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PREFACE

Drinking Water Public Health Goals
Pesticide and Environmental Toxicology Branch
Office of Environmental Health Hazard Assessment
California Environmental Protection Agency

This Public Health Goal (PHG) technical support document provides information on
health effects from contaminants in drinking water. PHGs are developed for chemical
contaminants based on the best available toxicological data in the scientific literature.
These documents and the analyses contained in them provide estimates of the levels of
contaminants in drinking water that would pose no significant health risk to individuals
consuming the water on a daily basis over a lifetime.

The California Safe Drinking Water Act of 1996 (Health and Safety Code, Section
116365) requires the Office of Environmental Health Hazard Assessment (OEHHA) to
perform risk assessments and adopt PHGs for contaminants in drinking water based
exclusively on public health considerations. The Act requires that PHGs be set in
accordance with the following criteria:

1. PHGs for acutely toxic substances shall be set at levels at which no known or
anticipated adverse effects on health will occur, with an adequate margin of safety.

2. PHGs for carcinogens or other substances that may cause chronic disease shall be
based solely on health effects and shall be set at levels that OEHHA has determined
do not pose any significant risk to health.

3. To the extent the information is available, OEHHA shall consider possible synergistic
effects resulting from exposure to two or more contaminants.

4. OEHHA shall consider potential adverse effects on members of subgroups that
comprise a meaningful proportion of the population, including but not limited to
infants, children, pregnant women, the elderly, and individuals with a history of
serious illness.

5. OEHHA shall consider the contaminant exposure and body burden levels that alter
physiological function or structure in a manner that may significantly increase the risk
of illness.

6. OEHHA shall consider additive effects of exposure to contaminants in media other
than drinking water, including food and air, and the resulting body burden.

7. Inrisk assessments that involve infants and children, OEHHA shall specifically
assess exposure patterns, special susceptibility, multiple contaminants with toxic
mechanisms in common, and the interactions of such contaminants.

8. In cases of insufficient data for OEHHA to determine a level that creates no
significant risk, OEHHA shall set the PHG at a level that is protective of public health
with an adequate margin of safety.



9. In cases where scientific evidence demonstrates that a safe dose response threshold
for a contaminant exists, then the PHG should be set at that threshold.

10. The PHG may be set at zero if necessary to satisfy the requirements listed above in
items seven and eight.

11. PHGs adopted by OEHHA shall be reviewed at least once every five years and
revised as necessary based on the availability of new scientific data.

PHGs adopted by OEHHA are for use by the California Department of Public Health
(DPH) in establishing primary drinking water standards (State Maximum Contaminant
Levels, or MCLs). Whereas PHGs are to be based solely on scientific and public health
considerations without regard to economic cost considerations or technical feasibility,
drinking water standards adopted by DPH are to consider economic factors and technical
feasibility. Each primary drinking water standard adopted by DPH shall be set at a level
that is as close as feasible to the corresponding PHG, placing emphasis on the protection
of public health. PHGs established by OEHHA are not regulatory in nature and represent
only non-mandatory goals. By state and federal law, MCLs established by DPH must be
at least as stringent as the federal MCL, if one exists.

PHG documents are used to provide technical assistance to DPH, and they are also
informative reference materials for federal, state and local public health officials and the
public. While the PHGs are calculated for single chemicals only, they may, if the
information is available, address hazards associated with the interactions of contaminants
in mixtures. Further, PHGs are derived for drinking water only and are not intended to be
utilized as target levels for the contamination of other environmental media.

Additional information on PHGs can be obtained at the OEHHA web site at
www.oehha.ca.gov.

Styrene in Drinking Water i December 2010
California Public Health Goal (PHG)


http:www.oehha.ca.gov

TABLE OF CONTENTS

LIST OF CONTRIBUTORS ...t 1
PREFACE ...ttt ettt b e b I
TABLE OF CONTENTS ...ttt s i
PUBLIC HEALTH GOAL FOR STYRENE IN DRINKING WATER............... 1
SUMMARY ottt ettt et e st e s te e te e st e sbe e teeneesreeteaneeaneenreas 1
INTRODUGCTION. ...ttt sttt bbb e 3
CHEMICAL PROFILE ..ottt 4
Chemical IAeNtity......cccuveiiieiieiiecieeeie ettt e eneas 4
Physical and Chemical Properties........ccecvuveeriieeriieeiiie e ceeeeiee e 4
Production and USES .........ccceeeeriirieriiniieieniestee et 5
ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURE .................. 5
AT 1ottt et h ettt na et e 6
SOTL ettt et 7
WALET .. 7
FOOU ..ot 8
Oher SOUICES .. ..ottt ettt ettt 8
METABOLISM AND PHARMACOKINETICS ......cooiiiiiiiceeeeeeee e 9
SUMMATY ...eeeiiieeie ettt e et e et e e st e e sabeeesabeeeaneeennes 9

WA 001y o] 5 ) s DRSS 11
INEESION. ..ttt ettt et 11

INhalation .........oociiiiii e 11
Dermal ADSOTPLION. .....c..ieriiieiieeiieeiie et eiee ettt eee e ens 13
DISHIDULION ..ttt et st e 13
IMEADOLISIN ... 16
EXCTOLION ...ttt et 34
TOXICOLOGY ..ottt ettt b e 37
GENELIC TOXICIEY . eeeuvvieeiieeeiieeeiieeeieeesteeesteeestreeeereesaaeessaeesseeessseeessseeensseens 37
Cytogenetic AItETations ..........cccveeevieriieeiiienieeiierie e see e 37
DNA Strand Breaks .......cooeeiiiiiiiiiiieiceeeeeeeee e 50
GENE MULALION ...evviiieiiiiceitescee ettt 54
DINA AdAUCES....eieiieiiieiieieeeeie ettt 60

Styrene in Drinking Water 1ii December 2010

California Public Health Goal (PHG)



Genetic Toxicity Studies - Summary and Conclusions ...........ccccceeeunenee. 66

Dose Response for GENOtOXICILY ......eeecveeervieeriieeeniieenieeeieeeeeee e 68
Species COMPATISON......ccueerieeriieeiieiieeieeieeeieeesteesreereessreeseessaesnseas 69
SHUCTUIE-ACHIVIEY .. .eieiiieeiiie et ettt e e ee et e eereeseaeeeaaeeens 70
Developmental TOXICIEY......couviiuierieiiienieeieerie ettt 71
Developmental Effects - Human Studies..........cccccveeeiieieiiiinieecieeeeen, 71
IMISCAITIAZES .. vvvevveentieeeteeieeeiieeieeeiteeteeseteesteeseseeseesseeenseessneenseesaneenne 71
Congenital Malformations ...........ccceeeeveeeriieeriieeenieeesieeesveeevee e 72
Decreased Birth Weight.........ooooviiiiiiiiiiiiieeee e 74
Developmental Effects — Animal Studies..........ccecveeveiieirciieencieeeeieeeen, 75
Non-neurotoxic Developmental Endpoints in Animals..................... 75
Effects in Offspring prior to Parturition...........ccceeeevveeeieeerieeeereeenen. 80
Postnatal ObSErvations..........ccceevereerierienienieeieseee et 81
Developmental NeUrotOXiCItY .....cccvieeriiieriieeeiieeeiieeeieeeeieeesveeeevee e 81
Supplementary Information ...........c.ceeeieeiieiieniiienieeieee e 92
Developmental ToXiCity SUMMATY ........ccevveeriieeeiieeeiieeeiie e 92
Reproductive TOXICILY ...cccuveeriierieeiieeie ettt ettt et 93
Male Reproductive Effects - Human Studies...........cccccveeviieenieeenieeenee. 93
Semen Quality and QUantity...........ccceevveeviienieeiienie e 93
Paternal Exposure to Styrene (Miscarriages)........cccveeeveeerveeennveeennne. 95

Male Reproductive Effects — Animal Studies..........cccceeeveevveeciienieenenne. 96
Male Reproductive Effects — Other Relevant Data............ccccoevvvennennnee. 98
Female Reproductive Effects - Human Studies..........cccccoovvveriiieniennnnnne. 99
Menstrual FUnCtion ............cooeiieiiiiiiiiieeeeeeee e 99
Reproductive Hormone Function in Women...........ccccoccveevveeciiennnnns 99
Female Reproductive Effects — Animal Studies..........ccceeeevveeeiieenneens 100
Endocrine Disruptor Effects .......cccooviiiiiiiiiiiieeeeeeeeeee 101
SUMMATY ...eeeiiieeiee et e e e st e e snaeeenseeeeaee s 101
Other Toxicity In ANTMALS ...c...oviiiiiiiirieieiieeece e 102
ACULE TOXICILY uvvveeniiieeiieeeiieeeieeeeieeesteeeetteesbeeesbeeessbeeennseeensseeenseeenns 102
SUBChIONIC TOXICIEY ..uveeueiritiiieieeiicrie ettt 103
Respiratory EffectS.......c.oevieiiiiiieieeieeceeceee e 103

LAVET TOXICILY weeeeurieiieeiieeiie ettt ettt 103
Styrene in Drinking Water v December 2010

California Public Health Goal (PHG)



Kidney TOXICIEY ..evvevieiiriiinieeieniiesieeteetesie ettt 103

Hematologic Effects........oooviiiiiiiiiiiceeeee e 104
(@170]10) < (611 20U USRS UPRUPSRRPN 104

(0] 1170) 1 1o o). 4163 1 20 104
Respiratory Effects.......c.cociiriieiiiiieeiieeceeece e 104

| DA B 10D (011 2SR 105
KidNey TOXICILY ...veevieeiiieiieeiieiie ettt ettt st 106
IMNMUNOTOXICIEY .veeiiiieeiieeeiee et ettt e e e e e eree e e e 106
INEUIOLOXICTLY +uvieiiieiiieeiieeite et et e eite et e st e et estae e bt essaeenbeesaeeenseensaeenseas 107
Acute Neurotoxic Effects........oooviiiiiiiiiiiiiicceee, 107
Chronic NeurotoXic Effects .........cooevieiiniiniiniiiicieeee 107
Carcinogenicity 1N ANIMAlS .......cccvveiiiieiiieeiceeeeeeee e 108
Administration by the Oral Route............cccocoveviieiiiniiiiieiiieiceeieee 110
Studies using Inhalation EXposure..........cccceeeveeviiiieniieeeiieeeiee e, 114
Studies by INJECHION. .....cccueeiiieiiieiieieee e 125
Discussion of Bioassay Results ...........ccceeeiieeriieiiiieiiiieciieeeee e 126
SUMMATY ..ottt et e et e et e et e sabeesaaeeas 132
Other Toxicity 1N HUMANS .......oeeviiiieiiiieiieeciee e 132
ACULE TOXICILY .vveevrieiieeiieeiieeieeeite ettt et ete et e teeteesteeseeseseensaesnseas 132
SUDChTONIC TOXICIEY .vvieivieeiiieeiiee et e et et eee e see e eree e eaeeeeareeeeaee s 134
Liver Toxicity in WOTKEIS ......cccueeviiiiiiiiiieiieiecteece e 134
Asthma in WOTKErs ........oooiiiiiiiiiiieeee e 134
OtotoxicCity in WOTKETS .....oooviiiiiiiiieiieieeeee e 134
IMNMUNOTOXICIEY .veeiiiieeiie ettt et e e eereeenaee e 136
INEUIOLOXICTLY vvieiiieiiieeiieeite et et et e ettt e et e saee e bt essaeebeesseeenseessaeenseas 137
Acute Neurotoxic Effects........cooiviiiiiiiiiiiiiicceee, 137
Chronic Neurotoxic Effects ........ccocevviiieiiiieiieceeceecee e 138
Styrene Oxide NEUTOtOXICILY ..veeevvrervierieeieeniieeiiesieereesereeveeneeeenns 142
Chronic Toxicity in HUMANS........ccceeviiriiniiiinieinicecccececeeenens 143
Respiratory Effects.......ceveviiieiiieciieceeeeeeeeee e 143
Cardiovascular TOXICILY .....ceevuerueriereeieniereeiereeseee e 143
LAVET TOXICILY .vvevvvieiiieeiieeiieiie et eeie ettt eveestee e et eae e s e saeenneeas 143
KidNey TOXICILY ...veevieeiieiieiiieiie ettt 144

Styrene in Drinking Water 4 December 2010

California Public Health Goal (PHG)



Hematologic Effects........ccoviiiiniiiiieieeiieieeeeeeeee e 144

Carcinogenicity in HUMANS..........ccoeviiiieiiieeiie e 144
Styrene Monomer and Polystyrene Manufacturing............cccce....... 145
Fabrication of Glass-Reinforced Plastics..........ccccceevieiiiiiiinnicnncnn. 150
Styrene-butadiene Rubber Manufacturing............cccceveveverieneennene 167
Case-control Studies in a Range of Occupational Settings.............. 184
Ecological StudY........cooviieiiieiiieiieiecieee et 185
Summary and ConcluSIonNS .........cccceecvieerieeeriieeeiie e e 187

Mechanisms of CarcinOZENICILY .......ccueereierieerieeriienieeiieeieeriee e esieeereenens 190
Direct EVIAeNCe. ........coiiiiiiiiiiiiieieceeeeee et 191
Structure Activity Considerations...........ccccueeveerieenieecieeneeeieenieenns 194
Indirect EVIAENCe .......cccuoiiiiiiiiiiiiiiecce e 196
SUMMATY ...eeeiiiieiieece et et e e 196

DOSE-RESPONSE ASSESSMENT ......ocoiiiiiiiieiiee e e 196

Noncarcinogenic Effects.........cviiiiiiiiiiiiiieieeeece e 197
Neurotoxicity Dose-Response in Humans...........cccceeecvveeniieennennns 197
Respiratory DoSe-ReSpOnSe .........cceevvieriieiiieniieeiieiiecieeiee e 198
Hepatotoxicity Dose-ReSponse..........cccuveeeveeecieeeiieenie e, 199

CarcinogeniC EffeCtS.......ccuoviiiiiiiiieiece e 200

Cancer Potency Estimates from Human Data............cccccccvveevirenennnen. 200
Models for Estimating Cancer Potency from Human Data.............. 201
Population Risk EStIMates ...........ccccveeriieeiiiieeniieeeiie e 204
Summary of Human Cancer Potency Estimates..........ccccceceveenene 209

Cancer Potency Estimates from Animal Data ...........ccccecvveeviiennennnee. 209

Physiologically-based Pharmacokinetic Analysis of Rodent Data.. 210

Calculation of Cancer POtencCy.........ccccveevieeriieeiiieeieeeee e 218

Linear Multistage (LMS) Method...........ccoooiiniiiiiiniiieieeeen 218

Benchmark Response Method (BMR)........cccoccvveviiviienieciieiee. 222

CALCULATION OF PHG ...ttt 231
Noncarcinogenic Effects.......cooiviiiiiiiiiiiieiiiecieeeece e 231

Carcinogenic BIfects.......c.oviiiiiiiiiiiceeeeeen 235

SUMMATY ...ttt s e e et e e enbeeensbeeesaeeeaseens 237
Styrene in Drinking Water vi December 2010

California Public Health Goal (PHG)



RISK CHARACTERIZATION. ..o 237

OTHER GUIDANCE VALUES AND REGULATORY STANDARDS. .......... 240
REFERENGCES.........coi ittt 242
Styrene in Drinking Water vii December 2010

California Public Health Goal (PHG)



PUBLIC HEALTH GOAL FOR STYRENE IN DRINKING WATER

SUMMARY

The Office of Environmental Health Hazard Assessment (OEHHA) has determined a
Public Health Goal (PHG) of 0.5 parts per billion (ppb) (0.5 micrograms/liter [pug/L]) for
styrene in drinking water, based on its carcinogenicity in rodents. Styrene is a high-
production-volume chemical, widely used in such products as styrofoam (polystyrene)
and other plastics, and a minor constituent of cigarette smoke and auto emissions. It has
significant acute and chronic toxic effects, including both genotoxicity in vitro and
production of various types of tumors in animal studies. The PHG is based on a chronic
inhalation study by Cruzan et al. (2001) in mice, in which there were significant dose-
related increases in bronchioloalveolar adenomas and combined adenomas and
carcinomas.

Styrene is a widely-used organic chemical, produced at a rate of about 10 billion pounds
per year in the United States. It is used primarily to make rubber and plastics. The
general population may be exposed to styrene by eating food that has been packaged in
polystyrene, by breathing contaminated air from industrial sources, auto exhaust, or
incineration emissions, by smoking cigarettes, and by ingestion of contaminated drinking
water. Occupational exposures are usually orders of magnitude greater than
environmental exposures. For example, workers in the reinforced plastics industry (RPI)
might be exposed to 2 grams/day of styrene, whereas residents living within one
kilometer of a production facility might be exposed to 600 pg/day. The latter value also
approximates the styrene exposure of a one pack/day cigarette smoker.

This document provides a comprehensive review of the toxicology and epidemiology
literature on styrene and its primary reactive metabolites and degradation products. The
potential of styrene to induce cancer and non-cancer effects is described. Dose response
relationships are characterized for cancer and for sensitive non-cancer endpoints.

The potential of styrene to cause cancer is evaluated after review of the numerous
epidemiological studies, cancer bioassays, and other relevant studies on styrene and its
metabolites. With regard to direct, epidemiological evidence, the International Agency
for Research on Cancer (IARC) in 2002 found “limited” evidence of carcinogenicity for
styrene in humans. In IARC parlance this means a positive association between styrene
exposure and cancer is found for which a causal interpretation is considered to be
credible, but IARC could not rule out chance, bias, or confounding with reasonable
confidence to identify the chemical as a known human carcinogen. OEHHA concurs
with this assessment. The human data reviewed by IARC, along with more recent
epidemiology studies, are described here. The excess malignancies observed most
frequently are of the lymphatic and hematopoietic systems.

Additional evidence of carcinogenicity comes from animal cancer bioassays and studies
of genotoxicity and pharmacokinetics of styrene. Several animal cancer bioassays for
styrene indicate its carcinogenicity. Lung tumors were observed in female and male mice
exposed by inhalation for their lifetime and in male mice exposed by gavage. Lung
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tumors developed in the progeny of mice exposed to styrene in utero and then after birth
by gavage. Female rats developed mammary gland tumors when exposed by inhalation
or drinking water ingestion.

Genotoxic damage has been reported in lymphocytes of styrene-exposed reinforced
plastics workers, manifested as chromosomal aberrations, sister chromatid exchange
(SCE), single-strand breaks (SSBs)/DNA damage, mutations in the hprt gene or
glycophorin A locus, and formation of styrene-derived DNA adducts. Since several
cancer studies in humans occupationally exposed to styrene have observed an increased
risk of lympho-hematopoietic cancers with increased exposure to styrene, these findings
of genotoxicity in the lymphocytes of styrene-exposed workers are particularly relevant.
Strong correlations among a number of independently measured genotoxicity endpoints
and styrene-hemoglobin adducts have been reported among styrene-exposed boat
builders. Supporting data for a genotoxic mechanism of styrene action are available from
many in vitro and in vivo test systems with styrene and its metabolites. The weight of
evidence strongly suggests that styrene is genotoxic in humans, rodents, and non-
mammalian species.

An NTP expert panel (NTP, 2008b) recently recommended that styrene should be listed
in the NTP Report on Carcinogens as “reasonably anticipated to be a human carcinogen
based on limited evidence of carcinogenicity in humans and sufficient evidence in
animals.” OEHHA concurs that there is sufficient evidence that styrene causes cancer in
animals. While several epidemiological studies of styrene and cancer in workers exposed
in reinforced plastics and other industries have been published, the data do not show
proof of carcinogenicity in humans.

The scientific literature includes numerous studies in animals and humans on
reproductive and developmental toxicity of styrene, as well as on other toxic effects. The
weight of evidence indicates that styrene crosses the placenta and can have adverse and
lasting effects on the developing brain. Animal studies show that styrene exposure of
pregnant dams increases embryo mortality and fetal resorption, decreases fetal weight,
and decreases testicular function in male fetuses. This document also includes a
discussion on the mechanism of carcinogenicity and discusses the metabolism and
pharmacokinetics of styrene.

For noncarcinogenic effects the range of health-protective concentrations for multiroute
exposures was 4 to 200 ppb. The most health protective value of 4 ppb was derived using
the benchmark approach for data on bronchiolar effects in male mice (Cruzan et al.,
2001). The drinking water concentration estimated to be fully protective against non-
cancer effects of styrene, for a lifetime of exposure, is therefore calculated to be 4 ppb.

Overall OEHHA concludes that there is sufficient evidence that styrene causes cancer in
animals and limited evidence in humans. For these reasons, it is prudent to assume
carcinogenicity for the purposes of risk assessment.

The PHG for styrene is based on the chronic inhalation exposure study of Cruzan et al.
(2001) in CD-1 mice. The study was conducted recently, was a lifetime study, and used
an adequate number of male and female animals (70/sex/exposure level) and several
concentrations of styrene (0, 20, 40, 80, and 160 ppm). The study provided adequate data
to derive a dose response cancer potency slope for lung bronchioloalveolar adenomas and
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carcinomas, and is supported by several additional studies and lines of evidence
concerning potential carcinogenic effects of styrene. The calculations for cancer potency
use PBPK modeling for estimation of dose from inhaled concentration and adjustments
for human scaling from the Cruzan et al. (2001) data. A health-protective, de minimis
risk value of 0.5 ppb for multiroute exposure to styrene in drinking water was estimated
from this study, which corresponds to a theoretical upper limit cancer risk value of one in
one million people exposed for a lifetime.

A Maximum Contaminant Level (MCL) of 0.1 mg/L (100 pg/L, 100 ppb) was
established by the California Department of Public Health (DPH) (Title 22 CCR,
Division 4, Chapter 15, Article 4, Section 64431) in 1994. California’s current detection
limit for the purposes of reporting (DLR) for styrene in drinking water is 0.5 pg/L (0.5
ppb), which is identical to the PHG. U.S. EPA set a Maximum Contaminant Level Goal
(MCLG) and Maximum Contaminant Level (MCL) of 0.1 mg/L (100 ppb) for styrene in
1991. The federal MCL is based on potential liver, kidney, or circulatory system
problems above this level (U.S. EPA, 2002).

INTRODUCTION

The purpose of this document is to summarize the information available on styrene
pertinent to development of a Public Health Goal (PHG). This document describes the
adverse health effects of styrene in humans and animals, and predicts levels of styrene
associated with insignificant risks of ill health. The dose-response data are used to
develop the PHG for styrene in drinking water. Previously OEHHA used styrene dose-
response data to develop acute and chronic inhalation Reference Exposure Levels (RELs)
for styrene (OEHHA, 1999, 2000).

Many styrene studies have been conducted since the U.S. EPA reviewed styrene toxicity
in the late 1980s for the oral reference dose (RfD), which led to the current federal
MCLG and MCL, and the early 1990s for the inhalation reference concentration (RfC).
U.S. EPA has not completed a cancer risk assessment for styrene (U.S. EPA, 2009). The
new epidemiology reports, animal studies, and in vivo and in vitro genotoxicity and
mutagenicity data have led OEHHA to conclude that the health-protective level should be
decreased by a considerable amount, compared to the existing drinking water standards.
Styrene is a mutagenic and genotoxic carcinogen, and a linear, no threshold dose-
response curve is judged to be appropriate for its carcinogenic risk assessment.

The California Department of Public Health (DPH, formerly Department of Health
Services) uses the health-based information provided by OEHHA, along with other
criteria such as economic and technical feasibility, to set a California MCL. The
California MCL serves as the State’s drinking water standard, and must be equal to or
lower than the federal MCL. In accordance with the California Safe Drinking Water Act
of 1996 (HSC 116365), DPH will reevaluate the State MCL to determine whether it may
be feasible to decrease the MCL to bring it closer to the PHG.
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CHEMICAL PROFILE

Chemical Identity

The chemical formula, structure, synonyms and identification number for styrene are

presented in Table 1.

Table 1. Chemical Identity of Styrene

Chemical Name

Styrene

Ethenylbenzene, vinylbenzene,

Chemical structure

Synonyms cinnamene
Chemical formula CgHsg
CAS Number 100-42-5

“XCH,

Physical and Chemical Properties

Important physical and chemical properties of styrene are given in Table 2, based on
information given in IARC (1994a) and ATSDR (1992). Styrene is a colorless liquid
with a pungent odor, which is slightly soluble in water and very soluble in benzene.

Table 2. Physical and Chemical Properties of Styrene’

Property

Value or Information

Molecular weight

104.16 daltons

Color Colorless to yellowish
Physical state Liquid
Odor Sweet, sharp
Odor threshold
in water 0.73 mg/L
0.011 mg/L (Amoore and Hautala, 1983)
in air 0.32 ppm (1.36 mg/m’) ()
Melting point -30.6°C
Boiling point 145.2°C
Flash point 31°C
Autoignition temperature 490°C
Solubility
in water 300 mg/L
Styrene in Drinking Water 4 December 2010
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Property Value or Information
in organic solvents Soluble in alcohol, ether, acetone, carbon disulfide
Density 0.906 @ 20°C
Partition coefficients
Octanol-water (Ky) 891
Log Kow 2.95
Vapor pressure 6.40 mm Hg @ 25°C
Henry’s law constant 2.61 x 10” atm-m*/mol
Conversion factors 1 mg/m’ = 0.23 ppm, 1 ppm = 4.26 mg/m’

" data from IARC (1994a), ATSDR 1992, and HSDB (2007) except where indicated

Production and Uses

Styrene is one of the world’s major organic chemicals. Production of styrene monomer
consumes a large part of the world’s capacity of benzene, in the form of ethylbenzene
(HSDB, 2007). Styrene is used primarily to make rubber and plastics, in the following
proportions: polystyrene, 66 percent; acrylonitrile-butadiene-styrene (ABS) resins and
styrene-acrylonitrile resins, 11 percent; styrene-butadiene rubber (SBR), 7 percent;
unsaturated polyester resins, 5 percent; miscellaneous resins, 5 percent; other uses, 6
percent (HSDB, 2007). U.S. production in 2000 was more than 10 billion pounds, and an
additional million pounds were imported into the U.S. (HSDB, 2007).

Products made from styrene include packaging, insulation (electrical and thermal),
fiberglass (reinforced plastics), pipes, automotive parts, drinking cups and other food-use
containers, and carpet backing (ATSDR, 1992). These products mainly contain
polystyrene; however most also contain a residue of unlinked styrene. Styrene monomer
may also occur from resin breakdown in these products (ATSDR, 1992). Styrene is
present in combustion products such as tobacco smoke and automobile exhaust.

ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURE

Styrene's production and use in plastic and resin manufacture result in its release to the
environment through various waste streams. Monitoring data indicate that the general
population may be exposed to styrene via ingestion of food which has been packaged in
polystyrene, by ingestion of contaminated finished drinking water, by inhalation of air
contaminated by industrial sources, auto exhaust, or incineration emissions, and by
inhalation of tobacco smoke (IARC, 1994a). Exposure to styrene may occur during the
use of miscellaneous products containing styrene such as floor waxes and polishes,
paints, adhesives, putty, metal cleaners, auto body fillers, and varnishes (NIOSH, 1983).
Styrene also occurs naturally in the sap of some trees (HSDB, 2007).

Worst-case non-occupational exposure estimates for styrene were calculated by U.S. EPA
(1988): 0.5 pg/day from drinking water, 30 pg/day from food, and 65,000 pg/day from
air (includes indoor and outdoor sources but not contributions from active cigarette
smoking); these estimates were based on the highest levels estimated or monitored and,
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therefore, reflect a high potential exposure rather than typical exposure for the general
population. To demonstrate the relative significance of different routes of exposure,
Fishbein (1992) estimated daily intake of styrene from different sources:

worker in reinforced plastics industry 2 g/day

worker in styrene polymerization 100 mg/day

living within 1 km of a production unit 600 pg/day

breathing heavily polluted urban air 400 pg/day

breathing typical urban air 6 ng/day

breathing indoor air 6 to 1,000 pg/day

drinking polluted water 2 png/day

cigarette smoke (20 cigarettes per day) 400 to 960 pg/day.
Air

A vapor pressure of 6.40 mm Hg at 25°C indicates that styrene, if released to air, will
exist solely as a vapor in the ambient atmosphere. Vapor-phase styrene is degraded in the
atmosphere by reaction with photochemically produced hydroxyl radicals and ozone; the
half-lives for these reactions in air are estimated to be 7 and 16 hours, respectively.
Direct photochemical or photolytic reactions for styrene are slow (HSDB, 2007).

In 2000, 1.1 million pounds of styrene were emitted into the air in California by facilities
that report under the Air Toxics Hot Spots program (CARB, 2001). Ambient
atmospheric styrene levels from the vicinity of six reinforced plastic processors in the
U.S. ranged from 0.07 to 690 ppb, while in communities farther away from these
processors, styrene was detected at concentrations of 0.4 to 5.6 ppb (HSDB, 2007).

Outdoor ambient air concentrations of styrene have been reported in several studies, with
levels generally dropping over time. In studies conducted in the mid-1980s, the
concentration of styrene ranged from 0.5 to 3 ppb in Los Angeles, California and was
0.09 ppb in Contra Costa County, California; an earlier study (mid-1960s) found that
styrene concentrations ranged from 1 to 15 ppb in four California cities (HSDB, 2007).
Statewide, mean ambient air levels in California decreased from 0.27 ppb styrene in 1991
to 0.08 ppb in 1997, with a reported median of 0.05 ppb in 2000 (CARB, 2000).

In indoor air, the mean styrene concentrations are frequently somewhat higher than those
in ambient outdoor air (<1 to 6 pg/m’ (i.e., 0.23 to 1.41 ppb)], due to smoking as well as
off gassing from some styrene containing household products (IARC, 1994a). Certain
solvent-based adhesives used to finish interiors of office buildings emit styrene (HSDB,
2007). The mean concentration of styrene in the indoor air of homes with smokers and
nonsmokers was 2.11 pg/m’ (range, 0.49 to 7.02 pg/m’ [0.50 ppb, 0.12 to 1.65 ppb]) and
1.47 pg/m’ (range, 0.43 to 4.96 pg/m’ [0.35 ppb, 0.10 to 1.16 ppb]), respectively (HSDB,
2007). The average emission factor of styrene for six commercial brands of cigarettes
was 147 pg/cigarette (range, 121 to 191 ug/cigarette) (Hodgson et al., 1996). In new
carpets, styrene had an emission rate of 16.6 mg/m” in the first 24 hours and 25.9 mg/m’
in the first 168 hours (HSDB, 2007). Among 178 buildings in the United Kingdom,
carpet was determined to be the source of styrene in one case at 0.9 ppm in air. The
concentration of styrene released from a tufted textile floor covering with SBR backing

Styrene in Drinking Water 6 December 2010
California Public Health Goal (PHG)



under equilibrium conditions ranged from 5.6 ng/L at 23°C to 14.9 ng/L at 71°C (HSDB,
2007). The emission rate of styrene from dry-process photocopiers ranged from 40 to
220 pg/hr per copier while idle and 300 to 12,000 pg/hr per copier during operation
(HSDB, 2007). The emission factor of styrene from urethane cushions ranged from 92 to
94 pg/m*-hr measured for 6 hours in a 4 L dynamic chamber, 118 to 192 pg/m*-hour
measured for 6 hours in a 52 L chamber, and <1 to 8 pg/m*-hour measured for 96 hours
in a 52 L chamber (HSDB, 2007).

Soil

If released to soil, styrene is expected to have low mobility based upon an estimated
octanol-soil partition coefficient (K,) of 960. Volatilization from moist soil surfaces is
expected to be an important fate process. For example, in 1.5 cm deep samples of a
loamy soil, 26 percent of 2 mg/kg styrene added volatilized in 31 days. Based upon its
vapor pressure, styrene may volatilize from dry soil surfaces. Biodegradation by aerobic
microorganisms may lead to extensive or complete destruction of styrene in soil. It was
found that 97 and 87 percent of '*C- styrene added to soil at 2.0 g/kg was converted to
1C-CO, in 16 weeks in a landfill soil and sandy loam soil, respectively (HSDB, 2007).

Water

In the National Drinking Water Contaminant Occurrence Database (NCOD), a repository
of drinking water quality data, the concentration of styrene in Public Water System
(PWS) drinking water derived from surface water averaged 18.4 pg/L (range, 0.044 to
660 pg/L) for 36 PWSs with detectable styrene (out of 1,490 PWSs analyzed) (U.S. EPA,
2001). The concentration of styrene in drinking water derived from ground water under
the influence of surface water was 0.2 ug/L for one of 96 PWSs with analyses, and
drinking water derived from ground water averaged 1.5 pug/L (range, 0.03 to 10 pg/L) for
90 0f 9,023 PWSs with analyses (U.S. EPA, 2001). In the mid-1980s (HSDB, 2007),
styrene was not detected in 945 finished water supplies throughout the U.S. which use
ground water sources. In the NCOD, the concentration of styrene in “other” surface
water averaged 0.33 pg/L (range, 0.2 to 0.6 ng/L) for 5 of 503 stations with analyses
(U.S. EPA, 2001).

If released into water, styrene is expected to adsorb to suspended solids and sediment
based upon the Koc (HSDB, 2007). In lake water, 10 to 20 percent mineralization was
observed in three weeks with samples containing 2.5 to 1,000 pg/L styrene. Degradation
of styrene is rapid in sewage under aerobic conditions (HSDB, 2007).

Volatilization from water surfaces is expected to be rapid. Under laboratory conditions,
50 percent of 2 to 10 mg styrene/liter (depth not specified) was lost by volatilization in 1
to 3 hours in lake-water samples and in six to seven hours in distilled water (HSDB,
2007). A bioconcentration factor of 13.5 for goldfish suggests low bioconcentration in
aquatic organisms. Styrene is not expected to undergo hydrolysis in the environment due
to the lack of hydrolysable functional groups (HSDB, 2007).
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Food

Styrene migrates into food from both rigid and expanded polystyrene foam containers
(WHO, 1983). Styrene levels ranged from 3.9 to 240 ppb (average, 20.6 ppb) in 234
table-ready food items from the U.S. Food and Drug Administration’s (FDA) Total Diet
Study, with the highest concentration in fruit yogurt (Heikes et al., 1995). This study
also reported the styrene concentration in sandwich cookies (216 ppb), margarine (9.28
ppb), butter (22.4 ppb), and cake doughnuts (23.0 ppb). The level of volatile organic
residues appears to vary directly with the fat content of the food (Heikes et al., 1995).
Earlier studies had found styrene in yogurt packaged in polystyrene containers at
concentrations of 2.5 to 34.6 ppb, with styrene content in yogurt increasing with time
(IARC, 1979). In scrambled eggs made from eggs stored in polystyrene containers,
styrene monomer increased from 1 ppb in farm fresh eggs to 14 ppb in farm fresh eggs
stored for two weeks in polystyrene containers; scrambled eggs made from “supermarket
eggs” packaged in polystyrene containers had 103 ppb styrene (Matiella and Hsieh,
1991). Styrene was found at 17.2 ppb in homogenized milk after 19 days storage in
polystyrene packaging (IARC, 1979). The concentration of styrene in commercial
fermented soybean curds was reported as 34 ppb (HSDB, 2007).

Styrene has been detected as a natural constituent of foods and beverages, the highest
measured levels occurring in cinnamon; enzymatic degradation of cinnamic acid
derivatives was proposed as the possible source of styrene (IARC, 1994a). Cohen et al.
(2002) also notes the presence of styrene at low levels in raw foods, while IARC (2002)
states that “[t]he styrene in food occurs mainly by migration from polymer packaging
materials.”

Styrene was detected, but not quantified, in eight of eight human breast milk samples
selected from a total of 42 samples collected from U.S. women in four cities (Pellizzari et
al., 1982). The samples selected were those with the greatest number of peaks or those
containing intense, unique (not observed in other samples) peaks.

Other Sources

Occupational exposure to styrene may occur through inhalation and dermal contact at
workplaces where styrene is produced or used (HSDB, 2007). NIOSH (NOES Survey
1981 to 1983) estimated that 333,212 workers (86,902 of these are female) are potentially
exposed to styrene in the U.S. (NIOSH, 1983). Occupational exposure occurs in
polystyrene manufacture at levels generally less than 21 mg/m’ (5 ppm), though
occasional values of 210 mg/m® (50 ppm) or more have been reported (WHO, 1983). In
reinforced plastics applications, concentrations of styrene found during the production of
reinforced plastics were generally much higher than those found in the polystyrene
production plants. Peak concentrations during earlier periods were as high as 6,300
mg/m’ (1,500 ppm) (WHO, 1983), although current levels are generally much lower.
Average styrene exposures in reinforced plastics/composites plants can range from 40 to
100 ppm, with individual TWA and short-term exposures as high as 150 to 300 ppm and
1,000 to 1,500 ppm, respectively (HSDB, 2007). Other workplaces with exposure
include non-production departments of pulp, paper, and paper product mills, where
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occupational exposure to styrene was 9.9 ppm for maintenance, building construction,
and cleaning workers (HSDB, 2007).

METABOLISM AND PHARMACOKINETICS

Summary

Styrene is substantially and efficiently absorbed by inhalation and ingestion but only
minimally absorbed by skin after dermal contact. Cytochrome P4so-dependent enzymes
in humans and rodents (mice and rats) catalyze the biotransformation of styrene to the
active metabolite styrene-7,8-oxide and, to a lesser extent, styrene-3,4-oxide, as per the
general scheme shown in Figure 1. The principal P450 in human liver is CYP2E1
(Wenker et al., 2001a), but other P450s are involved in both humans and animals
(Nakajima et al., 1994a; Carlson, 2003). Non-cytochrome Pso-dependent heme proteins,
such as myeloperoxidase and prostaglandin synthase, also metabolize styrene. Saturation
of styrene metabolism in humans occurs with prolonged exposure to styrene in air in the
approximate range of 100 to 200 ppm (430 to 870 mg/m”).

The liver appears to be quantitatively the most important organ for the cytochrome Pyso
dependent metabolism, but other organs and tissues, such as the lungs and lymphocytes,
can convert styrene to styrene-7,8-oxide. Kinetic studies on isolated liver microsomal
fractions reveal more than one form of styrene-metabolizing cytochrome P4so-dependent
enzymes, and the analysis of the formation of styrene-7,8-oxide production provides
some evidence for interspecies differences. Furthermore, polymorphisms in cytochrome
P4so-dependent enzymes might result in subpopulations that are more sensitive to styrene
toxicity (Rueff et al., 2009).

Styrene-7,8-oxide is detected in the blood of humans exposed under controlled laboratory
conditions or during work activities. In humans and rodents, styrene-7,8-oxide has been
detected as adducts of hemoglobin or DNA. Styrene-7,8-oxide undergoes detoxification
reactions to non-reactive metabolites and other products depending on the balance of the
activation and detoxification pathways. In humans, the major pathway is epoxide
hydrase-dependent hydrolysis to styrene glycol with subsequent metabolism to the
urinary metabolites mandelic acid (MA) and phenylglyoxylic acid (PGA). In rodents,
styrene-7,8-oxide metabolism may occur through hydrolysis or conjugation to reduced
glutathione via glutathione-S-transferase; the final products are mercapturic acids.
Urinary MA and PGA, alone or in combination, are biomarkers of styrene exposure and
are measured primarily for exposure assessment purposes, particularly in the workplace.

While urinary excretion is an effective clearance pathway, fat is an effective repository
for absorbed styrene (and its metabolites) and can provide a source of internal styrene
exposure after cessation of external exposure due to the high lipophilicity of styrene

(Kow = 891). Humans exposed under controlled conditions to styrene vapor retain styrene
in fat tissue with individual differences in the rate of release. Reported half-lives of one
to four days suggest that continuous environmental exposures to styrene might result in
an accumulation of the chemical in body tissue and removal from the source of styrene
exposure for short lengths of time may not be sufficient to clear styrene and its
metabolites from the body.
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Figure 1. Metabolic Pathways of Styrene®

CH—-CHZ +

CH=CH, ©/CH— CH,

Styrene
Styrene-T 2-oxide Styrene-s 4-oxige

H

|

@[CH-CH:/O/ CH=CH, C—- CHz

2-Vinylpheno! 4-\inyiphenot Styrene-7,8-oxide
©/ @ @C- e

GSH conjugate 1 GSH conjugate 2

l l Phenylethylene
glycol
1-Phenyi- 2-Phenyl-
2-hydroxy- 2-hydroxy-
ethylmercapturic ethylmercapturic H
acid acid |
— COOH
!
OH
Mandelic acid
O
]
©/ C— COOH @ COOH
Phenylgiyoxylic Benzoic acid
acid
'Figure from IARC, 1994a
Styrene in Drinking Water 10

California Public Health Goal (PHG)

Gilucuronide
acetate

Conjugates
?H jug
CH=— CH;, —f
@ 1-Phenytethanoi
»— CH,0H
©/2 -Phenylethanal

Phenylacetaidehyde

! J
@/ CH,— COOH

Phenylacetic acid

o
]

— C— N—CHs~COQH
’ l
Qo

Phenylaceturic acid

1 0
I
@/C——N—CH —COOH
|
H

Hippuric acid

December 2010



Absorption

Ingestion

Styrene can be absorbed through the gastrointestinal (GI) tract, which is important for
food and drinking water pathways. However, quantitative GI absorption studies were not
identified during a search of the published scientific literature. Csanady et al. (1994)
assumed 100 percent bioavailability of orally administered styrene in rodents.

Inhalation

Uptake and absorption studies carried out in humans and rodents demonstrate that
airborne styrene is absorbed by the lung and across the alveoli into the blood. The data
also suggest that some styrene is retained in the respiratory tract. Pulmonary uptake
depends on the styrene concentrations in air and follows first-order kinetics.

The majority of studies available in the published scientific literature on human exposure
are for the inhalation pathway. Data from several human exposure studies are presented
in Table 3. The pulmonary uptake of styrene among humans exposed to styrene in the air
ranges from about 61 to 71 percent. Considering these data together, 65 percent
absorption of styrene from inhalation exposure in humans is a reasonable estimate for use
in risk assessment.

Table 3. Fractional Uptake of Styrene by Humans Exposed by Inhalation*

rercent Styrene Concentration /

Subjects Styrene D y tion of E Reference

Absorbed uration or exposure
No information 61 22 ppm/8 hrs Bardodej and
provided Bardodejova, 1970
Men (n = 14) at rest 62 50 to 150 ppm/30 min Astrand et al. 1974
Men (n = 7) at rest 63 50 ppm/30 min Engstrom et al., 1978
or light exercise
Men (n = 8), light 68 69 ppm/2 hrs Wigaeus et al., 1983
exercise
No information 71 5,9, 23,47 ppm/4 hrs (x 2) | Wieczorek and
provided Piotrowski, 1985
Men (n=5) 64 48 to 52 ppm/2 hrs Norstrom et al., 1992
Women (n=1)
Men (n = 4), light 66 50 ppm/2 hrs Johanson et al., 2000
exercise
Men (n = 20), light 62 24 or 85 ppm/1 hr Wenker et al., 2001a
exercise
" Presented as percent of inspired styrene.
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Among human volunteers exposed by inhalation for two hours to 69 ppm styrene, the in
vivo blood/alveolar air ratio was 62, whereas the blood/inspiratory air ratio was 7.5
(Wigaeus et al., 1983). Systemic absorption of inhaled styrene has been measured by the
presence of styrene in arterial blood. Wigaeus et al. (1983) reported arterial blood levels
of 21 pmol/L, or 2.2 ppm, in men exposed to 69 ppm styrene under light exercise.

Astrand et al. (1974) measured the arterial blood levels of styrene in humans exposed at
air levels of 50 and 150 ppm under conditions of rest, light (50 watts), or intermediate
(100 W) exercise for 30 minutes. At each activity level, the arterial blood concentration
of styrene increased with increasing styrene air levels and breathing rate, ranging from
0.5 ppm (50 ppm concentration, at rest) to a maximum of 12 ppm with intermediate
exercise and exposure to 150 ppm styrene. In men exposed to 50 ppm, an alveolar
ventilation rate of 8 L/min was measured at rest and 23 L/min when performing light
exercise (50 Watts). An 8 percent increase in alveolar styrene level and a 4-fold increase
in arterial styrene blood concentration were observed in men performing light exercise
while exposed to 50 ppm styrene, as compared with men exposed to 50 ppm styrene
while at rest. Similar effects of increased activity and increased ventilation rate on
alveolar and arterial blood styrene levels were observed at exposures up to 150 ppm
styrene. The greater increase in arterial blood styrene levels relative to the alveolar
styrene levels indicates that styrene is rapidly removed from the alveoli into the
circulating blood, as would be predicted for a highly soluble chemical such as styrene.

Styrene uptake by inhalation appears to exhibit linear kinetics at air levels up to about 85
ppm styrene. Among workers exposed to air styrene levels from ten to 80 ppm, there was
a linear relationship between styrene-7,8-oxide in venous blood and air styrene levels or
venous blood styrene levels (Korn et al., 1994). The increase was 3-fold when
measurements were taken under light exercise. Human volunteers exposed to 24 or 85
ppm styrene for one hour under light exercise exhibited the same increases in total
uptake, area under the curve, and cumulative urinary metabolite excretion as the increase
in styrene air levels (Wenker et al., 2001b).

Pulmonary uptake and systemic absorption of styrene following inhalation have been
studied in rats and mice. Ghantous et al. (1990) reported the presence of styrene
metabolites in the nasal mucosa and olfactory bulb of mice exposed to approximately 104
to 208 ng vaporized styrene over a ten-minute interval via inhalation. Among male
Sprague-Dawley rats and male CD1 mice exposed to 50 ppm styrene for 45 minutes,
uptake efficiencies of 4 to 17 percent by the nasal-laryngeal region were reported by
Morris (2000). The uptake efficiencies decreased as the air styrene concentration
increased from 5 to 200 ppm styrene, and as the flow rate through the nasal-laryngeal
region was increased from 50 to 150 percent of the minute volume. In animals treated
with metapyrone, an inhibitor of cytochrome P4so-dependent metabolism, nasal-laryngeal
uptake efficiencies were reduced at low styrene concentrations which effectively
eliminated the styrene concentration-dependence of the uptake efficiencies. The authors
suggested that at low styrene levels a portion of styrene retention by the nasal-laryngeal
area is due to metabolism and formation of a styrene metabolite.

Boogaard et al. (2000a) reported pulmonary uptake of 113 umol/kg-hour for male
Sprague-Dawley rats and 186 umol/kg-hour for male CD1 mice exposed in nose-only
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chambers for six hours to 160 ppm styrene. The arterial blood concentration of styrene
equivalents (styrene and metabolites) in rats exposed for eight hours was 49 nmol/g tissue
at 45 ppm styrene in air, and 375 nmol/g at 240 ppm (Carlsson, 1981). Cruzan et al.
(1998; 2001) measured the pulmonary absorption of styrene by rats and mice as the blood
levels of styrene and styrene-7,8-oxide. In rats, absorption was measured after a 95-week
inhalation exposure to 50 to 1,000 ppm styrene. The relationship between blood styrene
and air styrene was supralinear, whereas the relationship for styrene-7,8-oxide was linear.
Among mice exposed for 74 weeks to air styrene levels of 20 to 160 ppm, the
concentration dependencies of blood styrene and blood styrene-7,8-oxide were
supralinear. The increasing levels of styrene in blood per ppm in air gave the appearance
of saturation of styrene metabolism in both rats and mice. The ratio of styrene-7,8-oxide
to styrene in the blood of rats decreased with increasing styrene exposure concentrations,
but not in mice, indicating that formation of styrene oxide from styrene might have
approached saturation in rats but not in mice (at their lower exposure concentrations).

Dermal Absorption

Styrene liquid and vapor are modestly absorbed through intact skin. Berode et al. (1985)
exposed the hands of 13 men to undiluted styrene liquid for 15 to 30 minutes and then
monitored the urinary excretion of styrene metabolites. The authors calculated that the
amount dermally absorbed was about 4 percent of what would be absorbed from
inhalation of 50 ppm styrene for eight hours. Using the results of Rithimaki and Pfaffli
(1978) and Wieczorek (1985) on dermal uptake of styrene vapors by humans exposed to
322 to 763 ppm for two to 3.5 hours, as reported by McDougal et al. (1990), and
assuming an adult human inhalation rate of 19 m’/day, a dermal absorption fraction for
styrene vapor of 0.021 can be estimated. Limasset et al. (1999) reported two styrene
workers, exposed for two hours to 42 to 59 ppm air styrene and wearing only respiratory
protective wear, excreted a similar level of the styrene metabolite mandelic acid as did
two workers who wore total body protective wear. The authors concluded that dermal
uptake was negligible compared to pulmonary uptake.

In experiments comparing styrene uptake in rats with closely clipped fur exposed for four
hours to 3,000 ppm styrene vapor or fresh air, dermal uptake was estimated as 9 percent
of the total absorbed through both the inhalation and dermal routes (McDougal et al.,
1990). Dermal absorption of neat liquid styrene in rats was approximately 15 percent
following 24 hrs of exposure (Morgan et al. (1991).

Distribution

Styrene uptake into blood and fatty tissues in humans and rodents has been reported in
terms of the styrene partition coefficients (Table 4). Human data are generally taken
from blood levels following inhalation exposure, whereas tissue levels are reported for
experimental animal studies. Fat serves as a repository for styrene in both humans and
animals.
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Table 4. Measured Styrene Partition Coefficients

Species
Compartments References
Rat Mouse Human
Tissue/Air
Lung/Air 70 70 Schwegler and Filser, 1989
Blood/Air 40 Andersen et al., 1984;
Gargas et al., 1989
" 110 100 48 Schwegler and Filser, 1989;
Csanady and Filser, 1994
" 62 Wigaeus et al., 1983*
" 7.5 Wigaeus et al., 1983°
Tissue/Blood
Fat/Blood 86 Andersen et al., 1984;
Gargas et al., 1989
" 41° 44 94 Schwegler and Filser, 1989;
Csanady and Filser, 1994
" 3.1 Wigaeus et al., 1983
Liver/Blood 3.5 Andersen et al., 1984;
Gargas et al., 1989
" 1.2 1.2 2.7 Schwegler and Filser, 1989;
Csanady and Filser, 1994
1.2 Andersen et al., 1984;
Muscle/Blood Gargas et al., 1989
" 0.85 1.3 2.0 Schwegler and Filser, 1989;
Csanady and Filser, 1994

* Alveolar air, following 30 min exposure.

® Inspiratory air, following 30 min exposure.

¢ Numbers in italics were calculated from the authors’ reported partition coefficients for
blood/air and tissue/air.

Wigaeus et al. (1983) calculated a 13 percent uptake of styrene into fat during a 30
minute interval by eight men exposed to 69 ppm styrene vapor. The release of styrene
from the adipose tissue of four of the men was incomplete by 21 hours after styrene
exposure ended. For two men, the levels at 21 hours were 71 and 80 percent of the levels
measured at 30 minutes. For the other two men, the levels at 21 hours were greater than
those at cessation of exposure and decreased to 80 and 67 percent of the 30-minute levels
at seven days. The authors estimated a styrene half-life in adipose tissue of two to four
days and observed that the person with the largest amount of body fat appeared to clear
the styrene at the slowest rate. Wigaeus et al. (1984) also measured venous blood levels
of non-conjugated styrene-7,8-oxide and styrene glycol among four men exposed for two
hours to 69 ppm air styrene and reported 0.05 umol/L styrene-7,8-oxide and 2.1 pmol/L
styrene glycol between five and 30 minutes exposure. Pierce et al. (1996) reported an in
vitro fat/styrene vapor partition coefficient for humans (n = 7) of 3,184 + 84 (SEM).
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Distribution studies in laboratory animals were primarily conducted for inhalation
exposures to radiolabeled styrene. Gargas et al. (1989) reported tissue/air styrene
partition coefficients in isolated rat tissues as 3,476 for fat, 139 for liver, and 47 for
muscle. By way of comparison, the liquid/air partition coefficient for saline was 1.4 and
that for olive oil was 3,548. Withey and Collins (1979) measured styrene concentrations
in perirenal fat of male Wistar rats after a five hour inhalation exposure to 53; 510; 1,100;
1,500; or 2,100 ppm styrene and found styrene levels of 9; 236; 416; 1,252; or 2,436
ug/g, respectively. Bergman (1983) exposed male NMRI mice to ['*C-ring]-styrene by
inhalation for ten minutes and measured disposition of the label over a 48-hour period.
The radioactive tracer was diluted with an unreported amount of unlabeled styrene, so the
total administered styrene dose is unknown. The administered dose of radioactive
styrene was reported to be 6.9 mg. Twenty-four hours following the ten-minute
exposure, whole-body autoradiograms showed radiolabel in body fat. Radiolabel
retained in kidney, liver, and bronchi provides evidence of firmly bound styrene
metabolites in these organs.

Styrene distribution was measured in male Wistar rats exposed by inhalation to 50 to
2,000 ppm for five hours (Withey and Collins, 1979). The rate of styrene uptake into
blood increased as a function of air styrene levels between one and five hours and was
supralinear during the initial hour of exposure. The tissue/blood ratios showed that the
distribution pattern among the organs changed with the air styrene levels. At low styrene
levels (54 ppm), the tissue/blood styrene ratio was 2 for kidney and less than 1 for heart,
lungs, liver, spleen, and brain. The ratio in kidney decreased to about 1 with increasing
air styrene levels. In lung, the tissue/blood ratios were not statistically different from 1
between 470 and 2,240 ppm in air. In liver, a statistically significant increase of 1.5 to
2.2-fold in the tissue/blood styrene ratio was measured after exposure to 2,250 ppm
styrene, compared to 54 ppm exposure.

7—[14C]—Styrene was administered to F344 rats, B6C3F; mice, and CD1 mice via nose-
only inhalation for six hours, and the distribution of radioactive label 48 hours post-
exposure was reported for lung, liver, muscle, and abdominal fat (Sumner et al., 1997).
Among the animal strains tested, the rank order, based on body weight, of the
concentration of radiolabel was B6C3F; mice > CD1 mice > F344 rats for lung tissue; no
strain differences were observed for the other three tissue types.

Boogaard et al. (2000a) measured tissue levels of [*C]-styrene in rodents following a six
hour inhalation exposure to 160 ppm [**C (ring-labeled)]-styrene and found only a
negligible amount remaining 42 hours after exposure. Styrene was retained in the
bronchi of rats and mice. Autoradiographs taken 42 to 45 hours after exposure showed
radioactivity in lung tissue. The authors concluded that radioactivity was mainly located
in discrete regions of the lungs and presumably in the bronchi. However, criteria for
distinguishing the bronchi from other regions within the conducting airways or alveolar
region (e.g., autoradiographs of sectioned lung slices) were not presented.

The systemic uptake of styrene from the lung has also been evaluated by measuring the
levels of the urinary metabolites mandelic acid (MA) and phenylglyoxylic acid (PGA).
The combined excretion of MA and PGA has been reported to be from 54 to 86 percent
of the parent compound (Guillemin and Bauer, 1979; Wenker et al., 2001b). Based on
pulmonary uptake, MA was reported to represent from 14 to 57 percent (Astrand et al.,
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1974; Guillemin and Bauer, 1979 Wigaecus et al., 1983; Johanson et al., 2000) of the total
urinary metabolites.

Savolainen and Vainio (1977) administered 577 pmol [**C]-styrene (position of label not
specified but assumed to be on the aliphatic side-chain) by intraperitoneal (i.p.) injection
to male Sprague-Dawley rats, and reported that the distribution of radiolabel at three
hours post-injection was: kidney (445 nmol/kg) = brain ~ duodenum > liver > spinal cord
> lungs > blood (23 nmol/mL). At six hours post-injection, the level of radiolabel
increased in blood by 13 percent (p<0.0005) and the levels in duodenum and brain
decreased by 20 and 29 percent, respectively (p<0.005 and p<0.0025). At 24 hours post-
exposure, 10 to 25 percent of the radiolabel remained in these tissues.

The distribution of unmetabolized styrene and the metabolite styrene-7,8-oxide was
studied in NMRI mice administered styrene via a single i.p. injection of 1 to 5 mmol 777
[14C]—styrene/kg(bw) (Lofet al., 1984). Within one hour following injection, the highest
styrene concentrations occurred in the pancreas, while intermediate levels occurred in
liver and kidney. The lowest levels occurred in lung, brain, and blood. At two hours
post-injection, the highest styrene concentrations were found in subcutaneous adipose
tissue. At two hours post-injection, a supralinear increase in tissue levels of styrene with
increasing administered dose was observed for each of the above tissues except pancreas.
Styrene-7,8-oxide was detected in each of the above tissues; the highest concentration
occurred in subcutaneous fat. The rank order of tissue/blood ratios of styrene-7,8-oxide,
taken 30 minutes after i.p. injection of 2.7 mmol/kg styrene and measured by two
different analytical methods, was: subcutaneous fat (ratio by method 1 = 14; ratio by
method 2 = 19) >liver (7; 8) > lung (3; 4) > kidney (2; 2) > blood (1;1). A linear increase
in tissue levels of styrene-7,8-oxide was observed with increasing administered dose for
all tissues examined two hours post-injection.

Metabolism

Styrene-7,8-oxide is the primary and most widely studied bioactive metabolite of styrene
(see Figure 1). It is further metabolized to less reactive forms for elimination or possibly
to other reactive species such as arene oxide, styrene-3,4-oxide, and 4-vinylphenol. The
enzyme-catalyzed reactions, which result in the formation of styrene-7,8-oxide, involve
metabolism of the vinyl side-chain of styrene. Evidence for metabolism of the aromatic
ring has also been described.

For the purposes of discussion, styrene metabolism is divided into three major phases in
this document: 1) bioactivation of styrene to the epoxide metabolite, styrene-7,8-oxide,

2) detoxification of styrene-7,8-oxide to styrene glycol or to styrene-7,8-oxide-reduced
glutathione conjugates, and 3) formation of the urinary styrene metabolites MA and PGA.

Bioactivation - Styrene-7,8-oxide Levels in Humans and Animals

Styrene-7,8-oxide has been detected in the blood of humans exposed to styrene under
controlled conditions or in workplace settings. Six men exposed for two hours to 69 ppm
styrene in air with light exercise [defined as 50 watts of work or a heart rate of 93 bpm
(Engstrom et al., 1978)] exhibited a venous blood styrene-7,8-oxide level of 6 pg/L
(Wigaeus et al., 1984). Four men exposed for two hours to 50 ppm styrene in air with
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light exercise exhibited an average of 0.8 pug/L styrene-7,8-oxide in the venous blood
(Johanson et al., 2000).

Eight men previously exposed in the workplace to a mean level of 10 ppm styrene were
exposed under controlled conditions to 69 ppm styrene in air for two hours with light
exercise, and exhibited venous blood styrene-7,8-oxide levels of 2 (limit of detection) to
4 ug/L (Lofetal., 1986). Seven workers exposed to styrene (air concentration not
specified) during the manufacture of unsaturated polyester containers exhibited an
average of 0.09 ug/L styrene-7,8-oxide in the blood compared to an average of <0.02
ug/L among four office workers (Christakopoulos et al., 1993). Among 13 male workers
exposed to air styrene levels from 10 to 73 ppm in a reinforced polyester resin factory,
venous blood styrene-7,8-oxide levels of 0.9 (limit of detection) to 4 ng/L were found
(Korn et al., 1994). Styrene-7,8-oxide was not detected in the blood of control subjects.

Tornero-Velez et al. (2001) reported blood styrene-7,8-oxide levels from about 0.06 to
0.14 pg/L among 35 styrene workers in the reinforced plastics industry. The authors
commented that comparisons among field studies are difficult due to: 1) differences in
analytical procedures, 2) the reactivity of styrene-7,8-oxide towards tissue
macromolecules, and 3) the possible contamination of styrene-related styrene-7,8-oxide
with airborne styrene-7,8-oxide formed by chemical oxidation of styrene.

Styrene-7,8-oxide has been detected in styrene-exposed laboratory animals. Male
B6C3F, mice exposed by inhalation to 250 ppm styrene exhibited an eight hour
cumulative styrene-7,8-oxide blood level of 3.1 uM-hour (Leavens et al., 1996). Female
and male CD-1 mice, exposed to 0, 20, 40, 80, or 160 ppm styrene by inhalation six
hours/day for 74 weeks, exhibited blood styrene-7,8-oxide levels from 0.01 to 0.29 uM (1
to 30 ug/L) at the three highest doses. The dose-response suggested saturation of styrene-
7,8-oxide metabolism (Cruzan et al., 2001). NMRI mice received 521 mg styrene/kg
(bw) by 1i.p. injection and exhibited a blood styrene-7,8-oxide level of 0.6 png/gm wet
weight tissue (Lof et al., 1984). Fischer 344 rats (n = 10), exposed by inhalation to 1,000
ppm styrene six hours/day for four days, exhibited a ten-hour cumulative styrene-7,8[]
oxide blood level of 3.3 ug styrene-7,8-oxide/gm blood-hour (Mendrala et al., 1993).
Sprague-Dawley rats, exposed by inhalation to 0, 50, 200, 500, or 1,000 ppm styrene for
six hours/day for 95 weeks, exhibited blood styrene levels from 0.29 to 30 pg/mL in
females and 0.43 to 33 pg/mL in males. Styrene-7,8-oxide blood level at an air styrene
level of 50 ppm was below the level of quantitation, while the levels at 200, 500, and
1,000 ppm were 0.028, 0.092, and 0.15 pg/mL in females and 0.066, 0.12, and 0.18
pg/mL in males, respectively (Cruzan et al., 1998).

