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PREFACE

The National Toxicology Program (NTP) and the National Institute of Environmental Health Sciences
(NIEHS) established the NTP Center for the Evaluation of Risks to Human Reproduction (CERHR) in June
1998. The purpose of the Center is to provide timely, unbiased, scientifically sound evaluations of human
and experimental evidence for adverse effects on reproduction and development caused by agents to which
humans may be exposed.

Styrene was selected for expert panel evaluation because of public concern for the possible health effects of
human exposures and recently available exposure data. Styrene (ethenylbenzene; CAS RN: 100-42-5) is a
high production volume chemical used in the production of polystyrene resins and as a co-polymer with
acrylonitrile and 1,3-butadiene. Styrene is found in items such as foam cups, dental fillings, matrices for
ion exchange filters, construction materials, and boats. It is also used in protective coatings, reinforced
glass fiber, agricultural products, and as a food additive. In addition to occupational exposures, the general
public can be exposed to styrene by ingesting food or drink that has been in contact with styrene polymers
or through inhalation of polluted air or cigarette smoke.

To obtain information about styrene for the CERHR evaluation, the PubMed (Medline) and Toxline
databases were searched through March, 2005, with CAS RN for styrene (100-42-5), styrene oxide (96-
09-3), and relevant keywords. References were also identified from databases such as REPROTOX®,
HSDB, IRIS, and DART and from the bibliographies of reports being reviewed.

This evaluation results from the effort of a ten-member panel of government and non-government scientists
that culminated in a public expert panel meeting held June 1-3, 2005. This report is a product of the Expert
Panel and is intended to (1) interpret the strength of scientific evidence that styrene is a reproductive or
developmental toxicant based on data from in vitro, animal, or human studies, (2) assess the extent of
human exposures to include the general public, occupational groups, and other sub-populations, (3) provide
objective and scientifically thorough assessments of the scientific evidence that adverse
reproductive/developmental health effects may be associated with such exposures, and (4) identify
knowledge gaps to help establish research and testing priorities to reduce uncertainties and increase
confidence in future assessments of risk. This report has been reviewed by CERHR staff scientists and by
members of the Styrene Expert Panel. Copies have been provided to the CERHR Core Committee, which
is made up of representatives of NTP-participating agencies.

This Expert Panel Report will be a central part of the subsequent NTP-CERHR Monograph on the Potential
Human Reproductive and Developmental Effects of Styrene. This monograph will include the NTP-
CERHR Brief, the Expert Panel Report, and all public comments on the Expert Panel Report. The NTP-
CERHR Monograph will be made publicly available and transmitted to appropriate health and regulatory
agencies.

The NTP-CERHR is headquartered at NIEHS, Research Triangle Park, NC and is staffed and administered
by scientists and support personnel at NIEHS and at Sciences International, Inc., Alexandria, Virginia.

Reports can be obtained from the web site (http://cerhr.niehs.nih.gov) or from:

Michael D. Shelby, Ph.D.

NIEHS EC-32

PO Box 12233

Research Triangle Park, NC 27709
919-541-3455
shelby@niehs.nih.gov
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Note to Reader:

This report is prepared according to the Guidelines for CERHR Panel Members established by
NTP/NIEHS. The guidelines are available from the CERHR web site
(http://cerhr.niehs.nih.gov/). The format for Expert Panel Reports includes synopses of studies
reviewed, followed by an evaluation of the Strengths/Weaknesses and Utility (Adequacy) of the
study for a CERHR evaluation. Statements and conclusions made under Strengths/Weaknesses
and Utility evaluations are those of the Expert Panel and are prepared according to the
NTP/NIEHS guidelines. In addition, the Panel often makes comments or notes limitations in the
synopses of the study. Bold, square brackets are used to enclose such statements. As discussed
in the guidelines, square brackets are used to enclose key items of information not provided in a
publication, limitations noted in the study, conclusions that differ from authors, and conversions
or analyses of data conducted by the Panel.

The findings and conclusions of this report are those of the expert panel and should not be
construed to represent the views of the National Toxicology Program.
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1.0 CHEMISTRY USE AND HUMAN EXPOSURE

Section 1 is initially based on secondary review sources. Primary study reports are addressed by
the Expert Panel if they contain information that is highly relevant to a CERHR evaluation of
developmental or reproductive toxicity or if the studies were released subsequent to the reviews.

1.1 Chemistry

1.1.1 Nomenclature

The CAS RN for styrene is 100-42-5. Synonyms for styrene include (7): benzene, vinyl-;
cinnamene; ethenylbenzene; ethylene, phenyl-; phenethylene; phenylethene; phenylethylene;
styrene monomer; styrole; styrolene; styropol SO; vinyl benzene; vinylbenzene; and vinylbenzol.

1.1.2 Formulae and Molecular Mass
Styrene has a molecular mass of 104.16 and a molecular formula of CgHg (2). The structure for
styrene is shown in Figure 1.

Figure 1. Structure of styrene

1.1.3 Chemical and Physical Properties
Styrene is a colorless to yellowish-colored liquid with a sweet, sharp odor (2). Physicochemical
properties are listed in Table 1. In air, 1 mg/m’ = 0.23 ppm; 1 ppm = 4.33 mg/m’ (2).

Table 1. Physicochemical Properties of Styrene.

Property Value

Odor threshold 0.011-0.73 mg/L (water), 1.36 mg/m’

Boiling point 145.2°C

Melting point -30.6 °C

Flammability Flammable®

Specific gravity 0.906

Solubility in water 300 mg/L

Vapor pressure 5 mmHg

Stability/reactivity Can polymerize or oxidizes in presence of light and air*
Log Ky 2.95

From: ATSDR (2).
*From European Union (EU) (3).



1.1.4 Technical Products and Impurities

According to the European Union (EU) (3), suppliers list purity of styrene at 99.7 to >99.9%
(w/w). Impurities vary by plant and production method and can include ethylbenzene (<0.1%),
isopropylbenzene (cumene, <0.1%), 2-phenylpropene (<0.1%), water (<0.025%), phenyl acetate
(<0.02%), p-xylene (<0.06%), and m-xylene (<0.001%). 4-tert-Butylpyrocatechol (4-tert-
butylbenzene-1,2-diol) is often added at <0.006 to 0.01% (w/w) to inhibit polymerization.
Additional impurities that have been detected in styrene include benzaldehyde, hydrogen
peroxides, benzene, sulfur, chlorides, alpha-methylstyrene, vinyltoluene, phenylacetylene, and p-
divinylbenzene (4).

No information on trade names for styrene was located.
1.2 Use and Human Exposure

1.2.1 Production Information

Styrene is manufactured from ethylbenzene using one of two methods (reviewed in (2, 3, 5)). In
the most common method, ethylbenzene is dehydrogenated using steam and an
iron/zinc/magnesium oxide catalyst and the resulting styrene is purified under vacuum
distillation. The second method involves oxidation of ethylbenzene to ethylbenzene
hydroperoxide, which is reacted with propylene to yield propylene oxide and methyl phenyl
carbinol. Using an acid catalyst, the carbinol is dehydrated to produce styrene.

Past or current manufacturers of styrene include BP Amoco Corp., Chevron Chemical Corp.,
Cos-Mar, Inc., Dow Chemical USA, Huntsman Chemical Corp., Lyondell Chemical Co., NOVA
Chemicals, Inc., Sterling Chemicals, Inc., and Westlake Styrene Corp. (reviewed in (6)).

Styrene production in the US was reported at 10.58 billion pounds in 1999 and 10.79 billion
pounds in 2000 (reviewed in HSDB (6)). Volume of styrene imported to the US was 1.038
million pounds in 1999 and 1.265 million pounds in 2000. The amount exported from the US was
2.552 billion pounds in 1999 and 2.730 billion pounds in 2000.

1.2.2 Use

Styrene is used in the manufacture of polystyrene or copolymers, which can contain trace levels
of the monomer (reviewed in (3, 7)). Table 2 lists the types of products manufactured from
styrene, percent of total resin production, and products manufactured from each type of polymer.
A search of the NLM household products database (8) revealed that styrene is an ingredient of
some putties and wood fillers used in hobbies or home maintenance.

In addition to the uses outlined in Table 2, styrene is approved for use as a direct food additive at
an unspecified concentration (21 CFR 172.515) (9). Styrene is also approved for use as an
indirect food additive. A list of styrene-based polymers approved for use in food contact materials
is included in 21 CFR 177.1010. Styrene-based polymers are also approved for use in ion
exchange membranes (21 CFR 173.20 and 173.25), in adhesives and coatings for food packaging
(21 CFR 175.105 and 175.300), and in paper and paperboard (21 CFR 176.170 and 176.180).



Table 2. Use of Styrene in Resins

Resin type Estimated resin Typical products produced from resins
production (%)
Polystyrene 50 Construction materials, cups, plates, egg cartons,

audio-visual equipment (e.g., cassettes), packaging,
dairy containers, toys, furniture, industrial
moldings (e.g., medical dental), insulation

Styrene-butadiene 15 Tires, automobile parts (e.g., hoses, belts, seals,

rubber wire insulation) [The Expert Panel notes that
styrene-butadiene rubber is also used in other
general rubber goods.]

Unsaturated polyester 12 Boats, tubs, shower stalls, spas, hot tubs, cultured
resins (glass marble products, building panels, trucks
reinforced)

Styrene-butadiene 11 Backing for carpets and upholstery, paper coatings,
latexes floor tile adhesives

Acrylonitrile 10 Appliances, automobile parts, business equipment,
butadiene styrene construction materials, drains, ventilation pipes,

hobby equipment, casings
Styrene acrylonitrile 1 Appliances, automobile parts, housewares, battery
casings, packaging

Unsaturated polyester Not reported Liners, seals, putty, adhesives
resins (not reinforced)

Based on information reviewed by the EU (3) and Cohen et al. (7).

