene
air concentration of 1.4 ug/m?® (n = 101; 82%
of samples above the limit of quantitation of
0.6 pg/m?) and average personal air concentra-
tions of 1.2 pg/m?* (n = 73; 90% of samples above
the limit of quantitation of 0.6 pg/m?) (Adgate et
al., 2004). In a national survey of styrene levels
in indoor air in 757 single-family dwellings and
apartments, representative of the homes of the
general population of Canada in 1991, the mean
24-hour concentration was 0.28 pg/m?, with
values ranging from none detected (limit of
detection, 0.48 pg/m?) up to 129 pg/m?3 (Newhook
& Caldwell, 1993). A national survey of indoor air
VOCs was repeated in Canada during 2009-2011
for 3857 residences (Zhu et al., 2013). Although
arithmetic means of VOCs declined 2-5-fold
for 11 volatiles common to both Canadian
studies, the exception was an increase in styrene
from 0.30 pg/m? in the 1992 study (n = 757) to
1.13 pg/m? [geometric mean (GM), 0.72 pg/m?] in
the 2009-2011 survey. The following indoor resi-
dential styrene concentrations were measured:
0.84 pg/m?* (GM, n = 201) for a 1996-1998 study
conducted in Helsinki, Finland (Edwards et al.,
2001); 1.47 pg/m? (arithmetic mean, n = 1499) for
a 1994-2001 study conducted in apartments in
Leipzig, Germany (Rehwagen et al., 2003); and
1.0 pg/m? (GM, n = 490) for a 2003-2005 study
conducted in France (Billionnet et al., 2011).
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(c) Tobacco

Styrene is one of the hundreds of individual
components that may be quantified in tobacco
smoke (IARC, 1986; Darrall et al., 1998; Health
Canada, 1999;1ARC,2004). Thestyrene content of
cigarette smoke has been reported to be 18-48 ug
per cigarette (WHO, 1983) and, by a more recent
assessment, 0.5-10.0 ug per cigarette (CDC,
2010). Exposure to styrene is approximately
6 times higher for smokers than for non-smokers,
and tobacco smoke is the major source of styrene
exposure for smokers (Wallace et al., 1987, 1989).
Measurements in homes with and without
smokers revealed that average styrene concen-
trations in the homes of smokers were approxi-
mately 0.5 pg/m? higher than those in the homes
of non-smokers. The 2009-2011 indoor air study
of Zhu etal. (2013) obtained a significantly higher
estimate of styrene concentration in the houses
of smokers relative to those of non-smokers by
0.44 pg/m? (P = 0.001), and in the apartments
of smokers relative to those of non-smokers by
0.70 ug/m* (P = 0.001). Hodgson et al. (1996)
also found that environmental tobacco smoke
can contribute significantly to indoor airborne
styrene concentrations. Environmental tobacco
smoke was estimated to contribute 8% of the total
styrene inhalation exposure of all non-smoking
Californians (Miller et al., 1998). Chambers
et al. (2011) assessed the impact of cigarette
smoking on concentrations of VOCs in blood
using 2003-2004 United States National Health
and Nutrition Examination Survey (NHANES)
data. The authors estimated a weighted median
and 95th percentile styrene blood concentration
of 0.072 ng/mL and 0.180 ng/mL, respectively,
for daily smokers (n = 290). For less than daily
smokers, the weighted median and 95th percen-
tile were less than 0.03 ng/mL and 0.068 ng/mL,
respectively (n = 864). Chambers et al. (2011)
estimated a0.010 ng/mL increase in blood styrene
per cigarette per day.

(d)  Water

Although styrene has been detected occa-
sionally in estuaries, inland waters, and drink-
ing-water, its presence is usually traceable to an
industrial source or to improper disposal (WHO,
1983). In surveys of Canadian drinking-water
supplies, the frequency of detection of styrene was
low; when detected, it was generally at a concen-
tration of less than 1 pg/L (Newhook & Caldwell,
1993). After accidental drinking-water contami-
nation with styrene in Spain, transient levels of
up to 900 pg/L were reported (Arnedo-Pena et
al., 2003). Emissions of VOCs were studied from
three heavily polluted rivers (Huijiang, Nancun,
and Zengbian) in fast-developing Guangzhou,
south China (Chen et al., 2013). Concentrations
of styrene in water samples (n = 16) ranged from
14 300 pg/L to 36 500 ug/L (Chen et al., 2013).

Styrene-7,8-oxidereleased to the environment
is not expected to persist in water. Hydrolytic
half-lives of 0.17, 28, and 40.9 hours have been
reported for styrene-7,8-oxide at pH values of 3,
7,and 9, respectively (Schmidt-Bleek et al., 1982).
Although styrene-7,8-oxide may enter the envi-
ronment through industrial discharges or spills
in wastewater, it has rarely been detected in
source drinking-water (IARC, 1994). In a survey
of 4000 samples of wastewater taken from both
industrial and publicly owned treatment centres
in the USA, styrene-7,8-oxide was found at one
site (IARC, 1994).

(e)  Food and food packaging

Styrene has been detected in a wide range of
foods and beverages (IARC, 1994). In a follow-up
analysis of the United States Food and Drug
Administration (FDA) Total Diet Study that
focused on VOCs in 70 foods sampled between
1996 and 2000, the highest styrene concen-
trations were observed in strawberries (range,
12-350 pg/kg) and avocados (range, 3-550 pug/kg)
[mean levels were not reported] (Fleming-Jones
& Smith, 2003).

55



IARC MONOGRAPHS - 121

Analysis of styrene in 133 plastic food
containers from retail food outlets in the United
Kingdom showed concentrations ranging from
16 mg/kg to 1300 mg/kg; 73% of containers
had styrene concentrations of 100-500 mg/kg,
and only five containers had levels exceeding
1000 mg/kg. The food in the containers had levels
of monomer ranging from less than 1 pg/kg to
200 pg/kg, although 77% of the foods had levels
of less than 10 pug/kg and 26% had levels of less
than 1 pg/kg (Gilbert & Startin, 1983). A more
recent analysis conducted by the FDA, specific
to polystyrene packaging, showed that styrene
concentrations in foods had not significantly
changed since the 1980s, ranging from 2.6 pg/kg
to 163 pg/kg (Genualdi et al. 2014).

1.4.2 Occupational exposure

Workers can be exposed to both styrene and
styrene-7,8-oxide in the industries and oper-
ations where they are produced and used, for
example: in the production of styrene-containing
polymer resins, plastics, and rubber products; in
the fabrication of reinforced-polyester plastics
composites; and in the use of products containing
styrene, such as paints, adhesives, metal cleaners,
and varnishes (US NLM, 2018). The most signif-
icant exposures to both styrene and styrene-7,8-
oxide, measured in air and in biological media,
occur in the manufacture of fibreglass-reinforced
polyester products; exposures are generally
lower in the production of styrene, polystyrene,
and styrene-based plastics and rubbers. During
lamination and curing, about 10% of the styrene
may evaporate into the workplace air (NIOSH
1983; Crandall & Hartle, 1985). Occupational
exposure to styrene-7,8-oxide occurs in indus-
tries manufacturing or using styrene and styrene
polyester resins due to its formation from styrene
as an oxidation product. Styrene-7,8-oxide has
been detected in association with styrene, but at
much lower levels, in industries where unsatu-
rated polyester resins are used (Pfiffli et al.
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1979; Ptaffli & Sddménen, 1993; Rappaport et al.,
1996; Nylander-French et al., 1999; Serdar et al.,
2006). The ratio of styrene to styrene-7,8-oxide
in the air in reinforced plastic manufacturing is
approximately 1000:1 (see Section 1.4.2(a) and
Table 1.4, last column).

(a)  Production and processing of reinforced
plastics

In terms of the numbers of workers exposed
and exposure concentrations, occupational
exposure to styrene is greatest in the fabrication
of objects from fibreglass-reinforced polyester
composite plastics, such as boats, tanks, wall
panels, bath and shower units, and automotive
parts. Exposure to styrene in this industry has
been summarized in several publications (see
Table 1.5). Styrene serves as a solvent and a
reactant for the unsaturated polyester resin, in
which it constitutes about 40% by weight. In the
open-mould process, a releasing agent is usually
applied to the mould, a first coat containing
pigments (gel coat) is applied, then successive
layers of chopped and/or woven fibreglass are
deposited manually or with a chopper gun at the
same time as the resin is sprayed or brushed on,
and then the surface is rolled. During lamina-
tion and curing, about 10% of the styrene may
evaporate into the workplace air (NIOSH, 1983;
Crandall & Hartle, 1985).

Exposure to styrene-7,8-oxide has only
been documented in a few reports (Table 1.4).
In Finnish factories producing boats, car parts,
and building materials from polyester-based
reinforced plastics, both styrene and styrene-
7,8-oxide were measured. The average styrene
levels in personal breathing-zone samples were
132.9 + 109.6 ppm [567 + 467 mg/m?] for hand
lay-up and 130.2 + 68.8 ppm [554 + 293 mg/m?]
for spray application, and the average styrene-
7,8-oxide concentration was 0.04 + 0.02 ppm
[0.20 = 0.10 mg/m?] for hand lay-up and
0.12 £ 0.07 ppm [0.59 + 0.34 mg/m?] for spray
application (Pfaffli et al., 1979). In a Norwegian
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Table 1.4 Personal styrene and styrene-7,8-oxide inhalation exposure levels in reinforced plastics manufacturing workers

Reference  Location; Occupation No. Sampling Styrene Styrene-7,8-oxide Styrene-
collection description workers  duration 7,8-oxide
date and/or Mean exposure  Range or SD Mean Range or SD concentration

samples (mg/m?3)? (mg/m3)2 exposure (ug/ms3)® asa
(ng/)® percentage
of styrene
concentration
(%)
Fjeldstad et Norway, one Mudguards 5 2h 54 ppm 28-170 ppm 38 ppb 28-86 ppb 0.05-0.1
al. (1979) plant; NR (median) [119.27-724.15] (median) [137.6-422.61] (median, 0.07)
[230.02] [186.74]
Car bodies 6 108 ppm 65-278 ppm 48 ppb 12-71 ppb 0.018-0.025
[460.05] [276.88-1184.2] [58.97-348.9] (median, 0.44)
Other car parts 2 NR 31-51 ppm NR 29-64 ppb 0.094-0.125
[132.05-217.25] [142.51-314.5]
Fibre machines 2 NR 17-46 ppm NR < 3-4 ppb 0.009-0.018
[72.42-195.95] [< 14.74-19.66]
Antenna 2 NR 89-102 ppm NR 41-65 ppb 0.046-0.064
elements [379.11-434.49] [201.48-319.42]
Biological toilets 4 147 ppm 83-289 ppm 19 ppb 16-28 ppb 0.008-0.034
[626.18] [353.56-1231.06]  [93.37] [78.63-137.6] (median,
0.011)

Pfafflietal. Finland, two Hand-lay-up 29 20- 132.9 ppm 109.6 ppm [466.86] 0.04 ppm  0.02 ppm [98.2] 0.03

(1979) plants; NR application 60 min [566.12] [196.4]

Spray 8 130.2 ppm 68.8 ppm [293.07] 0.12ppm  0.07 ppm [343.7] 0.09
application [554.61] [589.2]

Rappaport  USA, one Laminators 16 (11)¢ Full-shift; 130 NR 182 NR 0.14

etal. (1996) plant; Service 6 (2) repeated 279 NR 77.6 NR 0.28
1987-1988  \fould repair 3 (7%) 117 NR 198 NR 0.17

Patcher 8 (2)¢ 13.6 NR 96 NR 0.71
Painter 6 (1) 27.7 NR 158 NR 0.57
Spray operator 1 (1)¢ 141 NR 74.4 NR 0.05

Nylander- Finland, All workers 237 84 122 107 183 184 0.15

Frenchet 30 plants; Hand 108 156 105 199 189 0.13

al. (1999)  1988-1990  lamination of

large objects
Hand 49 150 125 213 191 0.14

lamination of
small objects
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Table 1.4 (continued)

Reference  Location; Occupation No. Sampling Styrene Styrene-7,8-oxide Styrene-
collection description workers  duration 7,8-oxide
date and/or Mean exposure  Range or SD Mean Range or SD concentration

samples (mg/m3)? (mg/m?3)? exposure  (ug/m?)® asa
(ng/)® percentage
of styrene
concentration
(%)

Nylander- Spraying and 11 130 53.7 382 276 0.29

French et gel-coating

al. (1999 Automated 23 55.8 32.3 95.3 64.2 0.17

(cont.) lamination

Assembly 28 49.7 40.3 140 139 0.28
and mould

preparation

Foremen 18 42.6 92.5 71.2 777 0.17
Boats 137 132 96.4 225 199 0.17
Small and form 34 134 98.7 160 169 0.12
parts

Sheets/elements 39 90.3 127 126 130 0.14
and car

Containersand 28 106 127 86 126 0.08
tubes

Serdar et USA, 17 All workers 328 Full-shift;  9.14 ppm <1-117 17.1 ppb < 1-138 ppb 0.19

al. (2006) plants; repeated (median) [38.93] [< 4.26-498.39] [84.03] [<4.91-678.15]
1996-1999 Boat building 138 (2-3x) 4.41 ppm [18.79] < 1-68.6 ppm 9.47 ppb < 1-51.1 ppb 0.21
[« 4.26-292.22] [46.54] [< 4.91-251.11]
Hot tub 13 6.85 ppm [29.18] < 1-62.9 ppm 16 ppb < 1-48.8 ppb 0.23
manufacture [< 4.26-267.94] [78.63] [< 4.91-239.81]
Pipe and tank 50 16 ppm [68.16] 1.67-79.0 ppm 17.8 ppb 2.02-138 ppb 0.11
[7.11-336.52] [87.47] [9.93-678.15]
Recreational 48 45.1 ppm 6.74-117 ppm 44 ppb 10.4-109 ppb 0.10
vehicles [192.11] [28.71-498.39] [216.22] [51.11-535.64]
Truck 76 4.22 ppm [17.98] < 1-46.3 ppm 22.2 ppb 3.75-64.8 ppb 0.53
[« 4.26-197.22] (109.09] (18.43-318.43]
Laminators in 70 14.4 ppm [61.34] < 1-68.6 ppm 13.3 ppb < 1-51.1 ppb 0.09
boat building [« 4.26-292.22] [65.36] [<4.91-251.11]
Laminators of 7 9.84 ppm [41.92] < 1-62.9 ppm 36.4 ppb < 1-48.8 ppb 0.37
hot tubs [< 4.26-267.94] [178.87] [< 4.91-239.81]
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Table 1.4 (continued)

Reference  Location; Occupation No. Sampling Styrene Styrene-7,8-oxide Styrene-
collection description workers  duration 7,8-oxide
date and/or Mean exposure  Range or SD Mean Range or SD concentration

samples (mg/m?3)? (mg/m3)2 exposure (ug/ms3)® asa
(ng/)® percentage
of styrene
concentration
(%)

Serdar et Laminators of 42 18.1 ppm [77.1]  2.57-79.0 ppm 21.2 ppb 2.56-138 ppb 0.12

al. (2006) pipes and tanks [10.95-336.52] (104.18] [12.58-678.15]

(cont.) Laminators of 30 60.5 ppm 14.4-117 ppm 59 ppb 10.4-109 ppb 0.10

recreational [257.71] [61.34-498.39] [289.93] [51.11-535.64]

vehicles

Laminators of 30 21.6 ppm [92.01] 3.84-46.3 ppm 27.7 ppb 15.9-64.8 ppb 0.13
trucks [16.36-197.22] [136.12] [78.13-318.43]

Fustinoni Italy; NR Fibreglass- 8 Full-shift; 18.2 (median) 2.3-93.4 133.5 39.5-281.5 0.73

et al. (2008) reinforced repeated (median)
plastics workers (3-4x)
Varnish workers 13 34 0.55-16.0 12.2 6.7-32.0 0.36

h, hour(s); min, minute(s); NR, not reported; ppb, parts per billion; ppm, parts per million; SD, standard deviation.

@ Concentrations are given in mg/m? unless indicated otherwise.

b Concentrations are given in pg/m? unless indicated otherwise.
¢ Number of workers with styrene-7,8-oxide measurements.
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Table 1.5 Personal styrene inhalation exposure levels in reinforced plastics manufacturing workers

Reference Location; Occupation description No. Sampling Mean exposure Exposure range (GSD)
collection workers  duration (mg/m?)? (mg/m?3)?
date and/or
samples
Guilleminet  Switzerland,  All workers 90 Full shift  47.2 ppm [201.06] 2-199 ppm (SD, 44.1)
al. (1982) 10 plants; NR [201.06-847.68 (187.85)]
Hand lamination, containers of various 4 50.9 ppm [216.82] 27-64 ppm (SD, 16.3)
sizes [115.01-272.62 (69.43)]
Hand and spray lamination; boats 13 m 5 75.8 ppm [322.89] 41.12 ppm (SD, 29.30) [175.16
long, small objects (124.81)]
Hand, spray, automatic system 8 35.1 ppm [149.52] 17-50 ppm (SD, 11.6)
lamination, silos and small boats [72.42-212.99 (49.41)]
Hand lamination, inside coating of 0il 6 50.0 ppm [212.99] 11-109 ppm (SD, 33.6)
tanks [46.86-464.31 (143.13)]
Hand, spray, and other 13 29.4 ppm [125.24] 3-94 ppm (SD, 33.4)
[12.78-400.41 (142.27)]
Automatic system, pipes and others 3 27.0 ppm [115.01] 17-39 ppm (SD, 11.1)
objects [72.42-166.13 (47.28)]
Hand, spray, and vacuum lamination, 15 52.7 ppm [224.49] 9-101 ppm (SD, 24.1)
basins, walls, baths, etc. [224.49-430.23 (102.66)]
Hand, spray, automatic system, UV- 19 11.3 ppm [48.13] 2-21 ppm (SD, 7.2)
hardening, large pipes [8.52-89.45 (30.67)]
Hand, spray, and vacuum lamination, 15 101.5 ppm [432.36] 9-199 ppm (SD, 64.6)
cabins, walls, etc. [38.34-847.68 (275.18)]
Hand lamination, parts of car bodies 2 23.0 ppm [97.97] 13-33 ppm (SD, 14.1)
[55.38-140.57 (60.06)]
Ikeda et al. Japan, five Hand lamination over boat shell mould 25 4h GM, 119 ppm [506.91] 34-256 ppm (1.6)
(1982) plants; NR (144.83-1090.49 (6.82)]
Installation of ribs; laminators 3 GM, 17 ppm [72.42] 10-28 ppm (1.7) [42.6-119.27
(7.24)]
Installation of ribs; laminator helpers 5 GM, < 1 ppm [< 4.26] < 1-2 ppm (5.6) [< 4.26-8.52
(23.85)]
Installation of division plates; 5 GM, 22 ppm [93.71] 6-44 ppm (2.1) [25.56-187.43

laminators

(8.95)]
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Table 1.5 (continued)
Reference Location; Occupation description No. Sampling Mean exposure Exposure range (GSD)
collection workers  duration (mg/m?)? (mg/m?3)?
date and/or
samples
Ikeda et al. Installation of division plates; laminator 5 GM, < 1 ppm [< 4.26] ND
(1982) helpers
(cont.) Auxiliary lamination on deck 5 GM, 13 ppm [55.38] 2-43 ppm (4.0) [8.52-183.17
(183.17)]
Lamination on hold walls 4 GM, 128 ppm [545.24] 104-211 ppm (1.4)
[443.01-898.80 (5.96)]
Equipment 8 GM, 2 ppm [8.52] 1-17 ppm (2.8) [4.26-72.42
(11.93)]
Crandall & USA, seven Hull lamination 168 Full shift  77.7 ppm [330.98] 1.6-183 ppm (SD, 41.5)
Hartle (1985)  plants; NR [6.82-779.53 (176.78)]
Deck lamination 114 73.4 ppm [312.66] 12.3-160 ppm (SD, 38.1)
[52.39-681.55 (162.3)]
Small parts lamination 70 45.4 ppm [193.39] 9.3-130 ppm (SD, 22.0)
[39.62-553.76 (93.71)]
Gel coating 45 47.5 ppm [202.34] 5-103 ppm (SD, 27.3)
[21.3-438.75 (116.29)]
Imbrianietal. Italy; NR Boat manufacturing 121 4h 109 (median) 11.3-536.0 (2.332)
(1986)
Sullivan & Canada, 10 Boat lamination 59 Full shift ~ GM, 108 ppm [460.05] 327 ppm max (2.18) [1392.93
Sullivan plants; 1981 (9.29)]
(1986) Non-boat lamination 23 GM, 93 ppm [396.15] 316 ppm max (1.72) [1346.07
(7.33)]
Chopper gun use 8 GM, 115 ppm [489.87] 316 ppm max (2.35) [1346.07
(10.01)]
Gel-coat spraying 6 GM, 58 ppm [247.06] 135 ppm max (2.93) [575.06
(12.48)]
Filament winding 3 5-25min  GM, 125 ppm [532.46] 181 ppm max (1.41) [771.01
(6.01)]
Triebigetal.  Germany, Laminating boats, pipes, or containers 36 Full shift 18 ppm (median) [76.67] 3-251 ppm [12.78-1069.19]
(1989) four plants;  Plant A 12 136 ppm [579.32] 48-251 ppm [204.47-1069.19]
NR Plant B 10 14 ppm [59.64] 10-40 ppm [42.60-170.39)]
Plant C 9 13 ppm [55.38] 3-32 ppm [12.78-136.31]
Plant D 5 17 ppm [72.42] 14-29 ppm [59.64-123.53]

L9
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Table 1.5 (continued)

Reference Location; Occupation description No. Sampling Mean exposure Exposure range (GSD)
collection workers  duration (mg/m?)? (mg/m?3)?
date and/or

samples
ensen et al. Denmark, Fibreglass-reinforced plastics workers 227 1-60 min 714 10-4700

(1990) 30 plants; (1955-1970)

1955-1988 Fibreglass-reinforced plastics workers 1117 274 4-1905
(1971-1980)
Fibreglass-reinforced plastics workers 1184 172 1-4020
(1981-1988)
Hand lay-up (1955-1970) 94 542 24-2400
Hand lay-up (1971-1980) 851 279 7-1905
Hand lay-up (1981-1988) 84 142 1-961
Spray-up (1955-1970) 77 1031 50-4700
Spray-up (1971-1980) 125 288 21-1600
Spray-up (1981-1988) 60 234 12-4018

Geuskens et Netherlands, Filament winding 18 Full shift  [GM, 314] 134-716

al. (1992) four plants;  Spraying 62 [GM, 227] 48-602
NR Hand laminating 180 [GM, 148] 18-538

Truchon etal. Canada, Chopper gun use 7 Full-shift 564 307-938

(1992) three plants;  Painting (gel coat) 9 517 280-843
NR Laminating (rollers) 18 502 292-865

Foreman 8 97 18-279
Cutter 11 75 16-234
Warehouse work 19 35 9-187
Finishing 31 34 8-110
Mould repair 8 28 8-147

Galassi et al. Italy, 87 Hand laminating 1028 NR 227 (GM, 165) GSD, 2.48

(1993) plants; Spraying laminating 166 134 (GM, 82) GSD, 3.18
1978-1990  Rolling 40 163 (GM, 104) GSD, 3.39

Semi-automatic process 71 85 (GM, 48) GSD, 3.03
Non-process work 159 71 (GM, 38) GSD, 3.8

Gobba et al. Italy, 10 Hand lamination 64 Full shift ~ GM, 1090.4 pmol/m? 76.8-7396.8 umol/m?

(1993) plants; NR (113.6 mg/m?) [8-770.4]

Hand lamination 211 GM, 843.84 pmol/m? [87.9] 23-7396.8 umol/m?

[2.4-770.4]
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Table 1.5 (continued)

Reference Location; Occupation description No. Sampling Mean exposure Exposure range (GSD)
collection workers  duration (mg/m?)? (mg/m?3)?
date and/or
samples
Ghittorietal.  TItaly; NR Fibreglass-reinforced plastics workers 22 Full shift 112.7; GM, 98.6 44-228 (1.72)
(1997)
Lenviketal. ~ Norway, Different lamination processes 7011 Variable  49.4 ppm (median, 33.0 ppm)
(1999) 234 plants; (1972-1996) (min toh) [210.43 (140.57)]
1972-1996 Different lamination processes 7011 62 ppm [264.1] (median)
(1972-1976)
Different lamination processes 7011 7.1 ppm [30.24] (median)
(1992-1996)
Somorovska Slovakia; NR  All workers 44 Full shift 101.2 SD, 102.4
etal. (1999) Hand laminators 17 199.1 SD, 101.6
Medium-exposed sprayers 12 55 SD, 22.9
Maintenance workers 15 27.3 SD, 25.1
Haufroid et Belgium; NR  Fibreglass-reinforced plastics workers 30 Full shift  18.2 ppm [77.53] 0.9-68.9 ppm [3.83-297.75]
al. (2001)
Prieto et al. Spain; NR Boat construction 34 Full shift  70.5 15-157
(2002)
Teixeira etal.  Portugal; NR  Fibreglass-reinforced plastics workers 75 Full shift  30.4 ppm [129.5] 0.5-114 (SD, 3.7) ppm
(2007) [2.13-485.61 (15.76)]
Tranfo et al. Italy, two Hand lay-up open-mould process 7 Full shift  41.58 20.34-72.31 (SD, 18.73)
(2012) plant; NR  Compression closed moulding 12 30.33 2.53-104.17 (SD, 26.34)
Bonannietal. Italy, four Plant A: motorcycle helmets 20 Full shift 43 (median) 5.0-157.5 [25-75 percentile]
(2015) plants; Plant B: fibreglass-reinforced plastic 12 31.5 (median) 4.9-47.4 [25-75 percentile]
2011-2013 containers and pieces
Plant C: compression closed moulding 14 24.1 (median) 7.2-28.3 [25-75 percentile]
Plant D: fibreglass-reinforced plastic 12 94.0 (median) 27.9-129.3 [25-75 percentile]
containers and pieces
Plant A: moulders 7 139.7 (median) 58.6-178.3 [25-75 percentile]
Plant D: moulders 9 114.9 (median) 89.3-143.3 [25-75 percentile]
Carbonariet  TItaly, two Fibreglass-reinforced plastics workers 30 Full shift ~ 28.75 (median) 142.37 [95th percentile]
al. (2015 plants; NR

GM, geometric mean; GSD, geometric standard deviation; h, hour(s); min, minute(s); ND, not determined; NR, not reported; ppm, parts per million; SD, standard deviation.
+ Concentrations are given in mg/m? unless indicated otherwise.
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factory where similar processes were used,
styrene levels ranged from 17 ppm to 289 ppm
[72-1230 mg/m’] and styrene-7,8-oxide levels
ranged from less than 0.003 ppm to 0.08 ppm
[< 0.015-0.39 mg/m?3] (Fjeldstad et al., 1979).

styrene-7,8-oxide. In general, the exposure levels
were lower than those observed in previous
studies (Fjeldstad et al., 1979; Pféffli et al., 1979;
Rappaport et al., 1996; Nylander-French et al.,
1999).

Similarly, the measured mean styrene-7,8-oxide
concentration was 0.16 mg/m? for the 19 workers
most heavily exposed to styrene in a boat manu-
facturing company in the USA (Rappaport et
al., 1996). Sddminen et al. (1993) calculated a
ratio of styrene-7,8-oxide to styrene of 1:1000
from measurements obtained in 32 Finnish
plants. This ratio is fairly consistent across all
the available studies in which both styrene and
styrene-7,8-oxide were measured simultane-
ously (Table 1.4). Nylander-French et al. (1999)
measured a mean 8-hour TWA concentration
of 122 mg/m?* (range, 3.2-608 mg/m? median,
103 mg/m?) for styrene and 183 pg/m? (range,
0-883 pg/m’ median, 110 pug/m?) for styrene-
7,8-oxide in 126 workers employed in 30 different
reinforced plastics facilities (70% of which were
boat manufacturing) in Finland. Exposure to
styrene-7,8-oxide was positively correlated with
exposure to styrene in selected job groups, and
was greatest for hand lamination followed by
assembly and mould preparation (Nylander-
French et al., 1999). Serdar et al. (2006) reported
on styrene and styrene-7,8-oxide exposure in
328 workers in the reinforced plastics industry
in the USA. The median breathing-zone concen-
trations were 9.14 ppm (< 1-117 ppm) [39
(< 4.26-498 mg/m?)] for styrene and 17.1 ppb
(< 1-138 ppb) [84 (< 4.91-678 pg/m?)] for styrene-
7,8-oxide. The highest exposure levels were
measured in the manufacture of recreational
vehicles (median, 45.1 ppm [192.1 mg/m?’] for
styrene and 44 ppb [216 pg/m?] for styrene-7,8-
oxide) in all workers. For laminators in different
product groups, styrene and styrene-7,8-oxide
exposure levels ranged from 9.84 ppm to
60.5 ppm [42-258 mg/m?] and 13.3 ppb to 59 ppb
[65-290 pg/m?], respectively. Styrene exposure
levels were typically 535-fold higher than for
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Several factors influence the concentrations
of styrene and styrene-7,8-oxide in workplace air.
The manufacture of objects with a large surface
area, such as boats, truck parts, baths, and
showers, by the open-mould process results in the
highest exposure. Tranfo et al. (2012) measured
styrene exposure levels in two different produc-
tion sites, one using an open moulding process
and the other a closed compression moulding
process. The median values for styrene exposure
were 31.1 mg/m? for open moulding (n = 10) and
244 mg/m? for closed compression moulding
(n =14) (Tranfo et al., 2012). In a detailed survey
of 12 plants making fibreglass in Washington
State, USA, 40% of 8-hour samples contained
styrene at concentrations of more than 100 ppm
[430 mg/m?] (Schumacher et al., 1981); of these,
chopper-gun operators were exposed to the
highest concentrations, followed by laminators
and gel-coat applicators. However, boat-building
workers were exposed to the highest concentra-
tions of all sectors. For 11 plants, a relationship
was seen between level of exposure and the quan-
tity of resin consumed per month per exposed
employee (Schumacher et al., 1981). Similar
results were reported by Sullivan and Sullivan
in their survey of 10 plants in Ontario, Canada,
who also noted that although dilution ventilation
and often auxiliary fans were used in almost all
plants, there was little use of local exhaust venti-
lation (Sullivan & Sullivan, 1986). Gel coaters
are generally exposed to lower concentrations
because they work in ventilated booths (Crandall
& Hartle, 1985). The presence of flexible-exhaust
ventilation hoses was reported to reduce styrene
concentrations by a factor of 2 at a boat construc-
tion company in Japan (Ikeda et al., 1982).
So-called low styrene emission (LSE) resins are
thought to reduce styrene exposure (Sddmdnen et




Styrene and styrene-7,8-oxide

al., 1991b; Sddménen, 1998). However, Nylander-

1990; Truchon et al., 1992). Limasset et al. (1999)

French et al. (1999) did not observe a significant
difference in styrene exposure between standard
or LSE resin, and the use of LSE resins resulted in
exposure to significantly greater concentrations
of styrene-7,8-oxide (P < 0.001) than in the use of
standard resins.

Jensen etal. (1990) analysed historical styrene
air concentration measurement data from the
archives of the Danish National Institute of
Occupational Health in the selection of indus-
trial cohorts for inclusion in epidemiological
studies in Denmark. A mean styrene concen-
tration of 265 mg/m* was measured in a total
of 2528 air samples collected from 256 work-
places during 1955-1988. The concentration of
styrene decreased from 714 mg/m? in the early
period (1955-1970) to 172 mg/m?® in the later
period (1981-1988). Spraying and unspecified
lay-up and production of boats, carriages, and
stationary containers were associated with the
highest concentrations (Jensen et al., 1990).

Wearing a respirator appropriate for organic
vapours reduces, but does not eliminate, styrene
exposure (Brooks et al., 1980; Ikeda et al., 1982;
Bowman et al., 1990; Truchon et al., 1992; Gobba
et al., 2000). Truchon et al. (1992) reported that
respirators were worn most often by gel-coat
and chopper-gun operators but not by lamina-
tors, who consider that they hinder their work.
Other investigators reported that single-use
dust respirators, which provide no protection
against styrene vapours, were often the only
type of protection worn (Schumacher et al., 1981;
Sullivan & Sullivan, 1986).

Despite early reports that percutaneous
absorption of styrene was an important route
of exposure, measurement of biological indica-
tors of the exposure of workers who did and did
not wear gloves and other forms of protective
clothing indicated that absorption through the
skin contributes negligibly to overall exposure
in the manufacture of fibreglass-reinforced poly-
ester products (Brooks etal., 1980; Bowman etal.,

compared the patterns of urinary excretion of
styrene metabolites in four groups of workers
who performed the same task at the same time
in the same workshop, but wearing different
protective equipment (total protection with an
insulating suit and mask, respiratory equipment
only, skin protection only, or no protection). The
urinary excretion level of the group with total
protection did not differ significantly from that
of the group with respiratory protection only.

Other substances may be found in the work-
place air during the production of unsaturated
polyester-reinforced plastics, although at levels
usually considerably lower than that of styrene.
These compounds include: solvents mainly used
to clean tools and equipment, such as ketones
(e.g. acetone); chlorinated hydrocarbons (e.g.
dichloromethane), aliphatic alcohols and esters,
aromatic hydrocarbons, and organic perox-
ides used as initiators (e.g. methyl ethyl ketone
peroxide and benzoyl peroxide); hydroquinone
and analogues used as inhibitors (e.g. hydroqui-
none, quinone, and catechol); dusts and fibres
originating mainly from filler and reinforcement
materials (e.g. glass fibres, silica, and asbestos);
foaming agents such as isocyanates; and cobalt
salts and amines used as accelerators (Pfaffli et
al., 1979; Hogstedt et al., 1983; NIOSH, 1983;
Coggon et al., 1987; Jensen et al., 1990; Bellander
et al., 1994).

(b)  Production of styrene-butadiene rubber

Workers are also exposed to styrene during
the production of styrene-butadiene rubber
(SBR) (Table 1.6). In two adjacent SBR production
plants in the USA, the measured TWA concen-
trations of styrene were 0.94 ppm and 1.99 ppm
[4.00 mg/m* and 8.50 mg/m?], with an overall
range of 0.03-12.30 ppm [0.13-52.40 mg/m’]
(Meinhardt et al., 1982). The mean concentra-
tions in 159 personal air samples collected in
various departments at another SBR produc-
tion plant in the USA were usually below 1 ppm
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Table 1.6 Personal styrene inhalation exposure levels in styrene-butadiene rubber manufacturing workers

Reference Location; Occupation No. Sampling  Styrene (ppm [mg/m?]) Butadiene (ppm [mg/m?]) Benzene (ppm [mg/m?])
collection description  workers duration
date and/or Mean Exposure Mean Exposure range Mean Exposure range
samples exposure range (GSD) exposure (GSD) exposure (GSD)
Checkoway  USA, one Tank farm 8 Full shift  13.67 0.51-65.16 20.03 [44.31] 0.14-53.37 0.03 0-0.08 [0-0.26]
& Williams ~ plant; [58.23] [2.17-277.56] [0.31-118.07) [0.096]
(1982) 1979 Reactorand 28 0.93 0-2.32 0.77 [1.70] 0-3.11 [0-6.88] 0.02 0-0.11 [0-0.35]
recovery [3.96] [0-9.88] [0.064]
Solution 12 0.99 0.27-1.68 0.59 [1.31] 0-2.18 [0-4.82] 0.10 [0.32]  0-0.24 [0-0.77]
[4.22] [1.15-7.16]
Shippingand 2 0.13 0.08-0.18 0.08[0.18]  0.03-0.12 [0.07-0.27] 0 [0]
receiving [0.55] [0.34-5.03]
Storeroom 1 0.48 0.08 [0.18] 0.10 [0.32]
[2.04]
Factory 56 1.69 0-17.48 0.37 [0.82] 0-1.46 [0-3.23] 0.04 [0.13]  0-0.93 [0-2.97]
service [7.20] [0-74.46]
Maintenance 52 0.57 0-2.35 0.97 [2.15]  0-20.70 [0-45.79] 0.07 [0.22]  0-0.24 [0-0.77]
[2.43] [0-10.01]
Meinhardt ~ USA,two Plant A 55 [area  TWA 0.94 [4.0] 0.03-6.46 1.24 [2.74] 0.11-4.17 (SD, 1.2) 0.10 [0.32]  0.08-0.14 (SD,
etal. (1982)  plants; samples] (SD, 1.23) (n=41) [0.24-9.23 (2.65)] (n=23) 0.04) [0.26-0.45
1943 - [0.13-27.52 (0.11)]
1976 (5.24)]
Plant B 35 [area 1.99 0.05-12.30 13.5[29.87] 0.34-174.0 (SD, 29.9)
samples] [8.48] (SD, 3.0) (n=47) [0.75-384.93 (66.15)]
[0.21-52.39
(12.78)]

GSD, geometric standard deviation; SD, standard deviation; TWA, time-weighted average.
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[4.3 mg/m?], except for factory service and tank
farm workers who were exposed to mean concen-
trations of 1.69 ppm and 13.7 ppm [7.20 mg/m?
and 58.4 mg/m?], respectively (Checkoway &
Williams, 1982). An average styrene concentra-
tion of 3.53 ppm [15.0 mg/m?], with a standard
deviation of 14.3 ppm [60.9 mg/m?], was
measured in 3649 samples collected in five SBR
plants in the USA during 1978-1983 (Matanoski
et al., 1993). Macaluso et al. (1996) used indus-
trial hygiene data obtained from the same facili-
ties as Matanoski et al. (1993) and, together with
a series of air dispersion models, estimated how
TWA styrene exposure levels in the SBR industry

less than 5 ppm [21 mg/m?3] were measured in
maintenance, laboratory, and packaging opera-
tions. In a German styrene production, polymer-
ization, and processing plant, samples acquired
during 1975-1976 in various areas of the plant
contained up to 6.8 ppm [29.0 mg/m?] of styrene;
most values were less than 1 ppm [4.3 mg/m?]
(Thiess & Friedheim, 1978). Air samples in a
polystyrene manufacturing area contained up
to 47 ppm [200 mg/m?] of styrene; most values
were less than 1 ppm [4.3 mg/m?] (Thiess &
Friedheim, 1978).

In an acrylic ester-styrene copolymer
[incorrectly called polystyrene by Samimi &
Falbo (1982)] production plant in the USA,

may have changed since the 1940s (Macaluso
et al, 1996). Their calculations suggest that
TWA exposures declined from an average of
1.8 ppm [7.7 mg/m?] during the 1940s to 0.1 ppm
[0.4 mg/m?] in the 1990s.

No data were available for measurements of
styrene-7,8-oxide exposures in the production of
SBR and other styrene-based polymers.

(c)  Production of styrene monomer and
polymers

Average exposure to styrene in styrene
production and polymerization factories has
been reported as rarely exceeding 85 mg/m?
and is usually a result of occasional bursts and
leakages of reactors, tubing, and other equip-
ment (Tossavainen, 1978; Pféffli et al., 1979;
Samimi & Falbo, 1982; Pfiffli & Sddméanen, 1993;
Rappaport et al., 1996; Nylander-French et al.,
1999). Surveys conducted in plants in the USA
developing or manufacturing styrene-based
products during 1962-1976 showed that the
average exposure of employees in all jobs was
less than 10 ppm [42.6 mg/m?] (NIOSH, 1983).
Peak concentrations of up to 50 ppm [213 mg/m?]
were measured during the drumming of styrene
(Ott et al., 1980). Wolff et al. (1978) measured
the highest levels of styrene in polymerization,
manufacturing, and purification areas (mean,
8-35 ppm [34-149 mg/m?]), whereas levels of

breathing-zone concentrations ranged from
none detected (< 1 ppb [4.3 pg/m?]) to 19.8 ppm
[84.3 mg/m’] (n = 50), with an average of about
0.6 ppm [2.5 mg/m?]; the highest concentrations
occurred during styrene unloading operations
(Samimi & Falbo, 1982).

Styrene was measured as a thermal degra-
dation product in the air of a Finnish factory
during the processing of polystyrene, impact
polystyrene, and ABS resins (Hoff et al., 1982);
the 6-hour mean concentrations were 0.4, 0.1,
and 0.06 mg/m? respectively. Styrene levels
measured in personal 8-hour samples collected
during polystyrene and ABS moulding in three
different companiesinthe USA during 1978-1980
varied considerably: 8-67 ppm [34-285 mg/m?]
(Burroughs, 1979); 1.4-3.8 mg/m? (Belanger &
Elesh, 1980); and less than 0.01 mg/m? [below the
limit of detection] (Ruhe & Jannerfeldt, 1980).

Styrene-7,8-oxide exposure was reported in
only one study conducted in the styrene and
polystyrene production industry. Korn et al.
(1994) measured styrene and styrene-7,8-oxide
concentrations of 78-836 ug/L and 0.9-4.1 ug/L,
respectively, in the blood of 13 workers exposed
to styrene concentrations of 10-73 ppm in the
production of reinforced polyester resins. Styrene
inhalation exposure was strongly correlated with
styrene blood levels (r = 0.87). A strong linear
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relationship was also observed between styrene-
7,8-oxide in blood and styrene in ambient air
(r = 0.88), between styrene-7,8-oxide in blood
and styrene in blood(r = 0.82), and a steady-state
level of styrene-7,8-oxide of about 1 pg/L blood
at a styrene inhalation exposure of 20 ppm
[85.19 mg/m?] was calculated.

(d)  Miscellaneous operations

In a study of the styrene concentrations that
firefighters are exposed to, air samples taken
during the knockdown phase of a fire contained
styrene at a mean concentration of 1.3 ppm
[5.5 mg/m’]; none was detected during the
overhaul phase (Jankovic et al., 1991). During
working operations at a hazardous waste site
in the USA in 1983, a mean styrene concentra-
tion of 235 pg/m? (maximum, 678 pg/m?3) was
measured in air for a group of workers nearest
the areas where chemically contaminated mate-
rials were handled (Costello, 1983). During the
manufacture of polyester paints, lacquers, and
putties in Finland, occasional exposure to high
concentrations of styrene was recorded, with
5% of measurements above 20 ppm [85 mg/m?];
use of the same products resulted in exposure
of less than 1 ppm [4.3 mg/m?®] (Sddmdnen
et al, 1991a). Application of polyester putty
during cable splicing operations for a telephone
company in the USA resulted in short-term
levels (3-16 minutes) ranging over 2-16 ppm
[8.5-68 mg/m?] in four samples (Kingsley, 1976).

In four 100-minute area air samples taken in
1982 at a college in the USA during a sculpture
class in which polyester resins were used, styrene
concentrations of 0.8-1.2 ppm [3.4-5.1 mg/m?]
were measured; two personal breathing-zone
air samples contained styrene at 2.8 ppm and
3.0 ppm [11.9 mg/m? and 12.8 mg/m?] (Reed
1983). Taxidermists who used polyester resins
during specimen preparation were shown to
be exposed for short periods (2-34 minutes) to
concentrations of styrene ranging from 5 ppm
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to less than 50 ppm [21 mg/m? to < 213 mg/m?]
(Kronoveter & Boiano, 1984a).

Styrene exposure has also been reported in
photocopy operations. Stefaniak et al. (2000)
reported that the personal exposure of photo-
copier operators to styrene varied from 0.1 ppb
to 0.7 ppb [0.43-2.98 ug/m?] in three photocopy
centres. Stefaniaketal. (2017) alsoinvestigated the
emissions of airborne VOCs, including styrene,
during desktop fused deposition modelling
3-dimensional and laser printing. The average of
styrene emissions varied from 100.5 + 11.7 pg/m?
(black colour) to 252.1 + 128.7 ug/m? (natural
colour) for fused deposition modelling 3-dimen-
sional printing and from 4.4 pg/m? to 8.1 pg/m?
for 80 pages of laser printing.

No data were available for the measurement
of styrene-7,8-oxide exposures in these miscella-
neous operations.

1.4.3 Exposure of the general population

(a)  Biomonitoring data

The United States Centers for Disease Control
and Prevention National Report on Human
Exposure to Environmental Chemicals provides
an ongoing assessment of the exposure of the
United States population to styrene and other
environmental chemicals by biomonitoring,
conducted on random samples of NHANES
participants. The median blood styrene concen-
tration declined in the United States population
from 0.041 ng/mL in 1988-1994 to less than
0.030 ng/mL in 2001-2008, and the 95th percen-
tile declined from 0.177 ng/mL in 1988-1994 to
0.130 ng/mL in 2007-2008 (Su et al., 2011; CDC,
2018; Table 1.7).

Styrene exposures vary by region and
season. Children enrolled in the School Health
Initiative: Environment, Learning, Disease study
in Minneapolis, Minnesota displayed seasonal
variation in blood styrene with a range of median
concentrations of 0.07-0.11 ng/mL, exceeding
the national median (Sexton et al., 2005). The
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Table 1.7 Concentrations of styrene in blood of United States and Italian general populations

Population Age (years) Sample Blood styrene percentiles Survey Source
size (ng/mL) years
50th  75th 90th 95th
GuLF Study, <30 (17.6%), 30-45 234 NR NR NR 1.110  2011-2013  Doherty et al. (2017)
USA (smokers) (35.1%), > 45 (47.2%),
NR (0.1%)
GuLF Study, <30 (17.6%), 30-45 141 NR NR NR 0.882 2011-2013 Doherty et al. (2017)
USA (non- (35.1%), > 45 (47.2%),
smokers) NR (0.1%)
USA 12-60+ 2719 <0.03 0.045 0.096 0.130 2007-2008 NHANESIV
(CDC, 2018)
USA 12-60+ 2808 <0.03 0.047 0.099 0.135 2005-2006 NHANESIV
(CDC, 2018)
USA 20-59 1245 <0.03 0.050 0.089 0.120 2003-2004 NHANESIV
(CDC, 2018)
USA 20-59 950 <0.03 0.080 0.130 0.200 2001-2002 NHANESIV
(CDC, 2018)
Louisiana, USA*  15-60+ 297 0.021  0.036 0.049 0.056 2002 Uddin et al. (2014)
Minnesota, USA>  6-10 103 0.07 0.18 0.74 0.85 2000 (Feb)  Sexton etal. (2005
Minnesota, USA> 6-10 108 0.09 0.18 0.54 0.68 2000 (May) Sexton etal. (2005
Minnesota, USA> 6-10 54 0.09 0.10 0.11 0.11 2001(Feb) Sexton et al. (2005
Minnesota, USA> 6-10 88 0.11 0.12 0.17 0.21 2001 (May) Sexton et al. (2005
USA 20-59 2476 0.021 NR 0.110  0.158 1999-2004 NHANES 1999-2004;
Suetal. (2011
USA 20-59 624 0.041 NR 0.129 0.177 1988-1994 NHANES III: 1988-1994;
Su et al. (2011
Italy 20-59 81 0.17 NR NR 0.51  Priorto Brugnone et al. (1993)
1993

GuLF, Gulf Long-term Follow-up; NHANES, United States National Health and Nutrition Examination Survey; NR, not reported.

2 Population of Calcasieu and Lafayette parishes, Louisiana.

b Children enrolled in School Health Initiative: Environment, Learning, Disease study, Minneapolis.

Compiled by the Working Group.

95th percentile concentration of styrene in
blood of participants ranged from 0.11 ng/mL
to 0.85 ng/mL (Sexton et al., 2005), comparable
to that of an Italian population of 0.51 ng/mL,
assessed before 1993 (Brugnone et al., 1993).
Sexton et al. (2005) noted that high concentra-
tions of styrene in blood among children are
unlikely to be explained by tobacco use, and
suggest an unknown source of styrene.

After the 2010 Deepwater Horizon incident,
the Gulf Long-term Follow-up study evalu-
ated benzene, toluene, ethylbenzene, xylenes,
and styrene concentrations in blood of study

participants approximately 3 years after the spill
(Doherty et al., 2017; Kwok et al., 2017; Table 1.7).
Most participants (95%) lived in a county adjacent
to the Gulf coast, and most (89%) had worked
on the oil spill. For non-smokers (n = 141), the
GM exposure was 0.052 ng/mL [consistent with
the range of 50th percentile values reported in
Table 1.7 of < 0.03-0.17] and the 95th percentile
exposure was 0.882 ng/mL (Doherty et al., 2017).
For smokers (n = 234), the GM exposure was
0.098 ng/mL and the 95th percentile exposure was
1.110 ng/mL (Doherty et al., 2017). [According to
Chambers et al. (2011), a cigarette smoking habit
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at arate of 1 pack per day is estimated to increase
blood styrene concentration by 0.2 ng/mL
(assuming 20 cigarettes per pack), which may
partially account for the 0.228 ng/mL difference
in the 95th percentiles between non-smokers and
smokers observed by Doherty et al. (2017).]

Styrene was detected in manually expressed
human breast milk from a convenience sample
of 12 healthy women from the Baltimore,
Maryland metropolitan area who were breast-
feeding, at least 30 days postpartum. The average
styrene concentration in the breast milk was
0.219 ng/mL, with a range of 0.055-0.710 ng/mL
and median of 0.129 ng/mL (Blount et al., 2010).

Pierce & Tozer (1992) reported a styrene
concentrationof1.12+ 1.06 ppm (mean + standard
deviation) in the adipose tissue samples of non-
occupationally exposed individuals; samples
were obtained from three elective surgery
patients and eight postmortem donors (styrene
detected in 7 samples).

(b) Total intake estimates

Total intake of styrene is estimated on the
basis of two studies; although in general agree-
ment with each other, the studies differ in the
estimated contribution of styrene from food and
inhaled air.

Tangetal. (2000) estimated that styrene expo-
sure for the general population is in the range of
18.2-55.2 ug per person per day (0.3-0.8 pg/kg
body weight (bw)), mainly from inhaled styrene
(> 90% of the total intake), as well as form food
intake. For smokers, intake of styrene due to 20
cigarettes was estimated to exceed the total daily
intake from food and air in a single day.

For the Canadian general population, daily
total styrene intake was estimated to range from
<0.19 pg/kg bw to > 0.85 pg/kg bw. Intakes
from ambient air ranged from 0.004 ug/kg bw
per day up to 0.17 pg/kg bw per day, and those
from indoor air from 0.07 ug/kg bw per day up
to 0.10 pug/kg bw per day. Intake from food was
calculated to range from less than 0.11 pg/kg bw
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per day to more than 0.58 ug/kg bw per day. The
estimated intakes from drinking-water and soil
were negligible. Potential exposure from ciga-
rette smoke was estimated to be 2.86 pg/kg bw
per day for adults. The Canadian study estimated
that styrene in food may represent a major expo-
sure source for the general population (Health
Canada, 1993; Newhook & Caldwell, 1993).

(c) Food intake estimates

The general-population exposure to styrene
from food ingestion has been estimated in several
studies, most often using predictive models that
consider styrene migration from food-con-
tact materials (FCMs) and dietary consump-
tion factors. Using this methodology, Lickly et
al. (1995) estimated dietary styrene exposure
at 9 pg per day from the use of polystyrene in
FCMs in the USA. A prior study of residents of
the United Kingdom in 1983 estimated a styrene
intake of 1-4 pg per day (MAFE, 1989). Holmes
et al. (2005) employed a probabilistic modelling
approach, considering the variation in consump-
tion among individuals in the United Kingdom,
and estimated a median daily intake of styrene
from food contaminated with FCMs to be
0.039 ug/kg bw per day for adults (2.3 ug per day
per 60 kg bw), 0.048 pg/kg bw per day for youths,
and 0.035 pg/kg bw per day for seniors.

Studies with dairy products have consist-
ently shown the importance of fat content
in the solvation and mass transfer of styrene
from polystyrene and styrene-acrylonitrile
copolymer food packaging (Ehret-Henry et al.,
1994; Lépez et al., 2008; Tawfik & BaAbdullah,
2014). Vitrac & Leblanc (2007) estimated a
styrene intake of 1-35 pg per day (5th and
95th percentiles) from consumption of yogurt
packaged in polystyrene cups based on migra-
tion modelling and yearly purchase data from
5400 households in France. El-Ziney & Tawfik
(2016) assessed styrene monomer migration
levels in dairy products packaged in polysty-
rene containers, and found that styrene levels
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increased with dairy fat content and storage
temperature. Styrene intakes for nine packaged
dairy products were calculated as 1.1-10.2 pug per
day per person, assuming a modest 100 g intake
of dairy product. Consumption of all tested dairy
products (900 g) amounted to 50.6 ug per day per
person (El-Ziney & Tawfik, 2016).

Philo etal. (1997) measured styrene-7,8-oxide
in polystyrene FCMs under the premise that
it may form from oxidation of residual styrene
monomer. Styrene-7,8-oxide was detected in 11
of 16 food packaging articles at concentrations
of up to 2.9 mg/kg. Investigating the potential for
food contamination, the same pattern of migra-
tion as that for styrene monomer was assumed.
The concentration of styrene-7,8-oxide in food
was estimated to be 0.002-0.150 pg/kg based on
a packaging content of 0.5-3.0 mg/kg.

1.5 Regulations and guidelines

1.5.1 Exposure limits and guidelines

Occupational exposure limits and guidelines
for styrene are presented in Table 1.8. Deutsche
Forschungsgemeinschaft has classified styrene
as Category 5, “Substances that cause cancer in
humans or animals or that are considered to be
carcinogenic for humans and for which a MAK
value [maximum permissible concentration at
the workplace] can be derived” (DEG, 2017a). No
regulations or guidelines have been established
for occupational exposure to styrene-7,8-oxide.

A tolerable daily intake of 7.7 ug/kg bw for
styrene has been established by the World Health
Organization, with a guideline value of 20 pg/L
in drinking-water (WHO, 2004). The EPA has
set a maximum contaminant level for styrene
in public water systems in the USA at 0.1 mg/L
(EPA, 2001).

The FDA has established regulations for the
use of polymers and copolymers of styrene in
products in contact with food in the USA (FDA,
2017). For styrene and methyl methacrylate

copolymers as components of paper and paper-
board in contact with fatty foods, the monomer
content in the copolymer is limited to 0.5%. For
styrene-acrylic copolymers, the level of residual
styrene monomer in the polymer should not
exceed 0.1% by weight. In the European Union,
Commission Regulation No. 10/2011 on plastic
materials and articles intended to come into
contact with food was published on 14 January
2011 (EU, 2011).

1.5.2 Reference values for biological
monitoring of exposure

Biological monitoring reference values for
exposure to styrene, based on styrene metabolite
levels in urine, are given in Table 1.9. No regu-
lations or guidelines have been established for
occupational exposure to styrene-7,8-oxide.

1.6 Exposure assessment of
epidemiological studies

The exposure assessmentsin key epidemiolog-
ical studies investigating lymphohaematopoietic
cancers discussed in Section 2 are summarized
and evaluated in this section (see also Table 1.10
and Table 1.11). The studies are divided in the
same way here as they are presented in Section 2.
Cohort studies have been conducted in three
broad categories: the reinforced plastics industry;,
the synthetic rubber industry, and the styrene
monomer and polymers industries. There arealso
relevant epidemiological case-control studies
conducted in samples of the general population.
Methods for assessing the two fundamental
dimensions of exposure — duration and intensity
— will be described, followed by a description
of the exposure metrics used in epidemiolog-
ical models. An evaluation of the quality of the
exposure assessments follows these summaries
(Section 1.6.3).
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Table 1.8 Occupational exposure limits and guidelines for styrene

Country or region 8-hour limit (ppm) 8-hour limit (mg/m3) Short-term limit (ppm)*  Short-term limit (mg/m3)*
Australia 50 213 100 426
Austria 20 85 80 340
Belgium 50 216 100 432
Canada, Ontario 35 100

Canada, Quebec 50 213 100 426
China 50 100
Czechia 200 1000
Denmark 25 105 25b 105°
Finland 20 86 100 430
France 23.3¢ 100¢ 46.6¢ 200¢
Germany (DFG)¢ 20 86 40¢ 172¢
Hungary® 50

Ireland 20 85 40 170
Israel 20 85 40 170
Italy 50 100 215 430
Japan (JSOH)s 20 85

Latvia 10 30
Mexico 50 215 100 425
Netherlands 25 106 50 213
New Zealand 50 215 100 425
Norway 25 106 37.5 160
Philippines 100 425

Polands 24 50 72 200
Republic of Korea 20 85 40 170
Singapore 50 213 100 426
Spain 20 86 40 172
Sweden 10 43 20 86
Switzerland 20 85 40 170
Thailand 100 426 200 852
Turkey 100 426

United Kingdom" 100 430 250! 1065
USA (ACGIH)i 20 85 40 170
USA (NIOSH) 50 215 100 425
USA (OSHA) 100 420 200 852

ACGIH, American Conference of Governmental Industrial Hygienists; DFG, Deutsche Forschungsgemeinschaft; JSOH, Japan Society for
Occupational Health; NIOSH, National Institute for Occupational Safety and Health; OSHA, Occupational Safety and Health Administration;
ppm, parts per million.

+ 15-minute average value.

b Ceiling value.

¢ Indicative statutory limit value.

4 Category 5, “Substances that cause cancer in humans or animals or that are considered to be carcinogenic for humans and for which a MAK
[maximum concentration at the workplace] value can be derived”.

¢ 30-minute average value.

f Suspected of having carcinogenic potential.

Absorption through the skin may be a significant source of exposure.

o

b Maximum exposure limit, obligation to reduce as much as possible.

i 10-minute average value.

i A4, not classifiable as a human carcinogen.

Sources: HSE (2011); ILO (2011); Finnish Ministry of Social Affairs and Health (2016); ACGIH (2017); DFG (2017b); IFA (2017); OSHA (2018).
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Table 1.9 Reference values for biological monitoring of exposure to styrene

Determinant Sampling time Biological exposure index BAT® Finland¢
Mandelic acid plus phenylglyoxylic ~ End of shift 400 mg/g creatinined 600 mg/g creatinine 1.2 mmol/Le
acid in urine

Styrene in urine End of shift 40 pg/L NA NA

BAT, Biologischer Arbeitsstoff-Toleranzwert (biological tolerance value); NA, not applicable.
+ American Conference of Governmental Industrial Hygienists (ACGIH, 2017).

b Deutsche Forschungsgemeinschaft (Schaller & Triebig, 2012).
¢ Finnish Ministry of Social Affairs and Health (2016).

4 Non-specific, as it is also observed after exposure to other chemicals such as ethylbenzene.

¢ Next morning sample.
Compiled by the Working Group.

1.6.1 Occupational cohort studies

(a)  Reinforced plastics industry

Analyses of the risk of cancer have been
conducted for several cohorts of workers exposed
to styrene in the reinforced plastics industry: a
European industry-wide study (Kogevinas et
al., 1994; Loomis et al., 2019); a Danish indus-
try-wide study (Christensen et al., 2018); a
United Kingdom industry-wide study (Coggon
et al., 2015); a United States industry-wide study
(Collins et al., 2013); and a small study of two
boatbuilding facilities in Washington State, USA
(Bertke et al., 2018). There were significant over-
laps between some of these cohorts; these are
discussed in more detail in Section 2.2.

(i)  European industry-wide study

Approximately 41 000 workers in plants in six
European countries were studied by Kogevinas
and colleagues (Kogevinas et al., 1994; Loomis
et al., 2019). These workers were employed in 287
plants where the main product was reinforced
plastic, and more than 50% of these workers
were estimated to have been exposed to styrene.
Employment records were used to determine
duration of exposure and to assign workers
to common-exposure job groups. Intensity of
exposure to styrene was estimated using 16 500
personal air samples covering the period 1955-
1990, although data on exposures before 1970
were only available from Denmark. Production

records and detailed job-task information were
used to estimate styrene intensities specific to
country, time period, and job. Workers were
assigned an exposure intensity based on the job
held for the longest time. Summary measures
of exposure included time since first exposure,
average exposure, and cumulative exposure.

(i) Danish industry-wide study

Workers in 443 small- to medium-sized
factories making reinforced plastics during
1964-2007 were identified and followed through
national registers, including the cancer registry,
to identify incident cases as opposed to mortality
(mortality was recorded by all the other cohort
studies) (Christensen et al., 2017, 2018). There
were 72 292 such workers (1.7 million person-
years), making this by far the largest published
study. Data were available on dates of hiring and
leaving employment, but not job titles or tasks.
The investigators took advantage of the variability
in working conditions among the large number
of small shops with a few employees in each to
estimate exposure intensity and probability for
each cohort member over their working life,
using information about the company’s products
and work practices, in an analysis conducted for
cancers of the lymphoid and haematopoietic
system (Christensen et al., 2018).

Styrene exposure intensity was estimated by
building a statistical model of the determinants of
1122 personal measurements of styrene airborne
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Table 1.10 Comparison of exposures and exposure metrics: key epidemiological (occupational cohort) studies of styrene

Principal Exposure Study Exposure Mean Mean Mean Important Exposure Exposure metrics Exposure
reference assessment location  period exposed  intensity cumulative co- intensity assessment
reference years (ppm) exposure  exposures estimation limitations
(ppm-
years)
Reinforced plastics
Collinsetal. ~ Wong (1990) USA 1948- 4.3 28 120° NA IH surveys  Duration of 27% of cohort
(2013) 1977 exposure, missing exposure
cumulative and information for
average exposure,  recent years
cumulative
number of peak
exposure periods
Coggonetal. Coggonetal. United 1947- 3.5¢ 504 175% NA Expert High-exposure job  10% of cohort
2015) 1987) Kingdom 1984 judgment for atleast 1 year ~ missing exposure
information for
recent years
Bertke et al. Crandall & USA 1959~ 0.4 23f 9b NA IH surveys  High versus low 33% of cohort
2018 Hartle (1985), 1978 (median)e exposure, duration missing exposure
Ruder etal. data for recent
(2016) years
Christensen Kolstad etal. ~Denmark 1964- 3.5¢ 230 81° NA Predictive Cumulative Exposure
etal. (2018) (2005) 2007 model exposure, average  information
intensity, average  missing for early
probability, and recent years
duration
Loomisetal. Kogevinaset 6 1945~ 2.2 63! 158 NA IH surveys Cumulative Exposure data
2019) al. (1994) European 1991 exposure, average  missing for early
countries intensity, duration  years
Synthetic rubber
Sathiakumar ~ Macalusoet ~ USAand 1943- 11 1.5k 17! Butadiene  Expert Cumulative 21% of cohort
etal. (2015) al. (2004), Canada 1991 judgment exposure missing exposure
Macaluso et information for
al (1996 recent years
Production of styrene monomer and polymers
Hodgson & United 1945- 7m 500 3500 Benzene, None Exposed or Exposure defined
ones (1985) Kingdom 1974 butadiene unexposed by employment
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Table 1.10 (continued)

Principal Exposure Study Exposure Mean Mean Mean Important Exposure Exposure metrics Exposure
reference assessment location  period exposed  intensity cumulative co- intensity assessment
reference years (ppm) exposure  exposures estimation limitations
(ppm-
years)
Bond et al. Ottetal. USA 1937- 7 5p 35b Benzene, IH surveys  Intensity No individual
(1992) (1980) 1977 butadiene or duration quantitative
categories exposure
estimates

IH, industrial hygiene; ppm, parts per million; TWA, time-weighted average.

Notes on calculating mean exposure duration, intensity and cumulative exposure:

» From Collins et al. (2013), p. 196.

b Product of mean duration and mean intensity.

¢ From Coggon et al. (1987), Table 2: weighted average “length of potential exposure to styrene”.

4 From Coggon et al. (1987), Table 2: weighted average “grade” high = 70 ppm, moderate = 25, low = 5, based on p. 95, statement that “..high exposure category corresponds to ... 40-100
ppm”.

¢ From Bertke et al. (2018), Table I.

£ From Ruder et al. (2016), p. 98: mean high exposure in plant A = 42.5 ppm/day; plant B = 71.7 ppm/day; low exposure at plants A and B = 5 ppm/day; weighted mean using population
data from table 1.

¢ From Christensen et al. (2018), Table 2: person-years weighted mean duration of employment.

b From Kolstad et al. (2005), p. 159: geometric mean of long-term samples 98.5 mg/m? = 23 ppm.

i From Loomis et al. (2019), Table 1.

i From Macaluso et al. (2004), Table III: all employees mean cumulative exposure = 17 ppm-years, divided by mean intensity.

& From Macaluso et al. (2004), Fig. 2.

! From Macaluso et al. (2004), Table 3: all employees mean cumulative exposure = 17 ppm-years.

m From Hodgson & Jones (1985), Table 6, footnote a: mean years exposed for referents = 6.6.

» From Hodgson & Jones (1985), p. 350: “It is believed that the exposures of the exposed workers would in general have been well below the hygienic standard of 100 ppm (420 mg/m?)
with isolated excursions to higher levels associated with certain faults and some maintenance work”.

° From Ott et al. (1980), Table 11: weighted mean exposure duration for groups exposed to styrene.

» From Ott et al. (1980), pp. 448-450: mean TWAs were well below 10 ppm in all processes, generally less than 5 ppm.
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Table 1.11 Comparison of exposures and exposure metrics: key epidemiological (case-control) studies of styrene in the
general population

Principal Exposure Percentage of Mean Mean Mean Exposure Exposure metrics Exposure
reference period study controls exposed intensity cumulative intensity assessment
ever exposed years (ppm) exposure method limitations
(ppm-years)
Gérin et al. (1998)  Pre-1950- 1.782 NA NA NA Expert Categorical based on  Exposure
1980s judgment estimated duration,  metrics only
concentration, semiquantitative
and frequency of
exposure
Scélo et al. (2004)  Pre- 1.51 <1b <l <1b Expert Cumulative Exposure
19505-2002 judgment exposure, duration ~ metrics only
semiquantitative
Miligi et al. (2006) Pre-1940s— 2.25 NA NA NA Expert Categorical Exposure
1990s judgment probability and metrics only
exposure intensity semiquantitative
Seidler et al. 1940s-2000  23.8 NA NA ~5d Expert Categorical intensity ~Exposure
2007) judgment metrics only
semiquantitative
Cocco et al. (2010) 1940s-2000  2.36 NA 1.5¢ NA Expert Cumulative Exposure
judgment exposure categories  metrics only
(based on duration,  semiquantitative
intensity, and
probability scores),
duration
Karami et al. 1940s-2000s  1.18 NA NA NA Expert Probability, Exposure
2011) judgment cumulative metrics only
exposure, average semiquantitative

exposure, and
duration

NA, not available; ppm, parts per million.
» Lymphomas as end-point.
b Calculated using data from Scélo et al. (2004), Table 5.
¢ Calculated using data from Scélo et al. (2004), Table 2.

4 Calculated using data from Seidler et al. (2007), Table 2.

¢ Calculated using data from Cocco et al. (2010), Supplementary Table F.
Compiled by the Working Group.
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concentrations gathered in 133 companies
between 1970 and 2011. The production process,
products manufactured, and the decade in
which this took place were important predictors,
allowing the investigators to produce estimates
of styrene concentrations in all participating
factories using these determinants (Christensen
et al., 2018).

Exposure probability was also estimated for
each company and assigned to each worker. A
mailed survey in 2013 (11 493 responses, 76%
response rate) asked a stratified random sample
of workers about the work practices and products
intheir plant (Christensen etal.,2017,2018). From
these data, a model was built to predict the prob-
ability of an individual worker being exposed to
styrene. Important determinants were calendar
year, production process (lamination or other
processes), products (boats, wind turbine wings,
or other products), sex, occupation, and company
size (Christensen et al., 2018).

Summary measures of exposure included:
duration of exposure, mean exposure probability,
and (for the analyses of cancers of the lymphoid
and haematopoietic system; Christensen et al.,
2018) mean exposure intensity and cumulative
exposure score (the product of exposure intensity
and probability, summed over all exposed years).
The cumulative exposure score was analysed in
tertiles based on the person-year exposure distri-
bution. Time windows of exposure were also
investigated with a priori division of time before
onset into three windows: less than 15 years,
15-29 years, and 30 years or more.

(iii)  United Kingdom industry-wide study

Eight of the United Kingdom factories in the
European-wide cohort study (Kogevinas et al.,
1994) were also studied separately with follow-up
extended through 2012 (Coggon et al., 2015). The
cohort included 7970 workers who began work
in reinforced plastics factories between the 1940s
and 1970s (start dates varied by plant). Cohort
entry ended in the early 1980s (again, varying by

plant). Work records were used to identify start
and end dates of exposed jobs. No air monitoring
data were available, and an expert industrial
hygiene survey was not performed. Managers
and staff assisted in classifying jobs into four
categories of potential styrene exposure: high
(hand laminators); moderate (frequently near
styrene operations); low (occasionally near
styrene operations); and background (all other).
Summary measures of exposure were assessed
by the highest category of exposure held by
each participant: high for 1 year or longer, high
for less than 1 year, low and/or moderate, and
background.

(iv)  United States industry-wide study

Potential exposure to styrene during 1948-
1977 of a cohort of approximately 16 000 workers
from 30 plants in the USA producing reinforced
plastics was first studied by Wong (1990) and
then by Collins et al. (2013). Work records were
used to estimate duration of styrene exposure
and to assign workers to work areas and jobs.
An industrial hygiene survey was conducted at
each plant, including detailed analyses of plant
records and air monitoring data [whether these
were personal breathing-zone or area samples
was not indicated]. Airborne styrene exposure
intensity was estimated for each job and work
area over the period 1948-1977. Summary
measures of exposure used by Collins et al. in
the 2013 updated mortality analyses were dura-
tion of exposure, average exposure, cumulative
exposure, and the cumulative number of peak
exposure periods, defined as 15-minute periods
with mean exposure of more than 100 ppm
(considered the threshold for acute irritation). A
total of 27% of the cohort members worked past
1977, the end of the period for which exposures
were estimated, and therefore had truncated
individual exposure estimates. [Although this
unmeasured exposure was likely to have been
low (average exposure intensities in the industry
fell substantially during the follow-up period),
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this missing information for more than one
quarter of the cohort may still have introduced
important exposure misclassification for some of
the long-term workers.]

(v)  Boatbuilding facilities in Washington State,
USA

NIOSH studied two boatbuilding facilities
in Washington State that used styrene in the
construction of fibreglass-reinforced plastic
boats (Crandall & Hartle, 1985; Ruder et al,
2016; Bertke et al., 2018). All 1678 employees
who worked at one of the two facilities for at least
1 year between 1959 and 1978 were followed until
2011. Work records were used to determine start
and end dates of employment, but job title infor-
mation was incomplete and not used to estimate
the exposure to styrene of workers. Industrial
hygiene surveys collecting both personal and
area styrene air concentrations were conducted
in 1978 and used to classify work areas as exposed
to either high or low concentrations. In company
A, mean styrene exposure in the areas of high
concentration was 42.5 ppm (range, 12-85 ppm),
and in company B the mean styrene exposure in
the areas of high concentration was 71.7 ppm
(range, 10-183 ppm). There was considerable
heterogeneity of personal breathing-zone expo-
sure concentrations within the areas of high
concentration, but all workers were assigned a
mean exposure because of the lack of individual
job or task information. For the 555 workers still
employed in 1978, there was no information on
exposure subsequent to that date. Both plants
ceased production in about 1990, meaning that
all exposure estimates in later years were incom-
plete for one third of the cohort. The summary
measure of exposure was “high” versus “low”
styrene exposure.

(b)  Synthetic rubber industry

A large and long-running study of workers
at six North American factories producing SBR
developed quantitative exposure estimates and
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used these data to quantify risk of mortality
from cancer (Macaluso et al., 1996, 2004; Graft
et al., 2005; Sathiakumar et al., 2015). Duration
of exposure was determined from work histo-
ries, which were available for 97% of the cohort.
Combinations of department and job title
(n = 8281) were grouped by occupational hygien-
ists into 308 homogeneous exposure groups
based on similar products, processes, and envi-
ronmental conditions. The intensities of expo-
sures to styrene, 1,3-butadiene, and benzene
were estimated for each homogeneous expo-
sure group in different time periods covering
the study period 1943-1991. The process for
estimating these styrene and other chemical
intensities used technical specifications for jobs,
tasks, materials, and work areas supplemented by
interviews with managers and workers, quantita-
tive models based on assumptions about ventila-
tion and other determinants of exposure, as well
as expert judgment. Job-exposure matrices were
then constructed for each combination of work
area, job group, and year. When combined with
individual work histories, this yielded individual
exposure intensity estimates for each worker
in each year. The primary summary measure
of exposure was cumulative exposure, used in
several ways in statistical models including as a
continuous variable, in deciles, and with varying
time lags. Exposure intensity estimates and work
history records ended in 1991; for the 21% of
workers still employed after that date, no expo-
sure estimates were available for that period.