As a marker of exposure, styrene-7,8-oxide has been measured in humans and animals in
the form of either hemoglobin (Hb) adducts or DNA adducts. Johanson et al. (2000)
reported a styrene-7,8-oxide-Hb level of 0.3 pmol/g globin among four men exposed to
50 ppm air styrene under light exercise. No adducts were found in pre-exposure samples.
Styrene-7,8-oxide-Hb adducts were also detected in 11 styrene exposed workers in a
glass fiber factory, whereas none were detected in workers from a piano manufacturing
plant (Liu et al., 2001). The air styrene levels ranged from 4.6 to 69 ppm and the major
Hb adduct (2-phenylethylcysteine) was present at 1.6 to 2.8 mmol/g globin. Adducts in
which the styrene-7,8-oxide was adducted to Hb carboxyl groups or the thiol of a

Styrene in Drinking Water 17 December 2010
California Public Health Goal (PHG)



cysteine group were present at lower levels. The results showed a dose-response
relationship between the air level of styrene and the 2-phenylethylcysteine residue, but
not with the 1-phenylethyl cysteine or albumin adducts. Christakopoulos et al. (1993)
monitored workers exposed to styrene (air levels not specified, but inferred from urinary
metabolites) during the manufacture of unsaturated polyester containers. The authors
reported an average styrene-7,8-oxide-Hb adduct level of 28 pmol/g among seven
styrene-exposed workers and < 13 pmol/g among three unexposed office workers.

Severi et al. (1994) were unable to detect styrene-7,8-oxide-Hb adducts in the blood of 52
styrene workers exposed to an average of 7.3 ppm styrene, although the authors noted

that the urinary metabolite levels were lower in their study than those measured by
Christakopoulos et al. (1993).

Rappaport et al. (1996) concluded from their analysis of styrene-7,8-oxide adducts of Hb
and albumin in styrene workers that the major contributor to the adducts was chemically
produced airborne styrene-7,8-oxide rather than styrene-7,8-oxide endogenously formed
from inhaled styrene. Airborne styrene-7,8-oxide may be produced chemically from
styrene in the presence of workplace oxidizing agents. In 12 fiberglass-reinforced
plastics factories, Tornero-Velez et al. (2000) reported a ratio of air styrene to air styrene-
7,8-oxide of about 1,000:1. The air styrene-7,8-oxide hypothesis was considered in a
physiologically-based pharmacokinetic (PBPK) model (Tornero-Velez and Rappaport,
2001). Among the assumptions of the model is the restriction of styrene metabolism to
the liver. However, there is evidence for the metabolism of styrene in human lung and
blood (Nakajima et al., 1994a; Belvedere and Tursi, 1981) as well as evidence for
variability in styrene metabolism in the human population (e.g., Kim et al., 1997; Wenker
et al., 2000). Rappaport et al. (1996) also commented that styrene was the major
contributor to the internal styrene-7,8-oxide dose in 5 of 20 subjects. As previously
discussed, humans exposed to styrene under controlled conditions, including those that
prevented the formation of exogenous styrene-7,8-oxide, exhibited measurable levels of
blood styrene-7,8-oxide (Wigaeus et al., 1984; Johanson et al., 2000) and styrene-7,8[
oxide-Hb adducts (Johanson et al., 2000). These data support the endogenous formation
of styrene-7,8-oxide following inhalation exposure to styrene in the workplace.

Male NMRI mice were exposed by i.p. injection to doses from 1 to 5 mmol styrene/kg.
Three to 60 nmol styrene-7,8-oxide/g Hb were observed two hours after treatment
(Nordqvist et al., 1985). The authors injected a different group of mice with 0.04 to 1
mmol styrene-7,8-oxide/kg and two hours later observed Hb adducts at levels that ranged
from 0.1 to 13 nmol/g Hb. Nordqvist et al. (1985) reported the binding of styrene-7,8[
oxide to plasma proteins in the samples used for Hb adduct analyses. The authors noted a
supralinear dose-response relationship for Hb binding and suggested that the results may
be due to: 1) saturation of styrene-7,8-oxide metabolism; 2) the increased importance of
metabolic activation of styrene by erythrocytes; or 3) the decreased rate of styrene-7,8(
oxide elimination. Styrene-7,8-oxide-Hb adducts, at levels of about 0.05 to 0.65 nmol/g
Hb, were observed in the blood of female and male mice injected i.p. with about 0.4 to
2.5 mmol styrene/kg (Osterman-Golkar et al., 1995). Male Sprague-Dawley rats also
exhibited increasing levels of the Hb adducts after the same styrene exposure. The
authors reported that the dose-response curve in mice suggested that the further
metabolism of styrene-7,8-oxide was saturated at about 1.0 nmol styrene/kg. A similar
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dose-response curve was observed when the mice were injected with styrene-7,8-oxide
(at lower doses compared to styrene). Deviation from linearity was observed to a lesser
extent in rats.

Bioactivation - Cytochrome P4s0-Dependent Enzymatic Metabolism

Cytochrome P4so-dependent monooxygenases in the liver, lung, and blood are the
primary enzymes involved in converting styrene to styrene-7,8-oxide. Formation of
styrene-7,8-oxide in tissue can be assayed by: 1) direct analysis following extraction and
chromatography (Carlson, 1997), 2) chemical conversion to the stable styrene glycol
(Belvedere and Tursi, 1981; Mendrala et al., 1993), or 3) the enzymatic conversion of
styrene-7,8-oxide to styrene glycol (Nakajima et al., 1994a; Wenker et al., 2001a).

Quantitatively, liver is the most important organ for cytochrome P4so-dependent
metabolism of styrene to styrene-7,8-oxide in humans and laboratory animals,
particularly after ingestion exposure (Elovaara et al., 1991; Nakajima et al., 1994a,b;
Kim et al., 1997; Carlson, 1997). Nakajima et al. (1994a) reported cytochrome Pys[
dependent styrene-7,8-oxide formation in isolated microsomal fractions from human liver
(0.7 and 1.9 nmol/min-mg protein at 0.085 mM and 1.85 mM styrene, respectively).
Carlson et al. (2000) reported the formation of styrene-7,8-oxide by the microsomal
fraction from 5 of 6 human livers to be 0.91 nmol/mg protein-minute in the presence of 2
mM styrene. Mendrala et al. (1993) reported one kinetic form of cytochrome Pyso!
dependent styrene-7,8-oxide formation in human liver microsomes over a range of 0.02
to 2.5 mM styrene. Wenker et al. (2001a) reported two kinetic cytochrome Pysol
dependent styrene metabolizing forms in the microsomal fraction of human liver (at
0.016 and 1.1 mM styrene).

Cytochrome P4s50-dependent metabolic activity in lung tissue and human erythrocytes and
lymphocytes is also significant for the biotransformation of styrene following inhalation
exposure to styrene (Nakajima et al., 1994a; Carlson, 1998; Belvedere and Tursi, 1981).

The metabolic capacity of lung, although less than that of liver, is important for defense
against inhaled and blood derived toxicants (Minchin and Boyd, 1983). In lung,
cytochrome P4so-dependent activities range from 0.006 to 0.012 nmole/min-mg protein)
(Nakajima et al., 1994a). Green et al. (2001) demonstrated in vitro styrene metabolism in
the nasal tissue of rats and mice with a relatively higher level in the microsomal fraction
of the nasal olfactory epithelium compared to the nasal respiratory epithelium. Nasal
metabolism of styrene in male CD1 mice exposed to 160 ppm for six hours has also been
suggested by toxicological data (Foster, 1999).

Among the 40 lung cell types, bronchiolar non-ciliated Clara cells and alveolar epithelial
Type 11 cells are associated with cytochrome P4so-dependent monooxygenase activity
(Devereux et al., 1979; Rabovsky et al., 1989). Clara cells in the bronchioles possess
metabolic, secretory, and stem cell functions (Hook et al., 1990). Type II cells, located
on the alveolar epithelial surface, function in xenobiotic metabolism, surfactant synthesis
and secretion, water transport, and repair of injured alveolar epithelium (Castranova et
al., 1988). Although data on isolated Type II cells in the absence of Clara cells were not
found, Hynes et al. (1999) reported a higher level of styrene-7,8-oxide formation from
styrene in fractions enriched with Clara cells compared to fractions enriched with Type II
cells from mouse or rat. These authors also reported a lower rate of styrene metabolism
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in rat Clara cells, compared to mouse. These results suggest an inconsistency between
the mouse lung tumors that are associated with alveolar Type II cells and the higher level
of styrene metabolic activation associated with Clara cells (Hynes et al., 1999).

Cruzan et al. (2009) investigated the activity of the CYP2F isoforms in mouse, rat, and
human lungs, relative to metabolism of styrene. They conclude that rat CYP2F4 appears
to be equally active as the mouse CYP2F2 isoform in metabolizing styrene and related
chemicals. However, the amount of the enzyme is less in the rat Clara cells, and the
resulting levels of metabolites are lower, which they consider insufficient to cause
cytotoxicity in the rat lung. They found that microsomes prepared from human lungs
produced little or no styrene metabolites, and that human lungs contain fewer Clara cells
than mice or rats. Cruzan et al. also provide the opinion that humans should be much less
sensitive than mice to toxicity due to the metabolites, because of differences in the
morphology of their Clara cells. They conclude that it is unlikely that chemicals that
cause mouse lung tumors via CYP2F2 metabolism will cause lung tumors in humans via
the corresponding CYP2F1 isozyme. However, styrene is associated with many toxicity
endpoints, including pneumotoxicity, and information on the apportionment of tissue-
specific metabolism to each toxicity endpoint in the three species is not available.

The metabolic characteristics of cytochrome P4so-mediated styrene metabolism in one
tissue cannot be directly extrapolated to other tissues, because cytochrome Pyso
dependent monooxygenases represent a large family of distinct isozymes which show a
lack of concordance among tissues. For example, cytochrome P4so-dependent isozymes
identified in human whole lung tissue (e.g., CYP1A and -2F1) were not present in human
lymphocytes. CYP1AI, first identified in human liver, was only observed in the lungs of
current smokers (Hukkanen et al., 1997). Krovat et al. (2000) reported that the inducible
expression of two cytochrome P4so-dependent isozymes observed in a liver cell line was
minimal in blood cell lines.

Nakajima et al. (1994a) measured human styrene metabolism associated with individual
human cytochrome P4so-dependent isozymes by infecting HepG2 cells with Vaccinia
virus-expressed human cytochrome Pyso forms. The rank order of styrene metabolizing
activity (and activity relative to CYP2B6) was CYP2B6 (100) > -2F1 (87) > -1A2 (53) =
-2E1 (53) > -2C8 (40) > -3A3/4 (20) > -4B1 (11) > -3A5 (10). Because many P450
isozymes can activate styrene, it is likely that nearly all adult humans can form styrene-
7,8-oxide. Some of these isozymes have also been detected in children and neonates.
CYP3A4 (the major cytochrome P450 isozyme in adult liver) and CYP1A2 activities
have been detected in neonates (< 6 months old); their activity is lower than in adults
(Dorne et al., 2005). CYP3A4 and CYP1A2 are present in children and their activity is
about 20-25 percent greater than in adults. There are no reports on the ability of
CYP3A7, the major fetal cytochrome P450, to activate styrene. In rats, Nakajima et al.
(1994b) report data that are consistent with roles for CYP2E1 and CYP2C in liver styrene
metabolism and for CYP2B1/2 in lung metabolism. In mouse liver, CYP2EL1, -2B and [
2F1 but not CYPI1A, appear to play a role in the conversion of styrene to styrene-7,8[
oxide (Carlson, 1997; Carlson et al., 1998).

Cytochrome P4so-mediated epoxidation of styrene might occur in the lung following
inhalation exposure. The cytochrome P4so-dependent isozymes CYP2E1 and CYP3A
were identified in human lung using immunochemical techniques (Wheeler et al., 1992).

Styrene in Drinking Water 20 December 2010
California Public Health Goal (PHG)



Willey et al. (1996) reported the presence of CYP1AL1, -1B1, -2E1, and -4B1 in human
primary bronchiolar epithelial cells of non-smokers. In a mouse lung microsomal
fraction, CYP2E1 and -2F, and perhaps to a minor extent CYP1A and/or -2B, may be
important for bioconversion of styrene to styrene-7,8-oxide (Carlson, 1997; Carlson et
al., 1998).

Data on the enantiomeric forms (R, S) of styrene-7,8-oxide suggest that mouse and rat
lung Clara cells and Type II cells contribute to cytochrome P4so-dependent styrene-7,8(
oxide formation and that differences between them can be detected in the enriched cell
preparation (Hynes et al., 1999). In mouse lung the R/S ratio for styrene-7,8-oxide
formation is about four for both Clara cell- or Type II cell-enriched preparations. In rat
lung, the R/S ratio is one for Clara cell-enriched preparations and 0.5 in Type II cell-
enriched preparations. Relevance of the enantiomer selectivity of cytochrome Pasol |
dependent styrene-7,8-oxide formation by the two cell types is unclear. For styrene-
induced cytogenetic alterations in CD-1 mice, the R/S ratio was 0.6 to 0.7 (Sinsheimer et
al., 1993). For mutagenicity against Salmonella typhimurium (TA100) the ratio ranged
from 1.3 to > 2 (Pagano et al., 1982; Seciler, 1990, Sinsheimer et al., 1993). In vitro
inhibitor experiments with isolated Clara cells suggested a role for CYP2F in the
activation of styrene to styrene-7,8-oxide (Hynes et al., 1999). The apparent lack of
involvement of CYP2E in Clara cell styrene bioactivation may reflect an intrinsic
property of Clara cell CYP2E or it may be due to a lack of uptake of the CYP2E inhibitor
diethyldithiocarbamate by the Clara cell preparation. The authors suggested that styrene
metabolism in lung tissue occurs in the bronchiolar epithelial Clara cell and not the
alveolar Type II cell.

Hukkanen et al. (1997) reported CYP2E1 in human lung, bronchiolar-alveolar
macrophages, and blood lymphocytes, and —2B6/7 and —2F1 in human lung and
bronchiolar-alveolar macrophages. Hodges et al. (2000) reported CYP2E1 in human
bone marrow and bone marrow derived cells. Bernauer et al. (2000) identified CYP2E1
immunochemically in human bone marrow stem cells. CYP1B1, -2B6, and -2E1, and
ethanol inducible CYP3A3/4 were identified in human blood monocytes and macrophage
subsets (Baron et al., 1998). Other authors detected the messenger RNA (mRNA)
expression of potential styrene-metabolizing enzymes, which suggests that these tissues
could be sources of human in-situ cytochrome P4so-mediated epoxidation of styrene.

Cytochrome P4so-dependent metabolism can be characterized by the kinetic properties of
the isozymes. Commonly used K, and V.« values for human and rodent cytochrome
P4so-dependent enzymes from liver that catalyze the transformation of styrene to styrene-
7,8-oxide are provided in Table 5. Studies on the kinetic properties of cytochrome Pyso[’]
dependent styrene-7,8-oxide formation in human lung or blood were not found in the
published scientific literature.
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Table 5. Ky and Vmax Values of Enzymes Involved in Styrene Metabolism in
Isolated Liver Microsomal Fractions

Activity
. . Glutathione
Species
p Cytochrome Pyso Epoxide Hydrase Transferase
Km Vmax Km Vmax Km Vmax
0.05° 13° 0.74° 0.15° 0.26(SO)* | 47(SO)*
Mouse | o035y | 8.5(8)"
0.06(SD)* | 9.3(SD)* 0.029 (R, 12 (R, 0.17(S0)* | 39(SO)*
0.03(SD,S)* | 7.9(SD, S)* | SO, W)* SO) (W)
Rat 0.09(F)* 11(F)* 0.16 (S, SO, | 44 (S,
0.07(F,S)* | 14(F, S)* w) SO)(W)*
0.13(SD)* | 14°
0.23(F)* 15°
0.09° 2.1° 0.01° 15° 4.7(SO) 34(R, SO)*
0.07° 1.2° 0.02(R, 0.04° 168(S, SO)°
Human | 0.12° 3.0° SO)° 0.9 22(SO)f
0.01° 0.96° 0.14(S, of
SO)° 23f

Abbreviations: SD = Sprague-Dawley rat; F = Fischer 344 rat; W = Wistar rat; S = animals pre[]
exposed to styrene; R and SO refer to the individual enantiomeric forms of styrene-7,8-oxide.

1

* Mendrala et al., 1993.
b Nakajima et al., 1994a. The Ky, values for Vaccinia virus-expressed CYP2B6 and CYP2E1

catalyzed styrene metabolism were 0.18 and 0.1 mM, respectively.
¢ Wenker et al., 2001a. The Ky, and V¢ are associated with a high affinity form.

4 Watabe et al., 1981.
¢ Wenker et al., 2000.
" Pacifici et al., 1987.

K., in mM and V¢ in nmol/min-mg protein.

Nakajima et al. (1994a) identified a high and low affinity form (0.07 and 0.12 mM,
respectively) of cytochrome P4so-dependent enzymes for styrene in liver. When CYP2B6
and CYP2E1 mediated reactions were analyzed separately, the observed K, values of
0.18 mM and 0.1 mM, respectively, appeared to reflect the high K, form present in
human liver. Wenker et al. (2001a) also detected a high affinity liver form with a K, of
0.011 mM and a low affinity form. The low affinity form was not characterized by its Ky,
but rather by an intrinsic clearance (Vmax/Km, first-order rate constant, Siegel, 1975),
which was 0.007 times that of the high affinity form.

The in vitro cytochrome P4so-dependent enzyme V.« data suggest that humans
metabolize styrene to styrene-7,8-oxide at a slower rate than rats or mice (by about 16
and 27 percent, respectively). When in vitro liver microsomal V,,x values are rel’

calculated based on total animal or unit body weight, the Vmax for human liver

cytochrome P4so-dependent styrene metabolism is about 5 to 8 percent of the Vi« for
mice or rats (Mendrala et al., 1993). These differences between humans and rodents are
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minimized when Vi, values are calculated based on body weight raised to an exponent
of two-thirds (BW>?) (Anderson et al., 1983) or three-fourths (BW>*) (U.S. EPA, 1992).

Enantioselectivity of Styrene Metabolism

Styrene metabolism is enantioselective due to the presence of chirality in metabolites
such as styrene-7,8-oxide, styrene glycol, MA, and the mercapturic acids.
Enantioselectivity may impact styrene tumorigenicity and genotoxicity if such activities
are also enantioselective. An important aspect of styrene metabolism is that the
enantioselectivity will depend on the properties of the enzymes that catalyze the
formation and on the further metabolism of the chiral metabolites.

In humans, the enantioselectivity of styrene metabolism has been studied in workers and
in isolated tissue fractions. Korn et al. (1984) observed a levorotatory/dextrarotatory
(L/D) ratio of urinary MA from styrene-exposed workers of 1.6 inmen (n=11) and 1.4
in women (n = 6). Hallier et al. (1995) reported the excretion of MA from 20 male
styrene-exposed workers with an R/S ratio of 1 + 0.3 (range: 0.7 to 2.2). Among three
workers exposed to 99 ppm styrene, MA stereoisomers were excreted with an R/S ratio
of 1.2, 1.3, and 1.1 (Drummond et al., 1989). The R/S ratio of styrene-7,8-oxide formed
from 2 mM styrene by isolated human liver microsomal fractions from six donors was
reported as 0.7 £ 0.4, where the individual R/S ratios were 1.1, 1.0, 0.9, 0.5, 0.1, and 0
(i.e., no R-styrene-7,8-oxide formed) (Carlson et al., 2000). In the one (out of six) lung
sample that exhibited styrene metabolic activity, the R/S ratio was 1.2 (Carlson et al.,
2000). The in vitro enantioselectivity of cytochrome P4so-dependent styrene-7,8-oxide
formation in human liver (n = 20) was studied by Wenker et al. (2001a) at two styrene
levels, 0.016 and 1.1 mM. The authors reported a 15 percent selectivity for the S-form at
low substrate concentration and a seven percent selectivity for the R-form at high styrene
concentration. They further commented that the data were not normally distributed. The
results suggest that the enantioselectivity of styrene metabolism in humans is not absolute
and may depend on exposure levels.

In an in vitro rat reconstituted styrene metabolizing liver cytochrome P4so-dependent
system, the R/S ratio of styrene-7,8-oxide varied from 0.6 to 1.3 depending on
pretreatment with non-styrene inducers (Foureman et al., 1989). In an in vitro rat liver
microsomal study, the cytochrome P4so-dependent formation of styrene-7,8-oxide from
styrene proceeded with an R/S ratio of 0.8 (Watabe et al., 1981). In an isolated rat liver
microsomal fraction, styrene-7,8-oxide formation from styrene proceeded with an R/S
ratio of 0.6 (Hynes et al., 1999). The R/S ratio of styrene-7,8-oxide formed from styrene
in isolated rat lung microsomal fraction was 0.5 and that formed in a lung cell preparation
enriched for alveolar Type II cells was 0.5 (Hynes et al., 1999).

The in vivo enantioselectivity of styrene metabolism in mice was studied by analyzing
urinary metabolites (Linhart et al., 2000). A slight excess of S-styrene-7,8-oxide was
produced, compared to R-styrene-7,8-oxide. In mouse liver microsomal fraction, the R/S
ratio of styrene-7,8-oxide formed through cytochrome P4so-dependent styrene metabolism
is one, whereas the ratio produced in mouse lung microsomal fraction is two (Carlson,
1998; Hynes et al., 1999). In isolated mouse lung cells enriched for either bronchiolar
Clara cells or alveolar Type II cells, the R/S ratio of styrene-7,8-oxide is about 4 (Hynes
etal., 1999). Thus, the relative amounts of R- and S-isomers may be tissue specific.
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Polymorphisms of Styrene Metabolism

One or more polymorphisms for styrene metabolism exist in the human population. Kim
et al. (1997) reported inter-individual variability in cytochrome P4so-dependent styrene
metabolism in human liver. The authors studied styrene metabolism in isolated liver
microsomal fractions of Northern European (Finnish) and Asian (Chinese) subjects. The
rate among the Finnish was less than that among the Chinese (0.42 vs. 0.72 nmol/min-mg
protein, respectively, p<0.05). However, this difference was observed only at a low
substrate concentration (0.085 mM) and not at a higher substrate concentration (1.85 mM
styrene). The authors also reported differences in some cytochrome P4so-dependent
isozymes between the two groups. CYP1A2 and -2B6 occurred at lower levels in
isolated liver microsomal fractions from the Chinese subjects compared to the Finnish
subjects, whereas the reverse was true for CYP2E1. The level of CYP2C8 was similar
between the two groups. One explanation for the effect of substrate concentration on the
detection of differences in metabolism may be the presence of two kinetic forms of
cytochrome P4so-dependent styrene-7,8-oxide formation with K;, of 0.08 and 1.2 mM
(Nakajima et al., 1994a).

Vodicka et al. (2001b) reported associations between two CYP2E1 polymorphisms and
genotoxicity endpoints in the lymphocytes of styrene workers. Among the total
population (exposed plus controls), DNA single strand breaks were associated with
polymorphisms in the 5'-flanking region and in intron 6, whereas the same correlation
was not observed when the populations were considered separately. Among the styrene
exposed population, the mutation frequency at the hprt locus was associated with a
polymorphism in the 5'-flanking region of CYP2E1. Within the total population an
association was detected for CYP2E1 intron 6. The authors suggested that different
outcomes, observed with and without control data, may reflect the effect of non-styrene
exposures on some genotoxic endpoints. Cytochrome P4so-dependent enzyme gene
products may also possess more than one function in terms of substrate specificity.

Jang et al. (1997) noted a significant (p<0.05) difference in the end-of-exposure urinary
PGA between Asian men (73 mg/g creatinine, n = 6) and Caucasian men (117 mg/g
creatinine, n = 6) exposed to 50 ppm air styrene for six hours. The authors also noted an
increased consumption of ethanol among the Asians compared to the Caucasians, but this
difference was not significant. Styrene levels in the breath of individuals on the
following day also differed between the Asians and Caucasians (0.07 and 0.04 ppm,
respectively, p<0.05).

The in vivo uptake and distribution of the drug chlorzoxazone was studied in 20 Japanese
men and 20 U.S. Caucasian men (Kim et al., 1996). Chlorzoxazone is considered a
model substrate for CYP2E1 (Omiecinski et al., 1999), one of the enzymes considered
important in the human liver metabolism of styrene (Nakajima et al., 1994a). Following
oral administration, Kim et al. (1996) observed decreases in Japanese compared to
Caucasian subjects for oral clearance, fraction clearance of the drug metabolite, and the
plasma concentration-time curve drug metabolite/parent drug ratio. Such a difference in
P4s50-2E1 could affect styrene metabolism and disposition. However, Kim et al. (1997)
reported that styrene metabolism in the liver microsomal fraction of Chinese Asians was
greater than that of U.S. Caucasians at low styrene concentration. Morel et al. (1999)
also point out that substrate specificity for CYP2E1 is not absolute. Hence, the use of

Styrene in Drinking Water 24 December 2010
California Public Health Goal (PHG)



model substrates may lead to inaccurate conclusions about the detailed characteristics of
human styrene metabolism.

Non-cytochrome Paso-mediated Bioactivation

An important characteristic of cytochrome P4so-dependent enzymes is the presence of the
iron-containing porphyrin moiety. Other enzymes that possess a porphyrin moiety are
also capable of catalyzing the reaction. Non-cytochrome P4so-dependent enzymes that
catalyze epoxidation of styrene include prostaglandin synthase (Guengerich, 1990),
myeloperoxidase (Tuynman et al., 2000), cytochrome ¢ peroxidase (Miller et al., 1992),
and chloroperoxidase (Geigert et al., 1986). Ferrodoxin, a non-heme iron enzyme, also
catalyzes epoxidation of styrene (Belvedere et al., 1982).

While the rates of these activities may be less than the cytochrome P4so-mediated
reactions, under certain exposure conditions where styrene enters the systemic circulation
prior to entering the liver, non-cytochrome P4so-dependent bioactivation reactions in lung
may have implications for styrene-related carcinogenicity. For example, prostaglandin
synthase, a lung enzyme located primarily in the alveolar region (Minchin and Boyd,
1983), catalyzes the conversion of styrene to styrene-7,8-oxide (Guengerich, 1990). The
epoxidation of benzo(a)pyrene-7,8-diol by myeloperoxidase has been reported in lung
cells from mice that lacked the receptor for cytochrome P4so-dependent enzyme induction
(Petruska et al., 1992). A polymorphism that may reduce the risk of lung cancer has been
reported for the human myeloperoxidase gene (London et al., 1997; Cascorbi et al.,
2000). These results provide an alternate mode of action for the in situ metabolic
formation of the carcinogenic agent.

Myeloperoxidase can also catalyze the in vitro epoxidation of styrene in bone marrow
and lung (Ross, 1996; Tuynman et al., 2000). Belvedere and Tursi (1981) and Belvedere
et al. (1983) reported the bioactivation of styrene in human blood. Although the rate of
styrene-7,8-oxide formation is greater in lymphocytes than in erythrocytes, the
requirement for reducing equivalents needed for cytochrome P4so-dependent
monooxygenation is less stringent in erythrocytes (Belvedere and Tursi, 1981). Ortiz de
Montellano and Catalano (1985) observed that hemoglobin-dependent epoxidation of
styrene exhibited characteristics different from the cytochrome P4so-dependent reaction
(e.g., partial scrambling of the reaction stereospecificity). Norppa and Tursi (1984)
described enhancement of sister chromatid exchanges (SCEs) in human lymphocyte
cultures in the presence of erythrocytes, under conditions where such enhancement was
not observed for the known SCE inducer cyclophosphamide.

Co-exposures to Other Chemicals

For humans exposed to styrene in the workplace there are at least three potential chemical
co-exposures (butadiene, ethanol, and acetone) that might influence the rate of styrene
bioactivation from cytochrome P4so-dependent reactions. Co-exposure to a fourth
industrial chemical, ethylbenzene, has been associated with increased urinary MA and
PGA in humans (Bardodej and Bardodejova, 1970). In addition, pre-exposure to styrene
and cigarette smoke induces styrene bioactivation in laboratory animals and humans.

Butadiene is a quantitatively important co-exposure in the butadiene-styrene rubber
industry. Measurements of blood styrene and styrene-7,8-oxide in male B6C3F1 mice,
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exposed by inhalation to styrene (0, 50, 100, or 250 ppm) and/or 1,3-butadiene (0, 100, or
1,000 ppm), revealed metabolic interactions (Leavens et al., 1996). When styrene uptake
was measured as the difference between the levels of air styrene in the chamber, there
was no effect of any level of butadiene on styrene uptake into the lung. However, the
eight-hour level of styrene in the blood of the mice was increased in the presence of
1,000 ppm butadiene compared to the blood styrene level in the mice exposed only to
styrene. The enhancement occurred at all styrene exposure levels. Among the mice
exposed to 250 ppm styrene, a 1,000 ppm butadiene co-exposure increased the blood
levels of styrene-7,8-oxide compared to levels in mice exposed only to styrene. The
styrene-butadiene co-exposure appeared to involve metabolic interactions either in the
activation of one or more cytochrome P4so-dependent isozymes that act on styrene or
from inhibition of enzymes that act on styrene-7,8-oxide.

Ethanol is a known inducer of cytochrome P4so-dependent enzyme activity, in particular
CYP2EI (Morel et al., 1999; Omiecinski et al., 1999). Nakajima et al (1994b) showed
that the livers of Wistar rats which received ethanol metabolized styrene to styrene-7,8(
oxide at a greater rate than control rats. CYP2E1 was induced in liver but not in lung.
The ethanol-induced activity was dependent on styrene concentration. Studies with
perfused livers from male Wistar rats showed that induction by ethanol of styrene
metabolism occurred in the fasted state, whereas in the fed state styrene metabolism was
suppressed (Sripaung et al., 1995). The changes may have been related to changes in
pyridine nucleotide levels, which affect cytochrome P4so-dependent metabolism.

The effect of ethanol on cytochrome Pso-mediated metabolism of styrene in humans is
not known. Girre et al. (1994) studied metabolism of the CYP2E1 model substrate
chlorzoxazone in alcoholic patients with liver disease and found little difference in the
total excretion of the chlorzoxazone metabolite due to ethanol intake compared to non[’
alcoholic patients. However, two hours after ingestion of the drug, the alcoholic patients
exhibited a significant increase in ratio of the plasma metabolite/parent compound; the
ratio was reduced following a seven-day abstinence. The relationship between the results
with the model drug and the transformation of styrene to styrene-7,8-oxide is unknown.

Ethanol may affect other enzymes in the styrene metabolic pathway. Reversible
inhibition of styrene glycol dehydrogenase by ethanol resulted in a decrease in urinary
MA at the expense of styrene glycol. This effect of ethanol has implications for
biomonitoring of MA. The excretion of urinary MA is delayed when ethanol is also
ingested. An accurate level of urinary MA can be obtained by carrying out one
measurement of MA many hours after the ingestion of ethanol or carrying out MA
measurements from start of work-shift until retiring at night (Wilson et al., 1983; Berode
et al., 1986). These factors were considered in the establishment of workplace
monitoring protocols for styrene (ACGIH, 1997).

Acetone, frequently found in the reinforced plastics industry workplace, is an inducer of
cytochrome P4s0-mediated metabolism of xenobiotics (Morel et al., 1999; Omiecinski et
al., 1999). Wigaeus et al. (1984) found that, among six males exposed for two hours to
69 ppm styrene vapors with or without a concomitant exposure to 522 ppm acetone, there
was no difference in arterial blood styrene levels (about 19 umol/L) or in arterial blood
styrene glycol (about 3.1 umol/L) levels. Among 44 fiberglass workers who were
exposed to about 48 ppm styrene and about 118 ppm acetone, the presence of acetone
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appeared not to interfere with the excretion of MA or PGA (De Rosa et al., 1996). The
data suggest that simultaneous exposure to acetone does not alter styrene uptake or
metabolism among humans. Among rats, an increased rate of styrene metabolism was
observed in isolated microsomes from acetone exposed animals compared to sham
controls. However, the rate of styrene metabolism in rats exposed to acetone plus styrene
was similar to that in rats exposed only to styrene (Elovaara et al., 1991).

Styrene metabolism has been studied in laboratory animals following pre-exposure to
styrene. Elovaara et al. (1991) observed an increased rate of styrene metabolism
(compared to sham controls) in isolated liver microsomal fraction in Wistar rats exposed
by inhalation to 493 ppm styrene for 24 hours. The increased rate was consistent with
increased liver CYP2EL. At lower styrene vapor levels, no increase in the activity
associated with liver CYP2E1 was observed (Truchon et al., 1990). Mendrala et al.
(1993) observed no effect on liver or lung microsomal metabolism of styrene in Sprague-
Dawley or Fischer 344 rats exposed by inhalation to 1,000 ppm styrene for six hours/day
for four days. Exposure of Wistar rats by gavage to 0, 5, or 10 mmol styrene/kg-day for
four days resulted in increased styrene-7,8-oxide production by liver microsomes, but no
enhancement of the reaction in lung microsomes (Nakajima et al., 1994b). Rat liver
CYPIA was unaffected by in vivo styrene exposure through inhalation (Elovaara et al.,
1991) or gavage (Nakajima et al., 1994b).

An increased styrene metabolism in lung in smokers may be due to the presence of
styrene in cigarette smoke (Wallace et al., 1996).

Other Epoxide Formation

Ring hydroxylation of styrene to form the arene oxide styrene-3,4-oxide has been
considered to play a minimal to non-existing role in mammalian styrene metabolism
(Leibman, 1975). However, the presence of styrene-3,4-oxide in exposed humans and
experimental animals has been inferred from the measurement of the stable metabolite,
vinyl phenol, at a fraction of a percent of the level of urinary MA (Bakke and Scheline,
1970; Pantarotto et al., 1978; Pfaffli et al., 1981). In workers exposed to 130 ppm
styrene, Pfaffli et al. (1981) reported urinary 4-vinylphenol at about 0.04 nmol/g
creatinine, which was estimated to be 0.3 percent of the level of urinary MA. Among
174 styrene-exposed workers in three European cohorts and 26 volunteers exposed to 50
mg/m’ (11.8 ppm) styrene for 8 h, the glucuronide and sulfate conjugates of 40
vinylphenol represented approximately 0.5-1 percent of the total excretion of styrene
metabolites (Manini et al., 2003).

In mice and rats, 4-vinylphenol (a.k.a. 4-hydroxystyrene) is short-lived and is
metabolized under conditions consistent with a role for cytochrome P4so-dependent
enzymes (Watabe et al., 1984; Carlson et al., 2001). The 48-hour level of 4-vinylphenol
in the Pantarotto et al. (1978) rat study was estimated as 0.1 percent of the oral styrene
dose. The role of CYP2E1 and -2F2 enzymes in 4-vinylphenol metabolism was
suggested by the results of Carlson et al. (2001). Watabe et al. (1984) concluded from
their in vitro rat liver microsomal data that one product of 4-hydroxystyrene metabolism
may be a reactive 4-hydroxystyrene-7,8-epoxide. While these data suggest that arene
oxide formation represents a minor pathway in the metabolism of styrene by humans and
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rodents, the in vitro mutagenicity of styrene-3,4-oxide (Watabe et al., 1978), suggests
that the arene oxide pathway could have implications for styrene carcinogenicity.

Detoxification — Two Pathways

The detoxification of styrene-7,8-oxide depends on individual genetics, environmental
factors, and co-exposures to other chemicals. Two major pathways are hydrolysis to
styrene glycol and conjugation to reduced glutathione (GSH). In humans and rodents,
hydrolysis of styrene-7,8-oxide is catalyzed by epoxide hydrase. Conjugation to reduced
GSH is catalyzed by the family of glutathione-S-transferases (GST). The reduced GSH
pathway is considered important for the detoxification of styrene-7,8-oxide in rodents.
The pathway exists in human tissue; however, its role in the detoxification of styrene-7,8(
oxide in humans appears to be less important than in rodent tissue.

Detoxification by Epoxide Hydrase

Epoxide hydrase (or hydrolase) activity towards styrene-7,8-oxide is ubiquitous in animal
tissues (Oesch, 1972; Oesch et al., 1977). Among humans and rodents, the rank order of
microsomal liver epoxide hydrase activity has been reported as human > rat > mouse
(Oesch, 1972; Mendrala et al., 1993). Epoxide hydrase activity towards other substrates
is also widespread. Species differences, based on substrate specificity and the presence
of more than one form within any tissue of one species, have been reported (Guengerich
etal., 1979a,b). In rat, microsomal epoxide hydrase activity towards styrene-7,8-oxide is
greatest in liver, intermediate in kidney, low in intestine and lung, and not detectable in
brain, heart, spleen, or muscle (Oesch, 1972). Green et al. (2001) reported styrene-7,8[
oxide hydrase activity in the microsomal fraction of nasal tissue from mice and rats;
greater activity occurred in the nasal olfactory epithelium compared to the nasal
respiratory epithelium. The authors also reported styrene-7,8-oxide hydrase activity in
human nasal tissue (n = 6); however, insufficient tissue was available to separate the
nasal olfactory from the nasal respiratory tissue.

Unlike the activity in human lymphocytes, the epoxide hydrase activity in human
erythrocytes does not act on styrene-7,8-oxide (McGee and Fitzpatrick, 1985). The lack
is relevant to the observed role of red blood cells in styrene induced SCEs in human
lymphocytes (Norppa and Tursi, 1984) and in the bioactivation of styrene to styrene-7,8[
oxide in blood (Belvedere and Tursi, 1981).

The hydrolysis of styrene-7,8-oxide to styrene glycol is mediated by epoxide hydrase in
cytosolic and microsomal fractions (Omiecinski et al., 1993). Within the microsomal
fraction, epoxide hydrase exists in a tightly bound membrane complex with a cytochrome
P4so-dependent enzyme(s) or in a “free” form (Oesch, 1972). Although the presence of
the microsomal bound epoxide hydrase in close proximity to cytochrome P4so-dependent
enzymes suggests a role for this epoxide hydrase in detoxification of styrene-7,8-oxide,
the relationship between the variously located forms and the biological effects of styrene
have not been elucidated. In one study, the rate of styrene-7,8-oxide hydration in adult
human liver microsomes was greater than in the cytosolic fractions (Pacifici et al., 1983).

Kinetic constants (K, and Vnax) associated with epoxide hydrase-mediated styrene-7,8(
oxide hydrolysis in rodent and human liver have been reported (Table 5). Mendrala et al.
(1993) reanalyzed the V. data and found that on a body weight basis the rank order was
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mouse > rat > human (Table 6). This rank order changes to human > rat > mouse when
Vmax values are calculated in terms of BW>* (or BW? %). Mendrala et al. (1993) also
analyzed the kinetic data for epoxide hydrase activity in terms of the half-life for styrene-
7,8-oxide. Based on the assumption that the hydrolysis of styrene-7,8-oxide is a first-
order process, and using Ky, and Vi, values based on body weights, the authors
calculated styrene-7,8-oxide half-lives as 17 minutes for F344 rats, 9 minutes for Sprague
Dawley rats, 38 minutes for B6C3F1 mice, and 1.8 minutes for humans. One important
aspect of the calculations of Mendrala et al. (1993) is the use of kinetic constants
associated with styrene-7,8-oxide hydrolysis in liver. Similar calculations that use kinetic
constants associated with styrene-7,8-oxide hydrolysis in lung or blood were not
reported. In humans, epoxide hydrase activity associated with erythrocytes does not
appear to use styrene-7,8-oxide as a substrate (McGee and Fitzpatrick, 1985).

Table 6. In Vivo Vmax Values Estimated from In Vitro Vmax Values from Liver
Microsomal Fractions®

. . Vmax (mg/hour)
Enzyme Activity Basis
F344 SD B6C3F; Human
Animal 9.2 8.2 1.2 226
Cytochrome Pgs BW 46 41 60 32
BW** 31 27 23 9.3
Animal 13 15 2 1,886
Epoxide Hydrase BW 65 75 100 27
BW** 43 50 38 78
, Animal 256 498 45 11,774°
Gl;;:;glf(:rl;es BW_ 1,280 2490 2,250 168
BW 856 1,665 846 487

F344 = Fischer 344 rat; SD = Sprague-Dawley rat; B6C3F1 mice; BW = body weight.
"'V nax values are expressed as mg/hour per animal or per body weight raised to 1 or 3/4 (U.S.
EPA, 1992) power. Vmax values based on whole animals and body weight are taken from

Mendrala et al. (1993).

* Vmax value for human glutathione-S-transferase is based on the average of three of five liver
samples demonstrating sufficient activity (3 to 40 nmol/min-mg protein) (Mendrala et al., 1993).

Little information is available on the inter-individual variability of epoxide hydrase
activity towards styrene-7,8-oxide. Pacifici et al. (1983) reported that the specific
activity of adult human cytosolic liver epoxide hydrase towards styrene-7,8-oxide was
greater than that of fetal cytosolic liver epoxide hydrase. Comparative data on
microsomal epoxide hydrase activities were not presented. Viaene et al. (2001) reported
a normal distribution (5 fold) of blood mononuclear cell microsomal epoxide hydrase
activity towards styrene-7,8-oxide among former and currently exposed workers (n = 56).
Wenker et al. (2000) analyzed epoxide hydrase genotypes (EPHX) among the livers of
non-styrene-exposed humans and reported that Sof 20 livers were homozygous for the
mutated allele of exon 3 (associated with slow hydrolysis rate). A similar distribution (21
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percent) of the homozygous mutated allele of exon 3 in the peripheral blood of styrene-
exposed workers was reported by de Palma et al. (2001). De Palma et al. (2001) also
determined that there was no association between the haplotypes at the EPHX locus and
the level of the urinary metabolites MA plus PGA. (The assignment of slow and fast
mutated alleles to exons 3 and 4 of epoxide hydrase is based on results of Hassett et al.
(1994) in which enzyme activity was measured against benzo(a)pyrene-4,5-epoxide.)

Wenker et al. (2000) studied distribution of the kinetic parameters K, and V. for the
hydrolysis of the R- and S-enantiomers of styrene-7,8-oxide in microsomal fractions from
human liver (n = 20). In vitro, the (S)-enantiomer had an approximately six times higher
K and five times higher Vi, than the (R)-enantiomer. In vivo, when racemic (R+S) SO
was used as a substrate, the (R)-enantiomer acted as an inhibitor of the hydrolysis of the
(S)-enantiomer. No effect of alcohol or cigarette smoking was observed. However, Vi«
for hydrolysis of the S-enantiomer of styrene-7,8-oxide decreased as the age of the
individual increased.

The results of Omiecinski et al. (1993) and Hassett et al. (1997) suggested a bimodal
distribution of epoxide hydrase activity toward benzo(a)pyrene-4,5-epoxide in human
lymphocytes (40-fold range in activity) and an 8-fold range of activity in human liver, but
no data on epoxide hydrase activity towards styrene-7,8-oxide were presented. Using the
same non-styrene substrate, the results were consistent with altered human epoxide
hydrase activity that occurs as a result of altered allelic combinations that represent
amino acid substitutions (Hassett et al., 1994).

The ratios of epoxide hydrase/cytochrome P4so-dependent enzyme activities towards
styrene-7,8-oxide and styrene, respectively, were reported in liver, heart, lungs, spleen,
and kidneys for each sex in rat, mouse, guinea pig, and rabbit (Cantoni et al., 1978). The
ratios were <l for male and female mouse lung, female rat spleen, male rabbit heart, and
male and female rabbit lung, and >1 in the remaining cases. On the basis of epoxide
hydrase and cytochrome P4so-dependent enzyme activities, species, tissue, and sex
differences could lead to different expressions of styrene activation or styrene-7,8-oxide
deactivation.

Experimental animal data suggest a minimal effect of prior styrene exposure on epoxide
hydrase-mediated styrene-7,8-oxide hydrolysis to styrene glycol. Exposure to airborne
styrene had no effect on the rate of styrene glycol formation in microsomes derived from
liver or lung of Sprague-Dawley rats or B6C3F; mice or in the lung microsomes from
Fischer 344 rats (Mendrala et al., 1993). Such exposure resulted in a 1.6-fold increase in
epoxide hydrase activity in the liver microsomal fraction of Fischer 344 rats. The lack of
a relationship between exposure to airborne styrene and microsomal epoxide hydrase
(mEH) activity towards styrene-7,8-oxide suggests that prior exposure to styrene among
humans does not induce mEH activity (Viaene et al., 2001). A similar observation was
reported for a non-styrene-7,8-oxide substrate, benzo(a)pyrene-4,5-epoxide (Omiecinski
etal., 1993).

With regard to enantioselectivity, the epoxide hydrase-dependent hydrolysis of styrene-
7,8-oxide proceeded with a selection for the R-styrene-7,8-oxide in both tissues (Carlson,
1998). Watabe et al. (1981) reported that epoxide hydrase-dependent R-styrene-7,8(
oxide hydrolysis was less than that of the S-styrene-7,8-oxide in a rat liver microsomal
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fraction. Also, at one time point, as the level of microsomal protein increased (and the
proportion of hydrolysis product increased), the R/S ratio of styrene-7,8-oxide hydrolysis
products from racemic styrene-7,8-oxide increased. That is, at only 25 percent
completion, the R/S ratio was >1, and it decreased to about one by 100 percent
completion. Watabe et al. (1981) concluded that the high R/S ratio of the hydrolysis
product was due to differential inhibitory properties of the enantiomeric styrene-7,8(
oxides. Hence the R/S ratios of styrene-7,8-oxide and its metabolites in animal tissues
are probably not constant and depend on many factors.

Data on epoxide hydrase activity as a function of age are limited. Activity in fetal mice
was detected indirectly by use of a specific inhibitor of the enzyme (Barcellona et al.,
1987). Kapitulnik et al. (1977) detected hydration of styrene-7,8-oxide in the liver
microsomes from nine people autopsied including one full-term stillborn, a neonate who
died at two days of age, and a two-year old. The epoxide hydrase activity in all three was
similar to the levels in the six adults (ages 56-98 years). Pacifici and Rane (1982)
detected epoxide hydrolase activity toward [7->H]styrene 7,8-oxide in the microsomal
fraction of human fetal liver, lungs, kidneys, adrenal glands, gut, and placenta. Activity
in fetal livers (n=20) was about 40 percent of that found in adults (Pacifici and Rane,
1983). At least one epoxide hydrase isozyme (EPHX1) is reported to be present from the
first trimester of pregnancy to at least one year of age (Blake et al., 2005). Dorne et al.
(2005) reported that general hydrolysis activity was about 20 percent higher in children
(> 6 months) than in adults (> 16 years), but they had no data for neonates.

Detoxification by Glutathione-S-transferase

Styrene-7,8-oxide may also be deactivated by conjugation to reduced GSH through the
action of glutathione-S-transferase (GST) and then to the mercapturic acids (N[
acetylcysteine derivatives) through y-glutamyltransferase, dipeptidase, and N-acetylase.
The GSH pathway for styrene-7,8-oxide detoxification has been demonstrated in rodents
(Mendrala et al., 1993; Linhart et al., 1998) and to a minor extent in humans (Pacifici et
al., 1981; Pacifici et al., 1987; Mendrala et al., 1993). Earlier biomonitoring activities
did not detect substantive levels of styrene-7,8-oxide-GSH adducts or styrene-7,8-oxidel |
mercapturic acids in exposed humans (Leibman, 1975; Bardodej and Bardodejova, 1970;
Truchon et al., 1990; Norstrom et al., 1992). More sensitive analytical methods,
however, have resulted in detection of low urinary levels of these metabolites (Hallier et
al., 1995; Maestri et al., 1997; Ghittori et al., 1997, de Palma et al., 2001).

Although the levels of urinary GST-derived metabolites may be relatively low in exposed
humans, GST activity toward styrene-7,8-oxide has been measured in human tissue. The
activity exists in the cytosolic and microsomal fractions (Morgenstern and Depierre,
1988). However, most studies with styrene-7,8-oxide have used the cytosolic fraction.
Pacifici et al. (1981) reported a rank order of cytosolic GST activity towards styrene-7,8[
oxide as liver > lung = kidney. In human liver, GST activity towards styrene-7,8-oxide
has been associated with the isozyme GSTp (Pacifici et al., 1987). Mendrala et al.
(1993) reported that prior inhalation exposure to styrene resulted in no change in rat or
mouse liver or lung cytosolic GST activity towards styrene-7,8-oxide. In rat and mouse,
the level of GST activity towards styrene-7,8-oxide is greater in the nasal olfactory
epithelium than in the nasal respiratory epithelium (Green et al., 2001).
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In vitro kinetic analysis for GST activity towards styrene-7,8-oxide in liver provided K,
values of 0.17 mM for rat (Mendrala et al., 1993), 0.25 mM for mouse (Mendrala et al.,
1993), and 4.7 mM for human (Pacifici et al., 1987). The reported maximal velocities
(Vmax, nmol styrene-7,8-oxide hydrolyzed/min-mg protein) in liver are 39 for mouse
(Mendrala et al., 1993), 47 for rat (Mendrala et al., 1993), and 22 for human (Pacifici et
al., 1987). The ratios of GST activity to epoxide hydrase activities in human liver, lung,
and kidney ranged from two to three, whereas the ratios in the same organs of rat and
mouse ranged from 17 to 78 (Pacifici et al., 1981). Compared to humans, GST activity
plays a more prominent role in the detoxification of styrene-7,8-oxide in the rat and
mouse than epoxide hydrase activity.

The GSH pathway in rodents and in humans may have implications for styrene
carcinogenicity by providing a pathway for detoxification and for competing toxicity.
GSH levels in rat lung or liver tissue with styrene-induced non-neoplastic lesions appear
to be decreased (Coccini et al., 1997). The nephrotoxicity of styrene or styrene-7,8]
oxide-GSH conjugates administered i.p. to rats occurs under conditions that suggest
involvement of the GSH pathway (Chakrabarti and Tuchweber, 1987; Chakrabarti and
Malick, 1991). These observations are relevant to styrene-7,8-oxide-mediated
tumorigenicity because of potential competing biological effects due to the use of the
presumed carcinogenic metabolite by the GSH pathway. At appropriate styrene-7,8[
oxide levels, a shift could occur in the relative expressions of neoplastic and non-
neoplastic effects. A decreased in vitro covalent binding of styrene-7,8-oxide to rat liver
homogenate or microsomal fraction in the presence of increasing concentrations of GSH
provides support for this hypothesis (Marniemi et al., 1977).

Inter-individual variability among humans in GST activity towards styrene-7,8-oxide
could also affect the carcinogenic outcome of styrene exposure. Pacifici et al. (1983)
detected an age effect; cytosolic GST activity towards styrene-7,8-oxide was lower in
human fetal liver than in human adult liver. Polymorphisms have been observed between
the effects of styrene and GST expression in the human population, and they appear to be
dependent on the measured endpoint. Vodicka et al. (2001b) reported a higher hprt
mutation frequency in the lymphocytes of styrene-exposed hand-lamination workers than
controls among those with a GSTP1 polymorphism. Ollikainen et al. (1998) reported that
lymphocytes obtained from humans who lacked the GSTT1 gene exhibited a greater
increase in styrene-induced SCE in vitro than in the cells obtained from donors with the
gene. (All donors possessed the GSTM1 gene.) The results suggested that for blood and
blood forming organs a polymorphism in the detoxifying GST could affect in situ
responses to the reactive styrene metabolite styrene-7,8-oxide.

De Palma et al. (2001) investigated GST polymorphisms in styrene-exposed workers and
their association with excretion of urinary metabolites. The urinary levels of mercapturic
acids, initiated by the conjugation of GSH to styrene-7,8-oxide, were low in individuals
who were null for GSTM1, compared to those who were positive for this genotype.
Polymorphisms in the GSTT1 or GSTP1 genotypes did not lead to the same decrease, and
the excretion of urinary metabolites derived from the epoxide hydrase-dependent
hydrolysis of styrene-7,8-oxide was not changed. The results suggested an interplay of
the two styrene-7,8-oxide detoxification pathways and a polymorphism, which results in
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a decrease in the nephrotoxic styrene-7,8-oxide-derived mercapturic acids and may lead
to higher levels of a carcinogenic metabolite.

Pacifici and Rane (1982) detected general glutathione transferase activity toward [7[]
*H]styrene 7,8-oxide in the cytosolic fraction of human fetal liver, lungs, kidneys, adrenal
glands, gut, and placenta. Strange et al. (1985) studied the expression of the specific
isozymes GST1, GST2, and GST3 in fetal, neonatal, and infant tissues. (The paper uses
an outdated nomenclature, but indicates that some glutathione transferase activity is
present early in the fetus.) GST1 was first expressed at 30 weeks of gestation (third
trimester of pregnancy) and then steadily increased. Adult levels were reached in late
infancy. GST2 was always expressed in liver and adrenal tissue but was only weakly
expressed in spleen, cardiac muscle, and diaphragm. In kidney GST2 was not usually
expressed until nearly 1 year after birth. The GST3 isozymes were present in all fetal,
neonatal, and infant tissues; their expression in liver decreased after 30 weeks of
gestation. More recent studies have also found some glutathione transferase activity
throughout development (Mathew et al., 1992; Mera et al., 1994).

Although most of the studies on GSH-related styrene metabolism involve GST-catalyzed
styrene-7,8-oxide conjugation, other GSH pathways are possible. A role for a free radical
mechanism that does not involve styrene-7,8-oxide was suggested by Stock et al. (1986),
who described the formation of the conjugate in isolated rat seminal vesicles in the
presence of horseradish peroxidase or prostaglandin H synthase activity. The conjugate
formed in the presence of oxygen was chemically identical to the conjugate formed from
styrene-7,8-oxide in the presence of GST, but, under aerobic conditions, it proceeded
through a series of free radical reactions on styrene. The reaction also proceeded
anaerobically to different products. In tissues where there is a high level of peroxidase or
prostaglandin synthase, this GSH mechanism could be important in styrene metabolism.
However, the apparent minor role of GSH in the human metabolism of styrene suggests
that this mechanism may not be relevant for understanding human styrene
carcinogenicity.

Urinary Metabolites

In humans, styrene metabolism culminates in large amounts of urinary MA and PGA,
end-products of the styrene-7,8-oxide hydrolysis pathway (Astrand et al., 1974; Wigaeus
et al., 1983; Wieczorek and Piotrowski, 1985; Johanson et al., 2000; Wenker et al.,
2001b). Specific yields (percent of pulmonary uptake/retention) vary among the studies
and range from a low of 10 to 35 percent (Johanson et al., 2000) to a high of 90 percent
of absorbed dose (Bardodej and Bardodejova, 1970). These urinary metabolites are
derived from styrene glycol through enzyme-mediated oxidative reactions. Urinary MA
and PGA are biomarkers of styrene exposure. The relationship between the urinary
levels of MA and/or PGA and air styrene has led to the development of biomonitoring
protocols for styrene exposed workers (ACGIH, 1997). Symanski et al. (2001) recently
demonstrated that in the reinforced plastics industry the levels of MA and PGA are higher
among laminators than among assemblers, finishers, maintenance workers, or managers.

Rodents excrete MA and PGA (Truchon et al., 1990; Elovaara et al., 1991), but the
rodent GSH pathway also plays an important role in styrene metabolism (see above).
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The further metabolism of MA to hippuric acid appears to be of minor importance in
humans (Leibman, 1975; Bardodej and Bardodejova, 1970). Ikeda et al. (1974)
suggested that the apparent low yield of styrene-associated hippuric acid in humans might
result from the presence of high background levels and wide physiological variation. The
high levels in unexposed humans is a result of the non-specificity of hippuric acid as a
styrene metabolite; e.g., it is also formed during the oxidation of odd-numbered fatty
acids (Voet and Voet, 1990).

Metabolism of styrene may also result in formation of phenylacetaldehyde by two
reactions: direct oxidation of styrene-7,8-oxide or oxidation of the vinyl side-chain of
styrene to yield phenylethanol and thence phenylacetaldehyde (Sumner et al., 2001).
Barely detectable levels of phenylethanol were reported in early studies (Leibman, 1975).
Current methodologies utilizing '*C-NMR measurement detected phenylacetaldehyde in
the urine of humans and rodents (Johanson et al., 2000; Sumner et al., 2001). The
proportion of phenylacetaldehyde or its metabolites was reported as 16 to 27 percent in
B6C3F, and CD-1 mice, three to five percent in rats (Sumner et al., 2001), and less than
five percent in humans (Johanson et al., 2000).

Concurrent exposure to ethanol (beer, wine, mixed drinks) and styrene leads to decreased
urinary MA levels and increased blood styrene glycol levels in humans (Wilson et al.,
1983; Berode et al., 1986). MA clearance is delayed rather than decreased, and an
accurate estimate of urinary MA can be obtained from more delayed measurements
(ACGIH, 1997). In the context of the current discussion, an accurate assessment of MA
excretion is needed to define an accurate dose-response relationship.

Excretion

Urinary excretion of metabolic end products is the major styrene elimination pathway in
humans, and as noted above, MA and PGA are the major urinary metabolites. Sensitive
analytical methods have detected GSH-related urinary metabolites (Maestri et al., 1997;
Ghittori et al., 1997; de Palma et al., 2001), but in humans the GSH pathway is less
important as an excretion pathway (Pacifici et al., 1981, 1987; Mendrala et al., 1993).

Animal Data

Johanson et al. (2000a) exposed rats and mice for two hours to 50 ppm air styrene and
reported that the label in urine and feces represented 76 percent of the pulmonary uptake
in rats and 69 percent in mice.

The time course for excretion of the radioactive label from styrene was measured by
Sumner et al. (1997) in F344 rats, B6C3F, mice, and CD1 mice after a one or three-day
inhalation exposure to 250 ppm [7-'*C]-styrene. Following the one-day exposure, the
label in F344 rats and CD1 mice declined by 93 and 87 percent between 12 and 24 hours,
whereas that from the B6C3F; mice decreased by only 43 percent. Compared to the one-
day exposure, the decrement in the urinary label (about 90 percent) between 12 and 24
hours following a three-day exposure was similar for the F344 rats and CD1 mice. The
rate of decline of the urinary styrene label in the three-day exposed B6C3F; mice differed
from that among the one day exposed mice (about 90 and 54 percent, respectively).
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In the same study, rats (F344) and mice (B6C3F, and CD1) excreted the radioactive label
from inhaled [7-'*C]-styrene in urine and feces (Sumner et al., 1997). Immediately after
a six-hour nose-only inhalation exposure, 37 percent appeared in the urine of the rat,
whereas only 4 percent appeared in the feces. The remainder was found in the carcass
and pelt (46 and 14 percent, respectively). Forty-eight hours later, 79 percent of the label
had appeared in urine and 18 percent in the feces, while only one and two percent
appeared in the carcass and pelt, respectively. In the CD1 mice, 17 percent of the labeled
styrene appeared in the urine immediately after exposure. (No feces were present in the
nose-only tubes.) The levels in the carcass and pelt were 51 and 32 percent, respectively.
Forty-eight hours after exposure ended, 82 percent of the label had appeared in the urine
and 6 percent in the feces. The carcass and pelt contained two and 10 percent,
respectively. A major difference was observed in mice in that the pelt always contained a
high level of the radioactivity: 78 percent immediately following exposure and 34
percent 48 hours post-exposure. Immediately following exposure the carcass contained
18 percent of the label, whereas only 4 percent was in the urine. Forty-eight hours after
the inhalation exposure ceased for the B6C3F; mice, 60 percent appeared in the urine and
4 percent in the feces. The carcass and pelt contained 2 and 34 percent, respectively.
Tissue analyses were conducted 48 hours after cessation of exposure and only 0.1 percent
was observed for each of the rat and two mouse strains.

Sumner et al. (1997) reported no excretion of the labeled styrene as CO,. Bergman
(1979) reported a recovery of about 7 percent of the styrene dose as CO..

Human Data

Astrand et al. (1974) estimated that urinary MA represented about 50 percent of the
styrene taken up by the lung among humans exposed to 50 to 150 ppm styrene vapors.
Men exposed to 69 ppm styrene for two hours under light exercise excreted about 34
percent of the pulmonary uptake of styrene as MA in the urine (Wigaeus et al., 1983). At
50 ppm styrene with light exercise for two hours, urinary MA represented 14 percent
(range, 6 to 29 percent) of the styrene taken up by the lung (Johanson et al., 2000).

Engstrom et al. (1976) studied excretion of MA in styrene-exposed workers. Urinary
MA levels appeared to reach a plateau by 100 ppm styrene. The authors noted that, based
on urinary MA levels, styrene was not completely eliminated during the 16-hours
between daily work exposures. The excretion of MA among workers exposed to 23 ppm
styrene in air occurred in two phases with reported t;, values of 9 and 17 hours
(statistically different, p<0.05). The first phase t;, for MA excretion among workers
exposed to 248 ppm styrene in air was six hours and was statistically different from the
MA half-life at 23 ppm.

The urinary excretion of MA and PGA was also studied in humans exposed to air styrene
levels of 50 to 200 ppm for four to eight hours by Guillemin and Bauer (1979). Total
excretion of the metabolites by four days following exposure was 86 percent of the
estimated retained styrene dose. Excretion of MA proceeded in two phases with t,
values of four and 25 hours. The t;;; for PGA was ten hours. The ratio of MA/PGA was
4 at 0.5 hours post-exposure and 0.6 at about 20 hours post-exposure.

Excretion kinetics of the urinary styrene metabolites, MA and PGA, were investigated in
humans (n = 5) not occupationally exposed to styrene (Wieczorek and Piotrowski, 1988).