The FDA requires that residual styrene monomer levels (w/w) not exceed 1% (10,000 ppm) in
basic polystyrene polymers, 0.5% (5000 ppm) in basic styrene polymers intended for contact with
fatty foods, and 0.5% in rubber-modified polystyrene (21CFR177.1640) (9). Residual styrene
monomer levels in food containers were measured at 16—1300 mg/kg in the UK prior to 1983
(reviewed in (3)) and 809-3019 mg/kg in Canada in 1978 (reviewed in (710)). The EU (3) reported
residual styrene levels present in styrene-based polymers in 1980, and those values are
summarized in Table 3. The values may not represent residual levels of styrene in polymers
currently manufactured in the US. Regulations dictating allowable levels of monomer may differ
in the US versus Europe and may have changed since the 1980s. In addition, residual monomer
levels can be decreased by improved production methods. The EU (3) stated that polystyrene
currently contains 300—-600 ppm styrene monomer, with typical levels of ~400 ppm. The typical
level of styrene monomer in expandable polystyrene is currently 800 ppm. Current monomer
levels in acrylonitrile butadiene styrene polymers are typically 400 ppm.



Table 3. Residual Styrene Levels in Polymers in 1980

Polymer Residual styrene levels (ppm)

Typical Maximum
Polystyrene 300-1000 2500
Acrylonitrile butadiene styrene (food uses) 200-300 600
Acrylonitrile butadiene styrene (other uses) 300-1000 2000
Styrene acrylonitrile 600-1200 2000
Methyl methacrylate butadiene styrene Not detected to 10 30
Glass-reinforced plastic 20-200 1000
Styrene acrylic copolymers 60 in latex Not reported
Styrene butadiene (raw polymer) 10-30 Not reported
From: EU (3).

1.2.3 Occurrence
Styrene is potentially present in food, drinking water, indoor air, or the environment as a result of
anthropogenic or natural processes.

Styrene may be present in the environment as a result of direct releases or leaching of residual
monomer from polymers. According to the Toxics Release Inventory database, total
environmental release of styrene in 2002 was ~47.7 million pounds, with releases of ~47.3
million pounds to air, 6000 pounds to water, 160,000 pounds to underground injection, and
207,000 pounds to land (77). In addition to industrial releases, exhaust from gasoline-powered
motor vehicles is a significant source of styrene in ambient air (reviewed in (3, 7)). It is estimated
that 30% of ambient styrene originates from motor vehicle exhaust, 40% from composites and
boat building industries, and 30% from all other sources (reviewed in (7)).

Styrene released to the atmosphere is rapidly degraded by hydroxy radicals and tropospheric
ozone (reviewed in (2, 3, 10)). Estimated atmospheric half-lives for styrene range from 0.5 to 17
hours. Styrene is not likely to be removed from air by rain or photolysis.

Due to its high vapor pressure and low to moderate solubility in water, styrene released to surface
water is rapidly lost through volatilization (reviewed in (2, 3, 10)). Extent of volatilization
depends on water depth and turbulence with no volatilization occurring in stagnant deep water.
Styrene biodegrades rapidly in water under aerobic conditions but biodegrades slowly in ground
water under anaerobic conditions. Limited data suggest the possibility of styrene persistence
under anaerobic conditions, such as in anoxic aquifers, but more data are needed (72). Estimated
half-lives of styrene in surface waters range from 1 hour in a shallow body of water to 13 days in
a lake. Half-life of styrene in ground water is estimated at 4-30 weeks (reviewed in (2, 3)).

A carbon/water partition coefficient (K,.) has not been measured for styrene, but values of 260—
370 were estimated (reviewed in (2, 3, 10)). Based on the estimated K., styrene is expected to be
moderately mobile in soil. Adsorption of styrene is expected to be greater in surface soils with a
high organic content and less in deeper soils with a low organic content (2). One review cited
studies demonstrating downward and lateral movement of styrene through soil (12). Some
reviews reported that volatilization of styrene from soil surfaces is rapid, with an estimated half-
life of 1 minute (reviewed in (3, 10)). Another review reported that volatilization from soils is
slower than from surface waters and cited a study reporting volatilization of 26% styrene in 31
days when added at 2 mg/kg to a 1.5 cm deep sample of loamy soil (712). All reviews agreed that
volatilization slows with increasing soil depth. Microorganisms capable of utilizing styrene as a



sole carbon source were isolated from soils, thus suggesting that styrene may be biodegraded in
soils (reviewed in (2, 3)). Biodegradation products were identified as phenylethanol and
phenylacetic acid. Other biodegradation products identified in laboratory studies are styrene
oxide, acetophenone, phenylethanediol, mandelic acid, phenylacetaldehyde, 2-
hydroxyphenylacetic acid, ethylbenzene, and 1,2-dihydroxy-3-ethyenyl-3-cyclohexene (reviewed
in (12)). It was noted that there is no evidence indicating presence of these compounds at
detectable levels in the environment.

ATSDR (2) and the EU (3) noted that the K, for styrene (~3) suggests partitioning to fat tissues.
However, one study reported a bioconcentration factor for goldfish of 13.5, a value lower than
expected based on the styrene K. The EU observed that the study reporting the bioconcentration
factor did not provide sufficient experimental details. Both ATSDR and the EU noted that the
lower than expected bioconcentration factor could be due to rapid metabolism and excretion.
Based on K, , the EU estimated a worst case bioconcentration factor of 74 for styrene. ATSDR
reported a bioconcentration factor of 25 that was derived from an empirical regression. Based on
the observation that toluene, xylene, and ethylbenzene do not accumulate substantially in aquatic
organisms, the EU concluded that styrene will not accumulate in aquatic organisms.

Styrene is present in cigarette smoke; therefore, smoking is a potential source of styrene in indoor
air. Styrene emissions from cigarette smoke have been estimated at 0.002—147 ng/cigarette
(reviewed in (3, 7)). Styrene levels were ~0.5 pg/m’ [0.12 ppb] higher in homes of smokers
compared to non-smokers (reviewed in (7)). Off-gassing of residual styrene from household
products such as carpet glues, construction adhesives, and polyester-containing flooring materials
are other potential sources of styrene in indoor air (reviewed in (35)). In a review of studies
published between 1986 and 1988, ATSDR (2) reported indoor air levels of styrene at 0.8—8.9
tg/m’ [0.18-2.0 ppb]. A US survey of residential indoor air conducted in the early 1980s and
expanded in 1986 obtained 2125 data points and reported a mean styrene level of 6.12 pg/m’
(1.41 ppb) (reviewed in (35)). In a 1991 Canadian survey of 757 single family homes and
apartments, 24-hour styrene concentrations were measured at <0.48—128.93 pug/m’ [<0.11-30.0
ppb] and averaged 0.28 pug/m’ [0.064 ppb] (reviewed in (10)). In a study of volatile organic
compound exposure through consumer products in the US, 7 volunteers performed 25 common
activities during a 3-day period (reviewed in (3)). Elevated styrene exposures [assumed to be
through inhalation] were not related to most activities [values not reported], but 26 pg/m’ [6.0
ppb] styrene was detected in 1 personal sample of a volunteer who cleaned carburetors.

Ambient measurements of styrene typically show airborne concentrations of ~1 ppb, although
concentrations exceeding 5 ppb have been recorded in some urban areas (reviewed in (7)). The
EU (3) review reported styrene levels in outdoor air, and the US and Canadian data are
summarized in Table 4.



Table 4 . Styrene Levels in Ambient Air Samples from the US and Canada

Location Concentration (ug/m’) [ppb] Year
Point sources
Houston: industrial complex, Mean: 2.165 [0.50] 1987-88

near major transport routes”

US: 135 samples

Tunnel in Pennsylvania
Turnpike®

Contaminated sites (locations
not reported)”

California®

California Air Resources
Board; 20 test stations in areas
representing the greatest
portion of California
population®

Canada: 586 samples from 18
urban sites”

New Jersey and California: 6
sets of samples from
residential areas®

Three cities in New Jersey

Los Angeles®
Los Angeles®

US: 4 states, TEAM study”

Canada™®

Interquartile range: 0.17-7.2 [0.039—

1.66]
Median: 2.3 [0.53]
Range: 1.1-6.6 [0.25-1.5]

Maximum: 67.1 [15.4]

Urban locations
Range: 8-63 [1.8—14]
mean: 21
Mean: 0.9 [0.20] over 6 years
Highest measurement: 12.4 [2.9]

24 h means: 0.09-2.35 [0.02-0.54]

overall mean: 0.59 [0.14]

highest daily maximum: 32.4 [7.45]

median: 0.28-4.2 [0.06-1.0]
maximum: 1.0-11 [0.23-2.5]

means: 0.30, 0.47, 0.55 [0.069, 0.11,

0.13] in summer

means: 0.64, 0.60, and 1.0 [0.15, 0.15,

0.23] in winter
range: 2.2—-13 [0.51-3.0]

range: 0.4-2.3 [0.09-0.53]
range: non-detect to 3.8 [0.87]
Rural locations

maximum: 3.2 [0.74]
means: 0.09-0.5 [0.02-0.12]

Not reported (study published in
1983)

Not reported (study published in
1983)

Not reported (study published in
1994)

1965

1989-1995

198890

Not reported (study was
published in 1986)

Not reported (study was
published in 1984)

1981

Not reported (study was
published in 1984)
1981-1984

198890

"From: the European Union (3); "from: Alexander (12); “from: IARC (4)

Styrene was not detected in drinking water samples from 102 surface water sources and 12
groundwater sources in the US from 1977 to 1981 (reviewed in (3)). Studies reviewed by ATSDR



(2) and Miller et al. (5) reported that styrene was not detected in more than 1000 US drinking
water samples analyzed in 3 federal surveys between 1975 and 1981. ATSDR reported that
styrene is occasionally detected in drinking water samples from several states. No quantitative
data were available in the studies reviewed by ATSDR. Miller et al. (5) also noted that styrene
was not detected in drinking water obtained from 272 sites in Kansas, Missouri, and Nebraska in
1982 or in a study of 945 drinking water samples obtained from groundwater sources. Cohen et
al. (7) stated that extensive studies of US drinking water supplies suggest that styrene is not
present or is present at concentrations <1 pg/L. The US EPA Maximum Contaminant Level for
styrene in drinking water is 0.1 mg/L [100 pg/L; 0.1 ppm] (13).