(c)  Styrene monomer and polymers industry

Studies of workers in petrochemical plants
where styrene was manufactured were conducted
in the 1990s and earlier. These used very limited
exposure classification methods, usually simply
comparing the mortality of employees in a
factory with that of the general population.
Hodgson & Jones (1985) studied mortality in
a cohort of styrene production workers in the
United Kingdom. Exposed versus non-exposed
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workers were distinguished based on the produc-
tion process area in which they worked, and
their mortality was studied separately. No other
exposure assessment was conducted to inform
the epidemiological analyses. A styrene-based
production cohort of chemical employees in the
USA was studied first by Ott et al. (1980) and
then by Bond et al. (1992). Work records were
available to calculate the period of employment;
this was used to estimate duration of exposure
to a wide range of different chemicals, including
styrene. An exposure assessment was conducted
using industrial hygiene surveys (with both area
and personal monitoring data), historical data on
production and plant layout, work records, and
other relevant data. The investigators estimated
exposure intensities for job and area combina-
tions and then used these to assign exposures
to individual cohort members. There were other
carcinogenic exposures, including benzene
and butadiene. Analyses of mortality were
presented for categories of duration of exposure
and for groupings of different chemical expo-
sures, including styrene and other potentially
important co-exposures. No quantitative expo-
sure-response modelling for styrene and cancer
mortality was presented.

1.6.2 General-population studies

From the 1990s onwards, at least six case—
control studies of cancer investigating occu-
pational chemical exposures including styrene
used variations of a common approach, starting
from a self-reported job history collected on
each subject (Gérin et al., 1998; Scélo et al., 2004;
Miligi et al., 2006; Seidler et al., 2007; Cocco
et al., 2010; Karami et al., 2011). Experts then
evaluated job information and assigned expo-
sure scores to each job, combining these to yield
individual exposure estimates. Exposure assign-
ments based on job, industry, and tasks were often
supplemented with detailed follow-up questions
when a reported job was likely to have incurred

exposure to chemicals of interest. For example,
there might be specific questions for painters,
pesticide applicators, and machinists.

The highest-quality exposure assessment
methods were observed in the studies by Scélo et
al. (2004), Seidler et al. (2007), and Cocco et al.
(2010), which used similar exposure assessment
methods. Face-to-face interviews with cases and
controls were used to gather information on all
jobs held for at least 1 year. Specialized question-
naires were used for jobs judged a priori to involve
exposure to chemicals of interest (18 supplemen-
tary questionnaires in the study by Scélo et al.
2004; 14 supplementary questions in each of the
studies by Seidler et al., 2007 and Cocco et al.
2010). Experts evaluated each job for exposure to
a list of chemicals of interest, including styrene.
Because jobs were evaluated and not individ-
uals, the raters were necessarily blind to case or
control status. In the study by Scélo et al. (2004)
this work was performed by experts in industrial
hygiene; these individuals were selected in each
of the 15 centres from which cases and controls
were obtained, and attended training workshops
during which the exposure assessment protocol
was developed and validation exercises were
regularly conducted. A single industrial physi-
cian evaluated the jobs in the study by Seidler et
al. (2007), and trained industrial hygienists from
each of the participating centres across the six
European countries performed the evaluations
in the study by Cocco et al. (2010).

The three studies used essentially the same
scoring system. Each job was scored for exposure
to each chemical on three dimensions: inten-
sity, the relative exposure level (reported as an
approximate air concentration) of the chemical
for workers engaged in that job; frequency, the
typical proportion of work time involving contact
with the chemical; and confidence, the experts’
degree of certainty that a worker in the job was
truly exposed to the chemical. Each of these
three dimensions was scored on a semiquanti-
tative three- or four-point scale (scales varied
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slightly among the three studies). The duration
of exposure was also calculated for each worker
in Scélo et al. (2004) and Cocco et al. (2010) from
the self-reported start and stop dates of each job
held.

Scélo et al. (2004) and Seidler et al. (2007)
trained their experts to estimate styrene expo-
sure intensity on a three-point scale using the
following air concentration ranges: low inten-
sity, 0.5-5.0 ppm; medium intensity, more
than 5 ppm to 50 ppm; and high intensity, more
than 50 ppm. Using the midpoints of these
three categories (2.5, 25, and 100 ppm), cumu-
lative exposures could be calculated for each
participant.

The other three key case-control studies
(Gérin et al., 1998; Miligi et al., 2006; Karami et
al.,2011) used similar methods to those described
above with slight variations; however, they did
not attempt to relate their semiquantitative expo-
sure intensity estimates to air concentrations. In
other ways, they were quite similar in terms of
strengths and weaknesses to the studies of Scélo
et al. (2004), Seidler et al. (2007), and Cocco et

al. (2010).

1.6.3 Evaluation of exposure assessment
quality of epidemiological studies

The exposure assessments of the key epide-
miological studies cited in this Monograph are
evaluated according to five principal considera-
tions: exposure opportunity, carcinogenic co-ex-
posures, completeness of exposure history data,
accuracy of exposure intensity measurement,
and appropriateness of exposure metrics used in
the epidemiological models of risk of cancer.

(a)  Exposure opportunity

An ideal epidemiological study for inves-
tigating the carcinogenicity of styrene would
evaluate a population exposed to a high concen-
tration over a long period of time. The Working
Group evaluated each study against this ideal
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under the heading of exposure opportunity.
Ideally, this cohort would not have other carcino-
genic exposures, or at least these other exposures
would not be correlated with styrene exposures.
This first consideration of quality is not strictly
about the exposure assessment, but concerns
the exposure to the chemical of interest and its
distribution across the population and over time.
A rough indicator of exposure opportunity can
be calculated as the product of the mean inten-
sity of styrene exposure (ppm) over the entire
cohort and the mean exposure duration (years).
This product is the mean cumulative exposure
(ppm-years) for the entire cohort; it was calcu-
lated for both cohort and case-control studies
(Table 1.10 and Table 1.11), with several assump-
tions made due to different amounts and quality
of information provided in the publications.

Not surprisingly, the occupational cohort
studies report much higher mean cumulative
exposures than the general-population case-
control studies. Within the cohort studies, there
was also a fairly wide range depending on the
average air concentration and the duration of
employment (including turnover) of the exposed
cohort. Three of the cohorts — Bond et al. (1992),
Sathiakumar et al. (2015), and Bertke et al. (2018)
— experienced relatively low mean cumulative
exposures, indicating lower exposure oppor-
tunity. In the studies by Bond et al. (1992) and
Bertke et al. (2018), the average duration of expo-
sure (mean exposed years) was short (~7 years
and < 1 year, respectively), and in the study by
Sathiakumar et al. (2015) the average intensity of
styrene exposure was reportedly low, with mean
exposure of about 1.5 ppm-years. The other five
studies (Hodgson & Jones, 1985; Collins et al.,
2013; Coggon et al., 2015; Christensen et al.,
2018; Loomis et al., 2019) reported relatively high
exposure opportunity as estimated by the mean
cumulative exposure.

Where this type of evaluation was possible
with the data available, the key case-control
studies had much lower mean cumulative
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exposures, as expected. The statistical power of
a study to detect an elevated risk of cancer is a
function of both the exposure opportunity and
the sample size, particularly the number of cases.
A study with low mean cumulative exposure may
still have sufficient power to detect an effect if
the effect is very large. The statistical power of
the case—control studies is discussed further in
Section 2.3.

(b)  Carcinogenic co-exposures

There were important co-exposures to
chemicals established as human carcinogens
by the International Agency for Research on
Cancer (IARC) in three of the cohort studies —
Hodgson & Jones (1985) (benzene, butadiene),
Bond et al. (1992) (benzene and butadiene), and
Sathiakumar et al. (2015) (butadiene) — limiting
the value of these studies in evaluating the carcin-
ogenicity of styrene. Sufficient evidence exists
for the carcinogenicity of benzene in humans
for the end-point of acute non-lymphocytic
leukaemia, including acute myeloid leukaemia.
Limited evidence exists in humans for cancer
of the lung, non-Hodgkin lymphoma, chronic
lymphoid leukaemia, multiple myeloma, and
chronic myeloid leukaemia, and for acute myeloid
leukaemia in children (IARC, 2018). Sufficient
evidence also exists for the carcinogenicity of
1,3-butadiene in humans for the end-points of
leukaemia and/or lymphoma (IARC, 2012b).
The issue of co-exposure with other human
carcinogens is considered again in Section 2.3
as a problem of potential confounding. Here we
note that in these cohort studies the exposure
assessments did not convincingly provide inde-
pendent estimates of styrene intensity or dura-
tion that would confidently allow the effects of
styrene to be separated from those of the other
potential carcinogens using conventional statis-
tical methods. The absence of co-exposures of
other known carcinogens is a strength of the
epidemiological studies in the reinforced plastics
industry (see Section 2.2.1).

(c) Completeness of exposure histories

All of the cohort studies used work records
to document exposure duration, time since
first exposure, and other temporal variables.
Many also estimated intensities of exposure (see
the following section) and then used the work
histories to assign time-varying exposure inten-
sities to cohort members. In four of the cohort
studies (Collins et al., 2013; Coggon et al., 2015;
Sathiakumar et al., 2015; Bertke et al., 2018), the
periods for which exposure information were
available ended before the end of follow-up,
meaning that a fraction of cohort members
had truncated exposure histories. These trun-
cations were common in Collins et al. (2013),
Sathiakumar et al. (2015), and Bertke et al.
(2018) (occurring for 27%, 21%, and 33% of the
cohort members, respectively), and could have
had a significant impact on the accuracy of the
exposure assessments and therefore the fit of the
exposure-risk models. Completeness of expo-
sure histories was not an important concern in
any of the case-control studies.

(d)  Accuracy of exposure intensity
measurement

The principal route of styrene exposure for
the epidemiological studies discussed here is via
inhalation, and the breathing-zone air concen-
tration in ppm or mg/m? (1 ppm = 4.26 mg/m?)
is the primary measure of exposure intensity. A
wide variety of methods were used to measure
exposure intensity in the eight key cohort
studies (Table 1.10); the case—control studies of
higher quality all used similar semiquantitative
methods based on expert judgement (Table 1.11).

Hodgson & Jones (1985) and Coggon et al.
(1987,2015) used only the judgement of investiga-
tors, informed by input from company records or
plant personnel. Based on limited measurements
in some plants in later years, Coggon et al. (1987,
2015) estimated that the high-concentration
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exposure category corresponded to an average
intensity of 40-100 ppm.

The SBR cohort study by Sathiakumar et
al. (2015) used an extensive industrial hygiene
analysis to develop time- and job-specific esti-
mates of styrene and butadiene exposure inten-
sities for individual cohort members (Macaluso

member. There were parallel estimates of the
number of peak exposures for each work area
and/or job title. Peaks were defined as 15-minute
intervals when exposure exceeded 100 ppm.
Despite these strengths, there are important gaps
in the documentation of the methods used by
Collins et al. (2013), described in earlier papers

et al., 2004). The exposure assessors based esti-
mates of exposure intensity on mathematical
models predicting exposure levels from produc-
tion process and environmental conditions, and
not on air measurements. However, NIOSH
conducted styrene air monitoring in two facil-
ities that employed cohort members during
1976-1977, and the NIOSH data were used as a
comparison or partial validation of the exposure
estimates of the teams.

The remaining cohort studies — Bond et al.
(1992), Collins et al. (2013), Bertke et al. (2018),
Christensen et al. (2018), and Loomis et al. (2019)
— all used styrene air concentration measure-
ments in some way to estimate the styrene expo-
sure intensities of cohort members, but there
were important differences in methods used and
the likely accuracy of assignments. In the epide-
miological analyses of the styrene-based produc-
tion cohort in the USA (Bond et al., 1992), the
primary epidemiological analyses used simple
qualitative measures, such as work area and
exposure grouping; however, this did not permit
separate quantitative estimates of styrene and
other potential carcinogens, notably butadiene.
Similarly, the NIOSH cohort of boat builders did
not assign individual exposure intensity esti-
mates to each worker; rather, each worker was
assigned to either potentially high or low concen-
trations of exposure (Bertke et al., 2018).

The United States industry-wide reinforced
plastics cohort study (Collins et al., 2013) relied
on an extensive industrial hygiene survey to esti-
mate styrene concentrations in air for particular
areas and/or job titles. These estimates were then
used as inputs to individual exposure histories
with annual intensity estimates for each cohort
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by Wong (1990) and Wong et al. (1994), that
limit confidence in their exposure estimates. For
example, the industrial hygiene survey data are
not available, even in summary form.

The European industry-wide study was
informed by an extensive industrial hygiene
survey and assigned exposure intensities
according to job title based on air monitoring
data and, in the case of incomplete data, model-
ling (Loomis et al., 2019).

Finally, the Danish reinforced plastics
industry study (Christensen et al., 2018) used
a detailed exposure assessment method, as
summarized in Section 1.6.1(a)(ii), to estimate
both intensity and probability of styrene expo-
sure for each cohort member over their working
lifetime.

The better-quality case-control exposure
assessments — that is, the studies of Scélo et al.
(2004), Seidler etal. (2007), and Cocco et al. (2010)
- were semiquantitative, using expert judgements
of exposure intensity that were dependent upon
explicit air concentration ranges. However, these
were probably not as accurate as the exposure
intensity estimates in the cohort studies of Bond
et al. (1992), Collins et al. (2013), Sathiakumar et
al. (2015), Bertke et al. (2018), Christensen et al.
(2018), or Loomis et al. (2019). In addition to the
lower exposure opportunity, the case-control
studies probably had a greater degree of non-dif-
ferential exposure misclassification than the
more informative cohort studies.

In summary, the estimation of styrene expo-
sure intensity appears to have been most reli-
ably estimated by Christensen et al. (2018) and
Loomis et al. (2019).
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(e)  Appropriateness of exposure metrics

Identifying the so-called ideal exposure
metric (or summary measure of exposure) for
carcinogenicity studies of styrene requires
knowledge, or a strong assumption, of the
pathophysiological mechanism (Kriebel et al.
2007). The best metric might even differ from
one cancer site to another because of internal
dose dynamics. Despite this uncertainty about
the ideal form, occupational cancer epidemi-
ology has often used cumulative exposure and
its components (average exposure intensity and
duration) as exposure metrics. There is good
empirical evidence that these are often propor-
tional to risk of cancer when applied to the data
for known carcinogens such as asbestos and
silica (IARC, 2012a). It is important to stress that
no one standard summary measure of exposure
can be said a priori to be closer to the so-called
ideal metric for a particular chemical and target
organ; it is therefore reasonable to fit models with
several of these metrics.

Another well-recognized consideration in
evaluating summary measures of exposure is
that cancers typically develop after long periods
of latency; it is therefore important to evaluate
associations between exposures and their effect
by evaluating exposures occurring at different
time periods before the onset of disease. The only
key epidemiological study to investigate multiple
quantitative summary measures of exposure
(cumulative exposure, average intensity, average
probability, and duration) in time windows of
exposure was that of Christensen et al. (2018).
Several others (Collins et al., 2013; Sathiakumar
et al., 2015; Loomis et al., 2019) used a simpler
approach, such as setting a minimum latency
that each exposed worker had to achieve before
at-risk follow-up time began accruing, or the use
of exposure lagging.

1.6.4 Overall summary of exposure
assessment in key epidemiological
studies

Analyses of the exposure assessments for the
key epidemiological studies indicate that two
of the cohort studies (Christensen et al., 2018;
Loomis et al., 2019) are likely to be more inform-
ative than others for two reasons: the substantial
exposure experience of cohort members (dura-
tion and intensity of exposure to styrene) and the
use of high-quality, well-documented exposure
assessment methods. Other good-quality expo-
sure data are found in Collins et al. (2013) and
Coggon etal. (2015). Several case-control studies
(Scélo et al., 2004; Seidler et al., 2007; Cocco et
al., 2010) were of relatively high quality in terms
of assessment methods; however, the prevalence
of styrene exposure and estimated average levels
of exposure were considerably lower in these
general-population studies than for the cohort
studies, limiting their informativeness.

2. Cancerin Humans

2.1 Introduction

Styrene is an important industrial chemical
and a major intermediate in the manufacture
of both synthetic rubber and certain plastics.
Epidemiological studies covering the working
populations in all major industries using styrene
have been conducted. Industry-based cohorts
have evaluated the exposure to styrene of workers
in the reinforced plastics, synthetic rubber, and
styrene monomer and polymers industries.
General-population studies include case-control
studies in adults and children.

Early research in occupational cohorts
focused mainly on the potential associations
between exposure to styrene and leukaemia
and lymphomas, whereas more recent analyses
have also evaluated several other outcomes,
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including cancer of the lung, kidney, breast, and
oesophagus. Available studies involved mostly
men, examined incidence and/or mortality, and
were conducted in North America and western
Europe even though styrene is produced and
used in many more countries. The Working
Group excluded studies without an assessment
of styrene exposure. No attempt was made by
the Working Group to take account of co-expo-
sures to styrene-7,8-oxide. Such exposures were
considered likely, but to be at very low concentra-
tions relative to that of styrene.

In examining the epidemiological evidence,
several factors need to be considered (see
Section 1.6): the size of the study and, in
particular, the number of subjects exposed; the
potential for confounding by other chemicals in
the work environment and also by lifestyle or
social factors; uncertainty in exposure levels and
exposure contrasts, exposure misclassification
and, related to this, the exposure metric(s) used;
outcome misclassification; and, finally, selection
bias, which may be of importance in some studies
due to the high turnover of the workforce.

The accuracy and precision of the effect esti-
mates are dependent upon the size of the study;,
the proportion of exposed subjects, and also the
frequency of the outcome of interest. There are
several large industry-based studies of tens of
thousands of workers and, for most outcomes
of interest, the size of the study is therefore not
a major issue. However, for general-population
studies (mainly case-control studies) size may
be a serious issue because exposure to styrene
is not common; only about 1-2% of the popul-
ation may have been exposed to styrene and,
if exposed, usually not to high concentrations.
This is not a problem which is specific to styrene
exposure, but is present in many general-pop-
ulation studies regarding exposure to occupa-
tional carcinogens.

Confounding has been discussed exten-
sively in some of the industry-based studies
concerning co-exposure to other chemicals in
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the workplace. This is particularly an issue in
the synthetic rubber industry, mainly due to the
high correlation (correlation coefficient, ~0.7)
between exposure to styrene and exposure to
1,3-butadiene, which is an identified human
carcinogen (IARC Group 1). Although the main
study in synthetic rubber production provides
effect estimates adjusted for this co-exposure,
this still remains an issue of concern because
of the high exposure correlation and the likely
misclassification of styrene for 1,3-butadiene,
and vice versa. Exposure to benzene and other
chemicals also occurs in styrene production and
polymerization and, as a consequence, potential
confounding by these chemicals may have an
impact on effect estimates in those studies.

Studies in the reinforced plastics industry do
not appear to be particularly affected by poten-
tial confounding due to other co-exposures.
Conversely, confounding from lifestyle and
socioeconomic factors may be an issue in the
reinforced plastics industry because of the high
proportion of short-term workers who may have
different lifestyle patterns and exposures from
other jobs than workers with more stable work
histories. However, nearly all major studies in
this industry have conducted internal compar-
isons that, to some extent, take into account
confounding by lifestyle factors. Although this
selection out of employment may be adjusted for
through appropriate statistical analysis, it may
still complicate interpretation and affect expo-
sure indices based on duration of exposure.

The concentrations of styrene exposure were
up to 1-2 orders of magnitude higher in studies
in the reinforced plastics industry compared with
those in the synthetic rubber industry, in the
styrene monomer and polymers industries, and
in the general-population studies. As a conse-
quence, the studies in reinforced plastics are
the most informative for hazard identification
purposes. Exposure misclassification is prob-
ably a more important problem in general-pop-
ulation studies, although several of these have
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applied elaborate exposure assessment protocols
including job-exposure matrices (JEMs) and
expert assessment.

In the cohort studies, workplace styrene
exposure was measured extensively in the later
periods of work history coverage, and less expo-
sure information was available for earlier periods
of employment, potentially affecting the validity
of exposure assessment estimates. However, as
described in Section 1.6, exposure and work
history information was not collected in recent
years and was assumed to be constant. However,
many of the large cohorts have extensive data
on workplace exposures; although exposure
misclassification is certainly an issue, it is very
unlikely that this has had a considerable effect
on the main exposure subgroups evaluated,
particularly in the reinforced plastics industry.
The exposure metric used varied between
studies, for example, peaks of exposure, average
exposure levels (intensity), and cumulative expo-
sure (which combines average intensity with
duration). Results from some of the larger studies
appear to vary depending on the exposure metric
used; there is no way through statistical analysis
to identify which metric is the most appropriate,
since this is essentially an issue related to biolog-
ical mechanisms.

Outcome misclassification is a less impor-
tant issue for most cancers but may have affected
some analyses, particularly of leukaemia and
lymphomas. Studies conducted in earlier periods
(corresponding roughly to before the year
2000) examined phenotypes of leukaemia and
lymphomas that were shown later to be heter-
ogeneous concerning etiology and prognosis.
This may have resulted in an underestimation
of exposure-disease associations. In addition,
changes in disease definitions for leukaemia and
lymphomas over time complicate the compar-
ison of results between studies conducted over
different periods. Another concern regarding
outcome definition is that most of the cohort
studies have used cancer mortality, rather than

cancer incidence, data for neoplasms that have
relatively good prognosis, such as cancer of
the prostate or chronic lymphocytic leukaemia
(CLL). In some circumstances, this may result in
bias due to different characteristics of incidence
versus mortality data, as the mortality data may
include a lower proportion of cases with a good
prognosis. This factor mostly results in a loss of
precision, because not all subjects with a diag-
nosis of disease will be identified in mortality
studies. Poorer cancer prognosis may also be
related to reduced access to health care and lower
socioeconomic status, so that deaths in mortality
studies may overrepresent workers with lower
socioeconomic status compared with cancer
cases in incidence studies.

Finally, selection bias in the context of indus-
try-based studies has usually been discussed
in relation to the healthy worker effect. This is
undoubtedly an issue in the styrene cohorts, and
would probably tend to underestimate exposure-
disease associations when mortality is compared
with that of the general population. Many of the
larger cohorts have conducted internal analyses
that would minimize the potential problem of
the healthy worker effect, a type of confounding,
and have also incorporated time-related varia-
bles in the analysis. As mentioned earlier in this
introduction, the relatively high proportion of
short-term workers in the reinforced plastics
industry is of particular concern.

Two reviews of the epidemiology of styrene
exposure and cancer have been published in the
lastdecade (Boftetta etal.,2009; Collins & Delzell,
2018). The Working Group noted that several
human studies considered in this Monograph
were published after the more recent of the two
reviews (Bertke et al., 2018; Christensen et al.,
2018; Loomis et al., 2019; Nissen et al., 2018).

Overall, the available epidemiological studies
have many strengths and, notwithstanding
the potential limitations present in industrial
cohort and population-based studies, provide a
solid base for the evaluation of the association
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between exposure to styrene and risk of cancer in
human populations. A careful evaluation of the
strengths and limitations of the different study
designs and the industries examined is included
to summarize the evidence in an informative
way.

2.2 Cohort studies

2.2.1 Occupational cohort studies

(a)  Reinforced plastics industry

See Table 2.1.

In the reinforced plastics industry, boats,
tanks, containers, car parts, and other goods
are produced from unsaturated polyester resin
by hand and spray lamination in open moulds,
by vacuum moulding, or by other closed or
semi-closed processes (IARC, 2002). The IARC
Monographs Volume 82 (IARC, 2002) included
results on cancer incidence or mortality from five
reinforced plastics industry cohorts from Europe
(Kogevinas et al., 1993, 1994), Denmark (Kolstad
et al., 1993, 1994, 1995), the United Kingdom
(Coggonetal., 1987),the USA (Wong, 1990; Wong
et al., 1994), and Washington State (Okun et al.
1985). Since then, the Danish (Christensen et al.,
2017, 2018; Nissen et al., 2018), United Kingdom
(Coggon et al., 2015), United States (Collins et
al., 2013), and Washington State (Ruder et al.
2016; Ruder & Bertke, 2017; Bertke et al., 2018)
cohorts have all been updated with extended
follow-up and the European cohort reanalysed
(Loomis et al., 2019). No additional reinforced
plastics industry cohorts are included in the
current Monograph. A succinct summary of the
evaluated cohorts is provided in Supplemental
Table S1.

Styrene is the dominant exposure; average
workplace air concentrations of 100-200 ppm
were measured in the 1960s and 1970s, and have
significantly declined since then. According to
the information provided in the publications,
workers may also have been exposed to fibreglass
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and acetone, and, in some jobs, to glycols, anhy-
drides, methyl ethyl ketone peroxide, benzoyl
peroxide, paints, or wood dust, but encoun-
tered no or minimal exposure to benzene or
1,3-butadiene.

Collins etal. (2013) reported cancer mortality
for 1948-2008 among 15 826 workers employed
at 30 United States reinforced plastics plants
during 1948-1977. Wong (1990) and Wong et al.
(1994) had previously followed this population
from 1948 to 1977 and from 1948 to 1989, respec-
tively. The study population comprised workers
who had worked for at least 6 months in an area
with potential exposure to styrene.

Styrene exposure estimates were constructed
from production characteristics obtained from
all companies about 1980 and routine exposure
monitoring. A total of 43% of the study popula-
tion had been directly exposed to styrene (Wong,
1990). The average styrene exposure level was
35 ppm during the 1960s and 25 ppm in 1977
(Collins et al., 2013).

Standard SMR analyses and internal Cox
regression models analysed hazard ratios (HRs)
by cumulative styrene exposure. Wong (1990)
also estimated the association between expo-
sure to styrene and mortality from cancer of
the respiratory system among 40 cases and 102
controls nested within the study population; 83%
of 63 controls reported ever smoking (Wong,
1990).

For all workers, increased standardized
mortality ratios for all cancers (SMR, 1.12; 95%
confidence interval (CI), 1.05-1.18) and cancer
of the lung (SMR, 1.34; 95% CI, 1.23-1.46)
were observed. Standardized mortality ratios
greater than 1.10 were observed for cancer of
the buccal cavity and pharynx (SMR, 1.16;
95% CI, 0.78-1.66), kidney (SMR, 1.18; 95% CI,
0.83-1.62), and urinary bladder (SMR, 1.25; 95%
CI, 0.87-1.74), chronic myeloid leukaemia (CML)
(SMR, 1.17; 95% CI, 0.43-2.55), all other myeloid
leukaemia (SMR, 1.50; 95% CI, 0.18-5.41),
all other cancers of the lymphopoietic tissue
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Table 2.1 Occupational cohort studies of exposure to styrene in the reinforced plastics industry

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. 15 826 (11 958 men Lymphaticand ~ Cumulative exposure to styrene (ppm-mo) Sex, age, year of ~ Strengths: long follow-
2013 and 3868 women) at 30 haematopoietic  (.0-149.9 26 0.85 (0.56-1.25) hire up and high number of
IlJ9841: 2008 Unitf:d State; Iilanft:;h. (all) 150.0-399.9 23 0.80 (0.51-1.21) :antcer casei;}f?(iosure
- previous update of this o styrene at hi
Cohort study followed vital status 400.0-1199.9 29 0.90 (0.60-1.29) conc);ntrations{;glimited
to 31 December 1989 = Ay 28 0.80 (0.53-1.16) competing risk factors
and reduced the number Trend test P value, 0.819 in the reinforced plastics
of study participants HL Cumulative exposure to styrene (ppm-mo) industry
to 15 826 workers by 0.0-149.9 2 1.07 (0.13-3.88) Limitations: limited
eliminating 30 dup}icate 150.0-399.9 1 0.60 (0.02-3.33) inforn.lati.on on the
records and removing 400.0-1199.9 1 0.59 (0.02-3.27) quantitative exposure
52 workers exposed to assessment
styrene for < 6 mo > 1200 1 0.65 (0.02-3.60)
Exposure assessment Trend test P value, 0.827
method: NHL Cumulative exposure to styrene (ppm-mo)
expert judgement; 0.0-149.9 13 1.08 (0.58-1.85)
employment records 150.0-399.9 2 0.17 (0.02-0.64)
available at each plant 400.0-1199.9 12 0.94 (0.49-1.64)
combined with industrial
hygiene assessment of >1200 9 0.65 (0.30-1.23)
styrene levels about 1980 Trend test P value, 0.766
Leukaemia Cumulative exposure to styrene (ppm-mo)
0.0-149.9 7 0.61 (0.25-1.26)
150.0-399.9 14 1.30 (0.71-2.18)
400.0-1199.9 8 0.66 (0.28-1.30)
>1200 11 0.83 (0.42-1.49)
Trend test P value, 0.908
Leukaemia Cumulative exposure to styrene (ppm-mo)
(lymphoid) 0.0-149.9 1 0.35 (0.09-1.97)

150.0-399.9 3
400.0-1199.9 1
>1200 3
Trend test P value, 0.681

1.14 (0.23-3.32)
0.33 (0.08-1.83)
0.87 (0.18-2.54)

dPIX0-8’/-2uUaIA1s pue suaIAlS



88

Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. Leukaemia Cumulative exposure to styrene (ppm-mo)
(2013) (myeloid) 0.0-149.9 5 0.90 (0.29-2.10)
(cont) 150.0-399.9 5 0.96 (0.31-2.23)
400.0-1199.9 4 0.69 (0.19-1.77)
>1200 8 1.27 (0.55-2.50)
Trend test P value, 0.432
All other Cumulative exposure to styrene (ppm-mo)
lymphopoietic ~ 0.0-149.9 4 0.79 (0.22-2.02)

tissue (including
multiple
myeloma)

Pancreas

Lung

Kidney

150.0-399.9 6
400.0-1199.9 8

1.24 (0.46-2.70)
1.43 (0.62-2.81)

=>1200 7
Trend test P value, 0.912
Cumulative exposure to styrene (ppm-mo)
0.0-149.9 14 0.90 (0.49-1.51)
150.0-399.9 17 1.15 (0.67-1.84)
400.0-1199.9 9 0.53 (0.24-1.01)
>1200 23 1.24 (0.78-1.86)
Trend test P value, 0.274

Cumulative exposure to styrene (ppm-mo)
0.0-149.9 157 1.60 (1.36-1.87)
150.0-399.9 131 1.41 (1.18-1.67)
400.0-1199.9 138 1.31 (1.10-1.55)
> 1200 130 1.10 (0.92-1.31)
Trend test P value, 0.003

Cumulative exposure to styrene (ppm-mo)
0.0-149.9 6 0.76 (0.28-1.66)
150.0-399.9 8 1.09 (0.47-2.15)
400.0-1199.9 8 0.98 (0.42-1.94)
>1200 16 1.79 (1.02-2.91)
Trend test P value, 0.045

1.11 (0.45-2.29)

LZl - SHAVYOONOW DV



68

Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. Urinary bladder =~ Cumulative exposure to styrene (ppm-mo)
(2013) 0.0-149.9 7 1.09 (0.44-2.25)
(cont.) 150.0-399.9 11 1.82 (0.91-3.26)
400.0-1199.9 11 1.53 (0.77-2.74)
> 1200 6 0.72 (0.26-1.57)
Trend test P value, 0.137
Lymphaticand  No. days at peak exposure
haematopoietic ¢ 57 0.79 (0.59-1.02)
(all combined)  _j79 30 0.93 (0.63-1.33)
720-1799 9 0.81 (0.37-1.54)
> 1800 10 0.97 (0.47-1.78)

HL

NHL

Leukaemia

Trend test P value, 0.601
No. days at peak exposure

0 4 1.06 (0.29-2.71)
1-179 1 0.51 (0.01-2.81)
720-1799 0 0 (0-0)
> 1800 0 0 (0-0)

Trend test P value, 0.157
No. days at peak exposure

0 20 0.70 (0.43-1.08)
1-179 9 0.70 (0.32-1.33)
720-1799 5 1.12 (0.37-2.63)
>1800 2 0.49 (0.06-1.76)

Trend test P value, 0.868
No. days at peak exposure

0 21 0.76 (0.47-1.17)
1-179 12 0.99 (0.51-1.74)
720-1799 3 0.72 (0.15-2.09)
> 1800 4 1.03 (0.28-2.63)

Trend test P value, 0.691
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. Leukaemia No. days at peak exposure
(2013) (lymphoid) 0 4 0.57 (0.16-1.47)
(cont.) 1-179 2 0.68 (0.08-2.46)
720-1799 0 0 (0-3.52)
> 1800 2 1.95 (0.24-7.03)
Trend test P value, 0.177
Leukaemia No. days at peak exposure
(myeloid) 0 11 0.86 (0.43-1.53)
1-179 7 1.15 (0.46-2.38)
720-1799 2 0.96 (0.12-3.48)
> 1800 2 1.07 (0.13-3.86)
Trend test P value, 0.835
All other No. days at peak exposure
lymphopoietic 0 4 0.79 (0.22-2.02)
tissue (including  1_179 6 1.24 (0.46-2.70)
50 720-1799 8 1.43 (0.62-2.81)
> 1800 7 1.11 (0.45-2.29)

Pancreas

Lung

Trend test P value, 0.835
No. days at peak exposure

0 32
1-179 20
720-1799 3
>1800 8

Trend test P value, 0.337
No. days at peak exposure

0 314
1-179 154
720-1799 49
>1800 39

Trend test P value, 0.201

0.84 (0.58-1.19)
1.21 (0.74-1.87)
0.52 (0.11-1.51)
1.45 (0.63-2.85)

1.32 (1.18-1.47)
1.50 (1.28-1.76)
1.34 (1.00-1.77)
1.06 (0.76-1.46)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. Kidney No. days at peak exposure
(2013) 0 16 0.88 (0.50-1.42)
(cont.) 1-179 9 1.08 (0.49-2.04)
720-1799 8 2.73 (1.17-5.38)
> 1800 5 1.82 (0.59-4.24)
Trend test P value, 0.054
Urinary bladder  No. days at peak exposure
0 22 1.31 (0.82-1.98)
1-179 7 1.12 (0.45-2.31)
720-1799 0 0 (0-1.54)
>1800 6 2.35(0.87-5.13)
Trend test P value, 0.337
Lymphaticand  Cumulative exposure to styrene (ppm-mo) Sex, year of hire,
haematopoietic  Continuous NR 0.994 (0.983-1.006)  year of birth,
(all) age
HL Cumulative exposure to styrene (ppm-mo)
Continuous NR 0.957 (0.843-1.086)
NHL Cumulative exposure to styrene (ppm-mo)
Continuous NR 0.994 (0.976-1.013)
Leukaemia Cumulative exposure to styrene (ppm-mo)
Continuous NR 0.996 (0.979-1.014)
Leukaemia All workers: NR 1.010 (0.994-1.027)
(Iymphoid) continuous
Leukaemia All workers: NR 0.991 (0.962-1.019)
(myeloid) continuous
Other: all other  All workers: NR 0.900 (0.767-1.056)
leukaemia continuous
Lymphaticand ~ Cumulative exposure to styrene (ppm-mo)
haematopoietic:  Continuous NR 0.994 (0.972-1.017)
all other
including MM
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. Pancreas Cumulative exposure to styrene (ppm-mo)
(2013) Continuous NR 1.008 (1.002-1.015)
(cont,) Lung Cumulative exposure to styrene (ppm-mo)
Continuous NR 0.997 (0.993-1.002)
Kidney Cumulative exposure to styrene (ppm-mo)
Continuous NR 1.009 (1.000-1.017)
Urinary bladder =~ Cumulative exposure to styrene (ppm-mo)
Continuous NR 1.004 (0.992-1.016)
All cancers All workers: 1431 1.12 (1.05-1.18) Sex, age,
combined reinforced calendar period
plastic
Lymphaticand  All workers: 106 0.84 (0.69-1.02)
haematopoietic  reinforced
(all combined) plastic
Leukaemia All workers: 2 0.75 (0.09-2.71)
(ALL) reinforced
plastic
NHL (CLL) All workers: 6 0.71 (0.26-1.55)
reinforced
plastic
Leukaemia All workers: 40 0.84 (0.60-1.14)
reinforced
plastic
Leukaemia All workers: 8 0.67 (0.29-1.32)
(Ilymphoid) reinforced
plastic
Leukaemia All workers: 22 0.96 (0.60-1.46)
(myeloid) reinforced
plastic
Leukaemia All workers: 14 0.85 (0.47-1.43)
(AML) reinforced

plastic
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. NHL All workers: 36 0.72 (0.50-1.00)
(2013) reinforced
(cont.) plastic
HL All workers: 5 0.74 (0.24-1.72)
reinforced
plastic
Leukaemia All workers: 6 1.17 (0.43-2.55)
(CML) reinforced
plastic
MM: all All workers: 25 1.15 (0.74-1.69)
and other reinforced
lymphopoietic plastic
tissue (except
HL, NHL,
leukaemia)
All other All workers: 9 0.79 (0.36-1.49)
leukaemia reinforced
plastic
All other All workers: 2 1.50 (0.18-5.41)
myeloid reinforced
leukaemia plastic
Pancreas All workers: 63 0.96 (0.73-1.22)
reinforced
plastic
Lung All workers: 556 1.34 (1.23-1.46)
reinforced
plastic
Breast All workers: 55 0.88 (0.66-1.15)
reinforced
plastic
Prostate All workers: 68 1.03 (0.8-1.31)
reinforced
plastic
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Collins et al. Kidney All workers: 38 1.18 (0.83-1.62)
(2013) reinforced
(cont.) plastic
Urinary bladder  All workers: 35 1.25 (0.87-1.74)
reinforced
plastic
Buccal cavity All workers: 29 1.16 (0.78-1.66)
and larynx reinforced
plastic
Kogevinas et al. 40 688 (34 560 men and Lymphaticand ~ Cumulative exposure to styrene (ppm-yr) Age, sex, Strengths: large
1994 6128 women); ~60% haematopoietic < 75 20 1 country, international
Denmark of the total populati9n neoplasms: 75-199 8 0.98 (0.43-2.26) c.alend.ar period, study population
(1.970—1990); had‘been employed in ICD-8 (code 200-499 10 1,24 (0.57-2.72) time since first chara§ter}zed by
Finland the industry for < 2 yr; 200-208) exposure quantitative measures of
(1958-1989); proportion of short- =500 ? 0.84(0.35-2.02) styrene exposure
Italy (Liguria,  term workers varied Trend test P value, 0.65 Limitations: short
1969-1991; among countries from Leukaemia: Cumulative exposure to styrene (ppm-yr) duration of follow-up
Emilia 9% (Finland) to 81% ICD-8 (code <75 11 1 (average 13 yr); no
Romagna, (Denmark); ~50% of the 204-208) 75-199 P 0.46 (0.10-2.09) smoking information
1956-1989); cohort was ﬁrst. employed 200-499 3 0.69 (0.19-2.53)
Norway at age < 25 yr, similar
(1956-1991); proportion was first =500 > 0.86 (0.26-2.83)
Sweden (1955~  employed after 1975 Trend test P value, > 0.52
1987); United Exposure assessment Malignant Cumulative exposure to styrene (ppm-yr)
Kingdom (1, method: lymphomas: <75 5 1
1945-1990; 2, records; employment ICD-8 (code 75_199 5 2.63 (0.74-9.32)
1961-1988) histories comblnefi with 200-202); 200-499 5 2.99 (0.82-10.91)
Cohort an exposure matrix lymphomas and
>500 3 1.64 (0.34-7.82)

constructed from 16 500
personal workroom air
styrene measurements
and 18 500 urinary
styrene metabolites

HL

Trend test P value, 0.52
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Kogevinas et al. Oesophagus Cumulative exposure to styrene (ppm-yr)
(1994) <75 5 1
(cont) 75-199 2 1.01 (0.20-5.23)
200-499 3 1.67 (0.39-7.18)
>500 4 1.76 (0.42-7.30)
Trend test P value, 0.31
Pancreas Cumulative exposure to styrene (ppm-yr)
<75 9 1
75-199 5 1.44 (0.48-4.34)
200-499 6 1.90 (0.65-5.53)
=500 10 2.56 (0.90-7.31)
Trend test P value, 0.068
Lung Cumulative exposure to styrene (ppm-yr)
<75 73 1
75-199 25 0.75 (0.47-1.19)
200-499 26 0.74 (0.47-1.16)
=500 37 0.90 (0.58-1.38)
Trend test P value, < 0.43
Kidney Cumulative exposure to styrene (ppm-yr)

All cancers
combined

All lympho-
haematopoietic

<75 2 1

75-199 3 4.40 (0.71-27.15)
200-499 2 3.30 (0.42-25.60)
> 500 3 6.04 (0.74-49.45)
Trend test P value, 0.12

All workers: 686 0.87 (0.81-0.94)
reinforced

plastic

All workers: 60 0.93 (0.71-1.20)
reinforced

plastic
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Table 2.1 (continued)

Reference,
location,
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Kogevinas et al.

1994

(cont.)

Leukaemia

(myeloid)

Leukaemia

NHL

HL

MM

Buccal cavity

and pharynx

Oesophagus

Rectum

Pancreas

Larynx

Lung

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

16

28

15

10

17

21

37

10

235

1.10 (0.63-1.79)

1.04 (0.69-1.50)

0.77 (0.43-1.28)

0.90 (0.36-1.84)

0.99 (0.48-1.83)

0.33 (0.11-0.77)

0.82 (0.47-1.31)

0.62 (0.38-0.95)

1.00 (0.71-1.38)

1.11 (0.53-2.05)

0.99 (0.87-1.13)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Kogevinas et al. Lung Laminators: 60 1.06 (0.81-1.36)
(1994) reinforced
(cont.) plastic
Breast All workers: 13 0.52 (0.28-0.89)
reinforced
plastic
Prostate All workers: 41 1.02 (0.74-1.39)
reinforced
plastic
Urinary bladder ~ All workers: 25 0.95 (0.61-1.40)
reinforced
plastic
Brain All workers: 18 0.62 (0.37-0.98)
reinforced
plastic
Coggon et al. 7970 (6650 men and 1320 Leukaemia Background 10 1.15 (0.55-2.12) Age, sex, Strengths: expected
(2015) women); all employed Low/moderate 6 0.86 (0.31-1.87) calendar period  exposure to styrene at
England dur.ing spe.:ciﬁed periods Highfor<1lyr 4 0.72 (0.20-1.84) high concentrations;
1946-1984, at elght remforc?d . ey e 0.76 (0.16-2.22) limited exposure
followed up plastics companies in . . to other suspected
until 2012 England using styrene NHL (including  Background e 1.20 (0.58-2.21) occupational
Cohort Exposure assessment CLL) Low/moderate 0.44 (0.09-1.28) carcinogens; long
method: Highfor<lyr 6 1.04 (0.38-2.26) follow-up
records; from o Highfor>1yr 5 1.22 (0.40-2.85) Limitatior}s: no styrene
emp@o.yment histories, Tymeittean  Badupmomd 43 1 g exposure 1nformat10.n
participants were haematopoietic  Low/moderat s 0.73 (0.40-1.33) calendar period since 1984; no smoking
classified into four levels (all combined) (?W [IOURILS : YT factor > information; 11.5% lost
of potential for styrene High for<1yr 31 0.81 (0.47-1.41) Y from follow-up
exposure; exposure to Highfor>1yr 20 0.76 (0.40-1.44)

styrene at 40-100 ppm
was estimated for the
high-exposure category
between 1975 and 1984
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Coggon et al. NHL (including ~ Background 26 1
(2015) CLL) Low/moderate 14 0.53 (0.24-1.15)
(cont.) Highfor<1yr 18 0.61 (0.30-1.25)
Highfor>1yr 11 0.54 (0.23-1.27)
HL Background 3 1
Low/moderate 2 1.05 (0.17-13.56)
Highfor<lyr 1 0.39 (0.03-5.09)
Highfor>1yr 1 0.74 (0.06-9.94)
MM Background 6 1
Low/moderate 7 2.15 (0.51-9.12)
Highfor<lyr 6 2.66 (0.67-10.64)
Highfor>1yr 5 2.66 (0.62-11.35)
Leukaemia: all ~ Background 8 1
other Low/moderate 5 0.60 (0.13-2.79)
Highfor<lyr 6 0.84 (0.23-3.02)
Highfor>1yr 3 0.62 (0.13-3.03)
Oesophagus Background 12 0.86 (0.45-1.51) Age, sex,
Low/moderate 13 1.02 (0.54-1.74) calendar period
Highfor<1lyr 12 1.18 (0.61-2.06)
Highfor>1yr 10 1.41 (0.68-2.60)
Pancreas Background 21 1.41 (0.87-2.15)
Low/moderate 11 0.95 (0.47-1.70)
Highfor<lyr 10 1.11 (0.53-2.03)
Highfor>1yr 6 0.89 (0.33-1.95)
Lung Background 100 1.07 (0.87-1.30)
Low/moderate 98 1.20 (0.98-1.47)
Highfor<1lyr 68 1.22 (0.95-1.55)
Highfor>1yr 60 1.44 (1.10-1.86)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Coggon et al. Prostate Background 19 0.85 (0.51-1.33)
(2015) Low/moderate 20 0.79 (0.48-1.22)
(cont.) Highfor<1lyr 15 1.03 (0.58-1.70)
Highfor>1yr 9 0.86 (0.39-1.63)
Kidney Background 10 1.49 (0.72-2.75)
Low/moderate 7 1.18 (0.47-2.43)
Highfor<lyr 7 1.43 (0.58-2.95)
Highfor>1yr 4 1.17 (0.32-30.0)
Urinary bladder ~ Background 10 0.90 (0.43-1.65)
Low/moderate 16 1.58 (0.90-2.57)
Highfor<1lyr 8 1.23 (0.53-2.43)
Highfor>1yr 3 0.62 (0.13-1.81)

Leukaemia All workers: 23 0.91 (0.58-1.36) Age, sex,
reinforced calendar period
plastic

NHL All workers: 24 0.95 (0.61-1.42)
reinforced
plastic

HL All workers: 2 0.49 (0.06-1.77)
reinforced
plastic

MM All workers: 13 0.94 (0.50-1.60)
reinforced
plastic

Lymphaticand  All workers: 62 0.89 (0.68-1.14)

haematopoietic  reinforced
plastic

Pharynx All workers: 9 1.34 (0.61-2.54)
reinforced
plastic
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Table 2.1 (continued)

Reference,
location,
enrolment/
follow-up
period, study
design

Population size,

description, exposure
assessment method

Organ site

Exposure
category or
level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Coggon et al.
2015

(cont.)

Oesophagus

Pancreas

Larynx

Lung

Breast

Prostate

Kidney

Urinary bladder

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

47

48

13

329

24

63

28

38

1.06 (0.78-1.41)

1.13 (0.83-1.50)

1.70 (1.91-2.91)

1.20 (1.08-1.34)

0.77 (0.49-1.15)

0.86 (0.66-1.10)

1.33 (0.88-1.92)

1.16 (0.82-1.59)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Christensen et 72292 (60 478 men and Leukaemia All workers: 123 0.96 (0.79-1.14) Age, sex, Strengths: large
al. (2017) 11 774 women) workers (lymphoid) reinforced calendar period  population of workers
Denmark employed in 443 small- plastic of small- and medium-
Enrolment and medium-sized Lymphaticand  All workers: 661 0.97 (0.90-1.04) sized companies with
1964-2007/ companies producing haematopoietic  reinforced expected homogeneous
follow-up reinforced plastics plastic and high-concentration
1968-2012 Exposure assessment Leukaemia All workers: 101 1.06 (0.86-1.28) styrene exposure and
Cohort method: (myeloid) reinforced along and almost
records; annual plastic complete follow-up
employment information MM (Multiple All workers: 90 [0.79 (0.64-0.97)] Limitations: no use of
from national register; . ’ ’ : : quantitative estimates
myeloma) reinforced
expert assessment; plastic of styrene exposure or
worker survey smoking information
NHL All workers: 270 0.97 (0.86-1.10)
reinforced
plastic
HL All workers: 64 1.21 (0.93-1.54)
reinforced
plastic
Monocytic All workers: <4 0.77 (0.15-2.25)
leukaemia reinforced
plastic
Other and All workers: 10 1.05 (0.50-1.94)
unspecified reinforced
leukaemia plastic
Pharynx All workers: 170 1.21 (1.03-1.40)
reinforced
plastic
Buccal activity All workers: 398 1.20 (1.08-1.32)
and pharynx reinforced
plastic
Oesophagus All workers: 160 1.05 (0.89-1.22)
reinforced
plastic

dPIX0-8’/-2uUaIA1s pue suaIAlS



0l

Table 2.1 (continued)

Reference,
location,
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Christensen et

al. (2017

(cont.)

Stomach/gastric
cancer

Pancreas

Nasal cavity and
sinuses

Larynx

Lung

Breast

Prostate

Kidney

Urinary bladder

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

All workers:

reinforced
plastic

237

247

40

176

1638

432

1025

247

675

1.11 (0.97-1.26)

1.04 (0.91-1.18)

1.62 (1.16-2.21)

1.34 (1.15-1.55)

1.28 (1.22-1.34)

0.95 (0.86-1.05)

0.88 (0.83-0.94)

1.12 (0.98-1.27)

1.06 (0.98-1.14)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Kolstad et al. 53 720 workers (36 525 Leukaemia Exposed jobs vs unexposed jobs: time since first Age, sex, year of  Strengths: large
1994 male employees of 386 employment; time window (1964-1970) diagnosis study population of
Denmark companies producing <10yr 5 1.06 (0.35-2.48) workers exposed to
1964-1988 reinforced plastics and since first high concentration
Cohort 14 254 employees not employment of styrene;
exposed to styrene >10 yr 25 1.69 (1.09-2.49) semiquantitative
of similar industries) e exposure
included in historical employment characteriza.tion; long
cohort study; observed Total 30 1.54 (1.04-2.19) follow-up; high number

numbers of newly
diagnosed cases of
lymphohaematopoietic
malignancies in the study
population compared
with expected numbers
based on the national
rates; study conducted

in the Danish reinforced
plastics industry, in
which exposure to high
concentrations of styrene
occurs frequently in

an environment free of
most other suspected
carcinogens

Exposure assessment
method:
semiquantitative:
cumulated styrene
exposure scores modelled
from job title, styrene
exposure probability,
styrene exposure levels
since the early 1970s, and
duration of employment

of incident and specific
lymphohaematopoietic
malignancies; analyses
of exposure time
windows

Limitations: lack

of individual work
histories
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Kolstad et al. 12 cases; 19 identified Leukaemia Cumulative exposure to styrene ((mg/m?)-yr) Calendar year, Strengths: may indicate
1996 with myeloid leukaemia (AML) Any exposed vs 11 2.5(0.2-25.0) time since first  that chromosome
Denmark in the Danish cohort (see unexposed employment, aberrations might be
1970-1990 Christensen et al. 2017, Cumulative exposure to styrene ((mg/m?)-yr) year of first part of the disease
Nested case- 2018) diagnosed between L 8 3.0 (03-32.2) employment, process in relation to
control 1970 and 1991, 12 of O.W o ) age styrene exposure and
which showed clonal High 3 1.6 (0.1-22.0) myeloid carcinoma
chromosome aberrations Cumulative exposure to styrene ((mg/m?)-yr): year Limitations: results
Controls: 57 of first employment are only preliminary
Exposure assessment Later than 1970 4 2.3(0.2-26.2) because of the few
method: Before 1970 7 5.9 (0.6-57.8) observations, the lack of
semiquantitative: Cumulative exposure to styrene ((mg/m?)-yr): specific exposure data,
cumulated styrene length of exposed employment and the incomplete case
exposure scores modelled ascertainment
ure s <lyr 8 5.9 (0.5-74.3)
from job title, styrene
exposure probability, z1yr 3 11(0.1-15.3)
styrene exposure levels
since the early 1970s, and
duration of employment
Wong (1990) Cases: 40 deaths from Respiratory tract Direct exposure to styrene Calendar year, Cohort nested in the
USA respiratory cancer Exposed 15 0.63 time since first ~ population described in
1948-1977 Controls: 102; for each Trend test Pvalue, 0.29 employment, Collins et al. (2013)
Nested case— case, a maximum of 3 year of first
control controls were selected employment,
from deceased members age

of the cohort, matched
with respect to plant, age
at death (within 5 yr),
year of death (within

5 yr), sex, and race (from
death certificates)
Exposure assessment
method:

other
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Ruder & Bertke 3704 employees Lymphaticand  All workers 47 1.03 (0.77-1.35) Age, sex, Strengths: incidence
2017) of two reinforced haematopoietic ~ Low exposure 35 1.05 (0.73-1.46) calendar period, data
Washington, plastics facilities High exposure 18 0.99 (0.59-1.57) race Limitations: only 71.2%
USA during1959-1978 and of the original stud
1991-2007 livinggin Washington Lung All workers 87 111 (0.89-1.37) populatio%l of 5203 '
Cohort State by 1991 Low exposure 50 0.96 (0.71-1.27) workers included
Exposure assessment High exposure 37 1.42 (1.00-1.95)
method: Breast All workers 21 0.81 (0.50-1.23)
records; exposure Low exposure 6 0.67 (0.25-1.46)
assessment identical to High exposure 15 0.88 (0.49-1.45)
thatofthe Ruderetal. = p 1o Allworkers 140 0.82 (0.69-0.97)
(2016) study
Low exposure 89 0.74 (0.60-0.91)
High exposure 51 1.02 (0.76-1.34)
Urinary organ All workers 51 1.00 (0.75-1.32)
Low exposure 32 0.93 (0.63-1.31)
High exposure 19 1.17 (0.70-1.82)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Christensen et 73 036 male and female Leukaemia Cumulative exposure score: complete work history  Age, sex, Results for additional
al. (2018) workers of 456 small- and (AML) ((mg/m3)-yr) calendar period  subcategories of
Denmark medium-sized companies 1-17 12 1 lymphohaematopoietic
1968-2011 producing reinforced 18-70 12 0.77 (0.34-1.74) cancers are reported
Cohort plastics 570 2 1.35 (0.65-2.80) Strengths: large
Exposure assessment study population of
method: Trend test P value, 0.28 workers exposed to
semiquantitative: Cumulative exposure score: previous < 15 yr high concentrations
cumulated styrene ((mg/m?)-yr) of styrene;
exposure scores modelled 0 28 1 semiquantitative
from job title, styrene 1-28 10 1.01 (0.46-2.20) exposure
exposure probability, 528 12 0.81 (0.38-1.73) characterization; long
s.tyrene exposure levels Trend test P value, 0.60 and almost cpmplete
since the early 1970s, and . . follow-up; high number
duration of employment Cumulative exposure score: previous 15-29 yr of incident and specific
((mg/m?)-yr) lymphohaematopoietic
0 18 1 malignancies; and
1-45 10 1.34 (0.60-2.97) analyses of exposure
> 45 22 2.35 (1.21-4.57) time windows
Trend test P value, 0.01 Limitations: exposure
C lati . ious > 30 characterization
umulative exposure score: previous > 30 yr )
(Gg/m)ys) 1nclude'd. an element of
probability
0 37 1
1-45 7 2.12 (0.82-5.48)
> 45 6 1.55 (0.57-4.26)
Trend test P value, 0.28
HL Cumulative exposure score: complete work history

((mg/m?3)-yr)

=117 16
18-70 16
>70 25

Trend test P value, 0.15

1
1.04 (0.51-2.13)
1.60 (0.81-2.16)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Christensen et HL Cumulative exposure score: previous < 15 yr
al. (2018) ((mg/m?3)-yr)
(cont.) 0 20 1
1-28 16 1.17 (0.55-2.48)
>28 21 1.72 (0.79-3.75)
Trend test P value, 0.17
Cumulative exposure score: previous 15-29 yr
((mg/m?)-yr)
0 38 1
1-45 12 1.17 (0.59-2.34)
> 45 7 0.61 (0.26-1.43)
Trend test P value, 0.36
Cumulative exposure score: previous = 30 yr
((mg/m?3)-yr)
0 44 1
1-45 7 2.25(0.86-5.88)
> 45 6 1.71 (0.62-4.74)
Trend test P value, 0.21
Lymphaticand ~ Cumulative exposure score: complete work history
haematopoietic ~ ((mg/m?)-yr)

(all combined)

Leukaemia
(CML)

1-17 182
18-70 220
> 70 263

Trend test P value, 0.042
Cumulative exposure score
((mg/m?3)-yr)

1-17 6
18-70 7
> 70 11

Trend test P value, 0.99

1
0.92 (0.76-1.13)
0.92 (0.76-1.13)

: complete work history

1
0.74 (0.24-2.22)
0.94 (0.34-2.63)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Christensen et NHL (all Cumulative exposure score: complete work history
al. (2018) combined) ((mg/m3)-yr)
(cont.) 1-17 67 1
18-70 80 0.94 (0.68-1.32)
>70 89 0.91 (0.65-1.27)
Trend test P value, 0.58
NHL (B-cell Cumulative exposure score: complete work history
lymphoma) ((mg/m?3)-yr)
1-17 49 1
18-70 62 1.00 (0.68-1.46)
> 70 63 0.87 (0.59-1.29)
Trend test P value, 0.46
MM Cumulative exposure score: complete work history
((mg/m?3)-yr)
1-17 19 1
18-70 20 0.77 (0.40-1.46)
>70 30 0.93 (0.51-1.70)
Trend test P value, 0.91
Leukaemia Cumulative exposure score: complete work history
(lymphoid) (all ((mg/m?3)-yr)
combined) 1-17 29 1
18-70 40 0.94 (0.58-1.53)
>70 33 0.60 (0.36-1.02)
Trend test P value, 0.04
NHL (T-cell Cumulative exposure score: complete work history
lymphoma) ((mg/m?3)-yr)

1-17 NR
18-70 NR
> 70 NR

Trend test P value, 0.04

1
1.14 (0.25-5.15)
3.21 (0.87-11.77)
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Table 2.1 (continued)

Reference, Population size, Organ site
location, description, exposure

enrolment/ assessment method

follow-up

period, study

design

Exposure Exposed  Risk estimate Covariates
category or cases/ (95% CI) controlled
level deaths

Comments

Christensen et

al. (2018)

(cont.)

Cumulative exposure score: previous < 15 yr
((mg/m?)-yr)

0 NR 1

1-28 NR 0.56 (0.14-2.28)
>28 NR 0.18 (0.02-1.52)
Trend test P value, 0.09

Cumulative exposure score: previous 15-29 yr
((mg/m?)-yr)

0 NR 1

1-45 NR 0.85 (0.22-3.28)
> 45 NR 2.04 (0.75-5.52)
Trend test P value, 0.17

Cumulative exposure score: previous = 30 yr
((mg/m?)-yr)

0 NR 1

1-45 NR 2.78 (0.80-9.60)
> 45 NR 2.40 (0.68-8.46)
Trend test P value, 0.15
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Nissen et al. Cases: 9 Nasal cavity Complete 9 5.11 (0.58-45.12) Age, sex, Strengths: large
2018) adenocarcinomas, and sinuses: work history: employment study population of
Denmark 15 squamous cell adenocarcinoma > 37 (mg/ in areinforced = workers exposed to
1968-2011 carcinomas, 13 other m?3)-yr plastics high concentrations
Nested case- subtypes, 73 092 Per 100 (mg/ 9 1.08 (0.96-1.21) company of styrene;
control reinforced plastics md)-yr producing boats semiquantitative
workers Nasalcavity ~ Complete 15 115 (0.34-3.89) orinthewood  exposure
Controls: 90, 150, 130, and sinuses: work history: industry characterlz.atlon; lor.lg
none squamous cell > 37 (mg/ follow—gp; 1nfor.ma.t10n
Exposure assessment carcinoma m?)-yr on speqﬁc and incident
method: Per 100 (mg/ 15 1.02 (0.83-1.25) histological subtypes
semiquantitative: m?)-yr Limitations: exposure
cumulated styrene ) characterization
exposure scores modelled Nasal cavity and Comple_:te 13 0.74 (0.22-2.42) included an element of
from job title, styrene SInuses: f)ther work history: probability
exposure probability, histological > 37 (mg/
styrene exposure levels subtypes m?)-yr
since the early 1970s, and Per 100 mg/m3- 13 0.75 (0.46-1.23)
duration of employment yr
Loomis et al. 40 668 (34 560 men and NHL Mean styrene exposure (ppm) Sex, age, and Strengths: large
2019) 6128 women) workers 0yrlag NR 2.31 (1.29-4.12) calendar decade international
In;ernational enn:lledffrom eightth 5yrlag NR 2.29 (1.33-3.93) s;ludy })topulztitisn
cohort centres from more than characterize
1945-1991 600 plants 10yrlag NR 1.78 (1.05-3.02) quantitative me};sures
Cohort Exposure assessment LAkt Mean styrene exposure (ppm) of styrene exposure;
method: 0yrlag NR 1.86 (0.71-4.86) internal analysis
quantitative 5yrlag NR 2.25(0.92-5.48) Limitations: short
measurements 10 yr lag NR 1.31 (0.48-3.58) duration of follow-up
Leukaemia Mean styrene exposure (ppm) (average 1.3 y1); nO )
(myeloid, acute 0 yr lag NR 0.92 (0.37-2.32) sampling information
and chronic 5yrlag NR 1.34 (0.61-2.94)

combined)

10 yr lag NR

1.50 (0.71-3.17)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Loomis et al. Oesophagus Mean styrene exposure (ppm) Age
(2019) 0yrlag NR 2.44 (1.11-5.36)
(cont.) 10 yr lag NR 2.53 (1.30-4.90)
20 yr lag NR 3.36 (1.74-6.49)
Pancreas Mean styrene exposure (ppm)
0yrlag NR 1.89 (1.17-3.06)
10 yr lag NR 1.31 (0.82-2.10)
20 yr lag NR 1.14 (0.57-2.28)
Lung Mean styrene exposure (ppm) Sex, age,
0yrlag NR 0.98 (0.79-1.22) country
10 yr lag NR 0.97 (0.80-1.18)
20 yr lag NR 0.81 (0.59-1.12)
Prostate Mean styrene exposure (ppm) Age, country
0yrlag NR 1.26 (0.76-2.11)
10 yr lag NR 1.03 (0.64-1.68)
20 yr lag NR 1.07 (0.55-2.10)
NHL Exposed jobs vs unexposed jobs Age, country,
All exposed 22 1.01 (0.37-2.74) calendar decade,
sex
MM Exposed jobs vs unexposed jobs
All exposed 8 1.05 (0.20-5.37)
Leukaemia Exposed jobs vs unexposed jobs

(myeloid, acute
and chronic
combined)

Oesophagus
Pancreas

Lung

All exposed 12 0.57 (0.09-3.49)

Exposed jobs vs unexposed jobs

All exposed 15 3.50 (0.46-26.82)
Exposed jobs vs unexposed jobs

All exposed 27 1.06 (0.46-2.46)
Exposed jobs vs unexposed jobs

All exposed 159 0.85 (0.57-1.19)

Age

Age, country,
calendar decade,
sex
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Loomis etal. Prostate Exposed jobs vs unexposed jobs Age, country
(2019) All exposed 27 1.85 (0.64-5.36)
(cont.) Kidney Exposed jobs vs unexposed jobs Age, country,
All exposed 9 0.83 (0.18-3.99) calendar decade,
Urinary bladder ~ Exposed jobs vs unexposed jobs sex
All exposed 21 0.92 (0.22-3.80)
Bertke et al. 5201 workers employed NHL Person-time employed: external comparison (yr) Regressions Supersedes Ruder et al.
2018 in two Washington >1 5 0.60 (0.19-1.40) matched on (2016)
Washington, boatbuilding facilities Leukaemia Person-time employed: external comparison (yr) attained age, Strengths: exposure to
USA Exposure assessment >1 7 0.88 (0.35-1.81) sex, race, high concentrations of
1959-1978/1 method: - . ) T calendar period  styrene; few competing
January 1960-  records; work history MM Person-time employed: external comparison (yr) risk factors; long follow-
31 December information was used to 21 6 1.50 (0.55-3.25) up
2016 construct an exposure Lymphaticand ~ Person-time employed: external comparison (yr) Limitations: the lack
Cohort index based on exposure  haematopoietic > 1 18 0.85 (0.51-1.35) of quantitative styrene
duration and exposure (all combined) exposure and smoking
pote.ntial (from industrial  Byccal cavity Person-time employed: external comparison (yr) information
hygiene surveys and pharynx >1 <5 0.49 (0.06-1.78)
conducted at each plant) . ]
Oesophagus Person-time employed: external comparison (yr)
>1 7 1.06 (0.43-2.19)
Pancreas Person-time employed: external comparison (yr)
>1 13 1.11 (0.59-1.90)
Larynx Person-time employed: external comparison (yr)

Lung: trachea,
bronchus, and
lung (162)

Breast

Prostate

>1 <5 0.61 (0.02-3.39)
Person-time employed: external comparison (yr)
>1 76 1.20 (0.95-1.51)

Person-time employed: external comparison (yr)
>1 5 0.97 (0.32-2.26)
Person-time employed: external comparison (yr)
>1 23 1.38 (0.87-2.07)
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed  Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Bertke et al. Kidney Person-time employed: external comparison (yr)
(2018) >1 9 1.66 (0.76-3.16)
(cont.) Urinary bladder  Person-time employed: external comparison (yr)
>1 8 1.34 (0.58-2.65)
Lymphaticand  Duration employed as continuous Regressions
haematopoietic Log-linear 49 1.2 (1.0-1.3) matched on
per 1yr attained age,
employment Sex, race,
NHL Duration employed as continuous calendar period,
Log-linear 18 0.9 (0.2-1.4) Zmpl‘?ymem
uration of < or
per1yr > 1yr
employment
MM Duration employed as continuous
Log-linear 11 1.1 (0.6-1.5)
per lyr
employment
Leukaemia Duration employed as continuous
Log-linear 18 1.3 (1.0-1.5)
per lyr
employment
Oesophagus Duration employed as continuous
Log-linear 21 1.2 (0.8-1.6)
per1yr
employment
Pancreas Duration employed as continuous
Log-linear 38 1.0 (0.6-1.2)
per lyr
employment
Respiratory Duration employed as continuous
tract: trachea,  Log-linear 204 0.9 (0.7-1.0)
bronchus, and per 1yr
lung (162) employment
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Table 2.1 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up
period, study
design
Bertke etal. Breast Duration employed as continuous
(2018) Log-linear 6 0.3 (0.0-0.69)
(cont.) per1yr
employment
Prostate Duration employed as continuous
Log-linear 44 1.2 (1.0-1.4)
per lyr
employment
Kidney Duration employed as continuous
Log-linear 15 1.1 (0.7-1.3)
per1lyr
employment
Urinary bladder ~ Duration employed as continuous
Log-linear 15 1.2 (0.8-1.5)
per1yr
employment

LZl - SHAVYOONOW DV

ALL, acute lymphoblastic/lymphocytic leukaemia; AML, acute myeloid leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; HL,
Hodgkin lymphoma; ICD, International Classification of Diseases; MM, multiple myeloma; mo, month(s); NHL, non-Hodgkin lymphoma; NR, not reported; ppm, parts per million;
RR, relative risk; vs, versus; yr, year(s).
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including multiple myeloma (SMR, 1.15; 95% CI,
0.74-1.69), and myelodysplasia (SMR, 1.73; 95%
CIL, 0.70-3.57), but not for cancer of the prostate,
pancreas, or breast or for Hodgkin lymphoma
(HL), non-Hodgkin lymphoma (NHL), acute
lymphoblastic/lymphocytic leukaemia (ALL),
CLL, or acute myeloid leukaemia (AML).
Internal Cox analyses showed increasing
trends by cumulative styrene exposure of statis-
tical significance for cancer of the pancreas (HR,
1.008; 95% CI, 1.002-1.015) and kidney (HR,
1.009; 95% CI, 1.000-1.017) per 100 ppm-months.
A decreasing trend of borderline significance
was seen for cancer of the lung (HR, 0.997; 95%
CIL, 0.993-1.002). No significant trends were
apparent for cancer of the bladder, all cancers of
the lymphoid and haematopoietic tissues, NHL,
HL, lymphoid or myeloid leukaemia, or all other
cancers of the lymphopoietic tissue including
multiple myeloma (MM). Increased standardized
mortality ratios were seen for myeloid leukaemia
(SMR, 1.27; 95% CI, 0.55-2.50) and cancer of the
kidney (SMR, 1.79; 95% CI, 1.02-2.91) in the cate-
gory of highest exposure (= 1200 ppm-months).
Analyses of days with peak exposure (> 100
ppm for 15 minutes of the working day) showed
increased point estimates in the category of
highest exposure (= 1800 days with peaks)
for lymphoid leukaemia (SMR, 1.95; 95% CI,
0.24-7.03), other lymphatic cancers (SMR, 2.13;
95% CI, 0.58-5.45), and cancer of the pancreas
(SMR, 1.45; 95% CI, 0.63-2.85), kidney (SMR,
1.82; 95% CI, 0.59-4.24), and bladder (SMR,
2.35;95% CI, 0.87-5.13). The nested case—control
study within this cohort showed no association
between styrene exposure and cancer of the
respiratory system (Wong, 1990). [The Working
Group noted that the strengths of this study were
the long follow-up, the high number of cases, the
high concentrations of styrene exposure, and
the lack of known carcinogenic occupational
co-exposures within the industry. Quantitative
styrene exposure metrics were applied but infor-
mation on the exposure assessment was sparse;

no styrene intensity information was apparently
available for a substantial part of the exposure
period, namely between 1948 and 1976, and 27%
of the cohort was missing exposure data after
1977]

Bertke et al. (2018) reported cancer mortality
from 1959 to 2016 for 5201 workers employed in
two reinforced plastics boatbuilding facilities in
Washington State between 1959 and 1978. This
was an update of the same population or subsets
thereof previously followed up until 1978 (Okun
et al., 1985), 1998 (Ruder et al., 2004), and 2011
(Ruder et al., 2016). Full-shift average concen-
trations of styrene exposure of 42.5 ppm and
71.7 ppm were reported for exposed workers
between 1978 and 1979. In the most recent
follow-up (Bertke et al., 2018), for those with
more than 1 year of employment, many cancer
sites showed increased standardized mortality
ratios when compared with Washington State
expected values, including cancer of the lung
(SMR, 1.20; 95% CI, 0.95-1.51) but not cancer
of the buccal cavity and pharynx (SMR, 0.49;
95% CI, 0.06-1.78) or breast (SMR, 0.97; 95% CI,
0.32-2.26), lymphatic and haematopoietic malig-
nancies (SMR, 0.85; 95% CI, 0.51-1.35), NHL
(SMR, 0.60; 95% CI, 0.19-1.40), or leukaemia
(SMR, 0.88; 95% CI, 0.35-1.81).

Ininternal Coxregressionanalyses,leukaemia
showed increasing mortality with duration of
employment in an employment category of
high concentration of exposure with a relative
risk (RR) estimate of 1.3 (95% CI, 1.0-1.5) per
year. Results were also provided for cancers of
the lymphoid and haemopoietic tissues (RR, 1.2;
95% CI, 1.0-1.3), NHL (RR, 0.9; 95% CI, 0.2-1.4),
and MM (RR, 1.1; 95% CI, 0.6-1.5). Decreasing
mortality with duration was observed for cancer
of the lung (RR, 0.9; 95% CI, 0.7-1.0), but not for
cancer of the kidney (RR, 1.1; 95% CI, 0.7-1.3).
[The strengths of this study were the high concen-
trations of styrene exposure, the few competing
risk factors, and the long follow-up. Limitations
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were the lack of quantitative styrene exposure
and information on smoking.]

Ruder & Bertke (2017) studied the incidence
of cancer during 1991-2007 among 3704 workers
of the Washington cohort who were living in
Washington State by 1991, with no restric-
tion on duration of employment, using data
from the Washington State cancer registry and
applying statistical methods as for the mortality
analyses (Ruder et al., 2016). Elevated stand-
ardized incidence ratios (SIRs) for lung cancer
were observed for the total population (SIR, 1.11;
95% CI, 0.89-1.37) and for workers potentially
exposed to high concentrations of styrene (SIR,
1.42; 95% CI, 1.00-1.95). For all workers and for
those exposed to styrene at high concentrations,
standardized incidence ratios for cancers of the
lymphoid and haematopoietic tissues were 1.03
(95% CI, 0.77-1.35) and 0.99 (95% CI, 0.59-1.57);
for cancer of the urinary organ, 1.00 (95% CI,
0.75-1.32) and 1.17 (95% CI, 0.70-1.82); and for
cancer of the breast, 0.81 (95% CI, 0.50-1.23)
and 0.88 (95% CI, 0.49-1.45), respectively. [The
Working Group noted that the cancer incidence
data were a strength, and the limited time period
coverage of this outcome information was a limit-
ation. Other quality aspects were as for Bertke et
al. (2018).]

Kogevinas et al. (1994) reported cancer
mortality among 40 688 employees of 660 plants
in Denmark (15 867), Finland (2085), Italy (7256),
Norway (2035), Sweden (3667), and the United
Kingdom (9778). Cancer mortality of the United
Kingdom subset followed up until 2012 was also
reported by Coggon et al. (2015), and cancer
incidence for the Danish subset until 2012 was
also reported by Christensen et al. (2017, 2018)
and Nissen et al. (2018). The follow-up periods
started between 1945 (UK) and 1970 (Denmark)
and ended between 1987 (Sweden) and 1991
(Norway).

From job titles recorded on individual payroll
records, the pooled population was categorized as
laminators (n = 10 629), workers with unspecified
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tasks (n = 19 408), other exposed workers with
bystander exposure (n = 5406), workers not
exposed to styrene (n = 4044), and workers with
unknown job titles (n = 1201) (Kogevinas et al.,
1994). An exposure matrix was constructed from
16 500 personal styrene measurements obtained
between 1955 and 1990, and from 18 500 measure-
ments of styrene metabolites in urine sampled
in the 1980s. Styrene exposure levels recorded
among laminators declined from about 200 ppm
before 1965 to less than 80 ppm in the 1980s.