Styrene in Drinking Water 35 December 2010
California Public Health Goal (PHG)



The subjects inhaled 5, 24, or 47 ppm styrene for up to eight hours. Both metabolites
appeared in urine within the first two hours, and the excretion characteristics were similar
and biphasic. The t;/; values were 3 and 32 hours for MA and PGA.

Perbellini et al. (1988) reported that the urinary metabolites MA and PGA were not
totally cleared by humans between end-of-shift and next-morning measurements. For
MA, 19 to 23 percent of the end-of-shift amount was present the following morning. For
PGA, 31 to 41 percent of the amount measured at end-of-shift on Friday was present on
the following Monday morning before the start of the shift. The results suggested that
human exposure to styrene does not cease upon removal from the source. Incomplete
removal of styrene following daily exposures is supported by the results of Symanski et
al. (2001) that showed increased levels of MA plus PGA in late week urine samples
compared to samples taken early in the week.

Engstrom et al. (1976) reported that the t;, for MA excretion among workers exposed to
23 and 248 ppm styrene in air was statistically different (nine and six hours, respectively,
p<0.05), concluding that metabolism was saturated at 248 ppm. Lof and Johanson (1993)
interpreted urinary excretion data to suggest saturation between 100 and 200 ppm in a
two hour styrene inhalation study, but noted a change to almost 400 ppm styrene when
the post-exposure interval was extended from five to 24 hours. The authors suggested
that the metabolism had only been delayed. Guillemin and Bauer (1979) reported that
among humans exposed to 50 to 200 pm styrene for four to eight hours, urinary
metabolite excretion did not appear to plateau. The authors suggested that with up to an
eight-hour inhalation interval between 50 and 200 ppm styrene, equilibrium had not been
reached. Guillemin et al. (1982) reported that among workers exposed to two to 199 ppm
styrene in air, a linear relationship was observed between urinary metabolites and
cumulative exposure (ppm-hr). According to the PBPK model of Ramsey and Andersen
(1984), the blood concentrations of styrene in humans following a one hour exposure to
51, 216, or 376 ppm styrene in air were consistent with saturation around 200 ppm.
Ramsey and Andersen (1984) concluded that the shapes of blood styrene time curves in
rats (area under the curve, AUC) were consistent with saturation of metabolism around
200 ppm styrene. Above this level, the removal of styrene after cessation of exposure
changed from a perfusion-limited metabolism to ventilation-limited metabolism until the
styrene concentration in blood was low enough to permit perfusion-controlled removal.

Wenker et al. (2001b) reported an apparent blood styrene clearance of 1.4 L/min and
terminal elimination half-lives of 69 and 65 minutes among 20 men who were exposed to
either 24 or 84 ppm styrene for one hour under light exercise (50 W). The authors tested
the hypothesis that these styrene parameters, which they considered oxidation parameters,
may be associated with CYP-dependent metabolism of styrene, either through the
metabolism of model substrates or the presence of specific genotypes of CYP2E1.
Neither the level of metabolism (defined as slow or fast metabolizers) nor the presence of
different CYP2E1 genotypes correlated with the styrene oxidation parameters. Three
possible explanations were suggested: 1) an invalid use of the chosen kinetic parameters
to reflect styrene oxidation, 2) an invalid use of the model substrates to reflect styrene
metabolism, and/or 3) a rate limiting effect of blood flow to the liver on styrene
metabolism. Wenker et al. (2001b) suggested that, among the three explanations, the
blood-flow limitation of metabolism may be a major contributor. Data on the level of
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blood styrene oxide and the rate of enzyme-mediated styrene metabolism (as opposed to
model substrates) would help to resolve this issue.

Styrene elimination from blood of human males (n = 8) exposed to 69 ppm styrene in air
displayed biphasic kinetics over four hours (Wigaeus et al., 1983). The rapid distribution
phase half-life (t;,) was calculated as 1.9 minutes and the elimination phase t;, was
calculated as 41 minutes. Among humans exposed for two hours to 69 ppm of styrene
vapors, non-conjugated styrene glycol in the arterial blood increased continuously during
exposure, and decreased after exposure with a t;, of 72 minutes (Wigaeus et al., 1983).

TOXICOLOGY

Genetic Toxicity

Genetic toxicology studies on styrene have been grouped into three categories: human,
rodent, and bacterial/non-mammalian. The large literature on in vivo findings in humans
exposed to styrene is emphasized; other studies are discussed in the text or in tabular
form. Results in humans are summarized in Tables 8 and 9. Table 8, adapted from IARC
(1994a), includes in vivo human genotoxicity studies published up to 1993, while Table 9
summarizes human in vivo studies published from 1993 to 2004. Results from in vitro
studies in humans and from in vivo and in vitro rodent studies are summarized in Table
10, and results from bacterial and non-mammalian systems in Table 11.

The underlying assumption in interpreting genetic toxicity test results is that damage to
genetic material at the DNA or chromatid/ chromosome level has the potential to be
expressed as a neoplastic event and that damage-related neoplastic events occur in all
species. In vivo studies have direct relevance to humans, while in vitro tests have the
advantage of yielding results in a timely manner and can serve as an indicator of potential
carcinogenic hazards. As pointed out by Weisburger and Williams (1991), there is no
one In vitro test that is superior to others. Differences in results can be expected to occur
because of mechanistic considerations and species differences in metabolism and
response. While a positive response may be predictive of carcinogenicity, a negative
response may not always be predictive of non-carcinogenicity by a genotoxic mechanism
(IARC, 1999). Each assay has its own basis, and results obtained from a battery of
genotoxicity assays may or may not be concordant.

Genetic alterations in humans exposed to toxicants are routinely analyzed in tissue
samples (e.g., blood, buccal cavity cells, exfoliated bladder cells) and referred to as
“human in vivo” studies. In vitro human testing can be accomplished by treatment of
cultured human cells with test compounds and analysis of genotoxicity endpoints.
Laboratory animals, most commonly rodents, can be studied in vivo by collection and
analysis of blood, bone marrow, or other tissues. For in vitro studies, rodent-derived
tissue cell culture lines with stable, well-defined karyotypes and short generation times
are often used. In addition, primary cell cultures may be used.

Cytogenetic Alterations

Tests for cytogenetic alterations detect genetic changes at the level of the chromatid or
chromosome, rather than the DNA molecule. Common cytogenetic test systems detect
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chromosome aberrations (CA), sister chromatid exchanges (SCE), and micronuclei (MN).
Chromosome changes may be monitored as structural CA, a measure of DNA breakage
due to errors in DNA repair or replication (IARC, 1999), or as aneuploidy, a measure of
numerical changes. CA are manifested by changes in the size or structure of
chromosomes and include chromatid breaks, chromatid exchanges, acentric fragments,
dicentric chromosomes, ring chromosomes, inversions, and translocations. CA due to
chromosome loss or fragmentation could happen during chromosome sample preparation
and, thus, the potential contribution of artifact must be considered.

SCE can be monitored by differential staining to identify regions of DNA exchanged
between chromatids due to damage-induced recombination. Unlike the random breakage
observed in CA, the breakage that initiates the process of sister chromatid exchange is
followed by a reciprocal reunion that restores the normal size and morphology of the
chromosome. SCE do not result in gross structural losses or alterations in chromosomes
and, therefore, require a more sensitive assay technique than CA. The level of SCE is
routinely expressed as the number of SCE/cell. Because SCE are analyzed for intact
chromosomes, this endpoint of genotoxicity is less susceptible to technical artifacts than
CA (Anderson et al., 1993; IARC, 1999).

Micronuclei (MN) are formed when damage to chromosomes disrupts the normal process
of chromosome segregation, which prevents damaged chromosomes from being
incorporated into the daughter nucleus (IARC, 1999). MN can contain chromosomal
fragments or whole chromosomes; chromosome fragments in MN are often used as
simple indicators of chromosomal damage. MN assays can be conducted on cells
harvested from exposed individuals or animals or on cultured cells. The resulting small
extra-nuclear MN structures are easily visualized by light microscopy.

Human Studies of Cytogenetic Alterations In Vivo

IARC (1994a) reviewed more than 20 studies on cytogenetic alterations in occupationally
exposed humans (Table 8). The mean air styrene levels in the studies ranged from 2 to
138 ppm, and the mean exposure durations ranged from three to 19 years. Cytogenicity
studies of styrene exposed workers have also been reviewed by other authors (Barale,
1991; Scott and Preston, 1994; Bonassi et al., 1996).

Bonassi et al. (1996) conducted a meta-analysis of 25 reports published between 1977
and 1995 on CA, MN, and SCEs to compare studies with varying numbers of test
subjects and exposure ranges. Styrene exposure was categorized as low or high, based on
a median air concentration of 30 ppm. The median exposure duration was nine years,
and seven studies reported a mean exposure greater than ten years. To estimate the
association between exposure to styrene and each cytogenetic endpoint, Bonassi et al.
calculated the ratio of the mean frequency of the effect in the exposed group compared to
the control group. A ratio was calculated for each genotoxicity endpoint and for both the
low and high styrene exposure groups, weighted to account for random effects and
sampling error. Workers exposed to air styrene levels greater than 30 ppm had a
significant increase in CA compared to non-exposed workers (weighted ratio of 2.18; 95
percent confidence interval: 1.52-3.13). The apparent absence of increased CA among
workers exposed to less than 30 ppm styrene compared to controls was interpreted by the
authors as reflecting the limited statistical power of many of the studies to detect a small
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response. No significant increases in SCE or MN were detected, and the authors
commented on the limited statistical power of many of the studies.

Table 8. Cytogenetic Alterations (In Vivo) in Human Lymphocytes from
Individuals Occupationally Exposed to Styrene®

Number | Number Length of Styrene in Air Cytogene_:tic Reference
Exposed |Referents| Exposure (yrs) (ppm) Observations
Range | Mean | Range | Mean | CA | MN | SCE
10 1-15 32 <300 + Meretoja et al., 1978a
16 6 1-15 6.3 <300 + -
5 20 14-25 <10 -
12 20 3-39 0-47 2 - Fleig & Thiess, 1978
14 20 2-24 50-300 )
12 12 3-34 0-9 - Thiess & Fleig, 1978
6 6 0.5-10 14-192 39 + Hogstedt et al., 1979
24 24 4-27 0.7-170 | 58.1 - Thiess et al., 1980
36 37 0.3-12 1-382 138 + Andersson et al.,
20 21 0.3-12 1-382 138 (+) (1980
16 13 0.6-9.3 1-211 70 - Watanabe et al., 1981
18 6 0.2-30 40-50 () - [Watanabe et al., 1983
38 20 1-23 1-36 13 + Hogstedt et al., 1983
25 22 1-22 9.4 7->96 + (+) (Camurri et al., 1983
43 33 1-22 7-96 + Camurri et al., 1984
18 9 2-44 13.2 - - |Hansteen et al., 1984
Nordenson &
15 13 1-26 24 - Beckman, 1984
Nordenson &
12 12 1-26 24 + Beckman, 1984
36 19 1-11 1-236 36 + |Pohlova & Sram,
22 22 1-11 9-132 1985
Maki-Paakkanen,
21 21 1-25 8-63 24 - - - |1987
32 32 18.8 27-55 + Forni et al., 1988
8 8 4.5 9-44 -
11 11 10 28-140 61 - Jablonica et al., 1988
11 15 0.1-25.4 8.1 1-39 13 - Hagmar et al., 1989
20 22 0.1-254| 8.1 1-39 13 (]
7 8 (smokers) 8.6 1.7-131 50 - [Kelsey et al., 1990
12 (nonl]
13 smokers) 7.2 5.8-130 55 -
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Number | Number Length of Styrene in Air Cytogene_)tic Reference
Exposed |Referents| Exposure (yrs) (ppm) Observations
Range | Mean | Range | Mean | CA | MN | SCE
11 Miki-Paakkanen et
11 (smokers) 6.4 - - - fl, 1991
6 (non!]
6 smokers) 7.2 ? - -
17 17 (all) 6.7 70 - - -
10 9 2.7 1-44 11.2 + Brenner et al., 1991
15 <15 Yager et al., 1990;
16 0.2-55.3 | 2-25 - + (1993
17 > 25
50 54 5-182 43 - - - Sorsaetal., 1991
25 54 1-133 11 - - -
7 7 1-18 5-24 12 - - Tomanin et al., 1992
11 11 1.5-15 27-204 | 45 + -
28 20 1-26 8 29-42 37 + [Hallier et al., 1994
'Van Hummelen et al.,
52 24 2.9 22-111 | 31 - - 1994
\Anwar and Shamy,
18 18 10-22 14.3 21 + - 1995
23 51 20-320 + + |Artuso et al., 1995
23 51 0.5-28 +) ()
12° 57 - Kolstad et al., 1996
53 41 9.9 30.3 - + [Karakaya et al., 1997
Somorovska et al.,
44 19 10-15 6-47 1999
79 90 0.2-25 0.03-0.3 + Lazutka et al., 1999
97 90 0.2-21 1-1.4 +
Oberheitmann et al.,
14 7 0-35 8.7 <23 | + 2001
14 30 7->15 17-19 + + [Laffon et al., 2002a
28 28 1-30 12 2-91 27 - + [Teixeira et al., 2004

+ = positive; (+) = weakly positive; - = negative; ? = inconclusive; blank = not tested.
! Adapted from Table 14 of IARC (1994a).

? Studies after 1993 added by OEHHA.
Styrene exposed workers with myeloid leukemia (n=19) that underwent chromosome analysis.
Results from chromosome based challenge assay.

Workers also exposed to phenol and formaldehyde
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Yager et al. (1993) demonstrated an increase in SCE with exposure among styrene
workers (n = 48; 22 females, 26 males; average employment duration = six years, range:
0.5-27 years) in a boat manufacturing facility. Styrene exposure was estimated by
repeated sampling of personal air. Three exposure groups were defined as having eight
hour TWA styrene exposures of less than 1.4 ppm (low), 1.4 to 28 ppm (medium), and
greater than 28 ppm (high). The authors reported a statistically significant increasing
trend in lymphocyte SCE with increasing air styrene concentration, whether expressed as
environmental (r = 0.4, p = 0.008) or exhaled breath (r = 0.5, p=0.001) levels. The
mean SCE/cell (+ SE) for each of the exposure groups (combined smokers and non!(
smokers) was 6.13 = 0.18 (low), 6.48 £0.21 (medium), and 6.85 + 0.26 (high).

Yager et al. (1993) categorized styrene exposure according to smoking status to separate
the contribution of cigarette smoking from that of styrene exposure to the observed SCE.
Smoking was found to contribute 62 percent to the variability in SCE level, while styrene
contributed 25 percent. The 13 percent contribution of a combined effect of smoking and
styrene to the variability was not significant and, therefore, the effect of styrene or
smoking to the generation of SCE could be considered independent events.

Studies on cytogenetic alterations among styrene-exposed workers published from 1993
to 2004, after the reviews of IARC and Scott and Preston (1994), are summarized in
Table 9 and reviewed below. Additional recent reviews of styrene genotoxicity are Speit
and Henderson (2005), Henderson and Speit (2005), and Nestmann et al. (2005).

Anwar and Shamy (1995) reported increased CA among male workers exposed to styrene
in a reinforced plastics factory (n = 18) compared to male workers (n = 18) from an
administrative section of the factory. The styrene group was exposed to a mean of 21
ppm styrene (based on urinary mandelic acid) for an average of 14 years. Among the CA
(gaps, breaks, acentric fragments, and dicentrics), chromatid breaks were the major
contributor to the observed CA. There was no correlation between the frequency of CA
and duration of styrene exposure. The authors reported no increased level of MN among
the styrene-exposed workers compared to the non-exposed controls.
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Table 9. Human in vivo Genotoxicity of Styrene’ (Studies Published from 1993 to 2004)

Genotoxic Endpoint

Numb Exposure | Exposure
E>l<J néseeé Level Duration DNA 1 Gene DNA Reference
P (ppm) (years) | CA | SCE | MN | Strand ;
y Mutation| Adducts
Break
Boat manufacture 48 15 (RS’ 50) 2310 + Horvath et al., 1994
Styrene production 25 <0.01 to 0.83 18 - Holz et al., 1995
. » |Vodicka et al.,
Laminators 9,11 38to 16 11 + + +1), -(g) 1995: 1999
Reinforced plastics 23M, 24F 36 to 37 () Bigbee et al., 1996
Boat manufacture 17 <6 to >7 +4 Marezynski etal.,
1997
Somorovska et al.,
Plastics lamination 44 6 to 47 10 to 14 + ? 1999; Koskinen et
al., 2001
: Koskinen et al.,
Laminators 9 14 8 + 2001
Reinforced plastics 14 17 to 19 17 + Laffon et al., 2002b
Reinforced plastics 86 19+13 <4 - + ? Vodicka et al., 2004

Abbreviations: M = male; F = female; + = positive; (+) = weakly positive;- = negative; ? = inconclusive; blank = no information.

L Y S

CA results from chromosome based challenge assay.
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Data on exposure characteristics were taken directly from the published reports.

(1) = lymphocytes; (g) = granulocytes. The study is based on the same cohort that was evaluated at different times.
Styrene exposed workers with myeloid leukemia that underwent chromosome analysis.
Adduct is 8-hydroxydeoxyguanine.
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Artuso et al. (1995) compared CA and SCE in peripheral blood lymphocytes from 46
male fiber-reinforced boat builders to those in 51 males who lived in the same area as the
factory but had no history of occupational exposure to genotoxic chemicals. The exposed
and referent groups were matched for age and smoking habits. The average age among
the groups was 28 years for the boat builders and 30 years for controls. Information on
duration of employment was not given. The exposed group was divided into low (n = 23;
2-120 mg/m” or 0.5-28 ppm) and high (n = 26; 86-1389 mg/m’ or 20-326 ppm) styrene
exposure categories. Increased levels of CA (chromatid, chromosome, and total
aberrations) were detected in the high styrene exposure group as compared to controls (p
<0.01). At the high dose, the number of CA (aberrations/100 metaphases + SE) were
reported as 1.01 + 0.20 for chromatid, 2.99 + 0.34 for chromosome, and 4.0 + 0.40 for
total aberrations, compared to control values of 0.41 £ 0.09, 1.73 £0.24, and 2.13 + 0.27,
respectively. A positive trend with increasing styrene exposure was observed for each
type of CA (chromatid, p < 0.004, chromosome, p< 0.006, and total aberrations,
p<0.0002, respectively). Exposure to styrene was judged to be a risk factor for CA. CA
were statistically significantly increased in the high exposure group: relative rate = 2.4
(95 percent CI, 1.3-4.7). Increased levels of SCE were observed with a positive trend
with increasing styrene exposure (p < 0.02). Pair-wise comparison with controls was
significant (p < 0.05) for the high and low exposure groups in a set of samples from 32
workers and 21 controls that was processed by one of the two laboratories contracted for
analysis. The second laboratory processed a second set of samples from 13 workers and
13 controls; no significant differences were observed. The relative rates of SCE in the
first group of samples were 1.22 (low exposure) and 1.26 (high exposure). There was a
non-significant increase in SCE related to the level of cigarette usage. No association
between alcohol ingestion or diagnostic X-rays and SCE levels was detected.

Karakaya et al. (1997) studied the genotoxic potential of styrene in male furniture
workers (n = 53) who were exposed during handling of unsaturated polyester resins
during hand lamination. The controls were unexposed males (n =41) from a local
university. The mean styrene level during lamination was 152 ppm, and during the 100
minute interval after lamination it was 30 ppm. The average exposure duration was 10
years and about 30 percent of each group smoked. The genotoxicity endpoints were SCE
and MN in peripheral blood lymphocytes. No difference in MN was observed between
the exposed workers and controls. The mean SCE level (SCE/cell) was higher in the
exposed group than in the unexposed group: 5.15 £+ 1.44(SD) vs. 3.66 + 0.52 among non[’|
smokers (p <0.01), and 6.75 + 1.34 vs. 5.88 + 0.76 among smokers (p < 0.01). There
was a non-significant trend towards increased SCE and MN with increasing duration of
exposure (p > 0.05).

Styrene exposed workers (n = 44) in a plastics lamination plant exhibited increased levels
of lymphocyte CA compared to unexposed factory controls (n = 10) (Somorovska et al.,
1999). Styrene exposure was defined by work activity: 1) controls, clerks (no styrene
exposure); 2) low, maintenance (6 ppm); 3) medium, sprayers (13 ppm); and 4) high,
hand laminators (47 ppm). Workplace air measurements did not detect toluene or
acetone as potential confounders. The average employment duration was 10 (low), 15
(medium), and 14 (high) years for styrene exposure groups. Compared to the control
group, the frequency of CA (aberrations/100 metaphases) in each of the styrene exposure
groups was significantly higher (p< 0.01 or 0.001) than in the control group (control, 1.4;
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low, 3.3; medium, 2.5; and high, 3.8, respectively). When the three exposed groups were
pooled, the authors observed a higher frequency of CA in female workers than male
workers (3.5 compared to 2.8 percent, respectively). Smoking was not related to the CA
endpoint. The authors reported significant associations between CA and air styrene level
(r=10.43,p=0.001), blood styrene (r = 0.41, p = 0.001), exhaled styrene (r = 0.50, p <
0.001), and exposure duration (r = 0.6, p < 0.001)

The study of Somorovska et al. (1999) was expanded to inquire into the relationship
between the observed CA and genetic polymorphisms (Vodicka et al., 2001b).
Polymorphisms were evaluated for the enzymes cytochrome P45 CYP1A1 and CYP2E1
(bioactivation), epoxide hydrase (detoxification by hydrolysis), and glutathione-S[’
transferases GST M1, P1, and T1 (detoxification by conjugation) in lymphocyte DNA.
The authors determined that for the total set of exposed and unexposed workers, CA
correlated with air styrene level (r = 0.4, p = 0.0007), blood styrene level (r = 0.5, p <
0.0001), and employment duration (r = 0.5, p <0.0001). Among the exposed population,
CA correlated with blood styrene levels (r = 0.5, p = 0.02), but not with any of the
investigated genetic polymorphisms.

Lazutka et al. (1999) tested workers in a carpet factory (n = 79) and in a plastic-ware
plant (n = 97) for CA in peripheral blood lymphocytes. The air styrene level was 0.03 to
0.3 ppm in the carpet factory and 1.0 to 1.4 ppm in the plastic-ware factory. Phenol and
formaldehyde were also present in both factories. CA (number of CA/100 metaphase
cells) were observed in both groups of workers and their levels were significantly
increased (p < 0.05) at all exposure durations compared to non-exposed controls (n = 90).
The average CA level for carpet workers was 3.79 + 0.32 (SE) and for plastic-ware
workers was 4.17 £ 0.29 compared to 1.68 & 0.13 for controls. There was no relationship
between the CA level and the exposure duration. Although styrene may play a role in
development of CA, a role for phenol or formaldehyde could not be ruled out.

Oberheitmann et al. (2001) used the challenge assay technique on blood lymphocytes
obtained from styrene exposed boat builders to assess styrene-related CA. Blood
preparations from styrene-exposed workers were subjected to X-irradiation, and then
chromosome spreads were prepared and analyzed by fluorescence in situ hybridization
(FISH) to detect CA. X-ray treatment induces additional damage in the lymphocytes
from styrene-exposed workers that might be mis-repaired leading to CA. The use of
fluorescent probes specific to chromosomes 1, 4, and 12 enhanced the ability to detect
styrene-induced CA resulting from interchromosomal exchanges. The authors evaluated
styrene-exposed (<100 mg/m’) boat laminators (n = 14) and workers at the same plant
who were not directly exposed to styrene (n = 2) and control workers (n = 7) from a
different industry. In the absence of prior X-irradiation, the level of CA (chromosomal
exchange CA/100 metaphases) in the lymphocytes of the styrene-exposed workers (0.22;
95 percent CI, 0.13-0.36) was higher than that in the controls (0.14; CI, 0.05-0.31), but
the difference was not statistically significant. When lymphocytes from styrene-exposed
workers and controls were subjected to X-ray treatment prior to analysis, CA detected in
cells from the styrene-exposed workers (16.19; CI, 15.00-17.40) compared to controls
(13.26; CI, 10.53-16.50, p < 0.038) increased with cumulative exposure to styrene (up to
35 years, p = 0.015, R*= 0.4) but not with blood styrene concentration. The data indicate
an effect of chronic styrene exposure as opposed to acute styrene exposure.
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SCE and MN were evaluated in whole blood of male workers (n = 14), employed seven
to > 15 years at a fiberglass-reinforced plastics factory by Laffon et al. (2002a). The
control group was 30 male university staff not exposed to chemicals or radiation. Styrene
exposure was estimated from the urinary styrene metabolite, mandelic acid. The
frequencies of SCE (number/cell) and MN (number/100 cells) in lymphocytes of exposed
workers were greater than in the controls. For SCE the level was 3.51 + 0.06 (SE) for
exposed workers compared to 2.55 £ 0.05 for controls (p < 0.01). For MN the level was
24.63 + 1.49 for workers and 13.91 £+ 0.81 for controls (p < 0.01). The increase was
detected at two exposure durations (seven to 15 and > 15 years). Distributions of the
SCE and MN frequencies among the styrene-exposed workers were shifted to higher
values relative to frequencies in the control group. The increased SCE distributions
among styrene-exposed workers appeared to be associated with the presence of a small
number of cells containing a high frequency of SCE (high frequency cells). High
frequency cells were defined as cells whose SCE (or MN) frequency exceeded the 95t
percentile of the SCE (or MN) distribution in a pooled data set from control individuals.
In contrast, the distribution of increased MN frequencies for styrene-exposed workers
compared to controls was not due to high frequency cells. Although SCE and MN
frequencies increased with age, the effect was not statistically significant. An effect of
cigarette smoking was detected only among the styrene-exposed group. The authors
reported a positive correlation between SCE and MN (r = 0.43, p =0.01).

Kolstad et al. (1996) studied the relationship between myeloid leukemia (ML) and CA
among styrene workers. There were few patients (seven chronic myeloid leukemia
(CML), 12 acute myeloid leukemia (AML)) available for study. Among seven males
with CML, six were styrene-exposed workers and one was a control worker. Karyotype
analysis revealed a 9;22 translocation (Philadelphia chromosome) in five of the six
styrene-exposed CML patients; this karyotype change was not observed in the non-
styrene exposed CML patient. Among the 12 AML patients, nine were styrene workers
and three were controls; the authors reported no significant cytogenetic patterns. Kolstad
et al. (1996) also compared the ML patients (CML plus AML) with the probability of
styrene exposure. The odds ratios revealed non-significant increased risks for: (1)
styrene-exposed workers, (2) styrene workers employed during the 1960s when
workplace styrene air concentrations were high, and (3) styrene workers with more than
ten years after first exposure. Increased risk was not observed with increasing styrene
exposure nor with length of employment beyond one year. The study was limited by the
small numbers of ML patients with chromosome analyses, lack of specific exposure data,
incomplete case ascertainment, and lack of information on possible confounding factors.
However, the authors concluded that styrene may play a role in clastogenic event(s)
among ML patients in the reinforced plastics industry.

Human Studies of Cytogenetic Alterations In Vitro

Studies on cytogenetic alterations induced by styrene in human lymphocyte cultures,
published between 1978 and 1993, were reviewed by IARC (1994a) (Table 10A). Of the
eight reviewed studies, none used an exogenous metabolic system, and all were positive.
It has been suggested that lymphocytes are metabolically competent to activate styrene
(Belvedere and Tursi, 1981). Additional in vitro lymphocyte studies reviewed by Scott
and Preston (1994) showed that styrene-induced cytogenetic alterations in human
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lymphocyte cultures were enhanced by added metabolic activation; the enhancement was
consistent with a role for oxidative metabolism through the cytochrome P4so-dependent
monooxygenase system.

Table 10A. Cytogenetic Alterations (In Vitro) in Human Lymphocytes Exposed to
Styrene’

Endpoint Result Reference
SCE

+

Norppa et al., 1980a

Norppa and Vainio, 1983
Norppa et al., 1983
Chakrabarti et al., 1993
Lee and Norppa, 1995
Bernardini et al., 2002
Linnainmaa et al., 1978a

NS}

CA Linnainmaa et al., 1978a

Pohlova et al., 1984
+ Jantunen et al., 1986

"' Without addition of activation system. Whole-blood lymphocytes were used except for Pohlova
etal., 1985.
? Purified lymphocytes showed weaker response.

+ |+ |+ |+ FH |+ ] T+

Styrene may be more genotoxic in whole blood than in purified human lymphocyte
cultures. This is consistent with the studies of Norppa and Tursi (1984), in which the
presence of erythrocytes (2 x 10*/mL) in lymphocyte cultures led to an increased level of
SCE compared to purified lymphocyte cultures alone (<2 x 10* erythrocytes/mL). The
presence of erythrocytes increased the SCE/cell approximately three-fold over a styrene
concentration range of 2 to 4 mM. This observation is consistent with the proposed role
for hemoglobin in the oxidative metabolism of styrene.

Human lymphocytes exposed to styrene in whole blood cultures exhibited increased SCE
levels and a delay in cell cycle kinetics under conditions where viability was not affected
(Chakrabarti et al., 1993). The styrene concentrations ranged from 10 to 500 uM and the
study was carried out in the absence of exogenous metabolic activation. The increase in
SCE and decrease in cell cycle kinetics was linear up to 200 uM styrene, after which
saturation was observed. SCE/cell increased from 13.0 to 22.6 over the styrene dose
range tested, compared to 6.3 for control cultures (p < 0.01 for each dose). The authors
concluded that styrene is genotoxic in human lymphocytes.

Lee and Norppa (1995) reported styrene-induced SCE in human lymphocytes in whole
blood cultures at styrene concentrations of 0.5 and 1 mM. The levels of styrene induced
SCE/cell in two experiments were 15.94 = 4.6 (SD) and 14.16 £ 5.31 at 0.5 mM, and
21.22 £4.58 and 19.60 + 5.33 at 1 mM, compared to 10.38 + 3.14 and 9.82 £ 2.91 for
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controls (p < 0.001 at each concentration). The authors concluded that styrene is
genotoxic towards human lymphocytes.

In the study described by Chakrabarti et al. (1993), styrene-7,8-oxide, a styrene
metabolite with putative genotoxic properties, increased as a function of styrene
concentration, and saturation was apparent by 200 uM styrene. The level of styrene-7,8[]
oxide, as measured by styrene glycol in cultures of human lymphocytes, increased from
approximately 0.5 to 4 nmol/10° cells over a styrene concentration range of 25 to 500
uM. The authors concluded that genotoxicity of styrene in human lymphocytes might
proceed through this metabolite, although they also suggested a role for an active oxygen
species formed from the action of hemoglobin. A role for styrene-7,8-oxide in styrene
genotoxicity has also been proposed by Bastlova et al. (1995) and by Shield and
Sanderson (2001), who reported mutations at the hgprt locus in styrene-7,8-oxide-treated
human lymphocytes. Similarly, SCE were observed in styrene-7,8-oxide-treated human
lymphocytes (Lee and Norppa, 1995; Uuskula et al., 1995; Ollikainen et al., 1998).
Exposure of isolated human lymphocytes to styrene-7,8-oxide resulted in DNA strand
breaks as measured by the comet assay (Bastlova et al., 1995; Laffon et al., 2001).

Rodent Studies of Cytogenetic Alterations In Vivo

The results of in vivo genotoxicity studies published from 1983 to 1993 were reviewed by
IARC (1994a) and are shown in Table 10B. Rats, mice, and hamsters were exposed by
1.p. injection, diet, or inhalation. Eight of eight studies in which SCE were measured
were positive. Fewer studies were positive for MN (2/7) or CA (1/8). In addition, the
review by Scott and Preston (1994) reported induction of aneuploidy among rats exposed
to styrene by inhalation.

In studies in female mice and rats by Kligerman et al. (1993), a tissue specific dose
dependence was observed for SCE. Female B6C3F; mice were exposed by inhalation to
125, 250, or 500 ppm styrene for six hours per day for two weeks. They exhibited
statistically significant (p < 0.05) increases in SCE/cell in blood lymphocytes at all
exposure levels (10.4, 11.4, and 11.7, respectively, compared to 9.5 for controls), in lung
(11.3 for mid- and high-dose groups compared to 9.0 for controls), and in spleen in the
mid- and high-dose groups (11.6 and 12.8 compared to 10.5 for controls). The authors
reported no significant increases in CA or MN. Among female F344 rats exposed by
inhalation to 125, 250, or 500 ppm styrene for the same period of time, a dose
dependence of lymphocyte SCE/cell was also observed. The increased levels were
significant (p < 0.05) in the 250 ppm and 500 ppm groups; the numbers of SCE/cell were
11.6 and 14.3, respectively, compared to 11.3 for controls. For rats exposed to styrene,
no increase in CA or MN was observed.
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Table 10B. SCE, CA, and MN in Cells of Animals Exposed In Vivo

Endpoint Result | Reference
SCE, mouse bone-marrow and liver cells + Conner et al., 1979
Scaigi’;sfnzgfgf;gw’ fiver and " Conner et al., 1980
SCE, mouse bone-marrow cells + Sharief et al., 1986
SCE, mouse lymphocytes Kligerman et al., 1992
SCE, mouse lung cells + Kligerman et al., 1992
SCE, mouse splenocytes () Simula & Priestly, 1992
SCE, rat splenocytes + Simula & Priestly, 1992
SCE, rat peripheral lymphocytes + Kligerman et al., 1993
CA, mouse lung cells - Kligerman et al., 1992
CA, rats peripheral lymphocytes - Kligerman et al., 1993
CA, rat bone-marrow cells + Meretoja et al., 1978b
CA, Chinese hamster bone-marrow cells - Norppa et al., 1980b
CA, mouse bone-marrow cells - Sbrana et al., 1983
CA, rat bone-marrow cells - Sinha et al., 1983
CA, mouse bone-marrow cells - Sharief et al., 1986
CA, mouse splenocytes - Kligerman et al., 1992
MN, mouse bone-marrow cells + Norppa, 1981
MN, mouse splenocytes - Kligerman et al., 1992
MN, mouse erythrocytes - Kligerman et al., 1992
MN, mouse bone-marrow cells (+) Simula & Priestly, 1992
MN, rat bone-marrow cells - Simula & Priestly, 1992
MN, rat peripheral lymphocytes - Kligerman et al., 1993
MN, Chinese hamster bone-marrow cells - Penttild et al., 1980

Symbols: + = positive; (+) = weakly positive; - = negative; 0 = not tested

Frequencies of MN were measured in the bone marrow of male NMRI mice exposed by
inhalation to a dose of 0, 176, or 352 ppm styrene for six hours/day for 1, 3, 7, or 21 days
(Vodicka et al., 2001a). Mice exposed to the higher level of styrene in air for seven days
exhibited an MN frequency (10.4 per 1000 polychromatic erythrocytes) about twice that
found in control mice (p = 0.014). Significant increases were not detected at other times
or at the low dose. The lack of response at 21 days may reflect the inhibition of cell
proliferation by styrene due to cytotoxic effects and/or the elimination of chromosome
fragments by natural cell turnover (half-life about 48 hours). Simple regression analysis
failed to detect a significant correlation between MN frequency and blood or air styrene
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levels, but multiple regression analysis revealed a significant correlation for both
exposure parameters (blood styrene level p = 0.04 and air styrene level p = 0.01; r* = 0.5).
Engelhardt et al. (2003) extended these findings. Male NMRI mice were exposed by
whole body inhalation to styrene concentrations of 750 mg/m> (176 ppm) and 1,500
mg/m’ (352 ppm) styrene for 6 h/day on 1, 3, 7, 14, and 21 consecutive days. Animals
were killed immediately after exposure. Bone marrow was sampled for MN induction.
This experiment showed no evidence of clastogenicity at either concentration or at any
exposure interval.

Mammalian Studies In Vitro

IARC (1994a) reviewed reports of styrene-induced SCE and CA in cultures of Chinese
hamster lung cells and ovary cells (Table 10C) in the presence, but not absence, of
erythrocytes. This observation is consistent with the role of erythrocytes in the oxidative
metabolism of styrene (Norppa and Tursi, 1984).

Table 10C. SCE and CA in Cells of Animals Exposed In Vitro

Endpoint -S9 +S9  |Reference
SCE, Chinese hamster ovary cells |- + de Raat, 1978
SCE, Chinese hamster ovary cells - +3 Norppa et al., 1985
SCE, rat lymphocytes + 0 Norppa et al., 1985
CA, Chinese hamster lung cells - (+) Matsuoka et al., 1979
CA, Chinese hamster lung cells ) 0 Ils9h818ate & Yoshikawa,

Symbols: + = positive; (+) = weakly positive; - = negative; 0 = not tested.
? Activation by erythrocytes

Other In Vitro Cytogenetic Studies

Cytogenetic changes caused by styrene have also been observed in several other test
systems, as summarized in Table 10D.

Table 10D. Other Cytogenetic Alterations due to Styrene

Endpoint Result | Reference

Allium cepa, chromosomal aberrations + Linnainmaa et al. (1978a,b)
Saccharomyces cerevisiae, gene conversion + Del Carratore et al. (1983)
Saccharomyces cerevisiae, homozygosis + Del Carratore et al. (1983)
Drosophila melanogaster, ancuploidy - Penttil4 et al. (1980)

Symbols: + = positive; - = negative.
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DNA Strand Breaks

Styrene induced DNA damage in mammalian cells has been studied by observing single-
strand breaks following treatment with alkali, which disrupts base-pairing and causes the
damaged DNA to become unwound. Single strands can then be monitored by
chromatography (Erixon and Ahnstrom, 1979; Solveig-Walles and Orsen, 1983) or
electrophoresis (Hellman et al., 1995). A common method of visualizing DNA damage
that results in single-strand breaks or alkali-labile sites is the “comet assay” in which
treated cells are embedded in agarose at an alkaline pH and exposed to an electric field.
Small fragments of DNA can flow out of the immobilized cell forming a tail or “comet”
that can be stained and visualized (Hellman et al., 1995). Measurements of tail length,
tail intensity (or percent DNA in the tail), and tail moment (tail length x tail intensity)
allow the number and the size of the breaks to be estimated (Hellman et al., 1995; Laffon
et al., 2002a, McGregor and Anderson, 1999). While most authors refer to the damaged
DNA thus observed as single-stranded breaks, IARC (1994a) noted that alkaline
techniques may not distinguish between single-strand DNA breaks and alkali-labile sites.
Alkali-labile sites may be derived from adducts that lead to apurinic or apyrimidinic sites
(see Vodicka et al., 2001a; Laffon et al., 2002a); these sites tend to be repaired at slower
rates compared to DNA single-stranded breaks (Chovanec et al., 1998). Chovanec et al.
(1998) commented that apurinic and apyrimidinic sites often convert into single-stranded
breaks. Hence, the two phenomena (DNA alkali-labile sites and single-strand breaks)
may be considered to exist on a continuum, and in this document they will be referred to
as DNA single-strand breaks.

Human Studies of DNA Strand Breaks In Vivo

DNA single-strand breaks are monitored as alkali-sensitive disruptions in the base-
pairing that causes the DNA to unwind, thus permitting the breaks to be observed by
physical techniques (IARC, 1999). DNA damage, detected by chromatography of
alkaline-treated DNA obtained from the blood of workers (n = 90) exposed to styrene in
unsaturated polyester resins, was reported by Walles et al. (1988). Styrene exposure was
monitored by end-of-shift blood styrene glycol and urinary mandelic acid from which an
air styrene concentration of 50 to 100 ppm was estimated. Controls (n = 8) were office
workers outside of the factory. Duration of employment ranged from 0.5 to 15 years.
Duration of cigarette smoking ranged from 0 to 30 years for styrene workers and 0 to 25
years for the control office workers. The smoking rate (cigarettes per day) ranged from
zero to 25 for styrene-exposed workers and 0 to 40 among the controls. DNA damage
was expressed as the fraction of DNA (in double-stranded form) that remained bound to
filters. Among the styrene-exposed workers the fraction of double-stranded DNA was
0.74 and among the control office workers the fraction of double-stranded DNA was
0.81. The difference was marginal by a two-tailed test (p = 0.06) and significant by a
one-tailed test (p < 0.05). The level of single-strand breaks correlated with the level of
urinary mandelic acid (r = 0.6) and blood styrene glycol (r = 0.6) (p-values not
presented). Employment duration or cumulative cigarette smoking did not explain the
variation in single-strand break levels.

In a different set of workers, Walles et al. (1993) reported single-strand breaks in DNA
from leukocytes of styrene exposed workers from a plastics factory (incidence, 17/23).
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Duration of exposure was 0 to 25 years. Smokers comprised 10/23 workers, and 6/23
workers used snuff. The mean individual (breathing zone) air styrene level was 7 ppm
(range, 0.04 to 20 ppm). Other metrics of styrene exposure were individual end-of-shift
blood styrene, urinary styrene, and urinary mandelic acid. The level of end-of-shift
single-strand breaks for smokers and non-smokers was related to the eight-hour TWA.
Significant exposure dependence was observed between DNA single-strand breaks and
each of the following exposure metrics: blood styrene, urinary styrene, urinary
metabolite, whole day TWA, last four hours TWA, exposure duration above 50 ppm, and
maximum styrene exposure. There was no dose-dependence between DNA single-strand
breaks and the last 30-minute TWA (the end of shift measurement). Similarly, there was
no correlation between DNA single-strand breaks and exposure measured before a shift.
The authors reported no relationship between DNA single-strand breaks and age,
exposure duration, or use of snuff. A 2-fold increase in single-strand breaks following
eight hours of exposure to 18 ppm styrene was calculated. Smoking 20 cigarettes per day
corresponded to an end-of-shift increase in single-strand breaks of about 50 percent. The
lack of a correlation between the end-of-shift increase and the next-morning blood
samples reflected rapid repair kinetics in leukocytes. IARC (1994a) suggested that the
method used by Walles et al. (1993) did not distinguish DNA damage caused by alkali-
labile sites or single-strand breaks.

Vodicka et al. (1995) reported increased levels of DNA strand breaks among laminators
(n =7 females, 2 males) compared to factory controls (n = 4 females, 3 males). The
damage was observed in the comet assay and differences were noted for amount of
damaged DNA (T, percent DNA in tail), length of the tail (TL, um) and tail moment (T x
TL/100). The values for workers compared to controls were: T =10.50 & 5.78 percent
(SD) compared to 1.0 £ 2.76 percent (p < 0.007), TL =2.5+1.49 ym vs. 1.00 = 3.2 um
(p=0.032), and TM = 5.50 = 3.04 vs. 1.00 = 3.41 (p = 0.02). The extent of DNA
damage in the same group of workers was monitored one month later when the data were
compared to non-factory laboratory controls (Vodicka et al., 1999). DNA damage was
greater in the laminators than the controls (p <0.001). In the latter report, the authors
reported correlations between air styrene levels or styrene exposure duration and DNA
strand breaks in one group of styrene workers (air styrene: r = 0.5, p = 0.006 to 0.01;
exposure duration: r = 0.4, p = 0.02 to 0.04). However, for an analysis of samples
collected over a three-year interval, the correlations were weaker or non-existent.

In a study by Somorovska et al. (1999), DNA damage in lymphocytes, observed in the
comet assay, was about two-fold greater in the high-styrene-exposed laminators and
medium-exposed sprayers (~30 percent T), compared to the non-exposed control group
(~15 percent T) (p < 0.001). The extent of damage did not differ between the two
exposure groups and was not affected by smoking status. The distribution of damage
(from undamaged to maximally damaged) differed between the controls and styrene-
exposed groups, such that the majority of cells in the control group were undamaged,
whereas there was an increase in the proportion of damaged cells compared to
undamaged cells among the styrene-exposed workers.

DNA damage, measured by the comet assay (tail length), was evaluated in the whole
blood of male workers (n = 14, employment duration seven to > 15 years) at a fiberglass-
reinforced plastics factory by Laffon et al. (2002a). The control group was 30 male
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university staff not exposed to chemicals or radiation. Styrene exposure was estimated
from the urinary MA. The mean tail length in blood of exposed workers [48.68 + 0.33
um (SE)] was greater than in controls (43.34 £0.31 um, p <0.01). The increase was
detected at two exposure durations (seven to 15 and > 15 years). An effect of cigarette
smoking was detected, but only among the styrene exposed group; no effect of smoking
was observed in the control group.

Godderis et al. (2004) studied 44 workers exposed to an estimated styrene level of 9.5 £
9.6 ppm and 44 matched controls to examine the influence of genetic polymorphisms in
biotransformation (GSTT1) and DNA repair enzymes (XRCC1 and XRCC3) on the
levels of N-terminal hemoglobin adducts and genotoxicity biomarkers. XRCCI1 (X-ray
repair complementing defective repair in Chinese hamster cells) is involved in base
excision repair and rejoining single strand breaks; XRCC3 is involved in repair of cross-
links and chromosomal double strand breaks. Results from the Comet assay showed that
subjects with high levels of N-terminal valine adducts had higher levels of DNA damage.
Frequencies of micronucleated mononucleated (MNMC) and binucleated (MNBC)
lymphocytes and micronucleated nasal epithelial cells differed significantly between
styrene-exposed and control workers. In the whole group (styrene-exposed plus
controls), higher frequencies of MNMC were found in individuals possessing the XRCC3
Met(241) allele; those with the XRCC1 GIn(399) allele showed higher frequencies of
MNMC and MNBC. In vitro DNA repair capacity, as measured by residual DNA strand
breaks in peripheral blood leukocytes after a styrene oxide (SO) challenge, was also
influenced by styrene exposure. After 1 hour of repair, lower levels of residual DNA
damage were found in individuals possessing GSTT1 (P = 0.043). After 24 hour of
repair, lower residual DNA damage was found in individuals homozygous for XRCC1
Arg(194) (P =0.013). Multivariate regression analysis indicated that the duration of
exposure, smoking habits and polymorphisms of XRCC1 at codon 399 were important
variables affecting the genotoxic responses. The authors conclude that DNA damage
occurs in workers exposed to low styrene levels, and that characterizing genotypes of
metabolizing and DNA-repair genes is important for the assessment of individual
genotoxic risk from styrene exposure.

Rodent Studies of DNA Strand Breaks In Vivo

Solveig-Walles and Orsen (1983) observed DNA damage in several organs of NMRI
mice exposed to styrene by i.p. injection. DNA damage was expressed as the fraction of
single stranded DNA. Within 24 hours after i.p. exposure to 8§ mmol/kg, single-strand
breaks (SSBs) were observed in liver, lung, kidney, and brain. The fraction of SSBs was
highest in kidney (0.38) and liver (0.26) four hours after i.p. injection; the levels
decreased over the next 20 hours. Lung and brain SSB levels at four hours were 0.06 and
0.08, respectively, and increased slowly over the next 20 hours to 0.07 and 0.10,
respectively. When the mice were treated with a range of doses (1.7 to 10.1 mg/kg), a
dose-dependent increase in DNA SSBs was observed in kidney at the four hour time
point (0.06 increasing to 0.14).

Solveig-Walles and Orsen (1983) also documented the levels of single-strand DNA
breaks induced in mice receiving i.p. injections of styrene-7,8-oxide. Lung, liver, brain,
testes, and kidney were analyzed following administration of 1.8-7.0 mmol/kg. One hour
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after administration, a dose response relationship of increasing SSBs in kidney DNA was
observed ranging from 0.05 up to 0.21 for doses of 1.8 and 7.0 mmol/kg, respectively.
Kinetics of induction of SSBs over a 24-hour period by styrene oxide in lung, liver, brain,
and testes demonstrated a rapid increase in SSBs in liver (0.14), lung (0.18), and brain
(0.22) within one hour of administration. Single-strand breaks then decreased steadily for
the remainder of the 24-hour observation period to about 60 percent of the initial levels.

DNA damage, as SSBs (or alkali-labile sites), was reported in lymphocytes, bone marrow
cells, liver cells, and kidney cells in female C57BL/6 mice (n = 6 per dose and exposure
time), four or 16 hours after they received a single i.p. injection of 100, 250, 350, or 500
mg styrene/kg (Vaghetf and Hellman, 1998). Negative controls received corn oil and
positive controls received cyclophosphamide. DNA damage was evaluated by the comet
assay. The rank order of damage four hours post-exposure was lymphocytes > liver cells
> kidney cells > bone marrow cells. Similar responses to styrene-7,8-oxide (at lower
doses) were observed, and the rank order was different (lymphocyte = liver > bone
marrow > kidney). The dose-response curves for styrene and for styrene-7,8-oxide
exhibited sublinear kinetics, which was interpreted to reflect saturation of a detoxification
pathway, perhaps mediated by glutathione, of the active metabolite (presumably styrene-
7,8-oxide). DNA damage in the styrene-treated mice decreased 16 hours post-exposure
for lymphocytes and liver (250 and 500 mg/kg) and remained similar in kidney (250 and
500 mg/kg). In bone marrow the styrene-induced DNA damage appeared to increase
after 16 hours at the high dose. The different responses of specific cell types might
reflect differences in metabolic capacities, sensitivities to induction or repair of DNA
damage, and accumulation level of toxicant.

DNA strand breaks (or alkali-sensitive sites) and oxidized pyrimidines and
apurinic/apyrimidinic sites (endonuclease III sensitive) were measured by the comet
assay in peripheral lymphocytes, bone marrow cells, and liver cells of male NMRI mice
exposed to styrene by inhalation at 0, 176, or 352 ppm styrene for six hours/day for one,
three, seven, or 21 days (Vodicka et al., 2001a). In bone marrow there were significant
increases in the fraction of endonuclease sensitive sites at both air styrene levels (0.5 and
0.4, respectively, compared to 0.1 for controls, p = 0.05) following 21 days of exposure;
no other significant increases were detected in this tissue. In lymphocytes, there was a
significant increase in DNA strand breaks after exposure to the high styrene level for
seven days. No strand breaks or endonuclease III sensitive sites were detected in liver
cells (predominantly hepatocytes) in either treatment group at any time point. The
authors interpreted the different tissue responses of DNA strand alterations as reflecting
differences in metabolic parameters among these tissues.

Mammalian Studies In Vitro

IARC (1994a) reported DNA strand breaks in an in vitro study with rat hepatocytes
(Sinha et al., 1983). Scott and Preston (1994) noted the importance of exogenous
metabolic activation, which was consistent with a role for the cytochrome P4so-dependent
monooxygenase enzymes.
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Gene Mutation

The interaction of styrene or its metabolites with DNA can result in damage that becomes
fixed as a mutation, which can cause a detectable change in phenotype. Two classes of
gene mutations can be detected by mammalian or bacterial assay systems: forward
mutations and reversion mutations. Forward mutations alter a wild-type gene, resulting
in its inactivation, which leads to a detectable loss of gene function. Reversion mutations
restore a gene function and thus bring about the return of the wild-type phenotype.

Forward-acting gene mutations that result in alteration of gene function in exposed
individuals or cultured cells have been used to study styrene genotoxicity. The
hypoxanthine-guanine phosphoribosyltransferase (hprt; also abbreviated as hgprt) gene
codes for the enzyme, hypoxanthine-guanine phosphoribosyltransferase. The enzyme
“salvages” the free purines, guanine and hypoxanthine, by catalytically reacting them
with phosphoribosylpyrophosphate (PRPP) to form the DNA precursors guanosine
monophosphate (GMP) and inosine monophosphate (IMP), respectively. The enzyme
also catalyzes the reaction of several cytotoxic guanine and hypoxanthine analogs with
PRPP. This gene is located on the X chromosome; only one copy is present in the cells
of males and only one copy is activated in cells of females. Therefore, mutations that
inactivate this gene cannot be compensated in males and are not compensated by the
homologous gene on the silent (inactive) X chromosome in females. The hprt assay is
based on the lethality of "toxic" nucleotides towards unmutated cells, those with an active
hprt gene (Purves et al., 1995). Mutated cells, which lack the hprt gene function, are
unable to catalyze the reaction of the "toxic" nucleotides with PRPP and therefore
survive. Van Zeeland and Vrieling (1999) noted that for the hprt gene the mutational
spectrum is dominated by GC to AT transitions. Bastlova and Podlutsky (1996) reported
the same transition spectrum for the hprt gene in styrene-7,8-oxide treated human T-
lymphocytes, and, in addition, they reported mutations that involve AT sites. Mutation
frequencies, such as that for the hprt gene, are usually expressed as the number of
mutations/10° cells.

A second assay that has been used to study forward mutations is the glycophorin A
(GPA) assay. This assay is based on allele loss at the GPA locus, an autosomal gene that
codes for a major sialoglycoprotein on the surface of erythrocytes (Grant and Bigbee,
1993). The GPA protein carries the antigenic determinants of the MN blood group, a
genetic trait that is carried by half of the human population and, as such, restricts the
applicability of this assay. Erythrocytes carrying mutated GPA proteins collected from
MN heterozygous individuals are detected by means of fluorescent antibodies against M
and N proteins. Currently used methodologies are sufficiently sensitive to allow the
detection of rare variants in heterozygous persons. The allelic loss (or inactivation) is
thought to occur in the relatively long-lived nucleated hematopoietic precursor cells of
the bone marrow. Bigbee et al. (1996) suggested that the assay has the potential to reflect
cumulative exposure rather than acute exposure. GPA mutations are expressed as
number of mutations/10° cells.

Reverse mutations are often detected in assays that utilize microorganisms differing from
wild-type members of the species by a specific nutritional requirement. A reversion
mutation in the target gene allows the microorganism to regain the ability to grow
independently of the specific nutrient. Ames and colleagues developed a number of
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strains of the bacteria Salmonella typhimurium that are dependent on the presence of the
amino acid histidine in the culture medium (Maron and Ames, 1983). Following
treatment with a test substance, the frequency of histidine-independent Salmonella
colonies that arise in a histidine-requiring strain can be measured. Strains of Salmonella
have been developed that detect point mutations, frame-shift mutations, and mutations
due to oxidative damage. S. typhimurium have been used to detect mutations resulting
from the interaction of styrene with DNA.

A limitation of bacterial mutagenesis assays is that many organic chemicals, including
styrene, may require prior metabolism to a genotoxic metabolite. Mammalian extracts,
usually derived from rodent liver, are included in the test protocol to ensure that the
necessary metabolic activation reaction occurs. Although many enzymes may be capable
of catalyzing the formation of DNA reactive species, the mutagenicity assay protocol
usually emphasizes the expression of the cytochrome P450-dependent monooxygenase
complex. Metabolic activation is extensively used in S. typhimurium mutagenicity
protocols. Interpretation of such data should be carried out with caution because the liver
extracts may contain substances that detoxify (e.g., reduced glutathione, epoxide hydrase)
as well as activate the test substance (cytochrome P450 system).

Despite the useful information made available by bacterial mutagenesis studies, the
organization of the genome and the processing of genetic information are different
between prokaryotes and eukaryotes. Mutagenicity assays that utilize "lower" eukaryotic
systems also have been used to test styrene. These include mutation assays in yeast
(Saccharomyces), the fruit fly (Drosophila), and the onion plant (Allium cepa).

Human Studies of Gene Mutation In Vivo

Vodicka et al. (1995; 1999) studied the mutation frequencies at the hgprt gene locus in T-
lymphocytes among styrene-exposed workers. The subjects in Vodicka et al. (1999)
were: (1) hand-lamination workers, (2) non-styrene exposed factory controls, and (3)
laboratory controls from a local research institute. Average factory employment duration
was 11 years (range = 2 to 17) for the laminators and 12 years (range = 2 to 22) for the
factory controls. Sample collection periods were: A) late 1992, B) one day prior to a two
week summer vacation in 1993, C) first day following return from vacation in 1993, D)
one month after return from summer vacation in 1993, E) early 1994, and F) early 1995.
Between group A and group F, the average air styrene level decreased from 38 to 16 ppm
(p = 0.08). The study on hgprt mutation frequencies in the workers in groups B through
E was described in Vodicka et al. (1995). When factory controls were used, there were
increased mutation frequencies in the laminators in groups B, C, and E that were not
significant (p = 0.2-0.9). For group D, the mutation frequency in laminators was less
than that in the factory controls. When groups B through F were compared with
laboratory controls, the laminators in groups E and F demonstrated increased mutation
frequencies of 18 compared to 12 per million cells for group E and controls, respectively
(p =0.02), and 22 compared to 14 per million cells for group F and controls, respectively
(p = 0.04); the results were not altered by cigarette smoking (Vodicka et al., 1999).

In both sets of control workers, Vodicka et al. (1999) reported no detectable level of air
styrene or urinary styrene metabolites. Among the lamination workers in groups B, D,
and E, the blood styrene levels ranged from 0.7 to 0.9 mg/L and for factory controls the
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range was 0 to 0.08 mg/L (p = 0.001 to 0.006). The lack of difference in the hgprt
mutation frequencies between laminators and factory controls in groups B, C, and E
could be due to a low styrene exposure of the administrative staff in the factory as
evidenced by the presence of DNA adducts in their blood.

Vodicka et al. (1999) reported a positive correlation between air styrene (r = 0.4, p =
0.03) or exposure duration (r = 0.4, p = 0.05) and hgprt mutations among the styrene
workers in group F. When data from all samplings were combined, the correlation for
exposure duration was marginal (r = 0.4, p = 0.07) and that for air styrene level was not
significant.

Laminators and administrative controls from the same factory (n =18 and 19,
respectively) were evaluated for hgprt mutations by Vodicka et al. (2001b). The
mutation frequency among all exposed workers was 20/10° cells (n = 18), which was not
a significant increase compared to 13/10° cells among 19 factory controls. When two
outliers with extremely high mutation frequencies were omitted, the average hgprt
mutation frequency among the laminators was 12/10° cells (n = 16). The hgprt mutation
frequency was not affected by smoking. When taking into account the entire group
exposed to styrene, a correlation was found between hgprt mutation frequency and blood
styrene levels (r = 0.5, p=0.002). A marginal correlation was observed between years of
employment and hgprt mutation frequency (r = 0.3, p = 0.07).

The mutation frequencies of two classes of peripheral blood glycophorin A (GPA)
variants, /N and N/N (number of variants per 10° cells), were assessed in two separate
studies on styrene exposed boat builders (Compton-Quintana et al., 1993; Bigbee et al.,
1996). Approximately half of the population carries an M/N genotype; mutations in the
M gene can be detected as a loss leading to /N or a recombination event resulting in
N/N genotypes. The workers were categorized into four exposure groups according to
TWA air styrene levels (Compton-Quintana et al., 1993, also reviewed by IARC, 1994a).
The exposure labels were: (0) never exposed to styrene, (1) previously, but not currently
exposed to styrene, (3) average TWA/8-hr = 13 ppm, and (4) average TWA/8-hr = 40
ppm. (There was no group with the designation “(2).”) Two combined groups were also
evaluated: “0+1” combined average TWA/8-hr = 1.2 ppm, and “3+4” combined TWA/8[
hr =32 ppm. Job classification was not an adequate surrogate of styrene exposure.
Although a control population consisting of unexposed factory workers in the same plant
was originally part of the study, the authors reported measurable breathing zone styrene
levels of 0.2 to 4 ppm for the control group work areas. Data were expressed as the
frequency of ¢/N or N/N variants (number per 10° cells) and two different GPA assays
were used. With data from one GPA assay, the median ¢/N frequency in combined group
“(3)+(4)” was statistically greater than the ¢/N frequency in combined group “(0)+(1)”
(10 and 7, respectively, p = 0.03). The median ¢/N frequency in group 4 (40 ppm) was
11 compared to 8 in group (0) (never exposed) (p = 0.09). Technical difficulties
prevented an analysis of the N/N frequencies. Using a different GPA assay the authors
reported median frequencies of the ¢/N variant as 7 for combined group “(3)+(4)”
compared to 5 for combined group “(0)+(1)” (p = 0.09), and 8 for group (4) compared to
4 for group (0) (p = 0.06). Compton-Quintana et al. (1993) noted the higher numbers of
smokers and the small numbers of subjects in the more highly exposed groups and
concluded that comparisons could not be made.
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The frequencies of the GPA ¢/N and N/N variants (number of variants/10° cells) were
studied in styrene workers from ten reinforced plastics plants by Bigbee et al. (1996).
The workers were matched for age, gender, and active smoking status with control
individuals from a research institute and a university. The worker population consisted of
23 males and 24 females exposed to an average air styrene level (TWA/8-hr) of 37 ppm.
The frequencies of ¢/N variants were not different between exposed workers and
controls. The frequencies of the N/N variants were increased among laminators (6.8 vs.
5.0 per 10° cells for controls, p = 0.038) and all workers (6.3 vs. 5.0 per 10° cells for
controls, p = 0.058). When the workers were categorized into low and high styrene
exposure, statistically significant differences compared to the controls were observed in
the frequency of N/N variants for air styrene levels > 20 ppm (7.2 vs. 5.2 per 10° cells, p
=0.036). Marginally significant differences in N/N variant frequencies were observed
for the urinary metabolites MA and PGA, at levels > 1.2 mmol/L (6.9 vs. 5.2 per 10°
cells, p=0.067). The authors reported an increased effect of styrene exposure on N/N
variant frequencies in women workers compared to men. Where levels of airborne
styrene-7,8-oxide were available, no clear association between the GPA variant cell
frequencies and airborne styrene oxide was observed. Cigarette smoking was a
confounder for the frequencies of the ¢/N and N/N variants in the Bigbee et al. (1996)
study. However, the authors reported no interactions between styrene air levels and
cigarette usage.

Mammalian Studies — Gene Mutation

The IARC (1994a) review noted mutations at the hgprt locus in Chinese hamster lung
V79 cells in one study (Beije & Jenssen, 1982), provided that exogenous metabolic
activation was supplied. Negative results were found in another Chinese hamster lung
cell study (Loprieno et al., 1976).