Information on styrene levels in environmental water sources is limited. Styrene was detected at
<100 pg/L in a small number of industrial effluents in the US prior to 1980 (reviewed in (12)). A
review by Alexander (12) reported that investigation of 617 private wells and 1174 community
wells in Wisconsin prior to 1986 found styrene in only 1 well near a municipal wastewater
system. The level of styrene in the well was 0.0047 pg/L, while the styrene level in influent water
was 0.61 pg/L; the review author questioned the sensitivity of analytical methods. One study
reported a maximum styrene level of 1.7 ug/L and mean levels ranging from <0.1 to 0.5 pg/L in
samples from the Canadian Great Lakes prior to 1993 (reviewed in (3)). Styrene levels in water
samples from Germany and Japan prior to 1991 were <0.5 pg/L. Based on a review of US,
Canadian, and European data, Alexander (12) concluded that, with the exception of areas adjacent
to industrial discharge sources, styrene is not present or is found at low concentrations in surface
or groundwaters.

Styrene may be present in food as a result of natural processes or leaching from food packaging
or contact materials. Styrene occurs naturally in some animal- and plant-based foods and is a
metabolite generated by microorganisms during production of foods such as wine, beer, grains,
and cheese (reviewed in (7, 12)). Naturally occurring styrene levels measured in foods assumed
not to be contaminated by plastic materials are summarized in Table 5. With the exception of
cinnamon, styrene levels in most foods were well below 10 ppb. [The Expert Panel notes that
the cinnamon values were obtained from raw cinnamon. It is not known what effect
processing and storage would have on the styrene content of cinnamon as it is consumed in
foods, or to what extent cinnamon in foods adds to styrene exposure.]

Table 5. Levels of Naturally Occurring Styrene in Foods

Food® Styrene level in pg/kg (ppb)
Black currants 2-6

Wheat 0.4-2
Apples, cauliflower, onions, tomatoes <1
Cinnamon 170-39,000°
Peanuts 1-2.2
Coffee beans 1.6-6.4
Strawberries 0.37-3.1
Beef 5.3-64
Oats <0.65-1.6
Peaches <0.18-0.3

Tomatoes, peaches, raw milk, chicken, pecans <2

*Contact with packaging materials was avoided for these foods. Values were obtained from 2 or 3 samples
of each food, measured in duplicate. "Reported figures were rounded in the secondary source. The
individual rounded values were 170, 180, 2300, 2700, 37,000, and 39,000 ppb in the paired samples.
From: EU (3) and Cohen et al. (7).



Migration of residual styrene from food containers and packaging materials is another possible
source of styrene in foods. ATSDR (2) reported that migration of styrene is mainly determined by
its diffusion coefficient and the lipophilicity of the food. For example, percentage of available
styrene monomer migrating from polystyrene packaging within 10 days was 4—6% in corn or
sunflower oil but 0.3-0.6% in milk, beef, or water. Migration of styrene from foam cups was ~8
ng/cm’ in water, tea, or coffee but 36 ng/cm® in 8% ethanol. [The units of measurement are
questionable. While ATSDR reported units of ng/cm?, units of ng/cm’ were reported by the
EU (3).]

Numerous surveys were conducted to measure styrene levels in packaged foods, and the survey
results are summarized in Table 6. The EU (3) noted that in general, styrene levels in foods were
directly related to fat content and inversely related to container size. [CERHR notes that higher
levels of styrene were also detected in coffee and beer.|

More recent measurements of styrene levels in US food are available from a 2003 FDA report of
a market basket survey conducted to determine levels of pesticides and organic compounds in
foods (14). Styrene was detected in 72 different types of foods and only the positive results were
reported. [No other details about the study were provided, such as analytical methods and
detection limits.] The FDA findings are summarized in Table 7. The lowest styrene level was
reported to be 0.002 ppm. The highest styrene value reported was for strawberries (1380 ppb),
which greatly exceeded styrene levels reported for strawberries in other surveys (<3.1 ppb; see
Table 5). The next highest values for styrene were reported in muffins (510 ppb), cheese (196
ppb), and cookies (199 ppb). Levels of styrene in cheese were similar to those reported in
previous surveys conducted in Europe or Canada (see Table 6).

Whole body styrene was measured at 15-100 mg/kg in walleye and splake, a cross of brook and
lake trout, and detected but not quantified in several other species of fish captured from the St.
Clair River in 1981 (reviewed in (3, 10)). Styrene levels were <10.0 pg/kg in edible shellfish
from the Canadian Atlantic. In neither report was it indicated if results were expressed as dry or
wet weight basis. In Japanese surveys conducted in 1986, styrene was measured at 350 pg/kg in
mussels and at 0.5-2.3 pg/kg in 28 of 131 fish samples (reviewed in (3)). [Though not specified,
it is assumed that fish was not packaged.]

Styrene levels have also been measured in human tissues. According to three studies published in
the 1980s and reviewed by ATSDR (2), styrene was detected in adipose tissue (8—350 ng/g),
blood (mean 0.4 pg/L), and exhaled breath (means of 0.7-1.6 pg/m’).



Table 6. Surveys of Styrene Levels in Packaged Foods

Foods surveyed

Styrene level in pg/kg
(ppb)

Country

Year of survey

Reference

Yogurts, creams, salads,
coleslaws, soft cheeses,
margarines, hot and cold
beverages from vending
machines, spreads, fresh and
cooked meats, candied fruits,

fresh strawberries, and fast foods

Yogurt

Dessert products
Soft cheese
Cream

Spreads

Low fat spread samples
Milk and cream products,
Other food types

Beer

Coffee
Bilberries
Black currants

Yogurt

Yogurt
Sour cream

Survey of 34 food groups that

approximate Canadian diet

Must (“mosti-vino rossi”’) and
wine

1-200; <10 in 77% of UK
foods and <1 in 26%
of foods.

26 UK
22
16
11
10

20-100 UK
23-223; mean=134
Mean <30

10-200 Not
20-360
25
60

5.5-34.6

Trace to 13.0
143.3-245.9

<1.0 pg/L in liquids;
<0.005 pg/g |5 ppbl
in solids

Trace to 0.05 ppm [50 Italy
ppb]

reported

Canada

Canada

Canada

Prior to 1983

1981

1994

1965-1991

Prior to 1976

1978

1992

1986

Reviewed in (3)

Reviewed in (3)

Reviewed in (3)

Reviewed in (3, 5)

Reviewed in (3)

Reviewed in (10)

Reviewed in (10)

Reviewed in (3)




Table 7. Summary of Styrene Levels in Food as Reported by an FDA Market Basket Survey

Food Range of styrene values, ppm [ppb]
Dairy (milk, cheese, ice cream, sour cream) 0.0020-0.1960 [2.0-196]
Meats (unprocessed: beef, pork, poultry, lamb; 0.0020-0.0850 [2.0-85]

processed: sausage, bacon, frankfurters, lunch
meat, meatloaf)

Fish (canned tuna or fish sticks) 0.0020-0.014 [2.0-14]
Eggs, scrambled 0.0020-0.0160 [2.0-16.0]
Nuts and nut butters (peanut, mixed nuts) 0.0110-0.1040 [11.0-104]

Starchy foods (popcorn, bread, muffins, corn chips, 0.0020-0.5100 [2.0-510]
potato chips, cereals, crackers, teething biscuits)

Fruits/vegetables and juices (oranges and orange 0.0020-1.3800 [2.0-1380]
juice, bananas, strawberries, raisins, avocados,
tomatoes, carrots, apple juice)

Salads (coleslaw with dressing) 0.0020-0.0060 [2.0-6.0]

Fast or take out foods (hamburgers, chicken, french  0.0020—0.0940 [2.0-94.0]
fries, fish, frankfurters, tacos, pizza, Chinese food)

Fats and oils (margarine, butter, olive/safflower oil) 0.0030-0.0540 [3.0-54.0]

Desserts (cake, sweet rolls, cookies, pies, 0.0020-0.1990 [2.0-199]
doughnuts, brownies)

Candy (chocolate, caramel) 0.0020-0.0760 [2.0-76.0]
Soy infant formula 0.0020 [2.0]

Popsicles 0.004-0.0110 [4.0-11.0]

From: FDA (14).
1.2.4 Human Exposure

1.2.4.1 General Population Exposure
A number of agencies have estimated human exposure to styrene.

ATSDR (2) reported an exposure estimate conducted by the US EPA in 1988. Worst case
exposures [adjusted for a 70 kg body weight] were estimated at 0-0.5 pg/day from drinking
water [0.007 pg/kg bw/day], 30 pg/day from food [0.4 pg/kg bw/day], and 65,000 pg/day [930
pg/kg bw/day] from air.

In an exposure estimate conducted by ATSDR in 1992 (2), inhalation of indoor air was
considered the most significant styrene exposure source for the general population. Assumptions
used in the calculation are that the average person spends 20.4 hours a day indoors, inhales 20 m’
of air/day, and that styrene levels in air range from 0.8 to 8.9 pg/m’. The typical indoor air
exposure to styrene was estimated at 14—151 pg/day [0.2-2 pg/kg bw/day]. ATSDR did not
estimate exposure resulting from outdoor air or food. Exposure through drinking water from
municipal supplies was considered insignificant.
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Health Canada (70) estimated styrene exposures to adults and children and a summary of their
exposure estimates is included in Table 8. Health Canada concluded that substantial exposure to
styrene occurs through indoor air. Food may also provide a substantial exposure, but the food
survey data for Health Canada were limited by insufficient detection limits. Exposures through
drinking water and soil were expected to be negligible. While food intake values represented
upper limits, higher levels of styrene were reported in US and Canadian surveys of indoor air.
Exposure estimates ranged from <0.20 to < 0.79 pg/kg bw/day in the nonsmoking population and
2.86 to 3.51 pug/kg bw/day in teen and adult smokers.