Among all workers, the overall cancer
mortality (SMR, 0.87; 95% CI, 0.81-0.94) was
lower than that for the European reference
population. Standardized mortality ratios of 1.0
or more were observed for cancer of the larynx
(SMR, 1.11; 95% CI, 0.53-2.05) and myeloid
leukaemia (SMR, 1.10; 95% CI, 0.63-1.79). No
increased mortality was observed for other
cancer sites of primary interest.

In internal analyses, no increasing mortality
with increasing cumulative styrene exposure
was observed for cancer of the lung, all lympho-
haematopoietic malignancies, or leukaemia.
Relative risks of between 1.64 (95% CI, 0.34-7.82)
and 2.99 (95% CI, 0.82-10.91) were seen for HL
and NHL combined, but there was no linear
trend (P value, 0.52). Mortality increased with
increasing latency; for 20 years or more since
first exposure, the relative risk for lympho-
haematopoietic malignancies was 3.97 (95%
CI, 1.30-12.13; P value for trend, 0.012), for
leukaemia was 3.71 (95% CI, 0.70-20.59; P value
for trend, 0.094), and for HL and NHL combined
was 5.16 (95% CI, 0.90-29.47; P value for trend,
0.072). Mortality increased statistically signifi-
cantly with increasing average styrene exposure
for lymphohaematopoietic malignancies (P value
for trend, 0.019) and for HL and NHL combined
(P value for trend, 0.52), but not for leukaemia (P
value for trend, 0.47). For average styrene expo-
sure at 200 ppm or more, the relative risk for all
lymphohaematopoietic malignancies was 3.59
(95% CI, 0.98-13.14), for HL and NHL combined
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was 4.40 (95% CI, 0.42-45.99), and for leukaemia
was 2.16 (95% CI, 0.29-16.24; P value for trend,
0.47). Increasing mortality by cumulative styrene
exposure was suggested for cumulative expo-
sure of 500 ppm-years or more for cancer of the
pancreas (RR, 2.56; 95% CI, 0.90-7.31; P value
for trend, 0.068) and kidney (RR, 6.04; 95% CI,
0.74-49.45; P value for trend, 0.12). No signifi-
cant trend was seen for cancer of the oesophagus
or lung. [The Working Group noted that the large
European study population, characterized by
quantitative measures of styrene exposure, was
a strength of this study. The study was limited by
the short follow-up (average, 13 years) and lack of
smoking information.]

Loomis et al. (2019) reanalysed the European
cohort (Kogevinas et al., 1994) with no addi-
tional follow-up, while also excluding data from
Norway due to new national privacy protection
legislation. Lymphomas and leukaemias were
regrouped to approximate current World Health
Organization classification. Lymphosarcoma
and reticulosarcoma (ICD-8, ICD-9 codes 200),
other malignant neoplasms of lymphoid and
histiocytic tissue (202), CLL (204.1), and MM
(203) were aggregated under the heading of
NHL. Internal adjusted analyses showed a rela-
tive risk of 2.31 (95% CI, 1.29-4.12) per 100 ppm
mean styrene exposure for NHL with a zero lag,
but not with cumulative exposure. For AML and
CML combined, the relative risk was 1.50 (95%
CIL, 0.71-3.17) when a 10-year lag was applied. An
association between mean styrene exposure as
well as cumulative exposure, lagged by 20 years,
and cancer of the oesophagus was reported. [The
Working Group noted that a strength of this
study was the internal analyses by quantitative
measures of styrene exposure. Other quality
aspects were as for Kogevinas et al. (1994).]

Coggon et al. (2015) studied cancer mortality
of 7970 workers employed in eight reinforced
plastics companies in the United Kingdom
between 1946 and 1984, and followed up until
2012. This was an update of an original study of

7949 workers employed in the same companies
during 1947-1984 and followed up until 1984
(Coggon et al., 1987). Follow-up of this popu-
lation until 1990 was included in the study by
Kogevinas et al. (1994).

From personnel records, workers were clas-
sified into four concentrations of styrene expo-
sure: high (laminators, 44%); moderate (regular
bystander exposure, 7%); low (occasional
bystander exposure, 17%); or background expo-
sure (all other jobs, including employment for
which job title was missing, 32%) (Coggon et al.,
1987, 2015). Based on measurements conducted
at five of the companies during 1975-1984, the
authors estimated that hand laminators were
exposed to styrene at 8-hour time-weighted
average concentrations of 40-100 ppm, but this
information was not used to classify workers in
the statistical analyses.

Among all workers, increased standardized
mortality ratios of note were reported for cancer
of the lung (SMR, 1.20; 95% CI, 1.08-1.34),
pharynx (SMR, 1.34; 95% ClI, 0.61-2.54), larynx
(SMR, 1.70; 95% CI, 0.91-2.91), bladder (SMR,
1.16; 95% CI, 0.82-1.59), and kidney (SMR, 1.33;
95% CI, 0.88-1.92). Subgroup analyses for cancer
of the lung yielded a standardized mortality ratio
of 1.44 (95% CI, 1.10-1.86) for a category defined
by 1 year or more of employment with exposure
to a high concentration of styrene.

Internal analyses of a case-control study
nested within the study population defining
cases by underlying and contributing causes of
death and cancer registrations showed doubled
odds ratios (OR) for MM, including one of 2.66
(95% CI, 0.62-11.35) for a category defined by
1 year or more of employment with exposure to
a high concentration of styrene. No increased
occurrence was indicated for HL, NHL including
CLL, or leukaemia in the total population or the
internal analyses. [The Working Group noted
that exposure to a high concentration of styrene,
limited exposure to other suspected carcinogens,
and the long follow-up were the strengths of this
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study. However, the study was limited by a lack of
styrene exposure information since 1984, quan-
titative styrene exposure, or smoking informa-
tion, and by the high loss to follow-up (11.5%).]
Christensen et al. (2017) studied cancer inci-
dence in 72 292 workers employed during 1964
2007 in 443 small- and medium-sized companies
producing reinforced plastics, followed up until
1968-2012. Kolstad et al. (1993) previously
studied the incidence of cancer during 1970-1990
for about 64 000 workers of 552 companies with
an assumed relevant production and 36 500 male
workers of 386 companies with confirmed rele-
vant production (Kolstad et al., 1994, 1995). The
workers ever employed in these companies during
1964-2007 were identified in a national pension
fund register. Based on a survey conducted
in 2013 of current and former employees, the
proportion of workers exposed to styrene in
each company was computed and workers were
classified into four categories of probability of
styrene exposure. Sixteen per cent of all person-
years at risk was observed in workers employed
in companies with a probability of exposure to
styrene of 75-100%. A smoking survey showed
a slightly lower ever-smoking prevalence with
longer duration of employment. The concentra-
tions of exposure to styrene, measured mainly
during lamination work, were 180 ppm during
1964-1970, 88 ppm during 1971-1975, and
43 ppm during 1976-1988, corresponding to an
annual decline of 7% (Kolstad et al., 1994).
Among all workers in the study by
Christensen et al. (2017), estimates of standard-
ized incidence ratios of greater than 1.1 were
observed for cancer of the pharynx (SIR, 1.21;
95% CI, 1.03-1.40), oesophagus (SIR, 1.05; 95%
CI, 0.89-1.22), nasal cavities (SIR, 1.62; 95% CI,
1.16-2.21), lung (SIR, 1.28; 95% CI, 1.22-1.34),
and kidney (SIR, 1.12; 95% CI, 0.98-1.27), and for
HL (SIR, 1.21; 95% CI, 0.93-1.54). A decreased
risk was observed for cancer of the prostate
(SIR, 0.88; 95% CI, 0.83-0.94). The standardized
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incidence ratios for the other cancer types of
priority were not increased.

Subgroup analyses showed lower standard-
ized incidence ratios for cancer of the lung with
a longer duration of employment. Standardized
incidence ratios for HL and cancer of the sinon-
asal cavities were higher with one or more of the
following factors: longer duration of employ-
ment, earlier year of first employment, and higher
probability of exposure to styrene. The risks of
myeloid leukaemia and cancer of the kidney
were higher with longer duration of employment
and higher probability of exposure to styrene.
A standardized incidence ratio of 1.69 (95% CI,
1.09-2.49) for all leukaemia was observed for
those first employed during early years; workers
were followed up until 1989 (Kolstad et al., 1994).
[The Working Group noted that the strengths
of this study were the large study population of
workers of small- and medium-sized companies,
with expected homogeneous and high-con-
centration exposure to styrene, and a long and
almost complete follow-up. The limitations were
the lack of quantitative estimates of exposure to
styrene or any information on the prevalence of
smoking.]

In a case—control study nested within the
cohort, Kolstad et al. (1996) studied the associ-
ation between exposure to styrene and myeloid
leukaemia with clonal chromosome aberrations.
The study was based on 12 cases with an iden-
tifiable chromosomal analysis (out of 34 cases
of myeloid leukaemia in the total study popula-
tion) and 57 incidence density sampled controls.
The classification of exposure was based upon
information in Kolstad et al. (1994, 1995). An
increased risk (OR, 2.5; 95% CI, 0.2-25.0) was
observed for any employment with exposure to
styrene; however, the association was stronger for
workers employed for less than 1 year (OR, 5.9;
95% CI, 0.5-74.3) than for workers employed for
1 year or longer (OR, 1.1; 95% CI, 0.1-15.3). [The
Working Group noted the very small numbers
of cases and controls but, considered with the
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positive findings for AML in other analyses, this
study was found to be relevant for the current
evaluation.]

Christensen et al. (2018) analysed the expo-
sure-response relation between cumulative
styrene exposure scores and the incidence of 21
different lymphohaematopoietic malignancies
and their combinations in an internal analysis
of the Danish reinforced plastics industry during
1968-2011. The study population was princi-
pally the same as for Christensen et al. (2017),
but included an additional 744 workers from 13
companies. Cumulative styrene exposure scores
were modelled from 1122 historical measure-
ments of personal styrene exposure intensity, job
title, survey data of 11 264 current and former
workers, and duration of employment during
styrene production. Data were analysed using a
discrete time hazard model and spline regression.

The authors observed 50 cases of AML and
an increasing risk with increasing cumulative
exposure to styrene experienced during the prior
15-29 years (P value for trend, 0.01); the adjusted
incidence rate ratio was 2.35 (95% CI, 1.21-4.57)
for the highest compared with the lowest
exposure tertile. Increased incidence was also
suggested after styrene exposure experienced at
least 30 years earlier, whereas no increased inci-
dence was observed after exposure within the
previous 15 years. Increasing incidence with
increasing cumulative styrene exposure accrued
during the full work history were seen for T-cell
lymphoma (P value for trend, 0.04); the adjusted
incidence rate ratio was 3.21 (95% CI, 0.87-11.77)
for the highest compared with the lowest expo-
sure tertile. Increasing incidence with increasing
cumulative styrene exposure was also indicated
for HL (P value for trend, 0.15); the adjusted inci-
dence rate ratio was 1.60 (95% CI, 0.81-2.16) for
the highest compared with the lowest exposure
tertile. However, the incidence patterns for T-cell
lymphoma and HL were inconsistent across the
previous 1-14 years, 15-29 years, and 30 years
or more exposure windows. No increasing

incidences with cumulative exposure were seen
for other lymphohaematopoietic malignancies.
[The strengths of this study were the large study
population of workers from small- and medi-
um-sized companies exposed to high concentra-
tions of styrene, the semiquantitative measures of
styrene exposure, the long and almost complete
follow-up, the high number of incident cases of
21 different lymphohaematopoietic malignan-
cies, and the analyses of exposure time windows.]

Nissen et al. (2018) analysed the association
between exposure to styrene and adenocarci-
noma, squamous cell carcinoma, and a cate-
gory of other histological subtypes of sinonasal
cancers in a case—control study nested within the
Danish reinforced plastics industry cohort. The
study population and assessment of exposure
corresponded to that of Christensen et al. (2018).
The authors observed 9 cases of sinonasal adeno-
carcinoma, corresponding to a 5-fold increase in
odds ratio, adjusted for age, sex, and whether
employed in the wood industry, for high versus
low cumulative styrene exposure (OR, 5.11;
95% CI, 0.58-45.12). The increased incidence
was confined to exposure during the previous
15 years. No association was seen for the other
histological subtypes. [The main strength of this
analysis was the specific histological informa-
tion; however, the study was limited by the small
number of cases due to the rarity of the disease
and possible residual confounding from expo-
sure to wood dust.]

(b)  Synthetic rubber industry

See Table 2.2.

All of the information on workers in the
synthetic rubber industry is from cohort studies
of the mortality of North American workers in
the styrene-butadiene rubber (SBR) industry.
According to Matanoski et al. (1990), there were
initially 15 plants built in the USA and 1 in
Canada in the early 1940s; an additional plant
was built in the USA in the 1950s. As of 1977,
there were only 10 of these 17 plants still in
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Table 2.2 Occupational cohort studies on exposure to styrene in the synthetic rubber industry

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up period
Sathiakumar et 17 924 men who worked ~ Leukaemia Employment type Age, race, Strengths: large cohort with
al. (2005) for at least 1 yr before 1 Hourly 63 1.23 (0.94-1.57) calendar long follow-up
North America ]z.muary 1992.in one of NHL Employment type period Limitations: 21% of the
1944-1998 eight synthetic rubber e 49 1.1 (0.82-1.47) cohort were actively .
plants. employed in 1991, and their
Exposure assessment MM Employment type exposure estimates would
method: records; job/ Hourly 20 0.86 (0.53-1.33) therefore be incomplete after
employment histories HL Employment type the date; styrene exposure
Hourly 7 0.77 (0.31-1.58) strongly correlated with
e —— Job title 1,3-butadiene eXPosure; no
(ALL) Coagulation 10 2.31 (1.11-4.25) ol o ol
> Results by job title are also
Job title reported for HL, MM, and
Polymerization 18 2.04 (1.21-3.22) NHL
Job title
Laboratory jobs 14 3.26 (1.78-5.46)
Job title
Maintenance 15 2.03 (1.14-3.35)
labour
All cancers Full cohort 1608 0.92 (0.88-0.97)
combined
Lymphatic and  Full cohort 162 1.06 (0.90-1.23)
haematopoietic
Leukaemia Full cohort 71 1.16 (0.91-1.47)
Pharynx Full cohort 22 0.47 (0.29-0.71)
Oesophagus Full cohort 44 0.94 (0.68-1.26)
Pancreas Full cohort 76 0.87 (0.68-1.08)
Stomach Full cohort 64 0.85 (0.65-1.08)
Larynx Full cohort 17 0.71 (0.41-1.13)
Lung Full cohort 563 0.91 (0.84-0.99)
Prostate Full cohort 154 1.04 (0.88-1.21)
Kidney Full cohort 39 0.96 (0.68-1.31)
Urinary Full cohort 37 0.90 (0.64-1.25)

bladder
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Table 2.2 (continued)

Ll

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up period
Graffetal. (2005) 16 579 men who had NHL (CLL) Cumulative exposure (ppm-yr) Age, years Strengths: large cohort with
North America worked at any of the six 0to<8.3 7 1 since hire long follow-up; internal
1943-1998 study plants for at least 8.3 to < 611 1 1.7 (0.7-4.4) comparisons by exposure
1 yr by the end of 1991 > 611 - 2.6 (0.9-7.3) level; results attempted to
and who were actively T R control for confounding by
working as of a calendar Cumulative exposure (ppm-yr) A.ge, years 1,3-butadiene and DMDTC
year that varied by plant 0to<8.3 7 1 since hire, Limitations: styrene
from 1943 to 1950 8.3to < 61.1 11 1.2 (0.4-3.7) 1,3-butadiene, exposure strongly correlated
Exposure assessment >61.1 7 0.9 (0.2-3.7) DMDTC with 1,3-butadiene exposure
method: expert Leukaemia Cumulative exposure (ppm-yr) Age, years (Spearman rank correlation
judgement; quantitative (CML) 0to<8.3 4 1 since hire 0f0.79)
estimates of exposure to
styrene, 1,3-butadiene, 8.3to<6l1.1 8 2.1(0.6-7.1)
and DMDTC were >61.1 4 2.7 (0.7-10.9)
developed by identifying, Cumulative exposure (ppm-yr) Age, years
for each work area/job 0to<8.3 4 1 since hire,
group at each plant, its 8.3 to <611 3 1.0 (0.2-4.1) 1,3-butadiene,
component tasks and >611 4 0.6 (0.1-3.5) DMDTC
historical changes in . P R
tasks; mathematical Leukaemia Cumulative exposure (ppm-yr) Age, years
models were used to (AML) 0to<8.3 9 1 since hire
calculate job- and time- 8.3to<6l1.1 14 1.9 (0.8-4.4)
period-specific exposure >61.1 3 1.0 (0.3-3.9)
estimates to create a Cumulative exposure (ppm-yr Age, years
JEM tha,t was linked to 0to <83 P 9 (ppm-y )1 sil%ceyhire,
subjects” work history 8.3to<61.1 14 2.1 (0.8-5.8) 1,3-butadiene,
>61.1 3 1.1 (0.2-5.6) DMDTC
NHL Cumulative exposure (ppm-yr) Age, years
0 6 1 since hire
>0to<8.3 16 1.4 (0.5-3.6)
8.3to <318 11 1.1 (0.4-2.9)
31.8to<6l1.1 9 1.5 (0.5-4.2)
>61.1 16 2.3(0.9-5.9)
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Table 2.2 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up period
Graff et al. (2005) NHL Cumulative exposure (ppm-yr) Age, years
(cont.) 0 6 1 since hire,
>0to<8.3 16 1.4 (0.4-4.9) DMDTC
8.3to < 31.8 11 1.3 (0.3-5.2)
31.8to < 61.1 9 1.7 (0.4-7.0)
>61.1 16 2.3(0.6-9.2)
MM Cumulative exposure (ppm-yr) Age, years
0 4 1 since hire
>0to<8.3 10 1.4 (0.4-4.4)
8.3to <318 3 0.5 (0.1-2.1)
31.8to<6l1.1 2 0.6 (0.1-3.3)
>61.1 8 2.0 (0.6-6.6)
MM Cumulative exposure (ppm-yr) Age, years
0 4 1 since hire,
>0t0<8.3 10 0.8 (0.1-4.6) 1,3-butadiene,
8.3to < 31.8 3 0.2 (0.0-1.7) DMDTC
31.8 to < 61.1 2 0.3 (0.0-2.5)
>61.1 8 0.8 (0.1-5.7)
Leukaemia Cumulative exposure (ppm-yr) Age, years
0 7 1 since hire
>0to<8.3 18 1.3 (0.6-3.2)
8.3to<31.8 19 1.6 (0.7-3.9)
31.8to < 61.1 18 3.0 (1.2-7.1)
>61.1 19 2.7 (1.1-6.4)
Cumulative exposure (ppm-yr) Age, years
0 7 1 since hire,
>0t0<8.3 18 1.2 (0.4-3.7) 1,3-butadiene
8.3to < 31.8 19 1.4 (0.4-4.5)
31.8to<6l1.1 18 1.9 (0.6-6.5)
>61.1 19 1.3 (0.4-4.3)
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Table 2.2 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up period
Graff et al. (2005) Cumulative exposure (ppm-yr) Age, years
(cont.) 0 7 1 since hire,
>0t0<8.3 18 0.6 (0.2-2.2) 1,3-butadiene,
8.3to < 31.8 19 0.7 (0.2-2.5) DMDTC
31.8to<6l1.1 18 0.8 (0.2-3.1)
>61.1 19 0.5 (0.1-2.0)
Sathiakumar & 4863 women who were All cancers All workers: 374 0.92 (0.83-1.02) Race, age, Limitations: few exposed
Delzell (2009) employed for at least combined synthetic calendar women (31%) with lower
USA and Canada 1 d before the close of rubber period levels of exposure compared
1943-2002 cohort ascertainment Ever hourly: 139 1.01 (0.85-1.19) As above with men (exposed men had
for the study of male synthetic 7.6x higher median styrene
synthetic rubber workers rubber exposure); styrene exposure
at the same plants (31 MM AN srerdteme 7 0.89 (0.36-1.83) T . strongly correlated with
December 1991), who had synthetic 1,3-butadine exposure; no
beep at work during the ilslber smoking information
E when s plg nt Ever hourly: 3 0.91 (0.19-2.67) As above
systematically retained .
synthetic
the personnel records of bb
former workers and who Fubber
had personnel records NHL All workers: 15 1.05 (0.59-1.73) As above
providing identifying and synthetic
work history information rubber
Exposure assessment Ever hourly: 7 1.54 (0.62-3.17) As above
method: as for Graff et al. synthetic
(2005) rubber
Leukaemia All workers: 10 0.78 (0.38-1.44) As above
synthetic
rubber
Ever hourly: 2 0.46 (0.06-1.64) As above
synthetic
rubber

€cl
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Table 2.2 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up period
Sathiakumar & HL All workers: 1 0.63 (0.02-3.49) As above
Delzell (2009 synthetic
(cont.) rubber
Ever hourly: 0 0(0-0) Not applicable
synthetic
rubber
Lymphatic and  All workers: 34 0.95 (0.66-1.33) Race, age,
haematopoietic synthetic calendar
(all combined) rubber period
Ever hourly: 12 0.99 (0.51-1.74) As above
synthetic
rubber
Oesophagus All workers: 3 0.70 (0.14-2.04) As above
synthetic
rubber
Ever hourly: 0 0 (0-0) Not applicable
synthetic
rubber
Pancreas All workers: 14 0.69 (0.38-1.15) Race, age,
synthetic calendar
rubber period
Ever hourly: 6 0.80 (0.29-1.73) As above
synthetic
rubber
Larynx All workers: 0 0 (0-0) Not applicable
synthetic
rubber
Ever hourly: 0 0(0-0) Not applicable
synthetic
rubber
Lung All workers: 106 1.14 (0.93-1.38) Race, age,
synthetic calendar
rubber period
Ever hourly: 47 1.59 (1.17-2.11) As above
synthetic

rubber
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Table 2.2 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments
location, description, exposure category or cases/ (95% CI) controlled
enrolment/ assessment method level deaths
follow-up period
Sathiakumar & Breast All workers: 72 0.97 (0.76-1.22) As above
Delzell (2009 synthetic
(cont.) rubber
Ever hourly: 18 0.76 (0.45-1.21) As above
synthetic
rubber
Kidney All workers: 2 0.29 (0.04-1.05) As above
synthetic
rubber
Ever hourly: 0 0 (0-0) Not applicable
synthetic
rubber
Urinary All workers: 8 1.74 (0.75-3.43) Race, age,
bladder synthetic calendar
rubber period
Ever hourly: 6 3.32 (1.22-7.23) As above
synthetic
rubber
Sathiakumar et 4101 (women) and 15958  Lung Men ever NR 1.0 (0.76-1.24) Age, year of Strengths: large cohort and
al. (2009 (men); exclusions from exposed birth, race, long follow-up; internal
Canadaand USA  the original cohorts were styrene: years since comparisons by exposure
1943-2002 (i) 352 women and 1345 synthetic hire, plant, metrics
(women); 1944-  men who worked at two rubber and pay status  Limitations: 21% of the
1998 (men) of the eight plants that Lung Women ever NR 1.64 (1.02-2.65) cohort were actively
originally were studied; exposed employed in 1991 and their
and (ii) 410 women and styrene: exposure estimates would
621 men who dropped synthetic therefore be incomplete
out of follow-up at rubber after this date; no smoking

ages younger than the
youngest lung cancer
decedent

Exposure assessment

method: as for Graff et al.

2005)

information; styrene
exposure strongly correlated
with 1,3-butadiene exposure
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Table 2.2 (continued)

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments

location, description, exposure category or cases/ (95% CI) controlled

enrolment/ assessment method level deaths

follow-up period

Sathiakumar et 16 579 male workers Leukaemia 0 yr lagged: cumulative exposure to styrene (RR  Age, race, year Strengths: large cohort with

al. (2015 employed before 1 at 25 ppm-yr) of birth, plant  long follow-up

North America January 1992 for at Log-log at 25 114 [2.99 (1.46-6.12)] Limitations: 21% of the

1944-2009 least 1 yr at any of the ppm-yr cohort were actively
six synthetic rubber Trend test P value, < 0.01 employed in 1991, and their
plan.ts. located in Texas, NHL 0 yr lagged: cumulative exposure to styrene (RR exposure estimaes would
Louisiana, Kentucky, and 25 vr) therefore be incomplete after
Canada, and for whom at 2> ppm-yr the date; styrene exposure
detailed work histories Log-logat25yr 89 [1.51 (0.93-2.45)] strongly correlated with
and historical exposure Trend test P value, 0.10 1,3-butadiene exposure; no
information were MM 0 yr lagged: cumulative exposure to styrene (RR control for smoking

available
Exposure assessment

method: as for Graff et al.

2005)

at 25 ppm-yr)
at 25 ppm-yr 48
Trend test P value, 0.14

[0.84 (0.66-1.06)]

ALL, acute lymphoblastic/lymphocytic leukaemia; AML, acute myeloid leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; d,
day(s); DMDTC, dimethyldithiocarbamate; HL, Hodgkin lymphoma; JEM, job-exposure matrix; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; NR, not reported; ppm, parts

per million; RR, relative risk; yr, year(s).
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Styrene and styrene-7,8-oxide

operation. Researchers from the Johns Hopkins
School of Hygiene and Public Health established
a cohort from eight of these plants (Matanoski
& Schwartz, 1987; Matanoski et al., 1990, 1993,
1997; Santos-Burgoa et al., 1992), and researchers
from the National Institute for Occupational
Safety and Health (NIOSH) established a cohort
from the remaining two plants (Meinhardt et al.,
1982). In the mid-1990s, researchers from the
University of Alabama combined and analysed
workers from seven of the eight plants from the
Johns Hopkins cohort studies and the two plants
from the NIOSH cohort studies (Delzell et al.
1996, 2001; Macaluso et al., 1996; Sathiakumar

correlation coefficient for these two exposures
was 0.79 (Graff et al., 2005).

The most recent overall standardized
mortality ratio analysis for men (Sathiakumar
et al., 2005) contains mortality data until 1998.
Although the cohort has been updated until 2009
(Sathiakumaretal.,2015), thislater study does not
report overall external comparisons (i.e. SMRs)
for the full cohort. In the 1998 follow-up of the
cohort of 17 924 men, vital status was established
for 97% of the cohort and all cancer mortality
was lower than expected with 1608 cancer deaths
(SMR, 0.92; 95% CI, 0.88-0.97) (Sathiakumar et
al., 2005). However, mortality from cancer of the

et al., 1998). The cohort size analysed in these
initial studies varied between 13 000 and 17 000,
depending on the various inclusion criteria, but
all studies were restricted to males employed
for at least 1 year in the North American SBR
industry between 1943 and 1991, with mortality
updated until 1991. More recent studies of this
pooled cohort have updated mortality until as
late as 2009 (e.g. Sathiakumar et al., 2015), and
have begun considering the approximately 5000
women employed for at least 1 day between 1943
and 1991. These more recent studies will be the
focus of the remainder of this section.

Macaluso et al. (2004) assigned quantita-
tive estimates of exposure to styrene, as well as
the confounder 1,3-butadiene and the stopping
agent dimethyldithiocarbamate (DMDTC), by
identifying the component tasks, and historical
changes in tasks, for each work area and/or job
group ateach plant. Thisexposure assessment was
restricted to only six of the eight plants since two
plants did not contain sufficiently specific work
histories; as a result, exposure-response analyses
were limited to 16 579 of the original 17 964 men.
The results of this exposure assessment estim-
ated that approximately 84% of the male cohort
were exposed to styrene with a median exposure
of 13 ppm-years and that approximately 77% of
the male cohort were exposed to 1,3-butadiene
with a median exposure of 54 ppm-years. The

lymphoid and haematopoietic tissues was slightly
elevated with 162 deaths (SMR, 1.06; 95% CI,
0.90-1.23), which included 71 leukaemia deaths
(SMR, 1.16; 95% CI, 0.91-1.47). Mortality from
all leukaemias was significantly elevated among
workers who were employed in polymerization
(18 deaths; SMR, 2.04; 95% CI, 1.21-3.22), coag-
ulation (10 deaths; SMR, 2.31; 95% CI, 1.11-4.25),
maintenance labour (15 deaths; SMR, 2.03; 95%
CI, 1.14-3.35), and laboratory jobs (14 deaths;
SMR, 3.26; 95% CI, 1.78-5.46), which are jobs the
authors note have a high potential for exposure to
styrene as well as to 1,3-butadiene. In addition to
leukaemia, a slight excess of HL (12 deaths; SMR,
1.11; 95% CI, 0.58-1.95) was observed, whereas
mortality from NHL, MM, and cancers of the
larynx, oesophagus, stomach, kidney, prostate,
pancreas, and bladder was not elevated, with
standardized mortality ratios ranging from 0.8
to 1.1. There were significantly fewer deaths from
cancer of the lung than expected (563 deaths;
SMR, 0.91; 95% CI, 0.84-0.99).

Sathiakumar et al. (2015) updated the
mortality of this cohort until 2009 and performed
a Cox regression with age as the time scale, and
further controlled for race, year of birth, and plant
to assess the exposure-response relation between
styrene exposure as well as 1,3-butadiene expo-
sure, both as continuous variables, and mortality
from leukaemia, NHL, and MM. This study was
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restricted to the 16 579 men with calculated indi-
vidual exposure metrics, and found a significant
association between unlagged styrene exposure
and risk of mortality from leukaemia (114 cases).
[The Working Group used the [ coefficients and
standard errors reported in the manuscript to
calculate arelative risk 0f2.99 (95% CI, 1.46-6.12)
from exposure to 25 ppm-years compared with 0
ppm-years from the best-fitting model.] A posi-
tive relationship was observed between exposure
to styrene and risk of mortality from NHL (89
cases). [The Working Group calculated a relative
risk of 1.51 (95% CI, 0.93-2.45) from exposure
to 25 ppm-years compared with 0 ppm-years
from the best-fitting model.] There did not
appear to be a relationship between exposure
to styrene and risk of mortality from MM (48
cases). [The Working Group calculated a relative
risk of 0.84 (95% CI, 0.66-1.06) from exposure
to 25 ppm-years compared with 0 ppm-years
from the best-fitting model.] [The Working
Group noted that no model considered exposure
to both styrene and 1,3-butadiene; the study
therefore provides no insight into the effect of
exposure to styrene independently of exposure
to 1,3-butadiene.]

In an earlier publication on this cohort, Graff
et al. (2005) modelled exposure to styrene while
also controlling for exposure to 1,3-butadiene
as well as to DMDTC. This study additionally
considered mortality from various subtypes
of leukaemia. This earlier report followed up
workers until 1998 and performed a Poisson
regression, controlling for age and number of
years since hire date. This study showed a posi-
tive relationship between unlagged styrene expo-
sure and mortality from leukaemia (81 cases);
however, this trend decreased when 1,3-buta-
diene was also added to the model. The increased
relative risks for leukaemia without controlling
for 1,3-butadiene were 1.0 (referent), 1.3 (95%
CI, 0.6-3.2), 1.6 (95% CI, 0.7-3.9), 3.0 (95% CI,
1.2-7.1), and 2.7 (95% CI, 1.1-6.4) at cumulative
styrene exposure levels of 0, more than 0 to less
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than 8.3,8.3 toless than 31.8,31.8 toless than 61.1,
and 61.1 ppm-years or more, respectively. These
relative risks decreased to 1.0 (referent), 1.2 (95%
Cl, 0.4-3.7), 1.4 (95% CI, 0.4-4.5), 1.9 (95% CI,
0.6-6.5), and 1.3 (95% CI, 0.4-4.3) when cumu-
lative 1,3-butadiene exposure was included in the
model. The association between exposure and
response effectively disappeared when exposure
to DMDTC was also included in the model. The
subtypes of leukaemia considered in this study
were CLL, AML, and CML. For cumulative
styrene exposures of less than 8.3 ppm-years, 8.3
tolessthan 61.1 ppm-years,and 61.1 ppm-years or
more, the relative risks for these analyses, without
controlling for 1,3-butadiene or DMDTC, were:
1.0 (reference), 1.7 (95% CI, 0.7-4.4), and 2.6
(95% CI, 0.9-7.3) for CLL; 1.0 (referent), 1.9 (95%
CI, 0.8-4.4), and 1.0 (95% CI, 0.3-3.9) for AML;
and 1.0 (referent), 2.1 (95% CI, 0.6-7.1), and 2.7
(95% CI, 0.7-10.9) for CML, respectively. Again,
with the exception of AML, the relative risks
decreased dramatically when models controlled
for 1,3-butadiene and DMDTC; the results for
AML were largely unchanged after this adjust-
ment, yielding relative risks of 1.0 (referent), 2.1
(95% CI, 0.8-5.8), and 1.1 (95% CI, 0.2-5.6). [For
theleukaemia subtype analyses, the only adjusted
models presented controlled for DMDTC. The
Working Group put more emphasis on the
results adjusted for 1,3-butadiene rather than
those adjusted for DMDTC. The models that
controlled for DMDTC, hypothesized to affect
metabolism, may have been overadjusted due
to a lack of evidence of the carcinogenicity of
DMDTC\]

Sathiakumar & Delzell (2009) were the first
to investigate women from this cohort, and
considered 4863 women who had worked at a
synthetic rubber plant for at least 1 day between
1943 and 1991. Mortality was updated for these
women until 2002. Women in this cohort tended
to be exposed to styrene at lower concentrations
than men, with a median cumulative exposure of
1.9 ppm-years (Sathiakumar et al., 2009). Deaths
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from any cancer were lower than expected,
with 374 deaths (SMR, 0.92; 95% CI, 0.83-1.02).
There was no elevation in overall cancer of the
lymphoid and haematopoietic tissues, or for
NHL, HL, leukaemia, or MM. The authors noted
that those workers ever employed with an hourly
payroll designation were most likely to have been
exposed to higher concentrations of styrene;
among this subcohort, there was a non-signif-
icant elevation of NHL with 7 deaths (SMR,
1.54; 95% CI, 0.62-3.17), a significant elevation
of cancer of the lung with 47 deaths (SMR, 1.59;
95% CI, 1.17-2.11), and a significant elevation of
cancer of the bladder with 6 deaths (SMR, 3.32;
95% CI, 1.22-7.23).

Sathiakumar et al. (2009) further investi-
gated the elevation of risk of cancer of the lung
found among women by fitting an exposure—
response Cox regression model. The study also
extended the analysis of mortality from cancer of
the lung to men. Men did not show evidence of
an association between exposure to styrene and
mortality from cancer of the lung; comparing
person-time ever exposed to styrene versus never
exposed to styrene provided a relative risk of 1.0
(95% CI, 0.76-1.24). In contrast, women did show
an increased risk of cancer of the lung associ-
ated with styrene exposure; a comparison of
person-time ever exposed to styrene versus never
exposed to styrene yielded a relative risk of 1.64
(95% CI, 1.02-2.65). [A limitation of this analysis
was the lack of information on smoking as a
possible confounder. In addition, the Working
Group noted that the different inclusion criteria
could have explained the discrepancy in results
between men and women. Overall, the strengths
of the analyses of this cohort were its size and
long follow-up time. A major limitation was the
high correlation of exposure to styrene with
other confounding exposures, namely 1,3-buta-
diene, which is classified as Group 1 (carcino-
genic to humans) as a risk factor for cancers of
the haematolymphatic organs. Further, 21% of
the cohort were employed at the time of records

collection in 1991, with incomplete information
on exposure after this date.]

(c)  Styrene monomer and polymers industry

See Table 2.3.

Four cohort studies of workers in the styrene
monomer and polymers industry were identi-
fied. This industry is known to incur exposures
to lower concentrations of styrene and has a
more stable workforce than for the reinforced
plastics industry, which has a high proportion
of short-term workers. Three of these studies
only resulted in a single publication each with
no follow-up papers; the fourth study resulted
in an initial paper (Ott et al., 1980) and a later
follow-up (Bond et al., 1992). The most recent
paper was published 25 years ago, and no new
papers have been published since styrene was
first considered by an IARC Working Group.
All of the papers, except for the Nicholson et al.
(1978) paper, were included in the previous JARC
Monograph published in 2002.

The most informative cohort study was the
largest, which comprised 2904 male workers who
were employed for at least 1 year at one of four
plants in the USA where styrene-based prod-
ucts were being developed and produced. The
cohort members were identified from census
lists of employees starting work from 1937, and
mortality was followed up from 1940 to 1 January
1976 (Ott et al., 1980). Bond et al. (1992) extended
the follow-up of this cohort by 11 years to the end
of 1986, by which time the average follow-up was
31 years. The level of exposure to styrene varied
by process; an industrial hygienist assigned all
manufacturing jobs an exposure intensity with
respect to five chemical exposures (e.g. styrene,
1-4 ppmor > 5 pm). Other chemicals that workers
were exposed to at the plants included benzene,
acrylonitrile, 1,3-butadiene, ethylbenzene, dyes,
and pigments.

Bond etal. (1992) found that overall mortality
from cancer for the whole cohort was signifi-
cantly reduced (162 observed deaths; SMR, 0.81;

129



Table 2.3 Occupational cohort studies on exposure to styrene in the styrene monomer and polymers industries

Reference, Population size, Organ site Exposure category  Exposed Risk estimate Covariates Comments
location, description, or level cases/ (95% CI) controlled
enrolment/ exposure deaths
follow-up assessment
period method
Bond et al. 2904 male Leukaemia All workers: styrene 9 1.18 (0.54-2.24)  Age, calendar  Strengths: long follow-
(1992 workers who were production year up
USA potentially exposed  Lymphatic and All workers: styrene 28 1.44 (0.95-2.08) Limitations: small
1937-1986 to styrene and haematopoietic (all) production number of deaths;
related materials multiple exposures
for 1 yr or more HL All workers: styrene 5 2.22(0.71-5.18)
during 1937-1971 production
Exposure MM All workers: styrene 7 1.84 (0.74-3.80)
assessment production
s dod el NHL All workers: styrene 7 1.17 (0.47-2.40)
production
Lymphoma (type not All workers: styrene 5 1.28
specified) monomer and
finishing
Polymerization, 16 1.72
colouring, and
extrusion
Oesophagus All workers: styrene 3 0.63 (0.13-1.85)
production
Stomach All workers: styrene 11 1.27 (0.64-2.28)
production
Pancreas All workers: styrene 5 0.49 (0.16-1.13)
production
Larynx All workers: styrene 1 NR
production
Lung All workers: styrene 56 0.81 (0.61-1.05)
production
Prostate All workers: styrene 10 0.85 (0.41-1.57)
production
Kidney All workers: styrene 5 0.98 (0.32-2.30)

production
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Table 2.3 (continued)

Reference,
location,
enrolment/
follow-up
period

Population size,
description,
exposure
assessment
method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Bond et al.
1992

(cont.)

Urinary bladder

Lymphatic and

haematopoietic (all)

HL

NHL

MM

Leukaemia

All workers: styrene
production
Relative to
unexposed workers
from non-styrene
plant: styrene
production
Relative to
unexposed workers
from non-styrene
plant: styrene
production
Relative to
unexposed workers
from non-styrene
plant: styrene
production
Relative to
unexposed workers
from non-styrene
plant: styrene
production
Relative to
unexposed workers
from non-styrene
plant: styrene
production

28

NR

1.39 (0.92-2.08)

2.43 (0.94-6.28)

1.09 (0.48-2.49)

2.45 (1.07-5.65)

1.18 (0.58-2.39)

Age, interval
since entry,
pay status
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Table 2.3 (continued)

Reference, Population size, Organ site Exposure category  Exposed Risk estimate Covariates Comments
location, description, or level cases/ (95% CI) controlled
enrolment/ exposure deaths
follow-up assessment
period method
Hodgson & 622 men; 131 All cancers combined All workers: styrene 10 0.9 Age, calendar  No relationship between
ones (1985) exposed to production year, duration  length of employment
England styrene among of exposure in jobs with exposure
1945-1974 others chemicals Lymphoma (type not All workers: styrene 3 [5.40 (1.10-16.0)]  Age, time to styrene and risk of
in laboratories specified) production since first cancer
and 491 with Lymphohaematopoietic ~ All workers: styrene 4 [2.50(0.67-6.40)] exposure, Limitations: small
mixed chemical production duration of cohort; mixed
exposuresanda -y All workers: styrene 3 [6.0 (1.20-1.80)] ~ exposure exposures; no
specific potential ducti information on
exposure to styrene production smoking status
in the production, Lung All worlfers: styrene 5 [1.20 (0.39-2.80)]
polymerization, production
and manufacture
of products
Exposure
assessment
method: records
Nicholson et 560 male workers Leukaemia All workers: styrene 1 [1.26 (0.03-7.05)] Age, years Limitations: small
al. (1978) employed for > 5 yr production since hire cohort with short
USA were considered Lung All workers: styrene 6 [0.86 (0.32-1.87)] follow-up; complex mix
1960-1975 for inclusion in a of exposures; potential

cohort in which
each individual
would be followed
prospectively from
1 May 1960 or
upon attaining his
10th anniversary of
employment
Exposure
assessment
method: records

production

for confounding from
co-exposures
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Table 2.3 (continued)

Reference, Population size, Organ site Exposure category  Exposed Risk estimate Covariates Comments
location, description, or level cases/ (95% CI) controlled
enrolment/ exposure deaths
follow-up assessment
period method
Frentzel- 1960 workers All cancers combined ~ All workers: styrene 12 - Age, duration  Strengths: long follow-
Beyme et al. in styrene and production of exposure up

1978 polystyrene Pancreas All workers: styrene 2 _ Limitations: follow-up
Germany manufacture production incomplete for non-
1931-1976 facility; employed Lung All workers: styrene 3 _ German workers; low

for > 1 mo during
1931-1976
Exposure
assessment
method: records

production

statistical power; no
individual exposure
data; potential for
confounding by co-
exposures to known
carcinogens

CI, confidence interval; HL, Hodgkin lymphoma; MM, multiple myeloma; mo, month(s); NHL, non-Hodgkin lymphoma; NR, not reported; yr, year(s).
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95% CI, 0.69-0.95). An increased, but not
statistically significant, standardized mortality
ratio was observed for all deaths from cancer
of the lymphoid and haematopoietic tissues (28
deaths; SMR, 1.44; 95% CI, 0.95-2.08). This was
contributed to by small to moderate non-signif-
icant excesses across all types of cancer of the
lymphoid and haematopoietic tissues, with the
highest for HL (SMR, 2.22; 95% CI, 0.71-5.18),
but this was based on only 5 deaths. There
were 7 deaths from NHL (SMR, 1.17; 95% CI,
0.47-2.40), 7 deaths from MM (SMR, 1.84; 95%
CI, 0.74-3.80), and 9 deaths from leukaemia and
aleukaemia (SMR, 1.18; 95% CI, 0.54-2.24). A
similar pattern of small to moderate non-statis-
tically significant excesses of deaths from cancer
of the lymphoid and haematopoietic tissues was
seen for workers with the job titles of “polymer-
ization, colouring, and extrusion” and “styrene
monomer and finishing”. Further analyses of
the deaths from cancer of the lymphoid and
haematopoietic tissues by duration of exposure,
exposure intensity, and lag periods revealed no
clear patterns. [These analyses were limited by
the small numbers.]

When unexposed workers from another
non-styrene plant were used as the reference
group, a statistically significant increase in
risk for MM (RR, 2.45; 95% CI, 1.07-5.65) was
observed, as well as a small non-significant
increase in risk of death from cancer of the
lymphoid and haematopoietic tissues (RR, 1.39;
95% CI, 0.92-2.08) and a moderate non-signifi-
cant increase in risk of death from HL (RR, 2.43;
95% CI, 0.94-6.28). [No analyses were adjusted
for other known lymphohaematopoietic carcin-
ogens at these plants, implying that confounding
cannot be ruled out as an explanation for the
mortality results from cancer of the lymphoid
and haematopoietic tissues.]

Cancer of the stomach was the only other
cancer type to have an excess of deaths (11) with
a standardized mortality ratio of 1.27 (95% CI,
0.64-2.28). No elevated risk was observed for
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cancer of the lung (56 deaths; SMR, 0.81; 95%
CIL, 0.61-1.05), kidney (5 deaths; SMR, 0.98; 95%
CI, 0.32-2.30), oesophagus (3 deaths; SMR, 0.63;
95% CI, 0.13-1.85), prostate (10 deaths; SMR,
0.85; 95% ClI, 0.41-1.57), and pancreas (5 deaths;
SMR, 0.49; 95% CI, 0.16-1.13). There were only 2
deaths from cancer of the bladder (no SMR was
estimated).

Nicholson et al. (1978) conducted a mortality
study of 560 workers who had been employed at
a styrene monomer and polymerization plant in
the USA foratleast 5 years. Workers were followed
from 1 May 1960 or from the 10th anniversary of
their employment to the end of December 1975.
NIOSH measurements in 1974 showed exposure
to styrene at concentrations of less than 1 ppm
in low-concentration areas and at 5-20 ppm
in the high-concentration areas. Workers were
also exposed to other chemicals at the plant,
including ethylbenzene, toluene, xylene, and
benzene; benzene was produced at the plant from
1943 to 1962 to form ethylbenzene, resulting in
potentially significant exposure to benzene for
longer-term workers in the cohort.

Seventeen deaths from cancer were observed
in the cohort during the follow-up period, less
than the 21 expected. The numbers of observed
(expected) deaths were 6 (6.99) from cancer of
the lung, 1 (0.79) from leukaemia, and 1 (1.25)
from lymphoma. An analysis by type of employ-
ment found that the number of observed cancer
deaths was half that of the expected number (4 vs
8.17) for production and polymerization workers
in the plant. No analyses were conducted for
specific types of cancer death, as numbers were
too small. [The Working Group noted that this
study had too few cancer deaths to be informa-
tive for overall cancer deaths or for deaths from
any specific cancer type. There was also poten-
tial for confounding by co-exposures to known
carcinogens in the plants.]

Frentzel-Beyme et al. (1978) studied 1960
workers engaged in the manufacture of styrene
and polystyrene polymers in Germany for longer




Styrene and styrene-7,8-oxide

than 1 month between 1931 and the end of
1975. The percentage of those workers who were
followed up was much lower for non-German
workers (29%) than for German workers (93%);
however, non-German workers tended to be
shorter-term workers, with almost half of them
exposed for less than 6 months. Workers were
exposed to styrene at concentrations that were
generally less than 1 ppm, according to measure-
ments in 1975 and 1976. However, higher
concentrations were occasionally recorded and
no information was available on concentrations
of exposure in earlier years when open systems
were used (Thiess & Friedheim, 1978).

A total of 12 deaths from cancer were
observed. A higher than expected number of
deaths from cancer of the pancreas was observed,
but the numbers were small (2 observed vs 0.72
expected) and the excess was not statistically
significant. Deaths from cancer of the lung were
lower than expected (3 observed vs 5.4 expected).
Other analyses by exposure duration and age
groups involved too few numbers to be inform-
ative. [This study had too few cancer deaths to
be informative for overall cancer deaths or for
deaths from any specific cancer type. There was
also a potential for confounding by co-exposures
to known carcinogens in the plants.]

Hodgson & Jones (1985) reported on the
mortality of a cohort of 622 men who had worked
for at least 1 year in the production, polymeriza-
tion, and processing of styrene at a chemical site
in England between 1945 and 1974. The workers
were followed up until the end of 1978. A cohort
of 3072 male workers who worked at the same
site but were not exposed to styrene was used as
a reference group. No concentrations of styrene
exposure were available, but the authors stated
that the styrene process was enclosed and they
believed that the concentrations of exposure
were well below 100 ppm, the hygiene standard
at the time. Other chemicals that the workers
were possibly exposed to at the plant included

1,3-butadiene, acrylonitrile, benzene, dyes, and
ethylene oxide.

Ten cancer deaths were observed (10.9
expected) among the workers exposed to styrene
(SMR, 0.90; no 95% CI provided). A statistically
significant excess of deaths from lymphoma was
observed (3 vs 0.56 expected). [Although the
standardized mortality ratio was not provided
in the Hodgson & Jones (1985) paper, this was
calculated for the previous JARC Monograph in
2002 as 5.40 (95% CI, 1.10-16.0).]

An analysis of cancer registrations for this
cohort until the end of 1981 showed no overall
excess of the incidence of cancer, with 22 observed
versus 23.7 expected. A total of 4 incident cases
of cancer of the lymphoid and haematopoietic
tissues was found, with a standardized incidence
ratio (calculated for the 2002 IARC Monograph)
of 2.50 (95% CI, 0.67-6.40). Three of these cases
were from lymphoma, which was significantly
more than expected (SIR, 3.75; P value for
trend, 0.047). In addition, 3 incident cases of
cancer of the larynx were observed, which was
significantly higher than the number expected
(SIR, 6.0; 95% CI, 1.20-18.0) (calculated for the
2002 IARC Monograph). [This study had too few
cancer deaths and cases to be informative for
overall cancer or any specific cancer site. There
was also a potential for confounding by co-expo-
sures to known carcinogens in the plants.]

2.2.2 General-population cohort studies

There were no population-based cohort
studies with information on styrene exposure
available to the Working Group.

2.3 Case-control studies

See Table 2.4.

Several case-control studies have investi-
gated the association between workplace expo-
sure to styrene and the risk of various cancers.
Cancers of the lymphoid and haematopoietic
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Table 2.4 General-population case-control studies on exposure to styrene

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments

location, exposure assessment method category or cases/ (95% CI) controlled

enrolment/ level deaths

follow-up

period

Flodin etal.  Cases: 59 incident from Leukaemia (AML, Ever exposed 3 18.9 (1.9-357.0)  Time of diagnosis Men and women aged
(1986) medical clinics and a hospital ~ ICD 1965 205.00) or selection 20-70 yr; 0.3% of controls
Sweden cytology department exposed to styrene
1977-1982 Controls: 354 from general- Limitations: few exposed

Cantor et al.

1995)
USA (24
states)
1984-1989

population register, matched
by sex, age, and parish

(n =236) or randomly selected
(n = 118)

Exposure assessment method:
expert judgement; mailed
questionnaire eliciting leisure
and occupational activities
(17 questions); quantitative
assessment (five categories)
based on judgement; nine
exposures evaluated

Cases: 29 397 White women
and 4112 Black women; from
death certificates

Controls: 102 955 White
women and 14 839 Black
women; from death
certificates (excluding
cancers)

Exposure assessment method:
records; usual occupation
and industry from death
certificate; population JEM to
assign probability (0-4) and
level (0-3) of exposure; JEM
constructed from professional
judgment based on literature
(NIOSH JEM, IMIS-OSHA)

Breast (ICD 174)

White women: probability of exposure

1 804 1.13 (1.00-1.20)
2 527 1.18 (1.10-1.30)
3 64 1.38 (1.00-1.90)
4 4 NR

White women: level of exposure

1 807 1.16 (1.10-1.30)
2 522 1.13 (1.00-1.30)
3 70 1.19 (0.90-1.60)
Black women: probability of exposure

1 80 1.49 (1.10-2.00)
2 61 1.52 (1.10-2.10)
3 7 1.32 (0.50-3.30)
4 2 NR

Black women: level of exposure

1 87 1.59 (1.20-2.10)
2 63 1.41 (1.00-1.90)

Age, SES (based
on occupation on
death certificate)

subjects; low response
rate among cases (~50%);
eligible patients too ill to
participate or deceased
excluded (no proxies);
self-reported nature of
exposure circumstances

Similar findings for

level of exposure after
excluding subjects

with low probability of
exposure; among controls,
4.9% of White women and
2.6% of Black women were
exposed to styrene
Strengths: large sample
Limitations: no
adjustment for known
breast cancer risk factors;
use of death certificates

as primary source of
information; use of usual
occupation; later jobs

held may be in higher SES
levels; no information on
duration and latency
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
Gérinetal.  Cases: 3730 incident cases NHL (ICD9 200,  Ever exposed 8 2.0 (0.8-4.8) Age, family Men aged 35-70 yr;
(1998 (15 types), ascertained across ~ 202) income, ethnic other cancers included
Montreal, hospitals group, cigarette oesophagus, stomach,
Canada Controls: 1066: 533 smoking, proxy pancreas, kidney,
1979-1986 population controls from status melanoma, HL, and
electoral lists and 533 other Colon (ICD9 153)  Ever exposed 11 1.2 (0.6-2.5) Age, family lung oat-cell and
cancers (excluding lung) Rectum (ICD9 Cumulative exposure income, ethnic adenocarcinoma subtypes
Exposure assessment method: 154) Low 4 1.0 (0.3-2.9) group, cigarette (< 5 exposed cases);
expert judgement; lifetime N ) o smoking, proxy lifetime prevalence of
job history from interview; edium/high 5 5.1(1.4-19.4) status exposure to styrene was
expert-based assessment Lung (ICD9 162)  Cumulative exposure 2% with 45% of exposures
assigning frequency and L 5 0.3 (0.1-0.9) in the high confidence
intensity of exposure . . level
categori);ed asrl)ow, medium, MR 2 09(0.2-3.3) . Strengths: expert-based
or high exposure (converted Lung (SCC) Ever exposed 6 0.7 (0.3-1.9) _Age, family i assessment; adjustment
to 1, 4, 9 scores); cumulative 1nc0me,.ethn1c for several potential
exposure (product of intensity, IO, GEEIIEE confounders
frequency, and duration) was smoking, proxy Limitations: few exposed
expressed as low, medium, statug, BRI Y subjects
and high, defined by cut- CIREE; asbestos,
points at the 70th and 90th cl}rommm VI’.
percentile of the distribution nickel, crystalline
among exposed; 294 agents 5111ca,.ber yllium,
evaluated cadmium, and
PAHs
Prostate (ICD9 Cumulative exposure Age, family
185) Low 5 1.0 (0.4-2.9) income, ethnic
Medium/high 7 5.5(1.4-21.8)  8roup, cigarette

LEL

smoking, proxy
status
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
Gérin et al. Urinary bladder =~ Cumulative exposure Age, family
1998 (ICD9 188) Low 9 1.0 (0.4-2.4) income, ethnic
(Gommic) Medium/high 3 0.7(0.2-26) ~ 8roup cigarette
smoking, proxy
status, exposure
to aromatic
amines
Dumasetal. Cases: 257 incident cases Rectum (ICD9 Cumulative exposure Age, education, Expansion of Gérin et al.
2000 ascertained across hospitals 154) Any level 6 1.7 (0.7-4.5) respondent (1998) and Siemiatycki
Montreal, Controls: 1295 other cancers, Substantial 5 3.9 (1.2-12.9) status, cigarette (1991); men aged 35-70 yr;
Canada excluding lung and adjacent level smoking, beer results shown are based on
1979-1986 intestinal sites consumption, cancer controls; analyses
Exposure assessment BMI were also conducted using

method: expert judgement;
interview with lifetime job
history; exposure assessment
assigning frequency and
intensity of exposure
categorized as low, medium,
or high exposure; substantial
cumulative exposure defined
as > 5 yr exposure at medium
or high concentration

and frequency; 294 agents
evaluated

a population control series
(n = 533); unexposed
subjects included possible
exposures and exposures
only in recent 5 yr; 5-yr
lag applied

Strengths: expert-based
assessment; adjustment
for several potential
confounders

Limitations: few exposed
subjects; no information
on diet
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Table 2.4 (continued)
Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
Scélo et al. Cases: 2861 incident from Lung (NR) Ever exposed 51 0.70 (0.42-1.18)  Centre, sex, Men (75%) and women
(2004) hospitals and a dispensary Duration (yr) age, tobacco (25%); the proportion of
Europe Controls: 3118 from hospitals 1-6 13 0.98 (0.37-2.61) consumption, ever-exposed controls was
(Czechia, (excluding cancer's and 7 14 19 0.72 (0.33-1.59) vinyl ch.lopde, 1.5%
Hungary, tobacco-related diseases) and acrylonitrile, Strengths: expert-based
Poland, from population registers (2 >4 12 0.59 (0.26-1.34) formaldehyde, assessment; high response
Romania, centres) Weighted duration (yr) inorganic rates; ability to control
Russian Exposure assessment method: 0.01-0.50 13 0.67 (0.28-1.56)  pigmentsin dust  for smoking and other
Federation,  expert judgement; lifetime 0.51-3.00 21 1.19 (0.52-2.73) potential confounders;
Slovakia, job history (=1 yr) from > 3.00 17 0.38 (0.13-1.03) several sensitivity analyses
United interview; expert-based e (20-yr lag, restricting
Kingdom) exposure assessment to assign b p PPy to exposures with high
1998-2002 confidence (low, medium, 0.01-2.75 22 115 (0.55-2.41) confidence level)
high), intensity (< 5 ppm, 2.76-12.50 9 0.37 (0.13-1.08) Limitations: few exposed
5-50 ppm, > 50 ppm for >12.50 20 0.53 (0.20-1.43) subjects

styrene), and frequency
(1-5%, > 5-30%, > 30%); 70
agents evaluated
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments

location, exposure assessment method category or cases/ (95% CI) controlled

enrolment/ level deaths

follow-up

period

Miligietal.  Cases: 1135 incident from NHL (NR) Intensity Sex, age, area, Men (52%) and women

(2006 hospitals or cancer registry Very low/low 9 0.7 (0.3-1.6) education (48%) aged 20-74 yr;

Italy Controls: 1246 from general- Medium/high 14 1.3 (0.6-2.9) subjects with low

1991-1993 population demographic or NHL (NR) Durati dium/hich level probability of exposure
health services files, frequenc uration at medium/high level (yr) were excluded; reference

, frequency ;

matched by sex, age group, =15 ? 1.3(0.5-3.7) category were unexposed
and area > 15 4 NR to any solvent; duration
Exposure assessment method: NHL (SLL/CLL) Intensity of exposure also analysed;
expert judgement; detailed Medium/high 5 1.6 (0.5-5.1) DLBCL also included

occupational history; assigned

probability (low, medium,
high) and intensity (very
low, low, medium, high) of
exposure

(3 exposed cases);
associations between
styrene exposure and
Hodgkin disease not
reported; the prevalence
of exposure to styrene
among controls (NHL
series) was 2.2%
Strengths: expert-based
assessment; relatively
high response rates; use of
pathologic classification;
20% of cases and
uncertain cases reviewed
by pathologists for
consistency

Limitations: few exposed
subjects
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
Coccoetal.  Cases: 2348 incident recruited NHL (B-cell Ever exposed 66 1.6 (1.1-2.3) Age, sex, Epilymph study; men
(2010 from hospitals lymphoma) Cumulative exposure education, centre  (55%) and women (45%);
](E(lerop}:: (Conltrgls: 2462 from hé)spitals Laxs 19 1.3 (0.7-2.4) reference (ciategory wlere
zec excluding cancers an . unexposed to any solvent;
Republic, infectiousgor immunodeficient M.edlum 30 3.1 (1.6-5.9) Bonfgrroni adjus{ment of
France, diseases) except in two High 17 1.0 (0.5-1.9) estimates for cumulative
Germany, countries in which general- Trend test P value, 0.04 exposure; duration also
Ireland, population controls used HL (NR) Ever exposed 10 1.1 (0.5-2.3) analysed; NHL (T-cell)
Italy, Spain)  (matched by sex, age group, Cumulative exposure also ascertained (2
1998-2004 residence area) Laww 5 0.9 (0.3-2.6) exposed cases); prevalence
Exposure assessment Medium 4 2.1 (0.6-7.0) f)f exposure to styrene
method: expert judgement; . in the study population:
lifetime job history (=1 yr) High 1 0.6 (0.1-4.4) 2-3%
from interview; expert- Trend test P value, 0.90 Strengths: expert-based
based exposure assessment NHL (DLBCL) Ever exposed 20 1.5 (0.9-2.5) assessment; up-to-date
assigning confidence (based Cumulative exposure pathological definitions;
on probability of exposure Ly 2 0.4 (0.1-1.6) 20% of cases per centre
and proportion gf exposed Medium 1 3.5 (1.5-7.8) reviewed byl panel
workers), intensity (low, i of pathologists for
medium, high), and frequency High 7 1.4 (0.6-3.4) consistency; consideration
(1-5%, > 5-30%, > 30%); 43 Trend test P value, 0.06 of multiple comparisons
agents evaluated NHL (follicular) ~ Ever exposed 11 2.6 (1.3-5.2) Limitations: few exposed
Cumulative exposure subjects; lower response
Low 4 2.5(0.8-7.7) rate (52%) among
Medium 5 4.8 (1.7-13.9) population controls;
) Bonferroni adjustment
Al 2 12 (0-5e2) probably too conservative
Trend test P value, 0.04
NHL (CLL) Ever exposed 10 1.2 (0.6-2.5)
Cumulative exposure
Low 2 0.8 (0.2-3.3)
Medium 5 2.9 (1.0-8.5)
High 3 0.8 (0.2-2.7)
Trend test P value, 0.65
MM (NR) Ever exposed 6 0.9 (0.4-2.2)
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments

location, exposure assessment method category or cases/ (95% CI) controlled

enrolment/ level deaths

follow-up

period

Karamietal. Cases: 1097 incident from Kidney (RCC, Ever exposed 17 1.7 (0.8-3.6) Age, sex, study Central and eastern
(2011) hospitals ICD C64) Cumulative exposure centre, BMI, European RCC study;
Central Controls: 1476 hospital < median NR 0.6 (0.2-1.7) self-reported men (62%) and women
and eastern contrQIS (exc.ludmg cgndltlons > median NR 6.7 (1.8-24.3) hyper.tensmn, (38%). aged 20.—88 yr; no
Europe associated with smoking or smoking status, association with duration
(Czechia, genitourinary disorders) family history of ~ or average exposure (not
Poland, Exposure assessment method: cancer shown) or modification by
Romania, expert judgement; lifetime job genetic polymorphisms;
Russian history (=1 yr) from interview; 1.2% of controls were ever
Federation)  expert-based assessment exposed to styrene
1999-2003  assigning confidence (< 40%, Strengths: expert-based

40-90%, > 90% probability),
intensity (low, medium, high),
and frequency (1-5%, 5-30%,
> 30%); 72 agents evaluated

assessment; high response
rates; ability to control
for several potential
confounders; several
sensitivity analyses
including 20-yr lag and
restricting to exposures
assessed with high
confidence

Limitations: few exposed
subjects; hospital controls
may be less representative
of the general population
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
Heck et al. Cases: 75 incident, children Brain: Per interquartile range increase Birth year, Air Pollution and
(2013) aged < 6 yr from cancer neuroblastoma Entire 48 1.22 (0.84-1.78) mothersageand  Childhood Cancer
California, registry (ICCC-3 041) pregnancy race/ethnicity, study; matching rate of
USA Controls: 14 602 population e —— 1.05 (0.76-1.43)  Payment method  cases to birth registry to
1990-2007 controls from birth records, for prenatal care obtain address and other
Second 48 1.10 (0.83-1.47) .
frequency matched to cases by . (as proxy for variables: 89%; analyses
. trimester q g
birth year . SES and family also considered other
Exposure assessment method: ;[hlrd . 48 1.10 (0.96-1.26) income) radii; maternal education
rimester

quantitative measurements;
ambient air monitoring
stations (n = 39); average
exposure levels during
pregnancy assigned to
subjects living within a

5 km radius of home address
or zip code listed on birth
certificates; mean styrene
exposure, 0.16 (SD, 0.12)
ppbV; interquartile range,
0.14 ppbV

and neighbourhood
socioeconomic index had
little influence on risk
estimates

Strengths: use of
measurements and
registry; no recall or
selection bias; ability

to study associations at
several time points
Limitations: limited
number of cases; no
individual exposure
estimates; no information
on other sources of
exposure or on smoking;
using home address does
not take into account
other locations; did not
consider moves; use of zip
code centroid for some
subjects
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
Heck et al. Cases: 69 ALL and 46 AML Leukaemia (ALL) Per interquartile range increase Birth year; Matching rate of cases
(2014) incident children aged < 6 yr Entire 46 0.87 (0.58-1.32)  maternal race/ to birth registry to
California, from cancer registry pregnancy ethnicity, obtain address and other
USA Controls: 2994 and 19 209 First trimester 46 0.85 (0.60-1.19) birthplace, variables: 89%; sex, urban/
1990-2007 p.opulatlon controls from Second 46 0.89 (0.65-1.22) anfi parity; rural area of re51den§e,
birth records, frequency . neighbourhood maternal age, education,
matched to cases by birth year trlTneSter socioeconomic and payment method for
Exposure assessment method: Thlrd 46 1.01(0.83-1.23) i dex prenatal care had little
quantitative measurements as trimester influence on risk estimates
in Heck et al. (2013); estimates First year of 36 0.97 (0.57-1.66) Strengths: as for Heck et
assigned to subjects living life al. (2013)
within a 2 km (for ALL) or Leukaemia (AML) Per interquartile range increase Limitations: as for Heck et
6 km (for AML) radius from Entire 36 1.38 (0.94-2.03) al. (2013)
station pregnancy
First trimester 36 1.27 (0.92-1.75)
Second 36 1.20 (0.86-1.68)
trimester
Third 36 1.08 (0.92-1.27)
trimester
First year of 21 1.63 (0.93-2.83)
life
Heck et al. Cases: 103 incident; children ~ Eye: Per interquartile range Birth year, Matching rate of cases to
2015) aged < 6 yr from cancer retinoblastoma increase paternal age, birth registry: 89%
California, registry (ICCC3 050) Entire 69 1.28 (0.96-1.69)  maternal race Strengths: as for Heck et
USA Controls: 30 601 population pregnancy: all and birthplace, al. (2013
1990-2007 controls from birth records, tumours payment method  Limitations: as for Heck et
frequency matched to cases by Uikl 51 1.35 (0.98-1.85) for prenatal care  al. (2013
birth year O (as proxy for
Expos.ure.assessment method: Bilateral 18 1.07 (0.59-1.93) SES and family
quantitative measurements as ———— income)
in Heck et al. (2013); estimates )
assigned to subjects living Flrs.t year 31 1.64 (1.12-2.39)
within a 5-mile radius from of life: all
tumours

station
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Table 2.4 (continued)

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments
location, exposure assessment method category or cases/ (95% CI) controlled
enrolment/ level deaths
follow-up
period
von Cases: 34 medulloblastoma, Brain (childhood  Per interquartile range increase Birth year, Matching rate of cases
Ehrenstein 43 PNET, 106 astrocytoma; cancer: PNET, Entire 29 1.31 (0.88-1.94) ~ maternal age, to birth registry: 89%;
etal. (2016)  incident; children aged <6 yr  ICD-O 9473) pregnancy race/ethnicity, type of insurance (proxy
California, from cancer registry First trimester 29 1.31 (0.99-1.73) education, and for SES), rural/urban
USA Controls: 30 569 population birthplace residence, sex, parity and
1990-2007 controls from birIt)hI;ecords, Se'cond 29 1.24(094-1.64) ’ pre-term birth I1)1;1d l)i,ttle
trimester . . .
frequency matched to cases by ) influence on risk estimates
birth year Thlrd 29 0.99 (0.69-1.43) Strengths: as for Heck et
Exposure assessment method: trimester al. (2013
quantitative measurements as Firstyearof 21 1.27 (0.72-2.25) Limitations: as for Heck et
in Heck et al. (2013); estimates life al. (2013)
assigned to subjects living Brain (childhood  Entire 25 0.95 (0.56-1.62)
within a 5-mile radius from cancer: pregnancy
station medulloblastoma,  First year of 14 0.96 (0.43-2.14)
ICD-0 9470) life
Brain (childhood  Entire 67 0.73 (0.51-1.04)
cancer: pregnancy
astrocytoma, First year of 47 0.70 (0.42-1.17)
ICCC3032) life

ALL, acute lymphoblastic/lymphocytic leukaemia; AML, acute myeloid leukaemia; BMI, body mass index; CI, confidence interval; CLL, chronic lymphocytic leukaemia; DLBCL,
diffuse large B-cell lymphoma; HL, Hodgkin lymphoma; ICCC, International Classification of Childhood Cancer; ICD, International Classification of Diseases; ICD-O, International
Classification of Diseases for Oncology; IMIS, Integrated Management Information System; JEM, job-exposure matrix; MM, multiple myeloma; NHL, non-Hodgkin lymphoma;
NIOSH, National Institute for Occupational Safety and Health; NR, not reported; OSHA, Occupational Safety and Health Administration; PAH, polycyclic aromatic hydrocarbon;
PNET, primitive neuroectodermal tumour; ppbV, parts per billion by volume; ppm, parts per million; RCC, renal cell carcinoma; SCC, squamous cell carcinoma; SD, standard
deviation; SES, socioeconomic status; SLL, small lymphocytic lymphoma; yr, year(s).
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tissues, as well as renal cell carcinoma and cancer
of the lung, have received particular attention.
The Epilymph study, a multicentre case-control
study of lymphoma conducted in six European
countries (Czechia, France, Germany, Ireland,
Italy, and Spain), included 2348 men and women
diagnosed during 1998-2004 (Cocco et al., 2010).
Controls (n = 2462) were recruited from hospi-
tals (excluding other cancers, infectious diseases,
and immune-deficient diseases), except for in
Germany and Italy where general-population
controls were used, and frequency matched to
cases by age, sex, and residence area. Lifetime
occupational histories covering all jobs held for
at least 1 year were obtained by interviews and
from standardized questionnaires. Experts then
coded semiquantitative levels of confidence,
intensity, and frequency of exposure to 43 agents
for each job. Several meetings were held to eval-
uate and standardize the exposure assessment
between centres. A total of 78 cases (3.3%) and 58
controls (2.4%) were considered ever exposed to
styrene. Statistical models did not adjust for occu-
pational co-exposures. However, the potential
for confounding by other solvents was limited;
for instance, only 12% of subjects exposed to
styrene were also exposed to benzene, toluene,
or xylene. Increased risk of B-cell NHL (OR, 1.6;
95% CI, 1.1-2.3; 66 exposed cases) and follicular
lymphoma (OR, 2.6; 95% CI, 1.3-5.2; 11 exposed
cases) was observed for ever exposure to styrene.
Analyses by categorical cumulative exposure,
which applied a Bonferroni adjustment, found
increased risks for exposure to medium concen-
trations for B-cell (OR, 3.1; 95% CI, 1.6-5.9; 30
exposed cases), diffuse large B-cell (OR, 3.5;
95% CI, 1.5-7.8; 11 exposed cases) and follicular
(OR, 4.8; 95% CI, 1.7-13.9; 5 exposed cases)
lymphomas. Associations between exposure to
styrene and T-cell lymphoma were presented,
but based on only 2 exposed cases. The German
sample of the Epilymph study was the object
of an earlier analysis (Seidler et al., 2007), and
is reported here as part of the study by Cocco
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et al. (2010). [The Working Group noted that
the strengths of the study included the expert
exposure assessment and the attention to the
pathological classification of cases. However, the
study was limited by the lower participation rate
among controls, the high proportion of hospital
controls (42%), and the few exposed cases, espe-
cially at high concentrations. Co-exposures such
as benzene were not adjusted for, although the
overlap in exposure with styrene was small.
Applying the Bonferroni corrections was prob-
ably too stringent. Information provided on
occupations exposed to styrene or on benchmark
occupations used to assign intensity of exposure
was sparse. Finally, the Working Group noted
the unusually high prevalence of exposure (24%)
among controls in the German study (Seidler et
al., 2007).]

The associations between occupational expo-
sure to solvents and lymphohaematopoietic
malignancies have been investigated in a multi-
centre study conducted in Italy during 1991-1993
(Seniori Costantini etal., 2001, 2008; Miligi et al.,
2006). Expert judgement was used to assign the
probability and intensity of exposure. Among
controls for the NHL analysis, the prevalence of
exposure was 2.2%. In the analysis of NHL risk
(Miligi et al., 2006) based on 1135 cases and 1246
population controls, the odds ratio for very low or
low intensity was 0.7 (95% CI, 0.3-1.6; 9 exposed
cases) and for medium or high intensity was
1.3 (95% CI, 0.6-2.9; 14 exposed cases). Among
subjects exposed for 15 years or less at medium
or high intensity, the odds ratio was 1.3 (95% CI,
0.5-3.7; 9 exposed cases). Associations were also
reported for small lymphocytic lymphoma and
diffuse NHL, but these were based on only 5 and
3 exposed cases, respectively. Because of the small
numbers, no associations were reported between
exposure to styrene and risk of HL (Miligi et al.,
2006) or risk of leukaemia or MM in a related
publication (Seniori Costantini et al., 2008). [The
Working Group noted that, although exposure
assessment was based on a strong protocol and
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the cancer outcomes on a detailed pathological
evaluation, only a few subjects of the study were
exposed to styrene.]