Bacterial and Other Non-mammalian Studies — Gene Mutation

IARC (1994a) reviewed genotoxicity studies in bacteria, yeast, flies, and plants published
between 1977 and 1983 (Table 11). The most widely studied bacterial system was S.
typhimurium. In strains that detect mutagens by a frame-shift mechanism (TA1537,
TA1538, and TA98), there was no evidence of styrene-induced mutations in the absence
(20 studies) or presence (23 studies) of metabolic activation. Among the strains that
detect mutagens by a base-substitution mechanism (TA100, TA1530, and TA1535), 6/19
studies were positive in the presence of metabolic activation, whereas in the absence of
metabolic activation 1/19 was positive and 1/19 was weakly positive. In two studies,
mutagenicity of styrene towards Escherichia coli (PQ37) was either inconclusive or
negative in the absence of metabolic activation; responses in the presence of metabolic
activation were not tested. No report on the response of S. typhimurium TA102, a strain
that is sensitive to oxidative mutagens, was found.

The results reported by IARC (1994a) strongly suggest a requirement for metabolic
activation of styrene to a genotoxic metabolite. Such bioactivation is generally provided
by rodent liver extracts that contain enzymes of the cytochrome P4so-dependent pathway.
The liver extracts also contain detoxifying components, such as reduced glutathione,
reduced glutathione transferases, and epoxide hydrase. Hence, the formation of
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mutagenic metabolites depends on the balance of the activating and deactivating enzymes

present in the test system.

Table 11. Gene Mutation in Non-mammalian Test Systems®

Test System

Results?

-S9 +S9

Reference

SOS Repair

Escherichia coli

Glosnicka & Dziadziuszko, 1986

Brams et al., 1987

Reverse Mutation (base pair)

Salmonella typhimurium TA 100

Vainio et al., 1976

de Meester et al., 1977

Stoltz & Withey, 1977

Watabe et al., 1978

Busk, 1979

De Flora, 1979

Florin et al., 1980

de Meester et al., 1981

Brams et al., 1987

Salmonella typhimurium TA 1530

de Meester et al., 1981

Salmonella typhimurium TA 1535

Vainio et al., 1976

de Meester et al., 1977

Stoltz & Withey, 1977

Watabe et al., 1978

Busk, 1979

De Flora, 1979

Florin et al., 1980

Poncelet et al., 1980

de Meester et al., 1981

Reverse Mutation (frameshifts)

Salmonella typhimurium TA 1537

Stoltz & Withey, 1977

Watabe et al., 1978

Busk, 1979

Florin et al., 1980

de Meester et al., 1981

Vainio et al., 1976

de Meester et al., 1977

Salmonella typhimurium TA 1538

Styrene in Drinking Water

Vainio et al., 1976

de Meester et al., 1977

Stoltz & Withey, 1977

Watabe et al., 1978
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Results?

Test System Reference
-S9 +S9
SOS Repair
Escherichia coli ? 0 Glosnicka & Dziadziuszko, 1986
- 0 Brams et al., 1987
- - Busk, 1979

- - De Flora, 1979

- - de Meester et al., 1981

- - Brams et al., 1987

R - Vainio et al., 1976

- - de Meester et al., 1977

- - Stoltz & Withey, 1977

Salmonella typhimurium TA 98 0 - Watabe et al., 1978

- - Busk, 1979

- - De Flora, 1979

- - Florin et al., 1980

- - de Meester et al., 1981

Saccharomyces cerevisiae + 0 Del Carratore et al., 1983

Forward Mutation

- - Loprieno et al., 1976

Schizosaccharomyces pombe

0 Bauer et al., 1980
Miscellaneous

Saccharomyces cerevisiae, gene

conversion + 0 Del Carratore et al. (1983)
Saccharomyces cerevisiae,

homozygosis + 0 Del Carratore et al. (1983)
Drosophila melanogaster, sex-

linked recessive lethal mutations + 0 Donner et al. (1979)

! Adapted from Table 15 of IARC, 1994a.
? Symbols: + = positive; (+) = weakly positive; - = negative; 0 = not tested.

Styrene-7,8-oxide is presumed to be the metabolite that is responsible for mutagenicity
towards S. typhimurium and its mutagenicity has been documented (IARC, 1994b). In
addition, Watabe et al. (1982) reported the mutagenicity of another hypothesized styrene
metabolite, styrene-3,4-oxide. This highly unstable chemical exhibited an enhanced
mutagenicity towards S. typhimurium strain TA100 (base substitution sensitive)
compared to styrene-7,8-oxide under conditions where cytotoxicity was minimized. No
mutagenicity was observed in S. typhimurium strain TA98 (frameshift sensitive).
Although styrene-3,4-oxide itself has not been reported in human or experimental animal
tissues, its hydrolysis product, 4-vinylphenol, has been observed at low levels in the urine
of styrene exposed humans and rats.
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As reviewed in IARC (1994a), in Drosophila melanogaster, styrene exposure resulted in
sex-linked recessive lethal mutations and not in aneuploidy. The yeast strain
Saccharomyces cerevisiae exhibited gene conversion, homozygosis (homozygosity), and
reverse mutation in response to styrene, and chromosomal aberrations were observed in
Allium cepa, an onion-like plant (IARC, 1994a).

DNA Adducts

DNA adducts are another potential class of markers for DNA damage from styrene
exposure. DNA adducts may result in base changes, strand breaks, and changes in gene
expression, ultimately leading to tumors. A common adduct, 8-OHdG, is formed by
reaction of deoxyguanine with an active oxygen species generated during the metabolism
of styrene. Although 8-OHdG is a non-specific marker for oxidative DNA damage, it
correlates with genotoxicity. Zhang et al. (2000) noted an increased level of in vitro
transformation in Syrian hamster embryo cells as a function of the level of 8-OHdG.

Styrene-derived DNA adducts are formed by the covalent binding of styrene or a
metabolite to a component of a DNA nucleotide, for example, to the adenine or guanine
ring. Adduction to the DNA bases occurs through covalent binding to a ring nitrogen
(N), an exocyclic N, or an exocyclic oxygen (O). The ring N number appears as normal
script and the exocyclic N or O number appears as a superscript. Specific SO-DNA
adducts are expressed in terms of the nucleic acid base (adenine, guanine, cytosine, or
thymine), although the individual species detected in hydrolyzed DNA may be the
deoxyriboside, the nucleotide, or the bisphosphate of a particular nucleic acid base.
Covalent adducts formed between styrene and DNA nucleotides have been detected in

the tissues of styrene exposed humans and rodents. The styrene-derived DNA adducts
styrene-7,8-oxide-N’-guanine (N’-SO-guanine), N*-SO-guanine, O°-SO-guanine, N'-SOL
adenine, N°>-SO-adenine, and N®-SO-adenine have been measured in test tube reactions of
purified DNA with styrene. Adducts of cytosine and thymine have also been detected in
test tube studies. The styrene molecule itself can react from two positions: a-adducts
form from the aliphatic carbon proximal to the aromatic ring, and B-adducts link through
the carbon atom distal to the aromatic ring (Reddy, 1993; Kato et al., 1995; Koskinen and
Plna, 2000); o and B adducts for guanine are shown in Figure 2.

Styrene-derived DNA adducts can be detected by chromatographic analysis of nucleic
acids obtained from hydrolyzed DNA isolated from styrene-exposed subjects. Another,
more sensitive method is analysis of radioactivity ('*C or *H) in DNA following the
administration of radiolabeled styrene; this approach is often used in rodent studies.
Also, **P-postlabeling analysis has been widely used to identify DNA adducts in styrene-
exposed humans and laboratory animals. In this procedure DNA from styrene-exposed
subjects is digested to its constituent nucleotides, and each is labeled using **P and
specific bacterial enzymes. Normal DNA bases are chromatographically removed,
leaving only the nucleotides that contain styrene-derived adducts, which are then
identified and quantitated.
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Figure 2. Some Styrene-derived DNA Adducts for Guanine

The detection of styrene-derived DNA adducts takes into account all absorption routes
and exposures from all sources. Van Zeeland and Vrieling (1999) and Koskinen and Plna
(2000) noted that, in general, O°-alkyl nucleotides have high mutagenic activity, whereas
the N-alkylated nucleotides are significantly less mutagenic. However, styrene-derived
DNA adducts formed by N-alkylation may lead to base-pair changes during DNA
replication through the generation of unstable abasic sites or as a result of ring opening
(Solomon, 1999; van Zeeland and Vrieling, 1999; Koskinen and Plna, 2000). Chovanec
et al. (1998) noted that, in general, DNA repair of unstable abasic sites proceeds more
slowly than DNA repair of alkylated nucleotides.
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Human Studies of DNA Adducts

The DNA adduct, 8-hydroxydeoxyguanosine (8-OHdG), an indicator of non-specific
oxidative DNA damage, was increased in the white blood cells of styrene exposed boat
builders (n = 17) compared to age matched controls (n = 67) with no history of styrene
exposure (Marczynski et al., 1997). Oxidative DNA damage was expressed as the ratio
of 8-OHdG to unchanged deoxyguanine (dG). The styrene-exposed boat builders
exhibited an 8-OHdG/dG ratio of 2.2 compared to 1.5 for the non-exposed controls (p <
0.001). There were no age or smoking associated differences in the 8-OHdG/dG ratio.
Exposure to styrene results in increased oxidative DNA damage.

Vodicka et al. (1993) studied styrene lamination workers exposed to 87 ppm styrene (n =
10, Group 1) for 12 years or to 49 ppm styrene for six years (n = 13, Group 2). Controls
consisted of agricultural workers (n = 3, Group 1 controls) or non-agricultural workers
(sample size not given, Group 2 controls) with similar age and smoking histories. The
0°-SO-guanine adduct was quantified in the peripheral blood lymphocytes of all groups.
0°-SO-guanine adduct levels were 4.7 + 1.9 (SD)/10° nucleotides in Group 1 workers (87
ppm styrene) as compared with 0.3 + 0.3/10° nucleotides in Group 1 controls
(agricultural controls)(p < 0.001). O°-SO-guanine adduct levels were 7.3 + 4.9/10°
nucleotides in Group 2 workers (49 ppm styrene) as compared with 1.1 + 1.3/10°
nucleotides in Group 2 controls (non-agricultural workers).

The levels of O°-SO-guanine in the lymphocytes of styrene hand-lamination workers
over a 2.5-year period were described by Vodicka et al. (1994; 1995; 1999). The subjects
were styrene hand-lamination workers (n = 11), non-styrene exposed factory controls (n
= 7), and laboratory controls (n = 10) from a local research institute. Sampling occurred
at six times (A through F), from late 1992 (A) to early 1995 (F). Average factory
employment duration was reported as 11 (range, 2 to 17) years for the laminators and 12
(range, 2 to 22) years for the factory controls. The laboratory controls were used for the
two last sampling times (E and F) because of an earlier observation of measurable levels
of the O°-SO-guanine adducts among the factory controls (Vodicka et al., 1995). The
average air styrene level among the laminators decreased from 38 (group A) to 16 ppm
(group F) (p = 0.08) during the 2.5-year interval, whereas urinary MA decreased by
approximately 30 percent. Both sets of control workers had no detectable air styrene or
urinary MA. Among the lamination workers in groups B, D, and E, the blood styrene
levels ranged from 0.7 to 0.9 mg/L, while for the factory controls the range was zero to
0.08 mg/L (p =0.001 to 0.006).

Vodicka et al. (1999) reported that O°-SO-guanine levels among styrene hand-lamination
workers ranged from 4.8 +2.8 /10° to 7.2 + 4.9 /10® nucleotides during the 2.5-year
interval (groups A and F), while for the plant controls (groups B-E) the levels ranged
from 0.8 + 0.4 /10°* to 1.4 + 0.8 /10® nucleotides. The range for laboratory controls was
0.5+ 0.4 /10° to 0.8 £ 0.8 /10® nucleotides from 1994 to 1995 (groups E and F). The
authors reported statistically significant increases in O°-SO-guanine adduct levels for
laminators compared to the factory controls in groups B (p = 0.006), C (p =0.001), D (p
=0.002), and E (p =0.002). The differences between the laminators and laboratory
controls in groups E and F were also significant (p = 0.002 and p = 0.008, respectively).
In group E, the difference between factory and laboratory controls was marginally
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significant (p = 0.06). The authors did not detect a decrease in O°-SO-guanine in workers
after a two-week vacation (comparing Groups B and C). No significant differences in
adduct levels were observed in the styrene exposed workers across the six sampling times
during the 2.5-year period. Vodicka et al. (1994, 1999) suggested that the lack of O®-SO[
guanine decrease following the two-week vacation and the lack of accumulation of the
adduct over the 2.5-year interval might reflect a balance between formation and removal
of the adduct. No statistically significant differences in adduct levels were observed
within individuals over the various sampling times. A significant inter-individual
difference (p = 0.03) among lymphocyte adduct levels was detected among all
individuals. This could be attributed to individual differences in exposure, individual
metabolic responses, and individual DNA repair capacities.

In group F, Vodicka et al. (1999) reported a positive correlation between exposure
duration and lymphocyte O°~-SO-guanine (r = 0.6, p = 0.006) and a non-significant
correlation between levels of the adduct and air styrene concentration. When all sample
groups (A-F) were evaluated, positive correlations were observed between exposure
duration and lymphocyte O°-SO-guanine (r = 0.7, p <0.001) as well as between levels of
air and blood styrene (r = 0.8, p <0.001).

Horvath et al. (1994) measured levels of N*-SO-guanine and O°-SO-guanine (two
adducts shown to form in calf-thymus DNA treated with styrene-7,8-oxide) in the
lymphocytes of workers exposed to styrene (n = 48) in a boat manufacturing facility.
Styrene exposure was estimated with personal samplers and ranged from 0.23 to 55
(average = 15) ppm. The ranges of adduct levels were 0.6 to 100/10® nucleotides (mean,
15.8 + 3.22 (SE)/10®) for N*-SO-guanine and 0.1 to 70.9/10° (mean, 14.2 + 2.3/10°
nucleotides) for O°-SO-guanine. The relationships between air styrene level and adduct
level were significant for N>-SO-guanine (r = 0.2, p = 0.05) and for O®-SO-guanine (r =
0.3,p=0.012).

Koskinen et al. (2001a) detected N'-SO-adenine adducts (a- and -isomers) in the
lymphocytes of three out of nine hand lamination workers who had been exposed to 18
ppm styrene for about eight years. The mean adduct level in these three workers was
0.79 + 0.14 adducts/10° nucleotides. No adducts were observed in 11 non-factory
controls. The low levels of the N'-SO-adenine adduct in the styrene-exposed workers
were detected by **P-postlabeling modified to overcome the propensity of N'-SO-adenine
to undergo deamination. The presence of N'-SO-adenine adducts in the workers may be
relevant for chronic exposure studies, since the half-life of the N'-SO-adenine adduct is
longer (19 days) than that of the N’-SO-guanine adduct (one to five days).

Rodent Studies of DNA Adducts

Rodent DNA adduct studies have utilized either analysis of "*C or *H in DNA following
exposure to radiolabeled styrene or **P-postlabelling analysis. SO-DNA adducts have
been observed in rats and mice exposed to styrene by different routes of exposure for a
few hours to three weeks.

Rats (individually) and mice (groups of four) were exposed by inhalation in a small
chamber (2 L desiccator) to 7-[°H] styrene (Cantoreggi and Lutz, 1993). After 4.5 to 6
hours (rats) and 6 to 9 hours (mice), styrene doses of 23 to 39 and 85 to 110 mg/kg,
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respectively, had been metabolized. DNA adducts were quantified by total radioactivity
in the nucleotides obtained by hydrolysis of the DNA in liver and lung, and adduct levels
were expressed as the covalent binding index (CBI), defined as pmol adduct/mole DNA
nucleotide/mmole styrene/kg. The authors accounted for lability of the styrene tritium
label, which is exchanged into water during styrene metabolism and may then be
incorporated into the deoxyribose of a nucleic acid base.

Four male rats exposed to 2 to 29 mg styrene/kg and four female rats exposed to 32 to 39
mg styrene/kg exhibited CBIs in liver that ranged from < 0.1 to < 0.2. For two male rats
the CBI in lung were < 0.1 and < 0.3 and lung adduct levels in the female rats were <
0.08 and < 0.23 for two rats and 0.07 for the other two female rats. In the livers of four
male mice exposed to doses of 85 to 92 mg styrene/kg, the adduct CBIs ranged from 0.05
to 0.08, and in the livers of four female mice the range was 0.09 to 0.18. There was
insufficient mouse lung tissue for DNA analysis. The difference between the CBIs in
male and female mouse liver was not statistically significant. Based on the CBIs for the
adducts in rat liver and lung and in mouse liver, the DNA-binding potency of styrene is
so low that significant tumor induction in a standard assay for carcinogenicity is unlikely
to be due to DNA adduct formation alone.

Boogaard et al. (2000b) measured DNA adducts in the liver and lung of male Sprague-
Dawley rats and male CD1 mice that were acutely exposed by inhalation for six hours to
160 ppm ['*C] styrene (uniformly ring labeled). The adducts were quantified following
neutron thermal hydrolysis (NTH) that detected some purine adducts such as N’-SO!
guanine and N*-SO-adenine, and enzymatic (P1 nuclease and phosphatases) hydrolysis of
the remaining DNA backbone by which additional adducts (e.g., N'-SO-adenine and N°[]
SO-adenine and pyrimidine adducts) were detected. Among the identified purine adducts
were the two isomers of N’-SO-guanine, and unidentified purine adducts of styrene
glycol and phenylethanol. Other adducts were also present but they were not identified.
N*-SO-guanine, O°-SO-guanine, and N®-SO-adenine were not detected.

In rats studied by Boogaard et al. (2000b), the major liver adduct resulting from acute
styrene exposure was N’-SO-guanine (3 adducts/10® nucleotides). The level of N’-SO[]
guanine in rat lung DNA was ~1 adduct/10® nucleotides (see Figure 5 of Boogaard et al.,
2000). A styrene glycol-derived adduct was detected in rat liver. The N’-SO-guanine
adduct level in rat alveolar Type II cells (65 percent purity) was about 1 adduct/10°
nucleotides. There were also unidentified adducts in the alveolar Type II cells at levels
similar to that of N’-SO-guanine. Smaller amounts of adducts were observed in alveolar
non-Type II cells.

For mice, N’-SO-guanine in liver represented a minor adduct (< 0.5 adduct/10%) resulting
from acute styrene exposure (see Figure 4 of Boogaard et al., 2000b). Other adducts
were present at higher levels in mouse liver DNA; one of them was identified as N’-SO/
guanine, a phenylethanol-derived adduct (3 adducts/10® nucleotides). N’-SO-guanine and
unidentified adducts were each observed in mouse lung at levels of < 1 adducts/10®
nucleotides. In mice the level of N’-SO-guanine adduct in bronchiolar Clara cells was
similar to total lung levels.

Boogaard et al. (2000b) calculated CBIs from the radioactivity associated with the total
adducts (the sum of NTH and enzymatic hydrolysis) in liver and lung, following acute
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styrene exposure. CBIs in liver were 0.19 for rat and 0.25 for mouse. CBIs in lung were
0.17 for rat and 0.24 for mouse. The CBIs calculated by Boogaard et al. (2000) are
higher than those calculated by Cantoreggi and Lutz (1993). One reason could be the use
of a highly and uniformly ring-labeled styrene preparation in which the '*C-label is stable
compared to the tritium label in the former study. Similarly to Cantoreggi and Lutz
(1993), Boogaard et al. (2000b) concluded from the CBI values that DNA adduct
formation should not play an important role in styrene tumorigenicity in chronically
exposed mice.

DNA adducts were detected in the lungs of male NMRI mice exposed by inhalation to 0,
750, or 1500 mg/m” (0, 176, or 352 ppm) styrene for six hours/day for one, three, seven,
or 21 days using the 32P-postlabelling method (Koskinen et al., 2001b; Vodicka et al.,
2001a). The number of mice analyzed from each dose level and exposure duration varied
with the adducts analyzed and ranged from one to six. The major adducts identified in
the lungs of the exposed mice were PN’-SO-guanine and PN'-SO-adenine; no adducts
were detected in the lungs of the control mice. The levels of BN’-SO-guanine at 21 days
were 6.5 per 10® nucleotides at 176 ppm (n = 2) and 23 per 10® nucleotides at 352 ppm (n
= 6). At the same time, the levels of PN'-SO-adenine were 0.14 per 10® nucleotides at
176 ppm (n = 3) and 0.60 per 10® at 352 ppm (n = 4). Vodicka et al. (2001a) measured
the blood styrene levels in the exposed mice at one, three, seven, and 21 days; the levels
were 0.99 £ 0.51 (S.E.) to 2.04 = 0.55 mg/L for 176 ppm air styrene and 2.48 + 1.06 to
7.44 +3.21 mg/L for 352 ppm. The authors found that blood levels correlated with N[
SO-guanine (r = 0.87, p < 0.001) and N'-SO-adenine (r = 0.79, p = 0.002). There was
also a correlation between N7-SO-guanine and N'-SO-adenine (r = 0.70, p < 0.001).
Among the mice exposed to the high styrene dose, there appeared to be an increase in the
level of both adducts with increasing duration of exposure (i.e., three to 21 days).

0°-SO-guanine levels were measured in liver samples (flash frozen in liquid N,) from
female and male CRL (CD) rats (n = 5 per sex per dose group) exposed to styrene by
inhalation for two years at doses of 0, 50, 200, 500, or 1,000 ppm (Otteneder et al.,
2002). The median levels of O®-SO-guanine (summing the o and B isomers reported
separately) in the livers of the rats exposed to 1,000 ppm air styrene six hr/day, five
days/week for two years were 9/10’ DNA nucleotides in males and 8/10” nucleotides in
females. Liver adduct levels were below the limit of detection for rats in the lower dose
groups. Similarly treated lungs were evaluated for the same adduct in tissues obtained
from five female CRL (CD) rats exposed to 0 or 500 ppm styrene for two weeks and
from female CRL (CD) mice exposed to 0, 40, or 160 ppm for two weeks. The BO°-SOL
guanine isomer was not detected in any of the lung samples from the styrene exposed rats
or mice. The levels of the €O°®-SO-guanine isomer in the lungs from the rats and mice
exposed for two weeks were not statistically significantly different from controls; rat lung
values were less than 1/10” (0 ppm) and 1.9/10” (500 ppm) and mice lung values were
1.8/107 (0 ppm), 2.8/107 (40 ppm), and 1.6/10” (160 ppm) with a detection level of 1 per
10" nucleotides.

DNA adducts were observed in the livers of mice exposed to 7-['*C]-styrene by i.p.
injection (Nordqvist et al., 1985). N’-SO-guanine was detected by ultraviolet analysis of
chromatographically separated constituents of hydrolyzed DNA. Two hours after
exposure, the level of N’-SO-guanine in liver DNA was 17 + 5 nmol/g DNA in the mice
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administered 1.1 mmol 7-[14C]-styrene/kg, and 31 £ 6 nmol/g DNA in mice administered
4.9 mmol 7-["*C]-styrene/kg (Nordqvist et al., 1985). The authors reported that the levels
of this adduct represented about 10 percent of the total radioactivity in the DNA samples.
The non-linear increase in adduct levels between the two doses suggested to the authors
the presence of saturation of metabolic activation. In mice exposed to 1.1 mmol styrene-
7,8-oxide/kg by i.p. injection, liver levels of N’-SO-guanine were 8 nmol/g DNA.

Male NMRI mice (n = 7 per group) were exposed to styrene by a single i.p. injection of
0,0.28,0.51, 1.12, 2.04, 3.23, or 4.35 mmol styrene/kg (Pauwels et al., 1996). Three
hours post-injection, DNA adducts were measured in lung, liver, and spleen. The adducts
were identified as N’-SO-guanine and O°-SO-guanine. The CBI for N’-SO-guanine was
0.21 (lung), 0.18 (liver), and 0.24 (spleen) umol per mol DNA nucleotide/mmol styrene
per kg bw. The CBI for O°~-SO-guanine was 0.18 (lung), 0.10 (liver), and 0.05 (spleen)
pmol per mol DNA nucleotide/mmol styrene per kg. The level of O°-SO-guanine
(fmol/mg DNA) was greater in lung (294 to 1,223) than in liver (156 to 799) or spleen
(61 to 833) at all styrene doses (control levels in these organs were 47, 45, and 26
fmol/mg DNA, respectively), whereas the level of N’-SO-guanine in lung was greater
than in the other two tissues at the highest four doses (1,388 to 2,056 fmol/mg DNA in
lung, 654 to 1,541 in liver, and 800 to 1,188 in spleen). At the lower two doses, the N[
SO-guanine levels were 97 to 398 fmol/mg DNA for lung, 170 to 588 for liver, and 422
to 709 for spleen. Control levels were 33, 12, and 58 fmol/mg DNA in lung, liver, and
spleen. For both adducts, the increase in adduct level with dose was supralinear. The
authors suggested on the basis of pharmacokinetic modeling that styrene metabolism to a
reactive metabolite, e.g., styrene-7,8-oxide, was not completed at the higher doses during
the short three-hour exposure interval employed in this study.

Other Genotoxicity

Styrene did not cause transformation of cultured mouse cells in vitro (Male et al., 1985).
Genetic Toxicity Studies - Summary and Conclusions

There have been consistent reports of genotoxic damage in lymphocytes of styrene
exposed reinforced plastics workers that manifests as CA (Anwar and Sharmy, 1995;
Artuso et al., 1995; Kolstad et al., 1996; Somorovska et al., 1999, Koskinen et al., 2001,
Oberheitmann et al., 2001), SCE (Karakaya et al., 1997; Laffon et al., 2002), MN
(Laffon et al., 2002), single-strand breaks (SSBs)/DNA damage (Vodicka et al., 1995;
Vodicka et al., 1999; Somorovska et al., 1999; Koskinen et al., 2001; Laffon et al.,
2002), mutations in the hprt gene or Glycophorin A locus (Vodicka et al., 1995; Vodicka
etal., 1999; Bigbee et al., 1996; Compton-Quintana et al., 1993), and formation of
styrene-derived DNA adducts (Horvath et al., 1994, Vodicka et al., 1995; Vodicka et al.,
1999; Marczynski et al., 1997; Koskinen et al., 2001) and the non-specific DNA adduct
8-OHdG (Marczynski et al., 1997). The studies of Vodicka et al. (1995, 1999)
demonstrated concordance among DNA strand breaks, hprt mutations, and styrene-
derived DNA adducts in occupationally-exposed workers. Since several cancer studies in
humans occupationally-exposed to styrene have observed an increased risk of lympho!’
hematopoietic cancers with increased exposure to styrene (see section on carcinogenicity
in humans), these findings of genotoxicity in the lymphocytes of styrene-exposed
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workers are particularly relevant. The observation by Kolstad et al. (1996) of specific
chromosome translocations (Philadelphia chromosome) in myeloid leukemia patients
with a history of occupational exposure to styrene further suggests an association
between hematopoietic tumors and styrene genotoxicity.

Consistency of results across genotoxicity biomarkers was demonstrated by Laffon et al.
(2001b) who reported strong correlations between SCE, MN, and DNA strand breaks in
reinforced plastics workers and by Brenner et al. (1991), who reported correlations
among a number of independently measured genotoxicity endpoints, namely MN, single
strand breaks, other measurements of DNA damage, and styrene-hemoglobin adducts,
among styrene-exposed boat builders.

There are supporting data for a genotoxic mechanism of action for styrene from in vitro
analysis of human lymphocytes in culture and from rodent studies in vivo and in vitro.
Chakrabarti et al. (1993) and Lee and Norppa (1995) demonstrated that styrene induces
SCE in cultured human lymphocytes. In addition, genotoxicity of the styrene metabolite
styrene-7,8-oxide was demonstrated by SCE (Lee and Norppa, 1995; Uuskula et al.,
1995; Ollikainen et al., 1998), hprt mutations (Shield and Sunderson, 2001), and DNA
strand breaks by the comet assay (Bastlova et al., 1995; Laffon et al., 2001) in
lymphocytes.

This extensive body of evidence suggests that styrene is genotoxic in humans and
experimental animals and that a primary mechanism of genotoxicity involves metabolic
conversion of styrene to the epoxide, styrene-7,8-oxide. Styrene-3,4-oxide and other
metabolites capable of inducing oxidative DNA damage may also contribute to styrene’s
genotoxicity. Increases in several different genotoxicity endpoints including cytogenetic
alterations (chromatid and chromosome aberrations, SCE, MN), single-strand DNA
breaks/alkali labile DNA damage, gene mutations, and styrene-derived DNA adducts
have been documented in styrene-exposed workers in the reinforced plastics industry, in
boat manufacturing, in carpet manufacturing, and in the plastics lamination industry.
Similar findings have been reported in cultured human lymphocytes and in experimental
animals in vivo and in vitro. In addition, lower eukaryotes such as yeast and Drosophila
exhibit genotoxicity in response to styrene exposure, and styrene is mutagenic in S.
typhimurium strains sensitive to base substitution mechanisms. Although negative and
equivocal results have been obtained in some studies, the weight of evidence strongly
suggests that styrene is genotoxic in humans, rodents, and non-mammalian species. This
conclusion is strengthened by the dose-response relationships observed in exposed
workers and experimental animals, and by the consistency of results across multiple
exposure routes in rodents. In addition, evidence has been documented for mutagenicity
of DNA adducts in styrene-exposed workers and for genotoxicity of styrene metabolites
such as styrene-7,8-oxide and styrene-3,4-oxide. Rueff et al. (2009), in reviewing the
genetic effects observed in humans from occupational exposure to styrene, point out that
genetic polymorphisms in humans make it difficult to develop clear-cut
exposure/response associations. They suggest that more information on the
polymorphisms of enzymes related to the occurrence of sister chromatid exchanges,
chromosomal aberrations, and micronuclei would enhance the ability to correlate styrene
exposure with genotoxic effects.
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Evidence of styrene genotoxicity is consistent across a wide variety of species including
humans (described above), experimental animals, lower eukaryotes, and bacteria. Rodent
studies in vivo by Kligerman et al. (1993) demonstrated SCE in blood lymphocytes, lung,
and spleen in mice and blood in rats. Vodicka et al. (2001a) demonstrated MN in bone
marrow from mice exposed to styrene by inhalation. They further demonstrated DNA
damage by the comet assay in the lymphocytes, bone marrow, and liver of styrene-
exposed mice. DNA strand breaks in mice exposed to styrene by ip injection were also
reported by Solveig-Walles and Orsen (1983) and Vaghef and Hellman (1998) in the
liver, lung, kidney, brain, and bone marrow. The use of mammalian tissue culture cells in
vitro demonstrated SCE, CA, and hprt mutations in Chinese hamster lung and ovary cells
(IARC 1994a). Styrene-induced gene conversion, recombination, and reverse mutation
in S. cerevisiae were noted by IARC (1994a). CAs were also induced in a study in the
plant Allium cepa (IARC, 1994a). A number of studies have demonstrated the mutagenic
activity of styrene in S. typhimurium strains sensitive to base substitutions, using
protocols that included metabolic activation with rat liver extracts (IARC, 1994a).

Dose Response for Genotoxicity

A dose response relationship between increasing styrene exposure and increased
genotoxicity has been clearly established in studies of occupationally exposed workers
and in experimental animals. Yager et al. (1993) reported increasing SCE/cell with
increasing air styrene levels in boat manufacturing workers exposed to low (1.4 ppm),
medium (1.4 to 28 ppm), and high (>28 ppm) styrene. In a study of workers in a
reinforced plastics factory, Artuso et al. (1995) demonstrated increasing levels of CA
with increasing exposure to air styrene over a range of 0 to 326 ppm. For the three CA
endpoints evaluated, chromatid aberrations, chromosome aberrations, and total CA,
increased aberrations were observed as a function of dose, with positive trend tests.
Somorovska et al. (1999) reported increasing CA with increased styrene exposure in
plastics lamination workers exposed to air styrene levels ranging from 0 to 47 ppm. In
this study, significant relationships were also reported for CA and exhaled air and blood
styrene levels. Increasing styrene-derived DNA adducts associated with increasing
exposure to styrene in air were described by Horvath et al. (1994) in workers in a boat
manufacturing facility. In this study, the air styrene concentrations ranged from 1 to 235
mg/m’ and significant linear relationships were found between styrene exposure and two
different styrene-derived DNA adducts. Walles et al. (1993) reported a dose response for
DNA strand breaks and air styrene levels, blood and urinary styrene, and urinary styrene
metabolites. Vodicka et al. (1999) reported dose response relationships between DNA
adducts and air styrene or exposure duration among styrene-exposed workers.

Dose response relationships for styrene exposure in mice have been reported for SCE
(Kligerman et al., 1993), DNA single strand breaks in mice (Solveig-Walles and Orsen
1983; Vaghef and Helman, 1998), and styrene derived DNA adducts (Pauwels et al.,
1996). Kligerman et al. (1993) demonstrated tissue specific dose dependence for SCE in
blood, lung, and spleen in mice exposed to 0 to 500 ppm styrene by inhalation.
Statistically significant increases in SCE/cell were documented for all doses and organs
examined. In female rats SCE/cell increased with increasing styrene concentrations of
greater than 250 ppm. Solveig-Walles and Orsen (1983) reported increasing DNA single
strand breaks in relation to increasing styrene administered i.p. to mice. A dose
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dependent increase was most apparent in kidney for doses of 1.7 to 10.1 mg/kg. Vaghef
and Hellman (1998) also demonstrated a dose response for mice injected 1.p. with 0 to
500 mg/kg styrene, although the response exhibited sublinear kinetics. Among mice
exposed to styrene by inhalation for three weeks, there was a dose-response relationship
between blood styrene levels and two DNA adducts (Vodicka et al., 2001a). Pauwels et
al. (1996) reported increasing levels of styrene-derived DNA adducts in mice given 0 to
4.35 mmol/kg styrene i.p. The dose response was not linear over the entire range tested,
which may have been a consequence of the short exposure duration (three hours).

Species Comparison

Study of styrene genotoxicity in humans has been limited to occupational exposures by
inhalation. Various routes of exposure, including inhalation, oral, and i.p. injection, have
been characterized in mice, rats, and hamsters. Not all genotoxicity endpoints were
assessed in each study. A number of studies have demonstrated SCE, but not CA or MN,
in the lymphocytes, lung, liver, and bone marrow of mice and rats exposed to styrene by
inhalation (Conner et al., 1979, 1980; Kligerman et al., 1993). Mice exposed by
inhalation to styrene also exhibited MN and alkali sensitive sites in bone marrow
(Vodicka et al., 2001a). Meretoja et al. (1978) reported the presence of CA in rats
exposed to styrene by inhalation. MN and DNA damage have also been reported in mice
administered styrene i.p. (Solveig-Walles and Orsen, 1983; Norppa, 1981; Vaghef and
Hellman, 1998). Solveig-Walles and Orsen (1983) described single-strand breaks in
DNA from kidney, lung, liver, testes, and brain of mice exposed to styrene i.p. Norppa
(1981) reported MN in the bone marrow cells of mice administered styrene i.p. Solveig-
Walles and Orsen (1983) demonstrated single-strand DNA breaks in the liver, lung,
kidney, and brain of mice, and Vaghef and Hellman (1998) reported single-strand breaks
in lymphocytes, bone marrow, liver, and kidney of mice.

Both inhalation and i.p. injection studies in mice and rats have demonstrated the
formation of styrene-derived DNA adducts in lung, liver, and spleen (mice only).
Specifically, administration of styrene by inhalation to mice and rats led to the formation
of styrene-derived DNA adducts in the liver and lung in a number of studies (Cantoreggi
and Lutz, 1993; Boogaard et al., 2000; Otteneder et al., 2002) and in lung (Koskinen et
al., 2001b, Vodicka et al., 2001a). The observations of styrene-derived DNA adducts in
mouse lung are highly relevant to the observed carcinogenicity of styrene in the mouse
lung in long-term bioassays. Following i.p. administration of styrene, Norquist et al.
(1985) demonstrated the presence of the styrene-derived DNA adduct N7-SO-guanine in
mouse liver and Pauwels et al. (1996) reported formation of N7-SO-guanine in the lungs,
liver, and spleen of mice. The few studies reviewed in Barale (1991), with an oral
exposure, were negative for CA in bone marrow of mice (Loprieno et al., 1978; Sbrana et
al., 1983). Inhalation and i.p. studies in hamsters have been negative for MN and CA
(Penttila et al., 1980; Norppa et al., 1980).

In humans, peripheral blood lymphocytes from occupationally exposed workers have
been found to exhibit CA, SCE, MN, DNA strand breaks, gene mutations, and styrene-
derived DNA adducts (Horvath et al., 1994; Anwar and Sharmy, 1995; Artuso et al.,
1995; Vodicka et al., 1995, 1999; Bigbee et al., 1996; Kolstad et al., 1996; Karakaya et
al., 1997; Marczynski et al., 1997; Somorovska et al., 1999; Koskinen et al., 2001;
Lazutaka et al., 1999; Laffon et al., 2002a,b). In experimental animals, genetic damage
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in the form of CA, SCE, MN, DNA single-strand breaks, and styrene-derived DNA
adducts has been reported for lymphocytes, bone marrow, lung, liver, kidney, spleen,
brain, and testes (Conner et al., 1979, 1980; Meretoja et al., 1978; Solveig and Orsen,
1983; Norppa, 1981; Kligerman et al., 1993; Vodicka et al., 2001a, Solveig-Walles and
Orsen 1983; Vaghef and Hellman, 1998; Cantoreggi and Lutz, 1993; Boogaard et al.,
2000; Koskinen et al., 2001b; Otteneder et al., 2002; Norquist et al., 1985; Pauwels et al.,
1996). A number of studies examined multiple tissues for DNA damage by styrene via
inhalation or i.p. injection in mice. Solveig-Walles and Orsen (1983) reported that DNA
strand breaks in mice given styrene i.p. developed more quickly in liver and kidney, with
peak occurrence at four hours, compared to lung and brain, which exhibited peak
amounts of DNA damage at 24 hours. In a similar study by Vaghef and Hellman (1998)
lymphocytes and liver accumulated DNA damage fastest; the damage peaked at four
hours and then decreased over 16 hours. In this study, kidney and bone marrow
accumulated DNA damage more slowly, which also decreased much slower, over 16
hours post-treatment. A longer-term study by Vodicka et al. (2001a) demonstrated that
lymphocytes accumulated DNA damage over a period of seven days while in bone
marrow the peak of DNA damage was apparent at 21 days. These differences in tissue
responses may be due to a variety of factors including route of exposure, metabolic
capacities, sensitivity to induction or repair of DNA damage, and the toxicant levels
accumulating in the tissues.

Structure-activity

Further support for the carcinogenic properties of styrene comes from structure activity
studies of the ability of styrene analogues to induce genotoxicity endpoints. Norppa and
Vainio (1983) demonstrated that methyl-substituted styrene and styrene-7,8-oxide
analogues can readily induce SCE in human whole blood lymphocyte cultures.
Ethylbenzene and 2-phenylethanol, which lack a double bond in the side chain, were only
weakly mutagenic in this assay. The weak effects of styrene analogues without a double
bond in the side chain suggest that the metabolites responsible for SCE induction are
derived from the conversion of the vinyl group to styrene-7,8-oxide. In classifying
styrene-7,8-oxide as a group 2A carcinogen (probably carcinogenic to humans), I[ARC
(1994b) considered its genotoxic properties as evidenced by in vivo and in vitro CA, MN,
and SCE, in vitro gene mutation in bacterial and rodent cells, and covalent styrene-
derived DNA adducts in humans and rodents. The presence of small amounts of 4
vinylphenol in the urine of styrene exposed humans and rats (Bakke and Scheline, 1970;
Pantarotto et al., 1978; Pfaffli et al., 1981) indicates that small amounts of styrene-3,4[
oxide, a highly mutagenic compound (Watabe et al., 1978) are formed. The presence of
8-OHdG in styrene exposed workers (Marczynski et al., 1997) suggests that oxidative
damage resulting from styrene metabolism may play a role in the genotoxic process as
evidenced by the genotoxicity of this adduct towards SHE cells (Zhang et al., 2000) and
its modulation of cytosine methylation (Turk et al., 1995).

In a study sponsored by the Styrene Steering Committee (SSC) of the European Chemical
Industry Council (CEFIC), Henderson and Speit (2005) reviewed the genotoxicity of
styrene in humans. They downgraded nine studies (of a total of 15) considered by the
original authors (and accepted by the peer reviewers of the studies and the editor of the
peer-reviewed journal) to be positive, from positive to inconclusive or negative. As a
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result of their reanalysis Henderson and Speit (2005) decided that the genotoxicity
evidence was weak. OEHHA does not agree with the downgrading of these studies and
the conclusion of Henderson and Speit.

Nestmann et al. (2005) concluded that styrene, through metabolism to styrene oxide,
could be clastogenic in humans at workplace levels greater than 125 mg/m’ (29 ppm).
However, they also note that animals exposed only to styrene do not show clastogenic
effects up to 1500 mg/m’ (350 ppm). The greater genetic heterogeneity in the human
population than in inbred laboratory animal strains could explain the finding of an
apparent higher human sensitivity to clastogenesis.

Developmental Toxicity
Developmental Effects - Human Studies

Styrene effects on human development have not been well studied epidemiologically.
We have grouped the existing studies of potential developmental effects into
miscarriages, congenital malformations, and adverse birth weight effects. No studies of
styrene and late fetal death or transplacental carcinogenesis were found in the published
scientific literature. Styrene crosses the human placenta and has been found in fetal and
umbilical cord blood at levels proportional to those in maternal blood (Dowty et al.,
1976). Exposure to styrene in the studies reviewed here has been occupational, with the
highest exposures occurring in the reinforced plastics industry.

Miscarriages

Hemminki et al. (1980) reported the risk of spontaneous abortion among women union
members who worked in the “styrene industry,” described as “mainly reinforced
plastics.” Pregnancies and spontaneous abortions were identified by linkage to the
Finnish hospital discharge registry for 1973 to 1976, and the risk among workers was
compared to risk in the general population. Six spontaneous abortions occurred among
the workers, yielding a risk of 15 percent, which is significantly greater than the risk of
5.5 percent in the general population (RR = 2.7, p<0.01). Hemminki et al. (1984)
updated this study by extending the identification by three years and using two new
reference groups: 1) all chemical union members (about 6 percent were in the styrene
industry), and 2) styrene industry members both before they were members and after they
ceased membership as another reference group. In contrast to the 1980 findings,
spontaneous abortion risk in the styrene workers was less than that in the reference
populations. A strength of the 1984 study is its use of employed reference groups,
because, relative to the general population, they are more similar socioeconomically to
the styrene workers, and their spontaneous abortion risks were calculated by the same
methods. Study limitations include small numbers of workers, exposure to other
chemicals in the reference groups, exposure misclassification (only some of the women
in the styrene industry were exposed to styrene, according to the authors), no adjustment
for potentially confounding variables such as age, smoking, and history of pregnancy
loss, and potential bias from including multiple pregnancies/woman (due to lack of
independence of events).
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Harkonen and Holmberg (1982) compared the histories of spontaneous abortion in
Finland among 67 female lamination workers exposed to styrene (95 pregnancies) to 67
age-matched solvent-unexposed women (102 pregnancies). Pregnancies and spontaneous
abortions were identified in interviews as well as information on styrene exposure and
potential confounding variables such as smoking and alcohol consumption. The authors
did not report risks or relative risks. Based on numbers of spontaneous abortions (four in
each group), OEHHA calculated that the risk in the exposed group was 25 percent
compared to 18 percent in the unexposed group. The risk ratio was 1.2, which was not
statistically significant. During pregnancy, the styrene-exposed women, in comparison to
the styrene-unexposed women, more often smoked (44 percent compared to 23 percent of
pregnancies) and more often consumed some alcohol (28 percent compared to 19
percent). Limitations of the study include small numbers of workers, a higher proportion
of induced abortions among the exposed, no description of the reference group, no
information on history of pregnancy loss (a potential confounding variable), and potential
bias from including multiple pregnancies/woman (due to lack of independence of events).

Spontaneous abortion and maternal exposure to styrene among Finnish workers
biologically monitored for solvent exposure were examined in a case-control study
(Lindbohm et al., 1990). The study methods were similar to those used in the analysis of
paternal exposure by Taskinen et al. (1989) described below. Cases were spontaneous
abortions in the years 1973 to 1983 (n = 73, of which three were exposed to styrene).
Controls were live births matched on maternal age (n = 167, of which 17 were exposed to
styrene). A government program had monitored the women’s exposures via biological
samples; for styrene, mandelic acid was measured in urine. Additional exposure and risk
factor information was obtained via questionnaire. In estimating styrene exposure, the
investigators considered (blind to case status) data on occupation, job description, solvent
handling (they appear to have asked specifically about styrene), and urine levels of MA.
No excess risk was found. Compared to women with no or low exposure to styrene
during the first trimester of pregnancy, women with high exposure had an odds ratio
(OR) of 0.3. The investigators speculated that the apparently protective effect of styrene
may have been due to spontaneous abortions occurring so early in the pregnancy that they
were not known to the women (subclinical). The investigators referenced a study by
Mutti et al. (1984c), which showed that serum levels of prolactin increase with increasing
styrene exposure. They hypothesized that excess prolactin, which has been associated
with oligomenorrhea, amenorrhea, and infertility, might cause very early subclinical
spontaneous abortion. Strengths of the study included relatively good exposure data,
blind exposure assessment, and control of the potentially confounding variables smoking,
alcohol, and history of pregnancy loss. Limitations included small numbers with styrene
exposure, exposure of the controls to other solvents, and a lower questionnaire response
rate for the cases (70 percent) compared to the controls (86 percent).

Congenital Malformations

Harkonen et al. (1984a) performed a cohort study of congenital malformation risk among
children of men and women working as reinforced plastic workers at 160 workplaces in
Finland. The study design was partly historical and partly prospective. A questionnaire,
sent to the workplaces in 1976, identified currently employed workers. Births and
congenital malformations among the children were identified by linking to national
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registries over the period 1963 to 1979. The risk of congenital malformation among the
children “born during styrene exposure” was then compared to the risk among children in
the general population of Finland. Based on small numbers, no association with styrene
was found among male workers (relative risk (RR) = 0.7, 95 percent CI 0.29 to 1.52,
based upon seven observed malformations) or female workers (RR = 0.7, C1 0.02 to 3.73,
only one malformation). Because the cohort study did not have detailed exposure
information, the investigators also conducted a nested case-control study using only the
men. For each child with a malformation, two births without malformation from the
cohort were selected as controls. The authors reported no numbers for the results, but
“the case-control analysis found no differences in the styrene exposure intensity of the
case and control fathers.” A limitation was that the methods for creating the cohort were
poorly described; for example, it was not clear whether just current or current plus former
workers were identified in the 1976 questionnaire survey.

Holmberg and colleagues in Finland published a series of studies of congenital
malformations and maternal organic solvent exposure using the same data sources and
similar methods. The first paper reported findings of a case-control study of organic
solvent exposure and CNS malformations (Holmberg, 1979). Cases were 120 CNS
malformations reported to the national registry over a two-year period starting in 1976,
and controls were 120 maternal-age-matched deliveries immediately preceding the case
delivery in the same district. First trimester organic solvent exposures, including styrene,
were assessed with questionnaire interviews, during which the interviewer knew the
case/control status. While not mentioned in the text, one of the tables shows an
association with styrene: three of 120 cases and zero of 120 controls were exposed. The
odds ratio was not calculable due to the zero value. Two of the three case exposures were
at work from “plastics manufacturing” and the third exposure was at home from
reinforced plastics lamination by the husband. A strength of the study was assistance
from a chemist and an industrial hygienist in assessing exposure. Limitations included
the interviewer not being blind to case/control status and small numbers. In 1980,
Holmberg and Nurminen (1980) published the same CNS malformation results as in the
Holmberg 1979 paper, except that only occupational exposures were considered (home
exposures were ignored). Therefore, in the 1980 paper two (instead of three) of 120
cases and zero of 120 controls were considered exposed to styrene. With respect to
styrene, comments here about Holmberg (1979) pertain equally to the 1980 paper.

The third paper in the series was a case-control study of organic solvent exposure and
oral cleft malformations (Holmberg et al., 1982). Cases were 378 oral cleft
malformations reported to the national registry over a 2.5-year period starting in 1977,
and controls were 378 maternal age-matched deliveries immediately preceding the case
delivery in the same district. First trimester organic solvent exposures, including styrene,
were assessed with questionnaire interviews, during which the two interviewers knew the
case/control status. While styrene is not mentioned in the text, one of the tables reported
results for styrene: only one of the 378 cases and only one of the 378 controls was
exposed. Both exposures occurred at home from husbands’ manufacturing of vehicle
parts. A strength of the study was the assistance of a chemist and an industrial hygienist
in assessing exposure. Limitations included the interviewers not being blind to
case/control status and small numbers.
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The last paper in the series on maternal organic solvent exposure and malformations was
published in 1986 (Holmberg et al., 1986). Four categories of malformations were
studied: CNS, oral clefts, skeletal, and cardiovascular. Cases were all those reported to
the national registry in Finland over specific time-periods (the periods varied by type of
malformation and ranged from two to five years), and controls were the maternal-age!(
matched deliveries immediately preceding the case deliveries in the same districts. First
trimester organic solvent exposures, including styrene, were assessed with questionnaire
interviews, during which the two interviewers knew the case/control status. An
improvement over previous papers in the series was that exposure level was considered,:
five relative exposure categories (none, slight, noteworthy, considerable, and heavy) were
assigned based on questionnaire review by two industrial hygiene and two occupational
medicine staff blinded as to case/control status. In the analyses of specific solvents,
including styrene, all four malformation types were combined into a single case group of
1,475 mothers, who were compared to all 1,475 controls. Exposure was divided into that
at work and that outside work, and was counted if the level was “noteworthy” or higher.

For styrene exposures at work, 3 of the 1,475 cases and 3 of the 1,475 controls were
exposed. For styrene exposures at home, 4 of the 1,475 cases and 2 of the 1,475 controls
were exposed. Odds ratios were not calculated. Strengths of the study included
estimation of styrene exposure levels and blinding of the staff who assigned the levels.
Limitations included the interviewers not being blind to case/control status, small
numbers of exposed subjects, and the apparent lack of peer review, since the paper was
published in the proceedings of an international course on safety and health aspects of
organic solvents held in Finland in 1985. This study has only limited use for evaluating
health risks of styrene exposure.

Decreased Birth Weight

The birth weight of babies born to women working as reinforced plastics workers at 40
manufacturing facilities was studied using a historical cohort study design (Lemasters et
al., 1989). The investigators obtained data from company records and interviews with a
potential cohort of 2,177 women. The interview and pregnancy sample selection process
yielded final study cohorts of 229 exposed and 819 unexposed births. The investigators
used three exposure indices: categorical (none, n = 819; low, n = 154; high, n =75),
cumulative ppm-days, and cumulative ppm-days for specific gestational time periods.
They also examined a subcohort of 50 “highly exposed” laminators, gel-coaters, and
sprayers, for whom the estimated mean exposure was 82 ppm. The non-exposed
reference pregnancies were from “office and production staffs at the plastics companies
and from other local companies in same communities” and from pre-exposure
pregnancies in women who later contributed an exposed pregnancy. After adjusting for
potentially confounding variables (including smoking and history of adverse reproductive
outcomes), a small decrease in birth weight was found in the 75 “high” category
pregnancies (average birth weight was 1 percent lower than in the nonexposed, with a 95
percent confidence interval of — 1.6 percent to + 0.2 percent). In the “highly exposed”
subgroup (50 of the 75), average birth weight was estimated to be 4 percent lower than in
the nonexposed (95 percent confidence interval of — 7.7 percent to + 0.6 percent, p =
0.08). Strengths of the study included good study design and analysis. The study has not
been replicated.
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Developmental Effects — Animal Studies

Developmental toxicity studies of styrene have been performed in rats, rabbits, mice, and
hamsters, as discussed below. Rats have been exposed by the oral or the inhalation route,
whereas other species were exposed by inhalation only.

As background information of general relevance to developmental toxicity, styrene and
its metabolites have been shown to cross the placenta in gestation day 16 mice (Kishi et
al., 1989, 1992). There is also indirect evidence from studies of testicular effects in
offspring that styrene is secreted in the milk of exposed lactating rats, and/or that styrene
treatment affects lactation (Srivastava et al., 1992a).

Non-neurotoxic Developmental Endpoints in Animals

Studies of the developmental toxicity of styrene that did not assess developmental
neurotoxicity have been performed in rats, rabbits, mice, and hamsters (Ragule, 1974;
Murray et al., 1978; Kankaanpa et al., 1980; Rosen et al., 1988; Chernoff et al., 1990;
Srivastava et al., 1990, 1992a; Beliles et al., 1985).

In one study, groups of 23 pregnant white rats (strain unspecified) were exposed to 5 or
50 mg/m’ (1.2 or 12 ppm) styrene for four hours/day throughout pregnancy (Ragule,
1974; Brown, 1991). Fifteen additional animals served as controls. Although not
explicitly stated in the paper, it appears that some litters were evaluated prior to delivery,
while other dams were allowed to deliver and nurse their litters. For the 50 mg/m’ group,
statistically significant increases in pre-implantation deaths (20.7 + 3.8 percent versus 3.6
+ 3.1 percent in the control) and total embryo mortality (25.2 + 7.2 percent versus 15.5 +
4.4 percent in the control) were identified (no p values provided). Changes in these
parameters were not noted in the lower concentration group. The number of stillborn
pups per female showed a significant increase in treated animals relative to controls (0.2
+ 0.631 versus 0). There were also significant increases in pup mortality per litter during
the second week of life for treated animals (1.66 = 0.11 and 0.6 + 0.4 for the high and
low concentration groups, respectively, versus 0 in the controls). No treatment-induced
changes were reported for offspring weight, size, or soft tissue pathology. "General toxic
action" (presumably some sign of maternal toxicity) was noted at the high concentration
of 50 mg/m’.

In a second series of experiments (Ragule, 1974), pregnant female rats were divided into
two treated and one control group of 20 animals each. The treated groups were exposed
to styrene at concentrations of 1.5 or 5 mg/m® (0.35 or 1.2 ppm). Half of the animals in
each treated group were exposed to styrene throughout pregnancy, the other half only for
the first trimester of pregnancy. All animals were evaluated by necropsy on gestation day
21. Significant increases in resorption frequency were found in both test groups exposed
throughout pregnancy (0.2 +£ 0.214 and 1.3 + 0.757, versus 0 in the controls). Significant
increases in preimplantation mortality were reported for both concentrations of styrene
and for both exposure scenarios (throughout pregnancy and first trimester only). With
exposure to either styrene concentration throughout pregnancy, there were significant
increases in postimplantation mortality relative to controls; this effect was not seen with
first-trimester only exposure. The size and weight of offspring born to dams exposed to 5
mg/m’ (1.2 ppm) styrene throughout pregnancy were reported to be significantly lower
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than control values. These parameters were not affected in the 1.5 mg/m’® group animals,
or in animals exposed to either concentration of styrene for the first trimester only.

In a large study consisting of several experiments, styrene was given to rats orally or by
inhalation, and to rabbits by inhalation (Murray et al., 1978). Pregnant rats administered
2 mL/kg styrene (in peanut oil) by gavage were treated twice daily during gestation days
6 to 15 with total daily doses of 0, 180, or 300 mg/kg. For the inhalation experiments,
pregnant rats and rabbits were exposed to 0 or 300 ppm styrene on gestation days 6 to 15
(rats), or days 6 to 18 (rabbits), for seven hours/day. In additional experiments, animals
were exposed to styrene concentrations of 0 or 600 ppm. Dose-group sizes ranged from
23 to 29 pregnant animals for rats, and 16 to 20 for rabbits.

When exposed by either inhalation or the gavage route, pregnant rats gained significantly
less weight than controls over gestation days six to nine. For treatment by the gavage
route, there was an apparent dose-effect for this endpoint. A concentration-response
relationship was not apparent for inhalation exposure, but both concentrations were not
used in the same experiment. No differences in maternal weight gain between treated
and control animals were seen for gestation day intervals 10 to 15 or 16 to 20; data were
not presented for maternal weight gain over the entire gestation period.

For the rat experiments overall, for either route of exposure, there were no differences
among groups in pregnancy rate, fetal viability, resorption frequency, or mean fetal body
weight. Nor was prenatal exposure of rats to styrene, by either route, associated with any
increased incidences of external or visceral malformations. Mean fetal crown rump
length was also unchanged for exposed litters, with the exception of the group exposed to
300 ppm styrene by inhalation (significantly lower than the 44.8 + 1.0 mm recorded for
the concurrent controls at p < 0.05). In the companion experiment, which used the 600
ppm level of styrene, the mean crown-rump length was less than that recorded for the 300
ppm group (43.2 £ 1.7 mm, and 43.8 = 1.5 mm, respectively). Mean crown-rump length
for the 600 ppm group was also lower than that for concurrent controls (44.0 = 1.4 mm),
but the difference did not reach statistical significance.

These experiments provide lowest-observed-adverse-effect levels (LOAELSs) for maternal
toxicity in the rat of 180 mg/kg-day by the oral route and 300 ppm by inhalation. No[’
observed-adverse-effect levels (NOAELs) for maternal toxicity could not be established
for either route of exposure. For developmental toxicity, the NOAEL for the oral route
was 300 mg/kg-day, the highest dose tested (HDT), and the LOAEL for the inhalation
route was 300 ppm; no NOAEL was identified (based on the significant decrease in
crown-rump length).

Pregnant rabbits exposed to 300 or 600 ppm styrene by inhalation suffered no mortality,
and displayed no signs of toxicity. There were no changes in maternal body weight gain.
There were no significant differences among groups for numbers of litters, implantation
frequency, fetal viability, resorption frequency, and fetal body weight or crown-rump
length. No malformations were observed in any group. A significant (p = 0.049)
increase in the frequency of unossified 5th vertebrae, an anatomical variation, was found
in the 600 ppm group.

In a third study, groups of 13 to 15 pregnant BMR/T6T6 mice were exposed to 0 or 250
ppm styrene by inhalation on gestation days 6 to 16 for six hours/day (Kankaanpaa et al.,
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1980). Animals were necropsied for evaluation of their litters on gestation day 16,
immediately following the day's exposure session. Also, groups of 2 to 15 pregnant
Chinese hamsters were exposed to 0, 300, 500, 750, or 1,000 ppm styrene for six hours
daily on gestation days 6 to 18. Pregnant animals were necropsied on gestation day 18,
following the day's exposure session.

No maternal toxicity data were reported for mice exposed to 250 ppm styrene. Treated
and control litters did not differ significantly in the percentages of live fetuses, or in the
number of live fetuses per litter. The percentage of dead or resorbed fetuses was
increased in the treated group from 18.2 percent to 26.9 percent (p < 0.10), although this
endpoint appears to have been evaluated on the basis of total fetuses, rather than on a per
litter basis. The percentage of malformed fetuses was increased from 0.9 to 2.9 percent.
These figures also appear to be based on fetal, rather than litter, incidence. The observed
malformations were described as including: “exteriorization of liver in the control group
and bone defects (rib fusion, extra ribs) in the exposed group.”

No significant effects on the percentage of live fetuses, the number of live fetuses per
litter, or the number of dead or resorbed fetuses, were found for hamsters exposed to 300,
500, or 750 ppm styrene by inhalation. No malformations were reported for any of the
concentrations. At 1,000 ppm, the percentage of live fetuses was reduced from 73.8
percent to 34.0 percent, and the average number of fetuses per litter was reduced from 5.3
to 2.4. These changes were not reported as statistically significant, but it is not clear
whether statistical analysis was performed. The percentage of dead or resorbed fetuses
increased from 26.2 percent to 66.0 percent. This change was reported to be statistically
significant (p < 0.001), but this seems to have been calculated on the basis of total
fetuses, rather than on a litter basis. No maternal data for hamsters are provided in the
paper, although the discussion described the extent of maternal toxicity as “small,” and
noted that other studies have found hamsters relatively tolerant to styrene. These
experiments provided evidence of increased prenatal death at 250 ppm in mice and 1,000
ppm in hamsters. No effects were seen on the offspring of pregnant hamsters exposed to
300, 500, or 750 ppm styrene.

In an investigation of the relationship between maternal and developmental toxicity,
styrene was tested in pregnant Sprague-Dawley rats (Rosen et al., 1988; Chernoff et al.,
1990). Styrene was administered by gavage at 1,147 mg/kg-day. Three to five animals
were necropsied on each of gestation days 8, 12, and 16 for weighing of maternal thymus,
spleen, and adrenals. Maternal weight gains were also assessed at these times. The
remaining 13 animals were killed on gestation day 20 for maternal and fetal evaluations.

None of the styrene-exposed dams died during the study. Maternal weight gain for
styrene-exposed dams was lower than controls at each of the time-points measured.
These differences were statistically significant (p < 0.01) for days 8 and 12 only. Organ
weights were significantly reduced in treated animals only on gestation day 12. Only
thymus and spleen weights were affected (p < 0.01, and p < 0.001, respectively). Day 12
adrenal weights were not affected. For 133 fetuses from 13 styrene-exposed litters, there
were no significant effects on viability, fetal weights, the frequency of supernumerary
ribs, effects on fourth or lateral ventricles, or on the right kidney. The left kidneys of
styrene-treated fetuses had a significantly increased frequency of enlarged renal pelvis (p
<0.05). Fetal data were evaluated on an individual, rather than litter, basis.
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Timed-pregnant rats (10-14/group) were gavaged with styrene at doses of 0, 250, or 400
mg/kg-day on gestation days 6 to 15 (Srivastava et al., 1990). Dams were observed daily
for clinical signs of toxicity, and weighed on gestation days 6, 10, 15, and 20. Animals
were necropsied for fetal evaluations on gestation day 20. No deaths or behavioral
abnormalities were observed among maternal animals. Body weights of the 250 mg/kg!]
day dams were not different from controls. At the higher dose of 400 mg/kg-day,
however, maternal body weights on gestation day 20 were significantly (p < 0.001) lower
than those of controls. The authors note that the significant decrease in maternal weights
may have been accounted for by the extent of fetal resorptions and retarded fetal growth
for litters in that group.