Table 8. Health Canada Exposure Estimates

Estimated intakes (ug/kg bw/day)* by age

0-6 months 7 months—4  5-11 year 12-19 years  20-70 years

Medium Styrene levels years
Ambient air 0.09-2.35 pug/m®  0.004-0.11 0.006-0.15  0.007-0.17  0.006-0.14  0.005-0.13
Indoor air 0.28 pg/m’ 0.07 0.09 0.10 0.09 0.08
Drinking water <0.05-0.250 pg/L <0.005-0.03 <0.003-0.02 <0.002-0.008 <0.001-0.006 <0.001-0.005
Food ? <0.58 <0.53 <0.30 <0.15 <0.11
Total intake

nonsmokers : <0.66—<0.79 <0.63—<0.79 <0.41-<0.58 <0.25—<0.39 <0.20—<0.33

smokers 10 pg/cigarette, N/A N/A N/A 3.51 2.86

20 cigarettes/day

From: Health Canada (70).
*See Health Canada document for explanation of assumptions used in calculations.

Using modeled data on styrene levels in biota resulting from various release scenarios and
estimated intakes from air and drinking water, the EU (3) estimated human exposure levels
ranging from 1.6 x 10 to 0.11 mg/kg bw/day [0.016-110 pg/kg bw/day]. An alternate exposure
estimate provided a value of 0.019 mg/kg bw/day [19 pg/kg bw/day]| by assuming styrene levels
of 30-100 pg/kg in food, 80 pg/m’ in air downwind from a reinforced plastics processing facility,
and 10 pg/L in water [not specified if drinking water].

A review by the an Expert Panel of the Harvard Center for Risk Analysis (7) concluded that
exposure to styrene through ingestion of or dermal contact with water is apparently negligible.
Based on styrene values similar to the upper ranges reported in Table 5 and a food consumption
rate of 3 kg/day, the Harvard Panel estimated that styrene intake through naturally-occurring
sources is 0.6 pg/day. The Harvard Panel based their estimate of dietary styrene exposure
resulting from residual styrene in food packaging on a study by Lickly et al. (15). As explained
by Lickly et al., levels of styrene in packaged foods were estimated by considering migration
rates and the percentage of foods that contact polystyrene packaging or containers. Based on
those calculations, it was estimated that a mean 1.95 pg styrene/kg food is contributed from
polystyrene food packaging, and another 1.05 ug styrene/kg food is contributed to diet through
disposable polystyrene materials. Food consumption rate was assumed to be 3 kg/day. The upper
bound exposure to styrene through food packaging or containers was therefore estimated at 9
ug/day [3 pg styrene/kg food x 3 kg food/day = 9 pg styrene/day]. The estimate was
considered conservative because there were no considerations of reduced leaching associated
with aging of polystyrene, rapid volatilization of styrene from liquid materials in open containers
such as cups, or losses of styrene during cooking. The Harvard Panel identified 0.6 pg/day as a
reasonable upper-bound estimate for exposure to naturally occurring styrene in food. Therefore,
10 pug/day [9 pg/day from packaging + 0.6 pg/day from natural sources] or 0.2 ng/kg bw/day,
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based on a 70 kg body weight and rounded to one significant figure, was considered a reasonable
estimate for upper bound dietary exposure.

The Harvard Panel (7) estimated styrene exposures occurring through ambient air, smoking, and
living near industrial sources. Maximum annual and lifetime average exposure estimates are
outlined in Table 9. Ambient exposure estimates are based on reporting of typical airborne
concentrations <1 ppb [4 pg/m’] (by volume) and occasional concentrations >5 ppb [22 pg/m’].
The smoking estimates are based upon several studies demonstrating that styrene exposures in
smokers are about 6 times higher than in non-smokers. Annualized lifetime exposure to styrene
through smoking is lower than annual exposure because individuals do not smoke their entire
lives. Estimated exposure to individuals living near industrial sources is based upon analyses
conducted in an unpublished 1999 study by Johnson. For the analyses, a group of hypothetical
facilities representing 80% of facilities emitting more than 10,000 pounds styrene/year was
developed. Ambient styrene concentrations in the vicinity of the hypothetical facilities were
estimated using Version 3 of the Industrial Source Complex Short Term model, which complies
with US EPA requirements. Factors considered in the analyses were residential occupancy time,
time spent at residence per day, hours per day spent outdoors and indoors, movement of
contaminants from outdoor to indoor air, contaminant decay in indoor air, and air exchange rate
at residence.

Table 9. Styrene Air Exposures

Scenario Maximum annual Lifetime average
average (ppb) [pg/m’] __ (ppb) [pg/m’]

Typical ambient exposure 1 [4] 1 [4]

High-end ambient exposure 5122] 5122]

Exposure through smoking 6 [26] <6 [26]

At residence 100 meters from a 100,000 12 [52] 2.8 [12]

pound/year emission facility (95" percentile

individual)

Residence at greatest exposure point in vicinity 700 [3031] 219 [948]

of a 1 million pound/year emission facility (95"
percentile individual)

From the Harvard Review (7).

Tang (16) estimated styrene exposures in the German population. Diet and ambient air were
considered to be the main sources of styrene exposure. Dietary exposure was estimated 0.003—
0.017 pg/kg bw/day using food consumption patterns for the German population, assuming
styrene levels of 5-30 ppb in fatty foods and 1-3 ppb in wine, and assuming that 10% of foods
are packaged in polystyrene. Inhalation exposure to styrene was estimated at 0.3—0.8 pg/kg
bw/day assuming an average styrene level of 1-3 pg/m’ in indoor or outdoor air and a pulmonary
retention rate of 60%. Exposure in smokers was estimated at 100 pg/day [1.4 pg/kg bw/day at a
70 kg bw] assuming that each cigarette results in exposure to 5 pg styrene, and 20 cigarettes are
smoked per day.

Fishbein (17) estimated exposures in the general population according to various scenarios and
expressed the results as nominal daily intake. Those estimates are outlined in Table 10, along
with CERHR conversion to pg/kg bw/day values according to a 70 kg body weight. [No details
were provided about the data used to estimate styrene exposures.]
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[The Expert Panel notes that there is no exposure or use information on some automobile
body fillers and fiberglass repair kits that contain styrene. This exposure source may apply
to both consumer and occupational scenarios.]

Table 10. Estimated Styrene Exposure in the General Population from Different Exposure
Sources

Source Estimated Nominal daily Intake in pg/kg
concentrations intake” (ug) bw/day”

Within 1 km of a production unit 30 pg/m’ 600 9

Polluted urban atmosphere 20 pg/m’ 400 6

Urban atmosphere 0.3 pg/m’ 6 0.09

Indoor air 0.3-50 pg/m’ 6-1000 0.09-14

Polluted drinking water (2 L/day) 1 ng/L 2 0.03

Cigarette smoke (20 cigarettes/day) 2048 400-960 6-14
ug/cigarette

“Calculated assuming a daily respiratory intake of 20 m’ at home or in an urban atmosphere.
"Calculated by CERHR, assuming a 70 kg bw.

Fisher et al. (18) developed a physiologically based pharmacokinetic (PBPK) model to estimate
intakes of styrene and other chemicals by breast fed infants of occupationally exposed women.
Blood/air and blood/milk partition coefficients were experimentally derived from blood and milk
samples obtained from 6—10 women. Metabolic constants and information about milk production,
typical nursing schedules, and milk intake by infants were obtained from the literature. For
styrene, the blood/air partition coefficient was reported at 69.74 + 38.2 (SD) and the milk/air
partition coefficient was reported at 151.35 + 69.19; therefore, the ratio of milk to blood was
2.17. Assuming that the mother was exposed to 50 ppm styrene, the threshold limit value (TLV),
it was estimated that a nursing infant would consume 0.65 mg/day [650 pg/day] styrene. The
study authors stated that more data on the toxicokinetics of lactational transfer of volatile organic
compounds were needed to determine the significance of lactational exposure.

1.2.4.2 Occupational Exposures

Occupational exposure to styrene could occur during manufacture of the monomer, production of
polystyrene or other styrene-based polymers, processing of styrene-based polymers, and
manufacture of glass-reinforced plastics. Inhalation is the primary route of exposure. One study
using charcoal samplers attached to various body parts of reinforced plastics workers
demonstrated dermal exposure to styrene, including on surfaces covered by clothing, but did not
determine if styrene was absorbed through the skin (79). Studies reviewed by Harvard (7) and
IARC (4) reported limited skin absorption of styrene in workers, but in exposure scenarios where
there is prolonged and repeated contact with liquid styrene, dermal uptake could contribute to
internal dose equivalent to the dose achieved by inhalation exposure in the lower range of
occupational exposures (1-2 ppm; 4-8 mg/m’ [estimated by Expert Panel]). Styrene and
styrene-based polymers or copolymers are generally manufactured using closed processes that
limit potential exposure to the monomer (35). Exposures to styrene are also reported to be low
during the processing of polymers or copolymers, such as styrene-butadiene rubber. During
processing of thermoplastics, heating of the plastics can release small amounts of fumes
containing styrene in addition to other hydrocarbons. Styrene air levels measured in different
types of processes are discussed below.

The highest styrene exposures occur during the production of glass-reinforced plastics, which
often involve open processes. The types of open processes used to manufacture glass-reinforced
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plastic products include open mold, filament winding, pultrusion molding, and continuous
lamination (20). While this paragraph provides a general description of each of these processes
and comparative levels of styrene exposures, actual styrene exposure levels are discussed below
and presented in Table 12. The open mold method is used to manufacture large items such as
boats. In the process, resin is sprayed onto a wax-coated mold. A layer of fibrous glass is added
and then coated with liquid polyester resin applied by spray gun, brush, or hand roller. Resins
contain up to 40% styrene, and up to 10% of the styrene monomer can be released during
application and curing. Filament winding is an open process used to manufacture tanks and pipes.
In that process, strands of fibrous glass pass through resin and are wound on a rotating spool
while the worker guides the product by hand and uses rollers to remove excess resin and air.
Pultrusion molding is used to manufacture rods and tubes by drawing continuous filaments
through a heated orifice. Continuous lamination methods are semi-automated and result in lower
worker exposures. The method is used to manufacture large panels and involves passing a fibrous
glass mat through a resin bath, pressing it between two sheets of cellophane, and compressing it
between rollers. Press (closed) mold processes are also used to manufacture glass-reinforced
products. Match-metal die is the most common press mold process (20). The process involves
placing fiberglass and resin between male and female dies. When the press opens, vapors
containing unpolymerized styrene are released. Injection molding methods are used to
manufacture glass-reinforced plastics but involve enclosed processes. Air preform methods that
involve spraying chopped strands and resins on a rotating screen mold can be conducted using
automated or hand-held methods. The manufacture of bulk mold compounds used in metal die
operations involves mixing and pressing of fiberglass and resin through both manual and
automated processes.