Flodin et al. (1986) conducted a case—control
study including 59 cases of AML and 354
controls in Sweden to assess potential risk factors
including radiation, medications, and eight
occupational exposures. Cases aged 20-70 years
were identified at hospitals in Sweden between
1977 and 1982. Two series of controls were drawn
from a population register: one was matched to
cases for sex, age (within 5 years), and location,
and the other was a random population sample.
Information on exposure was obtained from
a mailed questionnaire. Exposure status was
assigned by judgement. An elevated risk was
observed from the 3 cases and 1 control who were
exposed to styrene (OR, 18.9; 95% CI, 1.9-357.0).
[The Working Group noted the small numbers,
the low response rates among cases, and the lack
of detail on exposure assessment. The prevalence
of exposure to styrene among controls (0.3%)
was low. There were no cases and only 3 controls
exposed to benzene.]

A population-based case-control study
including 3730 histologically confirmed cases of
cancer at 15 major sites (excluding leukaemia) in
men was conducted in Montreal, Canada. Cases
were newly diagnosed in 19 major hospitals
between 1979 and 1986, and aged 35-70 years.
General-population controls (n = 533) were
obtained from electoral lists (Siemiatycki, 1991;
Gérin et al., 1998). Exposure to 294 occupational
agents was assessed by chemists/hygienists based
on history of jobs held, and cases of cancer at each
site were compared with those in the rest of the
study population. Two percent of subjects were
classified as having been ever exposed to styrene.
Although they did not necessarily entail expo-
sure to styrene at the highest concentrations,
the most common occupations assigned expo-
sure to styrene were firefighters, mechanics and
repairmen, and painters not working in construc-
tion. Cumulative exposures at low, medium, or

high concentrations were computed based on
the product of duration, frequency, and concen-
tration of exposure. In single-exposure models,
elevated odds ratios for exposure to styrene at
medium or high concentrations were found for
cancers of the prostate (n = 449) (OR, 5.5; 95% CI,
1.4-21.8; 7 exposed cases) and rectum (n = 257)
(OR, 5.1; 95% CI, 1.4-19.4; 5 exposed cases). No
statistically significant increase in risk emerged
for cancer of the lung (n = 857) (OR, 0.3; 95%
CI, 0.1-0.9; 5 cases exposed to low concentra-
tion; OR, 0.9; 95% CI, 0.2-3.3; 5 cases exposed to
medium or high concentration), NHL (n = 215)
(OR, 2.0; 95% CI, 0.8-4.8; 8 ever exposed cases),
or HL (n = 54) (OR, 2.4; 95% CI, 0.5-11.6; 2 ever
exposed cases) (Gérin et al., 1998). Expanded
analyses of cancer of the rectum were conducted
by Dumas et al. (2000), yielding an odds ratio for
ever exposure to styrene of 1.7 (95% CI, 0.7-4.5;
6 exposed cases). Substantial cumulative expo-
sure was defined as exposure to medium or high
concentration, ata medium or high frequency, for
more than 5 years. For men exposed to styrene
at concentrations referred to as “substantial”, the
odds ratio for cancer of the rectum was 3.9 (95%
Cl, 1.2-12.9; 5 exposed cases). Other cancers
analysed in the study but not presented here, as
there were too few exposed cases or too few other
studies reporting on these sites, include those of
the colon (n = 497), bladder (n = 484), stomach
(n = 251), kidney (n = 177), pancreas (n = 116),
and oesophagus (n = 99), as well as melanoma
(n = 103). [The Working Group noted that the
concentrations of exposure among subjects
exposed to styrene were probably much lower
than those in the cohort studies. The strengths
of the study included the exposure assessment
and the adjustment for potential confounders,
including occupational co-exposures, for some
cancer sites. However, analyses were based on
only a few subjects exposed to styrene.]

A multicentre case—control study of renal cell
carcinoma was conducted in central and eastern
Europe (Czechia, Poland, Romania, and the
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Russian Federation), including 1097 confirmed
incident cases (648 men and 449 women) aged
20-88 years (Karami et al, 2011). Controls
(n = 1476) were recruited from the same partic-
ipating hospitals as cases, and excluded urolog-
ical diseases and diseases related to smoking.
Lifetime occupational history covering each
job held for at least 12 months was collected.
Experts assessed exposure to 72 agents for each
job using semiquantitative ratings of frequency,
intensity, and level of confidence. The prevalence
of exposure to styrene was 1.2% among controls.
Occupational exposure to styrene was assigned
primarily to styrene manufacture operators,
tank cleaners and tank operators of copolymer
manufacturers, auto body repair workers who
used polyester resins, and plastic boat manu-
facturers who processed unsaturated polyesters.
Overall, 31 subjects (17 cases and 14 controls)
were ever exposed with an odds ratio of 1.7 (95%
CI, 0.8-3.6) for the association with renal cell
carcinoma. Relative to a reference group who
were not exposed to styrene, a positive associa-
tion was observed for cumulative exposure at or
above the median concentration (OR, 6.7; 95%
CI, 1.8-24.3) and a reduced risk (OR, 0.6; 95% CI,
0.2-1.7) was reported for a cumulative exposure
lower than the median concentration. No associ-
ation was found for duration or average exposure.
[The Working Group noted that the strengths
of this study were the exposure assessment, the
adjustment for non-occupational confounders,
the exceptionally high response rates, and several
sensitivity analyses. However, the study included
only a few exposed cases and relied on hospital
controls, which may be less representative of the
general population. In addition, models were not
adjusted for potential occupational confounders
such as exposure to trichloroethylene, although
alow prevalence would have been expected at the
population level.]

Scelo et al. (2004) reported on a case—control
study of cancer of the lung covering 16 centres
in seven countries (Czechia, Hungary, Poland,
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Romania, the Russian Federation, Slovakia,
and the United Kingdom) and including 2861
incident cases (2205 men and 656 women).
Controls (n = 3118) were selected from hospi-
tals (excluding cancers and tobacco-related
diseases), except for at two centres where
population controls were recruited instead.
Lifetime occupational histories including every
job held for at least 1 year were collected using
questionnaires and interviews. Expert assess-
ment was used to assign semiquantitative indices
of frequency, intensity (exposure to styrene at
< 5 ppm, 5-50 ppm, > 50 ppm), and confidence
of exposure to 70 agents in each job held. The
proportion of ever-exposed controls was 1.5%.
The odds ratio for the association between ever
exposure to styrene and risk of cancer of the lung
was 0.70 (95% CI, 0.42-1.18). For tertiles of cumu-
lative exposure to styrene (0.01-2.75 ppm-years,
2.76-12.50 ppm-years, and > 12.50 ppm-years),
odds ratios were 1.15 (95% CI, 0.55-2.41), 0.37
(95% CI, 0.13-1.08), and 0.53 (95% CI, 0.20-1.43),
respectively. After excluding exposures of low
confidence, no associations were observed
using lifetime duration and frequency-weighted
duration of exposure across several sensitivity
analyses. [Although this study benefited from
the detailed exposure assessment and the ability
to adjust for smoking and other occupational
exposures, the Working Group noted that risk
estimates were imprecise because of the limited
number of exposed cases.]

A case-control study of mortality from
cancer of the breast was conducted by Cantor et
al. (1995) based on information from a database
of death certificates covering 24 states across the
USA for the period 1984-1989, and for which
occupation and industry codes were assigned to
the usual occupation. Cases (n = 33 509) were
women with cancer of the breast as the under-
lying cause of death, and 4 controls per case
(n = 117 794) were randomly selected from all
non-cancer deaths, frequency matched to cases
by age and race. Subjects with a usual occupation
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of homemaker (i.e. not in paid employment)
were excluded. Semiquantitative indices for the
probability and level of exposure to 31 agents
were assigned using a JEM based on occupation
and industry. Among controls, 4.9% of White
women and 2.6% of Black women were assigned
an exposure to styrene. Odds ratios for the risk of
mortality from cancer of the breast by probability
and level of exposure were computed separately
by race. Increases in mortality from cancer of
the breast were observed for all probability cate-
gories and all levels of exposure to styrene for
both racial groups. For instance, odds ratios for
increasing levels of exposure to styrene were 1.16
(95% CI, 1.10-1.30), 1.13 (95% CI, 1.00-1.30), and
1.19 (95% CI, 0.90-1.60) among White women,
and 1.59 (95% CI, 1.20-2.10) and 1.41 (95% CI,
1.00-1.90) among Black women. Risk estimates
were higher when women with a low probability
of exposure were excluded. [A strength of this
study was that it was based on a large sample.
However, the use of a population-based JEM
likely resulted in substantial misclassification
of exposure. Further, the limited information
available from death certificates did not allow
for other known risk factors for cancer of the
breast, the duration of employment, or other
jobs held during the lifetime to be taken into
account. The Working Group could not exclude
potential confounding from well-identified risk
factors for cancer of the breast.]

Four case-control studies have also been
conducted among children from the general
population using the same database, focusing
on prenatal and infant exposure to styrene in
ambient air. Potential associations between
prenatal or early exposure to ambient levels
of environmental contaminants and the inci-
dence of several types of cancer among children
younger than 6 years were investigated in a
registry-based study in California (Heck et al.
2013, 2014, 2015; von Ehrenstein et al., 2016). The
types of cancer evaluated included neuroblas-
toma (n = 75) (Heck et al., 2013), ALL (n = 69)

and AML (n = 46) (Heck et al., 2014), retino-
blastoma (n = 103) (Heck et al., 2015), and medul-
loblastoma (n = 34), primitive neuroectodermal
tumour (n = 43), and astrocytoma (n = 106) (von
Ehrenstein et al., 2016). Cases were identified
through the California Cancer Registry for the
period 1990-2007 and linked to birth certifi-
cate records; population controls (between 2994
and 30 569 depending on the cancer site) were
selected from birth certificates and frequency
matched to cases by year of birth. Exposure
to concentrations of styrene from ambient air
recorded by California’s network of air moni-
toring stations were assigned to subjects based
on the nearest station and averaged by trimester
of pregnancy, total pregnancy period, and first
year of life. The average styrene concentration
measured by the stations over the period 1990-
2007 was 0.159 ppb (Heck et al., 2013). Analyses
were restricted to subjects living (at birth) within
a set radius from a monitoring station, with a
distance varying between 2 km for ALL (Heck et
al., 2014) and 5 miles for retinoblastoma (Heck
et al., 2015). Exposure to styrene (expressed per
increase of one interquartile range of 0.137 ppb)
during pregnancy was positively associated with
risk of AML (OR, 1.38;95% CI, 0.94-2.03), as was
exposure in the first year of life (OR, 1.63; 95%
CI, 0.93-2.83). Corresponding figures for retino-
blastoma were 1.28 (95% CI, 0.96-1.69) and 1.64
(95% ClI, 1.12-2.39), respectively. For primitive
neuroectodermal tumour, elevated risks were
observed for an exposure during the first (OR,
1.31; 95% CI, 0.99-1.73) and second (OR, 1.24;
95% CI, 0.94-1.64) trimesters (von Ehrenstein
et al., 2016). [The Working Group noted that
the strengths of the study included the use of
registry information and of measurements made
at several time-points, although exposures were
not measured at the individual level. However,
the study was weakened by the small number of
subjects, and assessment of the cancer hazard
posed by a single agent was limited by the rela-
tively high correlations of exposure between the
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agents. There was no available information on
other sources of exposure or on indoor expo-
sure (see Section 1.4.1); indoor exposure could
have been higher than outdoor exposure, espe-
cially in households with smokers (Adgate et al.,
2004). No information was available on maternal
smoking. Finally, the use of home addresses
only did not consider other locations and moves
were not taken into account. Zip code centroids,
rather than exact addresses, were used for some
subjects.]

2.4 Human cancer evidence
synthesis

Several epidemiological studies have
reported on styrene exposure and cancer
outcomes. Cohort studies have been conducted
in three main industries: reinforced plastics,
synthetic rubber, and styrene monomer and
polymers. Most of the industry studies have
studied cancer mortality rather than incidence
of cancer; this has implications for the strength
of the studies as well as a potential bias towards
more aggressive tumours or factors related to
access to health care. Several population-based
case—control studies are also available; most of
these assessed occupational styrene exposure for
adult cancers, and a small number assessed the
association between styrene in ambient air and
childhood cancers.

In assessing the human carcinogenicity of
styrene, cohort studies in the reinforced plastics
industry were considered to be the most inform-
ative. There were indications of a higher prev-
alence of smoking among short-term workers
compared with the general population (Wong,
1990; Boffetta etal., 1998; Christensen etal., 2017;
Bertke etal., 2018); for that reason, most emphasis
was placed on internal analyses. Workers were
exposed to the highest concentrations of styrene
in this industry compared with the other
industries studied. Other suspected workplace
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carcinogens, if present, were usually measured
at low concentrations. Cancer risk was assessed
in five cohorts of workers exposed to styrene in
the reinforced plastics industry, including indus-
try-wide studiesin Europe (Kogevinasetal., 1994;
Loomis et al., 2019), Denmark (Christensen et al.,
2017), the United Kingdom (Coggon et al., 2015),
and the USA (Collins et al., 2013; Wong, 1990),
and a small study of two boatbuilding facilities in
Washington State, USA (Ruder etal., 2016; Bertke
et al., 2018). There were large partial overlaps
with respect to study participants and follow-up
periods between the European (Kogevinas et al.,
1994; Loomis et al., 2019), Danish (Christensen et
al., 2017), and United Kingdom cohorts (Coggon
et al., 2015). In contrast to most other studies
that only included mortality data, the Danish
study (Christensen et al., 2017) (the largest of the
industry-wide cohort studies) provided data on
the incidence of cancer.

Workers in the synthetic rubber industry
were exposed to styrene at average concentra-
tions of about 10-50 times lower than those
in the reinforced plastics industry; however,
because employment duration was longer in
the synthetic rubber industry than in the rein-
forced plastics industry, cumulative exposure
was similar. All of the relevant findings from the
synthetic rubber industry come from a large and
long-running study of the mortality experience
of workers at eight North American factories
producing styrene-butadiene rubber (Macaluso
et al., 1996; Graff et al., 2005; Sathiakumar et al.,
2015). Exposure to styrene was observed to be
highly correlated with exposure to butadiene, a
known human carcinogen, in the styrene-buta-
diene rubber cohort.

Exposure to styrene in the styrene monomer
and polymer industry was found to be compa-
rable to that in the synthetic rubber industry,
but there was also potential for the co-exposure
of workers to benzene and butadiene, known
human carcinogens. Four mortality cohort
studies of workers have been published from this
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industry (Frentzel-Beyme et al., 1978; Nicholson
et al., 1978; Hodgson & Jones, 1985; Bond et al.,

European industry-wide cohort (Loomis et
al., 2019). The four other cohort studies within

1992), but only the United States mortality study
(Bond etal., 1992) of workers in four plants devel-
oping and producing styrene-based products was
considered to be informative, as the other studies
had very few cancer deaths.

General-population studies included seven
case—control studies of occupational exposure to
styrene and four case—control studies of prenatal
and infant exposure to styrene in ambient air. All
but one of these studies evaluated the incidence
of cancer as opposed to mortality from cancer.
Based on their exposure assessment methods,
overall quality, and size, the more informative of
these studies assessing occupational exposure to
styrene were the Epilymph study of lymphoma
(Cocco et al., 2010), a study of cancer of the lung
(Scélo etal., 2004), a study of renal cell carcinoma
(Karami et al., 2011), and a study of 15 different
cancer types in Canada (Gérin et al., 1998).

2.4.1 All lymphohaematopoietic
malignancies

The classification of lymphohaematopoietic
malignancies has changed over time, which
makes the comparison of results for subtypes at
different time periods difficult to interpret. The
overall category of non-Hodgkin lymphoma
(NHL) used in older studies corresponds mostly
to the category B-cell lymphoma in more recent
publications; in addition, chronic lymphocytic
leukaemia (CLL) and multiple myeloma (MM)
are currently classified as lymphomas. Wherever
feasible, the findings discussed in the following
sections are based on the current classification.

(a)  Non-Hodgkin lymphoma (all types
combined)

In the reinforced plastics industry, the risk
of mortality from NHL was observed to increase
with average concentration of exposure, but not
cumulative exposure, to styrene in the large

this industry showed no association between
exposure to styrene and NHL (Collins et al.
2013; Coggon et al., 2015; Bertke et al., 2018;
Christensen et al., 2018).

For workers in the synthetic rubber industry,
a positive association between cumulative expo-
sure to styrene and NHL was observed (Graff et
al., 2005), with the risk estimated to be 2.3 times
higher in the groups exposed to the highest
concentrations compared with the groups
exposed to the lowest concentrations. The only
informative styrene monomer and polymers
production industry study from the USA (Bond
et al., 1992) showed some evidence of excess
mortality from NHL, but this was based on only
7 deaths.

Two population-based studies considered
the risk of NHL. An Italian case-control study
observed a marginal increase in risk of NHL with
exposure to medium and/or high concentrations
of styrene (Miligi et al., 2006). In the Canadian
case—control study, ever exposure compared with
no exposure was associated with a 2-fold increase
in risk of NHL, but there was poor precision in
this estimate (Gérin et al., 1998).

(b)  T-celllymphoma

In the Danish reinforced plastics indus-
try-wide cohort study, the incidence of T-cell
lymphoma was strongly associated with cumu-
lative exposure to styrene; the risk of incidence
was more than 3 times higher for workers with
a high cumulative exposure compared with
those with a low cumulative exposure to styrene,
but there was low precision in the risk estimate
(Christensen et al., 2018). The Epilymph case-
control study reported no association between
exposure to styrene and T-cell lymphoma, based
on only 2 exposed cases (Cocco et al., 2010).
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(c)  B-celllymphoma

In the Danish reinforced plastics indus-
try-wide cohort study, there was no evidence of
any association between exposure to styrene and
incidence of B-cell, follicular B-cell, or diffuse
B-cell lymphoma (Christensen et al., 2018).
A decreased incidence of chronic B-cell
leukaemia was observed with increasing cumu-
lative exposure to styrene. In the synthetic
rubber industry, mortality from CLL increased
with increasing cumulative exposure to styrene;
the risk was 2.6 times higher for workers with
the highest cumulative exposure compared with
those with the lowest cumulative exposure.

The Epilymph case-control study reported a
strong association between B-cell lymphoma in
66 cases ever exposed to styrene compared with
unexposed controls, with additional evidence ofa
positive exposure-response relationship (Cocco
et al., 2010). A positive relationship with cumu-
lative exposure was also suggested for diffuse
B-cell and follicular B-cell lymphomas, and
for CLL. Compared with unexposed subjects, a
marginal increase in small lymphocytic NHL
with exposure to styrene at medium and/or high
concentrations was observed in an Italian case-
control study (Miligi et al., 2006).

The United Kingdom reinforced plastics
industry-wide cohort study reported a doubled
risk of MM for the group exposed to the highest
concentration of styrene versus the lowest, but
this was based on only 5 exposed cases (Coggon
etal., 2015). A reanalysis of the European cohort
suggested an association between mean expo-
sure lagged for 5 years and MM (Loomis et al.
2019). The other cohort studies in this industry
showed little evidence of an association between
exposure to styrene and MM (Collins et al., 2013;
Bertke et al., 2018; Christensen et al., 2018). In
the synthetic rubber industry cohort study, no
positive association between exposure to styrene
and risk of mortality from MM was found
(Sathiakumar et al., 2015). The most informative
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study in the styrene monomer and polymers
production industry reported an excess of MM
mortality, based on 7 deaths (Bond et al., 1992).
The Epilymph study reported no association
between exposure to exposure and MM, based
on 6 exposed cases (Cocco et al., 2010).

(d)  Hodgkin lymphoma

The Danish reinforced plastics industry-wide
cohort study showed an elevated incidence of
Hodgkin lymphoma (HL) with cumulative expo-
sure to styrene, with an increased risk by a factor
of 1.6 for high versus low concentration of expo-
sure (Christensen et al., 2018). The four other
cohort studies in this industry showed little or
no evidence of an association between expo-
sure to styrene and HL (Kogevinas et al., 1994;
Collins et al., 2013; Coggon et al., 2015; Bertke et
al., 2018). In the synthetic rubber industry cohort
study there were 12 deaths from HL, but no risk
estimates were reported (Graff et al., 2005). The
only informative cohort study in the styrene
monomer and polymers production industry
reported some evidence of excess deaths from
HL, based on only 5 deaths (Bond et al., 1992).
The risk of HL was not elevated with ever expo-
sure to styrene compared with no exposure in
the Epilymph study (Cocco et al., 2010).

(e) Allleukaemias

The European reinforced plastics indus-
try-wide cohort study found increasing risk of
mortality from all leukaemias with time since
first exposure, largely based on the Danish data
(Kogevinas et al., 1994). The Danish cohort study
found an increased incidence during the early
years of first exposure, which was considered to
be indicative of a high concentration of exposure,
but not with duration of employment (Kolstad et
al., 1994). The United States boatbuilding cohort
study showed a strong association between
increasing mortality from all leukaemias and
duration of employment in jobs involving expo-
sure to styrene at high concentrations (Bertke et
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al., 2018). The remaining two cohort studies in
this industry (one based in the United Kingdom,
the other in the USA) showed no increasing
mortality from all leukaemias with higher cumu-
lative exposure or alonger duration of exposure to
styrene, but the findings in the United Kingdom
study were based on small numbers and there
were limitations in the exposure assessment in

mortality from AML and chronic myeloid
leukaemia (CML) combined observed in the
reanalysis of the European reinforced plas-
tics industry cohort study, but an increase was
observed with mean intensity of exposure in a
10-year lag analysis (Loomis et al., 2019). In the
Danish study, no increased incidence of CML
was found after exposure to styrene (Christensen

the United States industry-wide study (Collins et
al., 2013; Coggon et al., 2015).

In the synthetic rubber industry, mortality
from all leukaemias was strongly elevated among
male workers exposed to styrene at high concen-
trations compared with the general population
and compared with increasing cumulative expo-
sure to styrene within the industry (Graff et al.
2005; Sathiakumar et al., 2005, 2015). The only
informative study in the styrene monomer and
polymers production industry showed a slightly
increased mortality from all leukaemias, but this
was based on only 9 deaths (Bond et al., 1992).
It should be noted that these analyses of all
leukaemias included both lymphoid and myeloid
leukaemias. There were no informative findings
from the case—control studies for all leukaemias
or their subtypes.

(f)  Myeloid leukaemias

In the reinforced plastics industry, the most
informative study (Danish) showed that the
incidence of acute myeloid leukaemia (AML)
increased strongly with increasing cumula-
tive exposure to styrene when accounting for
a latency period of 15 years (Christensen et al.,
2018). This study also found that the incidence
of AML for high cumulative exposure to styrene
was twice that for low cumulative exposure in
the previous 15-29 years. Increased mortality
from myeloid (not specifying whether acute or
chronic) leukaemia was reported for the highest
cumulative exposure to styrene category in the
United States industry-wide cohort study when
compared with the general population (Collins
et al., 2013). There was no overall increased

et al., 2018). The remaining reinforced plastics
industry cohort studies and the only informa-
tive study of the styrene monomer and polymers
production industry did not report on myeloid
leukaemia subtypes (Bond et al., 1992; Kolstad et
al., 1994; Coggon et al., 2015; Bertke et al., 2018).
There was no clear association between mortality
from AML and cumulative exposure to styrene
observed in the synthetic rubber industry study
(Graff et al., 2005).

Because of some commonalities in cell line-
ages of origin and in risk factors, the Working
Group assessed the pattern of the findings for
lymphohaematopoietic malignancies as a whole;
it was considered that there was not enough
information on specific lymphohaematopoietic
malignancies to permit separate conclusions.
While noting inconsistent findings across the
lymphohaematopoietic malignancies as a whole,
the Working Group considered that there was
more consistency within specific subtypes, espe-
cially for leukaemias and in particular myeloid
leukaemia. The Working Group also placed
greater weight on the findings of the Danish
reinforced plastics industry-wide cohort study
because of its large size, the fact that it reported
incidence rather than mortality, and the lack
of confounding by other occupational carcino-
gens. However, effect estimates were often small
with low precision and many different analyses
were undertaken using several different expo-
sure metrics, so chance findings could not be
discounted.
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24.2 Lung

In external analyses of mortality from or
incidence of cancer of the lung in the rein-
forced plastics industry, modest increases
were observed in four of the five cohort
studies (Collins et al., 2013; Coggon et al., 2015;
Christensen et al., 2017; Bertke et al., 2018) (not
in the European cohort study) (Kogevinas et al.,
1994; Loomis et al., 2019). In internal analyses,
mortality from cancer of the lung showed a
decreasing trend in two United States studies of
boat builders (Collins et al., 2013; Bertke et al.,
2018),and alower incidence in long-term workers
than in short-term workers or in the general
population in the Danish study (Christensen
et al., 2017). No positive trend was reported
in the reanalysis of the European study with
higher cumulative exposure to styrene or longer
duration of employment (Loomis et al., 2019).
In the synthetic rubber industry cohort study,
results for cancer of the lung were not consistent
between workers of different sex in a single study.
Confounding by cigarette smoking could not be
ruled out. In the styrene monomer and polymers
production industry, the only informative cohort
study found fewer than expected deaths from
cancer of the lung (Bond et al., 1992).

Two case—control studies of cancer of the
lung reported no association with exposure to
styrene according to various exposure metrics
(Scélo et al., 2004; Gérin et al., 1998). Smoking
and exposure to many known workplace carcin-
ogens were adjusted for in both studies.

In conclusion, the Working Group attributed
more weight to the null findings from the internal
analyses that were less likely to be influenced
by confounding and lack of direct adjustment
for cigarette smoking. The panel also attributed
weight to the null findings from the case-control
studies in which adjustment for smoking and
work co-exposures was performed. The Working
Group concluded that these findings do not
support an association between incidence of or
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mortality from cancer of the lung and exposure
to styrene.

2.4.3 Sinonasal cavity

The Danish reinforced plastics cohort study,
which was the only informative study on cancer
of the sinonasal cavity, found an elevated inci-
dence of unspecified cancer of the sinonasal
cavity compared with the general population
(Christensen et al., 2017). In a follow-up study
of the same cohort, a 5-fold increased incidence
of adenocarcinoma, adjusted for age, sex, and
whether employed in the wood industry, was
observed for high versus low cumulative styrene
exposure (Nissen et al., 2018); however, this result
wasbased on only9 cases with resultinglow preci-
sion. The Working Group noted the high concen-
tration of exposure to styrene in this single study
for a very rare cancer, as well as adjustment for
other potential confounding factors, and consid-
ered this to be a noteworthy result that requires
further investigation; however, the possible
explanations of chance or confounding by wood
dust could not be confidently ruled out.

2.4.4 Kidney

There was a modest increase in mortality
from or incidence of cancer of the kidney
reported from three (Danish, United Kingdom,
and USA) of the five reinforced plastics industry
cohort studies (Collins et al., 2013; Coggon et
al., 2015; Christensen et al., 2017). One of the
cohort studies reported a positive exposure-
response relationship (Collins et al., 2013). The
initial analyses of the European cohort study
showed a positive exposure-response relation-
ship (Kogevinas et al., 1994), but a recent reanal-
ysis using different exposure metrics found no
exposure-response relationship (Loomis et al.,
2019). The cohort study of United States boat
builders (Bertke et al., 2018), the single informa-
tive study in the styrene monomer and polymers
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production industry (Bond et al., 1992), and the
synthetic rubber industry cohort study found no
association between exposure to styrene and the
incidence of cancer of the kidney (Sathiakumar et
al., 2005; Sathiakumar & Delzell, 2009). Based on
17 exposed cases, a European case-control study
of renal cell carcinoma found an elevated risk for
higher cumulative exposure to styrene, but not
with increased duration or average exposure.

The Working Group noted some isolated
modest associations and some exposure-
response relationships for some exposure metrics
for cancer of the kidney; however, considering
the lack of consistency in the findings and lack
of adjustment in the cohort studies for lifestyle
factors (e.g. cigarette smoking) or possible work
co-exposures, the Working Group concluded
that there was no convincing evidence for an
association between exposure to styrene and
cancer of the kidney.

2.4.5 Bladder

The United Kingdom reinforced plastics
industry-wide cohort study (Coggon et al., 2015)
and the study of the two United States boat-
building facilities reported modest excesses of
deaths from cancer of the bladder (Bertke et al.
2018). The other three reinforced plastics indus-
try-wide cohort studies showed no consistent
associations (Kogevinas et al., 1994; Collins et
al., 2013; Christensen et al., 2017). A synthetic
rubber industry study reported a higher than
expected number of deaths from cancer of the
bladder in women exposed to styrene but not in
men (Sathiakumar et al., 2005; Sathiakumar &
Delzell, 2009). There was no association between
exposure to styrene and cancer of the bladder
in the Canadian case-control study, in which
risk estimates were adjusted for smoking, and
exposure to several non-occupational factors
and aromatic amines (Gérin et al., 1998). The
Working Group concluded that there was no
convincing evidence of an association from these

studies; confounding by cigarette smoking in the
cohort studies could not be ruled out.

2.4.6 Breast

None of the five reinforced plastics industry
cohort studies or the synthetic rubber industry
cohort study found an association between expo-
suretostyreneand cancerofthebreast (Kogevinas
etal., 1994; Sathiakumar & Delzell, 2009; Collins
etal., 2013; Coggon et al., 2015; Christensen et al.,
2017; Ruder & Bertke, 2017; Bertke et al., 2018).
A case-control study of cancer of the breast
using death certificates reported elevated risks
of cancer of the breast with exposure to styrene
among White and Black women (Cantor et al.
1995). However, the study only considered usual
job and did not consider duration of exposure or
any known risk factors for cancer of the breast.
The Working Group therefore concluded that
there was no convincing evidence of an associ-
ation from these studies.

2.4.7 Oesophagus

A reanalysis of the European reinforced plas-
tics industry cohort study found an association
between mean styrene exposure, as well as cumu-
lative exposure lagged by 20 years, and cancer of
the oesophagus (Loomis et al., 2019). Further, the
United States boatbuilding facility study found
an excess risk of cancer of the oesophagus with
increasing duration of high concentrations of
styrene exposure (Bertke et al., 2018). The United
Kingdom study also found an excess of cancer
of the oesophagus with exposure to styrene
(Coggon et al., 2015) but the larger Danish study,
based on incidence and not mortality, did not
find an excess in the incidence of cancer of the
oesophagus (Christensen et al., 2017). In the
synthetic rubber industry cohort study there
were fewer than expected deaths compared with
the reference population (Sathiakumar et al.,
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2005). The Working Group concluded that there
was no convincing evidence of an association.

2.4.8 Prostate

Two of the smaller studies - the case—control
study reporting incidence of cancer of the pros-
tate (Gérin et al., 1998) and the United States
boatbuilding facility study assessing mortality
from cancer of the prostate (Bertke et al., 2018)
- showed positive associations, but the larger
Danish and European studies of reinforced plas-
tics workers found no positive association with
incidence or mortality (Kogevinas et al., 1994;
Christensen et al., 2017; Loomis et al., 2019).

2.4.9 Other cancers

Several other cancers were investigated in
relation to styrene exposure, including cancers
of the colon, rectum, stomach, pancreas, larynx,
pharynx, brain, and central nervous system
(including childhood cancers), and melanoma.
However, the Working Group concluded that no
reliable conclusions could be made either because
of the small number of studies reporting results,
inconsistencies in the findings, or the use of weak
method(s) for assessing exposure to styrene.

3. Cancer in Experimental Animals

3.1 Styrene

3.1.1 Mouse
See Table 3.1.

(@)  Transplacental exposure and oral
administration (by gavage)

Female O20 or C57BL mice were exposed by
gavage to a single dose of styrene (purity, 99%)
at 0 (vehicle), 300 (C57BL), or 1350 (020) mg/
kg body weight (bw) in olive oil on gestational
day 17 (Ponomarkov & Tomatis, 1978). Male
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and female progeny were then similarly exposed
once per week from weaning for 16 weeks for
020 mice (dosing was stopped at 16 weeks due to
toxicity, instead of occurring over the lifespan of
the progeny as originally intended) or 120 weeks
for C57BL mice. All surviving mice were killed
at experimental week 120, although very few 020
mice survived to the end of study. For O20 mice,
6/47 female untreated controls, 0/9 female dams
treated with olive oil only, 0/22 female progeny
treated with olive oil only, 0/29 female dams
exposed to styrene, 0/39 female progeny exposed
to styrene, 7/54 male untreated controls, 0/20
male progeny treated with olive oil only, and
0/45 male progeny exposed to styrene survived
until week 120. The effective number of animals
used for tumour evaluation was the number of
survivors in all groups at the time of the first
tumour. In male O20 mice progeny, there was
a significantly increased incidence of adenoma
or adenocarcinoma (combined) of the lung after
exposure to styrene compared with male mice
progeny given olive oil only (P < 0.01). In female
020 mice progeny, there was a significantly
increased incidence of adenoma or adenocar-
cinoma (combined) of the lung after exposure
to styrene compared with female mice progeny
given olive oil only (P < 0.01) and compared with
untreated female controls (P < 0.001). There was
also a significantly increased incidence of adeno-
carcinoma of the lung in female mice progeny
after exposure to styrene compared with female
mice progeny given olive oil only [P < 0.01].
Tumours appeared at or before week 57 in male
020 mice or week 65 in female O20 mice. For
C57BL mice, 19/49 female untreated controls,
3/5 female dams given olive oil only, 4/13 female
progeny given olive oil only, 4/15 female dams
exposed to styrene, 12/27 female progeny exposed
to styrene, 33/51 male untreated controls, 7/12
male progeny given olive oil alone, and 15/27
male progeny exposed to styrene survived until
week 120. There were no significant differences
in the incidence of tumours of the lung in
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Table 3.1 Studies of carcinogenicity in mice exposed to styrene

Study design Route Incidence and/or Significance Comments

Species, strain Agent tested, purity multiplicity of tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Transplacental exposure/gavage Lung Principal limitations: not chronic exposure
carcinogenicity Styrene, 99% Adenoma or adenocarcinoma (combined) (16 wk only); poor survival; high/toxic dose (thus

Mouse, 020 (M)
GND 17

120 wk
Ponomarkov &

Tomatis (1978

Full
carcinogenicity
Mouse, 020 (F)
GND 17

120 wk
Ponomarkov &

Tomatis (1978

Olive 0il (0.1 mL)

0 (untreated), 0 (vehicle, progeny),
1350 (progeny) mg/kg bw 1x on
GND 17 (to dams) then 1x/wk to
progeny beginning at weaning for
16 wk

54,20, 45

7,0,0

Transplacental exposure/gavage
Styrene, 99%

Olive oil (0.1 mL)

0 (untreated), 0 (vehicle, dams), 0
(vehicle, progeny), 1350 (dams),
1350 (progeny) mg/kg bw 1x on
GND 17 (to dams) then 1x/wk to
progeny beginning at weaning for
16 wk

47,9, 22,29, 39

6,0,0,0,0

34/53 (64.2%), 8/19
(42.1%), 20/23 (87.0%)*

Adenocarcinoma

12/53 (22.6%), 4/19
(21.1%), 8/23 (34.8%)

Adenoma

22/53 (41.5%), 4/19
(21.1%), 12/23 (52.2%)

Lung

*P < 0.01 vs vehicle
control

[NS]

[NS]

Adenoma or adenocarcinoma (combined)

25/47 (53.2%), 5/8
(62.5%), 14/21 (66.7%),
11/20 (55%), 32/32
(100%)*
Adenocarcinoma
14/47 (29.8%), 4/8
(50.0%), 4/21 (19.0%),
7/20 (35.0%), 18/32
(56.2%)*

Adenoma

11/47 (23.4%), 1/8
(12.5%), 10/21 (47.6%),
4/20 (20.0%), 14/32
(43.8%)

*P < 0.01 vs vehicle
control (progeny),

P <0.001 vs untreated
control

*[P < 0.01 vs vehicle
control (progeny)]

[NS]

stopped at 16 wk)

The effective number of animals (denominator)
is the number of survivors at the time the first
tumour was observed; the first lung tumour
appeared at or before week 57 for all groups;
tumours appeared earlier in styrene-treated
male progeny (average age, 48.8 wk) compared
with other groups

Principal imitations: not chronic exposure (16
wk only); compared progeny with untreated
(adult) controls; poor survival; high/toxic dose
(thus stopped at 16 wk); low number of animals
for vehicle control female dams

The effective number of animals (denominator)
is the number of survivors at the time the first
tumour was observed; the first lung tumour
appeared at or before week 65 for all groups;
tumours appeared earlier in styrene-treated
female progeny (average age, 57.8 wk) compared
with the other groups

dPIX0-8’/-2uUaIA1s pue suaIAlS
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Table 3.1 (continued)

Study design Route Incidence and/or Significance Comments

Species, strain Agent tested, purity multiplicity of tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Transplacental exposure/gavage Lung: tumour (unspecified) Principal limitations: poor survival (but better
carcinogenicity Styrene, 99% 5/47 (10.6%), 3/12 NS than 020 strain); low starting number of
Mouse, C57BL Olive oil (0.1 mL) (25.0%), 1/24 (4.2%) animals for all treated-groups

™M) 0 (untreated), 0 (vehicle, progeny), The effective number of animals (denominator)
GND 17 300 (progeny) mg/kg bw 1x on is the number of survivors at the time the first
120 wk GND 17 (to dams) then 1x/wk to tumour was observed

Ponomarkov &

Tomatis (1978

Full
carcinogenicity
Mouse, C57BL (F)
GND 17

120 wk
Ponomarkov &

Tomatis (1978

Full
carcinogenicity
Mouse, B6C3F,
M)

6 wk

91 wk

NTP (1979a

progeny beginning at weaning for
life

51, 12,27

33,7, 15

Transplacental exposure/gavage
Styrene, 99%

Olive oil (0.1 mL)

0 (untreated), 0 (vehicle, dams), 0
(vehicle, progeny), 300 (dams), 300
(progeny) mg/kg bw

Once on GND 17 (to dams) then
once weekly to progeny beginning
at weaning for life

49,5, 13, 15,27

19,3,4,4,12

Gavage

Styrene, > 99%

Corn oil

0 (vehicle control), 150, 300 mg/kg
bw, 5 d/wk for 78 wk plus 13-wk
observation phase (no exposure)
20, 50, 50

20, 46, 39

Lung: tumour (unspecified)
1/47 (2.1%), 0/5, 1/13 NS
(7.7%), 1/12 (8.3%), 1/24
(4.2%)

Lung

Bronchioloalveolar adenoma or carcinoma
(combined)

0/20%, 6/44, 9/43** *P =0.023 (Cochran-

Armitage trend test)

*>*P =0.024 (vs control,

Fisher exact test)
Bronchioloalveolar carcinoma
0/20, 3/44, 5/43 NS

Principal limitations: compared progeny

with untreated (adult) controls; low number

of animals for vehicle control female dams;
poor survival (but better than 020 strain);

low starting number of animals for all treated-
groups

The effective number of animals (denominator)
is the number of survivors at the time the first
tumour was observed

Principal limitations: smaller number of controls
compared with treated groups

LZl - SHAVYOONOW DV
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Table 3.1 (continued)

Study design Route Incidence and/or Significance Comments

Species, strain Agent tested, purity multiplicity of tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Gavage Liver: hepatocellular adenoma Principal limitations: smaller number of controls
carcinogenicity Styrene, > 99% 0/20%, 1/44, 5/43 *P =0.034 (Cochran- compared with treated groups

Mouse, B6C3F, Corn oil

(F)
6 wk
91 wk

NTP (1979a

Full
carcinogenicity
Mouse, B6C3F,
M)

6 wk

92 wk

NTP (1979b)

Full
carcinogenicity
Mouse, B6C3F,
(¥)

6 wk

92 wk

NTP (1979b

0 (vehicle control), 150, 300 mg/kg
bw, 5 d/wk for 78 wk plus 13-wk
observation phase (no exposure)
20, 50, 50

18, 40, 38

Gavage

Styrene/p-nitrostyrene solution, NR
Corn oil

0 (vehicle control), 87.5, 175 mg/kg
bw, 3 d/wk for 78 wk plus 14-wk
observation phase (no exposure)
20, 50, 50

18, 43, 33

Gavage

Styrene/p-nitrostyrene solution, NR
Corn oil

0 (vehicle control), 87.5, 175 mg/kg
bw, 3 d/wk for 78 wk plus 14-wk
observation phase (no exposure)
20, 50, 50

17,47, 38

Armitage trend test)

Lung
Bronchioloalveolar adenoma or carcinoma
(combined)

0/20, 11/49%, 2/36 *P = 0.016 (Fisher exact

test)
Bronchioloalveolar carcinoma
0/20, 3/49, 1/36 NS

Any tumour type: no significant increase

Principal limitations: no dose-response

in males (low dose effect only); purity of
styrene in mixture not reported; smaller
number of controls compared with treated
groups; solution contained ~70% styrene and
~30% B-nitrostyrene; doses were based on
B-nitrostyrene concentration; unusual exposure
schedule of 3 d/wk

Principal limitations: purity of styrene in
mixture not reported; smaller number of
controls compared with treated groups;
solution contained ~70% styrene and

~30% B-nitrostyrene; doses were based on

B-nitrostyrene concentration; unusual exposure
schedule of 3 d/wk
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Table 3.1 (continued)

Study design
Species, strain
(sex)

Age at start
Duration
Reference

Route

Agent tested, purity

Vehicle
Dose(s)

No. of animals at start
No. of surviving animals

Incidence and/or
multiplicity of tumours

Significance

Comments

Full
carcinogenicity
Mouse, CD-1 (M)
4 wk

104 wk

Cruzan et al.
2001), OEHHA
2010)

Inhalation (whole-body exposure)

Styrene, > 99.5%
Air

0, 20, 40, 80, 160 ppm, 6 h/d, 5 d/wk

50, 50, 50, 50, 50
36,27, 27,37, 33

Lung

Bronchioloalveolar adenoma

15/50%, 21/50, 35/50*%, *[P < 0.001 (Cochran-

30/50***, 33/50** Armitage trend-test)],
[P < 0.001 (Fisher
exact test)], ¥**[P = 0.005
(Fisher exact test)]

Bronchioloalveolar carcinoma

4/50, 5/50, 3/50, 6/50, NS

7/50

Bronchioloalveolar adenoma or carcinoma

(combined)

17/50%, 24/50, 36/50*%,

30/50%*, 36/50**

*P < 0.001 (Cochran-
Armitage trend test),
**P < 0.01 (Fisher exact
test)

All tumours

Total tumours: 24, 32, NR

62,62, 68

Principal strengths: GLP study

Male mice exposed to styrene at 80 and 160 ppm
had decreased body weights over the course of
the study

LZl - SHAVYOONOW DV
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Table 3.1 (continued)

Study design Route Incidence and/or Significance Comments

Species, strain Agent tested, purity multiplicity of tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Inhalation (whole-body exposure) Lung Principal strengths: GLP study

carcinogenicity Styrene, > 99.5% Bronchioloalveolar adenoma Principal limitations: lower survival of controls

Mouse, CD-1 (F)
4wk

98 wk

Cruzan et al.
2001), OEHHA
2010

Full
carcinogenicity
Mouse, CD-1 (M)
6-7 wk

104 wk

Cruzan et al.

2017

Air

0, 20, 40, 80, 160 ppm, 6 h/d, 5 d/wk
50, 50, 50, 50, 50

27,32, 33, 34, 35

Inhalation (whole-body exposure)
Styrene, 99.95%

Clean air

0, 120 ppm, 6 h/d, 5 d/wk

75,75

7,12

6/50%, 16/50**, 16/50**,
11/50, 24/50***

*[P =0.001 (Cochran-
Armitage trend test)],
[P =0.028 (Fisher
exact test)], ***[P < 0.001
(Fisher exact test)]

Bronchioloalveolar carcinoma
0/50%, 0/50, 2/50, 0/50, *[P < 0.001 (Cochran-

7/50** Armitage trend test)],
[P =0.012, Fisher exact
test]

Bronchioloalveolar adenoma or carcinoma

(combined)

6/50%, 16/50**, 17/50*%,
11/50, 27/50***

*P < 0.001 (Cochran-
Armitage trend test),
**P < 0.05 (Fisher exact
test, **P < 0.01 (Fisher
exact test)

All tumours

Total tumours: 7, 22,22, NR
14, 47

Lung

Bronchioloalveolar hyperplasia

0/67, 50/67* *[P < 0.0001]
Bronchioloalveolar adenoma

15/67, 14/67 [NS]
Bronchioloalveolar carcinoma

7167, 17/67* *[P < 0.05]
Bronchioloalveolar adenoma or carcinoma
(combined)

21/67, 31/67 [NS]

vs treated

Due to mortality in control females (23/50
mice), the surviving females were killed 6 wk
earlier than originally scheduled; all four treated
groups had greater survival than the controls;
female mice exposed to styrene at 160 ppm had
decreased body weights over the course of the
study

Principal limitations: single dose; one sex only;
lack of statistical analysis in the article

Five animals killed per group after 1, 26, 26,
52, and 78 wk for histopathology and cell
proliferation assessment; initial number of
animals for survival analyses, 50

dPIX0-8’/-2uUaIA1s pue suaIAlS



[4°)

Table 3.1 (continued)

Study design Route Incidence and/or Significance Comments

Species, strain Agent tested, purity multiplicity of tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Inhalation (whole-body exposure) Lung Principal limitations: single dose; one sex only;
carcinogenicity Styrene, 99.95% Bronchioloalveolar hyperplasia lack of statistical analysis in the article

Mouse, C57BL/6
(wildtype) (M)

6-7 wk

104 wk

Cruzan et al.

(2017)

Full

carcinogenicity

Mouse, Cyp2f2-)

(KO) (M)

6-7 wk

104 wk

Cruzan et al.
2017

Full

carcinogenicity

Mouse,

Cyp2f2KO-2f1-

transgenic (M)

6-7 wk

104 wk

Cruzan et al.

2017

Clean air

0, 120 ppm, 6 h/d, 5 d/wk
75,75

4,18

Inhalation (whole-body exposure)
Styrene, 99.95%

Clean air

0, 120 ppm, 6 h/d, 5 d/wk

75,75

21,23

Inhalation (whole-body exposure)
Styrene, 99.95%

Clean air

0, 120 ppm, 6 h/d, 5 d/wk

75,75

9,14

0/69, 55/70*
Bronchioloalveolar adenoma

3/69, 1/70 [NS]
Bronchioloalveolar carcinoma
0/69, 0/70 [NS]
Lung

Bronchioloalveolar hyperplasia
0/69, 0/69 [NS]
Bronchioloalveolar adenoma
0/69, 0/69 [NS]
Bronchioloalveolar carcinoma
2/69, 0/69 [NS]
Lung

Bronchioloalveolar hyperplasia
0/69, 0/68 [NS]
Bronchioloalveolar adenoma
2/69, 1/68 [NS]
Bronchioloalveolar carcinoma
1/69, 0/68 [NS]

Bronchioloalveolar adenoma or carcinoma

(combined)
3/69, 1/68 [NS]

*[P <0.0001]

Five animals killed per group after 1, 26, 26,
52, and 78 wk for histopathology and cell
proliferation assessment; initial number of
animals for survival analyses, 50; treated
animals had a significantly higher survival

Principal limitations: single dose; one sex only;
lack of statistical analysis in the article

Five animals killed per group after 1, 26, 26,

52, and 78 wk for histopathology and cell
proliferation assessment; initial number of
animals for survival analyses, 50; KO mice with
C57BL/6 background

Principal limitations: single dose; one sex only;
lack of statistical analysis in the article

Five animals killed per group after 1, 26, 26,
52, and 78 wk for histopathology and cell
proliferation assessment; initial number of
animals for survival analyses, 50; transgenic
mice with C57BL/6 background
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Table 3.1 (continued)

Study design
Species, strain
(sex)

Age at start
Duration
Reference

Route

Agent tested, purity

Vehicle
Dose(s)

No. of animals at start
No. of surviving animals

Incidence and/or
multiplicity of tumours

Significance

Comments

Full
carcinogenicity
Mouse, A/] (F)
6-8 wk

~27 wk (20 wk
after final
injection)

Brunnemann et

al. (1992)

Intraperitoneal injection

Styrene, > 99%
Olive oil (0.1 mL)

0 (vehicle control), 10 pmol per
mouse, 3x/wk (20 injections total;
total dose, 200 umol per mouse)

25,25
NR

Lung: adenoma

1/25 (4%), 3/25 (12%) NS
Tumour multiplicity: NR
0.04 + 0.20, 0.80 + 3.52

Principal limitations: not chronic exposure;
non-physiological exposure route; no survival or
body-weight data

bw, body weight; d, day(s); F, female; GND, gestation day; GLP, good laboratory practice; h, hour(s); KO, knockout; M, male; NR, not reported; NS, not significant; ppm, parts per
million; vs, versus; wk, week(s).
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C57BL mice. [The Working Group noted that the
study was limited by the non-chronic exposure
(16 weeks only), the poor survival, the high/toxic
dose used for O20 mice (resulting in exposure
stopping at week 16), the comparison of progeny
with untreated (adult) controls, the low number
of vehicle-control female dams, and the low
starting numbers for all treated groups of C57BL
mice.]

(b)  Oral administration

Groups of male and female B6C3F, mice were
exposed by gavage to styrene (purity, > 99%) at
0 (vehicle controls) (n = 20 per sex), 150 mg/kg
bw (n = 50 per sex), or 300 mg/kg bw (n = 50 per
sex) in corn oil (N'TP, 1979a). Mice were treated
5 days per week for 78 weeks and then observed
(no treatment) for 13 weeks (91 weeks in total).
For male mice, 20/20 (100%) of the vehicle
controls, 46/50 (92%) of the group given the low
dose, and 39/50 (78%) of the group given the high
dose survived until the end of study. For female
mice, 18/20 (90%) of the vehicle controls, 40/50
(80%) of the group given the low dose, and 38/50
(76%) of the group given the high dose survived
until the end of study. In males, the incidence
of bronchioloalveolar adenoma or carcinoma
(combined) of the lung at week 91 was signifi-
cantly increased (vs vehicle control) at the highest
dose (P = 0.024), and there was a significantly
increased positive trend (P = 0.023). In females,
there was a significantly increased positive trend
(P = 0.034) for hepatocellular adenoma at week
91. [The Working Group noted the smaller
number of controls compared with the numbers
of treated mice.]

Groups of male and female B6C3F, mice were
given a solution of styrene [purity unspecified]
(~70%) and P-nitrostyrene (~30%) at a dose of 0
(vehicle controls) (n = 20 per sex), 87.5 mg/kg bw
(n =50 per sex), or 175 mg/kg bw (n = 50 per sex)
by gavage in corn oil (N'TP, 1979b). Doses were
selected based on the concentration of -nitrosty-
rene in the mixture. Mice were treated 3 days
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per week for 78 weeks and then observed (no
treatment) for 14 weeks (92 weeks in total). For
male mice, 18/20 (90%) of the vehicle controls,
43/50 (86%) of the group given the low dose, and
33/50 (66%) of the group given the high dose
survived until the end of study. For female mice,
17/20 (85%) of the vehicle controls, 47/50 (94%)
of the group given the low dose, and 38/50 (76%)
of the group given the high dose survived until
the end of study. Decreased mean body weight
(compared with controls) was only observed in
the female mice given the high dose. In males,
the incidence of bronchioloalveolar adenoma
or carcinoma (combined) at week 92 was signif-
icantly increased (vs vehicle control) for the
group exposed to the lowest dose (P = 0.016).
There was no significantly increased incidence
of tumours in female mice. [The Working Group
noted the smaller number of controls compared
with the numbers of treated mice. The study was
also limited by the test agent being a mixture of
styrene and P-nitrostyrene, the purity of styrene
in the mixture not being reported, and the
unusual exposure schedule of 3 days per week.
The Working Group also noted that there was no
significant dose-response in males and no signif-
icant increase in males given the high dose.]

(c) Inhalation

In a good laboratory practice (GLP) study,
groups of 50 male and 50 female CD-1 mice were
exposed to styrene (purity, > 99.5%) via inhal-
ation (whole-body exposure) at 0 (air control), 20,
40, 80, or 160 ppm for 6 hours per day, 5 days per
week, for 104 weeks (males) or 98 weeks (females)
(Cruzan et al., 2001). The percentages of male
mice surviving at week 104 were 72% (control),
54% (20 ppm), 54% (40 ppm), 74% (80 ppm),
and 66% (160 ppm). The corresponding percent-
ages of female mice surviving at week 98 were
54%, 64%, 66%, 68%, and 70%. Males exposed
at 80 ppm and 160 ppm exhibited significant
weight loss (23% and 31%, respectively, compared
with controls) at week 104. Females exposed at
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160 ppm exhibited significant weight loss (15%
compared with controls) at week 98. In males,
the incidence of bronchioloalveolar adenoma of
the lung was significantly increased (compared
with controls) at week 104 with exposure to
styrene at 40 ppm [P < 0.001], 80 ppm [P = 0.005],
and 160 ppm [P < 0.001], and there was a signif-
icant positive trend [P < 0.001]. There was no
significant increase in the incidence of bronchi-
oloalveolar carcinoma of the lung in males, but
the incidence of bronchioloalveolar adenoma
or carcinoma (combined) was significantly
increased with exposure at 40, 80, and 160 ppm,
with a significant positive trend (OEHHA, 2010).
In females, the incidence of bronchioloalveolar
adenoma of the lung at week 98 was significantly
increased (compared with controls) with expo-
sure to styrene at 20 ppm [P = 0.028], 40 ppm
[P = 0.028], and 160 ppm [P < 0.001], with a
significant positive trend [P = 0.001]. The inci-
dence of bronchioloalveolar carcinoma of the
lung was significantly increased (compared with
controls) with exposure to the highest dose in
females [P = 0.012], with a significant positive
trend [P < 0.001] (Cruzan et al., 2001). The inci-
dence of bronchioloalveolar adenoma or carci-
noma (combined) was significantly increased
with exposure at 20, 40, and 160 ppm, with a
significant positive trend in females (OEHHA
2010). [The Working Group noted that the
lower survival of female controls compared with
treated females was a weakness of this study.
Further, there were no historical control data
from inhalation studies at the testing laboratory
for bronchioloalveolar adenoma and carcinoma
in CD-1 mice.]

Groups of 75 male CD-1, C57BL/6 wildtype,
Cyp2f2- knockout, and Cyp2f2KO-Cyp2f1
transgenic mice were exposed to styrene (purity,
99.95%) via inhalation (whole-body exposure) at
0 ppm (air control) or 120 ppm for 6 hours per
day, 5 days per week, for 104 weeks. Five mice
per group were killed after 1, 26, 26, 52, and 78
weeks for histopathological examination and cell

proliferation assessment. Treated wildtype mice
had asignificantly higher survival compared with
controls. The incidences of bronchioloalveolar
hyperplasia were significantly increased in CD-1
mice [P < 0.0001] and wildtype mice [P < 0.0001]
exposed to styrene (50/67 and 55/70, respec-
tively) compared with control mice (0/67 and
0/69, respectively). Bronchioloalveolar hyper-
plasia was not observed in any of the knockout
or transgenic mice (whether controls or mice
exposed to styrene). The incidence of bronchi-
oloalveolar adenoma or carcinoma (combined)
was increased in CD-1 mice exposed to styrene
(31/67) compared with control mice (22/67), but
this increase was not statistically significant.
There was no significant increase for the three
groups of animals with a C57BL/6 background:
the incidence of bronchioloalveolar adenoma
or carcinoma (combined) was 1/70 (wildtype),
0/69 (knockout), and 1/68 (transgenic) for mice
exposed to styrene and 3/69 (wildtype), 2/69
(knockout), and 3/69 (transgenic) for control
mice. The incidence of bronchioloalveolar carci-
noma was significantly increased in CD-1 mice
[P < 0.05] exposed to styrene (17/67) compared
with control mice (7/67). For the other groups,
the incidences of bronchioloalveolar carcinoma
were 0/70 (wildtype), 0/69 (knockout), and 0/68
(transgenic) for mice exposed to styrene and 0/69
(wildtype), 2/69 (knockout), and 1/69 (trans-
genic) for control mice (Cruzan et al., 2017). [The
Working Group noted the use of a single dose
and of males only, as well as the lack of statistical
analysis in the article. There were no historical
control data for bronchioloalveolar adenoma and
bronchioloalveolar carcinoma in CD-1 mice.]

(d) Intraperitoneal injection

Two groups of 25 female A/] mice were given
styrene (purity, > 99%) by intraperitoneal injec-
tion at doses of 0 (vehicle control) or 10 umol per
mouse in olive oil 3 times per week for a total of
20 injections (total dose, 200 umol per mouse)
(Brunnemann et al., 1992). Although there was
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an increase in the percentage of mice exposed to
styrene with adenomas of the lung (compared
with the vehicle controls) at 20 weeks after the
last injection (duration of the experiment, ~27
weeks), the difference was not statistically signif-
icant. [The Working Group noted that the study
was limited by the lack of survival or body-
weight data, the non-chronic exposure, and the
non-physiological exposure route.]

3.1.2 Rat
See Table 3.2.

(@)  Oral administration
(i)  Gavage

Groups of 50 male and 50 female Fischer 344
rats were given styrene (purity, 99.7%) in corn
oil by gavage at doses of 0, 1000 (medium dose),
and 2000 (high dose) mg/kg bw, 5 days a week
for 78 weeks, followed by a 27-week observation
period. Groups of 20 male and 20 female rats
received the corn oil vehicle alone (medium-
and high-dose vehicle control) (NTP, 1979a).
Mortality among male and female rats given
the high dose was significantly higher than
their respective vehicle controls. In response to
this elevated and early mortality, a group given
a low dose of styrene was included for each sex
at experimental week 23. These dosed rats were
intubated with styrene at a dose of 500 mg/kg
bw for 103 weeks, followed by a 1-week observa-
tion period; a separate vehicle control group was
also started for each sex for this low-dose group.
Males survivingat the end of the experiment were
17/20 (low-dose vehicle control), 18/20 (medium-
and high-dose vehicle control), 44/50 (low dose),
47/50 (medium dose), and 6/50 (high dose, at
week 53). Corresponding numbers of surviving
females were 15/20, 18/20, 46/50, 46/50, and 7/50
(at week 53). A dose-related mean body-weight
decrease compared with their controls was
observed in male rats, but there was no significant
mean body-weight decrease in female rats when
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compared with their controls. [Since there was
a significant accelerated mortality among rats
exposed at the high dose, it is possible that the
medium dose may have exceeded the maximum
tolerated dose.] There were inadequate numbers
of rats that survived the high dose of styrene to
determine the risk of late-developing tumours;
these groups were therefore excluded from the
statistical analyses. There was no significant
increase in the incidence of any tumour type in
treated males or females. [The Working Group
noted the smaller number of controls.]

Groups of 50 male and 50 female Fischer
344 rats were given a solution of styrene [purity
unspecified] and B-nitrostyrene (70% and 30%,
respectively) in corn oil by gavage at doses of 150
or 300 mg/kg bw for males and 75 or 150 mg/kg
bw for females, 3 days per week for 79 weeks,
followed by an additional observation period of
29 weeks. Groups of 20 male and 20 female rats
received the corn oil vehicle alone (NTP, 1979b).
Doses were selected based on the concentration
of B-nitrostyrene in the mixture. There was no
significant difference between the survival of
male and female rats given the test solution and
that of their controls. The numbers of surviving
males at the end of the experiment were 16/20
(controls), 34/50 (low dose), and 31/50 (high
dose); the corresponding numbers of surviving
females were 12/20, 33/50, and 31/50. A decrease
in mean body weight of the male rats given the
high dose, compared with their controls, was
observed, indicating that the doses may have
approximated the maximum tolerated dose.
There was no significant increase in the incidence
of any tumour type in treated males or females.
[The Working Group noted the smaller number
of controls compared with the treated groups.
The study was also limited by the test agent being
a mixture of styrene and p-nitrostyrene, the lack
of information about the purity of styrene in the
mixture, and the unusual exposure schedule of
3 days per week ]
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Table 3.2 Studies of carcinogenicity in rats exposed to styrene

Study design Route Incidence of Significance Comments
Species, strain Agent tested, purity tumours
(sex) Vehicle
Age at start Dose(s)
Duration No. of animals at start
Reference No. of surviving animals
Full Gavage Skin and subcutaneous tissue: fibroma Principal limitations: inadequate numbers of
carcinogenicity Styrene, 99.7% 0/20, 0/20, 3/50, NS surviving high-dose (2000 mg/kg bw) rats,
Rat, Fischer 344  Corn oil 0/50 meaning that these were excluded from the
™M) 0 (low-dose vehicle control), 0 (medium- and Adrenal gland: pheochromocytoma statistical analyses (only 6/50 male rats survived
6 wk high-dose vehicle control), 500 mg/kg bw (low- 2/20. 1/19. 1/48 NS past week 53 to the end of the study); smaller
104-105 wk dose) for 103 wk, 1000 mg/kg bw (medium-dose 4/ 49’ ’ ’ number of controls compared with treated
NTP (1979a group) for 78 wk, and 2000 mg/kg bw (high- . » groups

dose group) for 78 wk, 5 d/wk, then observation Testis: interstitial cell tumours

at wk 104-105 15/20, 19/20, NS

20, 20, 50, 50, 50 42/47, 48/50

17,18, 44, 47, 6
Full Gavage Uterus: endometrial stromal polyp Principal limitations: inadequate numbers of
carcinogenicity Styrene, 99.7% 4/18, 3/20, 9/48, NS surviving high-dose (2000 mg/kg bw) rats,
Rat, Fischer 344  Corn oil 5/50 meaning that these were excluded from the
(F) 0 (low-dose vehicle control), 0 (medium-dose statistical analyses (only 7/50 female rats
6 wk vehicle control), 500 mg/kg bw (low-dose) for survived past week 53 to the end of the study);
104-105 wk 103 wk, 1000 mg/kg bw (medium-dose group) smaller number of controls compared with

NTP (1979a

Full
carcinogenicity
Rat, F344 (M)
6 wk

108 wk

NTP (1979b)

for 78 wk, and 2000 mg/kg bw (high-dose
group) for 78 wk, 5 d/wk, then observation at
wk 104-105

20, 20, 50, 50, 50

15, 18, 46, 46, 7

Gavage

70% styrene, 30% B-nitrostyrene, NR

Corn oil

0, 150, 300 mg/kg bw, 3 d/wk for 79 wk, 29 wk
observation

20, 50, 50

16, 34, 31

Pituitary gland: chromophobe adenoma
4/17%, 4/42, 1/44** *P = 0.010 (trend,

decrease), **P = 0.019

(decrease)
Pancreas: islet cell adenoma
2/18%,1/42, 0/42 *P = 0.039 (trend,

decrease)
Adrenal gland: pheochromocytoma

treated groups

Principal limitations: purity of styrene in
mixture not reported; smaller number of
controls compared with treated groups;
solution contained ~70% styrene and

~30% B-nitrostyrene; doses were based on
B-nitrostyrene concentration; unusual exposure
schedule of 3 d/wk
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Table 3.2 (continued)

Study design Route Incidence of Significance Comments
Species, strain Agent tested, purity tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full 1/19, 3/48, 1/46 NS

carcinogenicity Thyroid: C-cell adenoma or carcinoma

Rat, F344 (M)

6 wk

108 wk

NTP (1979b)
cont.

Full

carcinogenicity

Rat, F344 (F)

6 wk

108 wk

NTP (1979b)

Full
carcinogenicity
Rat, Sprague-
Dawley (M)

13 wk

Lifetime

Conti et al.

1988

Gavage

70% styrene, 30% P-nitrostyrene, NR

Corn oil

0,75, 150 mg/kg bw, 3 d/wk for 79 wk, 29 wk
observation

20, 50, 50

12, 33, 31

Gavage

Styrene, 99.8%

Olive oil

0, 50, 250 mg/kg bw, 1x/d, 4-5x/wk, 52 wk
40, 40, 40

NR

(combined)

0/18, 1/47, 3/41 NS

Testis: interstitial cell tumours
15/19, 38/47, 39/46 NS

Pituitary gland: chromophobe adenoma
5/18,15/49,18/44 NS
Mammary gland: fibroadenoma
2/20, 5/50, 7/50 NS

Uterus

Adenocarcinoma, NOS

1/20, 3/48, 0/45 NS
Endometrial stromal polyp
1/20, 9/48, 8/45 NS
Mammary gland

“Benign tumours”

4/40, 3/40,4/40  [NS]
“Malignant tumours”

0/40, 0/40, 0/40 [NS]

Haematopoietic and lymphoid tissues:
leukaemia

0/40, 0/40, 2/40 [NS]

Principal limitations: purity of styrene in
mixture not reported; smaller number of
controls compared with treated groups;
solution contained ~70% styrene and

~30% B-nitrostyrene; doses were based on
B-nitrostyrene concentration; unusual exposure

schedule of 3 d/wk

Principal strengths: adequate number of
animals used, randomly allocated in groups
Principal limitations: no mortality data were
included in this study; statistical analysis was
not conducted by the authors; limited reporting
The authors reported no significant difference
in survival related to treatment; Experiment
BT102
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Table 3.2 (continued)

Study design Route Incidence of Significance Comments
Species, strain Agent tested, purity tumours
(sex) Vehicle
Age at start Dose(s)
Duration No. of animals at start
Reference No. of surviving animals
Full Gavage Mammary gland Principal strengths: adequate number of
carcinogenicity Styrene, 99.8% “Benign and malignant tumours” animals used, randomly allocated in groups
Rat, Sprague- Olive oil 24/40, 30/40, [NS] Principal limitations: no mortality data were
Dawley (F) 0, 50, 250 mg/kg bw, 1x/d, 4-5%/wk, 52 wk 15/40 included in this study; statistical analysis was
13 wk old 40, 40, 40 “Mali { tumours” not conducted by the authors; limited reporting
Lifetime NR alghat The authors reported a higher mortality rate in
Conti et al. 5/40, 6/40, 5/40 (NS] high-dose females; Experiment BT102
(1988) Haematopoietic and lymphoid tissues:

leukaemia

1/40, 3/40, 0/40 [NS]
Full Gavage (of pregnant females) Stomach: tumours Principal strengths: the duration of observation
carcinogenicity Styrene, 99% 0/10, 1/20 NS was adequate
Rat, BDIV (F) Olive oil Mammary gland: tumours Animals were dams of male and female
GND 17 0, 1350 mg/kg bw, 1x/wk 3/10. 6/20 NS offspring of transplacental exposure/gavage
120 wk 10, 21 ’ . experiment (see experiment below)
Ponomarkov & 8,10 Uterus: carcinoma

Tomatis (1978)
Full
carcinogenicity
Rat, BDIV (F)
GND 17

120 wk

Ponomarkov &

Tomatis (1978)
(cont.)

Full
carcinogenicity
Rat, BDIV (M)
GND 17

120 wk

Ponomarkov &

Tomatis (1978

Transplacental exposure/gavage

Styrene, 99%

Olive oil

0, 500 mg/kg bw, 1x/wk beginning at weaning
for life

36,73

14, 8

0/10, 3/20 NS
Pituitary gland: adenoma
0/10, 3/20 NS
Ovary: tumours

0/10, 1/20 NS

Nerve trigeminus: neurinoma

0/32, 1/54 NS
Heart: neurinoma
0/32, 1/54 NS

Principal strengths: adequate number of
animals used; duration of exposure and
observation was adequate

Animals studied were offspring from dams
treated with 0 or 1350 mg/kg bw of styrene
dissolved in olive oil by gavage 1x on day 17 of
gestation (see experiment above)
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Table 3.2 (continued)

Study design Route Incidence of Significance Comments

Species, strain Agent tested, purity tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Transplacental exposure/gavage Stomach: tumours Principal strengths: adequate number of
carcinogenicity  Styrene, 99% 1/35, 2/68 NS animals used; duration of exposure and
Rat, BDIV (F) Olive oil R (HEmE observation was adequate

GND 17 0, 500 mg/kg bw, 1x/wk beginning at weaning 0/35. 1/68 NS Animals studied were offspring from dams
120 wk for life ’ treated with 0 or 1350 mg/kg bw of styrene
Ponomarkov 39,71 dissolved in olive oil by gavage 1x on day 17 of
&Tomatis (1978) 18,20 gestation (see experiment above)

Full

carcinogenicity

Rat, Charles

River COBS (SD)

BR (M)

50d

2yr

Beliles et al.
1985)

Full

carcinogenicity

Rat, Charles

River COBS (SD)

BR (F)

50d

2yr

Beliles et al.
1985)

Full

carcinogenicity

Rat, Sprague-

Dawley (M)

13 wk

Lifetime

Conti et al.

1988

Drinking-water

Styrene, 98.9%

Drinking-water

0, 125,250 ppm [mg/L] ad libitum
76, 50, 50

42,27, 31

Drinking-water

Styrene, 98.9%

Drinking-water

0, 125, 250 ppm [mg/L] ad libitum
106, 70, 70

60, 40, 44

Inhalation (whole-body exposure)

Styrene, 99.8%

Air flow

0, 25, 50, 100, 200, 300 ppm, 4 h/d, 5 d/wk for
52 wk

60, 30, 30, 30, 30, 30

NR

Mammary gland: tumours
1/65, 0/23, 0/40 NS

Mammary gland: tumours

54/96, 20/30, NS
45/60

Mammary gland

“Benign and malignant tumours
(combined)”

8/60, 6/30, 3/30, [NS]

6/30, 4/30, 5/30

“Malignant tumours”

1/60, 1/30,1/30,  [NS]

0/30, 1/30, 0/30

Principal strengths: adequate number of
animals used; adequate duration of exposure
and observation

Principal limitations: dosing was limited by the
solubility of styrene in water; styrene intake
was calculated from the concentration, water
consumption, and body weight as being 7.7 and
14 mg/kg bw per day in males

Principal strengths: adequate number of
animals used; adequate duration of exposure
and observation

Principal limitations: dosing was limited by the
solubility of styrene in water; styrene intake
was calculated from the concentration, water
consumption, and body weight as being 12 and
21 mg/kg bw per day in females

Principal limitations: no mortality data were
included in this studys; statistical analysis was
not conducted by the authors; limited reporting
The authors reported no significant difference in
survival related to treatment; Experiment BT101
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Table 3.2 (continued)

Study design Route Incidence of Significance Comments
Species, strain Agent tested, purity tumours
(sex) Vehicle
Age at start Dose(s)
Duration No. of animals at start
Reference No. of surviving animals
Full Inhalation (whole-body exposure) Mammary gland Principal limitations: no mortality data were
carcinogenicity ~ Styrene, 99.8% “Benign and malignant tumours included in this study; statistical analysis was
Rat, Sprague- Air flow (combined)” not conducted by the authors; limited reporting
Dawley (F) 0, 25, 50, 100, 200, 300 ppm, 4 h/d, 5 d/wk for 34/60%, 24/30*%, *[P < 0.05, Cochran-— The e.zuthors reported no significant .difference in
1? w1.< 52 wk 21/30, 23/30, Armitage trend test], survival related to treatment; Experiment BT101
L1fet1'me 60, 30, 30, 30, 30, 30 24/30“, 25/30** **[P < 0.05’ Fisher
Conti et al. NR exact test]
{1988) “Malignant tumours”

6/60%, 6/30,4/30, *[P <0.013, Cochran-

9/30*%, 12/30%**, Armitage trend-test],

9/30** **[P < 0.05, Fisher

exact test]
Full Inhalation (whole-body exposure) Mammary gland: adenocarcinoma Principal strengths: adequate number of
carcinogenicity Styrene, > 99.5% 0/60, 0/60, 0/60, NS animals used; adequate duration of exposure
Rat, CD Vapour (air flow) 1/60, 0/60 and observation; adequate schedule of exposure;
(Sprague- 0, 50, 200, 500, 1000 ppm, 6 h/d for 5 d/wk GLP study
Dawley) (M) 60, 60, 60, 60, 60
NR (received at NR
age 4 wk)
104 wk
Cruzan et al.
1998
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Table 3.2 (continued)

Study design Route Incidence of Significance Comments
Species, strain Agent tested, purity tumours
(sex) Vehicle
Age at start Dose(s)
Duration No. of animals at start
Reference No. of surviving animals
Full Inhalation (whole-body exposure) Mammary gland Principal strengths: adequate number of
carcinogenicity Styrene, > 99.5% Adenocarcinoma animals used; adequate duration of exposure
Rat, CD Vapour (air flow) 20/60*, 13/60, *[P < 0.001 (trend) and observation; adequate schedule of exposure;
(Sprague- 0, 50, 200, 500, 1000 ppm, 6 h/d for 5 d/wk 9/60**, 5/60%**, (decrease)] GLP study
Dawley) (F) 60, 60, 60, 60, 60 2/60%*** **[P =0.032
NR (received at 29, 28, 29, 40, 49 (decrease)]
age 4 Wk) ***[P =0.001
104 wk (decrease)]
Cruzanetal. 4 [P < 0,001
(1998) (decrease)]
Fibroadenoma
21/60, 16/60, NS
13/60, 18/60,
17/60
Full Intraperitoneal injection Mammary gland Principal strengths: adequate number of
carcinogenicity Styrene, 99.8% “Benign tumours” animals used
Rat, Sprague- Olive oil 1/40, 6/40 [NS] Principal limitations: no mortality data were
Dawley (M) 0, 50 mg, 4x (with 2-mo interval) over 8 mo “Mali { tumours” included in this studys; statistical analysis was
13 wk 40, 40 alignant fumours not conducted by the authors; non-physiological
Lifetime NR 0/40, 0/40 (NS] exposure route; short duration of treatment and
Conti et al. low dose; limited reporting
1988 The authors reported no significant difference in
survival related to treatment; Experiment BT103
Full Intraperitoneal injection Mammary gland Principal strengths: adequate number of
carcinogenicity Styrene, 99.8% “Benign and malignant tumours animals used
Rat, Sprague- Olive oil (combined)” Principal limitations: no mortality data were
Dawley (F) 0, 50 mg, 4x (with 2-mo interval) over 8 mo 24/40, 25/40 [NS] included in this study; statistical analysis was
13 wk 40, 40 “Mali - ,, not conducted by the authors; non-physiological
Lifetime NR alignant tumours exposure route; short duration of treatment and
Conti et al. 7/40, 6/40 (NS] low dose; limited reporting
1988 The authors reported no significant difference in

survival related to treatment; Experiment BT103
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Table 3.2 (continued)

Study design Route Incidence of Significance Comments

Species, strain Agent tested, purity tumours

(sex) Vehicle

Age at start Dose(s)

Duration No. of animals at start

Reference No. of surviving animals

Full Subcutaneous injection Mammary gland Principal strengths: adequate number of

carcinogenicity Styrene, 99.8% “Benign and malignant tumours animals used

Rat, Sprague- Olive oil (combined)” Principal limitations: no mortality data were

Dawley (M) 0, 50 mg (1x) 8/40, 3/40 [NS] included in this study; statistical analysis was

13 wk 40, 40 “Mali tt » not conducted by the authors; non-physiological

Lifetime NR alignant tumours exposure route; short duration of treatment;

Conti et al. 1/40, 0/40 [NS] limited reporting

1988 Adrenal gland: pheochromocytoma The authors reported no significant difference
0/40, 1/40 [NS] in survival related to treatment; Experiment
BT104

Full Subcutaneous injection Mammary gland Principal strengths: adequate number of

carcinogenicity Styrene, 99.8% “Benign and malignant tumours animals used

Rat, Sprague- Olive oil (combined)” Principal limitations: no mortality data were

Dawley (F) 0, 50 mg (1x) 24/40, 25/40 [NS] included in this studys; statistical analysis was

13 wk 40, 40 el (e not conducted by the authors; non-physiological

Lifetime NR exposure route; short duration of treatment;

Conti et al. 7140, 6/40 [NS] limited reporting

(1988) Adrenal gland: pheochromocytoma The authors reported no significant difference
0/40, 3/40 [NS] in survival related to treatment; Experiment

BT104

bw, body weight; d, day(s); F, female; GLP, good laboratory practice; GND, gestation day; M, male; mo, month(s); NOS, not otherwise specified; NR, not reported; NS, not significant;
ppm, parts per million; wk, week(s).
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Groups of 40 male and 40 female Sprague-
Dawley rats were exposed by gavage to styrene
(purity, 99.8%) at 0, 50, or 250 mg/kg bw in olive
oil for 4-5 days per week for 52 weeks, and then
observed until death. There was no significant
increase in the incidence of any tumour type in
treated males or females (Conti et al., 1988). [The
Working Group noted the limited reporting of
this study and the 1-year duration of treatment.]