No gross or skeletal abnormalities were observed in fetuses of any group. The mean
numbers of corpora lutea per litter did not differ among groups. The mean number of
implantations per litter was 9.43 in controls, 9.8 at 250 mg/kg-day styrene, and 5.83 at
400 mg/kg-day styrene. The number of live fetuses/litter was 9.36 in controls, 9.8 at 250
mg/kg-day, and 4.83 at 400 mg/kg-day. No statistical analysis was reported for these
endpoints. Fetal weights showed a significant (p < 0.001) decrease for the 400 mg/kg| |
day dose group. However, fetal weight data were not presented as litter means, but rather
as mean values for “50 fetuses selected randomly from different litters in each group.”

In a study of styrene effects on testicular development (Srivastava et al., 1992a), twelve
pregnant rats were divided into three groups of four. At parturition, eight male pups were
randomly assigned to each dam, forming three groups of four dams with eight pups each.
Lactating dams were gavaged with styrene at doses of 200 or 400 mg/kg-day; control
animals were given the groundnut oil vehicle. Treatment was continued throughout
lactation. Pups were weaned after 21 days and pooled within dose groups. At post-natal
days 31, 61, and 91, six pups were randomly removed from each group and necropsied
for evaluation of testes and epididymides.

During the treatment period, neither dams nor pups displayed any signs of styrene
toxicity. There was no significant effect of styrene on body or testis weight at any dose.
No histopathological differences were noted between treated and control animals.
Epididymal spermatozoa counts were significantly depressed (p < 0.05) at 400 mg/kg-day
at both 61 and 91 days of age.

Statistically significant (p < 0.05) changes were found in testicular activities of B[
glucuronidase (B-Glu), acid phosphatase (AP), and y-glutamyl transpeptidase (y-GGT)
for 31 and 61 day-old animals after exposure to the high dose of styrene. At the high
dose, significant (p < 0.05) changes were seen at 31 and 61 days for sorbitol
dehydrogenase (SDH), and at 61 days only for lactate dehydrogenase (LDH). No
differences from controls were seen in the enzymes at the lower dose, or at other time
points; and no changes were observed in glucose-6-phosphate dehydrogenase (G6PDH)
at any dose or time point.

While Srivistava et al. (1992a) note that the functional significance of these enzymes to
testicular development is not fully understood, they cite papers indicating that the
appearance of certain enzymes (i.e., SDH, LDH, G6PDH, y-GGT, B-Glu, and AP) in
specified testicular cell types is a tool used to identify key stages of spermatogenesis.
They cite the example of rising and falling levels of LDH and SDH reported to be
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associated with maturation of the germinal epithelial layer of seminiferous tubules. On
this basis, the authors suggest that the altered patterns of LDH and SDH activity observed
in styrene-treated animals may indicate that styrene exposure causes degeneration of the
germinal epithelium. Similarly, the authors suggest that the increases in y-GGT and B-
Glu seen in styrene-treated animals may have indicated interference with the normal
physiology of Sertoli cells, in turn affecting development of spermatocytes and
spermatids. Thus the authors concluded that their results, in particular the decreased
epididymal sperm counts at the 400 mg/kg-day dose of styrene, suggest that styrene
treatment of lactating mothers resulted in damage to the developing germ cells in the
maturing testes of their male offspring.

In a study of the reproductive effects of styrene monomer (Beliles et al., 1985), 50 male
and 70 female rats per test group, and 76 male and 104 female controls, were placed on a
two-year drinking water study. Concentrations of styrene monomer given in drinking
water were 0, 125, or 250 ppm. The authors calculated approximate daily doses of 7.7
and 14 mg styrene/kg-day for low and high-dose males, respectively, and 12 and 21 mg
styrene/kg-day for low and high-dose females, respectively. Ten males and 20 females
randomly selected from each group were mated to produce the F1 generation. The F1
animals were eventually mated to produce a third generation of exposed animals.

Life-long ingestion of drinking water containing up to 250 ppm styrene did not
significantly alter the physical appearance or longevity of the rats in this study, or result
in “consistent or meaningful” differences between treated and control animals for body
weight up until the last week of the study. There were no significant feed consumption
differences among groups, although water consumption was affected by styrene. No
changes in weights or histological appearance were noted for ovaries or testes of treated
animals at necropsy. In the reproductive component of the study, mean body weight and
food consumption of F females were not affected by styrene treatment, nor were indices
of male or female fertility, or gestational survival impaired by styrene exposure.

F, pup survival at postnatal day 21 was significantly (p < 0.05) diminished in 250 ppm-
group animals, but the authors noted that all pup deaths between days 15 and 21 appeared
to involve pups from only two litters. There were no treatment-related effects evident in
pup liver or kidney weights, in organ-to-body-weight ratios, or upon histopathological
examination of pup liver and kidney.

When mature F; animals were mated to produce the F, generation, pregnant dams
showed no treatment-related changes in mean weight or food consumption. Neither male
nor female fertility was affected, but pup viability at birth was significantly decreased
with 250 ppm styrene (p < 0.05). Pup survival was significantly reduced for this group
on postnatal days 1, 7, and 14 (p < 0.05 in each case), but the reduction was not
significant on day 21. Pup organ weights, organ-to-body-weight ratios, histopathology,
and cytogenetics performed on femoral bone marrow samples were all considered
“unremarkable.”

Average body weights and feed consumption for F, female breeders were also unaffected
by styrene treatment. There was a non-significant reduction in the proportion of 250
ppm-group females producing offspring, but two of the five females failing to litter had
been mated to the same male. At postnatal days 7 and 14, F5 pups in the 250 ppm group
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weighed less than controls (p < 0.05 for both times), but there was no difference on
postnatal day 21. Pup organ weights, organ-to-body-weight ratios, histopathology, and
cytogenetics revealed no consistent indications of dose-related differences among groups.

In summary, a number of studies were reviewed in which repeated doses of styrene were
administered throughout gestation or during a restricted portion of gestation, and
offspring were evaluated at or before the time of birth (Ragule, 1974; Murray et al., 1978;
Kankaanpa et al., 1980; Rosen et al., 1988; Chernoff et al., 1990; Srivastava et al., 1990).

Only two studies were identified which evaluated the effects of styrene on non-
neurological developmental endpoints using a study design incorporating postnatal
exposures and evaluations. One of these, Srivastava et al. (1992a), focused on
development of the male rat reproductive system following lactational exposure to
styrene. (These data are also discussed in the section on male reproductive toxicity.) The
other, Beliles et al. (1985), was a chronic drinking water study conducted in rats, which
included a multigeneration reproductive toxicity component. (These data are also
discussed in the section on female reproductive toxicity.)

Supplementary information relevant to the potential developmental toxicity of styrene
includes mechanistic studies (Daston et al., 1991a; Taubeneck et al., 1994), studies
conducted in vitro (Daston et al., 1991b), studies of chemicals related to styrene (i.e.,
styrene oxide; Sikov et al., 1986), and studies of the distribution of styrene from the
mother to her fetuses or nursing pups (Kishi et al., 1989, 1992; Srivastava et al., 1992a).

Effects in Offspring prior to Parturition

Taken as a whole, several studies (Ragule, 1974; Murray et al., 1978; Kankaanpa et al.,
1980; Rosen et al., 1988; Chernoff et al., 1990; Srivastava et al., 1990) provide evidence
for adverse effects of styrene on endpoints including prenatal viability, growth, and
morphological development in rats, mice, and hamsters. Taken individually, however,
most of these studies have deficiencies in design and/or reporting that limit or prevent
their use in deriving fetal and/or maternal NOAELs and LOAELs. Among these studies,
the one most suitable for quantitative risk assessment is that of Murray et al. (1978).

Murray et al. (1978) found no significant effects on pregnant rabbits exposed to 0, 300, or
600 ppm styrene by inhalation. No LOAELSs could be determined for maternal animals
from these data. There were no significant differences between treated and control
rabbits for numbers of litters, implantation frequency, fetal viability, resorption
frequency, and fetal body weight or crown-rump length. No malformations were
observed in any group. A significant (p = 0.049) increase in the frequency of unossified
5th vertebrae (a morphological variation) was found in litters of the 600 ppm group. This
observation was noted in the text of the paper, but was not presented in the same tabular
form as the other data.

In additional experiments reported in the same paper (Murray et al., 1978), no effects
were found on rat offspring exposed prenatally to twice-daily gavage doses of styrene
totaling 0, 180, or 300 mg/kg-day. Maternal weight gain was significantly decreased
during gestation days 6 to 9 (the first three days of the treatment period), but not during
the later part of the treatment period (days 10 to 15) or subsequent to the cessation of
treatment (gestation days 16 to 20). A similar pattern of maternal weight effects was
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observed when pregnant rats were exposed to 0, 300, or 600 ppm styrene by inhalation.
Considering these data, the LOAELSs for maternal toxicity in the rat are 180 mg/kg-day
by the oral route and 300 ppm by inhalation. No NOAELSs for maternal toxicity could be
established for either route of exposure.

For developmental toxicity, the oral route NOAEL was 300 mg/kg-day (the HDT), and
the inhalation route LOAEL was 300 ppm; no NOAEL was identified (based on the
significant decrease in crown-rump length). Interpreting a concentration effect from the
Murray et al. (1978) inhalation data for rats is complicated by an experimental protocol
in which the two concentration levels, 300 and 600 ppm, were not run concurrently.
Each concentration was tested separately, and compared to its own control group. Mean
crown-rump length at 600 ppm was lower than that for the concurrent controls, although
the difference was not statistically significant. Mean crown rump-length at 600 ppm was
also lower than that for the 300 ppm group (in the other experiment). The two control
groups also differed from one another.

Postnatal Observations

Srivastava et al. (1992a) found significant reductions in epididymal sperm counts for
exposed male offspring at 61 and 91 days of age. The LOAEL for this effect was 400 mg
styrene/kg-day, with a NOAEL of 200 mg/kg-day. The same dose-relationship was
found for significant reductions in testicular concentrations of certain enzymes. In the
absence of data on styrene secretion in milk, the dose to pups in this study is unknown.

Beliles et al. (1985) conducted a chronic drinking water study of 0, 125, and 250 ppm
styrene in rats, which included a multigeneration reproductive toxicity component.
Approximate daily doses were 7.7 or 14 mg/kg for males, and 12 or 21 mg/kg for
females. No adverse effects were identified in animals exposed for two years. No
maternal toxicity was noted for three generations of breeding animals. No significant
changes in fertility were noted. There were no treatment-related effects on absolute or
relative pup organ weights, or on organ histology, for any of the three generations. There
were significant effects on pup viability at birth for the F, high-dose group. Viability was
also affected at various postnatal time-points for high-dose pups of the F, and F,
generations. Body weights of high-dose pups were affected in the F5 generation on
postnatal days 7 and 21. Based on offspring viability data, a LOAEL of 250 ppm (or 21
mg/kg-day) can be set for developmental toxicity of styrene, with a corresponding
NOAEL of 125 ppm (or 12 mg/kg).

Developmental Neurotoxicity

Neurotoxicity has been the basis of both occupational and environmental exposure limits
for styrene including the ACGIH Threshold Limit Value (TLV), the U.S. EPA Reference
Concentration (RfC) for air, and the OEHHA chronic Reference Exposure Level (REL)
for air. Of five publications on the developmental neurotoxicity of prenatal exposure to
styrene in rats, three appear to describe aspects of one study (Chen et al., 1989; Kishi et
al., 1995; Kishi et al., 1992). A second study has been described in the two other
publications (Katakura et al., 1999, 2001). These studies and others involving postnatal
styrene exposure (Zaidi et al., 1985; Shigeta et al., 1989; Khanna et al., 1991; Aikawa et
al., 2001) contribute to the body of information concerning the effects of styrene on the
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developing nervous system. Several of these studies also provide information relevant to
the potential of styrene to delay attainment of physical developmental landmarks.

Groups of pregnant Wistar rats were exposed to styrene by inhalation at 0, 60, or 297
ppm, 6 h/day, on each of gestation days 7 to 17 (Chen et al., 1989). It is not stated how
many litters were treated, or how the resulting offspring were later selected for inclusion
in various behavior test protocols. Data tables show numbers of 4 to 29 animals per
concentration (single sex at the lower n values, and both sexes at the higher end). No
clinical evidence of toxicity was reported for maternal rats; there were “slight” effects on
maternal weight with 297 ppm styrene. No marked differences were found between
treated and control animals for gestation length, the number of implantation sites, or the
number of fetuses.

Body weights of the 297 ppm group pups were significantly (p < 0.01) lower than those
of controls at one to seven days postnatal age. At 21, 77, and 125 days, body weights of
animals from both styrene-exposed groups were lower than controls (no data or level of
significance provided). Developmental landmarks, such as eye-opening, incisor eruption,
auditory startle response, and air righting reflex, were all significantly different in 297
ppm pups as opposed to controls (all at p <0.01 or 0.05).

Both groups of styrene-exposed pups showed delays in responses on the grasping test,
while the 297 ppm group animals also showed delays in response on the negative
geotaxis and rotation tests. There were no clear differences between treated and control
animals for the righting test or precipice avoidance test.

At the earlier time-points for the open field test, 297 ppm group animals displayed
statistically significantly higher numbers of movements and frequencies of standing than
did controls. The differences in "number of squares of movement" disappeared by the
127 to 128 days of age test time-point. A similar pattern of age and treatment-related
findings was noted for the rotation rod test: treated animals, especially from the 297 ppm
group, remained on the rod for shorter periods, but this difference disappeared by 120
days of age. At 40 to 50 days of age, 297 ppm group offspring showed significant
increases in the frequency of activity over the first hour of testing (p < 0.01), as well as
over the first 24 hours (p < 0.05) and over the dark part of the light-dark cycle (p < 0.05).
In the first three of seven sessions after a continuous reinforcement procedure (CRF),
treated animals showed significantly fewer bar presses than controls (p < 0.05 for 297
ppm and 60 ppm group animals during session 3; p < 0.01 for 60 ppm animals during
session 1, and for both groups during session 2). For the fourth session, and thereafter,
there were no significant differences between groups.

Brown et al. (1991) noted that the data in Chen et al. (1989) appear to originate from the
same experiments as in Kishi et al. (1995; discussed below). In the Chen paper, the data
appear to have been analyzed on an individual pup basis, rather than by litter.

Pregnant Wistar rats inhaled 0, 50, or 300 ppm styrene for six h/day during gestation days
7 to 21 (Kishi et al., 1995). Fourteen pregnant animals served as controls, three were
exposed to 50 ppm styrene, and seven to 300 ppm. Fewer litters were evaluated in the
behavioral studies: five at 0 ppm, two at 50 ppm, and five at 300 ppm. This was said to
be due to the limited number of inhalation chambers restricting the eventual number of
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litters of the same age for testing in the behavioral batteries. On postnatal day one, all
litters were culled to no more than six pups. Offspring were weaned on postnatal day 22.

None of the dams showed evidence of toxicity, and there were no significant differences
among groups in maternal weight gain, gestation length, or number of live-born offspring
per litter. Three pups from different groups were found dead prior to culling on postnatal
day one, but this pup mortality was not considered treatment-related. Compared to
untreated controls, the bodyweights of pups from the 300 ppm styrene group were not
significantly altered on postnatal days 1 and 125, but were significantly reduced on
postnatal days 21 and 77.

Delays in incisor eruption, eye-opening, auditory startle reflex, and righting reflex were
observed in styrene-exposed pups; these delays appeared to be dose-related. Vaginal
opening in females was the only developmental landmark which did not appear to have
been affected. These differences were significant "when the calculations were based on
the mean of the data obtained for all offspring within a litter," but significance levels are
not clearly assigned to specific group comparisons in the tabulated data. A comparison
based on data for individual offspring "implied that even the 50 ppm exposure group had
delayed auditory startle reflex, and righting reflex compared to the control group, F(2,66)
=42.3 (p <0.05), and F(2,66) = 44.4 (p < 0.05), respectively."

Preweaning behavior tests included surface righting, pivoting, bar holding, negative
geotaxis, and cliff drop avoidance. Pivoting and bar holding were both significantly (p <
0.0001) delayed in offspring prenatally exposed to 300 ppm styrene. There was also a
significant time-by-dose interaction in the neurobehavioral development of bar holding.
Surface righting also showed a significant dose effect.

Postweaning assessment of neurological parameters included open-field activity, rotarod
performance, spontaneous activity, operant behavior, postnatal sensitivity to barbiturates,
and brain pathology. Open field behavior was evaluated at 30 to 31 days, 60 to 61 days,
and 127 to 128 days. Compared to control animals, ambulation was significantly
increased in high-concentration group males at 30 to 31 and 60 to 61 days (p <0.01 at
both time points). Rearing was significantly increased in males and females of the high-
concentration group at both 30 to 31 and 60 to 61 days (p < 0.01 in all cases except for
females on day 60 to 61; that p value was < 0.05). Ambulation and rearing were not
affected in males or females on days 127 to 128.

Rota-rod duration times at 8, 12, and 16 rpm were significantly reduced for 300 ppm
animals at 30 and 60 days postnatal age (p < 0.01 in all cases), but were not affected at
120 days. As there were no differences between the sexes within each group, data for
males and females were analyzed together.

Males only were used for observations of 24-hour activity levels and for determination of
rates on a continuous reinforcement schedule. No significant differences were observed
between control and 300 ppm animals for exploratory activity during the first hour, or
light phase activity. Significant differences between these groups were found, however,
for total activity over 24 hours (p < 0.05), and dark phase activity (p <0.01). A
significant effect of prenatal exposure to 300 ppm styrene on the response rate to
continuous reinforcement was found only in the third of seven sessions (p < 0.01). In this
case, the response rate was decreased.
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Barbiturate-induced sleep times did not differ among groups when tested at 150 days
postnatal age. No overt microscopic abnormalities were detected in serial sections of
brain, lung, liver, or kidney of maternal animals, or in offspring at 21 or 160 postnatal
days of age.

Kishi et al. (1992) reported neurochemical data for animals exposed to styrene as part of
the Kishi et al. (1995) study. Pregnant Wistar rats were exposed to 0, 50, or 300 ppm
styrene by inhalation, for six h/day during gestation days 7 to 21. Fourteen pregnant
animals served as controls, three were exposed to 50 ppm styrene, and seven to 300 ppm.
Following parturition, some litters were retained for evaluation in the behavioral studies:
five at 0 ppm, two at 50 ppm, and five at 300 ppm. Ten pups/group were necropsied for
neurochemical analyses on postnatal day one. Pup brains were separated into cerebrum
and cerebellar portions and assayed separately for norepinephrine (NA), 3,4(
dihydroxyphenylacetic acid (DOPAC), dopamine (DA), 5-hydroxyindoleacetic acid
(SHIAA), homovanillic acid (HVA), and 5-hydroxytryptamine (5-HT).

Basic maternal and litter data are the same as reported by Kishi et al. (1995). In Kishi et
al. (1992), however, pup body weights at one-day postnatal age are reported for the full
set of offspring (rather than just those used for the behavioral studies). Pups in the two
treated groups weighed significantly less than control pups (p < 0.01 at both
concentrations of styrene), but there was no apparent dose response.

There were no differences among groups of pups or dams in brain weight or the
histological appearance of brain and other tissues. Protein contents of cerebrum and
cerebellum did not differ among groups of one-day old pups. 5-HT, SHIAA, and HVA
were significantly (p < 0.05) reduced in pups prenatally exposed to 300 ppm styrene. DA
was reduced in this group also (at a non-significant p value of <0.1). SHT was reduced
in the cerebellum of rat pups prenatally exposed to 300 ppm styrene (p <0.1). No
significant changes were shown for DOPAC or NA in the cerebrum, or for SHIAA, DA,
DOPAC, HVA, or NA in the cerebellum.

Timed-pregnant Wistar rats were exposed to 0, 50, or 300 ppm styrene by inhalation
during gestation days 6-20 (Katakura et al., 1999). Two control groups were established:
one fed ad lib (control-1), and the other pair-fed the amount consumed by the 300 ppm
styrene exposed group (control-2). The 50 ppm group was also pair-fed to the 300 ppm
group, to control for possible effects of feed consumption differences between groups.
Food consumption during the treatment period was 18.0 + 1.3 g/day for the ad lib control
group and 15.5 + 2.4 g/day for the groups pair-fed to the 300 ppm styrene group.

Ten to 14 litters per treatment group were evaluated at birth. There were no significant
differences among groups in live-born offspring/litter, pup body weight, or cerebellar
weight. Mean cerebrum weight was significantly (p < 0.05) decreased in the group of
pups exposed prenatally to 300 ppm styrene compared to ad lib-fed controls. Brain,
liver, lung, and kidney tissues from dams and pups at birth or 21 days of postnatal age,
examined for microscopic pathology, had no lesions.

Brain tissues of newborn pups were assayed for 5-HT, 5-HIAA, DA, 3,4- DOPAC, 3[]
methoxytyramine (3-MT), HVA, and NA. Measurements were made on three or four
pups/litter, from ten litters for each treatment group; data were analyzed on a per litter
basis. Compared to ad lib-fed controls, 5-HT and HVA were significantly reduced in the
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cerebra of newborn offspring exposed prenatally to 300 ppm styrene; HVA was also
significantly decreased relative to pair-fed controls.

Pups evaluated on postnatal day 21, following prenatal exposure to 50 ppm styrene, had
significantly increased 5-HT levels in the striatum, relative to either ad lib or pair fed
controls. This increase was not seen in the 300 ppm styrene group, nor was it seen for 5[
HT levels in the neocortex or hippocampus. In the 300 ppm styrene group, 5S-HIAA was
significantly decreased in the frontal neocortex relative to ad lib-fed controls and
significantly reduced in the pups’ hippocampi compared to either control group. The
ratio of 5-HIAA/5-HT in the hippocampus was significantly decreased in both styrene-
exposed groups. Striatal DA levels of 21 day-old offspring in the high concentration
group were significantly increased over ad lib controls.

In neonates, DA levels did not differ between control and styrene-exposed groups, but
HVA was significantly decreased in the 300 ppm styrene-exposed group. The authors
suggest that HVA metabolism may have been reduced in these animals. Day 21 DA
levels for this group were significantly increased relative to ad lib controls, an
observation the authors suggested may have resulted from a "catch-up" phenomenon.

The authors hypothesize that styrene exposure during a critical period of prenatal
development may decrease 5-HT in the fetal brain, in turn affecting later overall brain
development. Exposure to the higher concentration of styrene was associated with
decreased cerebrum weights, as well as decreased 5-HT. Pair-feeding to control for
reduced feed intake of treated dams appears to have accounted for some, but not all, of
the quantitative changes induced by styrene exposure.

Katakura et al. (2001) studied the effects of prenatal styrene exposure on postnatal
development and brain serotonin and catecholamine levels in rats. The data appear to
have originated from the experiment reported in Katakura et al. (1999). The earlier
report emphasized neurotransmitter levels in different brain regions, while the 2001
report provides information on additional endpoints such as gestation length and age at
attainment of physical and behavioral developmental landmarks. Maternal feed
consumption during treatment was significantly (p < 0.01) reduced in animals exposed to
300 ppm styrene, with respect to ad lib fed controls. Maternal weight gain over the same
period, however, was not significantly reduced in either styrene-exposed group.

Gestation length was significantly (p < 0.05) increased for the 300 ppm group compared
to ad lib-fed controls (22.1 + 0.6 and 21.6 + 0.5 days, respectively), but did not differ
significantly from the pair-fed groups. While the number of live-born offspring/litter did
not differ among groups, the percentage of neonatal deaths was significantly higher in the
300 ppm group than for either ad lib or pair fed controls. The percentages of male pups
over all litters were 49.2 + 0.1 for ad lib fed controls, 48.0 + 0.1 for pair-fed controls,
45.4 + 0.1 at 50 ppm styrene (pair-fed to the high concentration group), and 41.6 + 0.1 at
300 ppm styrene. These differences were not statistically significant.

When females and males were considered together, pup body weights on postnatal day 21
did not differ among groups. Incisor eruption (upper and lower), eye opening, and
attainment of the air-righting reflex were all significantly delayed in high-concentration
group pups relative to ad lib controls. Eruption of the upper incisors and attainment of
the air-righting reflex were also significantly delayed in the high-concentration group
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relative to pair-fed controls. The air-righting reflex was also delayed in the 50 ppm group
relative to ad lib controls (p < 0.05). No differences were found among groups for age at
ear unfolding or for attainment of the surface-righting reflex.

Zaidi et al. (1985) studied changes in dopamine receptor binding following prenatal,
lactational, or prenatal plus lactational exposure to styrene in rats. For the prenatal(]
exposure-only experiments, styrene was given to the dams throughout gestation by
gavage at 200 mg/kg-day. Treatment stopped at parturition. Pups were randomized
within each group, and litters normalized to eight pups per dam. Dams were divided into
four groups with three animals/group, consisting of dams with cross-fostered pups as
follows: 1) vehicle dam, vehicle pups, 2) styrene dams, styrene pups, 3) vehicle dams,
styrene pups, and 4) styrene dams, vehicle pups.

In another experiment, four pregnant rats were given 200 mg/kg styrene orally
throughout gestation and lactation. After parturition, pups within each group (treated and
control) were randomized, and adjusted to eight pups per dam. Another group of four
dams was given styrene only during the lactation period, and a final group received
styrene during pregnancy and lactation, but the dams were given pups to suckle which
had not been exposed to styrene during gestation.

At two to three weeks of age, six pups of either sex from each group were terminated for
dopamine receptor binding assays on their brain tissues. Behavioral studies were carried
out on three-week old pups, using amphetamine-induced locomotor activity and
apomorphine-induced stereotypy as parameters of dopamine receptor sensitivity.

Body weights and number of pups per litter were recorded at birth, and during the first
three weeks of age. No significant differences were observed with styrene exposure, nor
did styrene have any significant effect on protein content of the brain striatum in any of
the treatment groups. Exposure to styrene during the gestation period alone did not affect
*H-spiroperidol binding to dopamine receptors at either two or three weeks postnatal age.
Pups exposed during gestation and lactation, or during the lactation period alone, did
show significant (p < 0.05) increases in *H-spiroperidol binding to membrane fractions
prepared from corpus striatal tissues. Animals exposed to styrene during gestation and
lactation also showed significant increases over controls in amphetamine-induced
locomotor activity and apomorphine-induced stereotypy at three weeks of age (p < 0.05).

Styrene exposure during lactation, or gestation and lactation combined, caused a
significant increase in *H-spiroperidol binding at dopamine receptor sites. The
maturation of dopamine receptors occurs during postnatal days 7 to 28 in rats. Scatchard
analysis of the binding plot led to the further conclusion that the increased binding was
due to an increase in the maximum number of binding sites, rather than to increased
receptor affinity. The behavioral observations were also considered indicative of super-
sensitivity of dopamine receptors following styrene exposure during the critical period.

Thirty-two male and 41 female THA-strain rats were exposed to styrene by inhalation
from postnatal day 1 through day 48 (Shigeta et al., 1989). At birth, litters were culled to
eight offspring, with three to five pups of each sex. Prior to weaning, pups were exposed
with their dams. Subsequent to weaning, males and females were caged separately in
groups of four. Exposure concentrations were 0, 25, or 50 ppm, and animals were
maintained in the exposure chambers seven hours/day, six days/week. The animals were
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weighed on postnatal day one, and then weekly until the tenth week after delivery. Pinna
detachment, incisor eruption, and eye opening were recorded as developmental
landmarks. Behavioral tests consisted of the Sidman avoidance test at seven weeks and
open-field activity at nine weeks of age.

Body weights of male and female rats exposed to both styrene concentrations were
significantly lower than controls on postnatal day one. There were no differences
between the higher and lower styrene concentration groups. It is not stated whether the
animals were weighed before or after the exposure session. No differences were found
between the groups of dams for weight gain or other parameters, nor were inter-group
differences observed for suckling or nursing behavior.

At subsequent weekly weighings for weeks one to seven (data not provided for later
weeks), there was a tendency for lower weights in treated animals (particularly for
females, and with the higher styrene concentration in males). There were 12 control
males, and 14 males in each treated group. Female control, low-, and high-concentration
groups each consisted of 17 animals. For females exposed to 50 ppm, body weights were
significantly (p < 0.01) lower than those of controls at all time points. For females
exposed to 25 ppm styrene, body weights were significantly lower than controls for all
weighings except week five. For males exposed to 50 ppm styrene, body weights were
significantly lower than those of control animals for all weighings except weeks two and
four. Males exposed to the lower styrene concentration were significantly lighter than
controls at weeks one and seven. At six weeks for females, and at five and six weeks for
males, body weights of the high concentration group were significantly lower than body
weights of the low concentration group.

The timing of eye opening did not differ among groups, but both pinna detachment and
incisor eruption showed effects of treatment. The numbers of animals/group were 29, 31,
and 31 for the control, 25 ppm, and 50 ppm groups, respectively. Pinna detachment was
significantly delayed in rat pups exposed to styrene at 25 ppm. Incisor eruption was
significantly delayed in both the 25 and 50 ppm groups. There was no indication of
increasing delay with increasing concentration for either of these endpoints.

Open-field activity at nine weeks of age was tested in 12 male and 17 female controls,
and 14 males and 17 females in each treated group. Treated animals tended to display a
longer latency to enter the field than did control animals, but this difference was
significant only for females exposed to 50 ppm styrene. Fewer rearings were observed
for treated than for control animals, but this difference was only significant for females
exposed to 50 ppm styrene. The numbers of squares crossed was also reduced in treated
animals, which was significant for both males and females at 50 ppm. There were no
differences among groups for the numbers of fecal pellets or urine puddles produced.

Sidman shock-avoidance testing was conducted on the rats at seven weeks of age. Data
on ten sessions for the first 30 minutes of the hour-long test were analyzed for acquisition
speed. Data from ten sessions for the second 30 minutes were evaluated for acquisition
level. The only significant differences occurred during the latter 30 minutes of testing.
For males, there was a significant decrease in avoidance rate during the ninth session in
the 50 ppm group. For females, significant decreases in avoidance rates were observed
for the seventh and ninth sessions.
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Shigeta et al. (1989) considered their results to provide evidence of styrene-induced
neurobehavioral impairment and growth suppression in rats by postnatal exposure.

Khanna and coworkers (1991) studied the effects of prenatal exposure to styrene
combined with protein deprivation. From gestation day one, two of 12 pregnant rats were
fed either a normal diet (20 percent casein) or a low protein diet (8 percent casein).
Beginning on gestation day six, and continuing throughout pregnancy and lactation, half
the animals in each diet group were given styrene orally at a daily dose of 100 mg/kg.
Dietary controls were pair-fed to styrene-treated animals. At parturition, each litter was
randomly culled to eight pups.

For dams on a low-protein diet (without styrene exposure), pup body weight gain on
postnatal day 21 showed a 27 percent decrease relative to normally-fed controls.
Styrene-exposed pups fed a normal diet did not show any difference in weight gain from
controls. Styrene-exposed pups on a low-protein diet, however, were significantly
impaired for weight gain, even relative to low-protein controls. A similar pattern of
occurrence and relative magnitude of adverse effects was observed for pup brain weight,
as well as for appearance of physical and behavioral developmental landmarks. Eye
opening, pinna detachment, maxillary incisor eruption, fur growth (dorsal and ventral),
forward locomotion, forward locomotion with head up position, surface righting, air
righting, and cliff avoidance were all significantly delayed in styrene-exposed pups on a
low protein diet compared to non-exposed animals on a low protein diet. Only the
eruption of mandibular incisors did not differ in timing between the two groups. In most
cases (with the exception of forward locomotion with the head up position), these
parameters were also significantly affected compared to untreated, normal diet control;
styrene treatment made these effects significantly more severe. None of the evaluated
parameters were affected by styrene exposure of animals fed a normal diet.

Six pups from each group were tested for amphetamine-induced locomotor activity on
postnatal day 21. There were no significant differences among groups, apart from the
styrene-treated, low-protein diet animals. The latter group showed 44 percent greater
locomotor activity as compared to low-protein controls. Monoamine oxidase, Na", K'-
ATPase, and succinic dehydrogenase activities were all significantly reduced in styrene-
treated animals on a low-protein diet. No changes from control values were found with
the low protein diet alone, or with styrene treatment of animals on a normal diet. The
same pattern of responsiveness was observed for substrate binding to dopamine receptors
from the corpus striatum and to serotonin receptors from the frontal cortex. Binding per
gram protein was significantly increased in the styrene-treated, low protein diet group (p
< 0.01 for dopamine receptors, and p < 0.05 for serotonin receptors). Scatchard analysis
of receptor binding characteristics indicated that the change in dopamine receptor binding
was due to an increased number of binding sites. The increase in serotonin (5-HT)
receptor binding was considered to be due to an increased number of binding sites and to
a decreased affinity.

Styrene was given to pregnant rats of the THA ("Tokai High Avoider") strain (Aikawa et
al., 2001). This strain was bred over 48 generations to attain an electric shock avoidance
rate of 95 percent or greater in a Sidman avoidance behavior learning test. For the
present study, 10 week-old males and females were caged on a one-to-one basis, and
mating confirmed by plug presence. Styrene, in an olive oil vehicle, was administered in
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subcutaneously-implanted silicon capsules calibrated to provide doses of 0, 0.07, or 0.7
mg/day. (All data are reported in terms of this daily dose, and are not adjusted for body
weight.) In the discussion portion of the paper, the authors express these doses as
corresponding to average administration of 0, 0.23, or 2.3 mg/kg-day. The overall
average dam weight on gestation day 0 was approximately 200 g. Dosing began on
gestation day 9, and was continued through postnatal day 28.

Throughout gestation and lactation, the body weights of the dams were recorded at
weekly intervals, and water consumption was recorded every two days. Pups and dams
were weighed on postnatal day three, and litters were culled to eight pups (four male and
four female) per dam. The number of dams treated is not reported, but appears to be
three to four litters per group, based on the reported numbers of post-culling pups per
group. Pups were weighed weekly and evaluated twice daily for attainment of physical
developmental landmarks. On postnatal day 28, pups were weaned, separated by sex,
and given an open-field test. Spontaneous motor activity was evaluated (Animex
apparatus) on postnatal day 35, and Sidman avoidance-learning tests were performed on
postnatal day 49. The animals were killed and necropsied on postnatal day 70.

No significant differences were found among groups for dam or pup weights, water
consumption by dams, or attainment of developmental landmarks by pups. The authors
noted that during the lactation period, offspring in the 0.7 mg/day styrene group tended to
remain physically apart from one another, in contrast to control and 0.07 mg/day styrene
pups. In a three-minute open field test, no clear differences were observed between
groups for frequencies of specified behaviors including resting, square crossing, and
rearing. No significant changes were found among groups of male rats for hourly
spontaneous motor activity over 24 hours, while female rats showed significant
differences between animals exposed to 0.7 mg styrene and control animals or animals
exposed to 0.07 mg styrene. Both male and female rats exposed to 0.7 mg styrene
showed significant changes in the shock counts during the first 30 minutes of a one hour
Sidman avoidance test, but not during the latter 30 minutes of the same test session.

In summary, of the five publications on the developmental neurotoxicity of prenatal
exposure to styrene in rats, three appear to describe aspects of one study (Chen et al.,
1989; Kishi et al., 1995; Kishi et al., 1992). A second study has been described in the
two other publications (Katakura et al., 1999, 2001). These studies, along with additional
studies incorporating postnatal styrene exposure (Zaidi et al., 1985; Shigeta et al., 1989;
Khanna et al., 1991; Aikawa et al., 2001), contribute to the weight of evidence indicating
that styrene exposure can have adverse and lasting effects on the developing brain. These
studies have also provided evidence of styrene-induced developmental delays.

Chen et al. (1989) and Kishi et al. (1995) describe physical and behavioral effects of
prenatal styrene treatment, while Kishi et al. (1992) report on neurochemical parameters.
The Chen et al. (1989) paper appears to have analyzed the data on the basis of individual
pups. The lack of litter-based statistics limits the utility of this paper for risk assessment,
although it appears that the data were later published in more detail in English (Kishi et
al., 1995). The data were reanalyzed from the later publication using litter-based
statistics, insofar as possible given the limited number of dams treated/dose (14 at O ppm,
3 at 50 ppm, and 7 at 300 ppm). Only 12 litters, exposed at the same time, were used for
neurobehavioral testing (5 at 0 ppm, 2 at 50 ppm, and 7 at 300 ppm). No significant

Styrene in Drinking Water 89 December 2010
California Public Health Goal (PHG)



adverse effects on maternal animals were reported, giving a NOAEL of 300 ppm for
maternal toxicity. For offspring exposed to 300 ppm, significant changes were observed
in pre- and post-weaning behavioral tests, including pivoting, bar-holding, aspects of
open-field activity, and rotarod duration times. These findings support a LOAEL of 300
ppm for developmental neurotoxicity of prenatal exposure to styrene in rats. Although
some effects were reported at 50 ppm, there were only two litters, too few to properly
assess the data as either a LOAEL or NOAEL.

Kishi et al. (1992) reported neurochemical data from the same study. However, body
weights for PND-1 pups are reported for the larger group of all treated pups, rather than
just those carried forward into the behavioral tests. Pup weights were significantly
reduced at both concentrations of styrene, although there was no obvious concentration-
response. Specific changes in brain neurochemistry were found for pups exposed
prenatally to 300 ppm. Therefore, data from this study indicate a LOAEL of 300 ppm for
neurochemical parameters, with a NOAEL of 50 ppm, and a LOAEL of 50 ppm for
reduced fetal weight, with no NOAEL.

Katakura et al. (1999, 2001) compared data for styrene-treated animals to pair-fed as well
as to ad lib fed controls. Feed consumption by dams exposed to 300 ppm styrene was
reduced to 86 percent of ad lib fed control dams; rations available to the 50 ppm and pair-
fed control groups were reduced accordingly. This procedure did not result in significant
differences among groups for maternal weight gain during exposure, nor were significant
differences between ad lib and pair-fed control groups found for any parameter
evaluated. Thus, while nutritional factors may have had some influence on sensitivity to
styrene, maternal under-nutrition alone would not appear to explain the developmental
effects observed with prenatal styrene exposure. Compared to pair-fed controls,
significant developmental delays, growth deficits, and increased neonatal mortality were
observed for offspring of the high-concentration group. At 50 ppm styrene, there was a
significant increase in 5-HT relative to either control group. Therefore, 50 ppm is the
LOAEL, with no NOAEL established.

Zaidi et al. (1985) employed cross-fostering to separate the potential effects of pre-
versus post-natal styrene exposure. No significant effects were found with oral exposure
to 200 mg/kg-day styrene restricted to the prenatal period. With post- as well as pre-natal
exposure, evidence was found for altered neurochemical and behavioral parameters,
suggesting an effect of styrene on dopamine receptor binding. However, study design
details, such as the use of a single dose of styrene, small dose-group sizes (3-4
dams/group), and the lack of information on maternal effects, limit the usefulness of
these data for quantitative risk assessment.

An additional gavage study conducted in rats (Khanna et al., 1991) evaluated the effects
of gestational and lactational exposure to 100 mg/kg-day styrene in the presence or
absence of protein deprivation. Offspring of rats fed a low protein diet showed
sensitivity to adverse effects of styrene, including deficits in parameters of growth and
attainment of developmental landmarks, changes in amphetamine-induced locomotor
activity, and changes in binding of dopamine and serotonin receptors. None of these
effects were observed in styrene-treated rats fed a normal diet. Khanna et al. (1994)
looked at the results of gestational and lactational protein deprivation with styrene
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treatment introduced only at postnatal day 36. A similar pattern (i.e., toxicity of styrene
only in protein-deprived animals) was observed.

An inhalation study conducted in rats from postnatal days 1 to 48 (Shigeta et al, 1989)
found significant effects of styrene exposure on postnatal growth and maturation, as well
as on open field activity and shock avoidance learning. No effects were observed on
maternal weight gain or nursing behavior; no LOAEL can be determined for maternal
toxicity in this study. Effects on offspring were observed at both concentrations tested
(25 and 50 ppm), with no clear effect of increasing concentration. The LOAEL for
developmental effects was 25 ppm, with no NOAEL identified. Unweaned pups were
exposed in the inhalation chambers along with their dams. This treatment protocol raises
the possibility that pups were not only exposed via inhalation, but also via their dam's
milk, and/or through ingestion of styrene condensed on the surface of their dam's fur and
skin. Hence the delivered dose may have been both higher and more variable than that
calculated by inhalation exposure alone.

Use of subcutaneous implants to deliver styrene to pregnant and lactating rats resulted in
significant effects on spontaneous motor activity and shock avoidance of offspring
(Aikawa et al., 2001). Exposed pups did not differ from controls in weight gain or age at
attainment of developmental landmarks. The LOAEL for effects on the developing
nervous system was a daily total dose of 0.7 mg styrene, or an average of 2.3 mg/kg-day.
The corresponding NOAEL was 0.07 mg/day, or 0.23 mg/kg-day. However, the report
only describes the preparation and implantation of sealed silicon tubes. There is no
information pertaining to calibration or verification of styrene doses actually attained.

Cruzan et al. (2005b) assessed adverse functional and/or morphological effects on the rat
neurological system in the F2 generation following whole-body inhalation exposures to
styrene of the FO and F1 generation. Four groups of male and female rats (25/sex/group)
were exposed to 0, 50, 150, and 500 ppm styrene for 6 hours/day for > 70 consecutive
days prior to mating for the FO and F1 generations. Exposure continued for the FO and
F1 females throughout mating and through gestation day (gd) 20. On lactation day (1d)
one through four, the FO and F1 females were gavaged with styrene at 66, 117, and 300
mg/kg/day. Inhalation exposure resumed on 1d five and continued through weaning on
postnatal day (PND) 21. The neurological development of randomly selected F2 pups
was assessed by functional observational battery (FOB), locomotor activity, acoustic
startle response, learning and memory evaluations, brain weights and dimension
measurements, and brain morphometric and histologic evaluation. Slight body weight
changes and histopathologic changes in the nasal olfactory epithelium were found in FO
and F1 rats at 500 ppm and, to a lesser extent, at 150 ppm. Exposure-related reductions
in mean body weight were found in F1 and F2 offspring of the 150 and 500 ppm groups.
Slightly delayed development was observed in F2 offspring from the 500 ppm group,
expressed as reduced body weight (through day 70) and slightly delayed acquisition of
some physical landmarks of development. Swimming ability, determined by straight
channel escape times measured on PND 24, was increased, and grip strength was
decreased in both sexes on PND 45 and 60 at 500 ppm compared to controls. The
authors stated that the exposure-related developmental and neuromotor changes in F2
pups from dams exposed to 500 ppm occurred in endpoints known to be both age- and
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weight-sensitive. The authors considered 50 ppm styrene to be the NOAEL for growth of
F2 offspring and 500 ppm to be the NOAEL for F2 developmental neurotoxicity.

Supplementary Information

Daston et al. (1991a) and Taubeneck et al. (1994) studied the relationships among
chemical exposures, maternal and fetal zinc status, and resulting fetal effects. A single
gavage dose of 300 mg/kg styrene to pregnant rats on gestation day 11 or 11.5 led to
significant maternal weight loss and decreased feed consumption on the day following
treatment. Maternal hepatic zinc concentration was also increased with styrene exposure,
but embryonic zinc levels were not affected. Treatment had no effects on standard
parameters of developmental toxicity.

Styrene was tested for potential to cause developmental toxicity in an in vitro assay
system using cultured chick embryo neural retinal cells (Daston et al., 1991b). Styrene
concentrations at or above 5 mM were found to have no significant effects on cell
aggregation, growth, or differentiation in this system. A concentration of 5 mM in
culture media was considered to be “probably in excess of the in vivo systemic
concentration at the LDs (rat).”

Styrene 7,8-oxide at 300 ppm 7 h/day, 5 days/week, for three weeks was rapidly lethal to
female rats; significant mortality (16 percent) also occurred at 100 ppm styrene oxide
(Sikov et al., 1986). When surviving females were mated and continued on styrene oxide
exposure (7 h/day, 7 days/week) through gestation day 18, significant effects were
observed on adult mortality, weight gain, and liver and lung weights. Pregnancy rate was
reduced. Fetal weight and length were significantly reduced with gestational exposure to
100 ppm styrene oxide, and the frequencies of sternebral and occipital ossification
defects were significantly increased.

At 50 ppm styrene 7,8-oxide (7 h/day, 7 days/week, through gestation day 24) pregnant
rabbits showed increased mortality, decreased body weight and feed consumption, and
increased absolute and relative lung weights (Sikov et al., 1986). At 15 ppm, only feed
consumption showed a significant effect. The percentages of litters having resorptions
was significantly increased in both concentration groups (p < 0.05), with an apparent
concentration-response. No effects were found on fetal weight, fetal length, placental
weight, sex ratio, or soft tissue or skeletal anomalies or variations.

Developmental Toxicity Summary

Developmental toxicity was examined in epidemiological studies on spontaneous
abortion, congenital malformation, and reduced birth weight. Of five studies on
spontaneous abortion risk, one found an excess risk due to styrene exposure, but it was
not confirmed in an updated evaluation (Harkonen and Holmberg, 1982; Hemminki et
al., 1980; Hemminki et al., 1984; Taskinen et al., 1989; Lindbohm et al., 1990). The
evidence for styrene related congenital malformation risk is limited due to small numbers
in the studies (Holmberg, 1979; Holmberg and Nurminen, 1980; Holmberg et al., 1986).
In the single study on styrene-related decreased birth weight, Lemasters et al. (1989)
reported a small statistically non-significant decrease (four percent) compared to
unexposed controls.
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Animal developmental toxicity studies have shown that styrene exposure of pregnant
dams increases embryo mortality and fetal resorptions, decreases fetal weight, and
decreases testicular function in male fetuses. Other studies have shown adverse effects of
styrene on nervous system development in animals.

Reproductive Toxicity
Male Reproductive Effects - Human Studies

Styrene oxide, a primary metabolite of styrene, can form adducts with DNA.
Reproductive toxicity effects have been studied in men in categories of semen quality
(morphology, volume, motility) and concentration, and time to pregnancy and
miscarriages when the father was exposed to styrene in the workplace.

Semen Quality and Quantity

Jelnes reported semen quality findings in a cross-sectional study of 25 reinforced plastics
workers building windmills in Denmark (Jelnes, 1988). Three weeks after the facility
closed, the author collected semen and blood samples and measured sperm morphology
(percent normal shape), concentration, percent live, percent immotile, semen volume, and
serum follicle stimulating and luteinizing hormones. Styrene and acetone in air had been
measured by industrial hygiene surveys 10, 15, and 28 weeks prior to biological sample
collection. The three surveys found median breathing zone concentrations of styrene of
68, 84, and 128 ppm, respectively. The reference group was 46 age-matched fertility
clinic patients for whom it was not known yet whether the man or the woman was the
source of the fertility problem. Only sperm morphology (percent normal shape) indicated
a potentially adverse effect of styrene. The median percent of sperm with normal
morphology in the exposed group was 47 percent, while in the unexposed group it was 60
percent (p = 0.02). A limitation of the study was a high potential for chance findings due
to multiple comparisons (seven variables). The use of fertility clinic controls, some of
whom probably had abnormal semen, may have introduced bias, which would make an
adverse effect of styrene more difficult to find.

Semen quality was also studied by Kolstad et al. (1999b). With a participation rate of
just 30 percent among newly employed men at four Danish reinforced-plastics
companies, semen samples were collected from 34 workers at the time of initial
employment and from 21 nonexposed farmers. A second semen sample was requested
from all subjects after 6 months but, unfortunately, 11 of the 34 styrene-exposed workers
dropped out of the study, in part because “at least some of the dropouts participated only
to obtain a free infertility checkup....this clearly illustrates the potential for selection bias
in cross-sectional studies.” The final participation rate was 18 percent, and potential
selection bias is a major concern. Another concern is substantial uncontrolled differences
in the exposed and unexposed subjects in their age (mean = 27.5 years among styrene
workers vs. 39.0 among farmers) and smoking habits (61 percent of styrene workers were
smokers vs. 23 percent of farmers). The investigators related intra-individual changes in
conventional semen parameters and sperm-DNA denaturation patterns to the internal
dose of styrene exposure as measured by postshift urinary mandelic acid. A statistically
significant decline in sperm density was seen during styrene exposure, from 63.5 to 46.0
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million sperm/mL, whereas no decline was seen in the nonexposed subjects. The total
sperm count was almost halved from an initial value of 175 million sperm/ejaculate. No
dose-response relationship was apparent when the sperm parameters were related to
internal levels of exposure. While a declining sperm count following styrene exposure is
suggested, the internal and external comparisons are inconsistent, which may be due to
the high intra-individual variability of semen parameters and the limited study size. The
authors concluded that “due to the small numbers these findings are only preliminary.”

Sallmen et al. (1998) examined time to pregnancy among couples in which the husband
was occupationally exposed to styrene at the beginning of the attempt to become
pregnant. The reference group had couples in which the husband was not exposed to
styrene. All of the men had participated in a Finnish government biological monitoring
program for organic solvents. The men studied by Sallmen et al. were the same men
used as cases and controls in the Taskinen et al. (1989) study of spontaneous abortion
after paternal exposure. The fecundability ratio for exposed compared to unexposed was
1.1 for low to intermediate exposure and 1.0 for high exposure to styrene. One limitation
of the study was potential bias since the percentage of pregnancies ending in spontaneous
abortions was unusually high (23 percent compared to about 10 percent in the general
population). The large proportion of spontaneous abortion was an artifact caused by the
nature of the sampling scheme for the Taskinen et al. case-control study. The subjects
were all pregnancies ending in spontaneous abortion (among the men biologically
monitored) and a sample of live births that was three times larger than the case group.
The potential for bias comes from the fact that time to pregnancy is known to be longer
for pregnancies ending in spontaneous abortion. The investigators could have controlled
the potential bias by including a variable for spontaneous abortion. To address the issue
they did an analysis limited to just live births that showed little difference from the results
using all pregnancies, but the analysis was for organic solvents as a whole, not styrene.
Another limitation was possible exposure of the controls to other organic solvents.

Kolstad et al. (1999a) analyzed time to pregnancy for the youngest child of men
employed in the reinforced plastics industry in Denmark, Holland, and Italy The cohort
of 541 pregnancies was subdivided into those that occurred during employment in the
reinforced plastics industry and those that occurred before such employment (the non-
exposed reference group). The pregnancies were assigned to styrene exposure categories
of none, low, medium, and high. The epidemiologic measure of association was the
fecundity ratio, where fecundity is the probability of pregnancy and the ratio is the
probability of pregnancy in the exposed divided by the probability in the non-exposed.
The ratios were: low exposure 0.75 (95 percent CI = 0.51 — 1.09); medium exposure 0.82
(CI'=0.57 — 1.18); and high exposure 0.90 (CI =0.57 — 1.40).

Strengths of the study included good sample size and control of potential confounders. A
potential bias is that the study excluded men who attempted but never achieved
pregnancy, and may have excluded those for whom it took >13 months (the paper says
that the >13 month pregnancies were “censured,” which could mean either excluded or
censored in the survival analysis).

Kolstad et al. (2000) again analyzed male fecundity. Time to pregnancy was used to
calculate odds of pregnancy between 220 styrene-exposed men and 382 unexposed
referents who had fathered a child. While a slightly increased time to pregnancy was
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observed in the styrene workers overall (fecundity ratio 0.79, not statistically significant),
the time to pregnancy was not increased in workers with the highest exposures (ratio
1.09). The investigators concluded that it is unlikely that styrene exposure has a strong
effect on male fecundity.

Paternal Exposure to Styrene (Miscarriages)

A Finnish study examined paternal styrene exposure and spontaneous abortion (Taskinen
et al., 1989). The authors conducted a case-control study that was nested within a cohort
of pregnancies among the wives of men occupationally exposed to organic solvents from
1973 to 1983. Cases were spontaneous abortions (120) identified by linkage to the
national Hospital Discharge Register and hospital polyclinic data, and controls were live
births (251) matched on maternal age at the time of conception. If the wife had two or
more spontaneous abortions, one was selected at random. A government program had
monitored the men’s exposures via biological samples; for styrene, mandelic acid was
measured in urine. Additional exposure and risk factor information was obtained via
questionnaire mailed to the subjects. In making exposure estimates for the men, the
investigators considered (blind to case status) data on occupation, job description, solvent
handling, and biological levels in the 80 days prior to conception, the period of
spermatogenesis. No excess risk was found. In comparison to men not exposed to
styrene during the 80 days, the ORs were as follows: low/rare OR = 1.0 (six cases
exposed), intermediate OR = 0.9 (12 cases exposed), and high/frequent OR = 0.7 (17
cases exposed). Strengths of the study included relatively good exposure data, blind
exposure assessment, control of some potentially confounding variables (e.g., paternal
and maternal exposure to other solvents and history of pregnancy loss), and reasonable
sample size. Limitations included exposure of the controls to other solvents, and lack of
control for smoking and alcohol.

Lindbohm et al. (1991) published a paper on the effects of paternal occupational
exposure (of all kinds) on spontaneous abortions. A nationwide database on pregnancy
outcomes was used, along with census data on occupation and socioeconomic status, to
evaluate the potential contribution of paternal occupation to risk for spontaneous
abortion. A medical diagnosis of spontaneous abortion had been made in 99 of 186
pregnancies included. In 10 percent of pregnancies, the husband was considered to have
been occupationally exposed to one or more mutagens; the rate of spontaneous abortion
was unaffected (OR = 1.0). Of the 25 specific mutagenic chemicals considered, paternal
exposures to four were associated with an increased risk for spontaneous abortion:
ethylene oxide, rubber chemicals, solvents used in refineries, and solvents used in the
manufacture of rubber products. For workers considered to have moderate or high
exposures to solvents used in the plastics industry, and to styrene itself, the odds ratios
were 1.0 and 0.9, respectively (24 spontaneous abortions out of 285 pregnancies, and 9
out of 120, respectively). A limitation of the study was misclassification of exposure due
to use of census occupation and industry statements to infer exposure; random
misclassification would have biased the ratio toward 1.0.
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Male Reproductive Effects — Animal Studies

Studies pertinent to evaluating the potential reproductive toxicity of styrene include a
multi-generation reproductive toxicity conducted in rats (Beliles et al., 1985), studies of
testicular toxicity in rats and mice (Srivastava et al., 1989, 1992a, 1992b; Takao et al.,
2000), and a study of ovarian toxicity in rats (Bakhtizina et al., 1983). In addition, the
study design and results of a multi-generation reproductive toxicity study conducted by
the drinking water route in rats (Beliles et al., 1985) are described and discussed in the
previous section on developmental toxicity.

Adult male rats (225 + 10 g) were randomly divided into three groups of six each
(Srivastava et al. 1989). Group I was given 200 mg/kg styrene by gavage in 0.2 mL
groundnut oil. Group II was given the same treatment, but with a dose of 400 mg /kg
styrene. Group III served as vehicle-only controls. Treatment was given six days/week
for 60 days. Animals were weighed at weekly intervals, and the reproductive organs
were evaluated 24 hours following the last dose of styrene. No animals died during the
exposure period. The authors state that there were no statistically significant changes in
body weight, testes weights, or epididymal weights; these data were not presented.

At the 400 mg/kg dose, statistically significant (p < 0.05) changes were found in the
testicular activities of B-glucuronidase (B-Glu), acid phosphatase (AP), y-glutamyl
transpeptidase (y-GGT), sorbitol dehydrogenase (SDH), glucose-6-phosphate
dehydrogenase (G6PDH), and lactate dehydrogenase (LDH). No differences from
controls were seen in the levels of these enzymes at the lower dose. A significant (p <
0.05) decrease in total epididymal sperm count was observed at 400 mg/kg only.
Animals in this dose group also displayed abnormalities of testicular histopathology.

Under the conditions of this study, the LOAEL for reproductive toxicity in male rats was
400 mg styrene/kg-day (based on reduced epididymal sperm counts and altered
histopathology); the corresponding NOAEL was 200 mg/kg-day.

A study of the effects of lactational exposure to styrene on the developing rat testis
(Srivastava et al., 1992a) is discussed in the previous section on developmental toxicity.
Srivastava et al. (1992b) studied the effect of styrene on testicular enzymes of growing
rats. In this study, three litters of seven pups each per dose group were gavaged with
styrene at 0, 100, or 200 mg/kg-day in 0.2 mL groundnut oil. Treatment commenced at
one day of age, and was continued six days/week for 60 days. Twenty-four hours
following the last styrene dose, six randomly-selected animals/group were necropsied.

According to the text of the paper, styrene-exposed pups did not show overt clinical
symptoms of toxicity, nor were there treatment effects on weekly body weight. These
data were not presented in tabular form. Absolute and relative testes weights were
significantly reduced in the 200 mg/kg group, relative to control animals (p < 0.05, in
both cases). Total epididymal sperm counts were also significantly reduced in the 200
mg/kg group (p < 0.05).

As in a previous paper by the same group (Srivastava et al., 1992a), statistically
significant (p < 0.05) changes were found in the activities of testicular B-glucuronidase
(B-Glu), acid phosphatase (AP), and y-glutamyl transpeptidase (y-GGT) for 61 day-old
animals after exposure to 200 mg styrene/kg. Significant changes were also seen in this
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group for concentrations of sorbitol dehydrogenase (SDH), lactate dehydrogenase (LDH),
and glucose-6-phosphate dehydrogenase (G6PDH). All changes were statistically
significant at p < 0.05. The authors suggest that these alterations in enzyme activities
might be involved in the ultimate pathogenic events responsible for the decreased
numbers of sperm. Based on the significant decrements in testes weight and in
epididymal sperm counts, the LOAEL for male reproductive toxicity in this study was
200 mg/kg-day, with a NOAEL of 100 mg/kg-day.

Five-week-old male C57BL/6 mice were exposed to 0, 5, or 50 ug/mL styrene in
drinking water for four weeks (Takao et al., 2000). Two control groups were given either
plain water or 0.005 percent ethanol (vehicle controls). Seven animals were assigned to
each treatment group. There were no differences for any measured parameter between
water-only animals and vehicle controls. Average water intake, body weight, relative or
absolute testis weight, and absolute spleen weight did not differ significantly among
groups. Relative spleen weights were significantly (p < 0.05) increased over vehicle
control values in both styrene-exposed groups, without a clear concentration-relationship.
Histological examination of hematoxylin-eosin stained testis and spleen did not reveal
differences among the four groups of animals.

At 5 nug/mL, styrene exposure did not affect plasma free testosterone levels. At the
higher styrene concentration of 50 pg/mL, plasma free testosterone levels were
significantly reduced as compared to vehicle controls (p < 0.05). Plasma corticosterone
levels tended to be reduced in both styrene-exposed groups, but these differences did not
reach statistical significance. Plasma luteinizing hormone levels did not show significant
differences from control values with styrene exposure.

Male Sprague-Dawley rat pups were given 2 mM styrene in 25 pl sesame oil by
subcutaneous (s.c.) injection on the day of birth (Kuwada et al., 2002). Pups were
necropsied for evaluation on postnatal day 21 (juvenile), 35 (pre-puberty), or 50 (puberty)
(n =10, 20, or 30, respectively). Testes weights of styrene-exposed animals were
significantly decreased relative to vehicle controls (p < 0.01) on postnatal day 21, but not
on days 35 or 50. At postnatal day 21, histological evaluation of pups exposed neonatally
to styrene showed differences from control animals. Leydig cells in the testes of styrene-
exposed pups were considered to be morphologically normal, but were “organized as a
sheath around the seminiferous tubules instead of as the single isolated clusters of cells
seen in the control testis.” Steroidogenesis appeared to be reduced in testis of 21-day old
exposed animals (no statistical analysis reported for these data), but steroidogenesis and
spermatogenesis appeared normal at the age of 50 days.

In summary, in a series of studies on the male reproductive system, Srivastava and
coworkers (1989, 1992a,b) gave styrene by the oral route at doses of 0, 200, or 400
mg/kg-day. Adults and young rats were treated by gavage; nursing pups were exposed
via their dams’ milk. All three of these studies found significant reductions in total
epididymal sperm counts at 400 mg/kg, and no effects at 200 mg/kg-day. Abnormal
testicular histopathology was also observed for the adult rats exposed to 400 mg/kg
styrene, and decreased testicular weights in the young rats exposed directly by the oral
route. Thus, based on these data, the LOAEL and NOAEL for reproductive toxicity in
male rats were 400 and 200 mg/kg-day styrene, respectively.
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Cruzan et al. (2005a) evaluated the effects of inhaled styrene on reproductive capability
of rats. Four groups of male and female Crl:CD(SD)IGS BR rats (25/sex/group) were
exposed to 0, 50, 150, or 500 ppm styrene for 6 hours/day for > 70 consecutive days prior
to mating for the FO and F1 parental animals. Inhalation exposure of FO and F1 females
continued throughout mating and gestation through gestation day (gd) 20. Inhalation
exposure of the FO and F1 females was suspended from gd 21 through lactation day (1d)
four. On Id one through four, the FO and F1 females received styrene in olive oil via
gavage at 66, 117, and 300 mg/kg-day. The oral doses were calculated to provide
maternal blood peak concentrations similar to that of the inhalation exposure. Inhalation
exposure of the FO and F1 females was re-initiated on 1d five.