In the National Occupational Exposure Survey, it was estimated that 333,219 workers, 86,908 of
them female, were exposed to styrene in 1981-1983 (21).

The American Council of Governmental Industrial Hygienists (ACGIH) established a time
weighted average (TWA) TLV of 20 ppm and short term exposure limit (STEL) of 40 ppm for
styrene (22). The exposure limits were based upon neurotoxicity, irritation, and central nervous
system (CNS) effects. ACGIH also developed biological exposure indices for styrene. Those end
of shift indices are 400 mg mandelic acid plus phenylglyoxylic acids/g creatine in urine and 0.2
mg/L styrene in venous blood (see Section 2 for explanation of metabolism). ACGIH rated
styrene as an A4 compound, Not Classifiable as a Human Carcinogen. The NIOSH TWA
relative exposure limit (REL) is 50 ppm, and the STEL is 100 ppm (23). The OSHA TWA
permissible exposure level (PEL) for styrene is 100 ppm; the ceiling limit of 200 ppm must not be
exceeded, with the exception of exposures to 600 ppm occurring no longer than 5 minutes in any
3-hour period (24). In 1989, OSHA granted an exemption to allow the use of respirators to
maintain styrene exposures within acceptable levels at plants manufacturing large parts (reviewed

in (3)).
IARC (4) reviewed studies discussing expected levels of biological exposure indices immediately

following and the morning after a shift in which a worker inhaled 50 ppm styrene for 8 hours; the
values are summarized in Table 11.
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Table 11. Estimated Exposure Indices in Workers Inhaling Styrene

Exposure scenario Biological exposure index
Urinary mandelic acid  Urinary Blood styrene
(mg/g creatinine)” phenylglyoxylic acid level (mg/L)"
(mg/g creatinine)”
Inhalation of 50 ppm 800-900 200-300 0.5-1

styrene for 8 hours — end

of shift value

Inhalation of 50 ppm 300400 100 0.02
styrene for 8 hours —

morning after shift value

*Expected values as reviewed by IARC (4).

Harvard (7) and IARC (4) between them reviewed 10 exposure studies conducted between the
1960s through 1990s that reported air levels of styrene in styrene monomer, polymer, and
copolymer manufacturing plants, many in the US. Mean air levels of styrene were reported at <35
ppm, with most values below 10 ppm. Higher values were usually associated with older studies.
Levels occasionally peaked at up to 50 ppm. Peaks were reported to occur during filling of drums
or during occasional bursts or leakage from equipment. IARC reviewed three studies measuring
air styrene levels in industries processing polystyrene, acrylonitrile butadiene styrene, and
styrene-butadiene rubber polymers in the 1970s and 1980s; measurements were obtained in at
least one US plant. With the exception of styrene levels of 17-285 mg/m’ [3.9-65.6 ppm]
measured in 1 US plant in the late 1970s, all other measurements were well below 1 ppm. In a
study reviewed by Harvard, maintenance workers in nonproduction departments of international
paper mills were exposed to a mean TWA of 9.9 ppm styrene; the maximum value reported was
100 ppm and 4 of 93 TWA values exceeded 50 ppm.

Macaluso et al. (25) estimated historical exposure to styrene in six North American styrene-
butadiene rubber plants using a model that considered job tasks and factors affecting exposure
potential (e.g., work practices, equipment used, exposure reduction mechanisms). Across all job
categories, mean estimated TWA styrene exposures were within 2 ppm since the 1940s and
declined to 0.5 ppm in the 1980s. Estimated TWA exposures were about an order of magnitude
higher for tank farm operators who monitor monomer transfer from a pump house, laboratory
technicians who collect and test samples, and unskilled laborers involved in cleanup. However, in
most cases, those exposures tended to decrease over time. Possible reasons for exposure
reductions over time included improved pump designs that prevent styrene loss from equipment,
smaller size and number of samples required for testing, and use of hydroblasting techniques for
cleaning. The authors noted limitations in their study, such as potentially inaccurate estimates and
lack of adequate industrial hygiene data to verify the estimates.

The most detailed study on exposures in the US of glass-reinforced plastic workers was
conducted by Lemasters et al. (20), who compiled 1500 occupational exposure values from 28
manufacturers of glass-reinforced plastic products. [A value of 38 companies was listed in
Table VI of the study. According to the text, 2 or more exposure sources were available at
15 companies. It appears that the number in the table defines total exposure sources that
could include multiple plants and both open and press-mold processes at the same location.]
The exposures values were retrospectively obtained form industrial hygiene surveys conducted by
companies, NIOSH, and OSHA from 1969 through 1981. Means, 95% confidence intervals (CI),
and standard deviations (SD) were estimated, and are summarized in Table 12. Mean exposures
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in workers directly exposed in open mold processes ranged from 5 to 82 ppm, with most values
measured at 24—82 ppm. The values were generally higher than mean exposures observed in
workers directly exposed to press mold processes, which were 11-26 ppm.

Table 12. Estimated Styrene Exposures in Glass-Reinforced Plastics Workers

Process®/Exposure® Product Number Estimated Intervals (ppm)
Samples Companies® means (ppm) 95% CI 1SD
Open/direct Boats 270 8 82 79-84  28-230
Truck parts 23 2 61 40-92 21-171
Tubs/showers 149 3 47 45-48 16-131
Yachts 184 3 37 34-41 6-198
Tanks/pipes 364 4 24 24-25 868
Domes 40 1 13 11-14 4-36
Fans 2 1 5 3-10 1-13
Press/direct Auto/truck parts 214 2 26 22-31 870
Electrical boxes 15 1 13 9-20 4-35
Containers 55 2 13 12-14 4-35
Trays 13 1 11 815 3-29
Forms 21 1 11 814 3-29
Open/indirect Boats 2 1 19 11-33 9-35
Tanks/pipes 38 3 15 13-17 7-27
Yachts 5 1 7 6-9 3-12
Tubs 7 1 3 1-5 1-5
Press/indirect Containers 12 1 9 7-12 4-16
Trays 52 1 4 3-5 1-6
Forms 20 1 5 4-8 2-9

From: Lemasters et al. (20).

?See text for descriptions of open versus press methods of manufacture.

®Direct exposures defined as having contact with wet styrene-containing resins for > 50% of the work day;
indirect exposures involved < 50% of the day spent in direct contact with styrene-containing resins.

‘It appears that authors actually meant total number of exposure sources.

Additional exposure values for workers in the reinforced plastics industry were provided in the
IARC review (4). Values were provided for two US companies prior to 1985. Mean exposure
values (<331 mg/m’ [<76 ppm]) were within ranges reported by Lemasters et al. (20). Ranges of
styrene exposures at the 2 locations were 0—511 mg/m’ [0—118 ppm)]. It has been reported that
styrene concentrations are dropping over time due to improvements in work processes (reviewed
in (5)). Welp et al. (26) reported that exposures in European glass-reinforced plastics workers
from 6 countries dropped from 200 ppm in the 1960s to 2040 ppm in the late 1980s. A review
by Pfiffli and Sddméanen (27), summarized mean styrene exposures reported in 16 studies for
reinforced-plastics lamination workers in 9 European, North American, or Asian countries. Mean
(ranges) of styrene exposures were reported at 91-171 ppm (5-292 ppm) from the 1950s through
1970s and 23—-110 ppm (2-203 ppm) from the 1980s through 1990s.

Styrene exposure data in glass-reinforced plastics workers are available in a 2003 study by Lees
et al. (28). Exposures were assessed at 4 US sites that had stable manufacturing processes and
control technologies during the past 10 years. TWA styrene exposures (8-hour) and pre- and post-
shift urinary mandelic acid and phenylglyoxylic acid levels were measured. Because respirators
were worn by some workers, respirator-corrected values were estimated by dividing actual
exposure measurements by an arbitrary value of 5. The respirators used by the workers are
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commonly assigned a protection value of 10, but a value of 5 was used to account for possible
poor fit and periods when the respirator was not worn. Historic exposures were estimated to
verify that levels remained fairly consistent during the past 15 years, a requirement for a
companion study to evaluate olfactory function. The main focus of this summary is the current
worker exposures. Study details and results are presented in Table 13. Styrene exposures were
fairly consistent with previously reported data and were highest in open processes. Adjustments
for respiratory protection mostly affected workers at sites with the highest styrene concentrations
since they were most likely to use respirators. The study authors noted that mean post-shift
mandelic acid and phenylglyoxylic acid levels at site 1 exceeded recommended [by ACGIH]
biological exposure indices. Urinary metabolite levels in workers not wearing respiratory
protection were highly correlated with styrene air concentrations (r* = 0.78 for mandelic acid and
0.51 for phenylglyoxylic acid). In four workers wearing respiratory protection, points fell below
the regression line in two workers, indicating effective protection, and were on the line for the
other two workers, indicating little-to-no protection.

Table 13. Details and Results of Styrene Exposure Study in Four US Plants

Parameter Site 1 Site 2 Site 3 Site 4

Production details Production of Production of Sheet production Hand lay-up or
bathtub and shower bathtub and shower using press method die-molding
enclosures using enclosures using  in a highly operations
manual spray manual spray automated, enclosed
techniques techniques system

No. air samples 22 31 24 22

No. samples from 10 2 3 0

workers using
respiratory protection

No. urinary samples 11 13 19 9
Styrene TWA, ppm (values in parentheses include adjustment for respiratory protection®)
Mean 55.0 (24) 18.2 (13.9) 16.8 (14.8) 9.2(9.2)
Range 11.6-140.3 0.1-92.7 3.4-50.9 3.9-28.1
(4.9-45.1) (0.1-45.1) (2.7-50.9) (3.9-28.1)
post-shift urinary values in mg/g creatinine, mean (range)
Mandelic acid 1740 (200-6980) 320 (<10-1020) 260 (<10-1040) 190 (50-350)

Phenylglyoxylic acid 490 (80-2250) 90 (<10-290) 80 (<10-370) 90 (20-210)
From: Lees et al. (28).
*Values divided by 5 in workers using respiratory protection.