(i) Transplacental exposure and oral
administration (by gavage)

Ponomarkov & Tomatis (1978) reported on a
group of 21 pregnant BDIV rats that were given
styrene (purity, 99%) at a dose of 1350 mg/kg bw
in olive oil by a single gastric intubation on day
17 of gestation. A control group of 10 pregnant
rats were given olive oil alone. There was a slight
treatment-related increase in neonatal mortality.
Groups of 73 male and 71 female progeny of
dams that were given styrene were also exposed
to styrene at 500 mg/kg bw in olive oil by gastric
intubation once per week from weaning for up
to 120 weeks, at which point the experiment was
terminated. Control groups of 36 male and 39
female offspring rats were given olive oil alone.
There was no treatment-related effect on body
weight or survival. At the time of observation of
the first tumour, 10 control and 20 treated dams,
32 male control and 54 treated male offspring,
and 35 female control and 68 treated female
offspring were still alive. Non-neoplastic stomach
lesions [morphology and incidence unspecified,
probably glandular] were reported in rats who
were exposed to styrene. There was no significant
treatment-related increase in tumour incidence
at any site.

(iii)

Drinking-water

In a chronic toxicity and three-generation
reproduction study, two groups of 50 male and
two groups of 70 female Charles River COBS
(SD) BR rats (F, generation rats) were contin-
uously exposed to styrene (purity, 98.9%) in
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drinking-water at nominal doses of 125 or
250 ppm for 2 years (chronic study). Groups
of 76 male and 106 female rats were observed
as vehicle controls. Males (10-15) and females
(20-30) from each group in the chronic study
were mated to produce F, pups (reproductive
toxicity study) 90 days after the start of the exper-
iment. At weaning of the litters, the F, parents
were returned to the chronic toxicity study. At 52
weeks, 10 F; rats per sex and group were killed.
There was no significant difference between the
survival and food consumption of rats exposed
to styrene in drinking-water and those of their
controls. The numbers of surviving males at the
end of the experiment were 42/76 (control), 27/50
(low dose), and 31/50 (high dose); the corre-
sponding numbers of surviving females were
60/106, 40/70, and 44/70. There was a decrease
in mean body weight in female rats given the
high dose. No treatment-related increase in the
incidence of any type of tumour was observed
(Beliles et al., 1985). [The Working Group noted
the adequate number of animals used and the
adequate duration of exposure and observation.]

(b) Inhalation

Conti et al. (1988) reported on groups of 30
male and 30 female Sprague-Dawley rats that
were exposed to styrene (purity, 99.8%) by whole-
body inhalation at doses of 25, 50, 100, 200, or
300 ppm for 4 hours per day, 5 days a week,
for 52 weeks followed by lifetime observation;
groups of 60 male and 60 female rats served as
control groups. There was no significant differ-
ence in survival between the groups exposed to
styrene by inhalation and controls. There was no
relevant body weight difference between exposed
groups and controls. The incidence of benign and
malignant (combined) mammary tumours was
significantly higherin exposed female ratsthanin
controls: 34/60 (controls), 24/30 (25 ppm), 21/30
(50 ppm), 23/30 (100 ppm), 24/30 (200 ppm), and
25/30 (300 ppm) [P < 0.05, trend test; P < 0.05
for groups exposed at 25, 200, and 300 ppm vs
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controls]. The incidence of malignant mammary
tumours was significantly increased in treated
females than in controls: 6/60 (controls), 6/30
(25 ppm), 4/30 (50 ppm), 9/30 (100 ppm), 12/30
(200 ppm), and 9/30 (300 ppm) [P < 0.013, trend
test; P < 0.05 for groups exposed at 100, 200, and
300 ppm vs controls]. There was no significant
increase in the incidence of benign and/or malig-
nant mammary tumours in males. [The Working
Group noted the 1l-year duration of treatment
and incomplete reporting of the study.]

In a GLP study, Cruzan et al. (1998) reported
on groups of 60 male and 60 female CD
(Sprague-Dawley) rats that were exposed to air
containing styrene vapour (purity, > 99.5%) at
doses of 0 (control), 50, 200, 500, and 1000 ppm
by whole-body inhalation, 6 hours per day,
5 days a week, for 104 weeks. During week 61,
a technical problem which resulted in liquid
styrene dripping into the exposure chambers at
a discrete location meant that eight males in the
group exposed at 1000 ppm and six males in the
group exposed at 500 ppm experienced impor-
tant dermal exposure of styrene; all the rats died
or were killed within the 2 weeks that followed,
and these were excluded from the mortality or
tumour incidence analysis. Styrene had no effect
on survival in males, but a dose-related increase
in survival of females exposed at 500 or 1000 ppm
was observed. Males exposed at 500 or 1000 ppm
gained less weight than the controls during the
first year, and maintained the difference during
the second year. Females exposed at 200, 500, or
1000 ppm gained less weight during the first year,
and those exposed at 500 or 1000 ppm continued
to gain less weight during months 13-18. From
week 91 to termination of the study, females
exposed at 500 ppm weighed less than those
exposed at 1000 ppm. Exposure to styrene did
not cause treatment-related increases in the inci-
dence of any tumour type in males or females. A
significant dose-dependent decrease in the inci-
dence of mammary gland adenocarcinoma was
reported in females. [The Working Group noted

that the number of animals used, the duration of
exposure and observation, and the schedule of
exposure were all adequate.]

(c) Intraperitoneal injection

Groups of 40 male and 40 female Sprague-
Dawley rats were given styrene (purity, 99.8%)
by intraperitoneal injection at 50 mg per animal
in olive oil, 4 times, at 2-month intervals (total
dose, 200 mg). Control groups of 40 male and 40
female rats were given olive oil alone. The study
was terminated when the last rat died. There was
no significant increase in the incidence of any
tumour type (Conti et al., 1988). [The Working
Group noted the incomplete reporting of the
data, short duration of treatment, and low total
dose.]

(d)  Subcutaneous injection

Groups of 40 male and 40 female Sprague-
Dawley rats were given a single subcutaneous
injection of 50 mg styrene (purity, 99.8%) per
animal in olive oil. Control groups of 40 male
and 40 female rats were given olive oil alone. The
study was terminated when thelast rat died. There
was no significantincrease in the incidence ofany
tumour type (Conti et al., 1988). [The Working
Group noted the limited reporting of the study
and the short duration of the treatment.]

3.2 Styrene-7,8-oxide
See Table 3.3.

3.2.1 Mouse

(a)  Oral administration

Groups of 52 male and 52 female B6C3F,
mice were given styrene-7,8-oxide (purity, 96.6%;
two of the three impurities were unspecified
amounts of benzaldehyde and benzene) at a dose
of 0 (control), 375, or 750 mg/kg bw in corn oil
by gavage 3 times per week, for 104 weeks. All
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Table 3.3 Studies of carcinogenicity in experimental animals exposed to styrene-7,8-oxide

Study design
Species, strain (sex)
Age at start
Duration
Reference

Route

Agent tested, purity
Vehicle

Dose(s)

No. of animals at start
No. of surviving animals

Incidence of tumours Significance

Comments

Full carcinogenicity
Mouse, B6C3F, (M)
7 wk

107-108 wk

Lijinsky (1986)

Full carcinogenicity
Mouse, B6C3F, (F)
7 wk

107-108 wk

Lijinsky (1986

Gavage

Styrene-7,8-oxide, 96.6%

Corn oil

0, 375, 750 mg/kg bw, 3x/wk for
104 wk

52,52,52

42,34,6

Gavage

Styrene-7,8-oxide, 96.6%

Corn oil

0, 375, 750 mg/kg bw, 3x/wk for
104 wk

52,52,52

35, 33,18

Forestomach
Squamous cell papilloma

2/51%, 22/51*, 8/52***  *[P < 0.001 (trend)],
[P < 0.001], **[P < 0.05]

Squamous cell carcinoma
0/51%, 16/51**, 15/52**  *[P < 0.001 (trend)],

**[P < 0.001]
Squamous cell papilloma or carcinoma (combined)
2/51%, 37/51**, 21/52**  *[P < 0.001 (trend)],

**P < 0.001
Liver: hepatocellular adenoma or carcinoma
(combined)
12/51%, 28/51**, 15/52  *[P = 0.002 (trend)],
P < 0.001
Forestomach
Squamous cell papilloma

0/51%, 14/50**, 17/51**  *[P < 0.001 (trend)],
+[P < 0.001]

Squamous cell carcinoma
0/51%, 10/50**, 3/51 *[P < 0.001 (trend)],
[P < 0.001]
Squamous cell papilloma or carcinoma (combined)
0/51*, 24/50**, 20/51**  *[P < 0.001 (trend)],
**P < 0.001
Liver: hepatocellular adenoma or carcinoma
(combined)
7151, 4/50, 9/51 NS

Principal strengths: adequate number of
animals used

Survival read from figure, marked reduction at
high dose; body weight and body-weight gain
reduction in treated males

Principal strengths: adequate number of
animals used

Survival read from figure, marked reduction
at high dose; body-weight gain reduction in
treated females
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Table 3.3 (continued)

Study design
Species, strain (sex)
Age at start
Duration
Reference

Route

Agent tested, purity
Vehicle

Dose(s)

No. of animals at start
No. of surviving animals

Incidence of tumours Significance

Comments

Full carcinogenicity
Rat, Sprague-
Dawley (M)

13 wk

Lifetime

Conti et al. (1988)

Gavage

Styrene-7,8-oxide, NR

Olive oil

0, 50, 250 mg/kg bw, 4-5x/wk for
52 wk

40, 40, 40

NR

Forestomach
Squamous cell papilloma and acanthoma

0/40*, 3/40, 9/40** *[P = 0.002 (trend)],
[P < 0.05]

Squamous cell carcinoma

0/40%, 11/40**, 30/40** *[P < 0.001 (trend)],
[P < 0.01]

Squamous cell carcinoma (in situ)

0/40%, 6/40**, 18/40*** *[P < 0.001 (trend)],
[P < 0.05], **[P < 0.01]

Squamous cell carcinoma (invasive)

0/40%, 5/40**, 12/40*** *[P < 0.001 (trend)],

[P < 0.05], ***[P < 0.01]
Adrenal gland: pheochromocytoma
2/40, 4/40, 6/40 [NS]
Mammary gland
Benign tumours
1/40%, 0/40, 10/40**  *[P < 0.001 (trend)],
**[P <0.01]
Malignant tumours

0/40, 0/40, 0/40 [NS]

Principal strengths: adequate number of
animals used

Principal limitations: limited reporting

Slight increase in mortality rate was observed in
treated males; Experiment BT105
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Table 3.3 (continued)

Study design
Species, strain (sex)
Age at start
Duration
Reference

Route

Agent tested, purity
Vehicle

Dose(s)

No. of animals at start
No. of surviving animals

Incidence of tumours Significance

Comments

Full carcinogenicity
Rat, Sprague-
Dawley (F)

13 wk

Lifetime

Conti et al. (1988)

Full carcinogenicity
Rat, F344/N (M)

9 wk

107-108 wk

Lijinsky (1986)

Gavage

Styrene-7,8-oxide, NR

Olive oil

0, 50, 250 mg/kg bw, 4-5x/wk for
52 wk

40, 40, 40

NR

Gavage

Styrene-7,8-oxide, 96.6%

Corn oil

0, 275, 550 mg/kg bw, 3x/wk for
104 wk

52,52,52

29, 33,12

Forestomach

Squamous cell papilloma and acanthoma
0/40, 3/40, 5/40* *[P <0.05]
Squamous cell carcinoma

0/40%, 8/40**, 33/40**  *[P < 0.001 (trend)],
[P < 0.01]

Squamous cell carcinoma (in situ)

0/40%, 7/40**, 19/40**  *[P < 0.001 (trend)],
[P < 0.01]

Squamous cell carcinoma (invasive)
0/40%, 1/40, 14/40%*  *[P < 0.001 (trend)],

[P < 0.01]
Adrenal gland: pheochromocytoma
1/40, 2/40, 0/40 [NS]
Mammary gland
Benign and malignant tumours
4/40, 7/40, 9/40 [NS]
Malignant tumours
1/40, 0/40, 1/40 [NS]
Forestomach

Squamous cell papilloma

1/52%, 23/52**, 18/51**  *[P < 0.001 (trend)],
**[P < 0.001]

Squamous cell carcinoma

0/52*, 35/52** 43/51*  *[P < 0.001 (trend)],
[P < 0.001]

Principal strengths: adequate number of
animals used

Principal limitations: limited reporting
Experiment BT105

Principal strengths: adequate number of
animals used

Survival read from figure; marked reduction of

survival and body-weight gain at high dose

LZl - SHAVYOONOW DV
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Table 3.3 (continued)

Study design
Species, strain (sex)
Age at start
Duration
Reference

Route

Agent tested, purity
Vehicle

Dose(s)

No. of animals at start
No. of surviving animals

Incidence of tumours Significance

Comments

Full carcinogenicity
Rat, F344/N (M)

9 wk

107-108 wk
Lijinsky (1986)
cont.

Full carcinogenicity

Rat, F344/N (F)

9 wk

107-108 wk

Lijinsky (1986

Full carcinogenicity
Rat, BDIV (M)
GND 17

120 wk
Ponomarkov et al.

1984)

Gavage

Styrene-7,8-oxide, 96.6%

Corn oil

0, 275, 550 mg/kg bw, 3x/wk for
104 wk

52,52,52

38, 39,17

Transplacental exposure and oral
(gavage) administration
Styrene-7,8-oxide, 97%

Olive oil

0, 100-150 mg/kg bw, 1x/wk at age
4 wk until experimental wk 120
49, 43

49 (when first tumour observed),
42 (when first tumour observed)

Squamous cell papilloma or carcinoma (combined)

1/52%, 50/52**, 50/51**  *[P < 0.001 (trend)],
[P < 0.001]

Forestomach
Squamous cell papilloma

0/52%, 21/52**, 24/52**  *[P < 0.001 (trend)],
[P < 0.001]

Squamous cell carcinoma

0/52*, 32/52**, 36/52** *[P < 0.001 (trend)],
[P < 0.001]

Squamous cell papilloma or carcinoma (combined)
0/52*, 46/52**, 50/52** *[P < 0.001 (trend)],

[P < 0.001]
Forestomach
Papilloma
0/49, 7/42* *P < 0.003
Carcinoma (in situ)
0/49, 4/42* *P < 0.04
Carcinoma
0/49, 10/42* *P <0.0002

Principal strengths: adequate number of
animals used

Survival read from figure; marked reduction of
survival and body-weight gain at high dose

Principal strengths: adequate number of
animals used

Principal limitations: age of dams NR

Dams were given a single dose of olive oil
(control) or 200 mg/kg bw styrene-7,8-oxide on
day 17 of gestation

dPIX0-8’/-2uUaIA1s pue suaIAlS
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Table 3.3 (continued)

Study design Route Incidence of tumours Significance
Species, strain (sex) Agent tested, purity

Age at start Vehicle

Duration Dose(s)

Reference No. of animals at start

No. of surviving animals

Comments

Full carcinogenicity ~ Transplacental exposure and oral ~ Forestomach

Rat, BDIV (F) (gavage) administration Papilloma
GND 17 Styrene-7,8-oxide, 97% 2/55, 2/60 NS
120 wk Olive oil Carcinoma (in situ)
Ponomarkov et al. 0, 100-150 mg/kg bw, 1x/wk at age
1984) 4 wk until experimental wk 120 0/55, 6/60* *P <0.02
55, 62 Carcinoma
55 (when first tumour observed), 1/55, 16/60* *P < 0.0001

60 (when first tumour observed)

Principal strengths: adequate number of
animals used

Principal limitations: age of dams NR

Dams were given a single dose of olive oil
(control) or 200 mg/kg bw styrene-7,8-oxide on
day 17 of gestation

bw, body weight; F, female; GND, gestation day; M, male; NR, not reported; NS, not significant; wk, week(s).
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surviving animals were killed 3-4 weeks after
the last dose. There was a marked reduction in
the survival of male and female mice given the
high dose, and body-weight gains were reduced in
all mice exposed to styrene-7,8-oxide. Exposure
resulted in a significant increase (with a signifi-
cant positive trend) in the incidence of squamous
cell papilloma of the forestomach at both low and
high doses in males and females, and a signifi-
cant increase (with a significant positive trend)
in the incidence of squamous cell carcinoma of
the forestomach in males at both low and high
doses and in females at the low dose. The inci-
dences of squamous cell papilloma or carcinoma
(combined) of the forestomach were significantly
increased (with a significant positive trend) at
both low and high doses in males and females.
A significant increase in the incidence (with
a significant positive trend) of hepatocellular
adenoma or carcinoma (combined) in males
given the low dose was observed (Lijinsky, 1986).

(b)  Skin application

Two groups of 40 C3H mice [sex unspecified]
were given styrene-7,8-oxide [purity unspeci-
fied] by skin application of a dose of 5% or 10%
in acetone [volume unspecified] on the clipped
dorsal skin 3 times per week for life. Of the mice
given the low dose, 17 survived over 24 months.
Of the mice given the high dose, 18 survived
to 12 months but only 2 of these mice survived
to 17 months. No skin tumours were observed
(Weil et al., 1963). [The Working Group noted
the limited reporting of study details and the
lack of controls, and concluded that the study
was inadequate for the evaluation of the carcino-
genicity of styrene-7,8-oxide.]

A group of 30 male Swiss ICR/Ha mice was
given three applications per week of styrene-7,8-
oxide [purified, but purity unspecified] for life
on the clipped dorsal skin at a dose of 100 mg
per application of a 10% solution in benzene. The
median survival time was 431 days. Three of the
30 mice developed skin tumours (papillomas

or cancers), one of which was a cancer that was
probably a squamous cell carcinoma. Of the 150
controls treated with benzene only, 11 developed
skin tumours (papillomas or cancers), one of
which was a cancer that was probably a squa-
mous cell carcinoma (Van Duuren et al., 1963).
[The Working Group noted the carcinogenicity
of the vehicle in experimental animals by other
routes of exposure, and concluded that the study
was inadequate for the evaluation of the carcino-
genicity of styrene-7,8-oxide.]

3.2.2 Rat

(a)  Oral administration

Groups of 40 male and 40 female Sprague-
Dawley rats were given styrene-7,8-oxide [purity
unspecified] at a dose of 0 (control), 50, or
250 mg/kg bw in olive oil by gavage for 4-5 days
per week for 52 weeks, and then observed until
they died. A slight increase in mortality rate
was observed in treated males but not in treated
females, and the last death occurred 156 weeks
after the start of the experiment. The exposure
was not observed to have any effect on body
weight in both sexes. The treatment resulted in
significantly increased incidences of squamous
cell papilloma and acanthoma of the forestomach
in males given the high dose and in females given
the high dose, of squamous cell carcinoma of the
forestomach (with a significant positive trend) in
both groups of treated males and females, and
of benign mammary tumours in males given
the high dose. The incidences of acanthosis and
dysplasia of the forestomach epithelium in males
and females were related to treatment. No signifi-
cant increase in the incidence of tumours at other
sites was observed (Maltoni et al., 1979; Conti et
al., 1988). [The Working Group noted the 1-year
duration of treatment and the limited reporting
of study details.]

Groupsof52maleand 52 female Fischer 344/N
rats were given styrene-7,8-oxide (purity, 96.6%;
two of the three impurities were unspecified
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amounts of benzaldehyde and benzene) at a dose
of 0 (control), 275, or 550 mg/kg bw in corn oil
by gavage 3 times per week for 104 weeks. The
experiment was terminated at 107-108 weeks.
Survival and body-weight gain were reduced
in males and females given the high dose.
Treatment resulted in a significant increase (with
a significant positive trend) in the incidence of
squamous cell papilloma of the forestomach in
treated males and females and in the incidence
(with a significant positive trend) of squamous
cell carcinoma of the forestomach in treated
males and females. The incidences of squamous
cell papilloma or carcinoma (combined) of the
forestomach were also significantly increased
in males and females, with a significant positive
trend. There was a significant increase in the
incidence of forestomach hyperplasia in treated
males and females. No significant increase in the
incidence of tumours at other sites was found

(Lijinsky, 1986).

(b)  Transplacental exposure and oral
administration

A group of 14 pregnant BDIV inbred rats
[age, unspecified] were given a single dose of
styrene-7,8-oxide (purity, 97%) at 200 mg/kg bw
in olive oil by gavage on day 17 of gestation. At
4 weeks of age, their offspring (43 males and 62
females) were given styrene-7,8-oxide (purity,
97%) at a dose of 100-150 mg/kg bw in olive oil
by gavage once a week. The study was termi-
nated at 120 weeks, to give estimated total doses
of 5.0 g for males and 2.5 g for females. Control
groups of 49 male and 55 female rats with no
prenatal exposure were given olive oil only.
At the time of appearance of the first tumour,
42 male and 60 female progeny that had been
treated with styrene-7,8-oxide were still alive.
In treated male progeny, the incidences of fores-
tomach papilloma and forestomach carcinoma
were significantly increased; in female progeny,
the incidence of forestomach carcinoma was
significantly increased. Hyperplasia, dysplasia,
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and hyperkeratosis of the forestomach were also
reported in treated rats. There was no significant
increase in the incidence of tumours at other
sites in treated males and females (Ponomarkov
et al., 1984).

4, Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,

metabolism, and excretion

Styrene is extensively metabolized to
styrene-7,8-oxide in humans and in experi-
mental systems. As a result, external exposures
to styrene engender internal exposures to both
styrene and styrene-7,8-oxide. The absorption,
distribution, metabolism, and excretion of
styrene and styrene-7,8-oxide in humans have
been previously reviewed (IARC, 1994, 2002;
NTP, 20164, b).

4.1.1 Absorption

(a) Humans
(i)  Styrene

Styrene is absorbed by inhalation, dermal
contact, or ingestion through consumption of
food (Cohen et al., 2002). The predominant route
in occupational settings is inhalation. A substan-
tial number of studies in humans exposed to
styrene have been conducted using occupational
cohorts or volunteers exposed in inhalation
chambers or by mask exposures. The results of
these previously reviewed studies (IARC, 1994,
2002; N'TP, 20164, b) demonstrate that styrene is
found in the blood of those exposed. The average
pulmonary uptake of styrene under experi-
mental conditions ranged from 63% to 68%
(Wigaeus et al., 1984; Lof et al., 1986). An average
concentration of styrene in blood of 15.3 pM has
been reported in workers exposed to styrene in a
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reinforced plastics factory (Brugnone etal., 1993).
The clearance of styrene from blood was biphasic
in human volunteers (Ramsey et al., 1980).

The concentrations of styrene in blood were
determined in 86 reinforced plastics workers
exposed to styrene and 42 control subjects. The
average styrene concentration in blood was
5.4 pM in the exposed group and 0.67 uM in
the control group (Vodicka et al., 2004). Blood
styrene levels and other exposure markers were
measured in 58 workers exposed to styrene in
four fibreglass-reinforced plastics industries.
A log-linear correlation (r = 0.746) was found
between blood and salivary levels of styrene in
exposed subjects (Bonanni et al., 2015).

Blood levels of the primary metabolite of
styrene, styrene-7,8-oxide, and its metabolite
styrene glycol, were measured in exposed workers
(Wigaeus et al., 1983; Tornero-Velez et al., 2001).
The concentrations of styrene-7,8-oxide in blood
were found to be variable, dependent on expo-
sure conditions, and generally at nanomolar
levels, and the concentrations of styrene glycol
in blood were generally found at low micromolar
levels (Wigaeus et al., 1983).

Inhumans,dermalabsorption wasreported to
be very low in occupational exposures (Limasset
et al., 1999), and up to 4% using urinary styrene
metabolites and exhaled styrene as markers in
experimental studies (Berode et al., 1985). It
was concluded that inhalation exposure leading
to pulmonary absorption is the major route of
absorption of styrene in exposed workers (Berode
et al., 1985).

(i) Styrene-7,8-oxide

No studies on the exclusive absorption of
styrene-7,8-oxide in humans were available to the
Working Group. However, in workers exposed
to both styrene and styrene-7,8-oxide in the air,
concentrations of styrene-7,8-oxide—albumin
adducts in blood correlated with styrene-7,8-
oxide exposure concentrations, indicating

styrene-7,8-oxide absorption into the blood
(Rappaport et al., 1996).

(b)  Experimental systems
(i)  Styrene

Absorption studies of styrene have been
conducted in Sprague-Dawley rats (inhalation
and oral route), Wistar rats (inhalation and intra-
venous injection), Fischer 344 rats (inhalation
and dermal contact), B6C3F, mice (inhalation),
and CD2F1 and NMRI mice (intraperitoneal
injection) (IARC, 1994, 2002). Rodents exposed
to styrene by inhalation experienced pulmonary
absorption, resulting in rapid blood uptake.
The uptake efficiencies of styrene in the upper
respiratory tract of male CD-1 mice and male
Sprague-Dawley rats were inversely related to
the exposure concentration (Morris, 2000). A
maximum blood concentration of 10 pg/mL
(96 uM) was observed after male Fischer 344 rats
were exposed to gaseous styrene at 3000 ppm by
dermal absorption for 4 hours (McDougal et al.,
1990). In male B6C3F, mice, the concentration of
styrene in blood was 21.8 pg/mL (200 uM) and
of styrene-7,8-oxide in blood was 2.25 pg/mL
(20 uM) after exposure by inhalation to 500 ppm
styrene for 6 hours per day, for 14 days (Mahler
et al., 1999).

The concentrations of styrene-7,8-oxide in
the lungs of male Sprague-Dawley rats exposed to
styrene vapour using an isolated lung perfusion
system, and in the lungs of male B6C3F, mice
exposed to styrene vapour using an in vivo lung
perfusion system, were measured over a range
of exposure concentrations. After adjusting the
experimental data to the species-specific in vivo
conditions of lung perfusion and ventilation, the
mean styrene-7,8-oxide concentrations in mouse
lungs were about twice as high as those in rat
lungs at equal styrene exposure concentrations
of up to 410 ppm (Hofmann et al., 2006).
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(i) Styrene-7,8-oxide

Absorption studies of styrene-7,8-oxide have
been conducted in Fischer 334 rats (oral route),
Sprague-Dawley rats (oral route and intra-
peritoneal injection), B6C3F, mice (oral route
and intraperitoneal injection), and CD2F1 mice
(intraperitoneal injection). In CD2F1 mice given
a single intraperitoneal injection of 200 mg/kg
body weight (bw) of styrene-7,8-oxide, peak
plasma levels were attained within 7 minutes
and styrene-7,8-oxide was not detectable at
60 minutes (Bidoli et al., 1980). Oral exposure
yielded poor bioavailability and variable absorp-
tion in both rats and mice, probably because of
the acid-catalysed degradation of styrene-7,8-
oxide (IARC, 1994). In male Fischer 344 rats
exposed by inhalation to styrene (1000 ppm)
or styrene-7,8-oxide (25 ppm and 50 ppm) for
6 hours per day, 5 days per week for 4 weeks,
concentrations of styrene-7,8-oxide in blood of
0.37 + 0.08 pg/g were measured. This concentra-
tion was numerically between the concentrations
of styrene-7,8-oxide in the blood of rats exposed
to styrene-7,8-oxide at 25 ppm and 50 ppm under
the same experimental conditions (Gaté et al.
2012).

4.1.2 Distribution

(@ Humans
(i)  Styrene

After exposure by inhalation, styrene is
rapidly absorbed into the blood and is distributed
throughout the body. Industrial workers and
volunteers had styrene in their adipose tissues,
and subcutaneous adipose tissue contained a
higher concentration of styrene compared with
blood (Wigaeus et al., 1983). It was estimated
that about 8% of the styrene was retained in
adipose tissues, and the half-life of styrene in
adipose tissues was approximately 2.8-5.2 days
(Engstrom et al., 1978a, b). No constant increase
was observed in the mean values of urinary
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styrene metabolites in workers exposed over a
4-day period, suggesting that styrene does not
continuously accumulate in the body (Pekari et
al., 1993).

(i) Styrene-7,8-oxide

No data on the distribution of styrene-7,8-
oxide in humans were available to the Working
Group.

(b)  Experimental systems

(i)  Styrene

The tissue distribution of styrene was deter-
mined in male Sprague-Dawley rats and CD-1
mice exposed to radiolabelled styrene at 160 ppm
for 6 hours using a nose-only exposure system.
Urinary excretion was the primary route of excre-
tion in both mice and rats. Radioactivity levels
were observed in many organs of both species,
with nasal mucosa in both rats and mice having
the highest levels. A significantly higher level of
radioactivity was measured in mouse lung and
nasal passages compared with rat lung and nasal
passages (Boogaard et al., 2000a). The tissue
distribution and time-course of styrene accu-
mulation and loss in tissues of male CD2F1 mice
given a single intraperitoneal injection of styrene
at 200 mg/kg were determined. Styrene levels
peaked in brain, heart, lungs, liver, kidneys, and
spleen within 5-30 minutes and then declined
rapidly. In perirenal fat, in which the highest
concentration of styrene was measured, styrene
levels peaked later (Pantarotto et al., 1980).

(i) Styrene-7,8-oxide

The tissue distribution of styrene-7,8-oxide
was determined in one study in male Sprague-
Dawley rats given a single intraperitoneal
injection of radiolabelled styrene-7,8-oxide at
460 pmol. The radioactivity levels were higher in
liver, brain, kidney, and duodenal contents than
in blood, lungs, and spinal cord (Savolainen &
Vainio, 1977).
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(c)  Toxicokinetic and pharmacokinetic models

Multicompartment physiological-based phar-
macokinetic models and toxicokinetic models
have been previously described for styrene expo-
sure (inclusive of styrene-7,8-oxide formation),
and estimate styrene distribution and metab-
olism in humans, rats, and mice (Csanady et
al., 1994; Wang et al., 1996; Tornero-Velez &
Rappaport, 2001; Cohen et al., 2002; Filser et al.,
2002; Sarangapani et al., 2002). Pharmacokinetic
modelling of styrene-7,8-oxide concentrations
in the terminal bronchioles of humans, rats, and
mice predicted tissue concentrations 100-fold
higher in mouse compared with human and
10-fold higher in mouse compared with rat from
exposure to styrene at 0.01-10.0 ppm by inhal-
ation (Sarangapani et al., 2002).

The physiological-based pharmacokinetic
model of Csanady et al. (1994) that estimated
the distribution and metabolism of styrene and
styrene-7,8-oxide in humans, rats, and mice after
exposure by inhalation, intravenous injection,
intraperitoneal injection, and by the oral route
was modified to include the parameters of enzy-
matic formation of styrene-7,8-oxide and styrene
glycol, and of consumption of glutathione
(GSH). The model simulated the distribution of
styrene-7,8-oxide in both liver and lung, and the
subsequent metabolism of styrene-7,8-oxide by
epoxide hydrolase and glutathione-S-transferase
(GST). The formation of styrene-7,8-oxide-
haemoglobin adducts and styrene-7,8-oxide—
DNA adducts in the lymphocytes of humans,
rats, and mice exposed to styrene was also simu-
lated (Csanady et al., 2003).

A population- and physiological-based
pharmacokinetic model for styrene was devel-
oped using Bayesian methods to reduce the
uncertainty of the partition coefficients and
metabolic parameters (Jonsson & Johanson,
2002).

The physiological toxicokinetic model of
Csanady et al. (1994) was used to predict the

concentrations of styrene-7,8-oxide in the blood
of humans and rats after oral exposure to styrene
to predict genotoxic potential (Filser & Gelbke,
2016).

4.1.3 Metabolism

(a) Humans

See Fig. 4.1 and Fig. 4.2.

In humans, styrene is initially oxidized by
cytochrome P450s (CYPs) through three distinct
pathways: (i) epoxidation of the vinyl double
bond, the major metabolic pathway; (ii) oxida-
tion on the vinyl group; and (iii) oxidation on
the phenyl ring. Metabolites from all three path-
ways have been detected in humans exposed to
styrene and in experimental studies.

Based on in vitro studies, styrene is metabol-
ized on the vinyl double bond to styrene-7,8-oxide
by a group of human CYPs: CYP1A2, CYP2B6,
CYP2C8, CYP2E1, CYP2F1, CYP3A3/3A4/3A5,
and CYP4B1. CYP2B6 and CYP2EI are found in
human liver and/or lungs and CYP2FI is found
in human lungs (Nakajima et al., 1994a; Carlson,
2008). Human CYP2A13, which is preferentially
expressed in the nasal mucosa, lung, and trachea
(Su et al., 2000), also metabolized styrene to
styrene-7,8-oxide (Fukami et al., 2008). CYP2E1
was found to play a primary role in styrene
metabolism in human liver samples (Kim et al.
1997; Wenker et al., 2001a). Styrene-7,8-oxide
underwent enzymatic hydration by human
liver microsomal epoxide hydrolases to produce
styrene glycol (phenylethylene glycol) (Oesch et
al., 1974). This enzymatic process was not inhib-
ited by the product styrene glycol (Oesch et al.
1974); however, in a racemic mixture, R-styrene-
7,8-oxide inhibited the hydration of S-styrene-
7,8-oxide (Wenker et al., 2000). Human liver
cytosolic epoxide hydrolase can also hydrate
styrene-7,8-oxide to styrene glycol, but the V_
was 7-fold lower compared with the microsomal
form (Schladt et al., 1988). Styrene glycol was also
formed by human lung microsomes (Nakajima
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Fig. 4.1 Metabolism of styrene based on human and experimental studies
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Adapted from Review of the Metabolic Fate of Styrene, Sumner & Fennell (1994), Critical Reviews in Toxicology, Taylor & Francis, reprinted by
permission of the publisher (Taylor & Francis Ltd, http:/www.tandfonline.com), and Boyd et al. (1990).
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Fig. 4.2 Metabolism of styrene on the phenyl ring based on human and experimental studies
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Figure compiled using information from Shen et al. (2010), Zhang et al. (2011), and Linhart et al. (2012).
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et al., 1994a). Styrene glycol was enzymatically
conjugated to glucuronic acid by human uridine
5'-diphospho  (UDP)-glucuronosyltransferases
and to sulfate by human sulfotransferases,
formingglucuronideandsulfate conjugates (Korn
etal., 1985). Styrene-7,8-oxide can also be conju-
gated to GSH by GSTs to yield GSH conjugate
1 (S-(1-phenyl-2-hydroxyethyl)glutathione) and
GSH conjugate 2 (S-(2-phenyl-2-hydroxyethyl)
glutathione) (Pachecka et al., 1979); the human
GSTs involved are GSTM1, GSTP1, and GSTT1

& Kostenbauder, 1970), and is formed through
a series of uncharacterized sequential oxida-
tions. Hippuric acid (benzoylglycine), detected
in human urine (Johanson et al., 2000), results
from the conjugation of benzoic acid to glycine
by the human glycine N-acyltransferases (Lino
Cardenas et al., 2010). Phenylglycine was also
detected in workers exposed to styrene (Manini
et al., 2002; Fustinoni et al., 2008). It has been
proposed that phenylglycine is formed from MA
and/or PGA (Haufroid et al., 2002; Manini et al.,

(Ollikainen et al., 1998; De Palma et al., 2001).
These styrene-7,8-oxide-glutathione conjugates
are catabolized to isomeric phenylhydrox-
yethylmercapturic acids (PHEMAs), N-acetyl-
S-(1-phenyl-2-hydroxyethyl)-L-cysteine (M1,also
known as N-acetyl-S-(2-hydroxy-1-phenylethyl)
cysteine) and N-acetyl-S-(2-phenyl-2-hydroxy-
ethyl)-L-cysteine (M2, also known as N-acetyl-S-
(2-hydroxy-2-phenylethyl)cysteine), which have
been identified in the urine of exposed humans
(see Section 4.1.5(a)(i)). The GSH conjugation
process can also occur without enzyme involve-
ment (Yagen et al., 1981). N-acetyl-S-(phenylacyl)
cysteine is a catabolite of M2 (Manini et al.
2002). In addition to the formation of conju-
gates with glucuronic and sulfuric acids, styrene
glycol is also metabolized to mandelic acid (MA).
Depending on the sequence of oxidation (or
reduction) of the a- and P-carbons of the glycol,
there are several possible metabolic pathways
from styrene glycol to MA. In a genetic poly-
morphism study of aldehyde dehydrogenase,
Weng et al. (2016) proposed that styrene glycol
is first metabolized by alcohol dehydrogenase
to styrene glycolaldehyde (2-phenyl-2-hydroxy-
acetaldehyde), which is then metabolized to MA
by aldehyde dehydrogenase. In humans, MA is
metabolized to phenylglyoxylic acid (PGA, also
known as benzoylformic acid) (Nagwekar &
Kostenbauder, 1970) by alcohol dehydrogenase
(Gao et al., 2009) and to p-hydroxymandelic acid
(Pekari et al., 1993). Benzoic acid was detected in
human urine after exposure to MA (Nagwekar
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2002).

Another route of metabolism of styrene
involves initial oxidation on the vinyl group
by CYPs and then further metabolism of the
observed metabolites, although the precise
mechanisms of these processes are unknown. It
has been proposed that the vinyl group initially
undergoes both a- and B-oxidation, eventually
leading to 1- and 2-phenylethanol (Cosnier et
al., 2012). Racemic 1- and 2-phenylethanol were
detected in the urine of workers exposed to
styrene in both unconjugated forms and as glucu-
ronide and sulfate conjugates (Korn et al., 1985,
1987). Phenylacetic acid is the oxidation product
of phenylacetaldehyde (Wang et al., 2009).

In human studies, oxidation of the phenyl
ring forms the putative arene oxides styrene-1,2-
oxide, styrene-2,3-oxide, and styrene-3,4-oxide.
Styrene-1,2-oxide and styrene-3,4-oxide can
rearrange to form 2-vinylphenol (2-hydroxy-
styrene) and 4-vinylphenol (4-hydroxystyrene),
respectively (Watabe et al., 1982). 4-Vinylphenol
is conjugated to glucuronic acid and sulfate in
humans, and these 4-vinylphenol conjugates
represent about 0.5-1.0% of the total excretion
of styrene metabolites (Manini et al., 2003).
4-Vinylphenyl mercapturic acid and traces of 2-
and 3-vinylphenyl mercapturic acids were also
detected in human urine, implying the forma-
tion of styrene-1,2-oxide, styrene-2,3-oxide, and
styrene-3,4-oxide (Linhart et al., 2012).

Epoxidation of the vinyl group of styrene
results in the formation of optically active
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S- and R-styrene-7,8-oxides. With respect to
enantiomeric selectivity, human liver micro-
somal epoxide hydrolase hydrated S-styrene-7,8-
oxide 5 times faster than R-styrene-7,8-oxide.
R-styrene-7,8-oxide was hydrated mainly to
R-styrene glycol and S-styrene-7,8-oxide was
hydrated mainly to S-styrene glycol. The overall
activities of human styrene-7,8-oxide epoxide
hydrolase varied between individuals by about
3-5-fold (Wenker et al., 2000). R-styrene glycol
and S-styrene glycol were found in human blood
(unconjugated and conjugated) and urine (conju-
gated). The maximum concentration of uncon-
jugated R-styrene glycol in blood was greater
than that of unconjugated S-styrene glycol,
and the half-life of R-styrene glycol was longer
(Wenker et al., 2001b). The ratio of the urinary
stereoisomers favoured the S-form (or L-form as
reported) (Korn et al., 1985, 1987). Both R- and
S-enantiomers of MA were found in human
urine at a ratio of 1:1.6 (Wenker et al., 2001b).
Three mercapturic acids, degradation products
of styrene-7,8-oxide-glutathione conjugates,
were detected in human urine: N-acetyl-S-(1-
phenyl-2-hydroxyethyl)-L-cysteine (M1-R, M1-S)
and  N-acetyl-S-(2-phenyl-2-hydroxyethyl)-L-
cysteine (M2). M2 concentrations were higher
than MI-S concentrations, and both were
considerably greater than M1-R concentrations
(Ghittori et al., 1997). In another study, two pairs
of mercapturic acid diastereomers were identi-
fied in human urine with concentrations of M1-R
and M2-S exceeding those of M1-S and M2-R
(De Palma et al., 2001).

Genetic polymorphisms in styrene-metabo-
lizing enzymes can play a role in the metabolism
of styrene in humans, and urinary concentra-
tions of the corresponding metabolites have been
associated with these genetic polymorphisms.
Decreased excretion levels of urinary MA and
PGA, as well as decreased expression of CYP2E]
mRNA levels, were noted in 49 subjects exposed
to styrene carrying the heterozygous allele of
CYP2EI*5B (c1/c2) when compared with subjects

carrying the homozygote (c1/cl) (Prieto-Castelld
et al.,, 2010). Of 30 workers from two fibre-
glass-reinforced plastics manufacturing plants,
those carrying both the heterozygous alleles
CYP2E1*5B and CYP2EI*6 excreted lower levels
of MA and PGA in their urine compared with
homozygous subjects (Carbonari et al., 2015).
Genotype (CYP2E1, CYP2B6, EPHX1, GSTM],
GSTTI, and GSTPI genetic polymorphisms) and
lifestyle (smoking, alcohol consumption) did not
significantly affect the levels of urinary MA and
PGA in 73 reinforced plastics workers exposed
to styrene. However, urinary MA and PGA levels
were significantly decreased in a subgroup of
non-smokers with the cl/cl alleles of CYP2E1*5B1
compared with those with the cl/c2 genotype
(Ma et al., 2005). No relationships were found
between genetic polymorphisms in CYP2EI,
EPHX1, GSTM1, GSTT1, and GSTPI genes and
levels of urinary MA and PGA in 75 workers in
the fibreglass-reinforced plastics industry (Costa
et al., 2012). In 56 workers exposed to styrene
in the fibreglass-reinforced plastics manufac-
turing industry, the urinary concentrations of
MA and PGA were significantly higher in the
individuals carrying high-activity genotypes
of epoxide hydrolase (EPHXI) compared with
those carrying low-activity genotypes (Zhang et
al., 2013). In 30 workers from two fibreglass-re-
inforced plastics manufacturing plants, individ-
uals carrying the low-activity EPHX1 codon 113
polymorphism exhibited reduced excretion of
urinary MA and PGA compared with individuals
carrying the high-activity genotype (Carbonari
et al., 2015). Other studies have shown that the
EPHX1 genetic polymorphisms have no effect on
urinary levels of MA and PGA in human studies
(Ma et al., 2005; Costa et al., 2012). Genetic
polymorphisms have been found in aldehyde
dehydrogenase, and lower levels of urinary
MA and PGA were observed in a group of 329
workers exposed to styrene carrying the variant
inactive ALDH2*2 allele (Weng et al., 2016). In 26
subjects experimentally exposed in a chamber to

189



IARC MONOGRAPHS - 121

styrene, the urinary levels of the diastereomeric
PHEMAs M1 (R,R; S,R) and M2 (R,R; S,R) were
significantly higher in GSTMI-positive subjects
compared with GSTMI-null subjects (Haufroid
et al., 2002). GSTMI-1 is the major isoenzyme
catalysing GSH conjugation of styrene-7,8-oxide
in humans (De Palma et al., 2001). A study of
genetic polymorphisms in EPHXI, GSTTI,
GSTM1I, GSTPI, and NAT2 in 95 fibreglass-re-
inforced plastics or polyester resins workers
exposed to styrene found that GSTMI-null
individuals produced a significantly lower level
of PHEMAs compared with GSTMI-positive
subjects (Migliore et al., 2006). In another study
of 28 reinforced plastics workers exposed to low
concentrations of styrene, GSTMI-null subjects
had higher urinary concentrations of MA and
PGA compared with those carrying the non-null
genotype (Teixeira et al., 2004).

(b)  Experimental systems

The metabolism of styrene in experimental
systems is qualitatively similar to that described
for humans (Section 4.1.3(a)(i)) with some quan-
titative differences.

In previous reviews (IARC, 1994, 2002) it
was reported that, in experimental systems, the
enzymatic action of Cyp catalyses the epoxida-
tion of styrene on its vinyl group to enantiomers
of styrene-7,8-oxide. Styrene-7,8-oxide can be
hydrolysed by epoxide hydrolases to enanti-
omers of styrene glycol, or enzymatically conju-
gated with GSH by the GSTs to form isomeric
GSH conjugates. These styrene-7,8-oxide-
glutathione conjugates are further catabolized to
the corresponding PHEMAs. M2 is catabolized
to N-acetyl-S-(phenacyl)cysteine (Manini et al.
2002). Styrene glycol is further metabolized to
MA enantiomers, and these are oxidized to PGA.
Further catabolic action on MA and/or PGA
eventually leads to benzoic acid and its glycine
conjugate, hippuric acid. The ring oxidation of
styrene by CYP forms styrene-3,4-oxide which
yields 4-vinylphenol. CYP-mediated oxidation of
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the vinyl side chain of styrene eventually leads
to 1-phenylethanol, 2-phenylethanol, and pheny-
lacetaldehyde. Phenylacetaldehyde is a direct rat
liver microsomal metabolite of styrene (Mansuy
et al., 1984), and is further oxidized by aldehyde
dehydrogenase to phenylacetic acid (Wang et
al., 2009). The glycine conjugate of phenylacetic
acid, phenylaceturic acid, was also detected in rat
urine (Delbressine et al., 1980).

The Cyps involved in styrene metabolism in
rat liver include Cyp2c11/6, Cyp2bl/2, Cyplal/2,
and Cyp2el, although in rat lung only Cyp2b1/2
is active (Nakajima et al., 1994b). Cyp2f2 and
Cyp2el were associated with styrene metabo-
lism in mouse lung and Cyp2el in mouse liver
(Carlson, 1997a; Green et al., 2001a). The rate
of styrene metabolism to styrene-7,8-oxide was
greater in mouse lung club (Clara) cells compared
with mouse type-II pneumocytes, and greater in
mouse club cells compared with rat club cells.
R-styrene-7,8-oxide was preferentially formed in
mouse lung microsomes and club cells, although
S-styrene-7,8-oxide was preferentially formed
in rat lung microsomes and rat type-II pneu-
mocytes (Hynes et al., 1999). A comparison of
the rate of microsomal metabolism of styrene to
styrene-7,8-oxide between species demonstrated
that it was highest in mouse liver, followed by rat
liver, followed by human liver (Nakajima et al.,
1994a).

Male B6C3F, mice given a single intra-
peritoneal dose of styrene at 400 mg/kg bw
metabolized the styrene to urinary 1-pheny-
lethane diol (styrene glycol), MA, two isomeric
hydroxymandelic acids (2-(4-hydroxyphenyl)
ethanol and (4-hydroxyphenyl)acetic acid), and
the mercapturic acids N-acetyl-S-(2-hydroxy-2-
phenylethyl)cysteine and N-acetyl-S-(2-hydroxy-
1-phenylethyl)cysteine, ~ which  represented
10-15% of the given dose. PGA was a minor
metabolite. Male B6C3F, mice given a single
intraperitoneal injection of racemic styrene-
7,8-oxide, R-styrene-7,8-oxide, or S-styrene-
7,8-oxide at 150 mg/kg bw produced many of
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the same metabolites as styrene. Styrene was
predominantly metabolized to S-mandelic acid,
R-styrene-7,8-oxide was predominantly metabol-
ized to R-mandelic acid, and S-styrene-7,8-oxide
was predominantly metabolized to S-mandelic
acid (Linhart et al., 2000).

[The Working Group noted that there were
no in vivo studies available in knockout mice or
transgenic humanized mice exposed to styrene
that measured the levels of styrene metabolites in
the blood or in the urine. Moreover, the hepatic
Cyp reductase knockout mice, epoxide hydrolase
knockout mice, and transgenic humanized mice
were derived from C57BL/6 mice, a strain that is
insensitive to the tumorigenic effects of styrene.]

A series of in vitro metabolic studies, using
liver and lung tissues taken from genetically
altered mice that had metabolic enzymes related
to styrene metabolism removed from their
genomes, have been reported. These mice were
deficient in Cyps (Cyp2el knockout, Cyp2f2
knockout), epoxide hydrolase (epoxide hydro-
lase knockout mice), or a hepatic Cyp reductase
(Cyp reductase knockout mice). The rates of the
microsomal metabolism of styrene to each enan-
tiomer of styrene-7,8-oxide were similar using
liver microsomes from Cyp2el knockout mice
and from wildtype controls; the rate of forma-
tion of styrene-7,8-oxide by lung microsomes
from Cyp2el knockout mice was lower compared
with microsomes from wildtype mice. These
results indicated that other Cyps in the knockout
mice were capable of metabolizing styrene to
styrene-7,8-oxide. Using specific inhibitors, the
Cyp2el inhibitor diethyldithiocarbamate was
the most potent towards inhibiting the forma-
tion of both enantiomers of styrene-7,8-oxide
in lung and liver microsomes from both CypZel
knockout and wildtype mice, indicating that
other unknown Cyps in the knockout mice were
sensitive to this inhibitor (Carlson, 2003). The
rates of metabolism of styrene to R-styrene-7,8-
oxide was slightly reduced in liver microsomes
from Cyp2f2 knockout mice compared with

wildtype controls, although the metabolic rates
of S-styrene-7,8-oxide formation were similar in
both Cyp2f2 knockout mice and wildtype mice.
There was a large decrease in the metabolic rate
of R-styrene-7,8-oxide formation in the Cyp2f2
knockout mice compared with wildtype controls,
and a smaller decrease in the rate of formation
of S-styrene-7,8-oxide in lung microsomes from
both mouse strains (Carlson, 2012). It has been
reported that liver and lung microsomal protein
levels of Cypla, Cyp2a, Cyp2b, Cyp2e, and Cyp3a
were similar in Cyp2f2 knockout and wildtype
mice (Li et al., 2011). The rates of liver micro-
somal metabolism of styrene to each enantiomer
of styrene-7,8-oxide, and the enantiomeric ratios
of styrene-7,8-oxides between wildtype mice and
mice deficient in epoxide hydrolase, were not
different. The rates of liver microsomal metab-
olism of styrene-7,8-oxide to both enantiomers
of styrene glycol were lower in mice deficient
in epoxide hydrolase than in wildtype mice
(Carlson, 2010a). The liver and lung microsomal
metabolism of styrene to enantiomers of styrene-
7,8-oxide were compared between wildtype and
hepatic Cyp reductase knockout mice. The rates
of formation of each of the R- and S-enantiomers
in liver microsomes decreased to greater than
96% in the hepatic Cyp reductase knockout mice.
However, in lung microsomes there was a higher
rate of formation of the R-enantiomer in hepatic
Cyp reductase knockout mice compared with
wildtype mice, but no difference in the formation
of the S-enantiomer (Carlson, 2012).

In studies of male CD-1 mice, 2-vinylphenol,
3-vinylphenol  (3-hydroxystyrene), 4-vinyl-
phenol, and styrene glycol were detected in both
liver and lung microsomal incubations of styrene,
with the liver microsomes producing a higher
rate of formation of each metabolite compared
with the lung incubations. Liver microsomal
incubations of styrene also produced 2-hydroxy-
styrene glycol, 4-hydroxystyrene glycol, and
vinyl-1,4-hydroquinone. Liver microsomal incu-
bations of the individual vinylphenols produced
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the following results: 2-vinylphenol was metabol-
ized to 2-hydroxystyrene glycol, 3-vinylcatechol,
and vinyl-1,4-hydroquinone; 3-vinylphenol was
metabolized to 3-hydroxystyrene glycol, 3-vinyl-
catechol, vinyl-1,4-hydroquinone, and 4-vinyl-
catechol; and 4-vinylphenol was metabolized
to 4-hydroxystyrene glycol and 4-vinylcatechol.
These glycols are hydration products of the
intermediary hydroxystyrene-7,8-oxides. Using
inhibitors, it appeared that Cyp2f2 may be more
important in the metabolism of styrene to vinyl-
phenols than Cyp2el in the mouse lung (Shen et
al., 2010).

The rates of overall metabolism (loss of
substrate) of 4-vinylphenol in lung and liver
microsomes in male wildtype and Cyp2el
knockout mice were not different (Vogie et al.,
2004).

The lung and liver microsomal metabolism of
styrene to styrene glycol and 2-, 3-, and 4-vinyl-
phenol was compared between wildtype mice
and Cyp2el knockout mice, and between wild-
type mice and Cyp2f2 knockout mice. Cyp2el
knockout mouse liver microsomes had reduced
metabolic rates compared with liver microsomes
from wildtype mice in producing 2-vinylphenol,
4-vinylphenol, and styrene glycol, although only
the metabolic rate of 2-vinylphenol formation
was reduced in the lung microsomal incubations.
The order of the rates of vinylphenol metabo-
lites formed were 2-vinylphenol > 4-vinylphenol
> 3-vinylphenol in liver and lung microsomes
from both Cyp2el knockout and wildtype mouse
strains. Cyp2f2 knockout mouse liver micro-
somes produced no detectable levels of 3-vinyl-
phenol and 4-vinylphenol, and reduced rates of
formation of 2-vinylphenol and styrene glycol
compared with wildtype mouse liver micro-
somes. Cyp2f2 knockout mouse lung micro-
somes produced no detectable levels of 2-, 3-, or
4-vinylphenol, and a reduced rate of formation
of styrene glycol compared with wildtype mouse
lung microsomes (Shen et al., 2014).
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Male CD-1 mouse lung microsomes
metabolized 4-vinylphenol to 4-hydroxysty-
rene-7,8-oxide  (4-(2-oxiranyl)-phenol) and
4-vinylcatechol, with 4-vinylcatechol predomi-
nant. Co-incubation of 4-vinylphenol with GSH
and microsomes from male CD-1 mouse liver,
mouse lung, male Sprague-Dawley rat lung, or
human lung produced a group of 4-hydroxysty-
rene-7,8-oxide-glutathione conjugates. Mouse
lung microsomes metabolized 4-vinylphenol at
greater rates compared with rat or human lung
microsomes. Co-incubation of 4-vinylphenol
with GSH and mouse lung microsomes also
produced 4-vinylcatechol-glutathione conju-
gates formed via a 4-vinylcatechol metabolite
[possibly a quinone, although this metabolite
has not been isolated]. 4-Hydroxystyrene-7,8-
oxide-glutathione conjugates and 2-hydroxy-
styrene-7,8-oxide-glutathione conjugates were
detected in incubations of mouse liver micro-
somes with R-styrene-7,8-oxide in the pres-
ence of GSH, suggesting an alternate metabolic
pathway to vinylphenol metabolites. Using
specific inhibitors, both Cyp2f2 and Cyp2el were
implicated in the metabolism of 4-vinylphenol to
4-hydroxystyrene-7,8-oxide-glutathione conju-
gates (Zhang et al., 2011).

The metabolic parameters of the metabo-
lism of styrene in isolated mitochondrial and
microsomal (endoplasmic reticulum) fractions
from livers of female Sprague-Dawley rats were
applied to a kinetic model that incorporated
Cyp2el levels. At low styrene concentrations
(10 uM), 67% of the styrene metabolism occurred
in mitochondria and 33% in the endoplasmic
reticulum. At higher styrene concentrations
(500 uM), the estimated styrene metabolism was
85% in the endoplasmic reticulum and 15% in
the mitochondria. These results are explained
by the increased metabolic efficiency of Cyp2el
in the endoplasmic reticulum (Hartman et al.,
2015).
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4.1.4 Modulation of metabolic enzymes
(a)  Styrene

Inhalation pre-exposure to styrene had no
effect on the metabolism of styrene after subse-
quent styrene exposure (Wang et al., 1996). In
58 moulders and finishers exposed to styrene
and acetone at four fibreglass-reinforced plastics
manufacturing sites, simultaneous exposure to
styrene and acetone modified styrene metabo-
lism as evidenced by a reduction in the combined
levels of urinary MA and PGA (Bonanni et al.,
2015). However, the metabolism of styrene was
not affected in workers exposed to styrene or
human subjects experimentally co-exposed to
styrene and acetone (Wigaeus et al., 1984; De
Rosa et al., 1993; Apostoli et al., 1998). Multiple
oral doses of ethanol temporally lowered urinary
levels of MA and PGA in subjects exposed to
styrene by inhalation (Cerny etal., 1990). Ethanol
is a known inducer of CYP2E1 (IARC, 2012).
Both single and multiple doses of ethanol shifted
the excretion level versus time relationship of the
urinary excretion of MA and PGA in subjects
exposed to styrene by inhalation (Wilson et al.
1983; Cerny et al., 1990). Styrene metabolism in
workers was not affected by occupational co-ex-
posure to methanol and methyl acetate (Kawai
et al., 1995).

(b)  Styrene-7,8-oxide

No data on the modulation of metabolic
enzymes by styrene-7,8-oxide in humans were
available to the Working Group.

4.1.5 Excretion

(a)  Humans
(i)  Styrene

Micromolar levels of unmetabolized
styrene were found in the urine of occupational

(Ghittori et al., 1997) and experimental subjects
(Johanson et al., 2000). Chamber exposure

studies demonstrated that about 92% of the total
absorbed dose of styrene was metabolized. Of
the amount absorbed, 37% was eliminated in
the urine as MA and 54% as PGA after 8 hours
(Caperos et al., 1979). In another chamber expo-
sure study, the cumulative percentage of MA
and PGA excreted was 58% after 28 hours of
exposure (Wigaeus et al., 1983). Several other
previously discussed studies have confirmed the
presence of urinary MA (Vodicka et al., 1999).
PGA (Wieczorek & Piotrowski, 1985), phenyle-
thylene glycol (styrene glycol) (Korn et al., 1987),
hippuric acid (Johanson et al., 2000), p-hydrox-
ymandelic acid (Pekari et al., 1993), and 4-vinyl-
phenol were excreted as a conjugate (Pfiffli et al.

1981). Urinary PHEMAs were found in workers
exposed to styrene, and represent about 1% of
styrene uptake in humans (De Palma etal., 2001).
MA, PGA, 4-vinylphenol conjugates, and regio-
isomeric PHEMA levels were determined at the
end of the shift in the urine of 86 reinforced plas-
tics workers (employed in three plants) exposed
to styrene, in 16 controls (maintenance workers
from one of the plants), and in 26 unexposed indi-
viduals (external controls). The mean concen-
trations of total 4-vinylphenol conjugates were
5.64 + 4.82 mg/g creatinine in exposed workers,
with concentrations of 0.39 + 0.39 mg/g creati-
nine in the plant controls and none detectable in
the external controls (Vodicka et al., 2004).

Phenylacetic acid and/or phenylaceturic
acid accounted for less than 5% of the total
excreted metabolites (Johanson et al., 2000).
1-Phenylethanol and 2-phenylethanol in both
conjugated and unconjugated forms were found
in human urine (Korn et al., 1985, 1987).

The urine of 10 workers exposed to styrene,
sampled at the end of shift and the next morning,
contained MA, PGA, phenylglycine, N-acetyl-S-
(phenacyl)cysteine, the glucuronide and sulfate
conjugates of 4-vinylphenol and of styrene glycol,
and PHEM As. The median concentrations at the
end of shift of 4-vinylphenol glucuronide and
4-vinylphenol sulfate were 7.5 mg/g creatinine
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and 6.5 mg/g creatinine, respectively (Manini
et al., 2002). [The Working Group noted that
no exposure data were provided.] The urine of
174 workers exposed to styrene, 26 volunteers
exposed to styrene at 11.8 ppm for 8 hours, and
99 subjects not occupationally exposed to styrene
was examined for levels of MA, PGA, 4-vinyl-
phenol glucuronide, and 4-vinylphenol sulfate.
The total 4-vinylphenol conjugate concentra-
tions at the end of the shift were 1.2-3.97 mg/g
creatinine (geometric mean). These metabolites
comprised about 0.5-1.0% of the total excreted
styrene metabolites and were eliminated
following monophasic kinetics. In unexposed
subjects, the background levels of total 4-vinyl-
phenol conjugates were 0.22 mg/g creatinine
(geometric mean). Smoking was related to the
excretion of total 4-vinylphenol conjugates, but
did not appear to be related to the excretion of
MA and PGA in exposed workers (Manini et al.
2003). In a companion study, the distribution of
the background levels of MA and PGA in the
urine of 129 workers not exposed to styrene was
log-normal across the population. No significant
correlation was found between metabolite levels
and sex, age, smoking, or alcohol consumption
(Manini et al., 2004).

Urinary concentrations of styrene, MA,
PGA, phenylglycine, 4-vinylphenol glucuronide
and sulfate conjugates, and the PHEM As M1 and
M2 were determined in workers (before and after
the shift) exposed to styrene and styrene-7,8-
oxide (Fustinoni et al., 2008). Median exposure
concentrations of styrene and styrene-7,8-oxide
were 18.2 mg/m? and 133 pg/m? for reinforced
plastics workers, 3.4 mg/m?® and 12 pg/m? for
varnish workers, and less than 0.3 mg/m?* and
less than 5 pg/m? for controls, respectively. The
study group included 13 varnish workers and 8
reinforced plastics workers, and 22 automobile
mechanics as controls. The median concentra-
tions of urinary metabolites in the samples taken
at the end of the shift were generally greater in
the reinforced plastics workers compared with
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the varnish workers. The median concentra-
tions of the total of MA and PGA at the end
of the shift in workers exposed to styrene were
69.5-226.3 mg/g creatinine, compared with
1.17 mg/g creatinine in control subjects. The
median concentrations of total 4-vinylphenol
conjugates at the end of the shift in workers
exposed to styrene were 1.72-3.69 mg/g creati-
nine, compared with 0.245 mg/g creatinine in
control subjects (Fustinoni et al., 2008). Analysis
of repeated measurements (four measurements
per worker over 6 weeks) of the concentrations of
urinary styrene and styrene metabolites in these
workers indicated that within-worker variability
was typically much smaller than between-worker
variability for the majority of exposure metrics
examined (Fustinoni et al., 2010).

The total concentrations of MA and PGA in
the urine of 10 male hand-lamination workersina
reinforced plastics plant occupationally exposed
to styrene were 141-1466 mg/g creatinine in the
samples from the end of shiftand 41.5-784.0 mg/g
creatinine in the samples from the next morning.
The urine samples also contained 4-vinylphenyl
mercapturic acid, the degradation product of
the styrene-3,4-oxide-glutathione adduct. The
mean concentration of 4-vinylphenyl mercap-
turic acid in the samples from the end of shift
was 4.59 + 3.64 ng/mL, although in the samples
from the next morning it was 2.14 + 2.07 ng/mL.
Total urinary 4-vinylphenyl mercapturic acid
accounted for about 3.4 x 10-4% of the absorbed
dose of styrene (Linhart et al., 2012).

(i) Styrene-7,8-oxide
No data on the excretion of styrene-7,8-oxide
in humans were available to the Working Group.

(b)  Experimental systems
(i)  Styrene

The primary route of excretion in male
F344 rats, male CD-1 mice, and male B6C3F,
mice using nose-only exposure to radiolabelled
styrene was in urine; faecal excretion was a
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minor route (Sumner et al., 1997). The overall
quantitative excretion of styrene and its metab-
olites was similar in male CD-1 mice and male
Sprague-Dawley rats exposed to radiolabelled
styrene at 160 ppm for 6 hours by nose-only
inhalation (Boogaard et al., 2000a). Male Fischer
344 or Sprague-Dawley rats exposed to styrene
by inhalation at 75 ppm and 250 ppm for 4 days
excreted increased levels of MA, PGA, and
hippuric acid in their urine compared with
controls. After 1 day of exposure, the urinary
MA and PGA concentrations of rats exposed to
styrene at 250 ppm were 256 + 55 mg/g creati-
nine and 672 * 258 mg/g creatinine, respectively
(Cosnier et al., 2012). Male Sprague-Dawley rats
exposed by inhalation to styrene at 25-200 ppm,
6 hours per day, 5 days per week for 4 weeks,
excreted MA, PGA, N-acetyl-S-(1-phenyl-2-
hydroxyethyl)-L-cysteine (M1) and N-acetyl-
S-(2-phenyl-2-hydroxyethyl)-L-cysteine ~ (M2)
(Truchon etal., 1990). The urine of male Sprague-
Dawley rats given styrene at 1.1 mmol by intra-
peritoneal injection contained MA, PGA, and
PHEMA (the major metabolites), and phenyl-
glycine, N-acetyl-S-(phenacyl)cysteine, glucuro-
nide, and sulfate conjugates of 4-vinylphenol and
of styrene glycol (Manini et al., 2002). Although
Bakke & Scheline (1970) found 1-phenylethanol
and traces of 2-phenylethanol in the urine of rats
given styrene by gavage, Manini et al. (2002) did
not report the detection of the conjugates or the
free forms of 1- and 2-phenylethanol.

Male B6C3F, mice given a single intra-
peritoneal injection of styrene at 400 mg/kg bw
excreted MA, N-acetyl-S-(2-hydroxy-2-phenyl-
ethyl)cysteine, N-acetyl-S-(2-hydroxy-1-phenyl
ethyl)cysteine, 1-phenylethane-1,2-diol (styrene
glycol), 2-(4-hydroxyphenyl)ethanol, (4-hydroxy-
phenyl)acetic acid, 2-(methylthio)-2-phenyl-
ethanol, 2-(methylthio)-1-phenylethanol, and two
unidentified isomeric hydroxymandelic acids
(Linhart et al., 2000). The mercapturic acids
were the major metabolites, followed by MA and
1-phenylethane-1,2-diol (styrene glycol) (Linhart

et al., 2000). 2-Vinylphenol, 3-vinylphenol, and
4-vinylphenol were measured in the urine of male
NMRI mice exposed to styrene at 600 ppm and
1200 ppm for 6 hours. Mercapturic acids related
to styrene-2,3-oxide-glutathione and styrene-
3,4-oxide-glutathione conjugates, that is, 2-, 3-,
and 4-vinylphenylmercapturic acids, were also
found in the urine at a ratio of 2:1:6. The urinary
concentrations of 4-vinylphenyl mercapturic
acid after exposure at 600 ppm and 1200 ppm
were 0.75 + 0.1 mg/L and 1.09 £ 0.07 mg/L, which
represented 0.047% and 0.043%, respectively, of
the adsorbed dose of styrene (Linhartetal., 2010).

(i) Styrene-7,8-oxide

The urinary concentrations of MA, PGA, and
hippuric acid were determined in male Fischer
344 rats exposed by inhalation to styrene-7,8-
oxide at 25 ppm and 75 ppm for 4 days. After
4 days of exposure at 75 ppm, the concentrations
of MA, PGA, and hippuric acid were 279 + 92,
294 £ 118, and 1619 + 525 mg/g creatinine,
respectively (Cosnier et al., 2012). Male B6C3F,
mice given a single intraperitoneal injection of
styrene-7,8-oxide at 150 mg/kg bw excreted MA,
N-acetyl-S-(2-hydroxy-2-phenylethyl)cysteine,
N-acetyl-S-(2-hydroxy-1-phenylethyl)cysteine,
1-phenylethane-1,2-diol (styrene glycol),
2-(4-hydroxyphenyl)ethanol, (4-hydroxyphenyl)
acetic acid, and two partially identified isomeric
hydroxymandelic acids. Based on excretion, the
mercapturic acids were the major metabolites
followed by MA (Linhart et al., 2000).

4.2 Mechanisms of carcinogenesis

4.2.1 Protein adducts

Because of its electrophilicity, styrene-7,8-
oxide produces stable covalent adducts not
only with DNA (see Section 4.2.2) but also at
the nucleophilic sites in proteins. Most relevant
from this point of view are the adducts with
blood protein globin because: (i) globin is easily
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accessible in large amounts; (ii) a range of proce-
dures for analysis of globin adducts is available;
and (iii) globin adducts accumulate in the body
during prolonged exposure in a predictable way,
reflecting the lifespan of erythrocytes (~120 days
in humans). The adducts with albumin have also
been studied, but to a lesser extent. The three
major areas of styrene-7,8-oxide—protein adducts
described in this section are studies in exposed
humans, in adduct characterization in human
cells in vitro, and in experimental animals.

(@) Exposed humans

A limited number of studies have been under-
taken to assess the styrene-7,8-oxide adduct
levels in the blood proteins of reinforced plastics
manufacturing workers occupationally exposed
to styrene or to both styrene and styrene-7,8-
oxide (Table 4.1).

The concentrations of styrene-7,8-oxide-
valine in exposed workers, measured in all
studies using the modified Edman degradation
procedure, were mostly of the order of picomoles
per gram of globin, close to the limits of detection
of the gas chromatography (GC) -MS methods
used. Regarding control globins from unex-
posed subjects, the concentrations of styrene-
7,8-oxide-valine in some studies were below the
limit of detection or not distinctly lower than
those of exposed workers (Brenner et al., 1991;
Severi et al., 1994). In other studies, the reported
concentrations of 3.08 *+ 3.30 pmol/g globin
(Godderis et al., 2004) and 2.59 + 0.25 pmol/g
globin (Teixeira et al., 2007) were remarkably
higher than that of less than 0.1 pmol/g globin
reported by Vodicka et al. (1999). [The Working
Group noted the low variability in background
levels reported by Teixeira et al. (2007).] With
the exception of the study by Christakopoulos et
al. (1993), no clear relationship between external
exposure to styrene and the adduct levels could
be established among the studies in exposed
workers.
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In addition, in a single relevant study on
volunteers, Johanson et al. (2000) exposed
four men to [*C,]styrene vapour at 50 ppm
(213 mg/m?) for 2 hours to attain a concentra-
tion of styrene-7,8-oxide-valine of 0.3 pmol/g
globin, that is, 0.003 pmol/g per parts per million
by weight (ppmh). A comparable value derived
from the study of Christakopoulos et al. (1993)
was 0.001 pmol/g per ppmbh.