Assessments included gonadal function, estrous cyclicity, mating behavior, conception
rate, gestation, parturition, lactation, and weaning in the FO and F1 generations, and F1
generation offspring growth and development. Rats in the 150 and 500 ppm groups in
both parental generations gained weight more slowly than the controls. No indication of
adverse effects on reproductive performance was seen in the FO or F1 rats. Male and
female mating and fertility indices, pre-coital intervals, spermatogenic endpoints,
reproductive organ weights, lengths of estrous cycle and gestation, live litter size, and
postnatal survival were similar at all exposures. Ovarian follicle counts and corpora lutea
counts for the F1 females at 500 ppm were similar to the controls. Degeneration of the
olfactory epithelium lining the dorsal septum and the dorsal and medial aspects of the
nasal turbinates occurred in the FO and F1 500 ppm animals. At 500 ppm, F2 birth
weights were reduced compared to the controls. F2 offspring from the 150 and 500 ppm
groups gained weight more slowly than the controls. The authors concluded that 50 ppm
was a NOAEL for FO and F1 parental systemic toxicity; the NOAEL for FO and F1
reproductive toxicity was 500 ppm, the highest level tested.

Male Reproductive Effects — Other Relevant Data

In vitro and in vivo mutagenicity studies (Bjorge et al., 1996; Solveig-Walles and Orsen,
1983) have indicated mutagenic effects of styrene on testicular cells. No studies were
identified which studied styrene in a dominant lethal protocol. A multigeneration
reproductive toxicity study conducted in rats (Beliles et al., 1985) did not demonstrate
styrene-associated effects on fertility or testicular pathology. Nor were effects on
testicular weight or pathology identified in nine-week-old rats following four weeks of
styrene exposure in drinking water (Takao et al., 2000). However, studies of the effects
of styrene on adult and developing rats found effects on epididymal sperm counts, on the
levels of certain testicular enzymes, and, in some cases, on testicular weight or
histopathology (Srivastava et al., 1989, 1992a, 1992b). Studies in human populations
have indicated potential effects of styrene on sperm parameters (Jelnes, 1988; Kolstad et
al., 1999), but have not demonstrated an association between paternal occupational
styrene exposure and spontaneous abortion.

In the lactation-exposure study (Srivastava et al., 1992a), since the doses were given to
the dams, and styrene passed to the pups through the dams' milk, the doses delivered to
pups would most likely have been somewhat lower. However, in the absence of data on
styrene secretion in milk, the dose to pups in this study is unknown.
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Female Reproductive Effects - Human Studies

Harkonen and Holmberg (1982) compared the numbers of pregnancies and births among
67 female lamination workers (exposed to styrene) in Finland to the histories of 67 age-
matched solvent-unexposed women who worked in textile and food production. The
pregnancies and births were identified in interviews that also gathered information on
styrene exposure and potential confounding variables. The number of pregnancies in the
styrene-exposed women was lower than in the reference group (not statistically
significant), but there was no consideration of whether the women in either group were
attempting to become pregnant. The number of births was also lower, which was
explained in part by a higher proportion of induced abortions among the exposed
(statistical significance was not calculated). Other limitations of the study included small
numbers and no description of the source of the “textile and food” reference group.
Because the study did not consider whether the women were attempting to become
pregnant, it does not provide useful evidence for effects of styrene on fertility.

Menstrual Function

Harkonen and Holmberg (1982) questioned subjects about menstrual function in their
study of spontaneous abortion among female styrene-exposed workers (discussed above).
Duration of menstrual cycle, regularity of cycle, and changes in menstruation during the
exposure period were compared between 67 female lamination workers exposed to
styrene and 67 age-matched solvent-unexposed women who worked in textile and food
production. No significant differences in menstrual function were found. Limitations of
the study included lack of details on the reference group of textile and food workers.

Menstrual function was studied in 623 women employed at 40 reinforced plastics
facilities in the United States (Lemasters et al., 1985a). Styrene exposed women

(n = 174) were compared to unexposed women (n = 449) (office and other unexposed
jobs) at the same facilities. No differences between exposed and unexposed women were
found for five parameters of menstrual function: dysmenorrhea, intermenstrual bleeding,
secondary amenorrhea, menstrual blood clots, and hypermenorrhea. Strengths of the
study included a large sample size and exclusion of subjects who had conditions that
might affect menses, including use of birth control pills and certain medical procedures
and treatments. A limitation of the study was that only 70 percent of the women eligible
women could be interviewed, creating some potential for selection bias.

In contrast to the negative findings in the studies discussed above, Cho et al. (2001)
reported significantly increased menstrual cycle length among 276 styrene-exposed
workers (14.5 percent greater than 35 days) compared to unexposed controls (8.5
percent). However, all but three of the 276 styrene exposed workers were also exposed
to other aromatic solvents, including benzene, toluene, and xylene. Thus the study was
not able to conclude that styrene per se increased cycle length.

Reproductive Hormone Function in Women

Mutti et al. (1984c¢) showed that the mean serum level of prolactin was twice as high in
30 women occupationally exposed to styrene (boat and silo manufacturing in Italy)
compared to a non-exposed, age-matched reference group. The mean levels were 633
and 313 pmol/L, respectively (p<0.001). The purpose of the study was to evaluate
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possible interference of styrene or its metabolites on five neuroendocrine parameters in
serum: prolactin (PRL), human growth hormone (HGH), thyroid stimulating hormone
(TSH), and the gonadotropins, follicle-stimulating hormone (FSH) and luteinizing
hormone (LH). Only serum PRL appeared to be affected. However, a second study by
the same research team on (apparently) a subset of the same population (16 volunteers
out of 30 exposed women) on the effect of exogenous TSH challenge on PRL levels
(Arfini et al., 1987) gave pre-challenge prolactin levels that conflicted with the first
study. Pre-challenge serum PRL levels in the styrene-exposed were only slightly higher
than in the non-exposed reference group, and the PRL levels in both groups prior to TSH
challenge were approximately three times higher than in exposed workers in the first
study (Arfini et al., 1987). The inconsistencies in prolactin findings between the two
papers were not acknowledged in the later paper. Luderer et al. (2004) studied 302
workers (259 men, 43 women) exposed to styrene in 17 workplaces. Acute blood styrene
concentration was the strongest predictor of serum PRL level. Prolactin tended to
increase with increasing styrene exposure in both men and women, but women generally
had higher hormone levels. The authors concluded that styrene exposure enhances serum
prolactin levels and that styrene likely has an acute effect on PRL secretion.

Female Reproductive Effects — Animal Studies

Limited information is available pertaining to the toxicity of styrene on the female
reproductive system. Sixty young, sexually mature female white rats were subjected to
daily inhalation of styrene at the “Lim,, level” (Bakhtizina et al., 1983). (The Limg, is a
threshold level for chronic adverse effects used in the former Soviet Union. The
maximum allowable workplace concentration (MAC) was set below the Limg,.) The
styrene concentration and other exposure details, such as hours/day and days/week, were
not stated. Sixty additional females served as controls. Animals were necropsied during
the diestrus phase of the female reproductive cycle, after 15, 60, or 120 days of treatment.

The authors noted that “yellow bodies” (corpora lutea) of varying maturity could be
identified in the gonads of styrene-exposed animals at all time points evaluated. This was
taken to indicate that cyclicity was preserved in treated animals, although evidence of
changes in the length of some phases of the cycle was mentioned. This conclusion was
attributed to data obtained from vaginal smears, but data are not presented. Volumes of
corpora lutea, interstitial glands, and follicles were presented as percentages of stroma,
and differences from controls were observed at each of the time points. Changes in
intracellular metabolic parameters were indicated by cytospectrophotometric study of
enzymes in the ovary (NAD-diaphorase, glucose-6-phosphate dehydrogenase, 3B -ol[
steroid dehydrogenase, and alkaline phosphatase). However, the deficits in the design
and reporting of this study severely limit its applicability to risk assessment.

The effects of inhaled styrene oxide on female rats and rabbits (Sikov et al., 1986)
indicated an adverse impact on reproduction. The study provides only supplemental
information with respect to the reproductive effects of styrene.

A multigenerational reproductive toxicity study was included as part of a larger chronic
drinking water study of styrene in rats (Beliles et al., 1985). The styrene concentrations
were 0, 125, and 250 ppm, yielding approximate daily doses of 7.7 or 14 mg/kg for males
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and 12 or 21 mg/kg for females. No adverse effects were identified in animals exposed
for two years, and in particular, no changes in the weights or histological appearance of
ovaries or testes. No maternal toxicity was noted for the three generations of breeding.
No significant changes in fertility were noted. There were no treatment related effects on
absolute or relative pup organ weights, or on organ histology, for any of the three
generations. There were significant effects on pup viability at birth for the F2 high-dose
group. Viability was also affected at various postnatal time-points for high-dose pups of
the F1 and F2 generations. Body weights of high-concentration group pups were
decreased in the F3 generation on postnatal days 7 and 21. There is no direct evidence
that the reduced pup weights and viability resulted from impaired milk production or
negative effects on milk quality, but if lactational impairment was responsible, a LOAEL
of 250 ppm (or 21 mg/kg-day) could be considered for the female reproductive toxicity of
styrene, with a corresponding NOAEL of 125 ppm (or 12 mg/kg).

Endocrine Disruptor Effects

Because styrene administration has resulted in altered prolactin secretion and effects on
the male and female reproductive systems, styrene might have additional effects as an
endocrine disruptor. Thus Date et al. (2002) used in vitro and in vivo assays to study the
possible endocrine-disrupting effects of styrene monomer (and of specific styrene dimers
and trimers, which migrate from polystyrene containers into food). In the estrogen and
androgen receptor binding assays, styrene monomer showed no binding activity at
concentrations of 107'° to 10™ mol/L. The uterotrophic assay was used to evaluate in vivo
estrogenic activity. When prepubertal and ovariectomized adult rats were dosed with 20
or 200 mg/kg styrene for 3 days by subcutaneous injection, uterine weight was not
significantly increased.

For anti-androgenic activity the Hershberger in vivo assay was conducted in the presence
of testosterone treatment. Castrated, testosterone-treated immature male rats were dosed
with 20 or 200 mg/kg styrene for 7 days by oral gavage; styrene did not induce a decrease
in the seminal vesicle, ventral prostate and levator ani plus bulbocavernosus muscle
weights. As for other hormones, styrene at 10” mol/L showed no binding activity in the
thyroid receptor assay. When ovariectomized rats were dosed with 20 mg/kg styrene for
3 days by subcutaneous injection, there was no change in rat serum prolactin. The
authors concluded that styrene has no apparent estrogenic, androgenic, anti-androgenic
and thyroid activity. The same conclusion was made for the styrene dimers and trimers
tested. Ohno et al. (2001) reported that styrene monomer had no activity in the estrogen
receptor binding assay, the luciferase reporter gene assay, and the human breast cancer
cell MCF-7 proliferation assay.

Summary

Human reproductive toxicity was examined in studies of fertility, menstrual function, and
reproductive hormone function. In the two studies that measured time-to-pregnancy, no
effect by styrene was observed (Sallmen et al., 1998; Kolstad et al., 1999b). Ina
fertility-related study of semen quality, Jelnes (1988) found an association between
styrene exposure and abnormal sperm morphology, but there were seven parameters of
semen quality, thus the association could have been due to multiple comparisons
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(chance). In another study of semen quality, Kolstad et al. (1999b) found decreased
sperm density and total sperm count in styrene-exposed workers, but the investigators
stated that “due to the small numbers these findings are only preliminary.” No
association between styrene exposure and menstrual function was detected in two studies
(Harkonen and Holmberg, 1982; Lemasters et al., 1985b), although a third study with
small sample size showed increased variability in duration of the menstrual cycle and
higher prevalence of irregular menses (Mutti, 1988). Mutti et al. (1984c) reported
increased levels of serum prolactin in styrene exposed female workers compared to
unexposed controls.

Other Toxicity in Animals
Acute Toxicity

Results from animal studies indicate that the acute toxicity of styrene via oral, dermal,
and inhalation routes is relatively low; lethal concentrations range from 5,000 mg/kg
(LDsp) to 8,000 mg/kg (100 percent mortality) for oral exposures, and 2,348 ppm (for 2
hours, 20 percent mortality) to 11,000 ppm (for 3 hours, 100 percent mortality) for
inhalation exposures (U.S. EPA, 1991). Inhalation exposures led to eye and nasal
irritation and a dose-related loss of equilibrium that progressed to unconsciousness at
high exposures in both rats and guinea pigs. Skin and eye irritation resulted from
external applications to these organs (U.S. EPA, 1991). Exposure-related histological
damage in rats was concentrated in the lungs, with some liver and kidney changes
reported. Levels as low as 1,400 ppm produced lesions in the rat lung (U.S. EPA, 1991).
The acute toxicity of styrene oxide is greater than styrene, with an oral LDs in rats
reported as 2,550 mg/kg (U.S. EPA, 1991).

4-Vinylphenol is a minor metabolite of styrene. Carlson et al. (2002) administered 4[]
vinylphenol at 25, 50, or 100 mg/kg i.p. to mice. Acute liver toxicity was assessed by
measuring serum sorbitol dehydrogenase (SDH) and by light microscopy. 4-Vinylphenol
caused a dose-dependent increase in serum SDH (28-fold at the highest dose) and mild
hepatocellular swelling. Bronchoalveolar lavage fluid showed a 25 percent increase in
cell number and up to a 5-fold increase in lactate dehydrogenase activity, indicating acute
lung toxicity. Microscopically, there was widespread, severe necrosis of the bronchioles
by 12 hours, and evidence of re-epithelialization of the bronchioles by 48 hours.

Kaufmann et al. (2005) investigated whether styrene-7,8-oxide, ring-oxidized, and side-
chain hydroxylated metabolites of styrene induced cell proliferation, apoptosis,
pathological changes, and GSH depletion in the mouse lung. Phenylacetaldehyde and
phenylacetic acid (i.p., 3 x 100 mg/kg-day) increased apoptosis and cell proliferation in
the alveoli but not the terminal bronchioli. Only styrene-oxide (SO; 3 x 100 mg/kg-day)
and 4-vinyl-phenol (3 x 35 and 3 x 20 mg/kg-day) increased cell proliferation in the large
and medium bronchi and in terminal bronchioles (up to 19-fold). In alveolar cells
marginal increases in alveolar cell proliferation were noted only with SO (1.6-fold). SO
and 4-vinylphenol caused GSH depletion in the bronchiolar epithelium and
histomorphological changes of the bronchiolar epithelium in large and medium bronchi
and terminal bronchioles, i.e., flattened cells and loss of the typical bulging of Clara cells.
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Subchronic Toxicity

Respiratory Effects

Several studies have shown respiratory irritation in test animals exposed by inhalation to
styrene. In one high dose study (1,300 ppm, seven to eight hours/day, five days/week),
rats, mice, and guinea pigs (but not rabbits and monkeys) exposed for six months
exhibited nasal irritation (Spencer et al., 1942). Rats exposed to 30 or 800 ppm styrene,
four hours/day for two months exhibited mild changes in the nasal mucosa (30 ppm)
including increased mucus secretion and more severe changes in the nasal and tracheal
epithelia three weeks post-exposure (Ohashi et al., 1985).

Male mice exposed by inhalation to about 300 ppm styrene for five hours/day, five days
per week for 1.5 months exhibited increases in the thickness of the bronchiolar walls and
alveolar septa and in bronchiolar and alveolar hyperplasia (Morisset et al., 1979). A
small proportion of the styrene-exposed mice presented a different response, i.€., thinned
out bronchiolar and alveolar walls, an observation that suggested the presence of a
subpopulation within this group. Mice exposed by gavage to styrene (1,350 mg/kg)
prenatally on gestation day 17 and once/week for the first 16 weeks of life exhibited lung
congestion (Ponomarkov and Tomatis, 1978).

Liver Toxicity

In rats exposed to 300 ppm styrene intermittently for 11 weeks, degenerative
morphologic alterations in liver parenchymal cells were observed two weeks after
exposure (Vainio et al., 1979, cited in ATSDR, 1992). In rats exposed to 400 mg/kg
styrene for 100 days, small areas of focal necrosis were observed. Growth depression
and increased liver weight occurred in rats orally administered 400 or 667 mg/kg-day for
six months (Wolf et al., 1956); neither effect was seen at 133 mg/kg-day.

Histopathologic changes in liver were reported in female mice exposed to styrene in air at
150 and 200 ppm and in male mice at 200 ppm for 13 weeks (Cruzan et al., 1997).

Kidney Toxicity

Rats exposed to 300 ppm styrene for 11 weeks (Vainio et al., 1979) or 133 ppm styrene
for 13 weeks (Viau et al., 1987) did not exhibit degenerative morphologic or functional
alterations in the kidney (ATSDR, 1992). In a different study, female Sprague-Dawley
rats, exposed by inhalation to 300 ppm styrene six hours/day, five days/week for 13
weeks, exhibited significant urinary excretion of albumin, marginal excretion of total
proteins and retinol binding protein, increased kidney fibrosis, and cystic dilations (Mutti
etal., 1999). The authors observed that styrene also enhanced the kidney toxicity of the
nephrotoxic drug adriamycin. Increased kidney weight was observed in female rats given
styrene at 400 or 667 mg/kg-day for six months (Wolf et al., 1956, cited in ATSDR,
1992). Increased relative kidney weights were observed among male Wistar rats that
received a urinary metabolite of styrene, phenylglyoxylic acid, in the drinking water at 0,
1,250, 3,750 or 5,000 mg/L (Ladefoged et al., 1998). Rats receiving an i.v. injection (0.5
mmol/kg) of the styrene-glutathione conjugate exhibited vacuolization of the proximal
tubule; reduced glomerular function was not observed (Chakrabarti and Malick, 1991).
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Hematologic Effects

Female and male beagle dogs, exposed to 0, 200, 400, or 600 mg/kg-day styrene by
gavage for up to 19 months (560 days), experienced changes in several hematologic
endpoints, including increased hemosiderin deposits, intraerythrocytic Heinz bodies, and
occasionally decreased cell counts and hemoglobin levels (Quast et al. 1979). From this
subchronic study U.S. EPA determined a LOAEL of 400 mg/kg-day and a NOAEL of
200 mg/kg-day for styrene in dogs (U.S. EPA, 2004).

Ototoxicity

Studies in rats suggest that exposure to styrene causes hearing loss. Pryor et al. (1987)
and Yano et al. (1992) reported hearing loss among weanling and adult F344 rats
exposed to >800 ppm styrene by inhalation for three weeks. The effects were more
pronounced at higher frequencies. Yano et al. (1992) suggested that the data were
consistent with an enhanced response in the weanlings. Similarly, adult Wistar rats
exposed to styrene in air for four weeks exhibited hearing loss at 600 ppm, but not at 100
or 300 ppm. Morphologic changes in the cochlea of styrene-exposed rats were reported
in two studies. Yano et al. (1992) reported alterations in the inner and outer hair cells
and Makitie et al. (2002) observed loss of outer hair cells in the cochlea of rats exposed
to 600 ppm (but not to 100 or 300 ppm) styrene.

Chen et al. (2007) gave male Long-Evans rats styrene by gavage in olive oil at various
doses for different time periods, five or six days/week, to study cochlear outer hair cell
loss. Seven days of exposure to 800 mg/kg styrene produced detectable hair cell loss,
while a dose as low as 200 mg/kg five days/week for three weeks produced just-
detectable hair cell loss and a slight decrease in the cochlear hearing response threshold.
Their microscopic analysis suggested that supporting cells in the cochlea known as Dieter
cells might be the proximal target for styrene toxicity.

Chronic Toxicity

Respiratory Effects

Cruzan et al. (1998) exposed female and male rats for their lifetime to 0, 50, 200, 500, or
1,000 ppm styrene for six hours/day, five days/week. Changes in nasal tissue were
observed at all doses. Among the male rats, exposure to 50 ppm styrene vapors for two
years resulted in atrophy and/or degeneration of the olfactory epithelium and prominent
Bowman's glands in the olfactory epithelium (p = 7 x 10" and 0.02, respectively, one-
sided Fisher’s Exact Test, compared to controls). Among the female rats, significant (p =
0.04) atrophy and/or degeneration of the olfactory epithelium was detected. The LOAEL
was 50 ppm and the males appeared to be more sensitive. No non-neoplastic changes
were observed in the lung.

Cruzan et al. (2001) exposed female and male CRL-CD-1 mice to 0, 20, 40, 80, or 160
ppm styrene for six hours/day, five days/week for their lifetime. Changes in nasal and
lung tissue were observed at all doses. The authors list the lung pathologies as decreased
eosinophilic staining of epithelial cells in terminal bronchioles (an indication of
cytotoxicity), bronchiolar epithelial hyperplasia, bronchiolar epithelial hyperplasia
extending into alveolar ducts, and bronchioloalveolar hyperplasia. Statistically
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significant differences (p < 0.002, one-sided Fisher’s Exact Test, compared to controls)
were detected for both sexes except for male bronchioloalveolar hyperplasia (p = 0.2).
The p-values were lower for females than for males, but the data were inadequate to
determine whether the female is more sensitive than the male mouse under these
conditions. Greater changes occurred in the olfactory epithelia than in the respiratory
epithelia. A LOAEL of 20 ppm was identified for lung and nasal pathologies.

Liver Toxicity

Srivastava et al. (1982) gavaged male rats with 0, 200, or 400 mg/kg-day six days/week
for 100 days. At the low dose, changes in enzyme activity were reported for liver
microsomal benzo[a]pyrene hydroxylase, aminopyrine-N-demethylase, glutathione-S[’|
transferase (CDNB), liver lysosomal B-glucuronidase, and isolated mitochondrial
succinic dehydrogenase (Table 12). At 400 mg/kg-day, enzyme activity changes
(p<0.02) were observed for serum glutamic oxaloacetic transaminase and glutamic
pyruvic transaminase and for lysosomal acid phosphatase. Hepatic benzo[a]pyrene
hydroxylase and aminopyrine-N-demethylase activities are associated with the
centrilobular area of liver, whereas the two transaminases are associated with the
periportal area of the liver. The authors reported histopathologic changes in the liver at
the high styrene dose, consisting of “tiny areas of focal necrosis comprised of a few
degenerated hepatocytes and inflammatory cells.” A LOAEL of 200 mg/kg-day was
identified based on changes in activities of five liver enzymes.

Table 12. Changes in Liver Enzymes due to Repeated Oral Styrene Administration

Parameter Measured

Styrene daily dose (mg/kg)

0 200 400

Serum enzyme

alkaline phosphatase 318 £22.0 299 £31.8 308 £14.0

glutamic oxalacetic transaminase 41.7+1.8 544+19 67.3 +0.52"

glutamic pyruvic transaminase 86.13 4.1 89.92 £3.7 112.00 +11.8"
Enzyme in liver S9 fraction

benzo[a]pyrene hydroxylase 100.7 +13 193 + 16' 244.0 +21%

aminopyrine-N-demethylase 0.937+0.22 |1.803+0.14" | 2.242+0.11"

glucose-6-phosphatase 48.82 + 8.2 51.97+137 |40.125+7.48

glutathione-S-transferase 1134 + 83 830 + 24* 791 £ 19*
Liver enzyme

acid phosphatase (lysosomal) 31.22+0.87 |32.12+0.93 |25.55+0.19

B-glucuronidase 2.05+£0.05 |[1.63+£0.06" |1.23+0.04*

succinic dehydrogenase 3737+ 1.8 22.75+3.8" | 1735+4.1°

All values are mean + SE for 5 animals. Activity units are per minute per mg protein.
* p<0.05 vs control; * p<0.02; T p<0.01; * p<0.001.
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In the Cruzan et al. (2001) study in mice exposed to styrene at up to 160 ppm for up to 24
months, liver toxicity was not observed. However, hepatocyte necrosis was considered
responsible for the death of two females at the high dose within the first two weeks of
exposure.

Kidney Toxicity

Among some rats that received 500 mg/kg-day styrene by gavage on the 17" day of
gestation and throughout life, hyperplasia of the kidney pelvis epithelium was reported.
Two similarly-treated strains of mice did not exhibit kidney toxicity (Ponomarkov and
Tomatis, 1978). The rat studies suggest that renal toxicity may occur at relatively high
doses and may help to explain the marginal effect or lack of effect in humans whose
recent or current exposures are at relatively low doses.

Immunotoxicity

Styrene suppresses antibody responses and enhances hypersensitivity responses in mice
given 20 mg/kg orally for 5 days (Dogra et al., 1989). Oral doses of 20, 30, or 50 mg/kg
styrene daily for 5 days did not result in any overt toxicity in lymphoid organs or on
hematologic parameters of male mice. Styrene produced a mild reduction in the adrenal
and spleen weights and a slight reduction in the cellular viability of lymph nodes. In a
dose-dependent manner, styrene suppressed the humoral immune response (IgM [
producing plaque forming cells (PFCs) of spleen and serum anti-sheep red blood cell
(SRBC) hemagglutination titer) to SRBC. The proliferative response to the B-cell
mitogen lipopolysaccharide revealed a significant increase in incorporation of *H[]
thymidine with the middle and lowest doses of styrene. In cell-mediated immunity
(CMI) studies, styrene exposure resulted in a dose-dependent enhancement in delayed
type hypersensitivity (DTH) reaction to SRBC in skin and an increased blastogenic
response of splenic lymphocytes to phytohaemagglutinin (PHA). Additionally, there was
significant impairment in the NBT reduction, attachment, and phagocytic indices of
nonadherent and adherent peritoneal exudate cells. This study yielded a 5 day LOAEL of
20 mg/kg-day for immunotoxic effects of styrene in mice.

Corsini et al. (1994) exposed female mice (6 or 7 per group) by inhalation to 0, 125, 250,
or 500 ppm styrene 6 hours/day for 14 consecutive days. The primary effect on the
immune system in the exposed animals was hypocellularity of the spleen.

Vaghef and Hellmann (1998) gave single i.p. injections of styrene (100, 250, 350, or 500
mg/kg) and styrene oxide (50, 100, 150, or 200 mg/kg) to female mice. Both substances
induced significant DNA damage four hours after injection in lymphocytes (and in other
cells - liver, bone marrow, and kidney) as measured by alkaline single cell gel
electrophoresis (Comet Assay). Lymphocytes (along with liver cells) were the most
sensitive. This is a secondary effect on the immune system due to breaking of the DNA
in several types of cells, including lymphocytes.
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Neurotoxicity

Acute Neurotoxic Effects

Inhalation of 1,300 ppm (6,000 mg/m?) styrene by rats and guinea pigs resulted in
immediate irritation and lachrymation (Spencer et al., 1942). No deaths occurred from
exposure to 10,000 ppm styrene for 1 hour, while 3 hours of exposure resulted in 100
percent mortality in both species. At 5,000 ppm, 100 percent survival was observed
following exposure of rats and guinea pigs for 2 and 3 hours, respectively, but 100
percent mortality was observed in both species following 8 hour exposure. Immediate
deaths were due to central nervous system (CNS) depression. Delayed deaths occurred
due to pulmonary edema and hemorrhage, which frequently developed as a result of
styrene’s acute lung irritant action.

Morgan et al. (1993) exposed B6C3F; mice (36 mice/sex/dose) to 125, 250, or 500 ppm
of styrene by inhalation 6 hours/day for 3 days. Seven of 72 mice died or were
terminated moribund following one 6-hour exposure to 500 ppm. While the liver was
identified as the major target organ, the authors indicated that styrene’s CNS depressant
action also likely contributed to the overall toxicity.

Chakrabarti (1999) tested the hypothesis that a central component in styrene-induced
neurotoxicity is malfunction of the vesicular transport of dopamine. In rats both styrene
and styrene oxide inhibited the in vitro striatal binding of (tritiated) tyramine, a putative
marker for dopamine vesicular transport. Both caused dose-related inhibition of
dopamine uptake into purified striatal synaptic vesicles. Neither chemical significantly
increased basal efflux of dopamine preloaded into striatal vesicles in vitro, nor inhibited
significantly the uptake of norepinephrine or serotonin into striatal synaptic vesicles.

Gagnaire et al. (2006) exposed freely moving adult male rats to 750 or 1,000 ppm
styrene, 6 hours/day, 5 days/week for 4 weeks and assayed extracellular levels of
dopamine (DA), serotonin (5-HT), and their acid metabolites, dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), and 5-hydroxyindolacetic acid (5-HIAA), in
dialysates of striatal tissue. They also measured DA, 5-HT, and their acid metabolites in
striatum, nucleus accumbens, and prefrontal cortex obtained postmortem from similarly
exposed rats. Exposure to 1,000 ppm styrene (but not 750 ppm) caused a significant
decrease in extracellular acid metabolite levels. Tissue levels were decreased to a lesser
extent. The effects were observed 72 hours after discontinuing exposure and disappeared
by 17 days later. There was no change in DA or 5-HT levels in the dialysates or tissues.

Chronic Neurotoxic Effects

Rosengren and Haglid (1989) investigated whether three months inhalation exposure to
styrene at 90 or 320 ppm could induce long lasting astroglial alterations in Sprague
Dawley rats, traceable four months after exposure ceased. Styrene exposure at 320 ppm
raised concentrations of glial fibrillary acidic protein (GFA) in the sensory motor cortex
and in the hippocampus. GFA is the structural protein of the astroglial filaments. These
filaments form after damage to the central nervous system from any cause. The authors
concluded that moderate exposures to styrene induce regional, long lasting astroglial
reactions that are an indicator of brain damage.
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Coccini et al. (1999) exposed male Sprague-Dawley rats six hours/day, five days/week to
airborne styrene at 300 ppm for four weeks or 50 ppm for 13 weeks. Both exposures led
to significant decreases of MAO (monoamine oxidase) B activity in several brain areas
(cortex, striatum, hippocampus, brainstem, and cerebellum); MAO A was not affected.
Decreases in MAO B activity were also found in the brainstem of rats given 400 mg/kg
styrene or 100 mg/kg styrene oxide i.p. for two weeks.

Chakrabarti (2000) examined the central dopaminergic system in relation to
neurobehavioral effects of subchronic styrene. Groups of adult male Sprague-Dawley
rats were gavaged with 0, 0.25, or 0.5 g styrene/kg-day in corn oil for 13 consecutive
weeks. Twenty-four hours after treatment with 0.5 g/kg ended, dopamine (DA) and its
metabolites were significantly reduced in the brain corpus striatum, hypothalamus, and
lateral olfactory tract regions. In vitro styrene caused a significant increase in dopamine
release from rat striatal synaptosomes, similar to that of tyramine. Significant loss of
motor function was observed on days 56, 70, and 84 of styrene treatment at 0.5 g/kg, and
lasted over a month after the treatment. Treated rats recovered motor function within 450
60 days after treatment ended and had normal levels of dopamine and its metabolites.
Specific spiroperidol binding was unaltered 7 or 15 days after subchronic treatment with
styrene. These data imply that despite the dopaminergic neuron loss due to styrene,
dopaminergic transmission was not reduced enough to cause dopamine receptor
supersensitivity in the striatum. The subchronic neurotoxicity of styrene may be
presynaptic and may involve impaired regulation of dopamine content and stimulation of
dopamine release. In this study 0.5 g/kg styrene was a subchronic LOAEL and 0.25 g/kg
was a NOAEL for neurotoxicity.

In a chronic toxicity/oncogenicity study Cruzan et al. (2001) exposed groups of 70 male
and 70 female CD-1 mice to 0, 20, 40, 80, or 160 ppm airborne styrene for six hours/day,
five days/week for two years. At 40 ppm and above, mice exhibited loss of olfactory
nerve fibers. A NOAEL of 20 ppm was identified for this effect. Converting doses for
continuous exposure, a NOAEL of 20 ppm equals 2.8 mg/kg-day (0.65 x 20 ppm x 6
hours/24 hours x 5 days/7days = 3.57 ppm = 15.2 mg/m’ / 3.5 L/kg).

At very high levels, styrene affects the auditory organs in animals. Makitie et al. (2002)
exposed male Wistar rats to 600, 300, or 100 ppm styrene twelve hours/day, five
days/week, for four weeks. They tested auditory sensitivity before and after exposure by
auditory brain stem audiometry at 1.0, 2.0, 4.0, and 8.0 kHertz. Exposure to 600 ppm
styrene caused a 3 decibel hearing loss only at 8 kHz. Quantitative morphological
analysis of cochlear hair cells showed severe outer hair cell loss, particularly in the third
outer hair cell row of the upper basal and lower middle coil, at 600 ppm styrene. The
inner hair cells were usually intact. The authors believe that there is a concentration
threshold for styrene ototoxicity in rats between 300 and 600 ppm.

Carcinogenicity in Animals

Cancer bioassay data are summarized in Table 13 and discussed in detail below. At the
end of this section, cumulative doses received by rats in inhalation and ingestion studies
are listed in comparable units, as estimated by OEHHA (see “Estimation of total doses in
rat bioassays”).

Styrene in Drinking Water 108 December 2010
California Public Health Goal (PHG)



Table 13. Summary of Rodent Carcinogenicity Bioassay Results

Route Spemgs Sex Tumor Reference
/ Strain
Female progen Bronchiolar-alveolar
Mouse, progeny adenomas and carcinomas
0] iolar-
20 Male progeny Bronchiolar alveole.lr Ponomarkov and
adenomas and carcinomas Tomatis, 1978
Mouse, Female N.S.
Cs7Bl Male N.S.
) M Female Hepatocellular adenoma'
ouse
Ingestion ’ Bronchiolar-alveolar NCIL, 1979
(gavage) B6C3F;  |Male .
adenomas and carcinomas
Rat, BDIV Female progeny |N.S. Ponomarkov and
Male progeny |N.S. Tomatis, 1978
Femal N.S.
Rat, F344 [t NCI, 1979
Male N.S.
Female N.S. Conti et al., 1988;
Rat. 5D ale N.S. Maltoni et al., 1982
Ingestion Female Mammary gland tumors’
(drinking Rat, SD Beliles et al., 1985
water) Male N.S.
Female Bronchiolar-alveolar
Mouse, adenomas and carcinomas Cruzan et al., 2001;
CDI Bronchiolar-alveolar SIRC, 1998
Male .
adenomas and carcinomas
Femal N.S. :
Rat, SD emale . _ : Cruzan et al., 1998;
Male Testes interstitial cell SIRC, 1996
Inhalation Malignant and benign
Rat. SD Female mammary tumors; brain Conti et al., 1988;
ak meningiomas’ Maltoni et al., 1982
Male N.S.
Leukemias/lymphosarcomas;
Female 2
Rat, SD mammary tumors Jersey et al., 1978
Male N.S.
Mouse, Brunnemann et al.,
_— AJ] Female N.S. 1992
njection
Female N.S.
Rat, SD Conti et al., 1988
a Male N.S. ontt
Female N.S.
SC Injecti Rat, SD Conti et al., 1988
njection |Rat, Male NS, onti ,

Abbreviation: N.S. = no significant increases in treatment-related tumors.

" Trend test only, OEHHA analysis.
? Pairwise comparison, OEHHA analysis.
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Administration by the Oral Route

Ingestion (Gavage): Oy Mice

Strain Oy mice were gavaged with styrene in olive oil during pregnancy and their
progeny were similarly exposed from weaning onward (Ponomarkov and Tomatis, 1978).
Twenty-nine pregnant mice received 1,350 mg/kg styrene on gestation day 17. The
weaned offspring (45 males, 39 females) received the same dose once/week. Due to
toxicity, treatment was suspended after 16 weeks; observation continued for 120 weeks
or until death. Controls consisted of nine females that received olive oil on gestation day
17, their progeny that received olive oil for their lifetime after weaning (20 males, 22
females), and a set of mice that served as untreated controls (54 males, 47 females).

Preweaning mortality was higher among offspring of dams treated with styrene. The
average age at death was earlier among styrene-exposed progeny (males: 32 weeks vs. 88
weeks vehicle and 94 weeks untreated controls; females: 49 weeks vs. 85 weeks vehicle
and 99 weeks untreated controls). The average age of death for the pregnant female mice
given styrene was 74 weeks (vS. 85 weeks for vehicle controls). No body weight
differences were reported. Multiple centrilobular necrosis of the liver, spleen hypoplasia,
and lung congestion were observed in the styrene-treated mice that died within the first
20 weeks of the study. In mice that died up to the 45™m study week, there was evidence of
liver inflammatory reactions and bronchitis/peribronchitis. Mice that died late in the
study exhibited multiple abscess-like, round-shaped cavities in the liver that were filled
with polymorphonuclear leukocytes.

Lung tumor incidences among progeny of mice in this experiment are presented in Table
14. Statistically significant increased incidences of total lung tumors were observed for
styrene-treated male and female mice relative to both the vehicle and untreated control
groups (p < 0.05, by Fisher’s exact test). In female mice, lung adenomas and
adenocarcinomas were each significantly increased above untreated control, while only
the adenocarcinoma incidence was significantly increased above vehicle controls. In
male mice, only lung adenomas were significantly increased above the vehicle controls.
The average age of death among styrene-treated offspring with lung tumors was 49 and
58 weeks for male and female mice, respectively, compared to 84 and 85 weeks for
vehicle controls, respectively, and 87 and 91 weeks for untreated controls, respectively.
The proportion of benign and malignant tumors was not different among the groups.
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Table 14. Lung Tumors among Progeny of O20 Mice Treated with Styrene Once
During Gestation and Weekly Post-Weaning for 16 Weeks'

Styrene Treatment Group and Incidence ?

Lung Tumors -
0 (vehicle) 0 (untreated) 1,350 mg/kg

Female Progeny
Adenomas 10/21 11/47 14/32°
Adenocarcinomas 4/21 14/47 18/32 ¢
Total lung tumors 14/21 25/47 32/32 ¢
Male Progeny
Adenomas 4/19 22/53 12/23 ¢
Adenocarcinomas 4/19 12/53 8/23
Total lung tumors 8/19 34/53 20/23 ¢

! Data from Ponomarkov and Tomatis, 1978.

* Denominator reflects number of survivors to the time of the first tumor (authors did not state
which site or tumor type, thus presumably any).

® Increase vs. untreated controls by Fisher’s Exact Test pairwise comparison (1-tailed), p < 0.05.

¢ Increase vs. vehicle controls by Fisher’s Exact Test pairwise comparison (1-tailed), p < 0.05.

Ingestion (Gavage): Cs;Bl Mouse

Strain Cs;BI mice were exposed during pregnancy to styrene (in olive oil) by gavage, and
their progeny were subsequently exposed by gavage from weaning throughout their
lifetime (Ponomarkov and Tomatis, 1978). Fifteen pregnant mice received 300 mg/kg
styrene in olive oil on day 17 of gestation and their progeny (27 males, 27 females) were
treated weekly by gavage with the same dose from weaning throughout their lifetime.
Controls consisted of five mice that received olive oil on gestation day 17, their progeny
that received olive oil weekly for their lifetime after weaning (12 males, 13 females), and
a set of mice that served as untreated controls (51 males, 49 females). Survivors were
autopsied at 120 weeks, whereas other mice were killed when moribund.

The average age of death was similar among styrene-treated and control animals (91 to
114 weeks). Survival among the groups was also similar, although by 110 to 120 weeks
the mortality was about 50 percent. No significant treatment-related increases in tumor
incidence, organic toxicity or treatment-related effects on body weights were reported.

Ingestion (Gavage): B6C3F; Mouse

Female and male B6C3F; mice (50/sex/dose treated, 20/sex vehicle controls) were
gavaged with styrene in corn oil at 0, 150, or 300 mg/kg five days/week for 78 weeks and
were observed for an additional 13 weeks (NCI, 1979). Necropsy was performed on all
animals. High dose male mice exhibited a dose-dependent decrease in survival rates
compared to control mice. However, survival was adequate for development of late-
forming tumors among all dose groups. Compared to controls, a slight dose-related body
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weight reduction was observed in treated females. Inflammatory and proliferative lesions
occurred with equal frequency among styrene-treated and control mice.

Lung tumor incidences are shown in Table 15. The incidence of combined
alveolar/bronchiolar carcinoma and adenoma significantly increased in the high dose
males relative to controls (p < 0.05) and marginally increased in the mid-dose group
(0.05 <p <0.1), with a significant positive trend. No significant increases in tumor
incidence were observed among females, although a significant positive trend for
hepatocellular adenoma was observed. NCI concluded: “The findings of an increased
incidence of a combination of adenomas and carcinomas of the lung provided suggestive
evidence for the carcinogenicity of styrene in male B6C3F; mice. However, it is
concluded that, under the conditions of this bioassay, no convincing evidence for the
carcinogenicity of the compound was obtained in ... B6C3F; mice of either sex.”

Table 15. Tumors among Mice Treated with Styrene by Gavage for Two Years'

Sex and Tumor Type 2 Dose (mgrkg) Trend*
0 150 300
Females
Alveolar/bronchiolar adenomas 0/20 1/43 3/43 N.S.
Hepatocellular adenomas 0/20 1/44 5/43 | p=0.018
Males
Alveolar/bronchiolar adenomas 0/20 3/43 4/43 N.S.
Alveolar/bronchiolar carcinomas 0/20 3/44 5/43 N.S.
Alveolar/bronchiolar cpmbined 0/20 6/44° | 9/43° | p=0.015
adenomas and carcinomas

' Data from NCI, 1979.

? Denominator is animals surviving to time of first tumor or 52 weeks, whichever is earlier.
? p-value of Cochran-Armitage trend test. N.S. = not significant (p > 0.05). Significance of
increase in tumor incidence by pairwise comparison with controls (Fisher’s exact test):
0.05<p<0.1.

® 1 <0.05.

Ingestion (Gavage): Sprague-Dawley Rat

As reported by Conti et al. (1988), Maltoni (1978), and Maltoni et al. (1982), female and
male Sprague-Dawley rats (40/sex/dose group) received styrene in olive oil at doses of 0,
50, or 250 mg/kg four to five days/week for 52 weeks and were observed until
spontaneous death; here, evaluation commenced at 140 weeks.'

! The experiment duration and other relevant details were not specified in Conti et al. (1988). A
letter from Maltoni to The International Cooperative Study Group stated that tumor evaluation
began at 140 weeks, presumably the time of the last spontaneous death (Maltoni, 1978), and other
details. Maltoni et al. (1982) reported only on brain tumors.
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Female rats in the high-dose group experienced a higher mortality than rats in other
groups (data not presented). At the time the first tumor appeared (19 weeks), 36/40 high-
dose females and 38/40 high-dose males were alive (Maltoni, 1978). No treatment
related effects on body weight were observed.

No significant increases in tumor incidence were observed among styrene-treated rats
compared to control rats. The authors attributed the decreased incidences of total benign
and malignant tumors and of benign and malignant mammary tumors among the high-
dose female rats to the higher mortality rate (Conti et al., 1988). IARC (1994a) noted the
incomplete data reporting and considered 52 weeks to be a short exposure.

Ingestion (Gavage): Fischer 344 Rat

Male and female Fischer 344 rats (50/sex/dose, treated; 20/sex control) received styrene
in corn oil by gavage, five days/week at doses of 0, 500, 1,000 or 2,000 mg/kg (NCI,
1979). The study was initiated with the medium- and high-dose groups, treated for 78
weeks plus a 27-week observation period. Due to toxicity at the high dose, another
experiment was initiated with the low-dose rats treated by daily gavage for 103 weeks
with a one-week observation period. The vehicle controls received corn oil by gavage
daily for 104 to 105 weeks.

A dose-dependent body weight decrease occurred in treated males, with no other clinical
symptoms. Mortality was significantly higher at the high dose (p < 0.001) for each sex,
compared to the vehicle control. Among high dose male and female rats, detection of
late developing tumors was difficult because of inadequate numbers (males: 6 surviving
of 50 treated, versus 18/20 for vehicle controls; females: 7/50 versus 18/20 for vehicle
controls). No increased incidences of neoplastic lesions were observed in the styrene-
treated male or female rats, compared to vehicle controls.

Ingestion (Gavage): BD IV rat

Ponomarkov and Tomatis (1978) gave 21 pregnant female BD IV rats 1,350 mg/kg
styrene by gavage in olive oil on gestation day 17. Their progeny received 500 mg/kg
styrene once/week for life after weaning. Controls consisted of ten pregnant rats given
olive oil alone on gestation day 17 and progeny that received olive oil once/week for life
after weaning. The experiment was conducted for 120 weeks. Several rats that died by
50 to 60 weeks of the study exhibited moderate lung and kidney congestion and small
necrotic foci in the liver parenchyma. Rats that died later in the study did not exhibit
liver damage, but lesions of the forestomach (atrophy, desquamation, necrosis with
inflammation) and kidney (pelvis epithelial hyperplasia) were frequently observed. A
small number of rare tumors was found in the styrene-treated rats, including three
stomach tumors (an adenoma, a fibrosarcoma, and a carcinosarcoma), a hepatocellular
adenoma, and three neurinomas (one each of heart, intestine, and trigeminus) compared
to one fibrosarcoma, no hepatocellular adenomas, and one meningioma in control rats.

Ingestion (Drinking Water): Sprague-Dawley Rat

Beliles et al. (1985) exposed female and male Sprague-Dawley rats [COBS (SD) BR] to
styrene at target levels of 125 or 250 ppm (50 males and 70 females/dose) in drinking
water. Controls (76 male, 106 female) received drinking water without styrene. An F,
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generation was produced for a reproductive toxicity study from parental (Fy) rats on the
drinking water study for about 90 days (10 males and 20 females, treated; 15 males and
30 females, control). The F; mice were also evaluated for tumorigenicity. Some F; and
F, pups were selected to produce F, and F5 generations, respectively. After weaning of
their pups, Fy parental rats were returned to the study, while F; and F, parental rats were
killed after weaning of their pups. Macroscopic and histological examination was
performed on 10 rats/sex/dose group at 52 weeks exposure and on surviving rats at the
end of exposure (104 weeks). Two-year mortality was similar among the control and
treatment groups. Mean body weight for high dose female rats was decreased by 11
percent (p < 0.05) compared to controls. Food consumption was similar among dose
groups, although daily water consumption was decreased among the styrene-exposed
male and female rats in each dose group compared to control.

Beliles et al. (1985) reported no evidence of styrene-related tumorigenicity. However, an
OEHHA analysis of the histopathologic results in Table 6, p. 863 of Beliles et al. (1985)
showed a significant increase in incidence of mammary tumors in high dose female rats
(Table 16). No histopathological information (€.g., benign compared to malignant) was
provided. A nearly significant increase in lung tumors (type unspecified; p = 0.078 by
Fisher’s exact test) was observed among high dose male rats and in hematopoietic tumors
(type unspecified; p = 0.057, by Fisher’s exact test) among the low dose female rats. No
evidence was presented for tumorigenicity in the F; or F, generations. IARC (1994a)
noted the low styrene doses in this study.

Table 16. Tumors in Rats Exposed to Styrene in Drinking Water for Two Years®

Styrene Concentration (ppm) Trend 2
Sex and Tumor Type
0 125 250

Females

Mammary gland tumors 54/96 (56%) | 20/30 (67%) | 45/60°(75%) | p=0.010

Hematopoietic tumors 5/96 (5%) | 5/30°(17%) | 1/60 (1.7%) N.S.
Males

Lung tumors 2/63 (3%) 0/22 (0%) 5/40°(12%) | p=0.053

! Data from Beliles et al., 1985; denominator represents the number of animals examined.

? p-value of exact test for linear trend.

Significance of increase in tumors by pairwise comparison with controls (Fisher’s exact test):

*p <0.05.
®0.05<p<0.1.

Studies using Inhalation Exposure

Inhalation: CD-1 Mouse

Female and male CD-1 mice (50/sex/dose) were exposed to styrene vapors at target
levels of 0, 20, 40, 80, or 160 ppm for six hours/day, five days/week for 97 weeks
(females) or 104 weeks (males) (Cruzan et al., 2001; SIRC, 1998). The average analyzed
air levels met the targets and the nominal air styrene levels (amount of styrene used
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divided by the chamber airflow) were 21, 42, 83, and 161 ppm. Interim necropsies (n =6
to 10/dose/sex) were conducted at 52 and 78 weeks; these mice were not included in
tumor incidence analyses reported by Cruzan et al. (2001). The commercial styrene test
material consisted of 98.9 to >99.5 percent styrene with small amounts of benzene (<1 to
8 ppm), ethylbenzene (149 to 291 ppm), styrene-7,8-oxide (<1 to 7 ppm), styrene dimer
(<I to 7 ppm) and tertiary butyl catechol (4 to 34 ppm).

Mortality was high among control and treated mice in all dose groups. Because survival
among control females fell below 50 percent, all female groups were terminated after 97
weeks of exposure. Among control males, mortality was 28 percent prior to terminal
necropsy at 104 weeks. Lang and White (1996) observed that among CD-1 mice, group
mortality at 104 weeks often exceeds 50 percent and cannot always be predicted by mean
body weights. The Cruzan et al. (2001) data show reduced body weight gain (>10
percent compared to controls) for male mice exposed to 80 or 160 ppm styrene and for
female mice exposed to 160 ppm styrene, as well as reduced food consumption in these
groups. Water consumption increased in the treated groups of both sexes, particularly at
160 ppm during the first year of exposure. Changes in hematology and biochemistry
endpoints occurred early in the study and returned to control values by the end of the
study. Urinary pH was increased among dosed females relative to controls. The authors
considered this of no toxicologic significance, because the male mice did not exhibit a
similar increase and all values were within normal ranges for the age and strain of mice.

Levels of styrene and styrene oxide in blood showed a dose-dependent increase at week
74. For concentrations of 20, 40, 80, and 160 ppm air styrene, respectively, blood styrene
levels in males were 69, 177, 654, and 1461 nanograms per gram (ng/g) and in females
were 30, 106, 527, and 1743 ng/g, while blood styrene oxide levels in males were <1, 2.5,
12, and 34 ng/g and among female mice were <1, 1.4, 6.2, and 20 ng/g. Hepatocyte
necrosis was observed in two female mice within the two weeks of initial exposure to

160 ppm styrene. Liver toxicity was considered contributory to their death but was not
observed in other mice after 52, 78, or 104 weeks of exposure.

At the time of the first interim necropsy (following 52 weeks exposure), non-neoplastic
lesions were observed in the nasal passages and lungs of styrene-treated animals of both
sexes. In animals necropsied after 78 weeks exposure, there was an increased incidence
compared to controls of nasal passage lesions in animals of both sexes; non-neoplastic
lesions were also observed in lungs in animals from all styrene-exposed groups. At the
end of the study, treatment-related non-neoplastic lesions were observed in nasal
passages and lungs of both sexes at all styrene exposure levels. These lesions of the
bronchiolar epithelium included decreased eosinophilic staining in the terminal
bronchioles, bronchiolar epithelial hyperplasia, and focal bronchioloalveolar hyperplasia
extending into the alveolar ducts. Foci of bronchiolar-alveolar hyperplasia that were not
contiguous with the changes in the terminal bronchioles were also reported.

Tumor incidence is summarized in Tables 17 and 18. At the end of exposure, styrene-
exposed male mice showed a statistically significant increased incidence of bronchiolar-
alveolar adenomas and combined bronchiolar-alveolar adenomas and carcinoma at 40,
80, and 160 ppm styrene. Female mice had statistically significant increased incidences
of bronchiolar-alveolar adenomas and combined bronchiolar-alveolar adenomas and
carcinomas at 20, 40, and 160 ppm. An increased incidence of bronchiolar-alveolar
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carcinomas was observed in female mice at 160 ppm styrene. The results of the tumor
incidence comparisons were supported by a time-to-tumor analysis (SIRC, 1998).

Table 17. Incidence of Bronchiolar/Alveolar Lung Tumors in Mice Exposed to
Styrene by Inhalation and Necropsied at 97 Weeks (Females) or 104 Weeks (Males)*

. Concentration (ppm in Air) 5
Tumor Site and Type Trend
0 20 40 80 160
Females
Lung 6/50 | 16/50% | 16/50°* | 11/50 | 24/50°
Adenomas 12%) | G2%) | (G2%) | @2%) | (asewy | P <0001
: 0/50 | 0/50 | 2/50 | 0/50 | 7/50°
Carcinomas 0) 0) 4%) 0) (14%) p <0.001
Combined adenomas | 6/50 | 16/50® | 17/50* | 11/50 | 27/50° | _ o 1o,
and carcinomas (12%) | (2%) | (4%) | @2%) | G4%) |P°
Males
Lung 15/50 | 21/50 |35/50° | 30/50° | 33/50°
Adenomas G0%) | 42%) | (70%) | 60%) | (66%) | P <0001
. 4/50 5/50 3/50 6/50 7/50
Carcinomas (8%) (10%) (6%) (12%) (14%) N.S.
Combined adenomas | 17/50 | 24/50 | 36/50° | 30/50° | 36/50° |~ _ 4o
and carcinomas (G4%) | @48%) | (72%) | (60%) | (72%) [P~

' Data from Cruzan et al., 2001; SIRC, 1998.

? p-Value of Cochran-Armitage trend test. N.S. = not significant (p > 0.05). Significant
increase above controls by pair wise comparison (Fisher’s exact test):

* p<0.05.

® p<0.01.

The incidence of bronchiolar-alveolar carcinoma in the high-dose female mice (14
percent) is outside the historical control incidences of 0 to 4 percent for female mice
reported by Cruzan et al. (2001) (non-inhalation historical controls of the same strain and
age of mice from the laboratory). Lang (1995) reported an overall historical control
incidence of 6 percent bronchiolar-alveolar carcinoma among female CD-1 mice from 13
different laboratories. Among male mice, the high-dose bronchiolar-alveolar carcinoma
incidence (14 percent) was within the historical control range of 4 to 26 percent reported
by Cruzan et al. (2001). This was also within the range noted by Sher et al. (1982) for
male CD-1 mice aged 81 to 105 weeks in a different laboratory (0 to 17 percent), but was
slightly higher than the control incidence reported by Lang (1995) (12 percent).

Cruzan et al. (2001) reported no increased incidences of pulmonary neoplastic lesions in
any dose group of either sex at 52 or 78 weeks of exposure, based on the incidence data
presented in Table 18. The number of mice evaluated at the interim necropsies, however,
was small (six to ten/sex/dose) and the bioassay protocol may not have been sufficiently
sensitive to detect an increased incidence in lung tumors, given the low number of mice
at the interim necropsies and the incidence of lung tumors in the mice examined
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(50/sex/dose) at the terminal necropsy. Cruzan et al. (2001) (SIRC, 1998) did not
combine the interim necropsy data in their evaluation of increases of tumor incidence, but
suggested that the lack of tumorigenic response at the early times was indicative of a
pattern of late-forming lung tumors.

Table 18. Incidence of Bronchiolar/Alveolar Tumors, Including Observations from
Interim Necropsies (12 and 18 Months) in Mice Exposed to Styrene by Inhalation*

Lung Tumor Type and Concentration (ppm styrene in air) 3
Necropsy Group 0 0 | 2 | s | w0 |
Females
Interim I 1/10 2/10 0/9 2/10 0/10 N.S.
Adenomas Interim 11 1/8 4/10 5/10 1/10 3/10 N.S.
Total 8/66 22/67 | 21/69 | 14/70 | 27/67 | p=0.005
Interim I 0/10 0/10 0/9 0/10 0/10 N.S.
Carcinomas Interim II 0/8 0/9 1/8 0/9 0/10 N.S.
Total 0/51 0/49 3/51 0/54 7/54 p <0.001
Combined Interim [ 1/10 2/10 0/9 2/10 0/10 N.S.
adenomas and | Interim II 1/8 4/10 5/10 1/10 3/10 N.S.
carcinomas Total 8/66 | 22/67 | 22/69 | 14/70 | 30/67 | p=0.0009
Males
Interim I 1/10 2/10 0/10 2/10 0/10 N.S.
Adenomas Interim IT | 3/10 5/10 5/10 7/10 4/9 N.S.
Total 19/70 | 28/68 | 40/70 | 39/70 | 37/69 | p=0.003
Interim [ 0/10 0/10 0/9 0/10 0/10 N.S.
Carcinomas Interim II 1/9 0/10 0/10 1/9 0/6 N.S.
Total 5/54 5/55 3/57 7/57 7/51 N.S.
Combined Interim I 1/10 2/10 0/10 2/10 0/10 N.S.
adenomas and | Interim IT | 4/10 5/10 5/10 7/10 4/9 N.S.
carcinomas Total 22/70 | 31/68 | 41/70 | 39/70 | 40/69 | p=0.004

' Data from SIRC, 1998.

?  Effective number equals number of animals alive at week 38 for female adenoma, week 79 for
female carcinoma, week 38 for female adenoma/carcinoma combined, week 35 for male
adenoma, week 79 for male carcinoma, and week 35 for male adenoma/carcinoma combined.
p-Value of Cochran-Armitage trend test. N.S. = not significant (p < 0.05).

OEHHA analyzed the tumor incidence data for all of the animals in the study, including
those necropsied before the end of the study (i.e., 70 animals/sex/dose group) presented
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by SIRC (1998). In Poly-3 pair-wise comparisons of dosed and control animals (a
modification of the Cochran-Armitage test which adjusts the value of the incidence
denominator for early mortality assuming that cancer risk is a function of the third power
of age), the incidences of combined lung adenomas and adenocarcinomas among the
female mice exposed to styrene were significantly increased for three dose groups

(20 ppm, p = 0.003; 40 ppm, p = 0.002; 160 ppm, p = 0.00001). Significant positive
trends for lung adenomas and lung carcinomas (independently) were also observed

(p = 0.005 and 0.0002, respectively, by the Poly-3 trend test; p = 0.005 and 0.0001,
respectively, by the Cochran-Armitage trend test).

SIRC (1998) analyzed dose-related effects on tumor diameter by grouping total tumors
into four categories (< 1 mm, 2 to 4 mm, 5 to 8 mm, and 9 to16 mm), finding “an
increase in the percentage of small tumors (< 1 mm diameter) in mice receiving styrene,
particularly in males” (41.2 to 56.5 percent treated vs. 12.5 percent controls), but found
“no obvious dose-relationship.” “In females, the largest tumors (9 to 16 mm) were found
in mice receiving styrene at 40 or 160 ppm; these represented 9.1 percent and 8.5 percent
of the total number of tumors in these dose groups. The significance of these findings is
unclear.” The authors suggested that tumor diameters among styrene-exposed male mice
were smaller than the tumor diameters among control mice and that this apparent size
difference was related to the significance of the increased tumor incidence.

To investigate further the observation regarding tumor diameter, OEHHA calculated the
average diameter for each tumor group (total, benign, and malignant) in each sex and
dose group from the data in Table 66 of SIRC (1998), comparing pairwise the diameters
in each dose group versus the control group (two-tailed t-test, significance defined as

p <0.05). Statistically significant decreased tumor diameters were observed for total
tumors among male mice exposed to 40 and 80 ppm styrene. For benign tumors,
significantly decreased diameters were observed only for male mice exposed to 80 ppm
styrene. For malignant tumors, the diameters were decreased in the 40 and 160 ppm
groups and increased in the 20 and 80 ppm groups; however, the changes were not
statistically significant. A similar analysis of tumor sizes among the female styrene-
exposed mice did not reveal significant differences compared to controls.

Cruzan et al. (2001) suggested that styrene’s respiratory irritation may play a role in
changes to the lung, and presented results on cell-type specific toxicity of styrene
(Cruzan et al., 2001; SIRC, 1998). Toxicity was observed in mouse epithelial Clara cells
but not in the alveolar type II cells. The cellular composition of lung tumor tissues from
male and female control and high dose (160 ppm) styrene-exposed mice was evaluated
using immunochemical staining agents specific to Clara cells and alveolar type II cells
(i.e., Clara cell 10 kDa protein for epithelial Clara cells and type II surfactant protein for
alveolar type II cells) (Cruzan et al., 2001; Brown, 1999). The bronchiolar-alveolar
adenomas and carcinomas in control and treated mice stained with moderate intensity for
alveolar type II cells and comprised over 50 percent of the total cells in the tumor. On
the other hand, the majority of tumors were negative for Clara cells; less than 5 percent
were positive, with barely perceptible staining. Clara cell positive staining was observed
in the bronchioles next to the tumors. Tumors were observed in the peribronchiolar
region, as well as in regions that were devoid of bronchioles, and in some cases, a
bronchiole could be seen within the tumor; however, there was no preponderance of a
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specific localization of tumors relative to bronchioles. Clara cell positive staining was
observed in the hyperplastic bronchiolar epithelium and in the bronchiolar hyperplasia
extending to the alveolar ducts; type II cell staining was negative in these regions.

This distinction among cell types (alveolar type II cells and bronchiolar Clara cells)
suggests that the styrene-related toxic responses described by Cruzan et al. (2001), SIRC
(1998), and Brown (1999) might be separable from the tumorigenic response, and that the
mechanism of the tumorigenic action should include a discussion about alveolar
responses, in particular, the type Il cell. The increased incidence of alveolar
macrophages associated with neoplasia in the high-dose males and females (p < 0.05,
compared to controls) (SIRC, 1998) also suggests a role for the alveolar region in the
tumorigenic response to styrene.

Alternatively, studies by Szabo et al. (1998) and Linnoila et al. (2000) indicate that the
marker protein CC10 antagonizes lung cell carcinogenesis by reducing invasiveness,
decreasing adhesiveness to fibronectin and reducing anchorage-independent growth.
Furthermore, CC10 may be reduced or lost during tumor development (Hicks et al.,
2003; Yao et al., 2003) and thus may not be a suitable marker of regional lung tumor cell
origin.