Styrene exposure data in reinforced plastics workers are also available in a 2004 study by Luderer
etal. (29 1221). Exposures were assessed at 17 US workplaces from December, 1996 through
July, 1999. One to five (average of 3) TWA personal breathing zone full shift (approximately 8-
hour) styrene measurements were obtained during a single work week, and post-shift blood
styrene levels were obtained during one of those days. Data were collected on the use of personal
protective equipment during the sampling shifts by trained observers. Study details and results are
presented in Table 14. Styrene exposures were fairly consistent with the data reported for similar
processes by Lees et al. (28). Use of respiratory protection was associated with higher blood and
air styrene concentrations, consistent with greater use of respiratory protection among the more
highly exposed workers. The slope of the regression line of blood styrene as a function of air
styrene for workers wearing respiratory protection was 0.011, which was lower than for workers
not wearing respirators (0.014). Respirator use was a significant predictor of blood styrene in a
regression model with air styrene (personal communication, U. Luderer, May 30, 2005). These
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results indicate that the respirators were somewhat protective. While the regression line of blood
styrene as a function of air styrene for workers wearing gloves had a slightly lower slope than that
for workers not wearing gloves, glove use was not a significant predictor of blood styrene
(personal communication, U. Luderer, May 30, 2005). Overall, blood styrene concentrations were
highly correlated with air styrene concentrations (+* = 0.77).

Table 14. Styrene Exposures in 17 Reinforced Plastics Workplaces

Type of business
Production of Boat building Pipe and tank Truck and RV Boat repair
bathtub and manufacture manufacture
shower
Parameter enclosures
No. air samples 10 103 43 109 23
No. samples from 2 23 5 23 5
workers using
respiratory protection
No. blood samples 9 99 34 101 22
Air styrene TWA in ppm
Mean+SEM 19.4+7.5 14.0+7.9 16.5+2.0 27.3+2.9 9.2+1.4
Range <1.0-62.9 <1.0-86.9 2.2-50.0 <1.0-141.7 <1.0-534
Blood styrene in mg/L
Mean £+SEM 0.21+0.08 0.21+0.03 0.21+0.05 0.33+£0.04 0.09+0.02
Range <0.01-2.05  <0.01-1.31  0.02—1.33 0.01-2.05 <0.01-0.56

From Luderer et al. (29) and personal communication from U. Luderer (May 30, 2005). These data are for the
first study session per subject.

NIOSH Health Hazard Evaluations (HHE) were searched for more recent data on occupational
styrene exposures in the US (30). Data from companies apparently manufacturing or processing
styrene-based materials from 1997 to 2001 are presented in Table 15. The limited amount of
available data are consistent with older data showing that open processes result in the highest
exposures (personal TWAs of 1.4—46 ppm), which sometimes exceed the ACGIH TLV or
approach the NIOSH PEL. Respirators were used at two of the locations (HETA 96-0145-2684;
HETA 94-0072-2648 — August 1997).
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Table 15. Styrene Air Levels as Reported in NIOSH Health Hazard Evaluations 1997-2001

Process description Styrene in Styrene in Styrene in Reference
TWA personal  personal short TWA area
samples in ppm  term samples samples in ppm
() in ppm (n) ()
Brush application of 2.5-439 21.0-92.1 Not reported HETA 2001-
resin to fiberglass strip (n=15) (n=2) 0189-2842 —
and application of strip ~ [mean = 15.9] May 2001
to interior seems of tank.
Manufacture of circuit 0.37-8.1 Not reported 0.34-6.6 HETA 97-
breaker cases by n=7) (n=3) 0154-2693 —
compression molding of [mean = 3.3] [mean = 3.3] June 1998
styrene-vinyltoluene
resin.
Assembly of doors using 0.46 (n=1) Not reported 0.24-0.43 HETA 97-
hot melt adhesive [not a TWA (n=4) [mean  0217-2667 —
process; adhesive exposure] =0.31; not a January 1998
consisted of TWA
acrylates/methmethylene exposure]
bisphenyl diisocyanate.
Home decorative items ~ 1.4-46"(n=8) 18-111° 25-179" (n=4) HETA 96-
manufactured by [mean = 18.8] n=4) [mean = 77.3] 0145-2684 —
blending polyester resin, [mean = 45.8] April 1998
pouring it into
preformed molds and
curing; workers mixing
and pouring significant
amounts of resin wore
respiratory protection.
Processes included a <4.0-19.3 Not reported See personal HETA 94-
mix house where [includes samples 0072-2648 —
resin/fiberglass was used personal and column August 1997

to make a sheet molding
compound; some

area samples;
it is not clear if

employees chose to values are
wear respirators. TWA
exposures]

From: NIOSH (30).

"Data reported in text of report appear to differ from data reported in table; values obtained from tables are

presented.

Fishbein (17) estimated occupational exposures to styrene. For the exposure estimates, it was
assumed that reinforced plastics workers are exposed to 200,000 pg/m® [46 ppm] styrene and
styrene polymerization workers are exposed to 10,000 pg/m’ [2.3 ppm] styrene. Based on a daily
respiratory rate of 10 m® at work, nominal daily intakes were estimated at 2 g [29 mg/kg bw/day
based on 70 kg body weight] for reinforced plastics workers and 100 mg [1.4 mg/kg bw/day
based on 70 kg body weight] for styrene polymerization workers.
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Based on biological exposure indices measured in one study, protective clothing and gloves did
not reduce styrene exposure in workers; the finding refuted earlier reports that dermal absorption
is an important route of exposure (reviewed in IARC (4)). Exposures were reduced through
proper use of respirators designed to filter out organic vapors.

1.3 Utility of Data

A limited amount of information reported styrene levels in environmental samples such as air and
water. A market basket survey of styrene levels in US foods was released by the FDA in 2003.
Additional food surveys were conducted in the UK and Canada. Levels of styrene in workplace
air were also reported. Human exposure to styrene was estimated by various agencies. The main
limitation of exposure estimates is that many values were derived using non-US data. However,
some US data, such as the market basket survey, are available for comparison.

1.4 Summary of Human Exposure Data

Styrene is used in the manufacture of polystyrene or styrene copolymers, which can contain trace
levels of the monomer (reviewed in (3, 7)). Types of styrene polymers manufactured and their
uses are outlined in Table 2. Styrene is also an ingredient of some putties and wood fillers used in
hobbies or home maintenance (8). Styrene is approved for use as a direct and indirect food
additive (9).

Styrene is released to the atmosphere by industry, and it is estimated that 47.7 million pounds of
styrene were released to the environment in 2002. In addition to industrial releases, exhaust from
gasoline-powered motor vehicles is a significant source of styrene in ambient air (reviewed in (3,
7)). It is estimated that 30% of ambient styrene originates from motor vehicle exhaust, 40% from
composites and boat building industries, and 30% from all other sources. Cigarette smoke and
off-gassing of residual styrene from household products such as carpet glues, construction
adhesives, and polyester-containing flooring materials are potential sources of styrene in indoor
air (reviewed in (3)). Styrene emissions from cigarette smoke have been estimated from 0.002 to
147 pg/cigarette (reviewed in (3, 7)).

Styrene released to the atmosphere is rapidly degraded by hydroxy radicals and tropospheric
ozone (reviewed in (2, 3, 10)). Volatilization of styrene is rapid from surface water but not deep,
stagnant water. Biodegradation of styrene in water and soil is expected to occur under aerobic but
not anaerobic conditions. Styrene is estimated to be moderately mobile in soil. There is
uncertainty regarding reported K,s for styrene. Based on observations that toluene, xylene, and
ethylbenzene do not accumulate substantially in aquatic organisms, the EU (3) concluded that
styrene is not likely to bioaccumulate. Limited surveys suggest that away from point sources of
release, styrene levels are relatively low in ambient air (<14 ppb), indoor air (<30 ppb), and
environmental water samples (<1.7 png/L); styrene is rarely detected in drinking water.

Styrene may be present in food as a result of natural processes or leaching from food packaging
or contact materials. With the exception of raw cinnamon, for which styrene values ranged from
170 to 39,000 ppb in 3 samples, naturally occurring styrene levels are low in foods such as meats,
produce, and grains (<6 ppb) (reviewed in (3, 7). [The Expert Panel does not know the
relevance of cinnamon intake to human styrene burden.] One survey reported 1380 ppb
styrene in strawberries, but it is not known if the strawberries contacted food packaging materials
(14). Surveys to determine levels of styrene in foods as a result of natural occurrence and/or
leaching from packaging materials were conducted in the UK and Canada from the 1960s through
1990s (reviewed in (3, 5, 10)), and a US market basket survey was released in 2003 (74). The
surveys included various types of foods such as dairy products, meats, produce, salads, desserts,
nuts, starchy foods, fast foods, fats and oils, candies, and beverages. With the exception of the
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single high level in strawberries mentioned above, muffins contained the highest level of styrene
(510 ppb). In other foods, styrene levels were reported at <360 ppb, with the highest levels
reported in fatty foods (e.g., dairy products), coffee, beer, and cookies. Limited surveys of styrene
levels in fish generally report whole body levels below 350 ppb, but a value of 100,000 ppb was
also reported (reviewed in (3, 10)).

Styrene exposure in the general population can occur through oral intake or inhalation. Human
exposure to styrene was estimated by various agencies. The best documented exposure estimate
using actual styrene levels was conducted by Health Canada (10). In nonsmokers, styrene
exposure was estimated from <0.25 to <0.39 ug/kg bw/day (ages 12—19 years) and from <0.20-
<0.33 pg/kg bw/day (ages 20-70 years). Styrene in air represented the greatest exposure source.
For smokers, Health Canada estimated styrene exposure at 3.51 pug/kg bw/day (ages 12—19 years)
and 2.86 pg/kg bw/day (ages 20-70 years). In children, excluding adolescent smokers, the highest
styrene exposures (<0.63 to <0.79 pg/kg bw/day) were estimated for those 4 years or younger.
ATSDR (2) considered styrene in air as the only significant source of exposure, and their
estimated styrene exposure of 0.2 to 2 ug/kg bw/day was similar to the Health Canada estimate
for adults. A much wider range of styrene exposures (0.016—110 pg/kg bw/day) was estimated by
the EU (3) using modeled values of various release scenarios or point source exposures.