In several studies, styrene-7,8-oxide—cysteine
concentrations in globin and albumin of workers
exposed to known levels of styrene and styrene-
7,8-oxide simultaneously were assessed using
the procedure of reductive cleavage by Raney
nickel followed by GC-electrochemical detector
or GS-MS. No evidence was found of any expo-
sure-relatedincreaseinglobinadducts.Incontrast,
albumin adducts were observed to increase with
exposure to either styrene or styrene-7,8-oxide.
There was a stronger association with exposure
to styrene-7,8-oxide than to styrene. Of the two
isomeric styrene-7,8-oxide-cysteine adducts,
better correlation with the concentrations of
the parent compounds was observed for S-(2-
hydroxy-1-phenylethyl)cysteine adduct, that is,
the adduct in which styrene-7,8-oxide was bound
to cysteine via a-carbon, and was measured as
2-phenylethanol (Yeowell-O’Connell etal., 1996).
Only non-significant differences in styrene-7,8-
oxide-cysteine adduct concentrations among
exposed workers and controls were found by
Fustinoni et al. (1998, 2008).

(b)  Experimental systems in vivo

In studies in mice, the binding of intra-
peritoneally injected styrene or styrene-7,8-
oxide to globin and to plasma proteins has
been demonstrated. A linear dose-response
relationship was demonstrated at all but the
highest dose of styrene (0.28-4.35 mmol/kg
bw) for the concentrations of styrene-7,8-oxide-
valine in globin collected 3 hours later (range,
15-305 pmol/g globin) (Pauwels et al., 1996). In
a separate study, styrene-7,8-oxide given at up to




/61

Table 4.1 Styrene and styrene-7,8-oxide adducts in blood proteins of exposed workers in reinforced plastics manufacturing

Styrene or styrene-7,8-oxide
concentration (mg/m?)?

Exposed workers

Controls

Reference

No. Adductlevel® Correlation with exposure  No. Adduct concentration®
(if P < 0.05)
N-terminal valine (adduct concentration in pmol/g globin)
Styrene: GM, 47 (3-189) 13 GM, 5.5 (2.0-15.3) 8 GM, 2.2 (0-24) Brenner et al. (1991)
Styrene: ~300 7 28 (15-52) 3 <13 (LOD not specified)) Christakopoulos et al. (1993)
Styrene: 31 52 < 10 (LOD) 24 <10 (LOD) Severi et al. (1994
Styrene: 68 + 49 13 1.7+1.1 Styrene-7,8-oxide-valinevs 8 < 0.1 (LOD) Vodicka et al. (1999)
styrene (P = 0.001)
Styrene-7,8-oxide-valine vs
MA (P =0.002)
Styrene: 41 + 41 (0-157) 44 5.23 +3.49 (< 1-25.52) Styrene-7,8-oxide-valinevs 44 3.08 +3.30 (< 1-13.06) Godderis et al. (2004)
styrene (P =0.017) (LOD, 1)
Styrene: 131 + 16 (2-490) 57 5.98 +0.41 Styrene-7,8-oxide-valinevs 71 2.59 +0.25 (LOD, 1) Teixeira et al. (2007)
MA+PGA (P < 0.02)
Cysteine (adduct concentration in nmol/g protein)
Styrene: 64.3 (0.9-235) 48 1-PE-HDb: 0.084 £ 0.014  2-PE-Alb vs styrene NR NR Yeowell-O’Connell et al.
Styrene-7,8-oxide: 0.159 (0.02-0.45) (P=0.017) (1996
(0.013-0.525) 2-PE-Hb: 0.078 + 0.003  2-PE-Alb vs styrene-7,8-
(0.03-0.16) oxide (0.010)
1-PE-Alb: 0.29 + 0.04
(0.02-1.8)
2-PE-Alb: 1.68 + 0.12
(0.24-3.7)
Styrene: ~100 22 1-PE-Hb: 0.43 + 0.10 2-PE-Hb vs MA (P =0.053) 15 1-PE-Hb: 0.39 £ 0.17 Fustinoni et al. (1998)
(0.23-0.63) 2-PE-Alb vs MA (P = 0.001) (0.19-0.73)
2-PE-Hb: 5.44 + 1.10 2-PE-Hb: 5.27 + 1.65
(3.71-7.97) (1.93-8.57)
1-PE-Alb: 0.60 + 0.49 1-PE-Alb: 0.50 + 0.23
(0.28-2.36) (0.24-1.06)
2-PE-Alb: 2.84 + 1.31 2-PE-Alb: 2.74 + 1.01
(1.02-6.79) (1.17-4.91)
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Table 4.1 (continued)

Styrene or styrene-7,8-oxide

Exposed workers

Controls Reference

concentration (mg/m?)?

No.

Adduct level®
(if P <0.05)

Correlation with exposure

Adduct concentration®

Styrene: Median, 18.2 (2.3-93.4) 8
Styrene-7,8-oxide: 0.134 13
(0.040-0.282)

Styrene: 3.4 (0.55-16.0)
Styrene-7,8-oxide: 0.012
(0.007-0.032)

1-PE-Hb: median, 0.20
(< 0.03-0.74)
2-PE-Hb: 2.31
(2.18-5.12)
1-PE-Alb: 0.23
(< 0.03-1.22)
2-PE-Alb: 5.91
(4.40-8.14)
1-PE-Hb: 0.11
(< 0.03-0.55)
2-PE-Hb: 2.80
(< 0.60-4.48)
1-PE-Alb: 0.48
(0.21-0.75)
2-PE-Alb: 6.18
(2.66-9.53)

Carboxylic acids (adduct concentration in nmol/g protein)

Styrene: 64.3 (0.9-235) 41
Styrene-7,8-oxide: 0.159 48
(0.013-0.525)

SG-Hb: 0.481 + 0.132
(0.09-4.8)

SG-Alb: 1.80 + 0.19
(0.1-6.3)

1-PE-Hb: median, 0.22 Fustinoni et al. (2008)
(< 0.03-0.99)

2-PE-Hb: 1.96 (1.01-3.33)

1-PE-Alb: 0.19

(< 0.03-0.53)

2-PE-Alb: 3.57

(< 0.90-5.18)

Yeowell-O’Connell et al.

1996)

1-PE, 1-phenylethanol releasing moiety (i.e. 2-hydroxy-2-phenylethyl); 2-PE, 2-phenylethanol releasing moiety (i.e. 2-hydroxy-1-phenylethyl); Alb, albumin; GM, geometric mean;
Hb, haemoglobin; LOD, limit of detection; MA, mandelic acid; NR, not reported; PGA, phenylglyoxylic acid; SG, styrene glycol releasing moiety (i.e. 2-hydroxy-2-phenylethyloxy or

2-hydroxy-1-phenylethyloxy); vs, versus.

@ Mean + SD (minimum to maximum) unless stated otherwise. The values represent pooled values from both non-smokers and smokers.
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1.1 mmol/kg bw was bound to both globin and
plasma proteins at a higher-than-proportional
extent, although styrene-7,8-oxide given at up to
4.9 mmol/kg bw was bound to globin at a higher-
and to plasma proteins at a lower-than-propor-
tional extent (Byfdlt Nordqvist et al., 1985). In
the linear components of dosage-binding rela-
tionships in both types of blood proteins, similar
levels of radioactivity were found for both
styrene and styrene-7,8-oxide. In other compa-
rable studies (see paragraph below), the extent
of styrene binding was much lower than that of
styrene-7,8-oxide.

In a study by Rappaport et al. (1993), the
concentrations of styrene-7,8-oxide-cysteine
adducts in globin and albumin of rats given
equimolar levels of styrene and styrene-7,8-
oxide by intraperitoneal injection were about
50 times lower in both proteins after dosing with
styrene. In the same paper, the in vitro reactivity
of styrene-7,8-oxide with rat and human blood
proteins was assessed. The values of second-order
rate constants (expressed in (L/mol protein) per
hour) of styrene-7,8-oxide binding (i.e. rat globin,
72; rat albumin, 63; human globin, 2.4; human
albumin, 32) indicate that human globin was the
least reactive among the proteins tested.

In a similar study, in both mice and rats given
non-labelled and labelled styrene or styrene-7,8-
oxideatup to 2.5 mmol/kgbw (Osterman-Golkar
etal., 1995) by intraperitoneal injection, relation-
ships between styrene or styrene-7,8-oxide expo-
sure and styrene-7,8-oxide-valine adduct levels
in globin were faster than linear, reflecting over-
load of the detoxification pathways. At low doses,
styrene-7,8-oxide exposure generated 4-7 times
higher concentrations of styrene-7,8-oxide-
valine adduct than that for styrene exposure;
at higher doses the difference was even greater.
The elimination rate of total radioactivity and
styrene-7,8-oxide-valine adducts from globin
corresponded to thelifespan of mice erythrocytes
(40 days) although carboxylic acid adducts were
eliminated faster, perhaps because of hydrolysis

of the ester bonds. In plasmatic proteins, initial
bound radioactivity was about 25-fold higher
compared with the binding to globin but its
elimination rate was much faster, corresponding
to the half-life of mice serum albumin (2 days).
In male Wistar rats given a single intra-
peritoneal injection of styrene-7,8-oxide at
0.83 mmol/kg bw, the total styrene-7,8-oxide-
valine concentration in globin 24 hours after
exposure was estimated as 0.72 nmol/g globin
(Mraz et al., 2016b). For comparison, giving
Sprague-Dawley rats an intraperitoneal injection
of styrene-7,8-oxide at 1 mmol/kg bw resulted
in a styrene-7,8-oxide-valine concentration of
about 0.4 nmol/g globin. However, in the study by
Osterman-Golkar et al. (1995), only a single dias-
tereomer of styrene-7,8-oxide-valine was deter-
mined. In two recent studies in rats, the fate of
several types of styrene-7,8-oxide-globin adducts
following physiological removal of erythrocytes
was investigated. In the urine of rats dosed
intravenously with erythrocytes modified by
styrene-7,8-oxide, styrene-7,8-oxide-valine and
styrene-7,8-oxide-valine-leucine ~ (N-terminal
dipeptide of a-globin adducted by styrene-7,8-
oxide) were identified as ultimate products of
styrene-7,8-oxide-adducted N-terminal Val
in globin, whereas the adducts with cysteine,
histidine, and lysine were excreted in the form
of corresponding N_-acetyl derivatives (Mrdz et
al., 2016a). The same urinary products were also
found in the urine of rats given styrene-7,8-oxide
by intraperitoneal injection (Mrdz et al., 2016b).

(c)  Studies in vitro

In contrast to the binding of styrene-7,8-oxide
to proteins, which is a straightforward chemical
reaction, adduct formation from styrene is only
possible in systems containing enzymes that
oxidize styrene to styrene-7,8-oxide, that is, in
vivo, in some cellular in vitro systems, and in
subcellular microsomal fractions.

In the incubations in vitro of styrene-7,8-
oxide with human or rat blood, erythrocytes,
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haemoglobin, or globin, the formation of adducts
was reported with cysteine, histidine, N-terminal
valine, and lysine based on mass spectrometric
confirmation (Hemminki, 1986; Kaur et al.
1989; Basile et al., 2002; Jagr et al., 2007). In
addition, adducts derived from styrene-7,8-oxide
with carboxylic acids in globin (phenylhydrox-
yethyl esters of aspartic and glutamic acids)
were indirectly identified following mild base
hydrolysis of these ester adducts to styrene glycol
(Sepai et al., 1993). In some of the above studies,
the concentrations of styrene-7,8-oxide adducts
with particular amino acids in globin have been
quantified. However, the relative proportions
of all adduct types produced in globin under
physiological conditions within a single exper-
iment have not been reported. Nevertheless,
by combining results from various studies, the
adduct concentrations appear to decrease in the
order cysteine > histidine > valine > lysine. In
a study where human blood was incubated with
styrene-7,8-oxide, and serum and haemoglobin
were separated, digested with proteinase K, and
analysed by HPLC, cysteine adducts greatly
predominated both in haemoglobin and serum
proteins (Hemminki, 1986). In a similar type of
experiment using digestion with pronase, Jagr et
al. (2007) reported histidine adducts in haemo-
globin at concentrations approximately 10-fold
higher than those of cysteine adducts. However,
it later became obvious that the pronase diges-
tion cleaves cysteine adducts of styrene-7,8-oxide
incompletely, underestimating true concentra-
tions by a factor of 20-30 (Mraz et al., 2016a).
Histidines were found to be a dominant alkylated
site in human haemoglobin when incubation was
carried out with a high excess of styrene-7,8-
oxide, perhaps because of the increasing number
of alkylated histidine units after saturation of
cysteine (Kaur et al., 1989). Detailed structural
analysis of human globin adducted by styrene-
7,8-oxide, based on tryptic digestion followed
by HPLC-MS, revealed valine-1, histidine-20,
histidine-45, histidine-50, histidine-72, and
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cyseine-104 as major alkylating sites in the globin
a-chain, and valine-1, histidine-77, cysteine-93,
histidine-97, cysteine-112, and histidine-143
as major alkylating sites in the globin B-chain
(Kaur et al., 1989; Basile et al., 2002).

Cysteine was also found to be a dominant
binding site for styrene-7,8-oxide in human
albumin (Rappaport et al., 1993).

4.2.2 DNA adducts
(a)  Properties

Styrene requires metabolic activation to
be effectively eliminated from the body and to
become genotoxic. Its principal metabolite in
vivo, styrene-7,8-oxide, contributes quantita-
tively by far the most (> 95% in humans) to the
genotoxicity of styrene; minor ring oxidation
products are also shown to contribute to local
toxicities, especially in the respiratory system
(Vodicka et al., 2006a). Styrene-7,8-oxide inter-
acts covalently with biological macromolecules;
its two electrophilic carbons, the a- and p-car-
bons of the epoxide moiety, attack nucleophilic
sites in DNA (Fig. 4.3). Modification of the ring-
nitrogens of purines and pyrimidines through
the [B-carbon follows the SN2 (nucleophilic
substitution 2) reaction Kkinetics. In contrast,
the epoxides that have a substituent capable of
stabilizing positive charge can also react at the
exocyclic amino groups through the a-carbon,
the reaction following the SN1 type of mecha-
nism (Koskinen & Plnd, 2000). Table 4.2 summa-
rizes covalent binding sites of styrene-7,8-oxide
and their proportions, stabilities, and expected
role in mutagenesis. N7-guanine is the primary
target of styrene-7,8-oxide alkylation in DNA,
followed by the N> and O¢ positions of guanine;
N7-alkylation occurs predominantly through
the B-carbon, whereas the other sites in guanine
are primarily reacted through the a-carbon. As
reported by Moschel et al. (1986), in O¢-guanine
substitution the a-isomer can isomerize to that
of B. Adenine residues are alkylated at the N3,
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Fig. 4.3 Nucleophilic sites in DNA bases found to be covalently modified by styrene-7,8-oxide
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dR, 2'-deoxyribose; SN1, nucleophilic substitution 1.
Compiled by the Working Group.

N1, and N¢ positions. Both a- and p-isomers of
Nl-adenine adducts are formed, the B-isomer
in moderate excess (Barlow et al., 1997; Barlow
& Dipple, 1998). The N¢ position is initially
reacted only through the a-carbon of styrene-
7,8-oxide; however, a considerable proportion
of the BN¢ product arises, probably because of
the Dimroth rearrangement of the fN1-adenine
(Qian & Dipple, 1995; Barlow & Dipple, 1998).
In addition, N1-adenine adducts undergo hydro-
lytic deamination under neutral conditions;
the a-isomer adduct deaminates fairly readily
(Barlow & Dipple, 1998). In vitro mechanisms for
the formation of 2'-deoxyadenosine adducts with
styrene-7,8-oxide have been summarized and
compared with polycyclic aromatic hydrocarbon

dihydrodiol epoxides (Kim et al., 2000). Styrene-
7,8-oxide alkylates cytosine, mainly at the
N3 position through the B-carbon and at the
N* position through the a-carbon (Barlow &
Dipple, 1999). In addition, the a-isomers of N3-
and O?-cytosine adducts have been identified.
Interestingly, the N3-substituted deoxycytidine
undergoes rapid hydrolytic deamination to the
corresponding deoxyuridine adduct (the half-
lives of the a- and P-isomer are 6 minutes and
160 minutes, respectively). O?>-cytosine adducts
are also unstable, being prone to depyrimidation
and interconversion between the a- and B-iso-
mers (Koskinen et al., 2000b). Thymidine is a
poor nucleophile towards styrene-7,8-oxide, and
only minor alkylation at the N3 position has been
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Table 4.2 Spectrum of styrene-7,8-oxide DNA adducts: stabilities, proportions, and expected

role in mutagenesis

Base Position Chemical stability Proportionand  Expected References
half-life in DNA* mutation
Guanine N7 Depurination, ring-opening aN729%, 51 h GC->TA Hemminki & Hesso
BN7 45%, 51 h (1984); Moschel et al.
N2 Stable aN2 3% GC>TA (1986); Vodicka et al.
05 Unstable, a to p isomerization ~ ~1%, 1320 h GC > AT (1994, 2002); Koskinen et
al. (2000a, 2001a)
Adenine Né Stable aN¢ 6% AT > GC Savela et al. (1986);
BN6 1% Qian & Dipple (1995);
N3 Depurination aN3 6%, 10 h AT > TA Koskinen et al. (2000a,
BN3 3%, 20 h 2001a, b); Vodic¢ka et al.
N1 Dimroth rearrangement aN1<1%,94 h AT > GC (2002)
(> N¢ adenine), hydrolytic BN1 2%, 450 h
deamination (> N1 aN1-hypoxic 2%
hypoxanthine)
Cytosine N3 Hydrolytic deamination (> N3  pN3-uracil 2% CG- AT, Barlow & Dipple (1999);
uracil) GC~>TA Koskinen et al. (2000b,
N Stable aN* 1% - 2001a)
02 Depyrimidation, a/p ND -
interconversion
Thymidine N3 ND - Savela et al. (1986);
Koskinen et al. (2000a)
Guanine/ 8-OHdG Stable ND GC->TA Vettori et al. (2005
deoxyguanosine

8-OHdG, 8-hydroxy-2'-deoxyguanosine (determined in human SK-N-MC neuroblastoma cell lines); h, hour(s); ND, not determined.
+ Relative proportions of various adducts in double-stranded DNA treated for 32 h with styrene-7,8-oxide in a buffered solution at pH 7.4,

including depurinated fraction.

Source: Styrene metabolism, genotoxicity, and potential carcinogenicity. Vodicka et al. (2006a), Drug Metabolism Reviews, reprinted by

permission of the publisher (Taylor & Francis Ltd, http:/www.tandfonline.com) and of Dr Vodicka.

observed (Koskinen & Plna, 2000; Koskinen et al.,
2000a). The phosphate group was also identified
as a target of alkylation in nucleotides; however,
in the dinucleotide dGpdT no styrene-7,8-oxide
alkylation of the intervening phosphodiester was
observed (Koskinen & Hemminki, 1999). As
apparent from Table 4.2, the relative proportions
of the DNA adducts depend on the time of expo-
sure to the alkylating agent. Adducts induced by
styrene-7,8-oxideat N7-guanine [7-(hydroxyphe-
nylethyl)guanines] and N3-adenine [3-(hydroxy-
phenylethyl)adenines] readily depurinate and
reach an apparent saturation level considerably
faster than adducts formed at positions involved
in base-pairing. Half-lives of depurination from
double-stranded DNA are listed in Table 4.2.
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Nl-adenine adducts are partially unstable in
DNA, undergoing Dimroth rearrangement or
hydrolytic deamination; the corresponding half-
lives are listed in Table 4.2. Chemically stable
styrene-7,8-oxide-DNA adducts are aN¢-ad-
enine, alN?-guanine, and PN3-uracil adducts.
O¢-guanine adducts account for about 1%; the
respective half-life for the f-isomer form of this
adduct in double-stranded DNA has been estim-
ated as 1320 hours (Vodicka et al., 1994, 2002).
The chemical reactivity of styrene-7,8-oxide with
4-(p-nitrobenzyl)pyridine (with similar nucleo-
philic character as DNA bases) was recently
investigated; the reactivity is strongly affected
by temperature and pH, suggesting careful
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consideration of these parameters in physiolog-
ical models (Gonzalez-Pérez et al., 2014).

(b)  Mutagenic potential

Table 4.2 illustrates the mutagenic potential
of the different styrene-7,8-oxide-DNA adducts.
Mutations in human cells and in experimental
systems, including the Ames assay, are addressed
in Sections 4.2.3(b) and 4.2.3(c), respectively;
studies of mutations in exposed humans are
addressed in Section 4.2.3(a).

N7-guanine adducts are expected to result in
GC > TA and N3-adenine adducts in AT > TA
transversions (Vodicka et al., 2002, 2006a),
since DNA polymerases preferentially insert an
adenine opposite an apurinic site (Loeb et al.
1986). In assays for mutagenicity in cultured
human T-lymphocytes treated in vitro with
styrene-7,8-oxide, these mutations were found
more frequently in hypoxanthine-guanine phos-
phoribosyl transferase (HPRT) mutant clones
than in controls, although the predominant
mutation type was AT > GC transition (Bastlova
& Podlutsky, 1996). AT - TA mutations were
also observed in a site-specific mutation study
(carried out on oligodeoxynucleotides) in which
a styrene-7,8-oxide adduct at the N¢ position of
adenine was inserted in the N-RAS gene at codon
61 (Latham et al., 1993; Latham & Lloyd, 1994).
However, the N¢-adenine adduct showed only
minor miscoding potential, as it still has the
ability to base-pair with thymine. Possibilities
of by-passing of the N¢-adenine adduct in
experimental systems were further discussed
by Latham et al. (1996), but no major impact on
DNA polymerization was reported (Latham etal.
2000; Hennard et al., 2001). Additional evidence
suggests that major groove N¢-adenine adducts
of styrene and butadiene oxides do not strongly
perturb DNA structure and are not particularly
mutagenic (Simeonov et al., 2000; Scholdberg et
al., 2004). The Nl-adenine or the corresponding
N1-hypoxanthine adducts may contribute more
to mutagenesis at AT-base pairs, since these

adducts block a central hydrogen bonding site
of adenine residues. The role of N3-cytosine
adducts in mutagenesis may be deduced on
the basis of experiments with protein extracts
from mammalian cells that enzymatically
repair N3-(2-hydroxypropyl)-dCyd, but not the
corresponding uracil adduct (Plna et al., 1999).
N3-(2-hydroxyethyl)-2'-deoxyuridine represents
a mutagenic lesion, resulting in a GC - AT tran-
sition and, to a minor extent, GC > TA trans-
version mutations (Zhang et al., 1995). Since the
B-isomer of the N3-uracil adduct was found in
DNA treated in vitro with styrene-7,8-oxide ,
N3-uracil adducts may contribute to the GC> TA
mutations, detected in the HPRT gene (Bastlova
& Podlutsky, 1996). Alkylation at the O¢ posi-
tion of guanine is also considered as a pro-mu-
tagenic lesion, resulting in GC > AT transitions
(Jansen et al., 1995); however, molecular analysis
of styrene-induced mutations at the HPRT
locus suggested that O¢-guanine adducts do not
represent a major mutagenic lesion (Bastlova &
Podlutsky, 1996). In an in vitro study of oligonu-
cleotides containing N2-guanine adducts derived
from butadiene, acrolein, crotonaldehyde, and
styrene, all the adducts blocked deoxycytidine
triphosphate incorporation opposite them;
adenine was preferentially incorporated oppo-
site the acrolein- and crotonaldehyde-formed
adducts, although thymine incorporation was
preferred at the butadiene- and styrene-derived
adduct sites (Zang et al., 2005).

No studies on the DNA binding potential of
styrene-2,3-oxide and styrene-3,4-oxide were
available to the Working Group.

(c) Exposed humans

See data reported in Table 4.3.

There were no data available to the Working
Group on DNA adducts from exposure to
styrene-7,8-oxide only.

In an early study, two DNA adducts,
chromatographically similar to products of
styrene-7,8-oxide, reacted with DNA and
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Table 4.3 DNA damage and gene mutation in humans exposed to styrene

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)?
DNA adducts NR Reinforced Peripheral 1 exposed, 1 96 ppm (8 h TWA) + Liu et al. (1988
plastics blood control
DNA adducts NR Hand- Peripheral 10 exposed, 8 370 (300-700) mg/m? + Vodicka et al.
(32P-postlabelling) lamination blood controls 210 mg/m? 1993
workers (two 13 exposed, 10 See also Vodicka
workplaces) controls & Hemminki
1993), Hemminki
& Vodicka (1995)
DNA adducts NR Boat Peripheral 47 exposed 65.6 (1-235) mg/m? + (one-sided Horvath et al.
(2P-postlabelling) manufacturing blood P =0.049 for (1994
adduct 1, one-
sided P =0.012
for adduct 2)
DNA adducts Czech Hand- Lymphocytes 9 exposed, 7 122 (40-225) mg/m? Age, +(P<0.01) Vodicka et al.
Republic, lamination Granulocytes controls smoking - (P>0.05) 1994); see also
1993 workers Hemminki &
Vodicka (1995)
« DNA damage/ Germany, Styrene Peripheral 25 exposed, 25  0.31 (SD, 0.88) ppm Smoking, age, - (P> 0.05) Holz et al. (1995)
SSBs 1991 production blood controls (8 h TWA) sex - (P>0.05)
« DNA adducts plant
DNA adducts NR Reinforced Urine 61 exposed, 22 NR (up to 286) mg/m? Smoking + (P<0.05) Mikes et al. (2010
plastics controls
workers
DNA damage/ USA, Reinforced Peripheral 14 exposed, 9 GM, 11.2 (1-44) ppm + (P <0.003) Brenner et al.
SSBs 1988 plastics blood controls (8 h TWA) (1991)
workers
DNA adducts Czech Hand- Peripheral 9exposed, 11 76.2 (10-115) mg/m? Sex, age, + Koskinen et al.
Republic, lamination blood controls smoking, 2001b
NR workers alcohol,
medication
DNA damage/ Italy, Reinforced Peripheral 48 exposed, 14 GM, 36.8 + (P <0.001) Buschini et al.
SSBs (comet 2003 plastics and blood controls (1.2-115.7) ppm 2003
assay) polyester resins (8h TWA)

workers
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Table 4.3 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®
« DNA damage/ Czech Reinforced Peripheral 17 high 199.1 (SD, 101.6) mg/m*  Smoking (+) (P <0.001) Somorovska et al.
SSBs (comet Republic, plastics blood concentration,  55.0 (SD, 22.9) mg/m? - (P>0.05) 1999); see also
assay) 1999 workers 12 medium 199.1 (SD, 101.6) mg/m? + (P <0.001) Vodicka et al.
« Oxidative concentration, 55.0 (SD, 22.9) mg/m? 2001b
damage to DNA/ 19 controls 101.2 (SD, 102.4) mg/m?
comet assay 44 exposed, 19
version (Fpg and controls
EndollI)
o Chromosomal
aberrations
DNA damage/ Egypt, Reinforced Peripheral 26 exposed, 26  Median, 130 (90- Smoking, sex  + (P <0.01) Shamy et al.
SSBs 2002 plastics blood controls 170) mg/g creatinine 2002)
workers MA in urine

Median, 110 (88-

150) mg/g creatinine

PGA in urine
DNA damage/ Spain, Reinforced Peripheral 14 exposed, 30 <20 ppm (8 h TWA; +(P<0.01) Laffon et al.
SSBs (comet 2002 plastics blood controls converted from MA in (2002a
assay) workers urine)
« DNA damage/ Thailand, Reinforced Peripheral 50 exposed, 40  17.0 (0.3-66.53) ppm Smoking, + (P <0.05) Wongvijitsuk et
SSBs (comet 2011 plastics blood controls (8 h TWA) alcohol + (P <0.05) al. (2011)
assay) workers
« Oxidative
damage to DNA
(8-OHAG)
DNA damage/ Sweden,  Plastics factory Peripheral 17 exposed 7.0 (0.04-20.0) ppm +(P=0.03) Walles et al.
SSBs 1993 blood (8h TWA) 1993
DNA damage/ Portugal, Reinforced Peripheral 67 exposed, 68  30.4 (0.5-114.0) ppm Smoking, age, - (P =0.058) Costa et al. (2012
SSBs (comet 2012 plastics blood controls (8 h TWA) sex
assay) workers
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Table 4.3 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)?
« DNA damage/ Czech Reinforced Peripheral 86 exposed, 42 81.3 (SD, 56.3) mg/m? - (P>0.05) Vodicka et al.
SSBs (comet Republic, plastics blood controls - (2004)
assay) 2004 workers + (P <0.001)
o Chromosomal - (P>0.05)
aberrations (+) (P =0.002)
« Base excision
repair capacity of
oxidative damage
to DNA
« Oxidative DNA
damage/comet
assay version
(EndoIII)
» Micronuclei
« DNA damage/ Czech Reinforced Peripheral 60 exposed, 37 50.3 (0-238) mg/m? Smoking, age, - (P <0.001) Hanova et al.
SSBs (comet Republic, plastics blood controls sex 2010)
assay) 2010 workers 60 exposed, 37 Smoking, age, - (P> 0.05)
« Oxidative controls sex
damage to DNA/ 60 exposed, 37 Smoking, age, + (P =0.005)
QU ey controls sex
Y%;?r(;r;?f L) 62 exposed, 50 Smoking - (P>0.05)
. controls
capacity
» Micronuclei
« DNA damage/ Belgium, Reinforced Peripheral 37 exposed, 44 9.5 (SD, 9.6) ppm Smoking, age - (P=0.878) Godderis et al.
SSBs (comet 2000- plastics blood controls (converted from urine) ~ Smoking, + (P<0.05) 2004)
assay) 2001 industries Peripheral 38 exposed, alcohol
« Micronuclei in blood, nasal 41 controls consumption,
blood and nasal mucosa (blood); 23 age
mucosa exposed, 17
controls (nasal
mucosa)
DNA damage/ Italy, Reinforced Sperm 46 exposed, 27 Median, 173.6 Age, smoking + (P < 0.001) Migliore et al.
SSBs (comet 2002 plastics controls (5.8-1428.7) mg/g 2002)
assay) workers creatinine MA in urine
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Table 4.3 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®
« DNA damage/ Ttaly, Reinforced Peripheral 34 exposed, 29  46.74 (9.86-106.10) ppm  Smoking, sex, + (P <0.0001)  Fracasso etal.
SSBs, DSBs 2009 plastics blood controls (8 h TWA) age - (P>0.05) 2009
(comet assay) workers
« Oxidative
damage to DNA/
comet assay
(version Fpg and
EndoIII)
Oxidative damage Germany, Boat builders Peripheral 17 exposed, 67 NR Smoking, age + (P < 0.001) Marczynski et al.
to DNA, 8-OHdG 1997 blood controls (1997a)
« Oxidative Italy, Reinforced Peripheral 60 exposed, 50  107.4 mg/m? Smoking, age - (P =0.002) Manini et al.
damage to DNA, 2009 plastics blood controls 66.7 mg/m? +/- (P =0.24) 2009
8-0x0-dGuo workers Urine (P=10.008)
« Oxidative (P=0.74)
damage to DNA:
U-8-0xo0dGuo,
U-8-o0xo0Guo,
U-8-oxoGua
Gene mutation/ Berkeley, Boat Peripheral 15 high 32 ppm - (P=0.028) Compton-
GPA in vivo USA, manufacturing blood concentration 1.2 ppm Quintana et al.
somatic cell 1993 and 22 low (8 h TWA) 1993)
mutation assay maintenance concentration
workers
Gene mutation/ Finland,  Reinforced Peripheral 47 exposed, 47 37 (6-114) ppm Age, - (P=0.058) Bigbee et al.
GPA in vivo 1996 plastics blood controls (8 h TWA) smoking, sex 1996
somatic cell workers
mutation assay
Gene mutation/ Czechia, Reinforced Peripheral 19 exposed, 19  101.2 (SD, 102.4) mg/m? +/— (P >0.05) Vodicka et al.
HPRT MF 1999 plastics blood controls (2001b)
workers
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Table 4.3 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)?

« DNA damage/ Czechia, Reinforced Peripheral 13 exposed, 13 68.0 (15-156) mg/m? Smoking (+) (P <0.001) Vodicka et al.

SSBs (comet 1995 plastics blood controls (+) (P <0.001) (1999)

assay) workers (+) (P <0.001)

« O guanine (+) (P =0.039)

adducts

o N-terminal

valine of

haemoglobin

« Gene mutation/

HPRT MF

Gene mutation/ Czechia, Hand- Peripheral 9 exposed, 15 91 (25-250) mg/m? Smoking - (P=0.021) Vodicka et al.

HPRT MF 1993- lamination blood controls 1995
1994 workers

8-OHdG, 8-hydroxy-2'-deoxyguanosine; 8-oxodGuo, 8-0x0-7,8-dihydro-2'-deoxyguanosine; 8-oxoGua, 8-0x0-7,8-dihydroguanine; 8-oxoGuo, 8-0x0-7,8-dihydroguanosine; DSB,
double-strand break; EndollIl, endonuclease III; Fpg, formamido pyrimidine glycosylase; GM, geometric mean; GPA, glycophorin A; h, hour(s); HPRT, hypoxanthine-guanine
phosphoribosyl transferase; MA, mandelic acid; MF, mutation frequency; NR, not reported; PGA, phenylglyoxylic acid; ppm, parts per million; SD, standard deviation; SSB, single-
strand break; TWA, time-weighted average; U-, urinary.
@+, positive; —, negative; +/-, equivocal (variable response in several experiments within an adequate study); (+), positive result in a study of limited quality.
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deoxyguanosine monophosphate in vitro were
detected by 32P-postlabelling analysis in DNA
isolated from lymphocytes of a worker exposed
to styrene (Liu et al, 1988). There followed
reports of styrene-DNA adducts in the leuko-
cytes of 23 lamination workers, characterized as
O¢-guanine adducts at a level of about 5 adducts
per 108 nucleotides (Vodicka & Hemminki, 1993;

2 weeks of vacation, adduct levels in the same
workers were not significantly diminished. After
an additional 1 month of work, adduct concen-
trations remained similar.

The results of these three sampling times,
plus a fourth sampling about 6 months later,
were reported in a subsequent study (Vodicka
et al., 1995). Adduct concentrations in lympho-

Vodicka et al., 1993). Background levels in unex-
posed controls (1 = 8) were at less than 1 adduct
per 108 nucleotides. [The Working Group noted
that these may not have been styrene-derived
adducts because they were distinct from the
standard (Hemminki & Vodicka, 1995).]

In a study of 47 boat makers exposed to
styrene, 2 DNA adducts were detected in
blood mononuclear cells by 3?P-postlabelling
analysis (Horvath et al., 1994). Adduct 1 was
identified as N?-(2-hydroxy-1-phenylethyl)-2'-
deoxyguanosine-3',5-bisphosphate, for which a
standard was available, although adduct 2 was
not characterized. Adduct 1 was detected at a
level of 0.6-102.1 per 10® nucleotides, and adduct
2 at 0.1-70.9 adducts per 108 nucleotides.

In a study of the same population, involving
multiple sampling of 48 healthy workers at a boat
manufacturing factory exposed to both styrene
and styrene-7,8-oxide, adducts 1 and 2 were again
detected; the correlation between the concentra-
tions of the adducts and of the styrene exposure
was observed to be at or near the 0.05 level of
statistical significance (Rappaport et al., 1996).
Adduct concentrations were more highly corre-
lated with styrene exposure among non-smokers
(n = 22) than among smokers (n = 26).

In a study of 9 lamination workers,
32P-postlabelling analysis was used to detect
styrene-DNA adducts formed at the O¢ position
of guanine in blood cells (Vodicka et al., 1994).
Adduct levels in lymphocytes, but not granulo-
cytes, were significantly higher in workers than
in 7 unexposed controls (clerical workers at the
same factory): 5.4 adducts per 108 nucleotides
versus 1.0 adducts per 10® nucleotides. After

cytes were very similar at all four time points,
and significantly higher in exposed workers than
in controls.

Similar concentrations of styrene-O¢-gua-
nine adducts were again reported in exposed
workers, higher than in controls in all consecu-
tive samplings, in a subsequent 3-year study of
lamination workers (Vodicka et al., 1999),

The concentrations of several uncharac-
terized DNA adducts were not elevated in the
peripheral leukocytes of 25 healthy workers at a
styrene production plant, reportedly exposed to
low concentrations of styrene (73-3540 pg/m?),
relative to those in 25 healthy unexposed controls
matched for age and sex (Holz et al., 1995).
[The Working Group noted that no authentic
standards were used, in direct contrast to other
studies.]

In a study of 61 hand-lamination workers
at four reinforced plastics plants, urine samples
were collected from 58 men and 3 women at
the end of the work shift (Mikes et al., 2010).
Ten workers also provided a sample the next
morning. Using MA measurements as an indi-
cator of exposure concentrations, 28 samples at
the end of the shift (68-1145 mg/g creatinine)
and all 10 of the samples from the next morning
were analysed for N3-adenine adducts of styrene
[3-(2-hydroxy-1-phenylethyl)adenine (N3aA)
and 3-(2-hydroxy-2-phenylethyl)adenine
(N3BA)] by mass spectrometry. As controls,
samples from non-smoking volunteers (17 men
and 5 women) were analysed. The adducts were
detected in 7 out of 9 samples with MA concen-
trations greater than 400 mg/g creatinine, and in
6 out of 19 samples with MA concentrations less
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than 400 mg/g creatinine. N3aA and N3BA were
also detected in 9 and 3 samples, respectively,
of the 22 control samples. The concentrations
of the two adducts at the end of the shift were
2.8 + 1.6 pg/mL in the group exposed to a high
concentration of styrene (n =9), 1.8 + 1.3 pg/mL
in the group exposed to a low concentration of
styrene (n = 19),and 1.5 + 1.3 pg/mL in the unex-
posed controls (n = 22).

A method combining high-performance
liquid chromatography (HPLC) and 32P-post-
labelling that was developed to detect N1-adenine
DNA adducts in workers exposed to styrene had
a detection limit of 0.4 adducts per 10% nucleo-
tides (Koskinen et al., 2001b). Using this method,
adducts were detected in 3 out of 9 exposed
workers (mean level, 0.79 + 0.14 adducts per 10°
nucleotides), but not in any of the unexposed
control subjects (n = 11).

(d)  Human cells in vitro

See also data reported below, in Table 4.4.

A dose-dependent increase in both N7-gua-
nine and alkali-labile lesions in human embry-
oniclungcells treated with styrene-7,8-oxide was
demonstrated. The level of N7-guanine adducts
was 3-fold higher after treatment with styrene-
7,8-oxide at 100 uM for 3 hours compared with
the treatment for 18 hours, whereas alkali-la-
bile lesions continued to increase in a concen-
tration-dependent manner. The differences in
N7-guanine adduct levels following 3-hour and
18-hour treatments could be ascribed to the
conversion of N7-guanines into abasic sites,
either spontaneously or as a result of DNA repair
processes (Vodicka et al., 1996).

Treatment of whole blood with styrene-7,8-
oxide at a concentration of 40 uM, followed by
DNA isolation and analysis by HPLC-mass
spectrometry (MS) by electrospray ioniza-
tion, led to the detection of adducts formed at
N7 of guanine (Pauwels & Veulemans, 1998).
Similarly, styrene-derived N7-guanine adducts
were detected by 32P-postlabelling analysis in
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human embryonal lung cells treated in vitro with
styrene-7,8-oxide (Vodicka et al., 1996).

In peripheral blood lymphocytes, styrene-
7,8-oxide treatment resulted in a dose-de-
pendent decrease in cell survival and an increase
in O¢f-guanine adducts in DNA, alkali-labile
lesions, and HPRT mutations, whereas higher
concentrations induced pronounced cytotoxic
effects. The levels of O¢-guanine [O¢-(2-hydroxy-
1-phenylethyl)guanine] adducts in DNA in
treated cells correlated with styrene-7,8-oxide
concentrations (4 adducts per 108 nucleotides
were detected at the highest concentration
of styrene-7,8-oxide). O¢f-guanine adducts in
DNA were still detectable in peripheral blood
lymphocytes cultured for 6-8 days after treat-
ment, suggesting slow removal of these adducts.
Although O¢-guanine adducts in DNA corre-
lated strongly with alkali-labile lesions in DNA
comet assay, no correlation was found between
DNA adducts and HPRT mutant frequencies
(Bastlova et al., 1995). A concentration-related
increase of diastereomeric N7p-guanine adducts
was observed in peripheral blood lymphocytes by
using an optimized technique including HPLC
and ?P-postlabelling. N7-guanine adducts
were found at a 150-fold excess compared with
O¢-guanine adducts; N2-guanine adducts have
also been detected (Vodicka et al., 2002).

(e)  Experimental systems

The potential of styrene and styrene-7,8-oxide
to induce DNA adducts in experimental animals
was initially studied using radiolabelled styrene
or styrene-7,8-oxide (Cantoreggi & Lutz, 1992,
1993; Lutz et al., 1993), and reviewed by Phillips
& Farmer (1994). Comparisons between animal
studies are difficult because of varying experi-
mental designs (rats and mice, various routes
of exposure, and doses varying over several
orders of magnitude). As described in Table 4.5
the following DNA adducts induced by styrene
have been identified in experimental animals:
N7-guanine, O¢-guanine, and Nl-adenine
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Table 4.4 Genetic and related effects of styrene and styrene-7,8-oxide in human cells in vitro

End-point Tissue, cell line (if Results? Concentration Comments Reference
specified) (LEC or HIC)
Without With
metabolic metabolic
activation activation
Styrene
DNA strand breaks Blood mononuclear + NT 5 mM [521 ug/mL] Laffon et al. (2003b)
(comet assay) leukocytes
Other (comet assay) Human skin in vitro + NT 10 000 ppm Positive dose-response Costa et al. (2006)
relationship
Chromosomal Human lymphocytes + NT 0.03% (v/v) Single dose Linnainmaa et al.
aberrations, micronuclei (whole-blood (1978a
lymphocytes)
Chromosomal aberrations Human lymphocytes + NT 0.5 mM [52 ug/mlL] Pohlovd et al. (1984)
(whole-blood
lymphocytes)
Chromosomal aberrations Human lymphocytes + NT 1 mM [104 pg/mL] Jantunen et al. (1986)
(whole-blood
lymphocytes and isolated
lymphocytes)
Sister-chromatid Human lymphocytes + NT 2 mM [208 ug/mL]  Positive dose-response Norppa et al. (1983)
exchange (whole-blood relationship
lymphocytes)
Sister-chromatid Human lymphocytes + NT 10 uM [1 pg/ml] Positive dose-response Chakrabarti et al.
exchange (whole-blood relationship (1993)
lymphocytes)
Sister-chromatid Human lymphocytes + NT 0.5 mM [52 pg/mL] Lee & Norppa (1995)
exchange (whole-blood
lymphocytes)
Sister-chromatid Human lymphocytes + + 0.5mM [52 ug/mL] Concurrent lack of Bernardini et al.
exchange (whole-blood GSTM1/GSTT]I increase in (2002
lymphocytes) genotoxicity of styrene; dose-
response with two doses
Styrene-7,8-oxide
DNA adducts (N7- Human embryonal lung  + 10 uM [1.2 pg/mL] Vodicka et al. (1996)

guanine adducts,*P-
postlabelling); DNA

strand breaks (comet
assay)

fibroblasts
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Table 4.4 (continued)

End-point Tissue, cell line (if Results? Concentration Comments Reference
specified) (LEC or HIC)
Without With
metabolic metabolic
activation activation
DNA adducts (N7- Human whole blood + 40 uM [5 pg/ml] Pauwels & Veulemans
guanine adducts, HPLC (lymphocytes) (1998)
EMS)
DNA adducts (O¢- Human lymphocytes, + 0.2 mM [24 pg/mL] Bastlova et al. (1995),
guanine adducts, peripheral blood Bastlova & Podlutsky
32P-postlabelling); HPRT ~ mononuclear cells, and (1996)
locus mutations T-lymphocytes
DNA strand breaks Human lymphocytes, + 50 uM [6 pg/mL] Bastlova et al. (1995)
(comet assay) peripheral blood
mononuclear cells, and
T-lymphocytes
DNA strand breaks Isolated human + 50 uM [6 ug/mL] Endonuclease III sensitive Kohlerova & Stétina
(comet assay) lymphocytes sites were induced at 100 uM  (2003)
DNA strand breaks Human lymphocytes + 0.025 mM Speit et al. (2012
(comet assay) (whole-blood [3 pg/mL]
lymphocytes)
DNA strand breaks Human lymphocytes, + 0.01 mM Bausinger & Speit
(comet assay) peripheral blood (1.2 pg/mL] (2014
mononuclear cells, and
T-lymphocytes
DNA strand breaks Human lymphocytes + 0.05 mM [6 pg/mL] Cemeli et al. (2009
(comet assay) (isolated lymphocytes)
DNA strand breaks Human blood + 0.1 mM [12 pg/mL] Laffon et al. (2002b)
(comet assay) mononuclear leukocytes
DNA strand breaks Human peripheral blood + 0.1 mM [12 pg/mL] Godderis et al. (2004)
(comet assay) mononuclear cells
DNA strand breaks Human peripheral blood + 0.05mM [6 pg/mL] Fabiani et al. (2012)
(comet assay) mononuclear cells
DNA strand breaks Human testicular cells + 0.1 mM [12 pg/mL] Bjorge et al. (1996
(comet assay)
DNA strand breaks (DNA  Whole-blood cells + 0.06 umole, 7 mL Marczynski et al.
fragmentation PFGE) of blood [8.6 uM, (1997b)

1 ug/mlL]
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Table 4.4 (continued)

End-point Tissue, cell line (if Results? Concentration Comments Reference
specified) (LEC or HIC)
Without With
metabolic metabolic
activation activation
HPRT locus Human lymphoblastoid =~ + 0.6 mM [72 ug/mL] GSTMI reduces mutagenicity ~ Shield & Sanderson
cell lines and toxicity of styrene-7,8- (2004)
oxide
Chromosomal aberrations Human lymphocytes + 0.1 mM [12 pg/mL] Dose-response with two Fabry et al. (1978)
(whole-blood doses, including gaps
lymphocytes)
Chromosomal Human lymphocytes + 0.008% (v/v) Single dose Linnainmaa et al.
aberrations, micronuclei (whole-blood (1978a)
lymphocytes)
Chromosomal aberrations Human lymphocytes + 0.05 mM [6 pg/mL] Pohlovi et al. (1984)
(whole-blood
lymphocytes)
Micronuclei Human lymphocytes I 0.6 mM [72 ug/mlL] Speit et al. (2012
(whole-blood
lymphocytes)
Micronuclei Human peripheral blood + 100 uM [12 pg/mL] Laffon et al. (2001b)
lymphocytes
Micronuclei Human lymphocytes IF 50 uM [6 ug/mL] Laffon et al. (2003a)
(isolated from whole
blood)
Micronuclei Human peripheral blood + 0.1 mM [12 pg/mL] Godderis et al. (2006)
mononuclear cells
Sister-chromatid Human lymphocytes + 0.15mM Norppa et al. (1983)
exchange (whole-blood (18 ug/mlL]
lymphocytes)
Sister-chromatid Human lymphocytes + 0.005 mM Pohlova et al. (1984)
exchange (whole-blood (0.6 pg/mL]
lymphocytes)
Sister-chromatid Human lymphocytes + NT 100 uM [12 pg/mL] Chakrabarti et al.
exchange (whole-blood (1997)
lymphocytes)
Sister-chromatid Human lymphocytes + NT 50 uM [6 pg/mlL] Ollikainen et al.
exchange (whole-blood (1998)
lymphocytes)
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Table 4.4 (continued)

End-point Tissue, cell line (if Results? Concentration Comments Reference
specified) (LEC or HIC)
Without With
metabolic metabolic
activation activation
Sister-chromatid Human lymphocytes + NT 0.1 mM [12 pg/mL] Single dose Zhang et al. (1993)
exchange (whole-blood
lymphocytes)
Sister-chromatid Human lymphocytes + NT 0.05mM [6 ug/mL] Dose-response with two Lee & Norppa (1995)
exchange (whole-blood doses
lymphocytes)
Sister-chromatid Human lymphocytes + NT 0.05 mM Dose-response with two Uuskiila et al. (1995)
exchange (whole-blood [0.6 ug/mL] doses; no change by GSTM1
lymphocytes) null genotype
Sister-chromatid Human peripheral blood + NT 50 uM [6 ug/mL] Laffon et al. (2001b)

exchange

lymphocytes

EMS, electrospray mass spectrometry; GSTMI, glutathione S-transferase mul; GSTTI, glutathione S-transferase 01; HIC, highest ineffective concentration; HPLC, high-performance
liquid chromatography; HPRT, hypoxanthine-guanine phosphoribosyl transferase; LEC, lowest effective concentration; N'T, not tested; PEGE, pulsed-field gel electrophoresis; v/v,

volume/volume.

s+, positive; the level of significance was set at P < 0.05 in all cases.
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Table 4.5 Studies of DNA adducts in experimental animals exposed to styrene

End-point Species, Tissue Result (number of adducts/dNp)- Route, dosing regimen Reference

strain

(sex)
N7-(2-hydroxy-1-phenylethyl and Mouse, Liver, + (up to 6.3/10” dNp) Intraperitoneal injection, Pauwels et al.
2-hydroxy-2-phenylethyl)guanine NMRI (M) spleen, + (up to 3.8/10” dNp) 0-4.35 mmol/kg bw [457 mg/kg 1996
05-(2-hydroxy-1-phenylethyl)guanine lungs bw], 3 h
0O¢-(2-hydroxy-1-phenylethyl and Rat, NR Liver + (7/107 dNp) Inhalation, 1000 ppm Otteneder et al.
2-hydroxy-2-phenylethyl)guanine [4300 mg/m?], 2 yr 1999)
7-(2-hydroxy-1-phenylethyl and Rat, Lungs, + (1-3/10% dNp) Inhalation, 160 ppm [700 mg/m?], Boogaard et al.
2-hydroxy-2-phenylethyl)guanine Sprague- liver + (up to 9/108 dNp) 6h 2000a,b)
Unidentified adducts Dawley

Mouse,

CD-1
7-(2-hydroxy-2-phenylethyl)guanine Mouse, Lungs + (up to 23/10% dNp) Inhalation, 750 and 1500 mg/m? Vodicka et al.
1-(2-hydroxy-2-phenylethyl)adenine NMRI (M) + (up to 0.6/10¢ dNp) [176 and 352 ppm] for 1, 3, 7, and 2001a

21 dfor 6 h, 5d/wk

05-(2-hydroxy-1-phenylethyl and Mouse, Lungs - (1/107 dNp, i.e. detection limit) Inhalation, 40 and 60 ppm [172 and ~ Otteneder et al.
2-hydroxy-2-phenylethyl)guanine CD-1 688 mg/m’], 6 h/d, 5 d/wk, 2 wk (2002)
3-(2-hydroxy-1-phenylethyl)adenine Mouse, Urine + Dose-dependent urinary excretion, Inhalation, 0, 600, and 1200 mg/m*®  Mikes et al.
(N3aA), 3-(2-hydroxy-2- phenylethyl) NMRI (M) N3aA and N3BA up to 0.8 x 105% of [0, 141, and 282 ppm], 6 h/d, 10 d 2009

adenine (N3BA)
7-(2-hydroxy-1-phenylethyl)guanine
(N7aG), 7-(2-hydroxy-2-phenylethyl)
guanine (N78G)

the absorbed dose
+ N7aG and N7BG amounted to
1.4 X 10-5% of the absorbed dose

bw, body weight; d, day(s); dNp, deoxynucleotide; h, hour(s); M, male; NR, not reported; ppm, parts per million; wk, week(s); yr, year(s).

@+, positive result; -, negative result.
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adducts (Pauwels et al., 1996; Otteneder et al.,
1999, 2002; Boogaard et al., 2000b; Vodicka et
al., 2001a). More recently, N3aA and N3PA have
been detected in the urine of NMRI mice after
exposure to styrene by inhalation (Mikes et al.
2009). However, some unidentified styrene-re-
lated alkylation products were also reported
(Boogaard et al., 2000b). The main stable adducts
identified in vitro (aN?-guanine, aN¢-adenine,
and PN3-uracil) have not been demonstrated
to be formed in experimental animals. A single
intraperitoneal injection of styrene to NMRI
mice resulted in a dose-related increase in
both N7-guanine and O¢-guanine adducts. The
highest concentrations of DNA adducts were
found in the lungs, followed by liver and spleen
(Pauwels et al., 1996; reviewed by Vodicka et al.
2006a). By using a modified 3?P-postlabelling
method, OS-guanine adducts were detected at the
concentration of 7 adducts per 107 nucleotides in
the liver of rats exposed by inhalation to styrene
at 1000 ppm (4300 mg/m?) for 2 years (Otteneder
et al., 1999). The formation of the O¢-guanine
adduct in the lung DNA of CD-1 mice exposed
by inhalation to styrene at 172 mg/m* and
688 mg/m? for 6 hours per day, 5 days per week
for 2 weeks, was studied by the same authors;
the adduct concentration was below the limit
of detection of 1 adduct per 107 nucleotides
(Otteneder et al., 2002). N7-guanine (p-iso-
mers) and N1-adenine adducts in lung and liver
DNA of mice exposed by inhalation to styrene
at concentrations of 750 mg/m?and 1500 mg/m?
for 1, 3, 7, and 21 days (Table 4.5) were inves-
tigated (Vodicka et al., 2001a). In the lungs,
BN7-guanine adducts were 40-fold more abun-
dant than BNI-adenine adducts. Both adducts
correlated strongly with exposure parameters,
particularly with styrene concentration in
blood. The N2-guanine and PN3-uracil adducts
were below the limit of detection (Vodicka et al.
2002). A quantitative comparison of N7-guanine
adducts excreted in urine with those in lungs
(after correction for depurination) revealed that
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persisting N7-guanine DNA adducts in lungs
amounted to about 0.5% of the N7-guanine
adducts in urine. The total styrene-specific
N7-guanine alkylation accounted for about
1.0 x 10-% of the total styrene uptake, whereas
Nl-adenine alkylation was still considerably
lower (Vodicka et al., 2006b). Boogaard et al.
(20004, b) found higher alkylation levels in the
livers than in the lungs of rats and mice after
inhalation of C-styrene at 160 ppm [700 mg/m?]
for 6 hours (Boogaard et al., 2000a, b); the quan-
titative data on the two isomeric N7-styrene-
7,8-oxide-guanine adducts in mouse lungs
were in concordance with contemporary studies
(reviewed by Vodicka et al., 2006a, b). In mice
exposed to styrene by inhalation, excretion of
N3-adenine adducts (N3aA and N3PA) in the
urine amounted to nearly 0.8 x 105% of the
absorbed dose, and urinary N7-guanine adducts
7-(2-hydroxy-1-phenylethyl)guanine (N7aG) and
7-(2-hydroxy-2-phenylethyl)guanine  (N7PG)
amounted to nearly 1.4 x 10-5% of the dose. The
excretion of both N3-adenine and N7-guanine
adducts ceased shortly after the end of the expo-
sure period as a result of their rapid depurination
from the DNA (Mikes et al., 2009).

4.2.3 Other genetic effects

(a) Exposed humans
See Table 4.3 and Table 4.6.

()  DNA damage (comet assay)

Most of the available epidemiological studies
detected DNA damage by alkaline comet assay.

Buschini etal. (2003) evaluated DNA damage
by cometassayin 48 workers exposed to styrene at
36.8 £0.7 ppm and in 14 unexposed controls. The
levels of DNA damage were significantly higher
(P < 0.001) in the groups exposed to styrene
compared with the controls. [The Working
Group noted the low number of individuals in
the control group.] In another study, lympho-
cytes from 29 hand-lamination workers and 19
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Table 4.6 Cytogenetic effects in humans exposed to styrene

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®
Micronuclei Italy, NR  Reinforced Peripheral 92 exposed, 37.1 (2-535) mg/m3; Smoking, sex,  + (P < 0.001) Migliore et al.
plastics blood 98 controls 300.0 (10.2-1856) mg/g age (2006)
production creatinine MA+PGA in
urine
» Micronuclei USA, Reinforced Peripheral 48 exposed 64.2 (0.88-235.35) mg/m*  Smoking, sex, - (P> 0.05) Yager et al.
o Sister- before plastic boat blood (8 h TWA) age + (P <0.05) (1993)
chromatid 1993 manufacturing
exchanges facility
o Chromosomal China, Fibreglass- Peripheral 83 129.3 (48.3-223.9) mg/m? + Huang (1992
aberrations 1992 reinforced blood +
» Micronuclei plastics factories =
o Sister-
chromatid
exchanges
Chromosomal  Milan, Factory A, Peripheral Factory A, A, 123-249 (up to 1978), Smoking, +/- (Factory Forni et al.
aberrations Italy, reinforced blood 32 exposed; 1.7-17.0 (after 1978) mg/m? age, other A, P<0.001; (1988)
1985-1986  plastic laminates Factory B, B, 41-198 (after 1978) mg/  exposures to Factory B,
and insulating 8 exposed, m? mutagenic P <0.05)
polymers; 40 controls chemicals
Factory B, small
plastic boats
manufacture
Micronuclei Sweden, Reinforced Peripheral 38 exposed, 13 (1-40) ppm Sex + (P =0.005) Hogstedt
1983 plastics and blood 20 controls (8 h TWA) (1984)
polyester resins
workers
Chromosomal  Egypt (El  Reinforced Peripheral 40 exposed, 1117 (SD, 64.52) pg/L in Smoking, sex,  + (P <0.001) Helal &
aberrations Oboor plastics blood 50 controls blood socioeconomic Elshafy (2013)
City), production 246 (SD, 21.60) umol/L status, age
before MA in urine
2013
o Chromosomal Italy, 1983  Reinforced Peripheral 25 exposed, NR (30-400) mg/m? Age, sex, + (P <0.005for Camurrietal.
aberrations plastics industries  blood 22 controls smoking all 6 plants) (1983)
o Sister- (six plants) + (P <0.005
chromatid for 2 plants,
exchanges P <0.05 for 2
plants, P > 0.05
for 2 plants)
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Table 4.6 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®

o Chromosomal Sweden, Factory making Peripheral 36 exposed, Low concentration, 137 Age, sex + (P <0.001) Andersson et
aberrations 1978 boats from blood 37 controls (6-283) mg/m?; high +/- (P < 0.05) al. (1980)
o Sister- fibreglass- 20 exposed, concentration, 1204
chromatid reinforced 21 controls (710-1589) mg/m?
exchanges plastics
o Chromosomal Italy, 1990 Reinforced Peripheral Group 1, Group 1, NR (21-100); Smoking, age, + (P <0.05) Tomanin et al.
aberrations plastics blood 7 exposed, Group 2, NR (112-435) sex - (P> 0.05) (1992)
» Micronuclei production 7 controls; mg/m?

factories Group 2, Group 1, 186 (46-345);

(Group 1, 12 exposed, Group 2 725 (423-

fibreglass tanks; 12 controls 1325) mg/g creatinine MA

Group 2, small in urine

boat production)
o Chromosomal Sweden, Fibreglass- Peripheral 15 exposed, 24 ppm Sex, smoking - (P> 0.05) Nordenson
aberrations 1980 reinforced blood 13 controls NR (< 2) mmol/L MA in + (one-sided & Beckman
» Micronuclei polyester factory 12 exposed, urine P =0.00017) (1984)

12 controls
Chromosomal  Germany, Boat Peripheral 14 exposed, <100 mg/m? Smoking +/- Oberheitmann
aberrations NR manufacturing blood 7 controls 35 (1.5-211) ug/L styrene etal. (2001)
in blood

Chromosomal  Czechia, Laminators of Peripheral 11 exposed, 253 (118-582) mg/m? Smoking, - ablonickd et
aberrations NR various kinds of  blood 11 controls NR (214-711) uL/mmol sex, alcohol al. (1988

sport utensils, creatinine MA consumption,

boats, and NR (50-175) uL/mmol drug intake,

containers creatinine PGA X-ray

examination,
rtg. therapy

o Chromosomal Finland, Reinforced Peripheral 109 exposed, 54 Laminators, 43 (5- Age, smoking - (P> 0.05) Sorsa et al.
aberrations before plastics blood controls 182) ppm - (1991)
« Sister- 1991 production 70 exposed, Others, 11 (1-133) ppm -
chromatid 31 controls (8 h TWA); laminators, 2.2
exchanges 50 exposed, (SD, 2.4) nmol/L MA+PGA
» Micronuclei 37 controls in urine
o« Chromosomal Sweden, Reinforced Peripheral 11 exposed, 43-221 mg/m?, Smoking, age -(P>0.5) Hagmar et al.
aberrations 1985-1986  plastics blood 14 controls 4-551 mg/m?* (1974-1986); -(P>0.5) (1989
« Micronuclei production 20 exposed, 128 (< 6-317) mmol/mol

22 controls

creatinine, MA+PGA in

urine (in 1985)
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Table 4.6 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®
o Chromosomal Finland, Reinforced Peripheral 21 exposed, 98 (34-263) mg/m’; Smoking, sex = Maiki-
aberrations 1987 plastics workers blood 21 controls 1.6 (< LOD-7) mmol/L - Paakkanen
» Micronuclei MA in urine - (1987)
o Sister-
chromatid
exchanges
o Chromosomal Czechia, Two polystyrene Peripheral A, 36 exposed, A, 70-150 (5.6-982.8) mg/  Smoking, acute - Pohlovi &
aberrations before plants: A, blood 19 controls; m?; B, ~200 (39-548) mg/ viral diseases,  + Sram (1985
» Gaps 1985 food vessel B, 22 exposed, m? sex, drug
manufacturing; 22 controls intake
B, boat The above
manufacturing plus X-ray
examinations,
alcohol
o Chromosomal Norway, Reinforced Peripheral (i) 11 exposed, (i) 7.5 (2-13) ppm; Smoking, sex, - (P>0.1) Hansteen et al.
aberrations before plastics blood (ii) 7 exposed; (ii) 22.3 (14-44) ppm age + (P=0.0002) (1984)
» Gaps 1984 production 9 controls -
o Sister-
chromatid
exchanges
Chromosomal  Germany, Polystyrene Peripheral 12 exposed, GM, 0.23 Age, sex, - Thiess & Fleig
aberrations 1975 production plant  blood 12 controls (0.02-46.92) ppmy; smoking, (1978)
NR (< 10-100) mg/L MA drug intake,
in urine acute viral
diseases, X-ray
examinations,
vaccinations
o Chromosomal Italy, Fibre-reinforced Peripheral (i) 23 low (i) NR, 2-120; (ii) NR, NR (+) (P<0.01) Artuso et al.
aberrations Viareggio, plastic boat blood concentration;  86-1389 mg/m? +/- (P<0.05)  (1995)
« Sister- 1988-1990 factory (ii) 23 high
chromatid concentration,
exchanges 51 controls
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Table 4.6 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®
o Chromosomal Finland, Reinforced Peripheral 17 exposed, 17 300 (NR) mg/m? (based on  Age, sex, +/- (one-sided  Miki-
aberrations before plastics blood controls ACGIH conversion); smoking, viral P <0.02) Paakkanen et
o Micronuclei 1991 production 9.4 (< 1-21.5) mmol/L MA infections, - al. (1991
o Sister- ina plant in urine vaccinations, -
chromatid manufacturing other
exchanges containers exposures to
mutagenic
chemicals,
alcohol
consumption,
drug intake
Chromosomal  Finland, Plants Peripheral 10 exposed, 5 NR Sex (+) Meretoja et al.
aberrations 1977 manufacturing blood controls (1977)
polyester plastic
products
Sister- NR, before Fibre-reinforced Peripheral 20 exposed, 20  Smokers, 209.8 Smoking, =) Kelsey et al.
chromatid 1990 plastic boat blood controls (7.5-570.8) mg/m?; alcohol, age, (1990)
exchanges factories non-smokers, 230.1 coffee
(25.3-564.1) mg/m?
Smokers, 275 (SD,
241) mg/g creatinine MA
in urine; non-smokers: 323
(SD, 224) mg/g creatinine
MA in urine
Chromosomal  Poland, Laminated Peripheral 37 exposed, 2 NR (< 100) mg/m? +/= Dolmierski et
aberrations before styrene plates blood controls al. (1983
1983 production
o Chromosomal Finland, Reinforced Peripheral 16 exposed, 6 569.8 (55-3257) mg/g Smoking + (P <0.001) Meretoja et al.
aberrations 1976-1977  plastics blood controls creatinine MA in urine in - (P>0.05) (1978)
o Sister- production, two 1976
chromatid plants 329.3 (53-1646) mg/g
exchanges creatinine MA in urine

in 1977
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Table 4.6 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®
Chromosomal  Finland, Three plants: Peripheral (i) 5 exposed; (i) NR (19-40) mg/L +/- Fleig & Thiess
aberrations NR (i) styrene blood (ii) 12 exposed; MA in urine; (ii) NR (1978)
manufacturing; (iii) 14 exposed, (< 5-100) mg/L MA in
(ii) polystyrene 20 controls urine; (iii) NR (102 to
production; (iii) >1500) mg/L MA in urine
unsaturated
polyester resins
processing
Chromosomal  Lithuania, Chemical plant Capillary 109 exposed, 64 NR (< 1.9 ppm) in year Sex, smoking  (+) (P <0.01) Mierauskiene
aberrations before blood controls before sampling etal. (1993)
1993
Chromosomal  Lithuania, Two plants: Peripheral (i) 79 exposed; (i) NR (0.13-1.4) mg/m?; Smoking, age (+) (P<0.0001) Lazutka etal.
aberrations (i) 1983- (i) carpet blood (ii) 97 exposed,  (ii) NR (4.4-6.2) mg/m? (1999
1984; (ii) production; 90 controls
1985-1986  (ii) plastics
production
Aneuploidy and Italy, Reinforced Semen 18 out of 46 292.5(20.8-947.8) mg/g Smoking, +/- (P> 0.05) Naccarati et al.
diploidy Tuscany, plastics exposed, 13 out creatinine MA in urine age, alcohol (2003)
before production of 27 controls consumption
2002
o Chromosomal Japan, Boat Peripheral 18 exposed, 6 40-50 (NR) ppm Smoking, age,  +/- Watanabe et al.
aberrations before manufacturing blood controls sex +/= (1983)
« Sister- 1983
chromatid
exchanges
Chromosomal  Czech Workers Peripheral 13 women 225 (83-366) mg/m? Sex + Smejkalova et
aberrations Republic,  occupationally blood exposed, al. (1989)
(four basic 19897 exposed to 6 women
classes) styrene controls
Chromosomal  Sweden, Plant Peripheral 6 exposed, 6 115 (50-400) mg/m? Sex, age, (+) (P=0.001) Hogstedtetal.
aberrations 1977 manufacturing blood controls smoking (1979)

polyester resin
boats
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Table 4.6 (continued)

End-point Location, Setting Sampling No. of subjects Mean (range) Covariates Result Reference
date matrix controlled (significance)®

o Chromosomal Germany, Container Peripheral 46 exposed, 23 70 (0-598) mg/m? Smoking, age, (+) (P <0.0001) Tates et.al

aberrations 1990 and board blood controls (8 h TWA) sex (+) (P<0.0001) (1994)

o Micronuclei manufacturing 46 exposed, 22 (+) (P < 0.0001)

« Sister- (plus controls =)

chromatid dichloromethane 46 exposed, 23

exchanges exposure) controls

« Gene 45 exposed, 5

mutation/ of 23 controls

HPRT MF

LZl - SHAVYYOONOW DuVI

ACGIH, American Conference of Governmental Industrial Hygienists; HPRT, hypoxanthine-guanine phosphoribosyl transferase; LOD, limit of detection; MA, mandelic acid; MF,
mutation frequency; NR, not reported; PGA, phenylglyoxylic acid; SD, standard deviation; TWA, time-weighted average
@+, positive; —, negative; +/-, equivocal (variable response in several experiments within an adequate study); (+)/(-), positive/negative result in a study of limited quality.
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unexposed controls were assayed for alkali-labile
lesions (Somorovska et al., 1999). DNA damage
was measured by comet assay, and was observed
to be increased in workers exposed to styrene
compared with controls (P < 0.001); the increase
was also correlated with years of exposure. Shamy
et al. (2002) similarly reported an increase in
DNA damage in 26 reinforced plastics workers
compared with 26 controls. Laffon et al. (2002a)
reported a significant increase in DNA damage
in a group of 14 workers exposed to styrene
at less than 20 ppm [< 84.4 mg/m’] compared
with 30 controls (P < 0.01). Wongvijitsuk et al.
(2011) studied 50 workers exposed to styrene
in fibreglass-reinforced plastics production
at levels below the American Conference of
Governmental Industrial Hygienists limit of
20 ppm and 40 unexposed control subjects.
Workers were stratified into three exposure
groups: group I workers were exposed at less
than 10 ppm (< 42.20 mg/m?’); group II at
10-20 ppm (42.20-84.40 mg/m?); and group III
at more than 20 ppm (> 84.4 mg/m?). Urinary
MA and PGA concentrations were observed to
increase in relation to increasing levels of envi-
ronmental styrene exposure. DNA strand breaks
in peripheral leukocytes were higher in the
exposed workers (P < 0.05). Walles et al. (1993)

(8-hour time-weighted average, TWA) on DNA
damage in a group of 67 reinforced plastics
workers when compared with 68 controls
subjects. Teixeira et al. (2010) reported the same
result in a population of 46 workers exposed to
styrene at 29.9 ppm [127 mg/m?] compared with
47 controls. Similarly, other studies of exposure
at different concentrations did not support these
findings. Hanova et al. (2010) did not find signif-
icant differences in the levels of DNA damage
measured by comet assay in a group of 60 workers
exposed to styrene at 50.3 mg/m’ compared
with that of 37 control individuals. Vodicka et
al. (2004) did not find significant differences
in the levels of DNA damage between 86 rein-
forced plastics workers exposed at 81.3 mg/m?
compared with 42 controls. Similarly, Godderis
et al. (2004) reported no differences in DNA
damage between 37 workers exposed to styrene
at 9.5 ppm [40 mg/m?] and 44 controls.

In another study, DNA damage was evalu-
ated in germ cells (sperm) in 46 reinforced plas-
tics workers exposed to styrene (median value
of concentration of MA at the end of the work
shift: 173.6 mg/g creatinine); the study reported
a significant increase in sperm DNA damage
when compared with 27 unexposed individuals
(Migliore et al., 2002).

carried out a study on male workers exposed to
styrene at 0.04-20.0 ppm [0.17-85.0 mg/m?] in a
Swedish plastics factory. The single-strand breaks
in leukocytes were observed to be increased at
the end of the shift, but not before a shift or the
next morning. No control subjects were studied.
Brenner et al. (1991) reported a significant
increase of DNA damage in 14 subjects exposed
to styrene at 11.2 £ 0.9 ppm compared with 9
controls (P < 0.003); however, the study did not
control for smoking habits [and the number of
subjects studied was small].

However, these positive results were not
confirmed in other publications. Costa et al.
(2012) reported no effect of exposure to styrene at
the high concentration of 30.4 ppm [~130 mg/m?]

(i) Oxidative damage to DNA

Fracasso et al. (2009) evaluated oxidative
damage to DNA in the enzyme-modified version
of the comet assay (sites sensitive to formamido
pyrimidine glycosylase (Fpg) and endonuclease
IIT) in lymphocytes from 34 reinforced plastics
workers exposed at 46.74 ppm and 29 unexposed
controls, and Somorovska et al. (1999) evaluated
29 exposed workers and 19 controls. Neither
study found any effect of occupational exposure
in reinforced plastics workers. Using only endo-
nuclease III in the comet assay, other studies
(e.g. Hanova et al., 2010) reported no significant
differences in the levels of oxidative damage to
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DNA in workers exposed to styrene compared
with control subjects.
8-Hydroxy-2'-deoxyguanosine  (8-OHdG)
was increased in leukocyte DNA in 17 boat
builders exposed to styrene compared with 67
age-matched controls with no prior occupational
exposure to styrene (Marczynski et al., 1997a).
Among the exposed workers, the 11 workers
with more than 10 years of exposure had a higher
level of 8-OHdG than the 6 workers with less
than 10 years of exposure, although the differ-
ence was not statistically significant (P = 0.05).
[The Working Group noted the small number of
subjects exposed to styrene in the study.]

In the study of Wongvijitsuk et al. (2011)
mentioned in the previous section, 8-OHdG
levels in peripheral leukocytes were higher in
the exposed workers compared with controls
(P < 0.05).

In a study of a group of 60 reinforced plastics
workers and 50 controls (Manini et al., 2009),
lower concentrations of leukocyte 8-o0xo0-7,8-di-
hydro-2'-deoxyguanosine (8-oxodGuo) were
observed in exposed workers compared with
controls; however, significantly higher levels of
urinary8-oxo-7,8-dihydroguanosine (8-oxoGuo)
were observed in exposed workers compared
with controls.