To further elucidate the lung cells targeted by styrene in mice, Gamer et al. (2004)
exposed female CD-1 mice to 0, 40, or 160 ppm styrene for 6 h/day (1) on 1 day, (2) on 5
consecutive days, or (3) for 20 days during a 4 week period. In addition female Crl:CD
rats were exposed at 0, 160, or 500 ppm for 6 h on one day or for 6 h/day on 5
consecutive days. No signs of lung toxicity were observed in rats. The cytology of cells
in lung lavage fluid provided no signs of an inflammatory response. In mice, both 40 and
160 ppm styrene led to lower levels of Clara cell secretory protein CC16 in lung lavage
fluid, after 1 and 5 exposures, and in mouse blood serum throughout the study. Electron
microscopy showed vacuolar degeneration and necrosis of Clara cells. Thus styrene can
cause destruction of Clara cells in mice.

Inhalation: Sprague-Dawley Rat — Cruzan and Coworkers

Female and male Sprague-Dawley (CRL-CD, SD) rats (70/sex/dose) were exposed to
styrene vapors at target concentrations of 0, 50, 200, 500, or 1,000 ppm six hours/day,
five days/week for up to 24 months (Cruzan et al., 1998; SIRC, 1996). The average air
styrene levels in the chambers were 0, 50 £ 2.6 (SD), 202 £ 6.4, 501 £ 15.8, and

997 £ 36 ppm, respectively. The test material was >99.5 to 99.7 percent styrene, with
relatively low contamination by benzene (<1 to 24 ppm), ethylbenzene (143 to 731 ppm),
styrene dimer (<1 to 6 ppm), and styrene oxide (<5 to 6 ppm). The rats were virus
antibody-free at the start and exhibited no evidence of infectious disease during the
experiment. Necropsies were performed at 52 weeks on 10 males and nine females per
dose group and at 105 to 107 weeks on all surviving rats. Lifetime tumor incidences did
not include data from the animals necropsied at 52 weeks. [Because of a technical
problem causing liquid styrene to drip into chambers during week 61, and subsequent
dermal exposures, six males in the 500 ppm and eight males in the 1,000 ppm groups
died or were killed within the next two weeks and were not counted in the mortality or
tumor analyses.]
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At 95 weeks blood styrene levels ranged from 0.29 to 30 pg/mL in female and 0.43 to 33
ug/mL in male rats across styrene-treated groups. Blood levels of styrene-7,8-oxide were
below the quantification level for both sexes at 50 ppm styrene, while at 200, 500, and
1,000 ppm, they were 0.028, 0.092 and 0.15 pg/mL (females) and 0.066, 0.12, and 0.18
ug/mL (males), respectively (Cruzan et al., 1998).

No differences in survival at 24 months between the styrene-exposed male rats in all dose
groups (56 to 60 percent) and male controls (58 percent) or between female rats in the
two lowest dose groups (47 to 48 percent) and female controls (48 percent) were
reported. Females in the 500 and 1,000 ppm treatment groups exhibited increased
survival (67 to 82 percent) compared to controls. Survival among control females was
significantly less than among control males. The styrene-exposed rats had decreased
weight gain and decreased food consumption compared to controls, especially at higher
concentrations. Males exposed to 500 and 1,000 ppm styrene consumed less food during
the first 26 weeks, and females exposed to 500 and 1,000 ppm styrene consumed less
food throughout the study, although the decrease was more evident during the first year
of exposure. No hematologic or clinical chemistry differences of toxicologic significance
or changes in organ weights relative to body weights were observed among the styrene-
treated rats compared to control rats.

The authors noted increased water consumption (p < 0.05, compared to controls) for
males exposed to 500 or 1,000 ppm throughout the study and for females exposed to 500
or 1,000 ppm during the first six months. Among the styrene-exposed males, significant
decreases in urinary pH (p < 0.05) occurred during the first six months in the 200 and
1,000 ppm groups (pH = 6.2 and 6.0, respectively, compared to pH = 7.0 among
controls). At week 104, the urinary pH of 6.3 in the 1,000 ppm group was significantly
lower than the pH 6.9 of controls. Among the females, significant decreases in urinary
pH occurred at six months in the 500 and 1,000 ppm groups (pH 5.8 and 5.6,
respectively, compared to pH 6.1 for controls, p <0.05). The decreased urinary pHs
reflect increased levels of MA + PGA; however, no data were presented. Significantly
increased osmolality was observed among male rats exposed to 200, 500, or 1,000 ppm
styrene for 26 weeks and to 1,000 ppm styrene for 52 weeks. Significantly increased
osmolality (compared to controls) was also reported for female rats exposed to 500 or
1,000 ppm styrene for 26 or 52 weeks, or to 1,000 ppm for 78 or 104 weeks.

Post-mortem examination found pale subpleural foci in female rats exposed to 1,000 ppm
styrene. Histopathologic examination revealed a statistically significant increase in
subpleural lesions containing foamy alveolar macrophages (8/60 in 1,000 ppm females,
compared to 1/60 in controls). These lesions were considered by the authors to be
spontaneous findings and incidental to the study. Foamy alveolar macrophages occur in
response to an impairment of the normal breakdown of lipid and are often associated with
drug-induced pulmonary lesions (Hruban, 1976).

Non-neoplastic atrophy and degenerative changes in the olfactory epithelium were
observed in the nasal passages of styrene-exposed male and female rats at 104 weeks.
The lesions in the lower dose groups tended to be located in the more anterior areas,
whereas those in the 500 and 1,000 ppm styrene groups were more extensive and also
found in the turbinates. Changes in the Bowman glands, which occur beneath the
olfactory epithelium, were also observed.
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Macroscopic analysis revealed no treatment-related changes at 52 weeks exposure. At
terminal necropsy (104 weeks), changes in three tumor types were seen: testicular
interstitial cell tumors in males, and pituitary and mammary tumors in females (Table
19).

Table 19. Incidence of Tumors in Rats Exposed to Styrene by Inhalation and
Necropsied at 104 Weeks"

Dose (ppm in Air)

Tumor Site and Type Trend 2
0 50 200 500 1000
Females
Pituitary adenoma 45/60 | 42/49 | 35/42 | 29/37 | 31/59 --
Mammary adenocarcinomas | 20/60 | 13/44 | 9/43 5/38 2/59 <10°
(33%) | (30%) | 1% | (13%) | 3.3%) |P
Mammary fibroadenoma 21/60 | 16/44 | 13/43 | 18/38 | 17/59 NS

(35%) | (36%) | (30%) | (47%) | (29%)

Males

Testicular interstitial cell

2/60 2/60 2/60 4/54 | 6/52° |p=0.015
tumors

Data from Cruzan et al., 1998
p-Value of exact test for linear trend. N.S. = not significant (p > 0.05). p-Values for negative
trends are indicated in brackets. Significant decrease in incidence relative to controls.

? p-Value of pairwise comparison by Fisher’s exact test: 0.05 <p <0.1.

An increased incidence of testicular interstitial cell tumors was observed among male rats
exposed to 500 and 1,000 ppm styrene (4/54 and 6/52, respectively, compared to 2/60 in
each of the other dose groups; p = 0.3 and 0.09, respectively, Fisher’s exact test).
Although the pairwise comparisons were not statistically significant, the authors reported
a positive trend test (p = 0.015). However, the incidence in all groups was within the
historical control range, and there was no exposure-related increase in hyperplasia or
seminiferous tubular atrophy, which are commonly associated with chemically-induced
interstitial cell tumors.

Among female rats, a decreased incidence of pituitary adenoma was reported. The
decreased incidence was statistically significant in the 1,000 ppm group (31/59 compared
to 45/60 for controls, p = 0.007; OEHHA analysis). The incidence of pituitary
adenocarcinoma was similar across all dose groups, including controls. Mammary
adenocarcinoma incidence was significantly decreased in female rats exposed to 500 and
1,000 ppm (p = 0.02 and p < 0.001, respectively; OEHHA analyses). No significant
decreases were detected in fibroadenoma incidence in any treated group relative to
controls, although a non-significant increase in fibroadenoma incidence was observed in
the 500 ppm group. The authors report decreased incidences of mammary
adenocarcinoma and fibroadenoma among styrene-treated females, although a significant
decrease in fibroadenoma does not appear to be supported by the data.
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The control incidence of mammary adenocarcinoma (33 percent) reported by Cruzan et
al. (1998) is considerably higher than that reported in other studies. Control incidences
of mammary adenocarcinomas in Sprague-Dawley rats have been reported as 8 percent
(Prejean et al., 1973), 5.8 percent (Jersey et al., 1978), 9 to 10 percent (Keenan et al.,
1995), 8.8 percent (Chandra et al., 1992), and 17 percent (McMartin et al., 1992). Conti
et al. (1988) reported a control incidence of 10 percent for female rat malignant
mammary tumors (histologically undefined). Overall, the data provided by Cruzan et al.
(1998) do not appear to support an association between increased air styrene levels and
decreased mammary fibroadenomas in these rats. There was a significant decrease in
mammary adenocarcinomas relative to concurrent controls, although historical control
data suggest that the control incidence may be unusually high.

Inhalation: Sprague-Dawley Rat — Maltoni and Coworkers

Conti et al. (1988) and Maltoni et al. (1982) exposed male and female Sprague-Dawley
rats (30/sex/dose and 60/sex controls) by inhalation to 0, 25, 50, 100, 200, or 300 ppm
styrene for four hours/day, five days/week for 52 weeks and observed them until death
(total time not stated)”. The last animals died at 138 weeks (Maltoni, 1978).

Quantitative data on survival and toxicity among styrene-exposed rats were not
presented. Conti et al. (1988) stated that “No differences related to styrene treatment
were observed, apart from a higher mortality rate in females treated by ingestion with the
highest dose. ... No relevant body weight differences were observed between treated
groups and controls.” According to Maltoni (1978), when the first mammary carcinoma
was observed (by 12 weeks), all rats were alive. Adequate survival among the rats in the
inhalation bioassay is tacitly suggested by the same authors’ acknowledgement of a
problem with toxicity in a related bioassay (Conti et al., 1988).

Conti et al. (1988) reported an increased incidence of mammary tumors in the female rats
exposed to styrene by inhalation (Table 20). Statistically significant increases in
malignant mammary tumors were found in the three highest dose groups by pairwise
comparison with the control group. Significant increases in combined benign and
malignant tumors were found in all styrene-treated groups by pairwise comparison with
the control group, except at 50 ppm. Significant positive trends were also observed for
both malignant mammary tumors and combined benign and malignant tumors. IARC
(1994a) evaluated the malignant mammary tumor data and also reported a positive trend.
The mammary tumors were not histologically identified by Conti et al. (1988), but were
only identified as benign and/or malignant. In preliminary results of a histologic
evaluation of mammary tumors, Maltoni (1978) listed fibroadenomas and fibromas as
benign tumors, and carcinomas, sarcomas, and carcinosarcomas as malignant. For
combined mammary carcinoma and carcinosarcoma among the female rats, Maltoni
(1978) reported tumor multiplicities of 1.3, 2.2, 2.3, 2.7, and 1.7 at 0, 25, 50, 100, 200,
and 300 ppm styrene, respectively.

2 This bioassay was part of a set of studies of styrene given by different exposure routes. Non-inhalation
exposures are discussed separately above. Because the inhalation exposure regimen described in Maltoni et
al. (1982) is the same as that described in Conti et al. (1988), we assume that the two reports describe the
same study. Maltoni et al. (1982) reported only on the incidence of styrene-related brain tumors.
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Table 20. Incidence of Tumors among Female Rats Exposed to Styrene by
Inhalation and Observed until Death*

Tumor Site Concentration (ppm in Air) )
and Tvbe Trend

yp 0 25 50 100 200 300
Malignant 6/60 6/30 4/30 9/30* | 12/30* | 9/30? <001
mammary tumors (10%) | (0%) | (13%) | (30%) | 40%) | @Go0%) | PV
Combined benign

. 34/60 | 24/30% | 21/30 | 23/30?* | 24/30?* | 25/30*®

and malignant 7% | s0%) | (0% | (7% | 80w | (s3v) |P=0-001
mammary tumors
Meningiomas 0/60 0/30 0/30 3/30° 0/30 0/30 N.S.

! Data from Conti et al., 1988; Maltoni et al., 1982.

? p-Value of Cochran-Armitage trend test. N.S. = not significant (p > 0.05).

* Significant increase by pairwise comparison (p < 0.05, Fisher’s Exact Test), OEHHA analyses.
® Significant increase vs control (p < 0.05, Fisher’s Exact Test)

Although the histological type(s) of malignant mammary tumors in this study was not
reported, the control group incidence (10 percent) is consistent with the incidence of
mammary adenocarcinoma in a number of other studies of female Sprague-Dawley rats
(5.8 to 17 percent; see discussion above of Cruzan et al., 1998), with the exception of the
Cruzan et al. (1998) study itself (33 percent).

Maltoni et al. (1982) found no evidence of styrene-related brain tumors, identified as
gliomas or meningiomas. An OEHHA analysis of the data in Table 20 of Maltoni et al.

1982), however, shows that female rats exposed to 100 ppm styrene exhibited a

significantly higher incidence of meningiomas compared to control female rats (3/30
treated compared 0/60 controls, p = 0.034, by Fisher’s exact test). No other groups of
female rats exhibited brain tumors. Conti et al. (1988) found no significant differences in
leukemias (including “a variety of hemolymphoreticular neoplastic diseases at different
sites”’), pheochromocytomas, or pheochromoblastomas in styrene-exposed rats compared

to the controls.

Inhalation: Sprague-Dawley Rat — Jersey and Coworkers

Male and female Sprague-Dawley rats (96/sex/dose) were exposed by inhalation to 0,
600, or 1,200 ppm styrene for six hours/day, five days/week for 18 months (males) and
21 months (females) (Jersey et al., 1978). The high dose was lowered to 1,000 ppm after
two months. Observation continued until 24 months. For the first ten months, the same
chamber was used for each styrene level; the 1,000 ppm group was exposed in the
morning and the 600 ppm group in the afternoon. Control rats were left in the normal
facility holding room during exposure. Rats that died prior to the 24 month scheduled
necropsy were examined at time of death. For the 24-month toxicologic evaluation, 84 to
86 rats/sex/dose group were observed.
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At the end of 24 months, survival among all groups was poor with no apparent dose-
response (6 to 21 percent among males and 26 to 45 percent among females). Infection
with Mycoplasma pulmonis was observed in 14 to 83 percent of male rats and in 18 to 28
percent of female rats. The infection caused or contributed to the deaths of 8 to 71
percent of the male rats and 11 to 20 percent of the female rats; the lowest infection-
related death rates occurred among the rats exposed to 600 ppm styrene.

Postmortem autolysis was observed among rats that died spontaneously. Using a scale of
“slight” to “severe,” “slight” autolysis was most prevalent (14 to 20 percent among
females and 26 to 38 percent among males). All tissues, regardless of degree of
autolysis, were examined microscopically and all rats were included in the incidence
calculation.

Female rats exposed to 600 ppm styrene had a significantly increased incidence of
mammary adenocarcinomas relative to controls (Table 21). No mammary tumors were
observed in the high-dose female group. Among the seven adenocarcinomas, one
metastasized to the lungs and ovaries. The concurrent mammary adenocarcinoma control
incidence of 1.2 percent among the female rats was unusually low compared to the mean
historical control rate (5.8 percent over 8 studies; range 0 to 9.3 percent) in the same
laboratory over the previous five years.

Table 21. Incidence of Tumors among Rats Exposed to Styrene by Inhalation and
Necropsied at 21 Months (Females) or 18 Months (Males)*

Sex and Tumor Type Styrene Concentration (ppm) Trend 2
0 600 “1,000”
Females
Mammary adenocarcinomas 1/85 7/85 ° 0/85 N.S.
Leukemias and lymphosarcomas 1/85 6/85° 6/85 " p=0.035
Males
Leukemias and lymphosarcomas 1/85 5/86 1/85 N.S.

" Data from Jersey et al., 1978.

? p-Value of exact test for linear trend. N.S. = not significant (p > 0.05). p-Value of increase
above controls by pairwise comparison (Fisher’s exact test):

“p<0.05,

®0.05<p<0.1.

Among female rats, the incidence of leukemia/lymphosarcoma was marginally increased
in both dosed groups compared to controls (Table 21). A non-significant increased
incidence of leukemia/lymphosarcoma was observed at the lower dose in male rats.
Among female rats, the concurrent and historical control rates were similar (1.2 and 1.4
percent, respectively).
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Several aspects of the Jersey et al. (1978) bioassay make conclusions about the
tumorigenicity of styrene difficult, including the exposure conditions, autolysis of tissues,
and dose levels. More specifically:

1) Despite monitoring chamber air styrene levels, the use of the same chamber for both
styrene exposure groups for about half of the exposure duration increased the chance
of incorrect animal exposures.

2) The failure to use exposure chambers for control rats prevents classification of this
group as a true “vehicle control.”

3) Postmortem tissue autolysis was evident in all groups, and information was not
provided on how many tissues were of sufficient quality to be included in the analysis
for each tumor site. Nevertheless, the total number of rats scheduled for the 24
month evaluation (84 to 86) was used to calculate tumor incidence, and thus the
incidence values probably underestimate fractional tumor responses due to “dilution”
by inclusion of animals whose tissues had deteriorated enough to prevent accurate
determination of the presence of tumors.

The study authors recognized the study’s limitations in evaluating the chronic toxicity
and carcinogenicity of styrene, stating “In light of recent pharmacokinetic evidence
indicating that the levels of exposure used in this study overwhelm detoxification of
styrene by rats, together with the high incidence of spontaneous disease and the
uncertainty of the results obtained in this study, it is recommended that another study be
initiated.”

Studies by Injection
Intraperitoneal Injection: A/J Mouse

Brunnemann et al. (1992) administered 20 intraperitoneal (i.p.) injections of styrene in
olive oil three times/week (6.7 weeks total) to female A/J mice (25/dose), a strain
sensitive to the development of lung tumors. The total dose was 200 pmol/mouse.
Twenty weeks after the final injection, the mice were killed and lung adenomas were
counted (27 week study). The increased incidence of adenomas in treated mice was not
significant (3/25) compared to controls (1/25), and adenocarcinomas did not occur. The
number of lung tumors per mouse was not significantly higher among the styrene-treated
mice than among olive oil treated control mice. Limitations of the A/J mouse test system
include the short-term exposure and study duration.

Intraperitoneal Injection: Sprague-Dawley Rat

Female and male Sprague-Dawley rats (40/sex/dose) received four i.p. injections of

50 mg styrene (total dose 200 mg/rat) in olive oil or only olive oil (controls) at two month
intervals (Conti et al., 1988). The animals were then maintained until natural death.
Survival was considered adequate, but details were not provided. The authors reported
no significantly increased incidences of total benign and malignant tumors, malignant
tumors, leukemias, pheochromocytomas, or pheochromoblastomas.
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Subcutaneous Injection: Sprague-Dawley Rat

Conti et al. (1988) also administered by single subcutaneous injections, 50 mg styrene (in
olive oil) or olive oil only to male and female Sprague-Dawley rats (40/sex/dose). The
animals were then maintained until natural death. Survival was considered adequate, but
details were not provided. The authors reported no significantly increased incidences of
total benign and malignant tumors, malignant tumors, leukemias, pheochromocytomas, or
pheochromoblastomas.

Discussion of Bioassay Results

Bioassays relevant to styrene carcinogenesis have been conducted in both mice and rats,
with exposures via gavage, drinking water ingestion, inhalation, and injection. Gavage
studies in rats, as well as injection studies in both rats and mice, lacked positive findings.
In mice, lung tumors (malignant, and benign plus malignant) were reported in several
bioassays: 1) among male and female mice in an inhalation exposure (Cruzan et al.,
2001; SIRC, 1998); 2) in male mice exposed by gavage (NCI, 1979); and 3) in males and
females exposed in utero followed by postnatal gavage exposure (Ponomarkov and
Tomatis, 1978). In female rats, mammary tumors, including adenocarcinomas, were
reported in both an inhalation study (Conti et al., 1988) and in a drinking water ingestion
study (Beliles et al., 1985). There was a suggestion of mammary tumors and leukemia in
female rats in another inhalation study (Jersey et al., 1978), although this study had
methodologic issues. A fourth rat inhalation study (Cruzan et al., 1998) failed to find an
increased incidence of mammary tumors.

If the mammary tumors, meningiomas, and/or leukemias/lymphosarcomas observed in
inhalation and drinking water studies are related to styrene treatment, then the absence of
tumors among rats treated with styrene by gavage could represent an effect of exposure
route or an effect of dose. Styrene administered by gavage may be detoxified by epoxide
hydrolases in the liver (Oesch, 1972), whereas inhaled styrene may undergo
biotransformation to styrene-7,8-oxide in the lung and/or blood before entering the liver
(Belvedere and Tursi, 1981; Belvedere et al., 1983; Guengerich, 1990; Nakajima et al.,
1994; Carlson, 1998; Tuynman et al., 2000). The lack of tumor formation in rats treated
by gavage may also be due to a difference in the absorbed dose of styrene relative to that
following inhalation.

To compare the absorbed styrene doses in the rat studies, OEHHA calculated total doses
as mg/kg styrene. Although an accurate analysis requires knowledge of intake values
over time and data on fractional absorption at a given external dose, data-derived default
assumptions provided a basis for total dose estimates for the purpose of this evaluation.
Higher levels of absorbed styrene may lead to a change in a styrene metabolism, as
suggested by the decreased in vitro covalent binding of styrene-7,8-oxide to rat liver
homogenate or microsomal fraction in the presence of increasing concentrations of GSH
(Marniemi et al., 1977). Competing toxicity at higher styrene levels may also mask a
tumorigenic response due to non-neoplastic effects, e.g., nephrotoxicity, respiratory
toxicity, neurotoxicity, or hepatic toxicity (Chakrabarti and Tuchweber, 1987; Mutti et
al., 1999; Coccini et al., 1997; Arlien-Soborg, 1992; Chakrabarti and Brodeur, 1981).
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Lung tumors were increased in both sexes of CD-1 mice exposed to styrene by inhalation
(Cruzan et al., 2001/SIRC, 1998), in male and female O,y progeny mice exposed on
gestation day-17 and then by gavage for 16 weeks after birth (Ponomarkov and Tomatis,
1978), and in male B6C3F; mice exposed by gavage (NCI, 1979). No increase in lung
tumors was reported in female A/J mice that were exposed by intraperitoneal injection
(Brunnemann et al., 1992); the duration (27 weeks) may have been inadequate. Stoner
(1991) has suggested that for weak carcinogens, a minimum of 36 weeks may be
necessary. Styrene consistently induces lung tumors in inhalation-exposed and gavage! |
exposed mice.

The inhalation study was multi-concentration, and lung adenomas and carcinomas
combined were significantly increased at three styrene concentrations in both males and
females (Cruzan et al., 2001; SIRC, 1998). The increased incidence of bronchiolar-
alveolar carcinoma in female mice was statistically significant at the highest level

(160 ppm) and was outside the reported historical control incidences. In females, the
trends for increased adenomas (p = 0.005) and carcinomas (p = 0.0002) were also
statistically significant, using the Poly-3 trend test and tumor results for both interim and
terminal necropsies.

Cruzan et al. (2001) suggested that a high incidence of spontaneous tumors in these
animals was a factor in their suggestion of a non-genotoxic mode-of-action for styrene’s
carcinogenicity. However, the lung bronchiolar-alveolar carcinoma concurrent control
data in this study (0 percent females, 8 percent males) are within the range of the reported
facility control data (0-4 percent females, 4-26 percent males). The lack of an increased
incidence of lung tumors among the mice at 52 or 78 weeks was also considered by
Cruzan et al. (2001) to reflect the presence of late-forming tumors, which had
implications for the carcinogenic mode-of-action of styrene. The authors did not discuss
the statistical power of the interim necropsy sampling protocol to detect differences in
tumor incidence at those time points relative to the tumor rates in the terminal necropsy.

OEHHA analyzed a further suggestion by the authors that the observed tumorigenicity
was qualified by a preponderance of small tumors (SIRC, 1998). A difference in tumor
size was seen only for total tumors. When benign and malignant tumors were separated,
only benign tumors in mice exposed to 80 ppm styrene were smaller than benign tumors
in control mice (p < 0.05). Differences in size of malignant tumors were not statistically
significant. The results suggest that decreasing tumor diameter in the styrene-exposed
mice is not a general pattern. Even if there were decreased tumor diameters, the
significance of such a finding is questionable. Rehm et al. (1994) commented that Type
IT tumors of the pulmonary acinus vary in size from tiny foci to lesions 1.5 cm in
diameter. They also suggested that small lesions are important in the tumor count and
that an optimal histopathologic protocol would examine every tenth section to identify
small tumors. A review of the microscopy protocol reported by SIRC (1998) suggested
that for the lobes and mainstem bronchi of the lungs, four sections per organ were
examined.

The mouse lung tumors described by Cruzan et al. (2001) and SIRC (1998) were
characterized morphologically as solid, papillary, or mixed solid and papillary, and no
difference in the distribution of these tumor types was observed among different doses
(64 to 81 percent were papillary). The authors suggested that the uniform distribution of
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the tumor types among dose groups, including controls, reflected an increase in a prel’
existing tumor type. Pulmonary solid tumors appear to be associated with the alveolar
region of the lung. Since papillary structures develop in this region, the lesion can be
diagnosed as carcinoma (Kauffman, 1981; Gunning et al., 1991; Rehm et al., 1994).
Lung papillary tumors also have been observed in the bronchiolar region (Kauffman,
1981; Thaete and Malkinson, 1990; Gunning et al., 1991). The distribution of solid,
papillary, and solid/papillary tumors in the lung may be carcinogen-specific (Gunning et
al., 1991; Rehm et al., 1994; Mason et al., 2000) and may represent different stages in the
progression of tumors towards malignancy (Malkinson, 1992; Rehm et al., 1994).

Mammary tumors in female rats, including adenocarcinomas, were reported in a multi-
dose inhalation study (Conti et al., 1988) and in a two-dose drinking water ingestion
study (Beliles et al., 1985). In addition, there was a suggestion of mammary tumors in
female rats in another inhalation study (Jersey et al., 1978), although the study had
methodological issues. A second multi-concentration inhalation study (Cruzan et al.,
1998) found no increased incidence of mammary tumors in female rats, and in two high
dose groups, a decreased incidence of adenocarcinoma. None of the rat gavage or
injection studies found an increased incidence of tumors.

In examining the differences between the multi-concentration Sprague-Dawley rat
inhalation studies of Conti et al. (1988) and Cruzan et al. (1998) that may have
influenced the differing mammary tumor response, one consideration is the styrene levels
to which the animals were exposed. Conti et al. (1988) exposed rats to 25, 50, 100, 200,
or 300 ppm styrene four hours/day for one year and observed them until natural death;
Cruzan et al. (1998) exposed rats to 50, 200, 500, or 1,000 ppm styrene for six hours/day
for two years. OEHHA estimated the total absorbed dose of the rats exposed to 200 ppm
styrene (14,944 mg/kg) in the Conti et al. (1988) study is about one-third that of the rats
exposed to the same air concentration (44,706 mg/kg) in the Cruzan et al. (1998) study.
In total dose, all except the lowest concentration of the Cruzan et al. (1998) study were
far above those in the Conti et al. (1988) study (Table 20).

Given the distribution of concentrations and mammary tumor incidence seen in exposed
female rats in these two studies, it is possible that mammary tumors may be expressed at
lower styrene air levels; other styrene-related toxicities may become more important at
higher exposure levels. Observations of nephrotoxicity among styrene-exposed rats
(Chakrabarti and Tuchweber, 1987; Mutti et al., 1999) and decreased urinary pH and
increased osmolality among female rats exposed to 500 or 1,000 ppm styrene for two
years support this interpretation (Cruzan et al., 1998; SIRC, 1996).

Rats exposed to styrene by i.p. injection or inhalation develop kidney dysfunction.
Chakrabarti and Tuchweber (1987) reported that i.p. exposure of rats to styrene resulted
in dose-dependent histopathologic changes of the proximal tubule, decreased anion
transport across isolated renal cortical slices, and urinary excretion of y[
glutamyltransferase and other enzymes. The metabolites proposed as the active kidney
toxicants are the styrene-glutathione conjugates and subsequent metabolites, formed
through the action of glutathione S-transferase and other enzymes on the reduced
glutathione pathway (Chakrabarti and Malick, 1991). The Csanady et al. (1994) analysis
suggested that in the rat, the glutathione pathway becomes operative at relatively higher
styrene levels. Experimental evidence for renal toxicity of styrene was presented by
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Mutti et al. (1999), who described a rat model for renal disease; rats exposed by
inhalation to 300 ppm styrene for three months developed signs of mild kidney toxicity.
At the higher styrene levels, increasing amounts of styrene oxide may have been shunted
through a non-neoplastic glutathione pathway in the kidney in addition to a neoplastic
pathway predominant at lower doses. A potential for styrene-related kidney toxicity in
humans was also suggested by studies of Welp et al. (1996) and Verplanke et al. (1998).

The data presented by SIRC (1996) show increased pelvic/papillary urothelial
hyperplasia in the decedent animals exposed to 200 ppm styrene, and increased
osmolality and urinary glucose levels among the high-dose female rats. Significantly
increased osmolality was observed among male and female rats, particularly those
exposed to higher styrene doses in the Cruzan study. Increased urinary glucose levels
(compared to controls) were noted at various times in various dose groups. Chakrabarti
and Malick (1991) commented that increased urinary glucose in the absence of increased
blood glucose might reflect damage to the renal proximal tubule, a major site of glucose
resorption. High levels of the styrene metabolites, which Cruzan et al. (1998) suggested
were responsible for the decreased urinary pH, may have resulted in increased
osmolality; however, levels were not presented.

Another consideration in examining the differences between the Conti et al. (1988) and
the Cruzan et al. (1998) rat inhalation studies is the relationship between nutritional status
and tumorigenicity. In the Conti et al. (1988) study, qualitative descriptions suggested
that survival was adequate and that toxicity was not apparent. Conti et al. (1988)
reported an absence of body weight differences between control and treated rats. The
female rats described by Cruzan et al. (1998) and SIRC (1996) developed treatment-
related changes in nutritional status at the higher doses (doses at which decreased
mammary tumors occurred), including decreased food consumption, decreased weight
gain, increased survival, and increased water consumption. Cruzan et al. (1998)
suggested that factors in addition to decreased body weight might be responsible for the
observed decrease in mammary tumor incidence. The 1,000 ppm female rats had
increased survival compared to the 500 ppm females despite the equally reduced body
weight gains in these two groups (compared to controls), and that there was a decreased
incidence of pituitary adenomas in only the 1,000 ppm group.

Several publications have described studies on the relationship between body weight and
mammary tumor incidence in rodents. Keenan et al. (1995) reported a decrease in the
incidence of mammary fibroadenomas among Sprague-Dawley rats fed a moderately
restricted diet compared to those on an ad libitum feeding protocol. The authors noted
that the time of tumor onset, not tumor progression, was affected. Fischer 344 (F344)
rats used in the NTP bioassays exhibited decreases in chemical-induced (styrene not
included) mammary gland tumor rates that correlated with decreases in body weights
(Haseman and Johnson, 1996). Among untreated control female F344 rats, mammary
tumor incidences and body weights increased over a 10-12 year interval (Rao et al., 1990;
Haseman and Rao, 1992).

Nohynek et al. (1993) and Keenan et al. (1999) noted that increased survival could result
if decreased weight gain is not pathologic. Seilkop (1995) carried out a statistical
analysis of individual animal data on mammary tumors and body weights among the
female F344 rats in the NTP database. In addition to finding a relationship between
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decreased mammary tumor incidence and decreased body weight among female rats, the
author reported reduced statistical power to detect an increase relative to control rates for
rats with decreased body weights. Such results suggest that the relationship between
reduced body weight and decreased mammary tumor incidence is complex. This
phenomenon may have played a role in the decreased incidence of rat mammary tumors
reported by Cruzan et al. (1998).

A final consideration in examining the rat mammary tumor results is the role of control
tumor rates in establishing a meaningful baseline to which tumor incidence in treated
animals can be compared. Mammary fibroadenoma occurs at high rates among untreated
female Sprague Dawley rats; spontaneous incidences of fibroadenoma have been reported
as 19 percent (Chandra et al., 1992), 25-32 percent (Keenan et al., 1995), and 32 percent
(Prejean et al., 1973). As discussed by Huff et al. (1991), the presence of a high
background rate may render detection of chemically induced tumors difficult. Mammary
adenocarcinoma rates range widely in these studies of styrene-exposed rats, which also
complicates interpretation.

Data from the drinking water study of Beliles et al. (1985) suggested an increased
incidence of mammary tumors in female rats despite a high background rate in controls
(54/96), with significantly increased incidence for female rats in the high dose group
(45/60, p=0.01, by Fisher’s exact test). Despite relatively high background mammary
tumor rates in the rat colony used in Conti et al. (1988), statistically significant increases
in combined benign and malignant tumors were observed. An OEHHA analysis of Conti
et al. (1988) data showed a positive trend for malignant mammary tumors, as well as a
positive trend for combined benign and malignant mammary tumors. Jersey et al. (1978)
suggested that the increased incidence of mammary adenocarcinoma in female rats
exposed by inhalation (600 ppm styrene, 8.2 percent) could be an artifact of an unusually
low concurrent control rate (1.2 percent); both the control rate and the rate at 600 ppm
were within the historical range of rates from the same laboratory (0 to 9 percent). The
incidence of mammary adenocarcinoma in control animals (33 percent) reported by
Cruzan et al. (1998) is considerably higher than that reported by other authors. Among
Sprague-Dawley rats, average control incidences of mammary adenocarcinomas are 8
percent (Prejean et al., 1973), 5.8 percent (Jersey et al., 1978), 9-10 percent (Keenan et
al., 1995), 8.8 percent (Chandra et al., 1992), and 17 percent (McMartin et al., 1992).

To investigate the possibility that control rates reported by Conti et al. (1988) (57
percent, benign plus malignant; 10 percent, malignant) were unusually low among female
rats in that particular Sprague-Dawley colony, OEHHA identified three additional
bioassays in two reports (Maltoni et al., 1988b; Maltoni et al., 1988a) wherein control
rates for mammary tumors among this colony were presented. We compared control
incidences of benign plus malignant tumors or malignant tumors only in these bioassays
(controls for chemicals other than styrene) with female control data reported by Conti et
al. (1988). For these sets of controls, the incidence of combined benign and malignant
tumors in controls differed from that in the Conti et al. (1988) study in both directions
(108/150, higher, p = 0.03; 42/60, higher, p = 0.13; 24/60, lower, p = 0.07; compared to
34/60 for styrene controls, 2-tailed test of proportions), but only one difference was
statistically significant (p < 0.05). The incidence of malignant tumors did not differ
significantly, although the values fluctuated in both directions (20/150, higher, p = 0.51;
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5/60, lower, p = 0.75; 2/60, lower, p = 0.14; compared to 6/60 for the styrene controls).
Within the colony used for carcinogenicity studies by the Maltoni laboratory, control
rates of mammary tumors in the Conti et al. (1988) study appear to be quite similar and
not unusually low.

Estimation of Total Doses in Rat Bioassays

To facilitate the comparison of the rat bioassays, OEHHA calculated “total doses” in
mg/kg received by the animals during the course of each study (Table 22). These
estimates necessitated several assumptions that are described below.

Table 22. Estimated Total Doses in Rat Ingestion and Inhalation Bioassays

Total Dose
Study Reference Route Dose Grou
Y P (mglkg)
] ] ] 25 ppm 1,868
Conti et al., 1988; Maltoni et al., 1982 Inhalation
50 ppm 3,736
Beliles et al., 1985 Drinking water 125 ppm 5,650
. . Inhalation 100 ppm 7,472
Conti et al., 1988; Maltoni et al., 1982
Gavage 50 mg/kg 10,374
Cruzan et al., 1998; SIRC, 1996 Inhalation 50 ppm 11,177
Beliles et al., 1985 Drinking water 250 ppm 11,299
) ) ) 200 ppm 14,944
Conti et al., 1988; Maltoni et al., 1982 Inhalation
300 ppm 22,416
Cruzan et al., 1998; SIRC, 1996 Inhalation 200 ppm 44,706
Conti et al., 1988; Maltoni et al., 1982 Gavage 250 mg/kg 51,870
Ponomarkov and Tomatis, 1978 Gavage 500 mg/kg 60,060
Cruzan et al., 1998; SIRC, 1996 Inhalation 500 ppm 111,766
Jersey et al., 1978 Inhalation 600 ppm 134,488
Cruzan et al., 1998; SIRC, 1996 Inhalation 1,000 ppm 223,532
. 1,000 /
Jersey etal., 1978 Inhalation 1,200 ppm 224,147
500 mg/kg 257,397
NCI, 1979 Gavage 1,000 mg/kg 389,844
2,000 mg/kg 779,688

Studies in which animals were exposed to styrene in drinking water reported in units of
mg/mL were converted to units of mg/kg-day based upon the following assumptions: a
drinking water ingestion rate in rats of 63.3 mL/kg-day (average for male and female rats;
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Beliles et al., 1985), a gastrointestinal absorption fraction of 1.0 (Csanady et al., 1994),
and a rat body weight of 0.35 kg (Anderson et al., 1983).

Studies in which animals were exposed to styrene by inhalation reported in ppm were
converted to mg/kg-day based upon a styrene conversion factor of 4.26 mg/m’ per ppm
(at 25°C), a rat breathing rate of 0.218 m*/day (Anderson et al., 1983), a pulmonary
absorption fraction of 0.65 (see Metabolism and Pharmacokinetics section), and a rat
body weight of 0.35 kg (Anderson et al., 1983). We assumed that rats and mice have the
same uptake factor as humans (e.g., Csanady et al., 2003). Total doses were calculated as
a product of the dose rate (mg/kg-day) and the number of days exposed.

Summary

Rodent bioassay results indicate that styrene is carcinogenic in male and female mice and
female rats. At higher styrene exposure levels the sensitivity of cancer bioassays in
rodents may be decreased by competing non-neoplastic pathways. Lung tumors were
observed in female and male mice exposed by inhalation for their lifetime (Cruzan et al.,
2001; SIRC, 1998) and in male mice exposed by gavage (NCI, 1979). Lung tumors
developed in the progeny of mice exposed in utero and then by gavage (Ponomarkov and
Tomatis, 1978). Increased mammary gland tumors were observed in female rats exposed
by inhalation or drinking water ingestion (Beliles et al., 1985; Conti et al., 1988),
although finding such effects only at the lower end of the dose-response continuum
makes their toxicological significance questionable. On the other hand, the reports of
lung tumors in styrene-treated mice and mammary tumors in styrene-treated rats are
considered to be consistent with the tumor profiles of several alkenes and alkene
epoxides (Melnick, 2002; see “Mechanism of Carcinogenicity”).

Other Toxicity in Humans
Acute Toxicity

Human volunteers who were acutely exposed to styrene developed ocular and respiratory
tract irritations (reviewed in OEHHA, 1999). People with asthma may be more sensitive
to the pulmonary effects of styrene (OEHHA, 1999). Central nervous system
disturbances were observed in acutely exposed human volunteers (ACGIH, 1997;
OEHHA, 1999). The CNS disturbances included impairment of balance, drowsiness,
muscle weakness, decreased reaction times, reduced ocular tracking, and depression.
Humans who inhaled high levels of styrene (500 to 800 ppm) for the first time found the
exposure objectionable after one to two minutes, whereas workers exposed to the same
levels for longer periods had only mild to moderate complaints of irritation (Gotell et al.,
1972). These observations suggest that a tolerance may have been induced.

Arnedo-Pena et al. (2003) reported on an accidental exposure to styrene in tap water in
Spain, which occurred subsequent to repairs on a water tank serving two apartment
buildings. Effects were investigated using a questionnaire on subjective symptoms;
reports were obtained from 84 out of 93 persons living in the buildings. Symptoms were
reported from 46 people (55 percent of the sample). Styrene concentrations up to 800
ppb were found in the water two days after the incident. Reported symptoms included
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irritation to the throat, nose, and eyes, as well as general gastrointestinal symptoms.
Symptoms were associated with drinking the water, being exposed to the vapors, and
eating foods prepared from the tap water.

Seeber et al. (2004) investigated the risk for neurobehavioral impairments in simulated
work exposure to styrene. In one experiment 16 volunteers (eight in the morning, eight
in the afternoon) were exposed to 0.5 and 20 ppm styrene for 3 hours. In the second, 24
volunteers (12 morning, 12 afternoon) were exposed for 4 hours to 0.5 and 20 ppm
styrene and also to an exposure changing between 0.5 and 40 ppm styrene (Timel
Weighted-Average (TWA) = 14 ppm). The authors measured simple reaction, choice
reaction, attention, acute symptoms, and well-being, and did not find exposure-related
performance effects. However, a six hour time change resulted in delayed choice
reactions in the morning hours. The authors concluded that acute styrene did not
adversely affect well-being.

Ska et al. (2003) evaluated neurotoxicity of acute peak exposures in adults not previously
exposed to styrene and with no known exposure to any other neurotoxicants. Volunteers
(n = 24) were exposed to one of five exposure scenarios over 6 hours: (1) constant
exposure to 106 mg/m’ (25 ppm); (2) variable exposure with a mean of 106 mg/m’ and
four 15 min peaks of 213 mg/m’ (50 ppm); (3) constant exposure to 213 mg/m’; (4)
variable exposure with a mean of 213 mg/m’ and four peaks of 426 mg/m’ (100 ppm);
and (5) two exposures to 5 mg/m’ (1.2 ppm; control). Before and after styrene exposure,
sensory tests (visual and olfactory), neuropsychological tests (reaction time, attention,
memory, psychomotor function), and self-evaluation questionnaires of mood and
symptoms were given in a test-retest design. The different peak exposure scenarios did
not influence the performance on any test or induce subjective signs and symptomes.

Several studies have investigated the effects of styrene as well as other solvents on
human respiratory tissues. Roder-Stolinski et al. (2008) showed in a human epithelial
cell culture that styrene stimulates expression of inflammatory mediators, including the
chemotactic cytokine monocyte chemoattractant protein-1 (MCP-1). They concluded
that the inflammatory response to styrene is mediated through oxidative stress related to
depletion of intracellular GSH levels, followed by activation of the nuclear factor-kappa
B (NF-kB) signaling pathway. Activation of other inflammatory mediators follows, and
their corresponding genes are upregulated. These inflammatory processes could lead to
respiratory diseases such as bronchitis.

Another concern is sensitization to other respiratory diseases by exposure to irritating
solvents, particularly in infants and children. Rolle-Kampczyk et al. (2002) report that
obstructive bronchitis was observed more frequently in children exposed to increased
concentrations of styrene, as well as benzene, toluene, and m,p-xylene in residential air
over a 5-year period in the Leipzig Allergy Risk Study in Germany. The solvent
exposures were at least partly associated with passive smoking, which is obviously a
confounding risk factor. Apartment redecoration, with exposure to a variety of chemicals
off-gassing from fresh paints and other new materials, was also a risk factor (Diez et al.,
2003).
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Subchronic Toxicity

Liver Toxicity in Workers

Styrene-exposed workers (50 to 120 ppm for a mean of 5.1 years) did not exhibit higher
levels of liver enzymes in the serum (aspartate aminotransferase, alanine
aminotransferase, gamma glutamyl transferase) or of bile (cholic, deoxycholic) acids
compared to controls (Harkonen et al., 1984b).

Asthma in Workers

A few case reports indicate that asthma is associated with styrene exposure (e.g., Moscato
etal., 1987; Hayes et al., 1991).

Ototoxicity in Workers

Moller et al. (1990) gave an otoneurological test battery to 18 workers with long-term
exposure to styrene at levels well below the (then) Swedish occupational limit of 110
mg/m’ (25 ppm) and compared the results to a reference group. Disturbances in the
central auditory pathways were found in seven workers (39 percent). Tests reflecting
central processing of impulses from different sensory equilibrium organs were abnormal
for 16 workers (89 percent).

Morioka et al. (1999) measured the upper limit of hearing (frequency = 8 kilohertz) in 93
men exposed to organic solvents including styrene in factories producing plastic buttons
or baths. Medical exams, environmental monitoring of breathing zone air, and biological
monitoring were carried out. The solvent levels were generally lower (styrene: geometric
mean = § ppm; maximum = 91.6 ppm) than the occupational exposure limit (styrene = 50
ppm). Six workers exceeded the occupational limit. The upper limit of hearing was
reduced in workers who were exposed for 5 or more years and was dose-dependently
related to styrene levels in breathing-zone air and to mandelic acid levels in urine.
Individuals with normal medical exams also had a reduced upper limit of hearing.

Morata et al. (2002) studied hearing loss in workers exposed to styrene. The styrene-
exposed subjects [with or without exposure to noise at a time-weighted average (TWA)
of 85 dB] worked in 11 plants of the fiberglass products industry, while workers exposed
to noise only came from three companies that manufactured metal products. Controls
unexposed to either styrene or noise worked in a mail distribution terminal. Styrene
exposure was measured by personal air samples and urinary mandelic acid (MA). Air
levels did not exceed 20 ppm. Noise exposure was estimated by personal noise
dosimeters and measurement of background levels. Hearing ability was measured as
“pure-tone thresholds” in each ear at frequencies of 1, 2, 3, 4, 6, and 8 kHz. The authors
report hearing loss at 2, 3, 4, and 6 kHz among styrene-exposed groups compared to both
non-exposed workers and noise only-exposed workers. Age, tenure, styrene level, noise
level and MA level all contributed to risk of hearing loss. The odds ratio (OR) for an
increased probability of developing hearing loss with each unit increase of MA was 2.44
(95 percent CI = 1.01 to 5.89). Morata et al. (2002) concluded that styrene exposure
affects the human auditory system. A limitation of this study is that the styrene-only
group was exposed to higher solvent levels and had higher lifetime styrene exposures, so
it may not be directly comparable to the styrene-plus-noise group. Styrene-related
hearing loss may be a high-dose effect; the low styrene exposure levels (exposures <20
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ppm, and most were <12 ppm) experienced during the time of this study by these workers
may also have limited the study’s potential to detect a styrene-related hearing loss.

Sliwinska-Kowalska et al. (2003) evaluated auditory function in workers in Poland with
major exposures to styrene in conjunction with noise, considering the previously
documented additive effects of coexposures to solvents and noise on auditory functions.
The 290 solvent-exposed subjects were compared to 223 subjects exposed to neither
solvents nor noise, or noise alone with questionnaires plus both physical and audiometric
exams. Multiple logistic regression analysis of the audiometric data revealed an odds
ratio of 3.9 (95 percent CI = 2.4-6.2) for hearing loss related to styrene exposure, adjusted
for age, gender, current occupational exposure to noise, and past exposure to noise. For
combined exposures to styrene and noise, the odds ratios were 2-3 times higher than the
values for styrene-only and noise-only exposed subjects. The mean hearing thresholds,
adjusted for age, gender, and exposure to noise, were significantly higher in the solvent-
exposed group than in the reference group at all frequencies tested. A positive linear
relationship was reported between the lifetime working exposure to styrene and hearing
threshold at 6 and 8 kHz.

Hoffmann et al. (2006) investigated hearing in 32 workers exposed to styrene in a
German fiberglass boat factory, compared to 16 workers without styrene exposure but
similar exposures to noise. Audiometry and acoustic evoked potentials were studied.
The mean duration of exposure to styrene was 7.5 years. They reported no consistent
results of the styrene exposure on auditory measures with this smaller sample size.

In what may be a follow-up study with a larger sample size, Triebig et al. (2009)
evaluated hearing in boat workers in Germany versus styrene exposure level, as
determined from urinary excretion of styrene metabolites (mandelic acid and
phenylglyoxylic acid). The low exposure category had an N of 99, the medium had 118,
and the high group had 31 workers. In addition, results were analyzed for subgroups
exposed to high-long (N=17 and low-short styrene levels. Analysis across all groups
showed no clear exposure effects, with no significant correlation of audiometric response
versus exposure parameters. However, the analyses of high exposure groups showed
elevated auditory threshold at frequencies upt to 1,500 Hz among the high-long group
(40-50 ppm average exposures for more than 10 years). There was also a significantly
elevated odds ratio for hearing loss (defined as a deficiency of more than 25 dB in one
ear at frequencies of 3,000-6,000 Hz) for workers exposed to above 30 ppm (average) for
10-26 years. Apparent improvements in hearing were noted when subjects were tested
after holiday periods. The authors noted that results in the literature of ototoxic effects of
styrene below 20 ppm could not be confirmed.

Fuente et al. (2009), in a study of effects on hearing of long-term exposures to mixed
solvents (especially toluene and methyl ethyl ketone) in a polyurethane-coating factory,
pointed out that solvent ototoxicity may be mediated through both peripheral (cochlear
hair-cell) and central auditory mechanisms. Because of the similarities of the effects on
auditory function of the aromatic solvents (toluene, styrene, xylenes) in both humans and
experimental animals, this observation likely applies also to styrene, which could be a
mechanism for a partial reversal of effects after short solvent free periods, as noted in the
study of Triebig et al. (2009). Effects mediated through loss of hair cells in the cochlea,
in contrast, are permanent.
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Immunotoxicity

Immunologic alterations (e.g., altered phenotypic profiles among lymphocyte subsets,
decreased natural killer cell activity, and decreased chemotaxis) have been observed after
styrene exposure, but the limited data prevent quantitative interpretation (Bergamaschi et
al., 1995; Governa et al., 1994).

Mutti et al. (1992) looked for changes in the balance of immune effector and regulator
cells among 32 styrene-exposed workers. The workers were separated into high (>50
ppm, 8 hr TWA) and low (<50 ppm) exposure and compared to 19 unexposed
individuals. Flow cytometry analysis of subsets of lymphocytes revealed a reduction in
T-helper cells and a relative increase in T-suppressor cells with increasing styrene
exposure. There was an inversion of the helper/suppressor ratio in the high exposure
group. The proportion of natural killer (NK) cells also increased. No changes were
noted in B cells.

Bergamaschi et al. (1995) reported immune system alterations in reinforced plastics
industry (RPI) workers. Thirty-two women and 39 men (average age = 32 years, average
exposure duration = 7 years) were compared with 65 non-styrene exposed factory
workers and matched for age, sex, tobacco use, and ethanol consumption. The factory air
styrene levels varied between 10 and 50 ppm. Individual worker exposure was measured
by urinary metabolites (mandelic acid + phenylglyoxylic acid) the morning after the last
shift (15 hours post-exposure). Among all the styrene-exposed workers (median
exposure = 16 ppm calculated according to Guillemin et al. (1982)), the proportions of
lymphocyte cells in 12/18 lymphocyte subsets and the prevalence of abnormal values of
immunologic phenotypes for 11/18 subsets were statistically different from the non-
exposed controls (p < 0.001 to < 0.05). When the workers were placed into three
exposure groups (0, <25 ppm, and > 25 ppm styrene), dose-response relationships were
observed for the prevalence of abnormal responses for four lymphocyte subsets; in the
case of two subsets, abnormal responses were observed in the group exposed to < 25 ppm
styrene. Natural killer (NK) cell activity, a lymphocyte function, measured in a different
group of workers, was decreased compared to unexposed worker controls. The median
exposure was calculated as 21 ppm based on Guillemin et al. (1982). Exposure of these
workers to air styrene levels below 50 ppm, and probably at levels near 25 ppm, resulted
in alterations of the immune system.

Governa (1994) found a significant reduction of chemotaxis in vitro in PMN sampled
from workers (ex vivo) exposed to a low level of styrene and having no other biochemical
or clinical alteration. PMN chemotaxis returned toward normal by 3 weeks after removal
from exposure.

Tulinska et al. (2000) examined immune and hematological parameters in 29 hand
laminators and sprayers exposed to styrene for an average of 14 years and in 19 in-
factory unexposed worker controls. The average styrene air level was 139.5 mg/m’. The
mean blood styrene concentration of exposed workers was 945.7 pg/L and the mean
styrene in exhaled air was 38.8 pg/L. Multifactorial analysis of variance indicated a
significant decrease in exposed workers in the proliferation of lymphocytes stimulated by
the mitogen concanavalin A, but not by pokeweed mitogen (PWM). Proliferative
response to PWM was significantly correlated with styrene levels in blood. Styrene-
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exposed workers had increased levels of complement component C4. Levels of the C3[]
component were positively correlated with exposure duration. Exposed workers had a
significant elevation in the percentage and number of monocytes and a significantly
decreased number of lymphocytes. Styrene concentrations in both blood and exhaled air
were associated with a decreased percentage of large granular lymphocytes.

Somorovska et al. (1999) reported that the proliferative response of T-lymphocytes
stimulated with concanavalin A was significantly suppressed in 44 hand laminators
exposed to styrene.

Biro et al. (2002) studied the immunotoxicity of styrene (and of benzene, polycyclic
aromatic hydrocarbon exposure, and mixtures) to investigate any correlation between
immunological and genotoxicological parameters. Ten workers exposed only to styrene
(level not stated) were compared to 25 unexposed controls. The styrene exposed workers
showed a statistically significant increase in the CD4 positive lymphocyte subpopulation
and in CD45RO positive/CD4 positive memory cells.

Neurotoxicity

Acute Neurotoxic Effects

Immediate eye and throat irritation, increased nasal mucus secretion, listlessness,
impairment of balance, and drowsiness followed by unsteadiness, muscle weakness, and
depression were reported in a study of two human volunteers exposed to 800 ppm styrene
for 4 hours (Carpenter et al., 1944). Other symptoms include a feeling of being
“lightheaded” or “drunk” (Lorimer et al., 1976). Sensory irritation and neurological
impairment occur in acute human studies above 100 ppm (Stewart et al., 1968).

Stewart et al. (1968) found eye and throat irritation in 3 of 6 volunteers exposed to 99
ppm (416 mg/m?) styrene for 20 minutes. No symptoms were reported in 3 subjects after
exposure to 51 ppm for 1 hour. Exposure to 376 ppm (1,579 mg/m?) styrene for 25
minutes resulted in nausea, significant discomfort, and an abnormal Romberg test,
indicative of cerebellar dysfunction. Significant decrements were noted in 3/5 subjects in
other tests of coordination and manual dexterity at 50 minutes. Exposure to 216 ppm or
less for up to 1 hour did not cause measurable impairment of coordination and balance.
The study yielded a 1 hour NOAEL of 51 ppm (OEHHA, 1999). OEHHA considered it
the most sensitive acute study and used it to develop an acute inhalation Reference
Exposure Level (REL) of 21,000 pug/m’ for styrene (OEHHA, 1999; Collins et al., 2004).

The neurotoxic effects mediated by styrene consist of slower sensory (but not motor)
nerve conduction velocity and CNS depression (Cherry and Gautrin, 1990). Gamberale
and Hultengren (1974) reported that reaction time was significantly impaired in 12 men
exposed to 350 ppm styrene for 30 minutes, but not at 250 ppm or lower. No effects on
perceptual speed or manual dexterity were detected. In 12 workers exposed during the
workday to 26 ppm styrene, Edling and Ekberg (1985) measured simple reaction time
before and after work and found no significant differences. Other non-CNS symptoms
were reported in a neuropsychiatric questionnaire completed by the subjects. The CNS
depressant effects of acute exposures to high styrene levels are probably mediated by the
direct effect of the lipophilic, unmetabolized styrene on nerve cell membranes.
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Abnormal electroencephalograms were correlated with urinary levels of 700 mg/L MA or
higher in workers exposed to styrene (Harkonen et al., 1978).

Chronic Neurotoxic Effects

Chronic exposures to styrene result in central nervous system (CNS) and peripheral
nervous system (PNS) effects, although the latter are not as pronounced (ATSDR, 1992;
Rebert and Hall, 1994; Murata et al., 1991). Long-term effects of styrene exposure may
result from the action of one or more styrene metabolites (Savolainen, 1977; Mutti et al.,
1988). In humans, styrene metabolism is initiated by cytochrome P450 (P450)-mediated
oxidation of styrene to a reactive metabolite, styrene oxide, in liver and, to a minor
extent, in lung (Nakajima et al., 1994). The P450 enzymes responsible for the
epoxidation of styrene to styrene oxide are found in human brain, but the brain isozymes
have not been tested specifically with styrene as a substrate (Bhamre et al., 1993).
Styrene may also be oxidized to styrene oxide by enzymes which share specific iron and
porphyrin components with P450 and those that utilize active oxygen species (Belvedere
et al., 1983; Tursi et al., 1983; Miller et al., 1992).

Female workers in the reinforced plastics industry (RPI) were studied for levels of
substances with neuroendocrine function (Mutti et al., 1984c). Serum prolactin, thyroid
stimulating hormone, human growth hormone, follicle stimulating hormone, and
luteinizing hormone were measured in 30 women who were between the 5th and 15th day
of the menstrual cycle. Exposure was based on MA+PGA levels in venous blood
samples taken the next morning before the start of work. The authors estimated that the
average styrene TWA/8 hr was about 130 ppm. Controls consisted of women factory
workers living in the same area as the styrene-exposed women, not knowingly exposed to
styrene. After controlling for age and exposure time, the increased prolactin and thyroid
stimulating hormone levels were correlated with the concentration of next-morning
urinary MA+PGA; only the increased prolactin levels were statistically significant.
Bergamaschi et al. (1995, 1996) found significantly elevated prolactin levels in styrene-
exposed male and female workers in RPI.

Several occupational studies have noted CNS disturbances in styrene-exposed workers.
Decreased manual dexterity, increased reaction times, and/or abnormal vestibuloocular
reflex (ability to track moving objects) were observed by Gotell et al. (1972), Gamberale
et al. (1975), Lindstrom et al. (1976), Mackay and Kelman (1986), Flodin et al. (1989),
Moller et al. (1990), and Cherry and Gautrin (1990) for air styrene levels of about 12
ppm to more than 100 ppm. However, in each of these studies, there were difficulties in
quantifying the effect. The difficulties included small sample size, unknown exposure
duration, lack of concurrent control group, lack of dose-response data, and either
unknown ethanol consumption or lack of adjustment for ethanol consumption. In the
Cherry and Gautrin (1990) investigation, however, the authors determined that
accounting for ethanol consumption did not reduce the correlation between increased
reaction time and exposure.

Decrements in other CNS functions were observed among workers in the well-controlled
studies of Fallas et al. (1992), Chia et al. (1994), and Mutti et al. (1984b). Fallas et al.
(1992) studied 60 male workers (average age = 29.5 years, average air styrene = 24.3
ppm). The styrene-exposed population was compared to non-exposed workers and
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matched for age, intellectual level, and ethnic origin. The results from a standardized test
battery showed decrements in the aiming response; 22 of 60 styrene-exposed workers (37
percent) exhibited increased reaction times compared to 7 of 60 controls (12 percent) (p <
0.01 by Fisher’s exact test). Acquired color vision loss (dyschromatopsia) was observed
in the styrene-exposed workers. Chia et al. (1994) observed decrements in CNS function
as defined by altered visual retention, audio-digit recognition, and digit recognition.
However, a dose-response relationship did not exist. These workers also exhibited a
statistically non-significant, dose-dependent dyschromatopsia.

In the most comprehensive occupational study, Mutti et al. (1984b) assessed memory and
sensory/motor function in 50 male styrene-exposed workers (average exposure = 8.6
years) and in a control group of 50 manual workers. Subjects were matched for age, sex,
and educational level; a vocabulary test was included to match for general intelligence.
Eligibility criteria included absence of metabolic, neurological, or psychiatric disorders,
limited ethanol intake, and limited cigarette usage. All subjects were instructed to avoid
intake of alcohol and drugs for two days prior to testing. Styrene exposure was assessed
from urinary MA+PGA levels the morning after the last workday in the week, followed
immediately by eight neuropsychological CNS function tests: reaction time, short and
long term logic memory, short and long term verbal memory, digit-symbol association,
block design, and embedded figures. The mean + 2 SD of the control group values was
set as the normal range limit for each test. Expressed as continuous data, styrene-exposed
workers exhibited significantly poorer performances than controls on all except the digit-
symbol test. Urinary styrene metabolite concentration and duration of exposure were
significantly correlated with the scores on several tests. As a subgroup, workers with
metabolite levels of up to 150 mmoles MA+PGA/mole creatinine (mean = 75 + 33 [SD]
mmoles/mole creatinine, equivalent to 15 ppm styrene) appeared to have no significant
effects. This level of urinary metabolites corresponds to a mean daily 8-hour exposure to
25 ppm styrene. Significantly poorer performances in four or more neuropsychological
tests were recorded in the three subgroups with greater urinary excretion of styrene
metabolites (150-299, 300-450, and > 450 mmoles MA + PGA/mole creatinine).

Mutti et al. (1984b) expressed the quantal data as the fraction of tested subjects who
responded abnormally to > 1, > 2, and > 3 tests (Table 23). Positive dose-response
relationships existed between intensity of styrene exposure and abnormal scores, whether
it was expressed as abnormal responses in at least one, at least two, or at least three tests.
The chi-square test and validity calculations were performed by constructing 2 x 2 tables
selecting different levels of urinary excretion of MA and PGA as a cut-off point. The
highest values for chi-square and predictive validity were found when the cut-off of 150
mmol/mol creatinine was chosen, suggesting that the quantal isolation of the low dose
subgroup from the next subgroup is appropriate. When the quantal data for the low dose
subgroup were analyzed by OEHHA using Fisher’s Exact Test, a significant level of
abnormal responses was observed for > 1 (p = 0.005) and > 3 (p = 0.04) tests. The
abnormal responses for > 2 tests were marginal (p = 0.06). For each of the higher
exposure groups, the p-values were <0.05. The quantal results suggest that the low dose
subgroup represents a LOAEL, and that a NOAEL is not available. Mutti et al. (1984b)
also expressed the data in a quantal three-way representation including prevalence
(number of respondents for at least one, two, or three abnormal tests), duration (years at
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work), and intensity (metabolite level). This representation revealed a positive
correlation of neuropsychological deficits with duration as well as exposure intensity.