Inhalation is the major route of styrene exposure in occupational settings because skin absorption
is believed to be minimal in most exposure scenarios. For ease of presentation, occupational
exposures are expressed in units of ppm instead of the ppb units that were used to describe
general population exposures above. The highest levels of styrene in air were measured in
facilities using open processes to manufacture glass-reinforced polyester materials. In contrast,
styrene monomers and polymers are manufactured using closed processes and generally result in
lower styrene levels in air. Information about levels of styrene in workplace air is available from
reviews (4, 7), 3 surveys of US workplaces manufacturing glass-reinforced plastic products (20,
28, 29), and a small number of NIOSH HHEs (30). In monomer and polymer production
facilities, styrene levels in air were usually measured below 10 ppm, but peaks up to 65 ppm were
sometimes reported. Reported mean 8-hour TWA levels of styrene in air of glass-reinforced
plastic facilities ranged from 3 to 82 ppm with individual 8-hour TWA levels up to ~140 ppm.
Some studies or reviews reported data indicating that generally styrene exposures have tended to
decrease over time (25-27). However, styrene exposures in the reinforced plastic facilities as
reported by Lemasters et al.(20) were essentially similar to the exposure levels reported by Lees
et al. (28) and Luderer et al. (29). Based on the reported exposure range (3—82 ppm), a daily
respiratory rate of 10 m® at work, and a 70 kg body weight, nominal daily styrene intake in the
reinforced plastic industry is estimated at 2-51 mg/kg bw/day. Nominal daily intake in styrene
polymerization workers based on air levels of around 2 ppm styrene would be 1.4 mg/kg bw/day.
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2.0 GENERAL TOXICOLOGY AND BIOLOGICAL EFFECTS

2.1 Toxicokinetics and Metabolism

Section 2 is initially based on secondary review sources. Primary study reports are addressed by
the Expert Panel if they contain information that is highly relevant to a CERHR evaluation of
developmental or reproductive toxicity or if important studies were released subsequent to the
reviews.

2.1.1 Humans

The most thorough reviews on human toxicokinetics and metabolism were conducted by IARC
(4) and ATSDR (2) and they were thus the basis for the summary presented below. Additional
sources were occasionally used and are referenced below.

2.1.1.1 Absorption

There are no known studies on absorption of styrene by humans following oral exposure. Styrene
is absorbed through the respiratory tract. A number of studies conducted in volunteers or workers
reported that pulmonary retention of inhaled styrene is 60—70% of the dose (reviewed in ATSDR
(2) and IARC (4)). Blood levels in humans inhaling styrene vapors are summarized in Table 16.
A small number of studies suggested limited absorption of styrene through skin. In studies
reviewed by ATSDR, dermal absorption rates were reported at ~1 pg/cm”*/minute in volunteers
who dipped their hands in styrene and 9—15 mg/cm*/hour when styrene was placed on the
forearms of volunteers. ATSDR noted that the higher rate likely included disappearance of
styrene from the skin surface. At styrene air concentrations of 300 or 600 ppm, it was estimated
that dermal penetration was 0.1-2% the amount absorbed through the respiratory tract (reviewed
in ATSDR (2)).

2.1.1.2 Distribution

Styrene distribution in humans is widespread, with the highest concentrations found in adipose
tissue (reviewed in ATSDR (2)). IARC (4) noted that older studies reported accumulation of
styrene in adipose tissues; however, no accumulation of styrene, as determined by measurement
of urinary metabolites of workers, was suggested by more recent studies. [No reasons were
stated for discrepancies between older and more recent studies.] Volume of distribution in
humans was reported as 99 L or 1.4 L/kg (31).

2.1.1.3 Metabolism

Styrene is highly metabolized in humans, with an estimated 97% eliminated through metabolic
pathways (reviewed in ATSDR (2)). Styrene metabolic pathways adapted from the IARC review
(4) are outlined in Figure 2. A metabolic scheme presented in the ATSDR profile was not as
complete and differed slightly from the scheme presented by IARC. Because the IARC review
was more recent, it was assumed to have more up-to-date information. In the main metabolic
pathway in humans, styrene is converted to styrene 7,8-oxide (further referred to as styrene oxide)
by cytochrome P450 (CYP) enzymes. Styrene oxide is metabolized to phenylethylene glycol
(styrene glycol) by epoxide hydrolase. Phenylethylene glycol is metabolized to mandelic acid,
which is then converted to phenylglyoxylic acid. Smaller amounts of mandelic acid are converted
to benzoic acid. Mandelic acid and phenylglyoxylic acid are the predominant urinary metabolites
in humans and are commonly used as biomarkers of exposure. Mandelic acid was reported to
represent 57—-80% of a styrene dose and phenylglyoxylic acid, 10-33% (reviewed in ATSDR and
Rebert and Hall (32)). In 4 male volunteers who inhaled 50 ppm styrene vapors for 2 hours,
mandelic acid represented 6—29% of the retained dose, and phenylglyoxylic acid represented 4—
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6% of the dose (33). [The Expert Panel noted that lower metabolite recoveries in the
Johanson (33) study likely reflected an unknown amount reaching blood.] IARC reported
that in humans, metabolites generated through ring epoxidation of styrene (i.e., vinylphenol),
conversion of styrene to 1-phenylethanol (i.e., ultimately leading to formation of hippuric acid),
glutathione conjugation of styrene oxide, and glucuronidation of phenylethylene glycol represent
<1% of the retained styrene dose.

ATSDR (2) noted some differences in metabolism of styrene in humans compared to
experimental animals; metabolism in experimental animals is discussed in greater detail below.
Mercapturic acids generated through glutathione conjugation are major metabolites in rodents.
Mice and rats have greater capacity to produce styrene oxide than humans. Humans appear to
have a greater ability to convert 7,8-styrene oxide to styrene glycol than rats or mice.

Lo6f and Johanson (34) examined dose-related kinetics in 1 man and 1 woman (age 41-43 years)
inhaling 26, 77, 201, or 386 ppm styrene for 2 hours while lightly exercising on 4 different
occasions. Blood samples were collected during exposure and for up to 5 hours following
exposure to measure styrene levels by gas chromatography (GC). Urine samples were collected
for up to 24 hours following exposure for measurement of mandelic acid level by high-
performance liquid chromatography (HPLC). Following 2 hours of exposure, the study authors
noted nonlinear increases in blood styrene levels (see Table 16) and blood AUC values [~ 8, 20—
85, 120-180, and 325-415 pmol-hour /L at each respective dose, as estimated by CERHR
from a graph]. According to study authors, concentrations at which responses deviated from
those predicted by a linear model were 201 ppm in 1 volunteer and 386 ppm in both volunteers.
Cumulative urinary mandelic acid excretion plateaued at 0—5 hours but was proportional to
styrene concentration at 0—24 hours; the study authors interpreted the finding as indicating a delay
in excretion most likely resulting from saturated metabolism. A V., of 2.9 mmol/hour was
estimated using a PBPK model. The study authors concluded that saturation of styrene
metabolism occurs between concentrations of 100 and 200 ppm and is dependent on activity
level.

According to a PBPK model developed by Ramsey and Andersen (35), saturation of styrene
metabolism in humans occurs at blood levels exceeding 1.7 mg/L styrene or 200 ppm styrene in
air. Below those concentrations, the rate of styrene metabolism is limited by the rate of blood
perfusion in liver or other organs involved in styrene elimination. The model was verified using
actual blood concentrations of styrene in humans and rats. A more recent model by Sarangapani
and Teeguarden (36) compared dosimetry of styrene and styrene oxide in the lung of humans,
rats, and mice, which has been stated to be more relevant to toxicity than blood concentrations
(37). The model is discussed in greater detail in Section 2.4.3.

Studies reviewed by IARC (4) demonstrated that CYP2B6 and CYP2E], from liver and lung, and
CYP2F1, from lung, were the most active isoforms in metabolizing styrene. One study conducted
with human liver microsomes identified CYP2E1 and CYP2CS8 as the most prominent isoforms at
low styrene concentrations (0.085 mM) and CYP2B6 and CYP2C8 as the most significant
enzymes at high styrene concentrations (1.8 mM).

IARC (4) reviewed studies examining activity of styrene metabolism by human pulmonary
microsomes. Pulmonary microsomal activity was found to be very low (< 0.088 nmol/mg
protein/minute) and far below values reported for hepatic microsomal activity (1.07-1.91
nmol/mg protein/minute). IARC noted that the whole organ homogenates do not indicate
differences in activity among different cell types. Metabolism of styrene was also examined in
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nine human nasal tissues, and no activity was detected; as discussed in more detail below, styrene
metabolism was observed in nasal tissues of rats and mice.

2.1.1.4 Elimination

As noted above, styrene is highly metabolized, and the majority is eliminated through urine,
primarily as mandelic acid and phenylglyoxylic acid. ATSDR (2) and IARC (4) report that a
limited amount of styrene (0.7—4.4%) is present unchanged in exhaled air.

Styrene clearance from blood is biphasic, indicating a two-compartment toxicokinetics model.
Half-lives for inhaled styrene were reported at 0.6 hours for the first elimination phase and 13
hours for the second elimination phase (reviewed in ATSDR (2)). The half-life for styrene oxide
[assumed to be for the first elimination phase| was reported at 1.8 hours (33). Half-lives for
urinary elimination of mandelic acid were reported at 3—4 hours and 25—40 hours for each
respective phase (reviewed in ATSDR and (32)). Half-lives for the first urinary elimination phase
of phenylglyoxylic acid were reported at 3.5—13.9 hours ((33) and reviewed in ATSDR).

Clearance rate for styrene was reported at 1.7 L/minute (3/); the study authors noted that the rate

was similar to that of total blood flow through liver, thus suggesting that styrene is metabolized in
a high-affinity pathway limited by perfusion.
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Figure 2. Metabolism of Styrene in Humans and Rodents
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2.1.2 Experimental Animal

The most thorough reviews on experimental animal toxicokinetics and metabolism were
conducted by IARC (4) and ATSDR (2), and they were thus the basis for the summary presented
below. Additional sources were used as needed and are referenced below.