(iii)  Gene mutations

Since the previous IARC evaluation of styrene
(IARC, 1994), no further data have become
available on glycophorin A variant frequency in
erythrocytes (Compton-Quintana et al., 1993;
Bigbee et al., 1996). Concerning the induction
of mutation in the HPRT locus in lymphocytes
of reinforced plastics workers exposed to styrene
at 101.2 mg/m?, Vodicka et al. (2001b) reported
a slight increase of HPRT mutant frequencies in
exposed workers compared with controls, but the
observed difference was not significant. Other
studies were not informative because of their
small number of subjects or other limitations
(Tates et al., 1994; Vodicka et al., 1995, 1999).
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(iv) Chromosomal damage

More than 30 studies investigated whether
exposure to styrene had effects on chromosomal
damage in humans (see Table 4.6). No studies
were found that addressed the main styrene
metabolite, styrene-7,8-oxide. In most of the
studies considered, environmental and/or biolog-
ical monitoring exposure data are available. In
the discussion that follows, the studies are briefly
described in terms of study size, design, the pres-
ence of controls and the criteria for their selection,
the presence of and adjustment for confounders,
the concordance of different end-points tested,
and the exposure levels at which the effects were
observed. The statistical analyses of the data and
the levels of significance of the results are also
considered.

Several studies of adequate size and design
reported positive effects on chromosomal
end-points. Several of these encompassed
relatively low concentrations of exposure
(< 100 ppm). A significantly higher frequency of
micronucleated binucleated cells (13.8 + 0.5% vs
9.2 = 0.4%; P < 0.001) was observed in periph-
eral blood lymphocytes of 92 reinforced plas-
tics production workers exposed to styrene
compared with 98 controls (Migliore et al.,
2006). Workers were exposed to styrene at
371 + 39 mg/m? [9.0 + 0.9 ppm], producing
levels of excretion of 300 + 338.2 mg/g creati-
nine of MA and PGA in urine. In GSTMI-null
workers exposed to styrene, a significantly lower
concentration of PHEMAs in urine and a higher
frequency of micronucleated lymphocytes were
observed. In another study, the lymphocytes
from 44 hand-lamination workers exposed to
styrene, discussed in Section 4.2.3(a)(i) and (ii)
above (Somorovska et al., 1999; see Table 4.3),
showed a significantly increased frequency of
chromosomal aberrations. Yager et al. (1993)
published the results of a study of 48 reinforced
plastics production workers (approximately 50%
men and 50% women); micronucleated cells and
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sister-chromatid exchanges were determined in
peripheral lymphocytes 4 times at intervals of
3 months for a 1-year period. Individual levels of
exposure ranged from 0.88 to 235.35 mg/m? of
styrene (mean, 64.2 £ 71.5 mg/m?®) and exhaled
styrene concentrations ranged from 0 to
7.16 mg/m? (mean, 1.65 + 1.82 mg/m?). Individual
mean sister-chromatid exchanges increased with
exposure to styrene and with cigarette smoking.
Multivariate analysis showed that smoking
contributed about 62% and exposure to styrene
contributed 25% to variability, although no vari-
ation was observed in micronucleus frequencies.
The study also showed significant inter-indi-
vidual differences in micronucleus frequen-
cies associated with sex, with the highest levels
observed in women. Huang (1992) studied a
group of 83 Chinese workers exposed to styrene
in reinforced plastics production, showing
that exposure to styrene at a concentration of
129.3 mg/m? (range, 48.3-223.9 mg/m?) resulted
in an increase in the frequencies of chromo-
somal aberrations and micronuclei, but had little
influence on the frequency of sister-chromatid
exchange. Forni et al. (1988) studied a group of
40 workers at a medium-sized reinforced plastics
manufacturing plant, with a history of exposure
to high concentrations but with low concen-
trations of exposure at the time of the study
(1978, 32 subjects, plant A), and a modern boat
manufacturing plant with good environmental
hygiene conditions (8 subjects, plant B). The study
included 40 unexposed controls matched for age,
sex, and smoking. Plant A workers had a signifi-
cantly higher rate of total abnormal metaphases
excluding gaps and chromosome-type unstable
aberrations, with a significantly different distri-
bution of chromosome-type unstable aberra-
tions and asymmetric chromosome exchanges.
Plant B workers showed a significantly higher
frequency of chromatid-type aberrations, but did
not have significantly increased gaps. The study
failed to show any correlation between expo-
sure indices and chromosomal aberration rates.

However, in the subjects who had been exposed
to the highest cumulative concentrations of
styrene, higher rates of chromosome-type aber-
rations or dicentric and ring chromosomes were
observed. Hogstedt (1984) carried out a study to
determine a new method for the assessment of
cytogenetic damage in humans; frequencies of
micronuclei and chromosomal aberrations were
measured in 38 male reinforced plastics produc-
tion workers exposed to styrene at 13 ppm (range,
1-40 ppm) and in 20 unexposed controls. The
study revealed a statistically significant effect of
styrene (P = 0.005) and of smoking (P = 0.014) on
micronuclei in lymphocytes. Age and smoking
was also correlated with these changes, but all
these factors combined explained only 12-24%
of the total variance.

Three studies involving exposure to styrene
at higher concentrations also reported positive
results, with weaker evidence. In particular, a
statistically significant difference in gap, iso-gap,
break, iso-break, centromere separation, dele-
tion, and total aberrations was reported in an
Egyptian study of 40 male reinforced plastics
production workers exposed to styrene (blood
styrene concentration, 1117 + 64.52 ug/L; MA
in urine, 246 * 21.60 pmol/L) and 50 unex-
posed healthy controls (blood styrene level,
0.24 + 0.15 pg/L; MA in urine, 4.20 umol/L)
matched with the exposed group for sex, socio-
economic status, and smoking habits (Helal
& Elshafy, 2013). Camurri et al. (1983) studied
a group of 25 workers exposed to styrene in
six reinforced plastics production industries
characterized by different concentrations of
exposure (30-400 mg/m?®). A control group
was selected for each plant, up to a total of 22
subjects. Comparisons were made between
exposed workers and controls within each plant
and for the entire group of workers. Styrene
airborne concentrations were measured during
winter and summer and individual doses were
measured by the determination of the concen-
trations of MA and PGA in the urine of the
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workers. Evaluation of chromosomal aberra-
tions and sister-chromatid exchanges revealed
an increased frequency of chromosomal aber-
rations in the exposed workers, mainly of the
chromatid type. In addition, sister-chromatid
exchanges were higher in the workers at four
out of the six plants, at which airborne styrene
concentrations of 30-250 mg/m? were measured.
Sister-chromatid exchanges were only observed
in groups exposed to styrene at more than
200 mg/m?’, but no linear regression between
sister-chromatid exchanges and urinary levels of
styrene metabolites was observed, and there was
no significant correlation between either smoking
habit or years of exposure and chromosomal
aberrations or sister-chromatid exchanges in the
exposed workers. During 1973-1978, Andersson
et al. (1980) studied a group of 36 reinforced
plastics production workers exposed to styrene
and unexposed controls employed in the same
factory matched for age and sex. Environmental
styrene concentrations measured over a 3-year
period allowed identification of two exposure
groups: a low-concentration group with mean
levels of exposure of 137 mg/m?, and a high-con-
centration group with mean levels of exposure
of 1204 mg/m?. The study revealed a statistically
significant increase in chromosomal aberrations
(P < 0.001) compared with controls (n = 37). A
slight increase in sister-chromatid exchange
was also observed in the exposed group (n = 20)
compared with controls (n = 21), with no differ-
ence between the groups exposed to the high and
low concentrations.

Similar but less clear results were reported
in three smaller studies. In the study on rein-
forced plastics production workers by Tomanin
et al. (1992), two groups were studied. Group
1 comprised 7 subjects exposed to styrene at
21-100 mg/m? (urinary M A, 46-345 mg/g creati-
nine) while engaged in the production of fibre-
glass tanks over a period of 9.0 + 7.3 years (range,
1-19 years); Group 2 comprised 12 subjects
exposed to styrene at 112-435 mg/m? (urinary
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MA, 423-1325 mg/g creatine) while engaged in
the production of fibreglass boats over a period
of 7.2 £ 4.7 years (range, 1.5-15.0 years). Control
groups (n = 7 and n = 12, respectively) were not
occupationally exposed to genotoxicants and
were matched for sex, age, and smoking habits. A
significant increase in the percentage of aberrant
cells and total aberrations was only observed
in Group B, although micronuclei frequencies
were not significantly increased in either group.
No correlation between length of exposure and
frequency of chromosomal aberrations or micro-
nuclei in exposed subjects were found. In the
Nordenson & Beckman (1984) study, micronuclei
in lymphocytes were significantly increased in 12
men exposed to styrene in a factory where fibre-
glass-reinforced polyester was used, compared
with 12 controls. The average styrene concentra-
tion was 24 ppm, and the levels of urinary MA
were less than 2 mmol/L. No significant increase
in the rates of chromosomal aberrations (gaps
and breaks) was found in peripheral lympho-
cytes, but the rate of micronucleus formation
was significantly increased in the exposed
group. An earlier study by Watanabe et al. (1983)
investigated 18 workers exposed to styrene at
concentrations of 40-50 ppm in reinforced
plastics production (boat manufacturing) and
6 unexposed controls. The study showed only a
marginal increase in chromosomal aberrations
in the exposed workers compared with controls.
A slight but statistically significant correlation
between the rate of sister-chromatid exchange
and the concentration of exposure was reported.

In 10 studies of adequate size and design, no
effects of styrene on chromosomal end-points
were observed, including in subjects exposed at
more than 100 ppm. In the study by Hanova et al.
(2010; see Table 4.3), micronuclei were assessed
in 62 subjects exposed to styrene and 50 control
individuals, but were not observed to increase
with styrene exposure. In the study by Vodicka
et al. (2004) (see Table 4.3), cytogenetic markers
were investigated in 86 lamination workers
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exposed to styrene and 42 control individuals,
but did not increase with styrene exposure. In a
study of a group of 14 workers exposed to styrene
at less than 100 mg/m* while engaged in the
production of fibreglass boats, Oberheitmann et
al. (2001) did not observe any statistically signifi-
cant difference in the rate of exchange-type aber-
rations between the exposed workers and the 7
unexposed controls. No differences in chromo-
somal aberrations in the peripheral lymphocytes
of exposed workers were observed in 11 women
exposed to styrene at 253 mg/m?® (mean) while
performing various kinds of laminating (sport
utensils, boats, and containers) compared with
11 unexposed controls matched for age, social
habits, and living and working environment
(Jablonicka et al., 1988). Sorsa et al. (1991) did not
find an increase in the frequency of sister-chro-
matid exchanges, chromosomal aberrations,
or micronuclei in peripheral lymphocytes in
subjects in 32 productive settlements exposed
to styrene compared with unexposed controls.
Similarly, no increase in micronuclei frequen-
cies or size ratios, irrespective of proliferative
stimulation with phytohaemagglutinin or poke-
weed mitogen, or in chromosomal aberrations,
was reported in a study of workers engaged in
the production of reinforced plastics in Sweden
(Hagmar et al., 1989). Micronuclei were assessed
in 18 operators and 2 supervisors exposed
to styrene and 22 unexposed controls, and
chromosomal aberrations were assessed in 11
exposed and 14 control subjects. The mean levels
of styrene exposure for the period 1974-1986
were 43-221 mg/m? (range, 4-551 mg/m?) and
the concentration of urinary MA and PGA
in 1985 was 128 mmol/mol creatinine (range,
< 6-317 mmol/mol creatinine). No increase was
detected in the frequency of any of the cytoge-
netic end-points studied (sister-chromatid
exchange, micronuclei, and other chromosomal
aberrations) in a group of 21 workers exposed
to styrene at 98 mg/m? (range, 34-263 mg/m?)
in reinforced plastics production compared

with 21 subjects working mainly in office jobs,
matched according to sex and smoking habits
(Miki-Paakkanen, 1987). Further, no correla-
tions between the number of aberrations, micro-
nuclei, or sister-chromatid exchanges and the
extent or duration of exposure to styrene could
be detected. Pohlovd & Sram (1985) did not
report an effect on chromosomal aberrations in
exposed workers, but an increase was found in
the rate of gaps in two groups of exposed workers
in two production plants (A and B). In plant A,
at which workers were engaged in polystyrene
production, there were 36 exposed workers (27
men and 9 women) and 19 unexposed controls
(15 men and 4 women). In plant B, at which
workers were engaged in reinforced plastics
production, there were 22 exposed workers (7
men and 15 women) and 22 unexposed controls
(13 men and 9 women). Airborne concentrations
of styrene were 5.6-982.8 mg/m? (plant A) and
39-548 mg/m?* (plant B). Hansteen et al. (1984)
reported no increase in chromosomal aberra-
tions or sister-chromatid exchange, but did find
a significant (P = 0.0002) increase in gaps in
two groups of subjects (n = 11 and 7) exposed
to styrene in the production of reinforced plas-
tics compared with unexposed office employees
(n = 9) matched for sex, age group, and smoking
habits. Thiess et al. (1980) failed to identify a
statistically significant increase in chromo-
somal aberration rates in a study of 24 workers
exposed to styrene at concentrations of 6 ppm (in
an annexed laboratory) to 58.1 ppm (in a pilot
polystyrene processing plant) for 4-27 years
compared with 24 unexposed controls [number
not clearly reported]. Likewise, in a previous
study Thiess & Fleig (1978) considered a group
of 12 subjects extracted from a larger group of 93
subjects engaged in the synthesis of styrene from
ethylbenzene, 10 with 19-39 years of possible
exposure and 2 with high concentrations of MA
inurine, without finding any increase in chromo-
somal aberrations. Levels of exposure were of the
order of fractions of parts per million for most of
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the workers under study. Different levels of expo-
sure were considered, but no control group was
included in the study.

Other available studies were limited either
by their small sample size or by other critical
factors. Artuso et al. (1995) carried out a study
on two groups each of 23 workers exposed to
styrene in fibreglass-reinforced plastic boat
production, one group at a low concentration of
2-120 mg/m? and the other at a high concentra-
tion of 86-1389 mg/m?, and 51 matched controls
living in the same area but not exposed to
styrene. Through statistical multivariate analysis,
an increase in aberrations were found in the
low-concentration group and in the high-concen-
tration group. The incidence of sister-chromatid
exchanges showed a dose-response associa-
tion. However, X-ray irradiations were more
frequent in controls, smokers more frequent in
the high-concentration group, and chromosome
aberrations were evaluated after 72 instead of
48 hours. [The Working Group noted the limi-
tations of the study, although the consistency
among indicators and the evidence of an expo-
sure-response suggest that the changes observed
were at least partially attributed to styrene expo-
sure.] Maki-Paakkanen et al. (1991) studied the
frequency of chromosomal aberrations, micro-
nuclei, and sister-chromatid exchanges in 17
workers exposed to styrene in the production of
plastic containersand 17 unexposed controls. The
concentrations of exposure, estimated through
the determination of MA in urine, were of the
order of 300 mg/m?. Chromosomal aberrations
were significantly higher in the exposed workers,
without a significant correlation with levels of
exposure, although the frequencies of micronu-
clei and sister-chromatid exchanges did not differ
between the two groups. [The Working Group
noted the inconsistency of the results obtained
by different end-points, and the lack of a clear
dose-response correlation.] Meretoja et al. (1977)
studied 10 male workers exposed to styrene in
three plastics manufacturers and 5 unexposed
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controls; frequency of chromosomal aberra-
tions of 11-26% (vs 3% in controls), and a higher
frequencyof micronucleiand cells connected with
nuclear bridges, were measured in the peripheral
lymphocytes of the exposed workers. However, no
correlation between styrene exposure, estimated
through the determination of MA concentration
in urine, and the incidence of chromosomal aber-
rations was found. [The Working Group noted
the small number of subjects and the absence
of a dose-response relationship.] Kelsey et al.
(1990) studied a group of 20 workers exposed to
styrene in the construction of boats in two facto-
ries and a control group comprising 20 unex-
posed workers from the same small companies.
Exposure was measured through determination
of styrene concentration in environmental and
exhaled air, and by urinalysis of styrene metab-
olites. Mean airborne styrene concentrations
of 209.8 mg/m? and 230.1 mg/m*® and mean
MA concentrations of 275 mg/g creatinine and
323 mg/g creatinine were measured for smokers
and non-smokers, respectively. The frequency of
sister-chromatid exchange did not differ between
exposed and unexposed workers, although
smoking significantly induced sister-chromatid
exchange in these workers. [The Working Group
noted that the main limitation of this study was
that controls might have experienced exposure
to styrene previously.] Smejkalovd et al. (1989)
evaluated the number of chromosomal aberra-
tions in peripheral lymphocytes of 13 women
occupationally exposed to styrene and 6 paired
controls. The average styrene airborne concen-
tration was 225 + 89 mg/m?® The number of
chromosomal aberrations in the exposed group
was significantly higher than in controls, but
the study groups were small. Dolmierski et al.
(1983) conducted a study on 37 workers engaged
in the production of laminated styrene plates
and 2 controls. They found chromosomal aber-
rations in 6.8% of cells in the exposed subjects.
[The Working Group noted that the main limi-
tations of the study were the small control group
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(n = 2), the apparently younger age of controls
compared with exposed subjects (22-28 years),
and the apparent lack of control for confounders.]
Meretoja et al. (1978) published the results of a
study conducted during 1976-1977 on a group
of 16 workers exposed to styrene in two rein-
forced plastics production plants and a control
group of 6 unexposed subjects. Occupational
histories and smoking habits were recorded for
both exposed and unexposed subjects. Workers
were exposed to styrene at 200-300 ppm (occa-
sionally), and the concentrations of MA in urine
were measured as 55-3257 mg/g creatinine
in 1976 and 53-1646 mg/g creatinine in 1977.
There was a significant increase in chromosomal
aberrations confirmed 1 year later, although
the frequency of sister-chromatid exchange was
not increased. In a study conducted in Sweden,
Hogstedt et al. (1979) considered a group of
6 reinforced plastics production workers (3
smokers) exposed to styrene at 50-400 mg/m?3
and 6 unexposed controls (3 smokers) matched
for sex, age, and smoking. The results showed a
significant increase in the frequency of chromo-
somal aberrations in the lymphocytes of exposed
workers compared with controls (5.2 per 100
cells). [The Working Group noted that the study
was limited by the small number of subjects in
both groups.] Fleig & Thiess (1978) studied three
groups of workers engaged in styrene manufac-
turing (5 men), polystyrene production (12 men),
and unsaturated polyester resins production (14
workers from three different plants, 6 + 3 +5),
where each group was matched with 20 controls,
and found an increase in chromosomal aber-
rations only in the polyester resins production
group. [The Working Group noted that the limi-
tations of the study were the small sizes of the
study groups, the lack of control for confounders,
and unclear criteria for the selection of controls;
however, the evidence of effects only in the group
of workers exposed to the highest concentration,
together with the absence of effects in the group

exposed to the lowest concentration, may suggest
the existence of a dose-response relationship.]
Three other studies were limited by co-expo-
sure to other genotoxicants. The study of Tates et
al. (1994; see Table 4.6) investigated a group of 46
workers exposed to styrene and dichloromethane
(used to clean machines) engaged in the produc-
tion of containers and boards and 23 paired unex-
posed controls. Workers were exposed to styrene
at 17 ppm [70 mg/m?’] and dichloromethane at
31 ppm (TWA values). The study showed statis-
tically significant increases in the frequencies
of chromosomal aberrations with or without
gaps (P < 0.0001), of aberrant cells (gaps always
included), micronuclei, and sister-chromatid
exchange (P < 0.0001; one-sided). Both dura-
tion and intensity of exposure were not corre-
lated with genetic effects, but the TWA value for
dichloromethane was positively correlated with
the frequencies of chromosomal aberrations
(with gaps) and aberrant cells. [The Working
Group noted the contemporary presence of two
genotoxicants; moreover, a correlation between
dose and effect was observed only for dichloro-
methane and not for styrene.] In a study based
in Lithuania, Mierauskiene et al. (1993) studied
a group of 109 workers (68 women and 41 men;
38 smokers) exposed to styrene, formaldehyde,
and phenol (concentrations not measured) for
a duration of 1-25 years and 64 unexposed
controls (25 women and 39 men; 16 smokers),
mostly students and clerks (mean age, 37.4 years;
range, 18-60 years). The frequency of aberrant
cells in occupationally exposed workers was
significantly higher than in controls. In addition,
an increased frequency of breaks (both chro-
mosome and chromatid) was observed, but not
exchanges. Alsoin Lithuania, Lazutkaetal. (1999)
conducted a study on several environmental risk
factors of different groups, including 38 men and
41 women engaged in the production of carpets,
and 34 men and 63 women employed at a plastics
production plant. Each group was compared with
90 unexposed controls (26 women and 64 men;
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27 smokers and 63 non-smokers) approximately
matched by age. Exposure to other chemical
substances was observed in both groups (phenol
and formaldehyde). An increased frequency of
chromosomal aberrations was observed in the
lymphocytes of exposed workers in both groups.

One study reported on chromosomal
end-points in semen samples. Naccarati et al.
(2003) studied chromosomal spermatozoa aber-
rations in 18 workers exposed to styrene in the
production of fibreglass-reinforced plastics
and in 13 paired controls. The median value of
MA urine concentration in these workers was
292.5 mg/g creatinine (range, 20.8-947.8 mg/g
creatinine). A cytogenetic analysis by fluores-
cence in situ hybridization conducted on semen
samples did not show a statistically significant
difference in the incidence of aneuploidy and
diploidy between the group of 18 exposed workers
and the 13 unexposed controls. The only statis-
tically significant finding was an excess of nulli-
somy in the exposed non-smokers (Naccarati et
al., 2003).

(v)  DNA repair

Using the 32P-postlabelling technique,
Vodicka et al. (1994) assessed the persistence of
O¢-guanine DNA adducts in lamination workers
exposed to styrene. Although lymphocyte
adduct concentrations were higher in laminators
compared with controls (see Section 4.2.2(c)),
no decrease was noted between concentrations
before and after a 2-week vacation, indicating
that the repair process was slow. Oberheitmann et
al. (2001) used the challenge assay, a cytogenetic
approach to measure the repair competence, to
assess DNA repair in lamination workers exposed
to styrene. Exchange-type aberrations per 100
metaphases after X-ray challenge were 13.26 in 2
historical controls and 16.19 in 14 exposed lami-
nators (P < 0.038). Among the exposed group, the
challenge response was significantly correlated
with the cumulative lifetime exposure to styrene
(P < 0.015) but not with the current exposure as
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measured in blood, which was suggested to indi-
cate the interference of long-term exposure with
DNA repair.

Vodicka et al. (2004) investigated cytogenetic
markers, DNA single-strand breaks, urinary
metabolites, and DNA repair rates in 86 lamina-
tion workers exposed to styrene and in 42 control
individuals. A negative correlation between all
exposure parameters and single-strand breaks
(see Section 4.2.3(a)(i)), and a positive correlation
between exposure parameters and DNA repair
rates, were reported. Occupational exposure to
styrene was studied in 34 workers employed in
the production of fibreglass-reinforced plastic
sheets compared with 29 unexposed healthy
controls (Fracasso et al., 2009). A decrease in
DNA repair activity compared with controls was
observed.

Repair polymorphisms and gene expression in
workers exposed to styrene

The Working Group noted that the results
described in the paragraphs that follow were
from a small number of individuals and that
some results are not consistent. Godderis et al.
(2004) studied 44 workers exposed to styrene
(calculated average concentration, 9.5 ppm) and
44 matched controls to examine the influence
of polymorphisms on genes encoding biotrans-
formation, and of DNA repair enzymes on the
levels of N-terminal haemoglobin adducts and
on genotoxicity biomarkers. In the group of
88 individuals in total, higher frequencies of
micronucleated mononucleated lymphocytes
were found in individuals possessing the XRCC3
Met**1 allele. Individuals with the XRCCI GIn**°
allele showed higher frequencies of micro-
nucleated mononucleated lymphocytes and
micronucleated binucleated lymphocytes. The
same study population was used to investigate
more polymorphisms, but no new associations
were reported for subjects exposed to styrene
(Mateuca et al., 2008). Kuricova et al. (2005)
analysed 1-(2-hydroxy-phenylethyl)adenine
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(I-styrene-7,8-oxide-adenine) DNA adducts,
DNA single-strand breaks, chromosomal aber-
rations, mutant frequency at the HPRT gene,
and immune parameters (relating to haema-
tological and humoral immunity) in human
subjects exposed to styrene (n = 48) and controls
(n = 24). Results were correlated with genetic
polymorphisms in DNA repair genes (xero-
derma pigmentosum XPD, exon 23; XPG, exon
15; XPC, exon 15; XRCCI, exon 10; and XRCCS3,
exon 7) and cell cycle gene cyclin D1. The poly-
morphism in exon 23 of the XPD gene modu-
lated levels of chromosomal and DNA damage
and HPRT mutation frequency, and moderately
affected DNA adduct levels. The highest levels of
biomarkers were associated with the wildtype
homozygous AA genotype. The exposed indi-
viduals with the wildtype GG genotype for the
XRCCI gene exhibited the lowest frequencies of
chromosomal aberrations compared with those
with an A allele (P < 0.05). The same team also
showed that, in 24 lamination workers occupa-
tionally exposed to styrene and 15 unexposed
controls, DNA repair capacity was significantly
lower in individuals with variant GIn/Gln geno-
type in XRCCI Arg399GIn than in those with
heterozygous Arg/Gln and wildtype Arg/Arg
genotypes (Slyskova et al., 2007). Significantly
lower repair capacity was also found in indi-
viduals with the wildtype Lys/Lys genotype in
XPC at locus Lys939GIn compared with those
homozygous for the GIn/Gln variant genotype.

Vodicka and colleagues investigated 60
workers exposed to styrene and 50 unexposed
clerks for mRNA expression levels of the human
8-oxoguanine DNA N-glycosylase (hOGGI)
gene, and the role of the FOGGI polymorphism
Ser326Cys (Manini et al., 2009). Subjects bearing
the (hOGGI) Ser/Ser genotype showed lower
levels of 8-oxodGuo inleukocytes than those with
at least one variant Cys allele. Workers showed
higher levels of hOGGI expression compared
with controls (P < 0.0005).

Insubsequent studies, Vodi¢kaand colleagues
studied the modulation of DNA repair capacity
and mRNA expression levels of XRCCI, hOGGI,
and XPC genes in workers exposed to styrene
(Hanovaetal., 2010). The study assessed the asso-
ciations between DNA strand breaks, micronu-
clei, DNA repair capacity,and mRNA expression
in XRCCI, hOGGI, and XPC genes in 71 workers
exposed to styrene and in 51 control individuals.
The mRNA expression levels of XRCCI, hOGGl,
and XPC were negatively correlated with styrene
concentrations in the blood and in workplace air
(P < 0.001), and positively correlated with strand
breaks (P < 0.001). In a related study on the same
worker population, the team studied the relation-
ship between DNA damage, DNA repair rates,
and mRNA expression levels of cell cycle genes
TP53, p21cPkNia) BCL2, and BAX (Hanova et al.
2011). The results showed negative correlations
between mRNA expression of TP53, BCL2, and
BAX (P < 0.001 for all parameters) and styrene
exposure, although a positive correlation with
P21CPKNIA expression and exposure was recorded
(P = 0.001). DNA strand breaks and sites sensi-
tive to endonuclease Il increased with increasing
mRNA levels of TP53 (P < 0.001 for both) and
BCL2 (P = 0.038 and P = 0.002, respectively),
and decreased with increasing mRNA levels of
Pp2ICPKNIA (P < 0.001 and P = 0.007, respectively).
In a study of 50 fibreglass-reinforced plastics
workers exposed to styrene at less than 10 ppm,
10-20 ppm, and more than 20 ppm, and 40
control subjects (Wongvijitsuk et al., 2011), the
expression of CYP2E1, hOGGI, and XRCCI in all
groups exposed to styrene was higher than that
of the control group (P < 0.05).

(b)  Human cells in vitro
See Table 4.4.

(i)  Styrene

Styrene-induced DNA damage was detected
by comet assay in isolated human leukocytes
treated in vitro (Laffon et al., 2003b) and in
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human skin treated in vitro (Costa et al., 2006)
without metabolic activations. Cytogenetic
effects were analysed in human whole-blood
lymphocytes treated in vitro without metabolic
activations, including chromosomal aberrations
(Linnainmaa et al., 1978a, b; Pohlov4 et al., 1984;
Jantunen et al., 1986), micronucleus formation
(Linnainmaa et al., 1978a), and sister-chromatid

alkaline unwinding assay in human embry-
onal lung fibroblasts, respectively (Vodicka et
al., 1996). There was a concentration-dependent
increase of both 7-alkylguanine adducts and
DNA strand breaks.

As noted above in Section 4.2.2(b), the induc-
tion of gene mutations in human lymphocytes in
vitro was reported at the HPRT locus (Bastlova

exchange (Norppa & Vainio, 1983a, b; Norppa et
al., 1983; Chakrabarti et al., 1993; Lee & Norppa,
1995; Bernardini et al.,, 2002). Chromosomal
aberration was also analysed in human isolated
lymphocytes treated in vitro without meta-
bolic activation systems (Jantunen et al., 1986).
These various reports showed positive results
without exogenous metabolic activation systems.
Activation, probably resulting from the conver-
sion of styrene to styrene-7,8-oxide, was attrib-
uted to erythrocytes present in the cultures
(Norppa & Vainio, 1983a; Norppa et al., 1983).

(i) Styrene-7,8-oxide

Using the comet assay, DNA damage induced
by styrene-7,8-oxide was detected in isolated
human lymphocytes (Kohlerova & Stétina,
2003; Speit et al., 2012; Bausinger & Speit, 2014),
in whole-blood lymphocytes (Cemeli et al.,
2009; see also Section 4.2.6(b)), and in human
peripheral blood mononuclear cells (mononu-
clear leukocytes) (Bastlova et al., 1995; Laffon
et al., 2002b;Godderis et al., 2004; Fabiani et al.,
2012; Bausinger & Speit, 2014) treated in vitro.
The sites sensitive to endonuclease III, corre-
sponding to apurinic sites, were also shown to be
induced (Kohlerova & Stétina, 2003). Induction
of DNA strand breaks in human testicular germ
cells treated with styrene-7,8-oxide in vitro was
reported using the alkaline elution assay (Bjorge
etal., 1996). Induction of DNA strand breaks was
also reported in whole-blood cells in vitro using
pulsed-field gel electrophoresis (Marczynski et
al., 1997b). 7-Alkylguanine adducts of styrene-
7,8-oxide and DNA single-strand breaks were
determined by 32P-postlabelling and DNA
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et al., 1995; Bastlova & Podlutsky, 1996). A
GSTM1I-positive human recombinant cell line
(FB7) showed lower mutation frequency at the
HPRT locus than its parent GSTMI-negative cell
line (WIL2NS) after treatment with styrene-7,8-
oxide (Shield & Sanderson, 2004).

Chromosomal damage was analysed in
human whole-blood lymphocyte cultures treated
in vitro for chromosomal aberrations (Fabry
et al., 1978; Linnainmaa et al., 1978a; Pohlova
et al., 1984), micronuclei (Linnainmaa et al.
1978a; Speit et al., 2012), and sister-chromatid
exchanges (Norppa & Vainio, 1983b; Norppa
et al., 1983; Pohlova et al., 1984; Zhang et al.,
1993; Lee & Norppa, 1995; Uuskiila et al., 1995;
Chakrabarti et al., 1997; Ollikainen et al., 1998).
The frequency of micronucleus formation and
sister-chromatid exchange was also analysed in
isolated human mononuclear leukocytes (Laffon
etal.,2001b, 2003a). Micronucleus induction was
also analysed in human peripheral blood mono-
nuclear cells (Godderis et al., 2006); results were
consistently positive.

(c)  Experimental systems
(i)  Styrene:in vivo
See Table 4.7.

Rats

The comet assay was negative in leukocytes
of male Fischer 344 rats (Gaté et al., 2012).
However, a significant increase in DNA damage
was observed on the 3rd, but not the 20th, day of
treatment in the presence of Fpg, an enzyme able
to recognize and excise DNA at the level of some
oxidized DNA bases.
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Table 4.7 Genetic and related effects of styrene and styrene-7,8-oxide in non-human mammals in vivo

End-point Species, Tissue Results? Concentration Route, duration, Comments Reference
strain, (LEC or HIC) dosing regimen
(sex) or dose (LED or
HID)
Styrene
Oxidative damage to Rat,F344  Leukocytes +/- 75 ppm Inhalation, 6 h/d, Comet assay assessed at ~ Gaté et al.
DNA (comet assay with (M) 5 d/wk, 4 wk 3rd and 20th days; in the (2012
Fpg sensitive sites) presence of Fpg, positive
result was observed at
3rd but not at 20th day
DNA strand breaks, Rat, F344  Leukocytes. - 1000 ppm Inhalation, 6 h/d, Comet assay and Gaté et al.
micronuclei (M) peripheral blood 5 d/wk, 4 wk micronuclei evaluated at (2012
reticulocytes the 3rd and 20th day of
exposure
DNA strand breaks Rat,F344  Lymphocytes - 500 ppm Inhalation, 6 h/d, 14 d Kligerman et
(comet assay), (F) al. (1993
chromosomal
aberrations, micronuclei
Chromosomal Rat, Bone marrow = 1000 ppm Inhalation, 6 h/d, Sinha et al.
aberrations Sprague- 5d/wk, 1 yr (1983)
Dawley
(M, F)
Chromosomal Rat, F344  Peripheral blood - 1000 ppm Inhalation, 6 h/d, Preston &
aberrations, sister- (M) lymphocytes 5 d/wk, 4 wk Abernethy
chromatid exchange (1993)
Micronuclei Rat, Bone marrow = 3000 mg/kg Intraperitoneal Simula &
Porton (PCE) injection, 48 h after Priestly (1992
(M) treatment
Sister-chromatid Rat,F344  Lymphocytes Co) 125 ppm Inhalation, 6 h/d, 14d  Small increase, although ~ Kligerman et
exchange (F) statistically significant al. (1993
Unscheduled DNA Mouse Liver - 250 ppm Inhalation, 6 hr Clay (2004)
synthesis CD-1 (F)
DNA strand breaks Mouse, Lymphocytes, + 250 mg/kg Intraperitoneal LED is 350 mg/kg bw for ~ Vaghef &
(comet assay) C57BL/6 liver, kidney, bone injection, 4 h after bone marrow Hellman (1998)
M) marrow treatment
DNA strand breaks Mouse Kidney, liver, lung, + 8.3 mmol/kg bw Intraperitoneal Solveig Walles
(DNA unwinding) NMRI (M) testis, brain injection, NR & Orsén (1983)
DNA adducts Mouse, Lung + 750 mg/m? Inhalation, 5 h/d, N7-guanine and N1- Vodicka et al.
(32P-postlabelling) NMRI (M) 7 d/wk, 1-21d adenine adducts were (2001a)

analysed
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Table 4.7 (continued)

End-point Species, Tissue Results: Concentration Route, duration, Comments Reference
strain, (LEC or HIC) dosing regimen
(sex) or dose (LED or
HID)
DNA strand breaks Mouse, Lymphocytes, bone +/- 750 mg/m3 Inhalation, 5 h/d, Positive in bone marrow  Vodicka et al.
(comet assay without NMRI (M) marrow 7 d/wk, 1-21 d for EndollIl-sensitive sites (2001a)
Endolll) and oxidative after21d
damage to DNA (comet
with EndolII)
DNA strand breaks Mouse, Liver - 1500 mg/m? Inhalation, 5 h/d, Negative results with and  Vodicka et al.
(comet assay without NMRI (M) 7 d/wk, 1-21d without EndolII (2001a)
EndollII) and oxidative
damage to DNA (comet
with EndolII)
Chromosomal Mouse Lung, spleen = 500 ppm Inhalation, 6 h/d, 14 d Kligerman et
aberrations, micronuclei B6C3F, al. (1993)
(F)
Chromosomal Mouse, Bone marrow - 1000 mg/kg Gavage, single dose Loprieno et al.
aberrations CD1 (M, (1x), 24 h after (1978)
F) treatment
Chromosomal Mouse, Bone marrow - 200 x 70, Oral, 4 or 70 mg/kg Sbrana et al.
aberrations CD-1 (M) 500 x 4 mg/kg per day 1983
Chromosomal Mouse, Bone marrow - 1000 mg/kg bw Intraperitoneal Sharief et al.
aberrations, sister- C57BL/6 injection, BrdU- 1986
chromatid exchange (M) labelled M1 cells
16 h after BrdU
implantation
Micronuclei Mouse, Bone marrow +/- 1500 mg/m? Inhalation, 5 h/d, 2-fold higher than in Vodicka et al.
NMRI (M) 7 d/wk, 1-21 d control after 7 d (butnot  (2001a)
21 d) of exposure
Micronuclei Mouse, Bone marrow - 1500 mg/m? Inhalation, 6 h/d, Engelhardt et
NMRI (PCE) 1-21d al. (2003)
(NR)
Micronuclei Mouse, Bone marrow + 600 mg/kg Intraperitoneal Simula &
LACA (PCE) injection, 48 h after Priestly (1992
Swiss (M) treatment
Micronuclei Mouse, Bone marrow + 250 mg/kg bw Intraperitoneal Norppa (1981
C57BL/6 (PCE) injection, 30 h after

M)

treatment
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Table 4.7 (continued)

End-point Species, Tissue Results: Concentration Route, duration, Comments Reference
strain, (LEC or HIC) dosing regimen
(sex) or dose (LED or
HID)
Sister-chromatid Mouse, Bone marrow, + 387 ppm Inhalation, 6 h/d, 4 d Partial hepatectomy for Conner et al.
exchange BDF1 (M) liver, alveolar liver regeneration (1980)
macrophages
Sister-chromatid Mouse, Lung, spleen, +) 125 ppm Inhalation, 6 h/d, 14d  Small increase, although  Kligerman et
exchange B6C3F, lymphocytes statistically significant al. (1993)
(F)
Sister-chromatid Mouse, Splenocytes o) 45 mg/kg Intraperitoneal Small increase, although ~ Simula &
exchange LACA injection, 24 h after statistically significant Priestly (1992
Swiss (M) treatment +43 h
culture
Chromosomal Hamster, Bone marrow - 300 ppm Inhalation, 6 h/d, Norppa et al.
aberrations Chinese 5d/wk, 4 d or 3 wk (1980)
(M)
Micronuclei Hamster, = Bone marrow - 1000 mg/kg bw Intraperitoneal Penttild et al.
Chinese injection, 30 h after (1980)
M) treatment
Styrene-7,8-oxide
DNA strand breaks Rat, F344  Leukocytes = 75 ppm Inhalation, 6 h/d, Evaluated at 3rd and Gaté et al.
(comet assay), (M) 5 d/wk, 4 wk 20th day; comet assay (2012
micronuclei results negative with and
without Fpg
DNA adducts (covalent  Rat, CD Forestomach + 1.3 mg/kg bw Gavage, 4 h after Lutz et al.
binding to DNA ™M) treatment (1993)
(HPLC))
DNA strand breaks Mouse, Stomach, colon, + 400 mg/kg bw Intraperitoneal Tsuda et al.
(comet assay) ddy (M) liver, kidney, injection, 3 h after (2000)
bladder, lung, treatment
brain, bone
marrow
DNA strand breaks Mouse, Liver, kidney, + 400 mg/kg bw Intraperitoneal Sasaki et al.
(comet assay) CD-1 (M) lung, spleen, bone injection, 3 h and 24 h (1997)
marrow after treatment
DNA strand breaks Mouse, Lymphocytes, + 100 mg/kg bw Intraperitoneal LED is 150 mg/kg bw for ~ Vaghef &
(comet assay) C57BL/6 liver, kidney, bone injection, 4 h after bone marrow Hellman (1998)
M) marrow treatment
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Table 4.7 (continued)

End-point Species, Tissue Results: Concentration Route, duration, Comments Reference
strain, (LEC or HIC) dosing regimen
(sex) or dose (LED or
HID)
DNA strand breaks Mouse, Kidney, liver, lung, + 5.3 mmol/kg bw Intraperitoneal Solveig Walles
(DNA unwinding) NMRI (M) testis, brain [637 mg/kg bw] injection, 5x/wk, 4 wk & Orsén (1983)
Dominant lethal test Mouse, Fetus = 250 mg/kg bw Intraperitoneal No positive control Fabry et al.
(dominant lethal) BALB/c injection, mate after (1978)
(M) 1-3 wk
Chromosomal Mouse, Spermatocytes - 250 mg/kg bw Intraperitoneal No positive control Fabry et al.
aberrations BALB/c injection, 2 mo after (1978)
™M) treatment
Chromosomal Mouse, Bone marrow - 250 mg/kg bw Intraperitoneal No positive control Fabry et al.
aberrations, micronuclei BALB/c injection, 1-13 d (1978)
M) (chromosomal
aberration) or 30 d
(micronuclei) after
treatment
Chromosomal Mouse, Bone marrow + 50 mg/kg bw Gavage, 1x, 24 h after Loprieno et al.
aberrations CD1 (M, treatment (1978)
F)
Chromosomal Mouse, Bone marrow + Enantiomer (S- or  Intraperitoneal Positive only for Sinsheimer et
aberrations, sister- CD-1 (M) R-) injection, 24 h S-enantiomer al. (1993)
chromatid exchanges 100 mg/kg bw after treatment
(chromosomal
aberration)
Chromosomal Hamster, = Bone marrow - 100 ppm Inhalation, 9 h Norppa et al.
aberrations, sister- Chinese (1979)
chromatid exchanges M)
Chromosomal Hamster, = Bone marrow o) 500 mg/kg bw Intraperitoneal Single dose, positive only Norppa et al.
aberrations, sister- Chinese injection, 24 h after for dead animals (1979)
chromatid exchanges M) treatment
Micronuclei Hamster, = Bone marrow - 250 mg/kg bw Intraperitoneal Penttild et al.
Chinese injection, 30 h after (1980)
(M) treatment

BrdU, bromodeoxyuridine; bw, body weight; d, day(s); EndolIl, endonuclease III; F, female; h, hour(s); HIC, highest ineffective concentration; HPLC, high-performance liquid

chromatography; LEC, lowest effective concentration; LED, lowest effective dose; M, male; mo, month(s); NR, not reported; NT, not tested; PCE, polychromatic erythrocytes; ppm, parts
per million; wk, week(s); yr, year(s).
@+, positive; —, negative; +/-, equivocal (variable response in several experiments within an adequate study); (+)/(-), positive/negative result in a study of limited quality; the level of
significance was set at P < 0.05 in all cases.
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Styrene did not induce DNA damage as
determined by the comet assay, chromosomal
aberrations, or sister-chromatid exchanges in
female Fischer 344 rat lymphocytes (Kligerman
et al., 1993).

Negative results for chromosomal aberra-
tions were also reported in male Fischer 344 rats
(Preston & Abernethy, 1993) and in bone marrow
of male and female Sprague-Dawley rats (Sinha
et al., 1983).

Micronucleus assay results were negative in
the 3-week inhalation study in bone marrow of
female Fischer 344 rats (Kligerman et al., 1993)
and in the 4-week inhalation study in peripheral
blood reticulocytes of male Fischer 344 rats (Gaté
et al., 2012).

A negative result for sister-chromatid
exchange was obtained in lymphocytes of male
rats (Preston & Abernethy, 1993). A positive result
was obtained for sister-chromatid exchange in
splenocytes of the male Porton rat (Simula &
Priestly, 1992).

Overall, results were negative or weakly posi-
tive for chromosomal damage in rats after expo-
sure to styrene.

Mice

No data were available to the Working Group
in transgenic models.

Styrene did not induce unscheduled DNA
synthesis in female CD-1 mouse liver (Clay,
2004).

DNA damage induced by styrene was
detected by comet assay in female C57BL/6
mouse lymphocytes, liver, kidney, and bone
marrow (Vaghef & Hellman, 1998). DNA strand
breaks in kidney, liver, lung, testis, and brain
of male NMRI mice were detected by the DNA
unwinding assay (Solveig Walles & Orsén, 1983).

was observed in liver (Vodicka et al., 2001a).
DNA adducts were detected in lung.

Negative results for chromosomal aberra-
tions were reported in the lung and spleen of
female B6C3F, mice (Kligerman et al., 1993).
Negative results for chromosomal aberrations
were reported in male and in female CD-1 mouse
bone marrow (Loprieno et al., 1978; Sbrana et al.,
1983).

Results for micronucleus induction were
negative in the bone marrow of male NMRI
mice (Engelhardt et al., 2003), and in the spleen
and peripheral blood of female B6C3F, mice
(Kligerman et al., 1993). An equivocal result
for micronucleus induction was reported in
male NMRI mouse bone marrow (Vodicka et
al., 2001a). A weak micronucleus induction was
reported in bone marrow of male LACA Swiss
mice (Simula & Priestly, 1992) and C57BL/6 mice
(Norppa, 1981).

In the assay for sister-chromatid exchange,
positive results were obtained in bone marrow,
liver, and alveolar macrophages of male BDF1
mice (Conner et al., 1980). Equivocal results were
obtained in the lung, spleen, and lymphocytes of
female B6C3F, mice (Kligerman et al., 1993). In
the assay for sister-chromatid exchange, an equiv-
ocal result was reported in male LACA Swiss
mouse splenocytes (Simula & Priestly, 1992) and
a negative result was obtained in male C57BL/6
mouse bone marrow (Sharief et al., 1986).

Overall, results for chromosomal damage
induced by styrene were negative or weak in
mouse cells in vivo.

Hamsters

After exposure by inhalation (Norppa et al.,
1980) or intraperitoneal injection (Penttild et al.
1980), negative results for cytogenetic changes

DNA damage induced by styrene was
detected by the comet assay in bone marrow of
male NMRI mice (with an increase in sites sensi-
tive to endonuclease III), although no induction

were reported in the bone marrow of male
Chinese hamster.

All results were negative for chromosomal
damage induced by styrene in hamster.
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(i) Styrene-7,8-oxide: in vivo

Rats

Results were negative in leukocytes as
measured by comet assay, with and without Fpg,
and were negative for micronucleus induction
in peripheral blood reticulocytes when analysed
during a 4-week inhalation study in male Fischer
344 rat (Gaté et al., 2012).

Mice

DNA strand breaks were detected by the
DNA unwinding assay in kidney, liver, lung,
testis, and brain of male NMRI mice (Solveig
Walles & Orsén, 1983). DNA damage induced by
styrene-7,8-oxide was detected by comet assay
in all organs tested in male CD-1 mice (liver,
kidney, lung, spleen, and bone marrow) (Sasaki et
al., 1997) and in male ddY mice (stomach, colon,
liver, kidney, urinary bladder, lung, brain, and
bone marrow) (Tsuda et al., 2000). DNA damage
was detectable in multiple organs after exposure
to styrene-7,8-oxide by intraperitoneal injection.

A positive result for chromosomal aberration
was reported in male and female CD-1 mouse
bone marrow (Loprieno et al., 1978). A negative
or equivocal result for chromosomal aberration
was reported in the bone marrow and spermat-
ocytes of BALB/c mice (Fabry et al., 1978). The
bone marrow micronucleus test was negative
in BALB/c mice (Fabry et al., 1978). A negative
result for the mouse dominant lethal test was
also reported (Fabry et al., 1978).

Enantiomers of styrene-7,8-oxide were
tested by an assay for sister-chromatid exchange
in male CD-1 mouse bone marrow; only the
S-enantiomer gave a positive result without
including gaps (Sinsheimer et al., 1993).

[The Working Group noted the possibility
that only the S-enantiomer has the potential to
induce chromosomal damages, but there was
only one study.]
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Hamsters

In male Chinese hamsters exposed to styrene-
7,8-oxide by inhalation, the results of assays for
sister-chromatid exchange and chromosomal
aberration were negative; however, in male
Chinese hamsters exposed by intraperitoneal
injection, the results were equivocal for both
cytogenetic tests (Norppa et al., 1979).

The bone marrow micronucleus test was
negative in Chinese hamster after intraperitoneal
injection (Penttild et al., 1980).

Overall, no positive result was obtained in
hamsters.

(iii) ~ Styrene: in vitro

Themajorityofgenotoxicitytestingforstyrene
in non-human mammalian in vitro systems and
in non-mammalian systems is reported in JARC
Monographs Volume 60 (IARC, 1994). Styrene
has been studied for its effects on DNA strand
breaks, mutagenesis and chromosomal aberra-
tions, and sister-chromatid exchanges, primarily
in rodent cell lines, Drosophila melanogaster,
yeast, and Escherichia coli. These results are
summarized below and in Supplemental Table 52
and Supplemental Table S3.

In a study in non-human mammalian cells
using the comet assay, exposure to styrene at
2.5 mM for 2 hours significantly increased
DNA damage in isolated hepatocytes obtained
from male Swiss albino mice (Fontaine et al.,
2004). This effect was attenuated when cells were
pre-incubated with SKF-525A, a broad inhibitor
of CYP enzymes.

In earlier studies, styrene induced DNA
strand breaks in rat primary hepatocytes in
an alkaline elution assay (Sina et al., 1983).
Styrene induced mutations at the Hprt locus in
Chinese hamster lung V79 cells with, but not
without, exogenous metabolic activation system
(Loprieno etal., 1976; Beije & Jenssen, 1982). Two
studies on the induction of chromosomal aber-
rations in Chinese hamster lung cells reported
negative results without exogenous metabolic
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activation and weakly positive results with
exogenous metabolic activation (Matsuoka et
al., 1979; Ishidate & Yoshikawa, 1980). Sister-
chromatid exchanges were induced in Chinese
hamster ovary cells with, but not without,
exogenous metabolic activation system (de Raat
1978), whereas sister-chromatid exchanges were
induced in rat lymphocytes without exogenous
metabolic activation (Norppa et al., 1985).

In  non-mammalian  systems, styrene
(0.2 mg/L in seawater) significantly increased
DNA damage in cells from the peripheral blood
of fish (Symphodus melops) and the haemolymph
of mussels (Mytilus edulis) after 7 days of contin-
uous exposure (Mamaca et al., 2005).

Styrene was positive for sex-linked recessive
lethal mutations and negative for aneuploidy in
D. melanogaster (Donner et al., 1979), whereas
Penttild et al. (1980) reported negative results for
aneuploidy. Rodriguez-Arnaiz (1998) reported
negative results for induction of somatic muta-
tions by styrene in D. melanogaster; however, in
the same study styrene was positive in two strains
of flies that had higher levels of CYP activity.

Styrene induced chromosomal aberrations in
the root tip cells of Allium cepa (Linnainmaa et

metabolic activation in seven studies and posi-
tive in one (de Meester et al., 1981). In a ninth
test, styrene was reported as weakly mutagenic
in the presence and absence of exogenous meta-
bolic activation; however, concern was expressed
about the results because of toxicity (Vainio
et al., 1976). In one study, positive results were
reported for TA1530 in the presence and absence
of exogenous metabolic activation (de Meester
et al., 1981). [The Working Group noted that the
authors reported that the result in the absence
of metabolic activation is a false-positive result
because of contamination with a volatile geno-
toxicant, possibly styrene-7,8-oxide, from neigh-
bouring plates that had been incubated with
styrene and S9 (de Meester et al., 1981).] Of nine
tests reported for TA1535, all were negative in
the absence of exogenous metabolic activation
and four were positive with exogenous meta-
bolic activation (Vainio et al., 1976; de Meester
et al., 1977, 1981; Poncelet et al., 1980). Styrene
was negative in TA98, TA1537, and TA1538
with or without exogenous metabolic activation
(Vainio et al., 1976; de Meester et al., 1977, 1981;
Stoltz & Whitey, 1977; Watabe et al., 1978; Busk,
1979; Florin et al., 1980). In studies conducted

al., 1978a,b).

Styrene was genotoxic for several end-points
in yeast, including gene conversion and reverse
mutation (Del Carratore et al., 1983). It was also
shown that enhancing the metabolic activity of
mouse liver S9 by treating animals twice (4-5
weeks between injections) with phenobarbital
and P-naphthoflavone increased the genotox-
icity of styrene in Saccharomyces cerevisiae D7 in
assays for mitotic gene conversion, mitotic cross-
ing-over, and point reverse mutation (Paolini et
al., 1988).

Styrene was tested in various Salmonella typh-
imurium strains (TA98, TA100, TA1530, TA1535,
TA1537, and TA1538) by several research groups.
Styrene was reported negative in the absence of
exogenous metabolic activation in eight tests for
TA100, and negative in the presence of exogenous

by the National Toxicology Program, styrene
was tested in TA97, TA98, TA100, TA1535, and
TA1537 with and without exogenous metabolic
activation; negative results were found (Zeiger et
al., 1988). Styrene was also negative in an E. coli
SOS chromotest for DNA damage in the absence
of exogenous metabolic activation (Brams et al.
1987). [The Working Group noted that, overall,
styrene was mutagenic with exogenous meta-
bolic activation in strains that detect base-pair
substitutions (TA100, TA1530, and TA1535), but
not in strains that detect frameshift mutations
(TA98, TA1537, and TA1538). Overall, styrene is
not mutagenic in the Ames assay in the absence
of exogenous metabolic activation.]
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(iv) ~ Styrene-7,8-oxide: in vitro

The majority of genotoxicity testing for
styrene-7,8-oxide in non-human mammalian in
vitro systems and in non-mammalian systems
was reported in JARC Monographs Volume 60
(IARC, 1994). Similar to styrene, styrene-7,8-
oxide has been studied for effects on DNA strand
breaks, mutagenesis, chromosomal aberrations,
and sister-chromatid exchanges primarily in
rodent cell lines, D. melanogaster, and yeast.
These results are included in Supplemental
Table S2 and Supplemental Table S3.

Styrene-7,8-oxide induced sister-chromatid
exchanges, micronuclei, and mutations at the
Hprt locus in Chinese hamster lung V79 cells
(Loprieno etal., 1976, 1978; Beije & Jenssen, 1982;
Nishi et al., 1984), and induced sister-chromatid
exchanges in Chinese hamster ovary cells, in the
absence of exogenous metabolic activation (de
Raat, 1978). DNA damage was also induced by
50 pM of styrene-7,8-oxide in Chinese hamster
lung V79 cells as measured by alkaline elution
assay (Oesch et al., 2000); however, it was shown
that 200 uM of styrene-7,8-oxide was required
to produce the same amount of DNA damage
in Chinese hamster lung V79 cells engineered
to express human microsomal epoxide hydro-
lase at levels comparable to that of human liver
cells (Oesch et al., 2000). Styrene-7,8-oxide also
induced mutations at the Tk locus in mouse
lymphoma L5178Y cells without exogenous
metabolic activation; however, the result was
negative when styrene-7,8-oxide was tested with
uninduced rat liver S9 (Amacher & Turner, 1982).
Styrene-7,8-oxide induced DNA strand breaks in
rat primary hepatocytes (Sina et al., 1983) and
rat pheochromocytoma PCI12 cells (without
exogenous metabolic activation) (Dypbukt et al.,
1992) in alkaline elution assays.

Styrene-7,8-oxide was positive for sex-linked
recessive lethal mutations in D. melanogaster
(Donner et al., 1979).
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Styrene-7,8-oxide induced chromosomal
aberrations and micronuclei in the root tip cells
of Allium cepa (Linnainmaa et al., 1978a,b).

Styrene-7,8-oxide was tested in various S.
typhimurium strains (TA97, TA98, TAI100,
TA104, TA1530, TA1535, TA1537, TA1538,
TA4001, and TA4006) and in E. coli WP2 uvrA
by several research groups. Positive results were
obtained without the need for exogenous meta-
bolic activation in TA97, TA100, TA104, TA1530,
TA1535, TA4001, TA4006, and E. coli WP2 uvrA,
all of which detect base substitution mutations.
Styrene-7,8-oxide was also mutagenic in all of
these strains with exogenous metabolic activa-
tion except for TA104, TA4001, TA4006, and
E. coli WP2 uvrA, which were not tested under
these conditions (Sugiura et al., 1978; Sugiura &
Goto, 1981; Einisto et al., 1993). Nearly all testing
performed with styrene-7,8-oxide in TA9S,
TA1537, and TA1538, which detects frameshift
mutations, produced negative results in the
absence or presence of metabolic activation (e.g.
Wade et al., 1978; Watabe et al., 1978; de Meester
et al., 1981); however, a single study that used
TA97, which also detects frameshift mutations,
reported a positive result without metabolic
activation (Brams et al., 1987). Styrene-7,8-oxide
was positive in TA100 and negative in TA98
with or without exogenous metabolic activation
in studies conducted by the National Toxicology
Program (Zeiger et al., 1992). Styrene-7,8-oxide
was also positive in S. typhimurium and E. coli
SOS chromotests for DNA damage without
exogenous metabolic activation (Glosnicka &
Dziadziuszko, 1986; Nakamura et al., 1987; von
der Hude et al., 1990). More recently, the muta-
genic potency of styrene-7,8-oxide was reduced
in TA100 by using S9 prepared from rats treated
with organic sulfur compounds obtained from
garlic and onions to enhance epoxide hydrolase
activity (Guyonnet et al., 2001). [The Working
Group noted that, overall, the Ames assay results
for styrene-7,8-oxide are largely in agreement
with the observation that styrene was mutagenic
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in strains that detect base substitutions when
an exogenous metabolic activation system was
used.]

4.2.4 Alteration of cell proliferation or cell
death

(a) Exposed humans
(i) Styrene

Exposure to styrene among 18 fibreglass-re-
inforced plastics workers was associated with
significantly reduced rates of cell proliferation
(bromodeoxyuridine (BrdU) incorporation)
in their cultured lymphocytes compared with
6 unexposed control subjects (Watanabe et al.,
1983). Exposure to styrene in two groups of hand
laminators (27 workers) suppressed the prolif-
erative responses of isolated cultured lympho-
cytes stimulated by the mitogen concanavalin A
compared with 19 control workers (Somorovska
et al., 1999) (see Section 4.2.7(a)).

(i) Styrene-7,8-oxide
No data on the alteration of cell proliferation

or cell death in humans by styrene-7,8-oxide
were available to the Working Group.

(b)  Human cells in vitro
(i)  Styrene

The treatment of whole-blood cultures from
12 donors with 10-200 pM of styrene increased
the length of the cell cycle in a dose-related
manner (Chakrabarti et al., 1993).

(i) Styrene-7,8-oxide

[The Working Group noted the small number
of donors as a limitation of the available studies.]
In whole-blood cultures from four donors treated
with styrene-7,8-oxide at 50 pM and 200 pM,
there was large inter-individual variation in the
expression of p53, p21, bcl-2, and bax genes in
lymphocytes. Apoptosis was increased in cells
from two of the donors at either 50 uM and/or
200 puM of styrene-7,8-oxide. The cytokinesis

block proliferation index decreased in lympho-
cytes from all four donors at 200 uM of styrene-
7,8-oxide, suggesting a delay in the cell cycle
(Laffon et al., 2001a).

Styrene-7,8-oxide (10-200 pM) reduced the
proliferative rate index (BrdU incorporation) in
isolated cultured human peripheral leukocytes
from four donors; the extent of the reductions
were dependent on the donor. Similar results
with styrene-7,8-oxide were found using cytoki-
nesis block proliferation indices of binucleated
cells with micronuclei (Laffon et al., 2001b).

Styrene-7,8-oxide (100 pM) significantly
reduced the replication index (BrdU incor-
poration) in human whole-blood lymphocyte
cultures from two donors; however, there was no
linear relationship between the replication index
and the duration of exposure (Chakrabarti et al.,
1997).

In another study, styrene-7,8-oxide (100 pM)
significantly reduced the replication index (BrdU
incorporation) in human whole-blood lympho-
cyte cultures from two donors from 1.65 to
1.30, with a simultaneous 20% reduction in cell
viability (Zhang et al., 1993).

(c)  Experimental systems

(i)  Styrene, styrene-7,8-oxide, and other
styrene metabolites: in vivo

After exposure by inhalation of male and
female CD-1 mice to styrene at 150-200 ppm for
6 hours per day, 5 days per week, cell prolifera-
tion (BrdU incorporation) in lung Clara cells was
increased after 2 weeks (by up to 3.6-fold) and
5 weeks (by 1.3-fold) of exposure. No changes
in cell proliferation in Clara cells were observed
after 13 weeks of exposure, and no increases in
cell proliferation were noted in type-II pneumo-
cytes or in hepatocytes.

A dose-related increase in cell proliferation
(BrdU incorporation) was seen in the terminal
and large bronchioles of male and female CD-1
mice exposed by inhalation to styrene at 40 ppm
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or 160 ppm for 6 hours per day for 5 days. The
increased cell replication was not present after a
2-day break in exposure, but reoccurred in the
large bronchioles when the mice were exposed
for a further 5 days for 6 hours per day. Similar
effects were seen in mice given styrene at 10,
100, or 200 mg/kg by oral gavage every day for
5 days. Increases in cell proliferation were seen in
the terminal bronchioles in mice given styrene at
100 mg/kg and 200 mg/kg, but not at 10 mg/kg
(Green et al., 2001b).

Cell proliferation (Ki-67 staining) was
increased compared with controls in the
terminal bronchioles of male CD-1 mice (3.9-
fold) and male C57BL/6 wildtype mice (5.7-fold)
exposed by inhalation to styrene at 120 ppm for
6 hours per day after 1 week, but not after 26,
52, or 72 weeks, of treatment. No increases in
cell proliferation were detected in the terminal
bronchioles of male Cyp2f2-/9 mice or male
Cyp2f2--) mice containing a human CYP2FI/
CYP2A13/CYP2B6 transgene under the same
experimental conditions. The cell proliferation
results in these strains of mice mirror the results
of the chronic bioassays of styrene under the
same experimental conditions (Cruzan et al.,
2017). Compared with their respective vehicle
controls, significantly increased hyperplasia of
the terminal bronchioles was seen in male CD-1
and male C57BL/6 wildtype mice given styrene
between weeks 78 and 104, although epithelial
degeneration was also induced in C57BL/6 mice
for 26 weeks but largely resolved within 52 weeks
of exposure. No responses were observed in the
vehicle control or treated male Cyp2f2-) mice
or male Cyp2f2-/- mice containing a human
CYP2F1/CYP2A13/CYP2B6 transgene (Cruzan
et al., 2017). Cell proliferation (BrdU incorpo-
ration) was not altered in the terminal bron-
chioles of male Cyp2f2-/» mice given styrene at
400 mg/kg bw once per day for 5 days by gavage,
although cell proliferation in the terminal bron-
chioles of male C57BL/6 wildtype control mice
dosed under the same conditions increased
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14.2-fold. Intraperitoneal injection of R-styrene-
7,8-oxide or S-styrene-7,8-oxide at 200 mg/kg
per day for 5 days in male and female Cyp2f2¢-)
mice and C57BL/6 wildtype control mice elicited
similar responses as observed in studies where
styrene was given by intraperitoneal injection.
The observation that the substantial cell prolif-
eration responses in each sex of wildtype mice
treated with either enantiomer of styrene-7,8-
oxide were not present in Cyp2f2--) mice of
the corresponding sex treated with the same
agents indicates that styrene-7,8-oxide requires
CYP2F?2 to further metabolize it to a metabolite
or to metabolites that induce cell proliferation
(Cruzan et al., 2012).

Exposure of male B6C3F, mice to styrene
by inhalation at 500 ppm for 6 hours per day
produced large increases in hepatic cell prolif-
eration (BrdU incorporation) after 1, 6, and
14 days of exposure (Mahler et al., 1999). In
male or female CD rats exposed by inhalation
to styrene at 500-1500 ppm for 6 hours per
day, 5 days per week, no increase in cell prolif-
eration was observed in hepatocytes in the liver
or in alveolar and bronchiolar cells in the lungs
after 2, 5, or 13 weeks of exposure (Cruzan et al.
1997). In male Sprague-Dawley CD rats exposed
to styrene by inhalation at 500 ppm for 6 hours
per day for up to 5 days, there was no increase in
cell proliferation in any region of the lungs at any
time point (Green et al., 2001b).

Cell proliferation was increased in the saccus
caecus, midregion, and prefundic regions of
the forestomach of male Fischer 344 rats given
styene-7,8-oxide at 137, 275, and 550 mg/kg bw
by gavage 3 times per week for 4 weeks. No dose—
response was evident (Cantoreggi et al., 1993).
Increases in cell proliferation (*H-thymidine
incorporation) in the forestomach of male F344
rats were detected after both a single dose of
styrene-7,8-oxide at 800 mg/kg bw by gavage
and after nine doses. Increases in dose-related
cell proliferation were detected after a single dose
of styrene-7,8-oxide at 50-250 mg/kg bw, with
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the cell proliferation response plateauing at doses
of less than 800 mg/kg bw (Dalbey et al., 1996).
Some of these doses were used in previously
reported cancer studies of styrene-7,8-oxide
using the same route of administration.

Styrene, R-styrene-7,8-oxide, or S-styrene-
7,8-oxide given to C57BL/6 control mice of both
sexes at 200 mg/kg bw per day for 5 days by intra-
peritoneal injection increased cell proliferation
in the terminal bronchioles (Cruzan et al., 2012,
2013). Comparable exposure did not increase
cell proliferation in male and female Cyp2f2¢-"-
mice (Cruzan et al., 2012) or in male and female
Cyp2f2-1) mice containing a human CYP2F1/
CYP2A13/CYP2B6 transgene (verified for func-
tional CYP2A13 and CYP2F1 activities by in vitro
studies) (Cruzan et al., 2013). In male and female
CD-1 mice given 4-vinylphenol at 60 mg/kg bw
and 105 mg/kg bw per day for 5 days by intra-
peritoneal injection, a 3.8-fold to 7.6-fold (higher
dose) dose-dependent increased cell prolifera-
tion in the terminal bronchioles was observed.
The equivalent treatment of C57BL/6 wildtype
mice yielded a 8.9-fold to 9.4-fold (higher dose)
dose-dependent increased cell proliferation, but
not for Cyp2f2-/- mice. Treatment with 4-vinyl-
phenolat 105 mg/kg bw per day for 5 days by intra-
peritoneal injection increased cell proliferation
in the terminal bronchioles of male and female
Cyp2f2--) mice containing a human CYP2FI/
CYP2A13/CYP2B6 transgene by 2.4- to 3.1-fold
compared with transgenic mice used as vehicle
controls, and in male and female C57BL/6 wild-
type transgenic control mice by 4.8- to 6.6-fold
compared with vehicle controls. [The Working
Group noted that 4-vinylphenol, but not styrene
or R- or S-styrene-7,8-oxide, induced cell prolif-
eration in humanized transgenic mice.]

In 3-day studies of female Crl Icr: CD1 mice
given styrene or styrene-7,8-oxide at 100 mg/kg
bw per day by intraperitoneal injection, increased
cell proliferation in the large and/or medium
bronchi, terminal bronchioles, and alveoli was
observed. Treatment with 4-vinylphenol at

20 mg/kgbwor 35 mg/kgbw per dayincreased cell
proliferation in the large and/or medium bronchi
and terminal bronchioles, whereas phenylac-
etaldehyde at 100 mg/kg bw per day decreased
cell proliferation in the large and/or medium
bronchi and terminal bronchioles and increased
cell proliferation in the alveoli. Phenylacetic acid
at 100 mg/kg bw per day decreased cell prolif-
eration in terminal bronchioles and increased
cell proliferation in the alveoli. At lower doses of
35 mg/kg bw per day, phenylacetaldehyde had no
effect and phenylacetic acid decreased cell prolif-
eration in the large and/or medium bronchi and
terminal bronchioles. Treatment with 1-pheny-
lethanol, 2-phenylethanol, or acetophenone at
100 mg/kg bw per day produced either no effects
or marginal effects on cell proliferation. Styrene-
7,8-oxide, phenylacetaldehyde, or phenylacetic
acid at 100 mg/kg bw per day produced some
increases in apoptosis that were not statistically
significant (Kaufmann et al., 2005).

A single intraperitoneal injection of styrene
at 600 mg/kg bw or R-styrene-7,8-oxide at
300 mg/kg bw significantly increased the ratio
of bax/bcl-2 based on RNA and protein expres-
sion in Clara cells isolated from male CD-1 mice
at various time points. Treatment with either
racemic styrene-7,8-oxide, S-styrene-7,8-oxide,
or 4-vinylphenol at 300 mg/kg bw was without
effect. A small increase in caspase 3 activity was
measured in Clara cells from male CD-1 mice
exposed to R-styrene-7,8-oxide at 300 mg/kg bw
by intraperitoneal injection, although no changes
in caspase 8 activity was detected (Harvilchuck
et al., 2009).

(i) Styrene, styrene-7,8-oxide, and other
styrene metabolites: in vitro
Styrene-7,8-oxide (0.8-1.0 mM) induced
significant apoptosis, mediated by caspase 3
activation, in Norway rat adrenal pheochromo-
cytoma PCI12 cells in culture. Styrene-7,8-oxide
also reduced Bcl-2 protein levels and increased
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Bax protein levels, decreasing the Bcl-2/Bax ratio
(Boccellino et al., 2003).

Styrene (1 nM to 1 mM) had no effect on
C57BL/6 female mouse splenic T-lymphocyte or
B-lymphocyte proliferation induced by the mito-
gens concanavalin A or lipopolysaccharide (LPS)
(Poirier et al., 2002).

An increase in apoptosis as measured by
caspase 3 activity was induced by styrene-7,8-
oxide (75 uM) in C3H/An mouse fibroblast 1.929
cells in culture (Brockmann et al., 2006).

4.2.5 Receptor-mediated effects

Multiple studies in workers exposed to
styrene have reported increases in serum prol-
actinlevels. Serum prolactin levels were increased
in 53 glass-reinforced plastics workers (33 men,
P < 0.01; 20 women, P < 0.05) compared with
60 unexposed industrial workers comparable
in age, sex, and smoking and drinking habits
(Bergamaschi et al., 1996), as well as in 30 female
glass-reinforced plastics workers compared with
30 age-matched female factory workers living
in the same area, but not exposed to styrene or
other industrial chemicals (Mutti et al., 1984).
Serum prolactin levels were positively correlated
with urinary styrene metabolite levels (MA and
PGA) (Mutti et al., 1984). Plasma prolactin levels
were increased in 46 male glass-reinforced plas-
tics workers (P < 0.001) compared with 30 male
blue-collar workers in local industries with no
history of chemical exposures (Bergamaschi et
al., 1997). In a study with repeated measurements
of serum prolactin taken about 1 year apart over
the course of 2-3 years in a cohort of glass-re-
inforced plastics workers from several different
facilities (173 men, 33 women), a 2-fold increase
in serum prolactin was associated with every
10-fold increase in blood styrene concentration
(Luderer et al., 2004). Prolactin release from
the anterior pituitary gland can be inhibited by
dopamine secreted by the tuberoinfundibular
dopaminergic system in the hypothalamus,
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although prolactin release can be stimulated by
thyrotrophin-releasing hormone (TRH). A chal-
lenge dose of TRH was given to 16 female workers
exposed to styrene and 16 sex- and age-matched
controls; 15 of the 16 women exposed to styrene
responded with abnormally high serum prol-
actin levels, compared with an abnormal serum
prolactin response in only 1 of 16 controls (Arfini
et al., 1987). When two of the women in the
group exposed to styrene with abnormally high
serum prolactin responses were removed from
styrene exposure for 2 months, serum prolactin
responses were within the normal range after
TRH challenge (Arfinietal., 1987). [The Working
Group noted that this is consistent with styrene
inhibiting dopamine release by tuberoinfundib-
ular dopaminergic system neurons, as suggested
by Mutti et al. (1984).]

Workers exposed to styrene also had higher
serum levels of growth hormone and lower levels
of thyroid-stimulating hormone (TSH) than the
unexposed controls, although no differences
were seen for follicle-stimulating hormone or
luteinizing hormone (Mutti et al., 1984). In 38
male glass-reinforced plastics workers exposed to
styrene, no significant differences were observed
in thyroid volume, serum levels of TSH, free
thyroxine (FT4), or free triiodothyronine (FT3)
compared with 123 unexposed male workers.
Among workers exposed to styrene, urinary
styrene metabolite levels were correlated posi-
tively with serum FT4 levels, as well as with the
ratio of serum FT4 to serum FT3, although a nega-
tive correlation was observed between urinary
styrene metabolite levels and serum FT3 levels;
no correlation was observed between urinary
styrene metabolite levels and serum TSH levels
(Santini et al., 2008). Among workers exposed
to styrene, increasing duration (years) of styrene
exposure was correlated positively with thyroid
volume; no correlation was observed between
duration of styrene exposure and urinary styrene
metabolite levels. [The Working Group noted the




Styrene and styrene-7,8-oxide

small number of workers exposed to styrene in
this study.]

No relevant data from human in vitro studies,
or from experimental animal studies, were avail-
able to the Working Group.

4.2.6 Oxidative stress

Studies on oxidative damage to DNA are
discussed in Section 4.2.3(a).

(@) Exposed humans

No additional studies were available to the
Working Group.

(b)  Human cells in vitro
(i)  Styrene

Chakrabarti et al. (1993) incubated human
whole-blood lymphocytes and isolated lympho-
cytesobtained from 10 healthy male non-smokers
and non-consumers of alcohol with no recent
exposure to radiation or pharmaceuticals with
styrene (0-200 uM) for 72 hours. At non-cyto-
toxic concentrations of styrene, dose-dependent
depletion of GSH (measured as total non-pro-
tein sulfhydryls) and concentration-dependent
increases in malondialdehyde (MDA, measured
as thiobarbituric acid-reactive substances),
a marker of lipid peroxidation, occurred in
both the whole-blood lymphocyte and isolated
lymphocyte cultures.