2.1.2.1 Absorption

Studies in rats demonstrated rapid absorption of styrene through the gastrointestinal and
respiratory tracts (reviewed in ATSDR (2)). Blood styrene levels in rodents inhaling styrene
vapors are summarized in Table 16. One study of rats exposed to styrene vapors reported that
9.4% of total uptake was through dermal absorption (reviewed by IARC (4)); a second study in
rats reported a peak blood styrene level of 5.3 pg/mL occurring 1 hour after the application of 2
mL neat styrene to skin. A study in which rats’ tails were dipped in styrene for 1 hour reported
styrene levels in liver and brain that were estimated to be 50-70% of levels measured following
inhalation exposure to 11,800 mg/m’ [2700 ppm] styrene for 4 hours (reviewed in ATSDR).

2.1.2.2 Distribution

As in humans, styrene is widely distributed in rats and mice with highest concentrations found in
fat (reviewed in IARC (4)). Two studies examined distribution of styrene to fetuses.

Brown (38) reviewed a Russian-language study of placental styrene transfer. Styrene was
measured in maternal and fetal blood and amniotic fluid in rats following inhalation exposure of
dams to 3.6 or 10 ppm styrene on GD 18-21. Styrene levels measured in the 3.6 ppm group were
1-3 pg/mL in maternal blood, 1-2 pg/mL in fetal blood, and 1-2 pg/mL in amniotic fluid. In the
10 ppm group, styrene was measured at 11-12 pg/mL in maternal blood, 8-9 pg/mL in fetal
blood, and 2-3 pg/mL in amniotic fluid.

Withey and Karpinski (39) exposed 6 pregnant Sprague-Dawley rats/group to 1000 or 2000 ppm
styrene vapors for 5 hours on GD 17 [plug day not specified]. Rats were killed following
exposure for measurement of styrene levels in maternal blood and in each homogenized fetus.
[Methods for measuring styrene were not discussed.] Styrene exposure did not affect fetal
weight. Geometric means for fetal levels of styrene per litter ranged from 12.63 to 21.82 pg/g (n
= 6 litters) in the 1000 ppm group and 35.14 to 65.49 nug/g (n = 4-5 litters) in the 2000 ppm
group. Levels in the 2000 ppm group were more than twice the levels in the 1000 ppm group
(ratio = 2.73). Maternal blood styrene in the 2000 ppm group was more than twice the level in the
1000 ppm group (ratio = 2.44) [values of 89.05 and 36.44 were reported for maternal blood
levels, but units were not provided]. It appears that data from the 2000 ppm group were briefly
presented in a study by Grice et al. (40).

Kishi et al. (47) studied placental transfer of styrene in mice. CD-1 mice were given 8-'*C-styrene
[purity not specified] in corn oil by intravenous (iv) injection on GD 16 [plug day not
specified]. Mice were killed at 1 and 30 minutes and at 1, 2, and 6 hours following dosing for
examination by autoradiography. To differentiate between volatile styrene and its non-volatile
metabolites, some sections were exposed at —70°C to prevent volatilization; other sections were
heated before autoradiography to drive off the volatile fractions. Separate groups of mice were
killed at 5 and 30 minutes and at 1, 2, 6, and 24 hours following exposure for measurement of
total radioactivity associated with styrene plus its metabolites in unsectioned maternal and fetal
tissues. At time periods <1 hour following exposure, the highest concentrations of unmetabolized
styrene were found in maternal lung, kidney, liver, and adipose tissue. At >2 hours following
exposure, the highest styrene concentrations were observed in maternal lung, liver, kidney, and
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intestine. Styrene metabolites were detected at the greatest concentrations in lung, liver, kidney,
and intestine throughout the exposure period. Styrene and metabolites were detected in fetuses
from 5 minutes to 24 hours following styrene exposure. Within the first hour following exposure,
styrene equivalents in whole fetuses, as determined by total radioactivity, were about 3—5 times
lower than maternal blood levels, 15-25 times lower than maternal liver levels, and 200—400
times lower than maternal lung levels. Styrene equivalents in fetuses were about equal to levels in
amnion and amniotic fluid, but were about half the levels of placenta and uterus within 1 hour
following exposure. At >2 hours following exposure, styrene equivalents were nearly equal in
fetuses, placenta, amniotic fluid, and amnion. Although levels of radioactivity began rapidly
declining in maternal tissues within 2 hours following exposure, there were no reductions in fetal
radioactivity levels for up to 6 hours following exposure. The study authors concluded that the
placenta appears to act as a barrier against styrene, but fetuses seem to metabolize styrene more
slowly than the dam.

The review by Brown et al. (38) discussed studies examining distribution of styrene or its
metabolites to reproductive organs. One study reported that gavage dosing of rats with 20 mg/kg
bw styrene resulted in peak tissue concentrations in 2 hours for most organs. Peak styrene level in
testes (3.5 pg/g) and ovaries (2 ug/g) were similar to levels measured in brain and muscle, but
lower than levels measured in liver, pancreas, and kidney. In a second study where mice were
intraperitoneally (ip) injected with 3.3 mmol/kg bw [344 mg/kg bw] 7-'*C-styrene, styrene and
metabolite levels (measured by HPLC) peaked in testes within 30 minutes following exposure
(42). Testicular styrene levels were less than half those measured in subcutaneous (sc) adipose
tissue, pancreas, liver, and kidney. Testicular concentrations of styrene glycol, a metabolite, were
similar to those measured in liver and pancreas but half the levels found in lung and kidney.
Conjugated styrene glycol levels were low in testes. The same study reported a linear increase in
testicular styrene glycol levels that was not proportional to dose following exposure to 1.1-4.9
mmol/kg bw styrene [115-510 mg/kg bw]. A third study in mice did not discuss reproductive
organs but reported that the levels of the metabolite styrene oxide were less than 10% of the
styrene concentration in all organs examined. Some correlations were noted between cytochrome
P450 activity of organs and styrene oxide levels (reviewed in (38)).

2.1.2.3 Metabolism

As in humans, the metabolism of styrene in rodents begins with conversion of styrene to styrene
7,8-oxide (styrene oxide) by CYP enzymes and conversion of styrene oxide to styrene glycol by
epoxide hydrolase. In rodents, styrene glycol is partially metabolized to mandelic acid and then
phenylglyoxylic acid. In contrast to humans, a significant portion of styrene oxide is conjugated
to glutathione. The glutathione conjugates are converted to mercapturic acid compounds that are
excreted in urine. It is estimated that >10% of the styrene dose is converted to mercapturic acid in
rats inhaling <300 ppm styrene or ip injected with <250 mg/kg bw styrene and in mice ip injected
with 400 mg/kg bw styrene (reviewed in IARC). A study by Truchon et al. (reviewed in IARC)
reported dose-dependent excretion of mercapturic acid compounds in rats inhaling 25-250 ppm
styrene for 6 hours/day, 5 days/week, for 4 weeks. The predominant urinary metabolites in rats
are mandelic acid, phenylglyoxylic acid, hippuric acid, and glucuronide (reviewed in ATSDR (2))
[there was no discussion of glucuronide formation by ATSDR, and it is possible they meant
glutathione conjugation to form mercapturic acid compounds].

Though not described as a major pathway by IARC (4), the pathway involving conversion of
styrene to 1-and 2-phenylethanol and ultimately to hippuric acid was described as more important
in experimental animals than humans. Ring epoxidation to form vinylphenol appears to be a
minor pathway in rodents. One study reviewed by IARC reported that exhaled '*CO, represented
6.4-8.0% of the retained ring-U-'*C-styrene dose in mice and 2% of the retained dose in rats; the
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observation led study authors to postulate a possible pathway involving ring hydroxylation
followed by ring opening.

According to ATSDR (2), studies examining in vitro hepatic metabolism reported that mice have
greater ability to produce styrene oxide than rats, but both rats and mice have a greater capacity to
produce styrene oxide than humans. Both rodent species were found to be less effective than
humans at converting styrene oxide to styrene glycol. IARC (4) reported that V. ratios for
epoxide hydrolase versus styrene monooxygenase are 3.9 in rat and 1.4 in mouse. [The Expert
Panel notes that this indirect evidence suggests that the risk of styrene oxide-related toxicity
may be less for humans that for experimental animals.]

IARC (4) reviewed several studies indicating that the primary CYP isoforms involved in styrene
metabolism in mice are CYP2E]1 in liver and lung and CYP2F?2 in lung. In contrast to humans,
CYP2B was found to have a minor role in styrene metabolism.

Examination of metabolism in different rodent pulmonary cells found high styrene metabolism
activity by Clara cells but little to no activity in type Il pneumocytes (reviewed in IARC (4)).
Styrene metabolism by mouse Clara cells was found to be several fold higher than metabolism by
rat Clara cells. Microsomes from nasal epithelium of rats and mice were also observed to
metabolize styrene, and activity was similar in microsomes from rats and mice. As described
above, microsomes from human nasal epithelium were not found to have styrene-metabolizing
activity. IARC reports that metabolism of styrene oxide by epoxide hydrolase and glutathione-S-
transferase is higher in nasal tissues of rats than mice.

Brown (38) reviewed studies evaluating activity of styrene metabolizing enzymes in reproductive
organs. CYP activity was reported to be low in testes and ovaries of rats. In contrast, rat and
mouse testes were found to be abundant in epoxide hydrolase and in rat testes, epoxide hydrolase
activity was second only to that in liver. Although epoxide hydrolase activity is not as high in rat
ovaries, it was still considered to be significant and similar to that of lung and kidney.
Glutathione-S-epoxide transferase activity in rat ovary and testis is about 60—70% that in adult rat
liver. Activities were reported to be increased in testes of immature animals and in ovaries of
pregnant or lactating rats.

According to a PBPK model developed by Ramsey and Andersen (35), saturation of styrene
metabolism in mice and rats occurs at concentrations >200 ppm styrene in air. Below those
concentrations, the rate of styrene metabolism is limited by the rate of blood perfusion in
metabolizing tissues