In vitro exposure of human abdominal skin
to styrene vapour for 8 hours decreased the
concentration of GSH as well as GST, superoxide
dismutase (SOD), and catalase activities in a
dose-dependent manner, while increasing MDA
and carbonyl compounds derived from protein
peroxidation, markers of oxidative damage
(Costa et al., 2006); as noted in Section 4.2.3(b)
(i), this study also reported DNA damage (as
measured by the comet assay).

In a series of studies with human A549 lung
bronchioloalveolar epithelial carcinoma cells
exposed to styrene vapour in a multicell chamber

culture system, non-cytotoxic concentrations of
styrene were found to increase concentrations
of intracellular reactive oxygen species (ROS,
as measured by 2,7’-dichlorofluorescein diace-
tate), induce several responses associated with
oxidative stress, and activate the redox-sensitive
transcription factors NF-kB and p38 MAPK
(Rdder-Stolinski et al., 2008; Morbt et al., 2009;
Mogel et al., 2011). Specific responses indicative
of oxidative stress included an initial increase
in GSH concentrations after 1 hour of exposure
followed by depletion of GSH with longer expo-
sure, and increases in GSTPI mRNA expres-
sion and GSTP1 and hemoxygenase-1 protein
concentrations. These effects were abrogated
in the presence of N-acetylcysteine (NAC).
Additional responses indicative of oxidative
stress included increases in concentrations
of SOD1, biliverdin reductase A, DJ-1, Clicl,
transaldolase 1 (TALDOL1), 6-phosphogluconate
dehydrogenase, COX2, prostaglandin E, (PGE,),
and prostaglandin F, (PGF, ), and a decrease
in peroxiredoxin 4 protein. NAC was shown
to abrogate increased concentrations of COX2,
PGE,, and PGF,, induced by styrene, although
increasing NF-kB gene expression and NF-«kB
phosphorylation.

(i) Styrene-7,8-oxide

Treatment of blood samples from nine
healthy unexposed individuals with styrene-
7,8-oxide reduced high-molecular-weight DNA
fragments and increased low-molecular-weight
DNA fragments in leukocytes from seven of the
individuals (Marczynski et al., 2000). Reductions
in leukocyte high-molecular-weight DNA frag-
ments were also observed in these samples after
treatment with hydrogen peroxide. [Although
DNA fragmentation may result from oxidative
DNA damage, the Working Group noted that
increased DNA fragmentation is not a specific
marker of oxidative stress.] In the study by
Cemeli et al. (2009) (see Section 4.2.3(b)(ii)),
the addition of catalase during treatment with
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styrene-7,8-oxide did not significantly affect the
level of DNA damage induced.

Treatment of human neuroblastoma
3K-H-MC cells with styrene-7,8-oxide increased
lipid peroxidation (MDA, measured as thiobar-
bituric acid-reactive substances) after 12 hours,
concomitant with an increase in mitochondrial
dysfunction, measured as a decrease in mito-
chondrial Ca?* capacity (Daré et al., 2004). The
addition of the superoxide scavenger manga-
nese(IIl) tetrakis(4-benzoic acid) porphyrin
reduced the degree of mitochondrial dysfunc-
tion and cell death induced by styrene-7,8-oxide
in these cells at 12, 14, and 16 hours; MDA levels
were not assessed.

(c)  Experimental systems
(i)  Styrene:in vivo

Subchronic exposure to styrene via inhal-
ation decreased the levels of reduced or total
GSH (including all non-protein sulthydryls) in
rat liver, lung, and brain when evaluated within
a few hours after the last exposure (reviewed in
Vainio et al., 1979; Elovaara et al., 1990; Coccini
etal., 1996; Coccini et al., 1997; NTP, 2008; NRC,
2014), similar to observations after acute expo-
sures via intraperitoneal injection (Srivastava
et al., 1983; Coccini et al., 1997); however, no
effects on tissue GSH levels were reported when
evaluated 24 hours or more after the last expo-
sure (Katoh et al., 1989; Coccini et al., 1997). In
terms of duration of effect, the concentrations of
GSH in liver and lung of rats exposed to styrene
decreased the most severely in the first 4 weeks
of an 11-week exposure (Vainio et al., 1979).
Decreased GSH has also been reported in fetal
livers isolated from Wistar dams given styrene
orally (Srivastava et al., 1992). In a detailed
evaluation of the depletion of tissue GSH with
time in male Wistar rats, liver concentrations
of both GSH and oxidized glutathione (GSSG)
decreased rapidly after exposure by repeated
intraperitoneal injection with styrene, remained
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depleted until 12 hours after exposure, recovered
to overshoot control levels after 24 hours, and
finally decreased back to control levels after 40
hours (Katoh et al., 1989).

Although tissue GSH concentrations were
affected in a time- and dose-dependent manner,
lipid peroxidation (LPO) was not increased in the
brain, liver, or lung from male Sprague-Dawley
rats after subchronic inhalation exposure to
styrene (Coccini et al., 1996, 1997). A dose-re-
sponsive increase in markers of oxidative stress
(decreased ratio of ferric:ferrous iron, total thiol
molecules, and increased protein carbonyls)
was observed in the plasma and livers of male
Wistar rats subchronically exposed via gavage,
with increased concentrations of ROS and LPO
products observed at sequentially higher doses
(Niaz etal., 2017a, b). [The Working Group noted
that all the identified studies evaluated ROS
concentrations using dichlorofluorescein, and
recognized the significant limitations of using
this compound as a measure of oxidative stress
(Rota et al., 1999; Bonini et al., 2006).] In a sepa-
rate study, LPO concentrations were elevated
in serum from both male and female Wistar
rats subchronically exposed to styrene via oral
gavage (El-Ziney et al., 2016). [The Working
Group noted the 1000-fold disparity between the
dose reported by El-Ziney et al. (2016) and other
studies evaluating LPO levels in rats.] However,
LPO was not elevated in the brain or lung of
male Sprague-Dawley or Wistar rats after acute
to subchronic exposure by intraperitoneal injec-
tion (Srivastava et al., 1983; Katoh et al., 1989;
Coccini et al., 1997). Other studies reported LPO
induction in the liver of male rats after styrene
exposure via intraperitoneal injection in the
absence of decreased concentrations of tissue
GSH (Katoh et al., 1989; Hirasawa et al., 2007).
[The Working Group noted the tissues in these
studies were harvested more than 24 hours after
the last dose, a time point at which tissue GSH
concentrations would have normalized.] In male
rat livers evaluated within 3 hours of the last
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intraperitoneal dose, increased LPO concentra-
tions were only observed after styrene exposures
that decreased tissue GSH concentrations by
more than 50% (Srivastava et al., 1983).
Consistent with this relationship between
sufficient depletion of tissue GSH and increased
measures of lipid oxidation, daily supplementa-
tion with NAC almost abrogated the ototoxicity
observed after subchronic oral gavage exposure to
styrene, as determined by histological evaluation
of cochlear cells and hearing loss in Long-Evans
rats (Yang et al., 2009). Hepatotoxicity induced
by acute exposure could not be abrogated by
NAC pre-treatment in C57BL/6 mice (Morgan

to conjugation to styrene or metabolites, and not
oxidation of GSH to GSSG.] Acute exposure to
4-vinylphenol by intraperitoneal injection also
decreased GSH or total GSH concentrations in
the liver and lung of male or female CD-1 mice,
albeit to a lesser extent than styrene, and was
followed by a more rapid recovery (Kaufmann et
al., 2005; Turner et al., 2005). In club (Clara) cells
isolated from male CD-1 mice exposed via intra-
peritoneal injection, 4-vinylphenol increased
total GSH concentrations after 3 hours (unlike
styrene), which rebounded in a manner similar
to styrene after 12 hours (Harvilchuck & Carlson,
2006).

etal., 1997), although GSH depletion induced by
buthionine sulfoximine (BSO) greatly enhanced
hepatotoxicity after a single oral dose in dYY
mice (Mizutani et al., 1994) or intraperitoneal
injection in non-Swiss albino (NSA) mice, but
elicited a protective effect on pneumotoxicity
(Gadberry et al., 1996).

Dose-responsive decreases in total GSH
concentrations were also observed in the livers
of mice repeatedly exposed to styrene via inhal-
ation; the degree of GSH depletion was correlated
with concentrations of styrene-7,8-oxidein blood,
and differences with sex (greater correlation for
females than males) and strain sensitivity (in
order of greatest correlation, B6C3F, > DBA/2
> Swiss) have been reported (Morgan et al., 1993,
1995). GSH, GSSG, and/or total GSH concentra-
tions were decreased in the lungs of female CD-1
mice after inhalation exposure (Gamer et al.
2004), as well as in the lungs, livers, and plasma
of male CD-1 and NSA mice after acute exposure
via intraperitoneal injection, with a time-course
describing depletion, recovery, and overshoot in
liver concentrations similar to that described at
the beginning of this section in rats (Turner et
al., 2005; Carlson et al., 2006; Carlson, 2010b).

LPO levels fluctuated in the lungs of female
CD-1 mice exposed via inhalation for up
to 4 weeks (Gamer et al., 2004), and increased
transiently in the livers but not lungs of male
CD-1 mice exposed to styrene via intraperitoneal
injection, but no effects were observed in either
tissue after exposure to 4-vinylphenol (Carlson
et al., 2006). Although production of ROS in
lung homogenates of female CD-1 mice did not
clearly increase after inhalation exposure for up
to 4 weeks (Gamer et al., 2004), ROS concentra-
tions increased in club cells isolated from male
CD-1 mice exposed to styrene via intraperitoneal
injection, but not for 4-vinylphenol exposure
(Harvilchucketal.,2009). Lungactivity of cellular
antioxidant enzymes such as SOD were gener-
ally unaffected (Gamer et al., 2004; Harvilchuck
et al., 2009), although lung catalase activity
decreased after 4 weeks of inhalation exposure
(Gamer et al., 2004). Lung mRNA and concen-
trations of club cell secretory protein associated
with inflammatory lung disease (CC10 or uter-
oglobin) fluctuated over time, although concen-
trations of another club cell product (surfactant
protein A) were unaffected (Harvilchuck et al.,
2008).

[The Working Group noted that the concentra-
tions of GSH and GSSG followed a similar time-
course of decrease and resurgence in rats and
mice, indicating that this effect is primarily due
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(i)  Styrene-7,8-oxide: in vivo

As for styrene, styrene-7,8-oxide (racemic
mixture) given by repeated intraperitoneal injec-
tion rapidly decreased levels of both GSH and
GSSG in male Wistar rat liver. GSH and GSSG
remained depleted for up to 12 hours, recov-
ered to overshoot control levels after 24 hours,
and finally decreased back to control levels after
40 hours (Katoh et al., 1989). Styrene-7,8-oxide
induced a greater effect than styrene on liver
GSH and GSSG, in addition to depleting brain
GSH (Katoh et al, 1989), and dramatically
decreased GSH concentrations in the lungs and
livers of male Sprague-Dawley rats when evalu-
ated within a few hours of exposure via intra-
peritoneal injection (Coccini et al., 1997). LPO
induction has been reported in the absence of
decreased tissue GSH concentrations in the liver
of male Wistar rats after subchronic exposure
to styrene-7,8-oxide via intraperitoneal injec-
tion (Katoh et al., 1989). [The Working Group
noted that these tissues were harvested more
than 24 hours after the last dose, when tissue
GSH concentrations would have normalized
(see discussion for styrene in Section 4.2.6(c)(i)
above).] No change in LPO levels were observed
in the brain.

As summarized in the National Research
Council review (National Research Council,
2014), racemic styrene-7,8-oxide and R-styrene-
7,8-oxide decreased GSH or total GSH concen-
trations in the liver and lung of male and female
CD-1 mice to a greater extent than styrene after
acute exposure via intraperitoneal injection,
but followed a more abbreviated time-course
(i.e. recovery by 6-12 hours; Turner et al., 2005;
Carlson et al., 2006). R-styrene-7,8-oxide but not
S-styrene-7,8-oxide depleted total GSH from
the bronchioloalveolar lavage fluid (BALF) and
plasma in male NSA mice (Carlson, 2010b).
Comparable results were reported in club cells
isolated from CD-1 mice similarly exposed,
although S-styrene-7,8-oxide treatment induced
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a greater recovery in total GSH concentrations
after 12 hours compared with R-styrene-7,8-oxide
(Harvilchuck & Carlson, 2006). No changes in
LPO levels were observed in the livers or lungs
of male CD-1 mice acutely exposed to R-styrene-
7,8-oxide or S-styrene-7,8-oxide via intra-
peritoneal injection (Carlson et al., 2006). ROS
production increased in club cells isolated from
male CD-1 mice exposed to R-styrene-7,8-oxide,
S-styrene-7,8-oxide, and racemic styrene-7,8-
oxide via intraperitoneal injection when isolated
within 3 hours of treatment (but not at later time-
points), although SOD activity was only induced
by R-styrene-7,8-oxide (Harvilchuck et al., 2009).
Lung mRNA and concentrations of club cell
secretory protein associated with inflammatory
lung disease (CC10, or uteroglobin) fluctuated
in a time-dependent manner after exposure to
R-styrene-7,8-oxide and racemic styrene-7,8-
oxide, but not S-styrene-7,8-oxide, although
levels of surfactant protein A were unaffected by
any isomer (Harvilchuck et al., 2008).

Although pre-treatment of male NSA mice
with either NAC or GSH was unable to protect
against most of the lung toxicity resulting from
acute exposure to R-styrene-7,8-oxide via intra-
peritoneal injection, liver toxicity was signifi-
cantly attenuated (Meszka-Jordan et al., 2009).
BSO-induced GSH depletion elicited a protec-
tive effect on pneumotoxicity after a single intra-
peritoneal injection of styrene-7,8-oxide without
any induction of hepatotoxicity in NSA mice
(Gadberry et al., 1996); however, BSO pre-treat-
ment potentiated hepatotoxicity after a single
oral dose of styrene-7,8-oxide dose in dYY mice
(Mizutani et al., 1994).

(iii) ~ Styrene: in vitro

LPO decreased when exogenous GSH was
added to rat liver homogenates treated with
styrene (Srivastavaetal., 1983). Increased produc-
tion of ROS was observed in primary mouse club
cells after treatment with styrene but not after
treatment with 4-vinylphenol (Harvilchuck et
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al., 2009), despite the greater depletion of total
GSH after 4-vinylphenol exposure compared
with styrene exposure (Harvilchuck & Carlson,
2006).

(iv) ~ Styrene-7,8-oxide: in vitro

Murine embryonic fibroblasts (MEFs) from
Nrf2 mice, which contained 20% of the GSH
content and lower Gcle, Gelm, and GST subunit
protein levels compared with MEFs from Nrf2¢+/+
mice, were more sensitive to cytotoxicity induced
by styrene-7,8-oxide compared with MEFs
from Nrf2# mice (Higgins & Hayes, 2011).
Furthermore, Nrf2-/- MEFs were not protected
by pre-treatment with sulforaphane, which
induced Gcl, Gst, and Ngol mRNA expression,
increased cellular GSH levels by more than 50%
in Nrf2¢/ MEFs, and attenuated cytotoxicity
induced by styrene-7,8-oxide (Higgins & Hayes,
2011). As observed with styrene, increased levels
of ROS were reported in primary mouse club cells
after treatment with several styrene-7,8-oxide
isoforms (R-, S-, and racemic styrene-7,8-oxide;
Harvilchuck et al., 2009), although S-styrene-
7,8-oxide was the least effective in decreasing
total GSH (Harvilchuck & Carlson, 2006).

4.2.7 Immunosuppression

(a) Exposed humans

No studies on functional changes in the
immune system of exposed humans were avail-
able to the Working Group.

Multiple studies of workers exposed to styrene
have reported changes in peripheral blood leuko-
cytes. [The Working Group noted that different
panels of markers were evaluated across studies;
three showed an increase in peripheral blood
monocytes, but a fourth did not.] Hagmar et al.
(1989) reported a 30% increase in the number
of peripheral blood monocytes in 20 glass-rein-
forced plastics workers compared with controls.
Increases in peripheral blood monocytes were
observed in two other studies: a study of 221

glass-reinforced plastics workers by Stengel et al.
(1990), in which the increase remained signifi-
cant after adjusting for age, sex, tobacco use, and
alcohol consumption; and a study of glass-re-
inforced plastics workers in a hand-lamination
plant (Somorovska et al., 1999; Tulinska et al.,
2000), in which the increase remained significant
after adjusting for age, sex, and smoking status.
In a study of 22 male glass-reinforced plastics
workers and 27 healthy age-matched unexposed
males, no difference in the percentage of periph-
eral blood CD14+ monocytes was observed;
however, lower plasma levels of soluble human
leukocyte antigen G (soluble HLA-G or sHLA-
G), an anti-inflammatory substance secreted by
CDI14+ monocytes, and plasma interleukin (IL)
10, the primary inducer of sHLA-G production
by monocytes, were present in workers exposed
to styrene compared with unexposed controls
(Rizzo et al., 2009). Reduced production of IL-10
and sHLA-G was also observed in peripheral
blood monocytes isolated from workers exposed
to styrene and stimulated with LPS compared
with LPS-stimulated isolated monocytes from
unexposed controls (Rizzo et al., 2009).

In the study by Mutti et al. (1992) of 32
glass-reinforced plastics workers exposed to
styrene and 19 unexposed controls, a decrease
in T helper (CD4+) lymphocytes and an increase
in T CD8+ (suppressor or cytotoxic) lympho-
cytes were reported in workers exposed to
styrene compared with controls, and a decreased
CD4+:CD8+ ratio (0.92) was reported in workers
exposed to higher concentrations of styrene
(> 50 ppm; 8-hour TWA) compared with workers
exposed to lower concentrations (1.37) and unex-
posed controls (1.43). In a group of 71 glass-re-
inforced plastics workers, decreases in total T
(CD3+) lymphocytes, T helper (CD4+) lympho-
cytes, T (CD4+45+) cells with suppressor and/
or inducer function, and the T helper (CD4+):T
suppressor or cytotoxic (CD8+) lymphocyte
ratio were observed compared with 65 blue-
collar worker controls (Bergamaschi et al., 1995),
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with dose-dependent decreases observed with
increasing levels of urinary styrene metabolites.

Tulinska et al. (2000) observed a dose-de-
pendent decrease in the percentage of large
granular lymphocytes with increasing styrene
exposure, measured as either blood styrene or
exhaled styrene. In the study by Mutti et al.
(1992), an increase in natural killer (NK) T-cells
in workers exposed to styrene compared with
controls, dose-dependent with increasing levels
of urinary styrene metabolites, was observed.
Similarly, Bergamaschi et al. (1995) observed a
dose-dependent increase in NK T-cell pheno-
types (CD56+, CD56+16+, CD56+16-) with
increasing urinary styrene metabolites. Exposure
to styrene was associated with reduced lytic
activity of NK T-cells isolated from a subset of
14 workers compared with unexposed controls
(Bergamaschi et al., 1995). Reduced NK cell lytic
activity is a sign of immunosuppression.

An increase in B (CD19+) lymphocytes
in workers exposed to styrene compared
with controls was observed in the study by
Bergamaschi et al. (1995), but not in the study by
Mutti et al. (1992).

Bergamaschi et al. (1995) observed a dose-de-
pendent increase in lymphocytes expressing the
activation markers DR+ and CD25+ (the IL-2
receptor) with increasing urinary styrene metab-
olites in workers exposed to styrene. In the study
of glass-reinforced plastics workers exposed to
styrene in a hand-lamination plant, Somorovska
et al. (1999) observed increased expression of
several adhesion molecules, which are often asso-
ciated with activation, on lymphocytes (CD54,
CD49d, CD62L, CD18, and CDI11b) and mono-
cytes (CD54, CD49d, and CD11a) compared with
controls. Further analyses of this study, focusing
on workers exposed to higher concentrations of
styrene, were reported by Tulinskd et al. (2000)
and Jahnova et al. (2002). Similar increases in
adhesion molecule expression were evident in
the lymphocytes (CD54, CD49d, CD62L, CD18,
and CD11b), monocytes (CD54, CD49d, CD62L,
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CD18, CDlla, and CD11b), and granulocytes
(CD54, CD49d, CD62L, CDl1a, and CD11b) of
the workers exposed to the highest concentrations
(Jahnové etal., 2002). CD54, also known as inter-
cellular adhesion molecule 1, is responsible for
cell-to-cell contact and adhesion to endothelial
cells and to fibrinogen, and is expressed at higher
concentrations on activated cells. A decrease
in soluble CD54 was observed in the workers
exposed to the highest concentrations compared
with controls. CD49d, or VLA-4, is a very late
activation antigen that mediates the adhesion
of lymphocytes, monocytes, and eosinophils,
and is a ligand of vascular cell adhesion mole-
cule-1 expressed on endothelial cells. The adhe-
sion molecules CD62L and CD11b are known as
L-selectin and the C3bi fragment of complement,
respectively. Tulinska et al. (2000) found higher
levels of both the C3 and the C4 components of
complement, which are acute phase reactants
involved in inflammatory responses, in workers
exposed to styrene compared with controls.
The levels of the C3 component were positively
correlated with duration of styrene exposure.
[The Working Group noted that expression of
some of these activation markers is associated
with immunosuppression or anti-inflammatory
actions; others are associated with inflamma-
tion, and some have been associated with both
immunosuppression and inflammation.]

As noted above (see Section 4.2.4(a)), in
a small study of 18 glass-reinforced plas-
tics workers and 6 unexposed controls, it was
reported that the proliferation of cultured
lymphocytes isolated from workers exposed to
styrene was significantly reduced compared with
controls (Watanabe et al., 1983). In the larger
study by Somorovska et al. (1999), a dose-de-
pendent decrease in the proliferative response
of T lymphocytes stimulated by the mitogen
concanavalin A was observed in cells isolated
from workers exposed to styrene compared with
those of unexposed controls.
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Governa et al. (1994) reported that chemot-
axis was impaired in polymorphonuclear leuko-
cytes of workers exposed to styrene (n = 21),
as measured ex vivo following a chemotactic
stimulus, and that the chemotaxic indices of the
workers improved after a 3-week period with no
styrene exposure.

(b)  Human cells in vitro

Governa et al. (1994) reported that in vitro
styrene treatment of polymorphonuclear leuko-
cytes isolated from healthy unexposed controls
decreased chemotaxis in a dose-dependent
manner following a chemotactic stimulus.

Asnotedin Section4.2.4(b), styrene-7,8-oxide
treatment of mitogen-stimulated lymphocytes
cultured from healthy non-smokers decreased
indices of cell proliferation (Laffon et al., 2001b).

(c)  Experimental systems
(i)  Styrene:in vivo

As reviewed in NRC (2014), styrene appears
to suppress several components of innate immu-
nity (e.g. decreased monocytic and NK cell
activity) as well as stimulate some elements of
adaptive immunity (e.g. enhancing cytokine
production and delayed-type hypersensitivity;
see Section 4.2.8(c)). Male UF rats subchron-
ically exposed to styrene via oral gavage failed
to effectively resolve subsequent infection by a
hookworm parasite compared with controls who
successfully resolved the infection, providing
evidence of functional immunosuppression
(Dogra et al., 1992). In male Sprague-Dawley
rats, subchronic exposure via inhalation was
associated with effects on bone marrow progen-
itor cells, including an accumulation of imma-
ture erythroblasts, along with decreases in
more mature erythroblasts, promyelocytes, and
myelocytes (reviewed in Nano et al., 2000; NTP,
2008). Alterations to bone marrow erythropoi-
etic cell populations were also observed after
repeated exposure via intraperitoneal injection

(Nano et al., 2000). After subchronic inhalation
exposure, peripheral blood neutrophil popu-
lations appeared immature and diminished in
number, coinciding with lymphocyte numbers,
before increasing after 3 weeks of recovery (Nano
et al., 2000). In another study, acute exposure
by inhalation decreased total leukocyte counts
(Brondeau et al., 1990), consistent with transient
leukocytopenia (NRC, 2014).

As for rats, the immune system of male Swiss
mice was less effective in responding to infection;
increased mortality from both viral and malarial
parasite infection after subchronic exposure to
styrene via oral gavage (Dogra et al., 1992), at
doses associated with decreased spleen cellu-
larity, was reported (reviewed in Dogra et al.,
1989; NRC, 2014). Of note, peritoneal exudate
macrophage cellular attachment (rosette forma-
tion) and phagocytosis was inhibited (Dogra et
al., 1989). Subchronic inhalation exposure has
also been reported to selectively suppress bone
marrow haematopoiesis in female C57BL/6
and DBA/2 F1 hybrids; both early and late
bone marrow erythroid progenitor populations
decreased in a dose-responsive manner and,
although pluripotent stem cell populations were
unaffected, blood lymphocyte numbers also
decreased (Seidel et al., 1990).

(i) Styrene-7,8-oxide: in vivo

No in vivo data in experimental systems were
available to the Working Group.
(iii) ~ Styrene:in vitro

Inhibition of NK cell-mediated destruction
of allogenic tumour cells was observed at 500 pM
or more (Grayson & Gill, 1986). A few studies
evaluated the effect of direct styrene addition
to murine splenocyte suspensions ex vivo; no
significant cytotoxicity, proliferation, or impact
on phytomitogen-induced blast formation at
doses of up to 1000 uM for 1-3 hours, or 250 pM
for up to a few days, have been reported (Sharma
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et al., 1981; Grayson & Gill, 1986; Poirier et al.,

et al., 2000; Jahnova et al., 2002), lower serum

2002).
(iv)

Styrene-7,8-oxide: in vitro

Treatment with styrene-7,8-oxide inhibited
NK cell activity at lower doses than with styrene
(e.g. = 200 pM) with no effect on cytotoxic T
lymphocyte activity, although the inhibition was
transient and was abrogated by the addition of
exogenous GSH (reviewed in Grayson & Gill,
1986; NRC, 2014). However, low concentra-
tions of styrene-7,8-oxide (0.05 pM) decreased
the production of type-I interferons by 90% in
MEFs after inoculation with Newcastle disease
virus (Barnes et al., 1981), consistent with studies
reporting decreased clearing responses in rodent
infection models after in vivo exposure to
styrene. Low concentrations of styrene-7,8-oxide
have also been reported to inhibit phytomito-
gen-induced blast formation in both rat (Snyder
& Valle, 1991) and mouse splenocytes (Tomar
et al., 1991), although another study reported
similar inhibition only at high concentrations
(500 uM; Grayson & Gill, 1986). Of note, two
studies reported the stimulation of splenocyte
blast formation at low micromolar concentra-
tions (Sharma et al., 1981; Tomar et al., 1991),
suggesting a biphasic response to treatment with
styrene-7,8-oxide.

4.2.8 Chronic inflammation

(a) Exposed humans

As described in Section 4.2.7 on immu-
nosuppression, studies of workers exposed to
styrene have reported changes in immune cells
that are consistent with a proinflammatory
response, such as changes in the balance of
peripheral blood leukocyte subsets (Hagmar et
al., 1989; Stengel et al., 1990; Mutti et al., 1992;
Bergamaschi et al., 1995; Somorovska et al., 1999;
Tulinskdetal.,2000),increased expression of acti-
vation markers on lymphocytes (Bergamaschi
et al., 1995; Somorovska et al., 1999; Tulinska

252

levels of anti-inflammatory molecules such as
soluble HLA-G and IL-10, and lower production
of soluble HLA-G and IL-10 in LPS-stimulated
monocytes isolated from workers exposed to
styrene (Rizzo et al., 2009).

(b) Human cells in vitro
(i)  Styrene

Increases in the release of the proinflam-
matory chemotactic monocyte chemoattractant
protein 1, which activates monocytes, lympho-
cytes, mast cells, eosinophils, and basophils, and
the proinflammatory molecules IL-6 and IL-8,
were observed in human A549 lung bronchi-
oloalveolar epithelial carcinoma cells exposed
to non-cytotoxic concentrations of styrene
vapour (Fischider et al., 2008). As described in
Section 4.2.6 on oxidative stress, other studies
conducted in this in vitro lung cell model suggest
that styrene is able to induce inflammation in the
lung airways though a mechanism that involves
the generation of ROS, oxidative stress, and acti-
vation of the NF-kB pathway (Roder-Stolinski et
al., 2008; Morbt et al., 2009; Mogel et al., 2011).
Findings supportive of the inflammatory effect
of styrene in A549 cells include increased phos-
phorylation of NF-kB associated with increased
expression of monocyte chemoattractant
protein 1 (Roder-Stolinski et al., 2008), upregula-
tion of moesin and annexin Al and downregula-
tion of heat shock protein B1 (Morbt et al., 2009),
increased levels of COX-2 protein and activity,
and increased release of PGE, and PGF, (Mogel
et al., 2011).

(i) Styrene-7,8-oxide

Treatment of polymorphonuclear leuko-
cytes isolated from six individuals with either
the R- or S-enantiomers of styrene-7,8-oxide
or the racemic mixture stimulated the release
of the TH1 cytokines interferon-y (IFN-y) and
IL-12, which can lead to increased inflammation
(Merker et al., 2006). Variability in the response
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to styrene-7,8-oxide was observed between the
six individuals.

(c) Experimental systems
(i)  Styrene

As discussed in NRC (2014), styrene may
affect the polarization or recruitment of leuko-
cytes and thereby stimulate some elements of
the adaptive immune system, including allergic
sensitization and type-IV hypersensitivity.
Subchronic exposure via inhalation increased
total lung protein concentrations associated with
leukocytic infiltration and airway obturation in
guinea-pigs (Petrova et al., 1992). Exposure by
subchronic oral gavage induced moderate paren-
chymal congestion and scattered islet degener-
ation in the pancreas in guinea-pigs, associated
with a dose-responsive decrease in serum insulin
levels, as well as moderate pancreatic inflam-
mation in male albino mice; responses in male
albino rats were limited (reviewed in Khanna
et al., 1994; N'TP, 2008). In an assay designed to
evaluate acute inflammatory responses in the
dermis of male Wistar rats after dermal expo-
sure to a styrene solution (unoccluded), mast
cell degranulation and microvascular leakage
were increased, and determined to be partially
operating via a neurogenic (e.g. tachykinin
NKI1 receptor) mechanism (Futamura et al.,
2009). Severe liver degeneration and/or hepato-
cellular necrosis was observed in female B6C3F,
mice after subchronic exposure to styrene via
inhalation; although this hepatocellular injury
resolved within 10 days of exposure, residual
chronic inflammation remained. Liver pathology
and residual inflammation were largely absent
in male B6C3F, mice and in both sexes of Swiss
mice (Morgan et al., 1995), consistent with liver
GSH depletion sensitive to mouse sex and strain
(described in Section 4.2.6(c)(i) above).

Styrene also exacerbated ovalbumin-induced
allergic asthma in female BALB/c mice after acute
inhalation exposure, augmenting BALF levels of

the TH2 cytokines IL-4, IL-5, and IL-13, and
increasing both ovalbumin-specific and total
serum IgE levels, as well as BALF eosinophilia,
lung inflammation, and goblet cell hyperplasia
(reviewed in Ban et al., 2006; NRC, 2014). A
modifying (or adjuvant) effect on the immune
response was also observed on the plaque-
forming cell (PFC) response of female BALB/c
mouse lung-associated lymph node (LALN) cells
and splenocytes ex vivo, after acute styrene expo-
sure via inhalation and sensitization to sheep red
blood cells in vivo. A dose-dependent increase
in IFN-y production was observed in splenocytes
without any effect on PFC response, whereas
LALN lymphocyte IFN-y production followed an
inverse dose-response (i.e. highest IFN-y produc-
tion at exposure to the lowest concentrations of
styrene), and the LALN PFC response increased
after exposure to styrene at the highest concen-
tration (300 ppm; Ban et al., 2003). Together, this
suggests that styrene exposure may differentially
impact antigen-presenting cell and lymphocyte
interactions at the portal of entry (LANL) versus
systemically (spleen) (NRC, 2014). In male Swiss
mice acutely exposed to styrene by oral gavage,
the splenocyte PFC response was inhibited in a
dose-responsive manner and the total serum Ig
titre decreased (Dogra et al., 1989). Low doses of
styrene stimulated male CD-1 or Swiss mouse
basal splenocyte mitogenesis ex vivo after acute
to subchronic exposure via oral gavage in vivo,
and also increased the proliferation induced by
a variety of phytomitogens; however, the highest
dose evaluated (50 mg/kg per day) appeared to
have a more variable effect, consistent with the
inhibition of the PFC response noted above
(reviewed in Sharma et al., 1981; Dogra et al.,
1989; NRC, 2014). The severity of type-IV hyper-
sensitivity was also enhanced, with a diffuse
and marked infiltration of mononuclear cells,
suggesting that cellular immunity was stimulated
along with lymphocyte proliferation (Dogra et
al., 1989).
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No in vitro data in experimental systems on
styrene were available to the Working Group.

(i) Styrene-7,8-oxide

No in vivo or in vitro data in experimental
systems were available to the Working Group.

4.3 Other adverse effects
4.3.1 Styrene

Respiratory effects in humans resulting from
occupational exposure to styrene at concen-
trations of more than 20 ppm include chronic
bronchitis, asthma, and pneumonia, and are
associated with alterations in hepatic clearance
of bilirubin and in serum alanine and aspartate
transaminase activities, suggesting altered liver
function in humans (reviewed in NTP, 2008).
The effects of acute exposure in both humans
and experimental systems include irritation
of the eyes, skin, and respiratory tract; longer
exposures in experimental systems are also
associated with toxicity in the liver, kidney, and
pancreas (N'TP, 2008). Effects on the haemato-
poietic system in workers exposed to styrene
have also been described (N'TP, 2008), including
an increase in mean corpuscular volume and
a decrease in mean corpuscular haemoglobin
concentrations, associated with increasing levels
of urinary styrene metabolites (Stengel et al.,
1990). Although neurological effects in humans
have been reported at inhalation exposures of
100 ppm or more, specific effects on memory;,
colourvision, reaction time, and postural stability
have consistently been reported as a result of
long-term occupational exposures as low as
20 ppm, although the association between occu-
pational styrene exposure and ototoxicity is still
uncertain (for further discussion, see Lawton et
al. (2006) and NTP (2008)). Notably, hearing loss
and impaired learning have also been observed
in rats (Hoet & Lison, 2008; Yang et al., 2009).
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No studies have evaluated the long-term
effects of styrene exposure on children, despite
the potential for exposure during the early life
stage via breast milk (ATSDR, 2010).

Pneumotoxicity in experimental systems was
commonly evaluated by measuring BALF cellu-
larity, protein levels, and lactate dehydrogenase
activity, with histological tissue evaluation
reported less frequently. In mice, pneumotoxicity
involving the upper and lower respiratory tracts
was reported after short-term to subchronic
exposures via inhalation, oral gavage, and/or
intraperitoneal injection at 50 ppm or more, with
the club cell as the main site of bioactivation,
toxicity, and proliferation in the lung (reviewed
in N'TP, 2008). Nasal toxicity (extending down to
the trachea) has also been consistently observed
in rats after subchronic exposures via inhal-
ation (Cruzan et al., 1997; reviewed in NTP,
2008), although reports of diffuse pneumotox-
icity involving the tracheal, bronchiolar, and/
or alveolar epithelium have been less consistent
(Coccini et al., 1997; Green et al., 2001b).

Hepatotoxicity in experimental systems
was commonly evaluated by measuring serum
sorbitol dehydrogenase activity, with histolog-
ical tissue evaluation reported less frequently.
In both mice and rats, short-term to subchronic
exposure was also associated with hepatotox-
icity including degeneration, hepatocellular
necrosis, and steatosis, although liver toxicity
was observed less frequently after subchronic or
longer exposures (Mahler et al., 1999; reviewed
in NTP, 2008; ATSDR, 2010). Acute inhalation
or intraperitoneal injection of styrene induced
hepatotoxicity preceding pneumotoxicity in
NSA mice (Gadberry et al., 1996), and CD-1
mice were more resistant to these effects than
NSA or C57BL/6 mice (Carlson, 1997b; Sumner
et al., 1997). Hepatotoxicity was decreased in
Cyp2el- or Cyp2f2-1-) mice exposed via a single
intraperitoneal injection and, although pneumo-
toxicity was similar between the wild-type and
knockout mice (Carlson, 2004), pneumotoxicity
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was not observed in Cyp2f2--) mice (Carlson
2012). Of note, 4-vinylphenol causes pneumotox-
icity in mice expressing Cyp2f2 and in Cyp2f2¢--)
knockout mice expressing human CYP2FI/
CYP2B6/CYP2A13, induces hepatotoxicity in
both mice and rats, and has been reported as
a more potent toxicant than either styrene or
styrene-7,8-oxide in some studies (reviewed
in NTP, 2008; Cruzan et al., 2013) or similarly
potent in others (Carlson, 2011).

4.3.2 Styrene-7,8-oxide

Although fewer data on exposure to styrene-
7,8-oxide are available, the effects reported are
qualitatively similar to those observed after expo-
sure to styrene. Chronic oral exposure via gavage
increased the incidence of basal cell hyperplasia
and/or hyperkeratosis in the forestomach of both
sexes of mice and rats (Lijinsky, 1986; Conti et
al., 1988).

Pneumotoxicity, involving both the upper
and lower respiratory tract, as well as hepa-
totoxicity, has been observed in mice after
acute exposure (Carlson, 2011). Although the
R-isomer was observed to be more potent than
the S-isomer in inducing hepatotoxicity, the
R- and S-enantiomers generally elicited compa-
rable pneumotoxicity in mice expressing Cyp2f2
(reviewed in Gadberry et al., 1996; N'TP, 2008;
Cruzan etal., 2012). Hepatotoxicity and pneumo-
toxicity in C57BL/6 mice exposed to styrene-7,8-
oxide were similar to that observed in Cyp2el-"-
or Cyp2f2-i- mice as described in the previous
section for exposure to styrene (Carlson, 2004,
2012).

4.4 Data relevant to comparisons
across agents and end-points

4.4.1 High-content gene expression studies

(a) Humans

No data in exposed humans were available to
the Working Group.

In human TK6 lymphoblastoid cells in
vitro, styrene (5 mM) in the presence of S9 and
styrene-7,8-oxide (0.5 mM) without S9 resulted
in 297 differentially expressed genes (DEGs) in
common (no significant effects were observed at
lower doses), involving gene ontology categories
describing purine and pyrimidine transport, and
protein complex assembly (Godderis et al., 2012).
The addition of S9 fraction alone resulted in 885
DEGs (Godderis etal., 2012). The styrene concen-
trations investigated (< 5.0 mM) did not decrease
the viability of human TK6 cells (Godderis et
al., 2012), although 0.8 mM styrene was previ-
ously reported to induce a small but significant
increase in necrotic cell death in human primary
cord blood mononucleated cells (Diodovich et
al., 2004; NTP, 2008).

An increase in the expression ratio of Bcl-2
family members (e.g. BclX;,,) to Bax, as well as
fluctuations in c-Myc, c-Fos, and/or c-Jun expres-
sion levels, was observed in human primary
cord blood mononucleated cells after exposure
to styrene at 0.8 mM (Diodovich et al., 2004),
and in human HepG?2 liver carcinoma cells after
exposure to styrene-7,8-oxide at 0.2 mM, but
not to styrene at 1 mM (Diodovich et al., 2006).
Interestingly, TGFB2 and/or TGFBR3 concen-
trations increased after exposure to styrene and
styrene-7,8-oxide in HepG2 cells, but decreased
in primary human hepatocytes. Of note, neither
styrene nor styrene-7,8-oxide induced CYP1A2
or CYP2EI expression in HepG2 cells (Diodovich
et al., 2006).
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(b)  Experimental systems
(i)  Styrene

Andersen et al. (2017) conducted gene
expression studies on mice previously reported
by Cruzan et al. (2017), exposed via inhalation
to styrene for up to 26 weeks. After 1 day of
exposure, DEGs were identified using whole-ge-
nome gene expression profiling in the lungs of
male C57BL/6 (parental strain) mice exposed
to styrene at 5 ppm or more; up to 155 DEGs
were reported in Cyp2f2-/- mice or in Cyp2f2¢-/-)
mice containing a human CYP2FI/CYP2A13/
CYP2B6 transgene, consistent with no effect on
lung histopathology in the knockout and trans-
genic mice. After 1-5 days of exposure, path-
ways induced in the lungs of the parental strain
mice included cell cycle and mitotic regulation,
DNA repair including the ATM/ATR pathway,
circadian gene expression, and cholesterol and
fatty acid biosynthesis; TGFp signalling and
various cytokine and immune response path-
ways were induced only after 1 day, although
insulin and insulin-like growth factor receptors
were downregulated. Few significantly affected
DEGs persisted at 4 weeks, and no differ-
ences were seen at 26 weeks. As noted above in
Section 4.2.4, proliferation (determined by Ki-67
and/or BrdU labelling indices) was transiently
increased in the bronchiolar epithelium, whereas
hyperplasia remained elevated in the terminal
bronchioles after 26 weeks of exposure. Using
information-dependent enrichment analysis
rank-ordering (aless restrictive analysis than the
combination of magnitude of effect and statis-
tical false discovery rate, used to identify DEGs)
after 4 weeks (but not 26 weeks), expression of
cellular energetic pathways and circadian genes
increased, although decreases were observed
in peroxisome proliferator-activated receptor a
gene expression, immune system, and heat stress
pathways. Various transcription factors were up-
or downregulated in the parental strain mice,
and some dose-response trends in transcription
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factor expression were also observed in the
knockout and transgenic mice. Andersen et al.
(2017) reported 50-1000% more DEGs after the
1-day exposures performed in 2013 compared
with those performed under similar exposure
conditions in 2016; furthermore, the authors
observed unusually large numbers of genes with
sufficient magnitude of effect that failed to satisfy
their statistical criteria. [The Working Group
noted the high variability in gene expression
levels across groups of similarly exposed mice.
The Working Group further noted the question-
able relevance of the study to the carcinogenic
process because of the absence of styrene-induced
lung tumorigenesis in parental C57BL/6 mice
(Cruzan et al., 2017), a strain resistant to chem-
ically induced lung tumorigenesis (Malkinson
1989).]

In Sprague-Dawley rats orally exposed to
styrene for 5 days, of the 120 genes evaluated in
testes only 5 genes, including peroxiredoxin-1,
were upregulated, although clusterin expres-
sion was decreased in a dose- and tissue-specific
manner; clusterin expression was unchanged in
heart, liver, lung, or kidneys (Han et al., 2007).

No data from in vitro studies in experimental
systems were available to the Working Group.

(i) Styrene-7,8-oxide

No data from studies on styrene-7,8-oxide
exposure in experimental systems were available
to the Working Group.

4.4.2 High-throughput screening studies

High-throughput screening data from the
Toxicity Testing in the 21st Century (Tox21) and
Toxicity Forecaster (ToxCast) research programs
of United States science agencies (Kavlock et al.
2012; Tice et al., 2013) were considered in the
assessment of the chemicals in Volume 121, simi-
larly to past JARC Monographs, as described by
Chiu et al. (2018). To date, a systematic analysis
of responses from over 9000 chemicals have been
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evaluated as partof the ToxCastand Tox21 efforts,
across a series of 1192 assay end-points measured
using seven high-throughput assay technology
platforms (Judson et al., 2016; EPA, 2017a). The
resulting concentration-response models and
bioactivity determinations have been publicly
released via the Interactive Chemical Safety for
Sustainability (iCSS) ToxCast Dashboard (EPA,
2017a). Summary matrix files, the ToxCast data
analysis pipeline R package, and connected data-
base (invitrodb_v2)arealsoavailable (EPA,2017b;

40 Pa at 20 °C; quinolone, 11 Pa at 25 °C; see
Section 1, Monograph 2). In addition, styrene
may polymerize in solution, which would
decrease the effective concentration of bioactive
monomeric agent available; however, this can be
prevented by the inclusion of a polymerization
inhibitor (see Section 1). Solubility may limit
the maximum testable dose and, of the Volume
121 compounds, quinoline is the most soluble
in water (predicted value, 0.047 mol/L; EPA,
2017c), with styrene-7,8-oxide (0.025 mol/L) and

Filer et al., 2017). The ToxCast data analysis pipe-
line R package and associated database enables
access to all of the concentration-response
data, the underlying automated decision logic
and methods, concentration-response model
outputs, bioactivity determinations, and bioac-
tivity caution flags (Filer et al., 2017). Although
styrene was only evaluated in the Tox21 assays,
styrene-7,8-oxide and quinoline were evaluated
in both ToxCast and Tox21 assays. Among other
styrene metabolites of interest, styrene glycol and
2-phenylethanol, but not 4-vinylphenol, were
evaluated in Tox21 assays along with a limited
subset of ToxCast assays.

One limitation of the high-throughput eval-
uation of these chemicals is that small-molecu-
lar-weight compounds (approximately < 150 Da),
such as styrene, styrene-7,8-oxide, and quinoline,
may have low affinity for biomolecular interac-
tions because of limited free energy for binding
(Hopkins et al., 2004). In vitro screening at the
concentrations used in the ToxCast and Tox21
test batteries (generally <200 pM and < 100 uM,
respectively) may therefore be insufficient to
detect molecular receptor-type interactions,
which are commonly evaluated in these test
systems. As a volatile organic compound, styrene
has a fairly high vapour pressure (867 Pa at 25 °C;
see Section 1) that could lead to the loss of sample
during storage and/or testing and therefore
failure to reach effective active concentrations.
Other compounds considered in Volume 121
have lower vapour pressures (styrene-7,8-oxide,

styrene (0.0030 mol/L) less soluble (EPA, 2017¢).
In addition, compounds with a shorter half-life
because of chemical or biological reactivity,
such as styrene-7,8-oxide, may degrade substan-
tially within the exposure window, increasing
uncertainty when interpreting null or negative
results. Finally, some of the in vitro assays either
fully lacked (e.g. biochemical NovaScreen or
NVS assays) or had uncharacterized xenobiotic
metabolism capacity, which may have limited
the evaluation of effects to those elicited by the
compound itself.

The Tox21 and ToxCast in vitro assays were
selected to cover a broad range of potential
toxicity mechanisms and are not specifically
focused on carcinogenesis; the Working Groups
of IARC Monographs Volumes 112 and 113 there-
fore mapped the 821 assay end-points available
at that time to the key characteristics of known
human carcinogens (Smith et al., 2016), resulting
in 265 assay end-points mapped to 6 out of the
10 key characteristics as described by Chiu et al.
(2018). Considering only these 6 key character-
istics, different assay sets were probed for each
of the Volume 121 agents: the assay end-points
evaluated and bioactivity determinations or
“hit calls” relating to the 6 key characteristics
for the compounds of interest are included as
supplemental material to the present volume
(Annex 1) and are summarized in Table 4.8. A
brief description of the assay coverage pertaining
specifically to all Volume 121 agents is provided
below (for more discussion, see Chiu et al., 2018).
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Table 4.8 Summary of evidence of key characteristics of carcinogens from high-throughput testing

Key characteristic

Styrene

Styrene-7,8-oxide

Styrene glycol

2-Phenylethanol

Quinoline

1. Is electrophilic or can be metabolically
activated

2. Is genotoxic

3. Alters DNA repair or causes genomic
instability

4. Induces epigenetic alterations

5. Induces oxidative stress

6. Induces chronic inflammation

7. Is immunosuppressive

8. Modulates receptor-mediated effects
9. Causes immortalization

10. Alters cell proliferation/death or nutrient

supply
Total number of assays mapped to key
characteristics

0 out of 1 assay®
NA
NA

NT

0 out of 3 assays
0 out of 1 assay
NA

1 out of 20 assays
NA

1* (0) out of 19 assays

44

0 out of 11 assays
NA
NA

0 out of 10 assays
0 out of 16 assays
0 out of 45 assays
NA
4 out of 92 assays
NA

0 out of 62 assays

236

0 out of 2 assays
NA
NA

0 out of 4 assays
0 out of 7 assays
0 out of 2 assays
NA

0 out of 89 assays
NA

0 out of 25 assays

129

0 out of 2 assays
NA
NA

0 out of 4 assays
0 out of 7 assays
0 out of 2 assays
NA

1 out of 89 assays
NA

0 out of 25 assays

129

0 out of 11 assays
NA
NA

0 out of 10 assays

1> (0) out of 16 assays
0 out of 45 assays
NA

1 out of 92 assays
NA

1* (0) out of 60 assays

234

NA, no assays in ToxCast and/or Tox21 were determined applicable to the evaluation of the indicated key characteristic; NT, not tested.

» Indicates the number of positive results out of the number of assays mapped to key characteristics of carcinogens, as described by Chiu et al. (2018).
b Indicates an active call in an assay (i.e. “hit”) which was determined to be most likely a false-positive artefact upon review of the assay parameters and dose-response data by the
Working Group [the number following in “()” reflects the true number of biological hits in the opinion of the Working Group].
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[The Working Group noted that these assays are
not considered to comprehensively cover the full
spectrum of relevant biological activity for any of
the key characteristics.]

1. Is electrophilic or can be metabolically acti-
vated: 10 cell-free CYP biochemical activity
assays, and 1 assay end-point evaluating
CYP19A1 activation in MCF-7 cells; no assay
end-point for electrophilicity.

2. Induces epigenetic alterations: 11 primarily
biochemical assays targeting histone
deacetylases, sirtuins, and other enzymes
modifying chromatin, as well as cellular
transcription factor assays.

3. Induces oxidative stress: 17 cellular assays
targeting nuclear factor-like 2 and/or the anti-
oxidant responsive element, other stress-re-
lated transcription factors, and upregulation
of matrix-metalloproteinases.

4. Induces chronic inflammation: 45 assays in
co-cultured primary human cells evaluating
expression of cellular adhesion molecules,
cytokines, and NF-kB.

5. Modulates receptor-mediated effects: 92
nuclear receptor assays, for example for
transactivation, receptor dimerization, and
nuclear translocation, in cells or cell-free
systems.

6. Alters cell proliferation, cell death, or nutrient
supply: 65 assays evaluating various measures
of cytotoxicity or proliferation in human cells
and/or developing zebrafish larvae.

Brief summaries follow for each chemical
evaluated in Volume 121, or identified metabo-
lites evaluated in these technology platforms.

Styrene (Chem. Abstr. Serv. Reg. No. 100-42-5):
Styrene was inactive in all but 2 of the 44 Tox21
assay end-points mapped to the key characteris-
tics of carcinogens (styrene was not evaluated in
the ToxCast assay battery). It displayed border-
line activity in a single estrogen receptor (ER) a
agonistassay (TOX21_ERa_LUC_BGI1_Agonist)

with a calculated concentration for half-maximal
activity (AC50) of 149 uM; no other measures
of ERa activity were evaluated. The only other
detected activity was in a single cytotoxicity
end-point (TOX21_P53_BLA_p2_viability), but
all other 18 assays mapped to the same key char-
acteristic were negative, including 4 others in
similar assay conditions. [The Working Group
considered this to be a false-positive response
because activity was only detected at the lowest
dose (0.001 puM), the calculated AC50 was
orders of magnitude lower than this dose (i.e.
0.000 067 2 uM), and no bioactivity was reported
in any other assay mapped to key characteristic
10.] The tested samples passed chemical quality
control (QC) (purity, > 90%), although one
sample had a caution indicating a lower-than-
expected concentration (NIH, 2017).
Styrene-7,8-oxide (Chem. Abstr. Serv. Reg
No. 96-09-3): Styrene-7,8-oxide was inactive in
all but 4 of the 236 ToxCast and Tox21 assay
end-points mapped to the key characteristics
of carcinogens. Styrene-7,8-oxide was active in
an assay measuring aryl hydrocarbon receptor
(AhR) activation in human cells (TOX21_AhR_
LUC_Agonist) with an AC50 of 49.9 uM, and
also induced transcription of PXR, a xenobiotic
receptor that recognizes a diverse range of chem-
icals (ATG_PXRE_CIS_UP), with an AC50 of
33.2 uM, both mapped to key characteristic 8.
However, styrene-7,8-oxidelacked bioactivityina
separate cell-based assay for AhR activity (ATG_
Ahr_CIS_up) and in a biochemical receptor-
ligand binding assay for PXR (NVS_NR_hPXR).
Styrene-7,8-oxide also demonstrated activity in
two other biochemical receptor-ligand binding
assays, one for human progesterone (NVS_NR_
hPR) and one for androgen receptor (AR) binding
(NVS_NR_hAR), with AC50s of 3.44 uM and
8.36 uM, respectively; both also mapped to key
characteristic 8. No activity was detected in cell-
free assays with orthologous receptor isoforms
(bovine progesterone receptor (PR), chimpanzee
AR, or rat AR), or in numerous assays for AR
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activity in human cells also mapped to key char-
acteristic 8. Sample analysis was still under way.
The QC grade was not determined; one sample
had a caution indicating that the concentration
may have been lower than expected, and another
had a purity of 75-90% (NIH, 2017).

Styrene glycol (Chem. Abstr. Serv. Reg. No.
93-56-1): No bioactivity was found in the 129
tested Tox21 assays and subset of ToxCast assay
end-points mapped to the key characteristics
of carcinogens. The chemical QC information
was not available for the Tox21 chemical library
sample, as analysis was still under way (NIH,
2017).

2-Phenylethanol (Chem. Abstr. Serv. Reg.
No. 60-12-8): 2-Phenylethanol was only active
in 1 of the 129 tested Tox21 assays and subset
of ToxCast assay end-points mapped to the key
characteristics of carcinogens. A dose-responsive
increase in the assay measuring hERB-fragment
protein-binding (OT_ER_ERbERb_1440) was
observed, with an AC50 of 13.2 uM mapped to
key characteristic 8. Although 2-phenylethanol
lacked bioactivity in at least 10 other assays
for ER binding or activity across various tech-
nology platforms, including both cell-based and
biochemical receptor-ligand binding assays, the
majority of these were selective for ERa versus
ERP. Although one sample had a purity of more
than 90%, the chemical QC information was not
available for the remaining three Tox21 chemical
library samples as analysis was still under way
(NIH, 2017).

Quinoline (Chem. Abstr. Serv. Reg. No. 91-22-
5): Quinoline was inactive in all but 3 of the 234
ToxCast and Tox21 assay end-points mapped to
the key characteristics of carcinogens. Quinoline
was active in an assay measuring AhR activation
(ATG_Ahr_CIS_up) with an AC50 of 42.8 uM
mapped to key characteristic 8, but was not posi-
tivein a different cell-based assay for AhR activity
from another technology platform (TOX21_
AhR_LUC_Agonist). Activity was also detected
in a cell-based assay end-point measuring
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changes in transcription of heat shock factor 1
(Tox21_HSE_BLA_agonist_ratio) with an AC50
of 75.6 uM and mapped to key characteristic 5, as
well as an end-point following cellular adenosine
triphosphate content as a measure of cytotoxicity
(Tox21_VDR_BLA_Agonist_viability) with an
AC50 of 67.8 uM and mapped to key character-
istic 10. However, quinoline was not active in any
other assay mapped to either key characteristic
5 or 10, despite significant assay coverage. [The
Working Group considered it likely that these
two responses were false positives because: (i)
activity was only detected at the highest dose
administered (~100 pM), which was qualitatively
similar to that observed in the background assay
performed (TOX21_HSE_BLA_agonist_ch2)
for this assay platform; (ii) activity was quantita-
tively similar to that observed in the background
assay, which had an AC50 of 72.9 pM; and (iii)
there was an absence of activity in any other
assay end-points mapped to key characteristics
5 or 10.] The chemical QC grade was not deter-
mined, but both samples had purities of more
than 90% (NIH, 2017).

5. Summary of Data Reported

5.1 Exposure data

5.1.1 Styrene

Styrene is a colourless volatile liquid with
an aromatic odour. It polymerizes easily in the
presence of oxygen and oxidizes by air and light;
in commercial styrene products a stabilizer, e.g.
4-tert-butylcatechol, may therefore be added.
Styrene is a high production volume chemical,
the production of which has increased in recent
years (mainly in East Asia).

Styrene is primarily used as a monomer
in the production of polystyrene polymers,
including expandable polystyrene for packaging
and building insulation, and copolymers, such
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as styrene-butadiene rubber for the production
of fibreglass-reinforced plastic products such as
boats, industrial containers, and wind turbine
blades.

The primary route of exposure in humans is
inhalation. In the general population, exposure
to styrene at a low concentration is widespread
primarily because of its occurrence in tobacco
smoke. Other sources include indoor and outdoor
air pollution, and migration from styrene-based
food packaging.

Occupational exposure to styrene occurs in
the manufacture of fibreglass-reinforced plastic
products, and in the production of styrene,
polystyrene, and styrene-based plastics and
rubbers. Occupational exposures are typically
much higher than those measured in the general
population.

Reliable and sensitive methods are available
to measure styrene in environmental media and
styrene biomarkers in exposed humans. The
concentrations of styrene measured in air and
the concentrations of styrene and its biomarkers
in urine and blood are strongly correlated.

5.1.2 Styrene-7,8-oxide

Styrene-7,8-oxide is a clear liquid with a
sweet odour. It is reactive and polymerizes
easily. Styrene-7,8-oxide is industrially produced
in many countries as a mixture of two optical
isomers (enantiomers) by chemical oxidation of
styrene. Styrene-7,8-oxide is used in epoxy resins
and for the production of phenethyl alcohol and
styrene glycol, which are intermediates in the
production of many chemicals. It is formed in
workplace air by the oxidation of styrene.

There are few data on human exposure to
styrene-7,8-oxide. Occupational exposure has
been documented in the reinforced plastics
industry, where styrene-7,8-oxide co-occurs
with styrene at concentrations that are typi-
cally 3 orders of magnitude lower than those of
styrene.

Styrene-7,8-oxide and its albumin and
haemoglobin adducts have been detected in the
blood of occupationally exposed workers and of
the general population.

5.2 Cancer in humans

There was a considerable body of research
relating to cancers in humans available to the
Working Group, mainly from cohort studies in
the reinforced plastics industry (the industry
with the highest exposures), the synthetic rubber
industry, and the styrene monomer and polymer
production industry, as well as from a series
of population-based case-control studies. The
stronger and more consistent evidence for cancer
was found for leukaemias and, to a lesser extent,
lymphomas in the reinforced plastics industry
cohort studies. Only a small number of studies
had sufficient power to analyse lymphoma
and leukaemia subtypes; in these few studies,
the stronger evidence was for AML and T-cell
lymphoma, with less consistent results found
for other leukaemia and lymphoma subtypes.
However, effect estimates were often small with
low precision (i.e., wide confidence intervals), and
many different analyses were undertaken using
several different exposure metrics, meaning that
chance findings could have occurred. Although
there was a strong signal in one large study for
sinonasal adenocarcinoma, a rare cancer, this
was based on only a few cases, and chance and
confounding could not be discounted. Based on
theinternal analyses in the cohort studies and the
findings from the case—control studies, there was
no convincing evidence for an association with
cancer of the lung. There was no convincing or
consistent evidence reported for any other solid
tumours in humans. Overall, the epidemiolog-
ical studies provide some credible evidence that
exposure to styrene causes lymphohaematopoi-
etic malignancies in humans, but confounding,
bias, or chance cannot be ruled out.

261



IARC MONOGRAPHS - 121

5.3 Cancer in experimental animals

5.3.1 Styrene

There were nine studies of carcinogenicity
of styrene in mice: one study by gavage in males
and females, five studies by inhalation (one
in males and females, and four in males only),
two studies of transplacental exposure followed
by oral exposure by gavage in male and female
pups, and one study by intraperitoneal injection
in females.

In the study by gavage in B6C3F, mice, styrene
significantly increased the incidence (with a
significant positive trend) of bronchioloalveolar
adenoma or carcinoma (combined) of the lung in
males, and there was a significant positive trend
in the incidence of hepatocellular adenoma in
females. In one study of transplacental exposure
followed by gavage in 020 mice, styrene signifi-
cantly increased the incidence of lung carcinoma
in female pups, and of lung adenoma or carci-
noma (combined) in male and female pups. The
other study by transplacental exposure followed
by gavage in C57BL mice yielded negative results.
Exposure to styrene significantly increased the
incidence (with a significant positive trend) of
bronchioloalveolar adenoma, and of bronchi-
oloalveolar adenoma or carcinoma (combined)
in male and female CD-1 mice in one study
by inhalation; another result of this study was
that exposure to styrene significantly increased
the incidence (with a significant positive trend)
of bronchioloalveolar carcinoma in females.
Exposure to styrene also significantly increased
the incidence of bronchioloalveolar carcinoma
in male CD-1 mice in another study by inhal-
ation. Three studies by inhalation, including
two in genetically modified C57BL/6 mice, and
the study by intraperitoneal injection all yielded
negative results. Overall, exposure to styrene
increased the incidence of lung tumours in the
B6C3F,, 020, and CD-1 strains of mice.
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There were nine studies of the carcinogen-
icity of styrene in male and/or female rats.

In one lifetime inhalation study in male and
female Sprague-Dawley rats exposed to styrene
for 1 year, there was a significant increase (with
a significant positive trend) in the incidences of
malignant tumours of the mammary gland and
of benign or malignant tumours (combined)
of the mammary gland in females. In a 2-year
inhalation study in male and female Sprague-
Dawley rats, there was a significant dose-de-
pendent decrease in the incidence of mammary
gland adenocarcinoma in females. There was
no significant increase in the incidence of any
tumour type in three studies by gavage in males
or females, in one study by transplacental expo-
sure followed by gavage in male and female pups,
in one study by drinking-water, in one study by
intraperitoneal injection, and in one study by
subcutaneous injection in males and females.

5.3.2 Styrene-7,8-oxide

There were three studies of the carcinogen-
icity of styrene-7,8-oxide in mice: one study by
gavage in males and females, and two studies by
skin application. In the study by gavage, styrene-
7,8-oxide significantly increased the incidences
(with a significant positive trend) of squamous
cell papilloma, squamous cell carcinoma, and
squamous cell papilloma or squamous cell carci-
noma (combined) of the forestomach in males
and females; exposure to styrene-7,8-oxide
also significantly increased the incidence (with
a significant positive trend) of hepatocellular
adenoma or carcinoma (combined) in males.
Both studies by skin application were inadequate
for the evaluation.

There were three studies of the carcinogen-
icity of styrene-7,8-oxide in rats: two studies
by gavage in males and females and one study
by transplacental exposure followed by gavage
in male and female pups. Exposure to styrene-
7,8-oxide significantly increased the incidences
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(with a significant positive trend) of squamous
cell papilloma and squamous cell carcinoma of
the forestomach in males and females in both
studies by gavage, and of squamous cell papil-
loma or squamous cell carcinoma (combined)
of the forestomach in males and females in one
study by gavage; exposure to styrene-7,8-oxide
also significantly increased the incidence (with a
significant positive trend) of benign or malignant
(combined) tumours of the mammary gland in
males in one study by gavage. In the study by
transplacental exposure followed by gavage in
male and female pups, styrene-7,8-oxide caused a
significantly increased incidence of forestomach
papilloma in males and of forestomach carci-
noma in males and females.

5.4 Mechanistic and other relevant
data

In humans, styrene is absorbed after inhal-
ation (the major route), skin contact, or inges-
tion, after which styrene is rapidly absorbed into
the blood and has been shown to distribute to
adipose tissue. In experimental animals, styrene
is widely distributed to tissues. In both humans
and experimental systems, styrene is metabol-
ized mainly by CYP2E1, CYP2F, CYP2A13, and
CYP2B to enantiomers of styrene-7,8-oxide,
which are further metabolized by epoxide hydro-
lase to styrene glycol. Styrene, styrene-7,8-oxide,
and styrene glycol have been measured in the
blood of exposed humans. Approximately 60%
of the excretion products formed from inhaled
styrene come from styrene-7,8-oxide, the
majority eliminated via urine as mandelic acid
and phenylglyoxylic acid. The rates of metabo-
lism of styrene to styrene-7,8-oxide were higher
in microsomes from mouse lung compared with
ratlung, and much higher compared with human
lung. There are genetic polymorphisms in human
cytochrome P450s, glutathione S-transferases,

aldehyde dehydrogenase, and epoxide hydrolase
that modulate excretion levels of metabolites.

Regarding the key characteristics of carcino-
gens, there is strong evidence that styrene is meta-
bolically activated in animals and in exposed
humans to an electrophile, styrene-7,8-oxide.
Styrene-7,8-oxide is electrophilic and reacts
directly with DNA to form adducts mainly at
N7-guanine, followed by the N? and O¢ positions
of guanine, as well as sites in adenine, cytosine,
and thymine. In several rodent studies, styrene
exposure by inhalation or intraperitoneal injec-
tion resulted in styrene-7,8-oxide-DNA adducts
found in several tissues (e.g. liver and lung) and
in mouse urine. In various human cells in vitro,
DNA adduct formation was demonstrated after
exposure to styrene or styrene-7,8-oxide. Several
studies detected DNA adducts derived from
styrene-7,8-oxide in the peripheral blood cells of
workers exposed to styrene, at levels significantly
higher than in unexposed controls.

Styrene-7,8-oxide reacts directly with globin
and albumin to form various amino acid adducts.
Adducts with valine and cysteine in globin,
and with cysteine in albumin, were detected in
some studies of workers exposed to styrene or to
styrene and styrene-7,8-oxide.

There is strong evidence that both styrene and
styrene-7,8-oxide are genotoxic, and this mech-
anism can also operate in humans. Styrene-7,8-
oxide-DNA adducts are found in the blood and
urine of workers exposed to styrene, although
results of studies on other aspects of genotox-
icity are mixed. In workers exposed to styrene,
the majority (but not all) of the several available
studies showed increased levels of DNA damage
as measured by the comet assay. However, results
were negative in studies using the comet assay to
assess oxidative damage to DNA, studies meas-
uring 8-hydroxy-2'-deoxyguanosine in DNA
were inconsistent, and, in the few studies on
gene mutation, no clear relationship was found
with occupational exposure to styrene. Of the
more than 30 studies available on chromosomal
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end-points in blood cells in exposed humans,
six studies of adequate size and design reported
positive effects with good concordance among
different indicators (in some cases, < 100 ppm).
Several other studies with design limitations
(e.g. small size) also reported positive results. A
number of studies of adequate size and design did
not report changes in chromosomal end-points.
The remaining studies were less informative as a
result of their small sample size or confounding
co-exposures.

In human cells in vitro, styrene and
styrene-7,8-oxide were consistently genotoxic.
Cytogenetic effects, analysed by sister-chro-
matid exchange, chromosomal aberration, and
micronucleus formation, mainly in whole-blood
lymphocyte cultures, were consistently positive.
Styrene-7,8-oxide induced HPRT gene mutations
in human lymphocytes in two studies. Overall,
results were negative or equivocal for cytoge-
netic effects in rodents exposed to styrene or
styrene-7,8-oxide, although positive results for
DNA damage (e.g. comet assay) were obtained
in multiple tissues in several studies. In various
non-human experimental systems (non-human
mammalian cells in vitro, Drosophila melano-
gaster, yeast, bacteria, and plants), styrene or
styrene-7,8-oxide was consistently positive across
avariety of end-points (DNA damage, gene muta-
tion, chromosomal aberration, micronucleus
formation, and sister-chromatid exchange).

Inconsistent results from several studies
investigating the possible influence of occupa-
tional exposure to styrene on DNA repair, or on
the expression levels of DNA repair genes, mean
that the evidence is weak that styrene alters DNA
repair. DNA repair was measured by the comet
assay in lymphocytes from exposed workers and
from control individuals challenged ex vivo.

There is strong evidence that both styrene
and styrene-7,8-oxide alter cell proliferation.
There were a few studies in humans, in each
of which styrene reduced cell proliferation in
cultured lymphocytes in vivo and in vitro.
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Styrene-7,8-oxide induced cell proliferation in
rat forestomach in two studies. In several studies,
styrene induced cell proliferation in lung and
liver in multiple strains of mice. In mouse lung,
cell proliferation induced by styrene or styrene-
7,8-oxide was dependent on the presence of
CYP2F2. A mechanism has been proposed
for the induction of mouse lung tumours that
involves the metabolism of styrene to 4-vinyl-
phenol by CYP2F2, cytotoxicity in club (Clara)
cells, and regenerative epithelial proliferation in
the terminal bronchioles. Cytotoxicity, lung cell
proliferation, and bronchial hyperplasia were
induced in CD-1 and C57BL/6 mouse strains;
however, only the CD-1 mice developed lung
tumours. Furthermore, lung cell proliferation
did not persist beyond a short-term period, even
with continuous exposure. Cytotoxicity, lung cell
proliferation, bronchial hyperplasia, and lung
tumour incidence were not increased in C57BL/6
Cyp2f2-1 mice, or in a humanized C57BL/6
strain, exposed to styrene. No in vivo metabo-
lism data were available in the C57BL/6 mouse
strains. The mechanistic events for mouse lung
tumour induction by styrene in CD-1, B6C3F,,
and O20 mice are therefore not yet established.

There is strong evidence that styrene modu-
lates receptor-mediated effects, and that these
effects occur in humans, based on studies of
increased serum prolactin. Exposure to styrene
increased serum prolactin levels in four studies
of workers in the reinforced plastics industry,
including one study that made repeated measure-
ments over the course of 2-3 years. For styrene-
7,8-oxide, no data were available.

There is moderate evidence that styrene
induces oxidative stress. No data other than
on oxidative damage to DNA were available
in exposed humans. In human cells in vitro,
non-cytotoxic levels of styrene induced various
measures of oxidative stress, including oxida-
tion of lipids and proteins. Some responses were
abrogated by N-acetylcysteine. In the lungs and
livers of mice and rats, styrene increased lipid
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peroxidation at concentrations that sufficiently
depleted tissue glutathione levels, but results
with N-acetylcysteine or buthionine sulfoximine
pre-treatment were not supportive. For styrene-
7,8-oxide, the available studies covered disparate
end-points; the evidence that styrene-7,8-oxide
induces oxidative stress is therefore weak.

There is moderate evidence that both styrene
and styrene-7,8-oxide induce immunosuppres-
sion. Single studies of workers exposed to styrene
reported the impairment of various measures of
innate immune function ex vivo, in addition
to the inhibition of lymphocyte proliferation.
Several studies of workers exposed to styrene
reported alterations in peripheral blood leuko-
cyte populations. In several studies in rodents,
each of which evaluated different end-points,
subchronic exposure to styrene inhibited reso-
lution of infection, and affected bone marrow
progenitor cell populations, peripheral leuko-
cyte populations, and/or splenic cellularity. For
styrene-7,8-oxide, no in vivo data were available.
In studies in human whole-blood cells conducted
in vitro, and in mouse or rat lymphocytes, prolif-
eration was inhibited. Murine natural killer cell
lytic activity was decreased in a dose-respon-
sive manner, and interferon response to viral
infection was inhibited in murine embryonic
fibroblasts.

There is weak evidence that styrene induces
chronic inflammation. In multiple studies
of workers exposed to styrene, alterations in
immune cell populations consistent with pro-in-
flammatory responses were observed. In human
lung carcinoma cells in vitro, non-cytotoxic
concentrations of styrene induced a number of
inflammatory responses. Inflammation was not
consistently increased after long-term exposure
in numerous studies in mice and rats. In several
studies in mice, each of which evaluated different
end-points, styrene stimulated different allergic
or adaptive immune responses after short-term
exposure. Data are sparse for styrene-7,8-oxide;

the evidence that styrene-7,8-oxide induces
chronic inflammation is weak.

Respiratory disease, haematological effects,
altered liver function, and neurotoxicity have
been reported in exposed workers. In rats and
mice, styrene given by various exposure routes
induced respiratory tract toxicity and hepa-
totoxicity. Although fewer data are available
for styrene-7,8-oxide, the effects reported are
similar; in addition, forestomach irritation was
reported in rats after chronic oral exposure.

Results were largely null or negative in
the Toxicity Forecaster and Toxicity Testing
in the 2Ist Century high-throughput testing
programmes of the United States government,
and high-content gene expression studies were
uninformative.

6. Evaluation

6.1 Cancer in humans

There is limited evidence in humans for the
carcinogenicity of styrene. Positive associations
have been observed between exposure to styrene
and lymphohaematopoietic malignancies.

There is inadequate evidence in humans for
the carcinogenicity of styrene-7,8-oxide.

6.2 Cancer in experimental animals

There is sufficient evidence in experimental
animals for the carcinogenicity of styrene.

There is sufficient evidence in experi-
mental animals for the carcinogenicity of
styrene-7,8-oxide.

6.3 Overall evaluation

Styrene is probably carcinogenic to humans
(Group 2A).
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Styrene-7,8-oxide is probably carcinogenic to
humans (Group 2A).

6.4 Rationale

In making this overall evaluation, the
Working Group noted that the mechanistic and
other relevant data support the classification of
styrene in Group 2A.

In making its overall evaluation, the Working
Group took account of the mechanistic and other
relevant data in classifying styrene-7,8-oxide
(the major metabolite of styrene) in Group 2A.
Styrene-7,8-oxide is an electrophile. There is
strong evidence in human systems that it forms
DNA adducts and is genotoxic. This mechanism
can also operate in humans.
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