A linear relationship, based on Guillemin et al. (1982), exists for converting urinary
metabolite concentrations to ppm styrene in air (4.97 mmoles MA+PGA/mole creatinine
is equivalent to 1 ppm styrene). In Table 23 the mean styrene concentrations per group
are 0 (controls), 15, 44, 74, and 115 ppm. OEHHA used the data in the table to develop a
chronic inhalation Reference Exposure Level (REL) of 900 pug/m’ by a benchmark
concentration approach (OEHHA, 2000; Rabovsky et al., 2001). This involved modeling
the dose-response data to calculate the 95 percent lower confidence limit of the dose
resulting in a 5 percent incidence of three or more abnormal tests, defined as the
BMCLys. The BMCLs was determined to be 1.7 ppm, which is equivalent to a
continuous inhalation exposure to 0.61 ppm (1.7 ppm x 10/20 x 5/7).

Table 23. Subjects Classified Positive on Neuropsychological Tests as a Function of
Styrene Exposure’

MA + PGA Styrene Abnormal Tests"
(mmoles/mole Concentration

creatinine)® (ppm)° 1 22 23
Controls -- 4/50 2/50 0/50
6/14 3/14 2/14

<150 (75 £33) 15 p=0.005 | p=0.065 | p=0.045
6/9 5/9 3/9

150 - 299 (216 * 45) 44 p=0.0003 | p=0.0005 | p=0.0026
10/14 7/14 5/14

300 - 450 (367 + 49) 74 p=5x10° | p=0.0002 | p=0.0003
11/13 8/13 6/13

> 450 (571 + 108) 115 p=2x107 | p=1x10° | p=2x10"

" Data from Mutti et al.,1984b.

* “Next-morning” styrene urinary metabolites. Mean + SD in parentheses.

® Calculated by OEHHA (2000). Assumes that 4.97 mmoles MA + PGA/mole creatinine is
roughly equivalent to 1 ppm styrene, following Guillemin et al. (1982). Levels in parentheses
are associated continuous exposure concentrations, assuming a five-day workweek and that
10 m’ air are breathed in a workday (of a 20 m” total/day).

¢ Number of individuals with abnormal test divided by the number of subjects tested. Results
from Fisher Exact Tests for dosed and control groups are included on the second line.

Gobba and Cavalleri (1993) and Campagna et al. (1995) also reported dyschromatopsia
(deficits in color vision) among styrene workers in the reinforced plastics industry (RPI).
Workers (n = 36) exposed to an average of 16 ppm styrene exhibited significantly greater
dyschromatopsia than controls, matched for age, ethanol consumption, and tobacco
smoking (Gobba and Cavalleri, 1993). Among the study population, only 1 of 36
styrene-exposed workers (compared to 16 of 36 controls) performed the test with 100
percent accuracy. In a different group of workers, those exposed to > 50 ppm styrene
exhibited greater dyschromatopsia than those exposed to < 50 ppm, and within this
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group, a subset exhibited a similar decrement after returning from a one-month vacation.
Campagna et al. (1995) gave the test for dyschromatopsia to 81 RPI workers (79 male
and 2 female) exposed to 4.6, 10.1, and 88.8 ppm styrene (first quartile, median, and third
quartile, respectively). No control group was used. Statistical analysis revealed a
correlation of color vision loss with exposure to styrene, age, and ethanol consumption.

Seeber et al. (2009) evaluated visual functions in the same workplace cohorts described
above for studies of auditory threshold (Triebig et al., 2009). Color vision and contrast
sensitivity were measured using color charts. No effects were observed on either
parameter, both in the total group and with subgroup analysis, thus failing to confirm the
carlier results of Gobba and Cavalleri (1993) and Campagna et al. (1995).

Toppila et al. (2006) investigated the effects of styrene on balance in employees of 16
fiberglass-reinforced plastic boat manufacturers in Finland. They measured postural
stability using static and dynamic measurements on a custom-made tilting force platform.
Individual breathing zone exposure to styrene was measured. The authors analyzed 88
age-matched pairs of laminators (exposed to an estimated average level of 108 mg/m’
styrene) and non-laminators (exposed to an average level of 21 mg/m’ styrene). There
were no unexposed controls. The postural stability of laminators was statistically
significantly aggravated compared with non-laminators in two dynamic tests. The
impairment was observed in young workers and worsened with age.

Viaene et al. (2001) carried out a cross-sectional study of polyester boat builders, 3 years
after the main activity ceased. Workers exposed to a lower concentration of styrene (n =
27) and formerly exposed workers (n = 90) were compared with matched control workers
(n=64). Currently and formerly exposed workers laminated at mean levels of 148 and
157 mg/m’ styrene, respectively. For the period before operations ceased, currently and
formerly exposed workers reported more complaints than controls, which related well
with the mean level of airborne styrene. Most complaints disappeared after exposure
ended, but the equilibrium category score of NSC-60 and the number of workers
reporting diminished sense of smell remained increased in formerly exposed workers (p <
0.05). Test results for symbol-digit substitution and for digit span forwards were worse
in currently and formerly exposed workers (p < 0.01). In the combined group of
currently and formerly exposed workers, the symbol-digit substitution and color-word
vigilance results related well to duration of exposure (p < 0.01 and p = 0.03) and
microsomal epoxide hydroxylase (mEH) phenotype activity (p = 0.01 and p = 0.05).
Most subjective symptoms were reversible but some persisted after the end of styrene
exposure. Dysfunction of visuomotor performance and perceptual speed appeared to
persist. Duration of exposure at lamination tasks and the interaction, concentration times
duration of exposure (C x t), were the best predictors of worsening visuomotor and
perceptual speeds. Activity of the mEH phenotype may modulate styrene neurotoxicity.
Less than 10 years exposure to styrene at a mean level of 155 mg/m’ may result in
persistent neurotoxic effects.

Behari et al. (1986) reported the case of a man who had been working for 5 years with a
photostat process that used styrene and was diagnosed with peripheral neuropathy.
However, in occupational studies, the relationship between exposure to styrene and PNS
effects has been inconsistent (Triebig et al., 1985; Cherry and Gautrin, 1990). A major
difficulty is the choice of an appropriate surrogate for dose that may lead to PNS
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disturbance (Murata et al., 1991). One study used chronic exposure indices including
work method, years at work, time spent laminating (the source of high exposure), styrene
air concentration, and end-of-shift urinary MA (Matikainen et al. (1993). Numbness in
the extremities increased with the exposure index, although with marginal significance (p
<0.1). The styrene TWA/8 hr was 32 ppm for the 100 subjects. The irritant and central
nervous system (CNS) depressant effects of styrene in humans are consistent with the
acute effects observed in experimental animals (Bond, 1989).

One postulated styrene toxicity mechanism is binding of the highly reactive styrene oxide
to nervous tissue. Another postulated mechanism is alteration in the levels of circulating
catecholamines (e.g., dopamine) due to the binding of PGA to these biogenic amines
(Mutti, 1993; Mutti et al., 1984a; Checkoway et al., 1994) and changes in physiological
functions that are under biogenic amine control. Checkoway et al. (1994) described a
cross-sectional study of 59 male boat plant workers exposed to <I to 144 (mean = 37.2)
ppm styrene. Monoamine oxidase B (MAO-B) activity in platelets was measured as an
indicator of catecholamine metabolism. When the styrene-exposed workers were divided
into quartile exposures, a dose-dependent decrease in MAO-B activity was observed after
adjustments for age, smoking, alcohol, and medications. Long-term exposures to styrene
are associated with decrements in physiological functions.

Kolstad et al. (1995) estimated excess deaths due to four major non-malignant disease
groups for 53,847 male workers in the Danish RPI. Low and high styrene exposures
were based on companies with less than 50 percent (low) and those with 50 percent or
more (high) employees involved with reinforced plastics. An internal comparison was
made with workers unexposed to styrene to account for more similar activities and
lifestyles. Excess deaths due to pancreatitis and degenerative disorders of the
myocardium were statistically significant (p < 0.05), but the excess deaths due to
degenerative diseases of the nervous system were not significant.

Benignus et al. (2005) performed a meta-analysis which quantified the relationship
between exposure estimated from biomarkers and effects on reaction time and color
vision using the studies described above and several others. Data were pooled by end
point and transformed to a common metric, percent of baseline. Styrene concentrations
were estimated from biomarkers of exposure and linear least-square equations were fitted
to the data to derive dose-effect relationships. Statistically significant relationships were
found between cumulative styrene exposure (ppm-years) and increased choice reaction
time as well as increased color confusion index. Eight work-years of exposure to 20 ppm
styrene was estimated to (1) increase choice reaction time by 6.5 percent, an amount that
significantly increases the probability of automobile accidents, and (2) increase the color
confusion index as much as 1.7 additional years of age in men.

Styrene Oxide Neurotoxicity

In vivo, styrene is metabolized to styrene oxide. Dare et al. (2002) exposed human
neuroblastoma cells (and primary rat cerebellar granule cells) to 0.3-1 mM styrene-7,8[]
oxide in vitro. The treated cells showed apoptotic morphology, chromatin condensation,
DNA cleavage into large fragments, and activation of class II caspases (proteases
involved in the apoptotic cascade). Pre-incubation with a caspase inhibitor reduced the
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styrene oxide-induced damage. The data indicate that induced apoptosis is a possible
mechanism for styrene-induced nerve damage.

Chronic Toxicity in Humans

Respiratory Effects

Obstructive lung changes were observed in four of 21 workers exposed to styrene for
approximately 10 years (Chmielewski et al., 1971, cited in ATSDR, 1992). Upper
respiratory system irritations were reported among workers exposed to about 140 ppm
styrene (Pokrowskij, 1961, as reported in Ohashi et al., 1985).

Cardiovascular Toxicity

Some occupational studies have suggested elevated risks of heart disease mortality
among workers exposed to styrene (Matanoski et al., 1990; Bond et al., 1992; Wong et
al., 1994), often in those with short employment duration. Matanoski and Tao (2002,
2003) examined the association between styrene exposure and risk of ischemic heart
disease (IHD) (ICD-8 codes 410-414) in male workers employed between 1943 and 1982
in two U.S. plants manufacturing styrene-butadiene rubber. The study population (n =
1,424) included workers who had died from IHD (n = 498) along with a 15 percent
random sample of a larger cohort. Job histories were tabulated for all subjects. Exposure
levels for the jobs were based on measurements when available; for jobs with no
exposure measurements, estimates were based on similar jobs in other plants and the
measurement distribution parameters of the study plant. Both acute and chronic IHD
mortality were examined using Cox proportional hazard regression analyses of time-
weighted average (TWA) exposure and cumulative exposure in models stratified by plant
and adjusted for race, birth year, and duration of employment, with age as the time scale.

Matanoski and Tao (2002, 2003) found that death from acute IHD among active workers
was significantly associated with styrene exposure (TWA) in the most recent two years of
employment, with a relative hazard of 3.26 (95 percent CI = 1.09-9.72) for all active
workers which increased to 6.60 (95 percent CI = 1.78-24.54) among active workers
employed at least five years. Although cumulative exposure to styrene was also
significantly associated with acute IHD in active workers, risks were low compared to
those associated with exposure intensity (1.04 to 1.08-fold for each increase of one ppm-
year). No models for risks of chronic IHD showed a significant association with styrene
exposure. Matanoski and Tao calculated that each increase of one ppm in styrene
concentration during the most recent two years of employment was associated with a
5.86-fold increased risk of death from acute IHD. Matanoski and Tao acknowledged a
need for further research to examine the suggested risk of styrene exposure and acute
IHD in relation to incident events, rather than mortality.

Liver Toxicity

Indicators of hepatic dysfunction included increased levels of certain serum enzymes at
exposure levels greater than one ppm styrene, relative to controls. Among workers
exposed to one to 100 ppm styrene for one to 20 years, exposure-dependent hepatic
injury was suggested by a correlation between serum ornithine carbamyltransferase or
alanine aminotransferase and air level of styrene. In a study of 493 workers exposed to
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five to 20 ppm of styrene for up to 20 years, high serum levels of y-glutamyltransferase
were observed after adjustment for alcohol intake (Lorimer et al. 1978).

Brodkin et al. (2001) investigated whether hepatocellular necrosis, cholestasis, or altered
hepatic clearance of bilirubin occurs with low to moderate styrene exposure. Two cross
sectional studies compared serum hepatic alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), cholestatic alkaline phosphatase (AP) and gamma glutamyl
transpeptidase (GGT)), and bilirubin in 47 workers in fiberglass reinforced plastics
(styrene exposure = 21.8 £ 3.5 ppm (mean = SEM) for 3.7 £ 0.7 yr) and in 21 boat and
tank fabricators (styrene exposure =24.1 = 5.4 ppm for 5.5 + 1.4 yr). Each group had its
own unexposed controls (14 and 26, respectively). Exposure was assessed by personal
breathing zone passive dosimetry and venous blood by headspace analysis. Biochemical
variables were assessed across strata of exposure to styrene defined as above or below 25
ppm in air, or 0.275 mg/L in blood, with adjustment for age, sex, body mass index, and
ethanol consumption. Both studies showed a significant trend for increasing direct
bilirubin and direct/total bilirubin ratio with increasing styrene. Pooled regression
analyses showed a significant linear association between ALT and AST and styrene
exposure; there was an increase in AP of about 10 IU/ml in workers exposed above 25
ppm styrene in air in pooled analyses from both studies. Workers had evidence of
diminished hepatic clearance of conjugated bilirubin and associated cholestasis,
consistent with mild hepatic injury and metabolic dysfunction.

Kidney Toxicity

Minor kidney effects were noted in two studies on styrene-exposed workers (24-53 ppm)
although increased urinary enzyme levels were not observed (Viau et al., 1987; Vyskocil
etal., 1989). Among styrene-exposed workers, increased levels of urinary lysozyme
(muramidase), considered to represent an effect on renal tubules, were reported by
Franchini et al. (1983), who noted a marginal increase in the overnight urinary retinol
binding protein and end-of-shift albumin (corrected for urinary flow) among styrene
workers with an estimated mean exposure of 27 ppm and a mean exposure duration of 13
years. The authors suggested that the marginal increase in urinary albumin could reflect
a glomerular or tubular effect. The results of a historical cohort mortality study on
styrene workers (Welp et al., 1996) suggested increased mortality due to all
nonmalignant diseases of the genitourinary system and to nephritis (inflammation) or
nephrosis (degeneration of the renal tubular epithelium).

Hematologic Effects

Workers exposed to styrene experienced little or no changes in hematologic parameters.
The presence of lowered erythrocyte counts, hemoglobin, platelets and neutrophils and
slightly higher corpuscular red cell volumes among workers in a styrene-butadiene rubber
manufacturing plant was difficult to interpret because of the mixed chemical exposures
(styrene, butadiene, benzene and toluene ) (Checkoway and Williams, 1982).

Carcinogenicity in Humans

More than 20 human occupational studies on the potential carcinogenic effects of styrene
are reviewed here in detail. Greatest emphasis is on: 1) lymphohematopoietic cancers
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(LHC:s), the cancers that have most consistently been found to be associated with styrene
exposure, 2) other cancer sites with elevated rates in exposed workers, and 3) lung and
other respiratory cancer sites, of interest because of findings in animal studies. Reviews
of these studies are organized according to the type of industry and exposure.

Styrene Monomer and Polystyrene Manufacturing

Following recognition in 1974 of the human cancer risk posed by vinyl chloride, attention
was directed to other widely used plastics in which monomer exposure to workers could
be of significance. Styrene (vinyl benzene) was a focus because of its widespread use
and its vinyl side-chain. Manufacture of polystyrene involves potential exposure to
styrene monomer, as well as to other chemicals (Nicholson et al.. 1978). In some plants,
styrene monomer is first produced from ethylbenzene (combined with superheated steam
and iron oxide), and this crude styrene is purified to remove unreacted ethylbenzene,
benzene, toluene, and xylene. Exposure to benzene in some styrene monomer
manufacturing jobs occurred at levels up to 15 ppm TWA. In polystyrene production,
purified styrene is reacted with water, catalysts, and various agents to produce
polystyrene beads; these may be impregnated with pentane to form an expanded polymer,
or extruded and formed into sheets.

Styrene exposure in polystyrene manufacturing varies by task performed, and most
studies have had only crude measures of exposure. Exposure of workers involved in
maintenance in these plants, potentially occurring at times of mechanical breakdown or
leakage of various systems, may have been quite high. In other jobs, exposure may be
somewhat lower and less variable. Average levels of styrene in monomer and polymer
production facilities rarely exceed 20 ppm (85 mg/m’); exceptions are exposures due to
leakages and other malfunctioning equipment (IARC, 1994a). The highest average levels
found in a plant in the U.S. were in polymerization, manufacturing, and purification
areas; mean levels ranged from 8 to 35 ppm (IARC, 1994a). Batch polymerization
produced concentrations up to 88 ppm.

In the studies described below, some facilities also manufactured styrene-butadiene latex,
and workers in these processes were included in the studies (Nicholson et al., 1978; Ott et
al., 1980; Hodgson and Jones, 1985). The results of all of the mortality studies from
styrene exposure in this industry sector are presented in Table 24.

A mortality study of workers in Germany (n = 1,960), exposed to styrene during
manufacture of styrene and polystyrene, was conducted by Frentzl-Beyme et al. (1978).
Follow-up was relatively complete for those workers who were German (93 percent), and
much less for those who were not (29 percent); the small number of deaths (n = 74)
limited the power of the study. Information on exposure was not available for
individuals. Reported as proportional mortality ratios (PMRs), the results of the study
show no elevated mortality from all malignant neoplasms in the cohort of styrene-
exposed workers as compared to the general population (PMR = 81). The PMR for
mortality from all lymphohematopoietic cancers was 108, based on a single case. There
were two deaths from pancreatic cancer (0.7 expected, PMR 286, p>0.1).
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Table 24. Mortality Studies of Styrene-exposed Workers in Facilities

Manufacturing Styrene and Polystyrene

tudy Author . Data Analysis:
Study uthors Mortality rates ata Anatysis Comments
and Design Excess Cancer
Frentzl-Beyme et al. | Cause of Death No analyses reported. Small number of
1978 (Germany) | PMR: deaths limited the
Malignant study power. No
Mortality study of neoplasms 81 expg]sgre
1960 men. Follow- | o CHCS 108 information for
> men. FOUOW= | pancreatic cancer 286 P
up from 1931-1976. individuals.
Nicholson et al., Cause of Death Cancer Mortality Small cohort size
1978 (U.S.) Malionant Obs/Exp: Obe/E and limit of 5 years
alignan LDS/EXD: employment limited
Retrospective cohort neoplasms  17/21.01 . stugy gower. When
£560 Lung cancer 6/ 6.99 High styrene those with < 5 vears
0 men Leukemia 1/0.79 Maintenance 10/8.05 includ ¥ £
employed at least Lymphoma 1125 | Production were included, 5 o
five years. & Polymerization 4/8.17 104 deaths were due
Followed from to leukemia or
1940s through 1975. Low styrene lymphoma.
Service & Utilities  3/4.79
Ottet al., 1980 Cause of Death LHC Incidence Exposure subgrou
p group
(U.S) SMR: 1: extrusion fumes
Malignant Obs/Exp: and polymer dusts;
Retrospective cohort neoplasms 76 Vapors 1 or 3; direct
£2.904 Leukemia 176 Exposure subgroup 1 colorant exposure
ot 2, men LHC other than Lymph. leukemia E pb ’
employed at least | joyemia 132 | 5/0.26" Xposure subgroup
one year during 2: Vapor 1 only.
1937 to 1970 in LHC Incidence Exposure subgroup 2
Dow Chemical Obs/Exp: | Hodgkin’s disease Extrusion fumes and
facilities and Lymphatic 1/0.18 polymer dusts, and
followed through leukemia 7/1.64° Vapors 1 and 3
1975. Multiple denote styrene
gy(t;l(;(ma’ 4/1.55 exposure. Bond et
odgkin s al. used the same
disease 4/2.73 .
exposure groupings,
but naming the
primary agents.
Bond et al., 1992 Cause of Death 15+ Years Follow-up Internal comparisons
; SMR: are with Dow
S hortas Ott | Malignant SMR: employees who were
eta Zie(clo%(z)) ?:/ith neoplasms 81° All LHC 160° notpexl})]osed to
. ’ All LHCs 144
mortality updated Hodgkin’s 222 Internal Comparisons }sltygeni butﬁn ay haive
through 1986. Non-Hodgkin’s 117 RR: ad other chemica

Average follow-up: Multiple myeloma 184 Malignant neoplasms 0.87 | exposures.
30.9 years. Leukemia 118 All LHCs 1.39
Hodgkin’s 243
Non-Hodgkin’s 1.09
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Study Authors
and Design

Mortality rates

Data Analysis:
Excess Cancer

Comments

Multiple myeloma
2.45°

Leukemia 1.18

Hodgson and Jones,
1985 (England)

Retrospective cohort
of 622 men exposed
to styrene at least 1
year. Employed
1945 to 1974,
followed through
1981.

Cause of Death

SMR:
Malignant
neoplasms 90
Lymphoma 540°
Cancer Incidence

SRR:
Lymphoma 375
Total LHC 250
Laryngeal cancer 600
Lymphatic
leukemia 500

Lymphoma Deaths

Age at death

Obs/Exp:

15 - 44 years 2/0.27°
45 - 54 years 0/0.15
55 - 64 years 1/0.08
>65 years 0/0.03

No specific
information on
exposure levels was
available.

Abbreviations: LHC = lymphohematopoietic cancer; SMR = standardized mortality ratio; Obs =
Observed; Exp = Expected; SRR = standardized registration ratio.

p<0.05; °p<0.10

Nicholson et al. (1978) studied mortality of 560 workers who had been employed in a
plant manufacturing styrene and polystyrene. Exposures included styrene, benzene, and
ethylbenzene, among other materials. Individuals were included only if they had been
employed at least five years and were male; an additional criterion of living at least ten
years since they were first hired was applied to those who had worked at the plant prior to
the time of the study. Exposure categories were based on the major work activity within
the plant. These were grouped into “high” (5 to 20 ppm) and “low” (<1 ppm) styrene
exposure groups, although wide excursions from these ranges occurred at specific
locations. Follow-up was complete, and information on those who had died (n = 83)
included death certificates, clinical information, radiographs, and other relevant data.

Overall mortality and cancer mortality were lower than expected based on the general
population, while cancer mortality was elevated in one of the high exposure groups
(maintenance workers, 10 observed, 8.05 expected), but not the other (production and
polymerization workers, 4 observed, 8.17 expected), based on small numbers of cases.
Analyses by calendar year of employment and time since first employment showed some
subgroups with elevated mortality but no clear trends, based on small numbers of cases.
Only one death in the cohort was directly attributed to leukemia, and a second member
had leukemia at the time of his death. However, when deaths (n = 21) among workers
who did not have five years of employment as of May 1, 1960 were included, the total
rose to five leukemia or lymphoma deaths out of 104 deaths. Later follow-up identified
additional deaths from lymphohematopoietic cancers (LHCs) (12 LHCs in 444 deaths).
Nicholson et al. (1978) indicated that, while not definitive, the data were suggestive of an
excess risk for leukemia and lymphoma deaths, and suggested that the possibility of
benzene exposures should be investigated in this cohort.
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Ott et al. (1980) studied male workers (n = 2,904) employed for one or more years in the
period 1937 through 1970 in Dow Chemical facilities. Work histories were obtained for
all employees, and vital status was determined for 97 percent. For the 303 workers who
had died, cause of death was obtained from death certificates. The largest group (n =
1,325) was involved in polymerization, coloring, and extrusion of styrene-based
products; others were involved in research (n = 783), monomer manufacturing and
finishing (n = 410), and styrene-butadiene latex production (n = 391). Some employees
worked at least one year in two or more arecas. Ott et al. (1980) categorized exposure
based on the multiple agents in the environment, the clustering of these agents in certain
work environments, and average intensity. Some had benzene exposure (Vapors 2),
while others did not, and mortality results were examined separately among these in Ott
et al. (1980). Styrene exposure occurred in three different agent groups (Vapors 1,
Vapors 3, and Extrusion fumes and polymer dusts); in each of these, co-exposure with
ethylbenzene was present.

For the overall cohort, mortality from malignant neoplasms was not elevated (SMR = 76,
no ClI reported). Elevated mortality was seen for leukemia (SMR = 176, no CI reported)
and for lymphohematopoietic cancer other than leukemia (SMR = 132, no CI reported).
When mortality was examined based on clusters of exposure groups, no clear pattern was
seen, based on relatively small numbers of cases (e.g., for one grouping that had excess
mortality overall, there were nine total deaths from all causes).

Ott et al. (1980) followed up to examine LHC incidence in addition to mortality, and a
total of 21 incident cases were identified, eight more than in the mortality analyses. In
the overall cohort, some LHCs were elevated (e.g., multiple myeloma, 4 observed, 1.55
expected; Hodgkin’s disease, 4 observed, 2.73 expected); lymphatic leukemia was
significantly elevated (7 observed, 1.64 expected; SMR =427, p<0.05). Ott et al. (1980)
also observed a statistically significant increase in lymphatic leukemia (5 observed, 0.26
expected; p<0.05) among a subgroup of workers who had been exposed to styrene, as
well as to other polymer extrusion fumes, solvents, and colorants. Five of the seven
workers in the cohort who had lymphatic leukemia had worked in the same general area
during 1947-1948, and a sixth had worked in that area in 1952. While noting the
possibility of a contagion etiology, the authors suggested that “[i]f this adverse effect
were environmentally induced, the causative agent may well be a single entity present
during the mid to late 1940s rather than a combination of agents.”

Bond et al. (1992) reanalyzed the mortality of the cohort with an additional 11 years of
follow-up. Individuals with research jobs were analyzed separately because they were
considered not to have classifiable exposure. The number of deaths available for analysis
increased from 320 to 687, with less than 1 percent of workers lost to follow-up. Only
mortality (and not incidence) of LHCs was analyzed. Comparisons were made with the
U.S. white male population and with Michigan-based Dow employees from a mix of
occupations, including some who had had occupational exposures to other potentially
hazardous materials.

In external comparisons, mortality in the cohort from all malignant neoplasms was
statistically significantly lower than expected (SMR = 81, 95 percent CI = 69-95). In
contrast, mortality was elevated from all LHCs (SMR = 144, CI = 95-208) and from each
specific LHC (Hodgkin’s: SMR = 222, CI = 71-518; Non-Hodgkin’s: SMR =117, CI =
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47-240; multiple myeloma: SMR = 184, CI = 74-380; leukemia and aleukemia: SMR =
118, CI = 54-224), but the increase was not statistically significant for any of these
endpoints. Significantly increased rates of LHC mortality were seen among workers with
at least 15 years of follow-up (SMR = 160, CI = 102-238). In internal comparisons with
the other Dow employees, the cohort had a decreased risk of malignant neoplasms, but
the difference was not significant (RR = 0.87; CI = 0.74-1.03). Risk of LHCs were
elevated in comparison to the other Dow workers, based on relatively small numbers of
deaths (all LHCs, 28 deaths), and was statistically significant for multiple myeloma (all
LHCs: RR =1.39, CI =0.92-2.08; Hodgkin’s: RR =2.43, CI = 0.94-6.28; Non!]
Hodgkin’s lymphoma: RR = 1.09, CI = 0.48-2.49; multiple myeloma: RR =2.45, CI =
1.07-5.65; and leukemia: RR = 1.18, CI = 0.58-2.39).

Hodgson and Jones (1985) studied a cohort of 622 men who had worked at a single
chemical manufacturing site where styrene monomer was produced, polymerized, and
processed during the period 1945 through 1974. These men were identified from among
all workers as those who had been exposed to styrene for at least one year, based on the
job they held. A group of manual workers at the plant who had variable chemical
exposure but no specific occupational exposure to styrene (n = 3,072) was treated as a
reference group. Follow-up was complete, except for a small proportion of the cohort (2
percent) who had emigrated, with date of death information for all those who died up to
the end of 1978, and for cancer registrations through the end of 1981.

Deaths from all malignant neoplasms were less than expected in the cohort of Hodgson
and Jones (SMR = 90); the same ratio was seen in the unexposed reference group of
manual workers. Lymphoma mortality was significantly elevated in the cohort (SMR =
540, one-tailed p = 0.02; based on 3 cases). In contrast, in the unexposed population,
lymphoma mortality was less than expected, occurring in the same ratio as all malignant
neoplasms (SMR = 90). A case of lymphatic leukemia also occurred in the cohort, which
was not listed as the cause of death. Thus four incident cases of LHC were observed (1.6
expected based on local registration rates; SRR = 250, 95 percent CI = 67-640).

Although no specific information on exposure was available, the authors note that styrene
exposure would have been “well below the hygienic standard of 100 ppm (420 mg/m’)
with isolated excursions to higher levels” associated with certain tasks. Length of service
of the four LHC cases in the cohort was examined in relation to individually matched
referents and no apparent association was found between length of service in styrene-
exposed jobs and LHC incidence. Hodgson and Jones (1985) noted that length of service
is “probably a rather poor indicator of individual [styrene] exposure.” Each of the four
LHC cases had other potential exposures of concern, such as styrene-butadiene rubber
production, acrylamide, and benzene. All four cases were engaged in jobs involving
styrene contact during one specific time period (November 1960 to March 1961).

Hodgson and Jones (1985) reported that laryngeal cancer occurred in unexpected
numbers (3 observed, 0.5 expected, SRR = 600), especially for the youngest age group
(<45 years, 2 observed, 0.1 expected; SRR =2000). This was based on cancer
registrations and not mortality for this site. Based on small numbers, elevated mortality
was observed for cancer of trachea, bronchus, and lung (5 observed, 4.2 expected; SMR =
119), although this was not statistically significant.
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In summary, four studies, two from the U.S. and one each from Germany and England, of
workers exposed to styrene in the manufacture of styrene monomer and polystyrene were
available (Frentzl-Beyme et al., 1978; Nicholson et al., 1978; Ott et al., 1980; Hodgson
and Jones, 1985) (Table 24). Workers in all four studies had styrene exposure combined
with exposure to multiple other chemicals, such as benzene, ethylbenzene, or 1,3
butadiene, as well as other potentially carcinogenic agents. One study (Ott et al., 1980;
Bond et al., 1992) examined LHC incidence in subgroups of workers with similar
exposure histories in an attempt to reduce the variability of exposures and to look for
cancer mortality patterns in the cohort. Overall, conclusions were limited by the mixed
nature of the exposures and the relatively small numbers of cases.

Although all four studies found suggestions of excess LHC mortality, only the later U.S.
study (Ott et al., 1980; Bond et al., 1992) and the study in England (Hodgson and Jones,
1985) reported statistically significant findings. The U.S. study provided the most robust
dataset for the examination of LHC incidence in workers engaged in manufacture of
styrene and polystyrene, with a cohort of almost three thousand men (687 deaths)
followed up to 50 years. Ott et al. (1980) separately examined subsets of the cohort with
respect to exposure to specific chemicals, devising a scheme for identifying groups of
workers based on exposure patterns. In the follow-up study, Bond et al. (1992) not only
included twice as many deaths for analysis, but also provided detailed mortality
comparisons with an internal group of employees. The internal comparisons show a
similar pattern to that seen in the external comparisons: overall cancer mortality was
lower than expected, but LHC mortality was consistently higher, although most results
were not statistically significant.

Based on small numbers of cases, Hodgson and Jones (1985) found that lymphoma
mortality was significantly increased, and incidence of laryngeal cancer was elevated,
with the elevated mortality for both endpoints concentrated in those who died before the
age of 45. Length of service (as a surrogate for styrene exposure) of cases compared with
matched referents from the cohort did not indicate an increased risk with increased
service, and other exposures experienced by the cases studied by Hodgson and Jones
(1985) suggested possible alternative explanations for the cancers seen.

An interesting aspect of the results of two studies (Hodgson and Jones, 1985, which had
early deaths from lymphoma; and Ott et al., 1980, which had five cases of lymphatic
leukemia), was that the excess mortality occurred in men who had worked during one
specific time period in the plant under study. This suggests that particular conditions
present at that time in that place may have increased the risk of cancer induction.

Fabrication of Glass-Reinforced Plastics

Styrene is the essential co-reactant and solvent in unsaturated polyesters used in
reinforced plastic fabrications (IARC, 1994a). This is the most extensive occupational
setting in which styrene exposure occurs with respect to numbers of workers and
exposure levels, involving fabrication of objects from glass-reinforced polyester
composite plastics such as boats, corrosion-resistant tanks and pipes, bath and shower
units, and automotive parts (IARC, 1994a). Based on recent Toxics Release Inventory
(TRI) information (Scorecard, 2000), 140 U.S. facilities were engaged in production of
glass-reinforced plastic products using styrene as of 1997, of which 19 were located in
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California. The five glass-reinforced plastics manufacturing facilities in California with
the largest releases emitted 846,280 pounds of styrene into air in 1997 (Scorecard, 2000).

Styrene serves as a solvent and a reactant for the unsaturated polyester resin, in which it
is about 40 percent by weight. Both open and closed mold processes are used. In an
open mold process, a releasing agent is usually applied to the mold, a first coat containing
pigments (gel coat) is applied, then successive layers of chopped and/or woven fiberglass
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 lamination and curing, about 10
percent of the styrene may evaporate into workplace air (IARC, 1994a). Exposure to
styrene has been extensively documented. Air concentrations in personal monitoring
zone measurements vary in different countries and during different time periods, with
highs of >4000 mg/m’, and average values of 100-200 mg/m’ or more.

Several factors influence the level of styrene in the air. The manufacture of objects with
large surface areas (such as boats, truck parts, baths, and showers) by the open—mold
process results in the highest exposure. Data from 28 plants in the U.S. showed that the
average exposure to styrene in open-mold processes was two to three times higher than
that in press-mold processes: 102-350 mg/m® (24-82 ppm) versus 47-111 mg/m® (11-26
ppm). In a survey of 12 plants making fiberglass in Washington State, 40 percent of the
8-hour samples contained more than 426 mg/m’® (100 ppm) styrene. Chopper gun
operators had the highest exposure, followed by laminators and gel-coat operators; boat-
building involved higher exposures than any other sector.

Exposures have decreased gradually over the decades since 1970, according to
measurements summarized by Kogevinas et al. (1994) as part of a study of reinforced
plastics workers in several European countries. Because appropriate respiratory
protective equipment can significantly decrease (although not eliminate) styrene
exposure, measurement of biological indicators of exposure complements air sampling.
Unfortunately, the only available epidemiologic study of cancer incidence or mortality in
the reinforced plastics industry, which used biological indicators for assessing styrene
exposure, was limited by small numbers of workers (Anttila et al., 1998).

Other substances may be found in workplace air in plants producing reinforced plastics.
NIOSH (1983) reported that measurable quantities of a number of substances, in addition
to styrene, were found in air samples at worksites producing reinforced plastics, including
acetone, methylene chloride, fibrous glass, toluene, methyl ethyl ketone, methyl isobutyl
ketone, silica, xylene, amines, naphtha, benzene, ethyl benzene, perchloroethylene, and
styrene oxide, among others. In some of these workplaces (e.g., Coggon et al., 1987),
asbestos exposure also occurred. Acetone is the major concurrent exposure, according to
IARC (1994a), who also noted that benzene was not reported in any of the air samples (n
= 2528) in a fairly recent (1990) study in the Danish work environment.

Okun et al. (1985) examined cause of death patterns among 5,201 workers, including 682
women, employed between January 1959 and September 1978 at two reinforced plastic
boat-building facilities in Washington State. These NIOSH investigators conducted in-
depth industrial hygiene surveys to classify jobs and departments, and identified 2,060
workers as having high styrene exposure. Exposure measurements showed a difference
in the high styrene exposure levels (company A, mean = 42.5 ppm, range 12.0 to 84.7

Styrene in Drinking Water 151 December 2010
California Public Health Goal (PHG)



ppm; company B, mean = 71.7 ppm, range 10.4 to 183.0 ppm). The majority (75
percent) of the workers employed in high styrene exposure jobs were employed for <1
year. The person-years at risk were mostly in the later calendar years of the study, as the
bulk of the workforce had been first employed during the late 1960s and early 1970s.
Only 37 percent of the high exposure group was observed for greater than ten years from
the date of first employment, and less than one percent of individuals more than 20 years,
which limits the power of this study to detect a carcinogenic effect of styrene.

Among the high styrene exposure group, 47 deaths were observed; all were white males.
No elevated mortality for malignant neoplasms was seen in this group (SMR=86), nor
were any cases of lymphohematopoietic cancers seen in the entire cohort (total deaths =
176). Additional follow-up of the cohort revealed one lymphoma death (in 1981), in an
individual employed for 10 years in the minimal styrene exposure group. As conducted
(Okun et al., 1985), the power of the study to detect a significant excess at a relative risk
of 2.0 was 14 percent for leukemia and 15 percent for lymphoma.

Ruder et al. (2004) updated mortality for the above styrene-exposed boat builders
through 1998. SMRs and 95 percent Cls used Washington State and U.S. death rates.
Overall, 860 deaths occurred (SMR = 1.09, CI 1.02-1.17). Excess mortality was recorded
for esophageal cancer (12 observed, 5.2 expected; SMR = 2.30, CI 1.19-4.02) and
prostate cancer (24 observed, 14.0 expected; SMR = 1.71, CI 1.09-2.54). Urinary tract
cancer (6 observed, SMR 3.44, CI 1.26-7.50) was significantly elevated among 2,062
highly exposed workers. Urinary tract cancer SMR increased with duration of
employment. No excess leukemia or lymphoma mortality was found. The authors
believe that the excess urinary tract cancer mortality could be due to chance.

In a study of 7,949 workers in eight glass-reinforced plastics facilities in Great Britain,
Coggon et al. (1987) examined mortality in relation to styrene exposure. Four exposure
categories were described which all included some styrene exposure (background, low,
moderate, high). Follow-up varied for the different plants, half of which had operated for
less than 20 years. Results for the single facility that made boats were analyzed
separately, because the personnel records for this company were incomplete and thus a
lower proportion (62 percent) was available for the analyses. Workers at two facilities
had asbestos co-exposure. Although a reasonably large proportion of the cohort had held
high exposure jobs (such as hand lamination) at some time (n = 3,494), the power of the
study to detect an effect among these workers was limited; the authors note that after
allowing for a latency of 20 years from first exposure, only five cancer deaths would have
been expected among hand laminators exposed at least one year.

Coggon et al. (1987) report an elevated risk of lung cancer among workers in these
plants. Lung cancer risks increase in relation to exposure to some extent (Table 25),
though none were statistically significant. Excess lung cancer risk was apparent at
facilities with no concomitant asbestos exposure. Overall mortality of the cohort from
respiratory disease was well below that of the national population (SMR = 70, 95 percent
CI = 53-90), which might indicate lower smoking rates in the cohort, or may be due to
the miscalculation of person-years at risk, discussed below. When expected mortality
rates were corrected to the local areas, the total number of expected lung cancer deaths
was, according to the authors, “virtually unchanged.” Lung cancer rates were not
increased in relation to time since first exposure and were highest in those members of
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the cohort first exposed after 1969 (Table 25), the opposite of that expected based on
styrene levels, which were higher before 1970.

Fewer lymphohematopoietic cancers (LHCs) were observed than expected based on
national rates (for all LHCs, six observed, 14.9 expected). An additional eight such
cancers were registered among members of the cohort still alive at the end of follow-up
or who had died from other causes. Mortality may be a poor choice of endpoint for the
study of these cancers, since LHCs are often not the immediate cause of death and thus
may be missed in mortality studies. The one subject with high styrene exposure among
the LHC deaths was a hand laminator from the boat-making facility, who died of non(]
Hodgkin’s lymphoma (SMR = 311). No information was provided on the eight
individuals with LHC who were not included in the mortality analyses. Rates of specific
LHCs were not elevated in the cohort as a whole, and the number of cases was small;
thus, subgroup analyses provide little indication of any pattern of risk.

Of the total cohort, 1311 were women. Although not statistically significant, mortality
rate ratios were slightly elevated for cancers of the female reproductive organs, and,
based on a small number of cases, appeared to be greater for those with high exposure
(SMR = 196, cervix; SMR = 282, ovary) compared to those with background exposure
(SMR =77, cervix; SMR = 105, ovary); no cases were seen in the other exposure groups.

Table 25. Mortality Studies of Styrene-exposed Reinforced Plastics Workers

Study Authors Mortality Rates* Data Analysis:
: Comments
and Design (95 percent CI) Excess Cancer
Okun et al., 1985 Entire Cohort None. Workers with high
(US) SMR: styrene exposure
All causes 90 identified based on
Retrospective cohort Malignant industrial hygiene
neoplasms 103 measurements.
of 5,201 workers All LHC 0
employed from 1959 |y fale repro cancer 224 Authors note that due

to 1978 at 2 facilities.

Female repro cancer 268

High Styrene

to short length of
observation and young
age of most cohort
members, study had

Al causes —SI%R little power to detect
Malignant mortality excess.
neoplasms 67
All LHC -0
Ruder et al., 2004 Entire Cohort No excess leukemia or
(U.S) SMR : |lymphoma mortality.
Update of Okun et al., All causes 109 Esophageal and prostate
1985 Esophageal ca. 230 cancer were significantly
Prostate ca. 171  |elevated in the entire cohort.
In the High Styrene group
High Styrene urinary tract cancer was
SMR : |elevated (6 obs; 1.7 exp) and
Resp. Disease 254 increased with duration of
Urinary tract ca. 344  |employment.
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Study Authors
and Design

Mortality Rates*
(95 percent CI)

Data Analysis:
Excess Cancer

Comments

Coggon et al., 1987
(Great Britain)

Retrospective cohort
of 7,949 men and
women workers at
eight facilities from
1947 to 1984.

Entire Cohort

Lung Cancer

SMR: |Exposure level SMR:
All causes 83" (77-89) |Background 100
All neoplasms Low 104
80" (69-93) |Moderate 150
Respiratory High 120
disease 70* (53-90) |Length of exp SMR:
Lungca. 112 (89-139) [<I year 96
Cervical ca. 107 (13-386) |1-9 years 154
Ovarian ca. 149 (41-381) |>10 years 89
Time since 1*exp SMR:
<9 years 125
10-19 years 131
220 years 113
Period of 1" exp  SMR:
<1960 114
1960-69 88
>1969 213

Female Repro Cancer
Cervical cancer

SMR:

Background exp. 77

High exposure 196
Ovarian cancer SMR:
Background exp. 105
High exposure 282

Lung cancer included
cancer of the lung,
pleura, and
mediastinum (codes
162-164 of ICD, 9"
revision).

The study had limited
power to detect an
effect on long latency
cancers: only 17 deaths
from all neoplasms
occurred in those
whose first exposure
began >20 years before
end of study.

‘High’ exposure
category was estimated
as 8-hour TWA of 40(]
100 ppm.

Reported rates exclude
workers from one
facility that had
substantially different
follow-up.
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Study Authors Mortality Rates' Data Analysis:
. Comments
and Design (95 percent CI) Excess Cancer
Kolstad et al., 1994 Entire Cohort Yrs since 1™ employ SIR: |Incidence rather than
(Denmark) SIRs: Non-Hodgkin’s <10 168" |mortality was
All cancers 102 (97-107) 210 1 12 examlned ln the
Retrospective cohort NonHodgkin’s Leukemia <10 71 |study of LHCs.
tudy of 36,525 133 (96-180) 210 157°
Study o1 99,220 M1y eykemia 122 (88-165)  |Hodgkin's <10 121 ,
workmg at 38§ Hodgkin’s 108 (62-176) 10 %7 Exposure assignment
companies during the _ Mult myeloma <10 141 |Wasonacompany-
early 1960s to 1988.  |Exposure Potential >10 76 wide basis.
1-49% styrene All LHCs <10 119 |Monitoring data were
Kolstad et al., 1995 . SIR: >10 120 |available for a subset
(Denmark) Non-Hodgkin’s . of the companies.
. 165 (115-228) First year of employ SIR:
36,610 men working Leukerpla 115 (77-167) Leukemia
T . HOdgkll’l,S 92 (42-174) 1964-1970 1543
in reinforced plastics i
) AIILHC 124 (99-154)  |1971-1975 100
at 386 companies and
1976-1988 51
14,293 workers from [50-100% styrene Non-Hodgkin’s
Similar industries . SI_R 1964-1970 128
without styrene Non-Hodgkin’s 1971-1975 119
exposure from 1970 to 62 (23-135)  11976-1988 164
1990. Leukemia 138 (75-232) |A| LHC
Hodgkln’s 141 (57-291) 1964-1970 132d
AILLHC 109 (74-155)  |1971-1975 112
. 1976-1988 97
Unclassified
SIR: Regression analysis IRR:
AILLHC 171 (89-299)  |pancreatic cancer
All RFP 1.4
. SIRS: |1 ow styrene 1.1
All solid cancer 99 High styrene 298
Salivary gland 174 | st empl >1970 1.4
Pancreas 120 st
- 1 empl <1970 2.0
Nasal cavities 184 <1 year empl 25
Pleura 178 >1 year empl 1.8
Ext. male genital 160 |,;. ’
Oth docti 166 High <1 yr empl 3.1
et endoctine High >1 yr empl 3.4°
Urinary bladder
All RFP 1.2
>1 yrempl/lowexp 1.6
>1 yr empl/highexp  2.1°
Kogevinas et al., 1994 |Entire Cohort Internal Comparisons Mortality rates
[European SMR: |>20 years since 1" expos. |calculated based on
(composite)] All causes 92 (88-95)° RR: rates in each country.
All neoplasms Esophag. 5.82(1.0-33.9)
Ret i hort 87 (81-94)" |Pancreas 2.05(0.58-7.29) |Job information used to
etrospective coho Circulatory 92 (87-97)" |LHCs identify exposure
of 34,560 men and Time since 1" exp RR: categories was only
6,128 women. Laminators <10 yrs 1.0 available for
Follow-up ranged SMR: [10-19 yr 2.90 individuals in some
generally from late All causes 88 (81-96)" (1.29-6.48)* |countries. The category
1940s or mid-1950s  |All neoplasms >20 yrs 3.97 called “laminators” (n =
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Study Authors

Mortality Rates*

Data Analysis:

and Design (95 percent CI) Excess Cancer Comments
through late 1980s or 91 (78-1006) (1.30-12.1)* |10,629), assumed to
early 1990s. Esophagus 181 (87-334) |(linear trend p =0.0127) have the highest
Smallint 227 (6-1266) |LHCs - avg. exposure exposure, did not
. o Pancreas 148 (76-258) |ppm_ RR: include any of the
Eﬁﬂ?ﬂg{g?f{sa 9]A’] Cervix uteri 112 (3-626) | <60 1.0 workers exposed in
ltaly, Lig.: 1,438 [4%] Ovary 261 (71-669) [60-99 1.68 Denmark or Finland, as
Italy, E.R.: 5,,818 [14%] Thyroid 227 (6-1266) (0.59-4.79) |well as some in
Norway: 2,035 [5%] AllLHC ' 81 (43-139) |100-119 3.11 Sweden. These
Sweden: 3,667 [8%] Non-Hodgkin’s (1.07-9.06)* wprkers, or f‘workers
UK-1: 7,971 [20%] . 140 (56-288) |[120-199 3.08 with unspecified tasks”
UK-2: 1,807 [4%)] Hodgkin’s 133 (27-388) (1.04-9.08)" |(n=17,952), were
’ >200 3.59 more than 50% of the
Unspecified Tasks (0.98-13.1) |cohort, and included
SMR: |(linear trend p = 0.019%) laminators in these
All causes 106 (100-112) |LHCs - cum. Exp countries, and others
All neoplasms 99 (88-112) |ppm-yrs RR: who may have had
Pancreas 117 (68-188) |<75 1.0 some high exposures.
Accident/Violence 75-199 0.98
128 (113-145)" (0.43-2.26) |Short-term workers (<2
AIILHCs 119 (80-170) |200-499 1.24 years exposed) made up
Hodgkin’s 107 (22-312) (0.57-2.72) |81% of the Danish
Multiple myeloma >500 0.84 cohort. Exclusion of
193 (78-398) (0.35-2.20) |the Danish workers led

Leukemia 140 (79-228)
Myl. leuk 142 (65-269)

Excluding Denmark
LHCs — cumulative exp

m-yrs
<75
75-199
200-499
2500

RR:
1.0
1.7
22
1.5

to a finding of
increased risk with
cumulative exposure
not seen in the analysis
of the full cohort.

Anttila et al., 1998
(Finland)

Retrospective cohort
of 2,580 men and
women.

Cancer Incidence

SIR:
All sites 80
Rectum 3117
Pancreas 166
Nervous system 161
Hodgkin’s lymph 189

Cancers 10+ years Since

First Measure

Rectum
Pancreas
Nervous system

SIR:
349
364
311

Data on a styrene
metabolite, urinary
mandelic acid, was
collected following
styrene exposure of
cohort members
during 1973 to 1983

Abbreviations: CI = confidence interval, LHC = lymphohematopoietic cancer; ppm = parts per
million; RR = risk ratio; SMR = standardized mortality ratio; SIR = standardized incidence ratio;

exp = exposure; TWA = time-weighted average.

" SMRs, SIRs, etc., are not statistically significant unless marked as such.

* p<0.05

The report failed to provide details on how person-years at risk were calculated. The
finding that observed numbers of deaths were 20 percent less than expected for all of the
mortality categories raises concerns that the investigators somehow miscalculated the
expected numbers. An additional problem was the use of the 9" revision of the ICD for
coding deaths in cohort members, which occurred during times when revisions 5 through
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9 of the ICD were used to code the comparison (national) deaths. Also the “all cancer”
analysis included ICD codes 140-239, but within that range 210-239 are not malignant
neoplasms.

Analyses of workers from 30 reinforced plastics plants in the U.S. have been reported
(Wong, 1990; Wong et al., 1994). Loss to follow-up was considerable in the earlier
analysis (16.1 percent) and less problematic in the later one (3.5 percent). Extended
mortality follow-up in the later study (through 1989) gave it more power than the earlier
study, but both studies relied on exposure information collected for the original study,
including employment history data (through 1977). In our summary of the first paper, we
describe the overall methods used; for the summary of the second, only differences are
included. Although both looked at mortality, the two studies conducted different
analyses with respect to styrene exposure.

Wong (1990) used company and social security records to identify deaths through 1977
in a cohort of 15,908 individuals, men (75.6 percent) and women (24.4 percent), who had
worked at least six months from 1948 to 1977. The mortality of the cohort was compared
with that of whites in the general U.S. population. Exposure to styrene was estimated for
individuals based on an industrial hygiene survey conducted for the study; both average
and peak time-weighted averages (TWA) were developed based on a set of consolidated
job titles. Almost half of the cohort (46 percent) had worked for less than two years at
the participating plants, and 31.9 percent had worked two to five years. At the end of the
observation period (1977), more than 80 percent of the cohort was living, and only 3.1
percent (499) were deceased. Person-years for the subjects lost to follow-up were
counted up to the date of the last contact (e.g., date employment terminated).

The notable finding from the Wong (1990) study was an excess of laryngeal cancer (all
males, SMR = 360, p>0.05), that was greater for those with a longer time since first
exposure to styrene (20-29 years, SMR = 732, p>0.05) and was significantly increased
for those with higher average exposure (>12 ppm, SMR = 941, p<0.01). Slight
elevations were seen for Hodgkin’s disease, based on three deaths that occurred in
individuals whose average styrene exposure was >12 ppm. Leukemia mortality ratios
differed by estimated styrene exposure (<12 ppm, SMR = 33.8; >12 ppm, SMR = 259.6),
but were not statistically significant. These analyses were not repeated in the Wong et al.
(1994) study.

A detailed review of work history, undertaken for a nested case-control analysis, brought
out one of the problems with Wong (1990). More than half of the workers were “not
exposed” directly to styrene (25 of 40 cases and 58 of 102 controls). Wong (1990) found
no association of respiratory cancer with styrene exposure, but did report an association
with smoking (RR =7.33, p = 0.04). The work history review indicates that exposure
misclassification occurred in the other analyses, in which all subjects were grouped as
having either >12 ppm or <12 ppm exposure to styrene; a substantial proportion was
actually unexposed. Other problems with this study include the high proportion of
workers lost to follow-up and the insufficient follow-up period (the average was 7.7
years, according to Kogevinas and Boffetta, 1991) for the evaluation of cancer risks.
These combine to make Wong (1990) a poor quality study.
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The second study (Wong et al., 1994) extended the mortality follow-up to the end of
1989, and reduced the percent of the cohort with unknown vital status. Wong et al.
(1994) considered styrene exposure based not on styrene level as done earlier, but on
exposure duration (the number of years from 1948-1977 during which exposure occurred
to each worker), and on cumulative exposure (calculated by multiplying duration of
exposure by the estimated TWA exposure level). These values were based on the same
data used in the Wong (1990) analyses, that is, no updated exposure information was
collected. Thus, duration was based on employment only through 1977, and exposure of
cohort members who were still working during part or all of 1977-1989 was not included.

In the overall cohort, mortality from all cancers was significantly increased (SMR =
115.5, 95 percent CI = 104.8-127.1), as was mortality from respiratory cancer (SMR =
139.3, CI =119.0-162.0), and cancer of the bronchus, trachea, and lung (SMR = 140.6,
CI=119.8-164.0). Laryngeal cancer mortality was not elevated. Esophageal cancer was
significantly increased (SMR = 191.7, CI = 104.8-321.7). For cancer of the reproductive
organs, cervical cancer was significantly increased (SMR = 283.5, CI = 135.9-521.3), as
was “cancer of other female genital organs [besides the uterus]” (SMR = 201.6, CI =
107.4-344.8). Kidney cancer was elevated but did not reach statistical significance (SMR
=175.2, CI =98.1-289.0). Rates of LHC mortality were not elevated (SMRs<100).

When mortality was examined based on “latency,” the time since first exposure to
styrene, increasing mortality with increasing latency was observed for all cancers and for
cancer of the bronchus, trachea, and lung, with statistically significant increased rates for
the longest time periods (=20 years). Rate ratios of specific LHCs showed possible
elevations at the longest latency for lymphosarcoma (=20 years, SMR = 162.6) and
“cancer of all other lymphopoietic tissues” (=20 years, SMR = 150.4), and at the shortest
latency for Hodgkin’s disease (<10 years, SMR = 128.5) and leukemia (<10 years, SMR
=110.9). All were based on small numbers, and none was statistically significant.

Examination of mortality based on duration of exposure did not indicate an increasing
cancer risk with increasing duration or with cumulative exposure; for many cancer sites,
the subset of the cohort with less than one year of styrene exposure had the highest rates.
The great majority of deaths (69 percent) occurred among those with less than five years
of exposure, and analyses of the groups with longer duration were based on very small
numbers of cases. As noted by IARC (2002), Wong et al.’s use of both cumulative
exposure and exposure duration, two correlated exposure indices, in the regression
models may have artificially reduced the coefficients of both.

Kolstad et al. (1994) examined lymphohematopoietic malignancies in a cohort of all
reinforced plastics workers in Denmark: 36,525 male employees of 386 companies in
operation beginning in the early 1960s (whenever the work began at each company) and
extending through 1988. Exposure status was assigned based on company; specific
exposure information was not available for individuals. Based on two raw materials
dealers’ classification of an initial list of companies, those that had more than 50 percent
of their workforce employed in reinforced plastics manufacture (n = 12,837) were
considered separately from those with less than 50 percent doing this work. Estimates of
employment duration were based on the amount paid for each individual each year into
the pension fund by the employer, rather than by date of first and last employment.

These dates did not correlate well with information on employment duration obtained in a
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questionnaire sample of 671 employees of eight companies; in this sample, 40 percent of
workers classified as short-term on the basis of pension fund payments were classified as
long-term on the basis of the questionnaire. Monitoring data were also available for a
subset of the companies for portions of the study period, allowing changes in styrene
levels in air over time to be estimated.

Kolstad et al. (1994) reported standardized incidence ratios (SIRs) based on comparison
to national rates of lymphohematopoietic cancers (LHC). Use of incidence strengthens
the study; long survival times after LHC diagnosis can lead studies based on mortality to
miss cases. The authors used several approaches to assess exposure-disease
relationships, in each case stratifying by time since first employment. These approaches
include considering: 1) the two groupings of companies based on the percentage (<50
percent, > 50 percent) of workforce producing reinforced plastics; 2) the time period of
first employment; 3) employment duration; and 4) measured styrene levels.

When LHC incidence was considered by company groups, a statistically significant
increased SIR was reported among employees of companies with <50 percent reinforced
plastics workers for non-Hodgkin’s lymphoma (SIR = 165, 95 percent CI = 115-228).
Higher rates were seen among those with <10 years since first employment (SIR = 235,
CI=142-367), and these were also statistically significant. Among this same set of
companies, leukemia rates were elevated but not significantly for workers with >10 years
since first employment. For the set of companies identified as having had 50-100 percent
of their workforce producing reinforced plastics, SIRs were elevated for Hodgkin’s
disease and leukemia, but this did not approach statistical significance. Considering the
cohort as a whole, rates of non-Hodgkin’s lymphoma and leukemia appeared somewhat
elevated but were not statistically significant.

Since styrene exposures were considerably higher in the 1960s, Kolstad et al. (1994)
examined the LHC incidence with respect to the year of first employment. Among
members first exposed during 1964-1970, the rates were statistically significant for all
LHCs (SIR = 132, CI = 102-167) and for leukemia (SIR = 154, CI = 104-219). Among
those first employed during these early years, statistically significant increased rates were
observed for leukemia among those followed >10 years after first employment (SIR =
169, CI = 109-249) but not in the first ten years after initial employment (SIR = 106, CI =
35-248). For those first employed during a middle period (1971-1975) or the latest
period (1976-1988), non-Hodgkin’s lymphoma rates were elevated overall or for
subgroups based on time since first employment, but none were statistically significant.

Despite inaccuracy in the estimates of employment duration as identified in the
questionnaire sample, Kolstad et al. (1994) examined a subset of the cohort (those first
exposed after 1970) by length of employment. Rates for overall LHCs were the same
regardless of length of employment for the first ten years after initial employment. For
those followed >10 years after first employment, the overall LHC rate (SIR = 165, CI1 =
118-226) and the leukemia rate (SIR =243, CI = 143-361) were significantly elevated
only for those employed <1 year. Among those employed longer, neither the overall
LHC nor the leukemia rate was elevated.

In the subpopulation for which styrene measurements were available, employees of
companies with a mean styrene level above 50 ppm had an elevated rate of Hodgkin’s
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disease (SIR = 248, CI = 80-578), which was greater than the rate of those working in
companies with a lower average styrene (SIR = 137, CI = 17-495), but the confidence
intervals were wide and overlapped. The SIR values for other LHCs were not increased
in this subpopulation and did not correlate with styrene level.

In a second report on this cohort, Kolstad et al. (1995) considered incidence of solid
tumors. Incidence of all solid cancers was similar to the general population of Denmark
(SIR =99, 95 percent CI = 93-105). Kolstad et al. (1995) used Poisson regression
models to assess the non-LHC cancer incidence in the cohort, compared with men
employed in similar industries that do not have styrene exposure (calculating incidence
rate ratios, IRRs). The models included variables for exposure probability, age, year of
first employment, duration of employment, and time since first employment. Because of
concern about confounding by social class in mortality studies of this cohort of mainly
unskilled workers, Kolstad et al. (1995) considered these regression analyses to be more
valid than comparisons with the general population. Analyses that compare workers with
workers are generally more valid due to their intrinsic adjustment for bias from the
healthy hire effect, a component of the healthy worker effect.

Incidence of pancreatic cancer was slightly elevated in reinforced plastics workers overall
(IRR = 1.4, 95 percent CI = 0.8-2.6), and was statistically significantly increased in those
who had high exposure probability (IRR = 2.2, CI =1.1-4.5). Urinary bladder cancer was
elevated among reinforced plastics workers employed more than one year (IRR = 1.7, CI
=0.9-3.0), with some indication of a dose effect based on exposure probability (low, IRR
= 1.6, CI =0.9-2.8; high, IRR = 2.1, CI = 1.1-4.1). Rates of lung cancer were somewhat
elevated in reinforced plastics workers, but varied little based on exposure probability.
Based on year of first employment, increased lung cancer risks were seen in those
employed in the higher exposure period (before 1970) (<1970, IRR = 1.6, CI = 0.9-2.5),
but did not reach statistical significance.

Kolstad et al. (1995) noted the well-documented high styrene exposure levels that
occurred in the reinforced plastics industry during the 1960s, and suggested that calendar
year may be the most valid indicator of exposure. Lynge et al. (1997) noted that average
styrene exposure measured among persons employed in reinforced plastics production
during 1964-1970 was 767 mg/m’ (180 ppm). The lack of information on individual
exposure for this cohort is an important limitation, although Kolstad et al. (1995) refer to
styrene’s high volatility and the small companies (<5 workers) dominating the industry in
arguing that employees had few opportunities to avoid styrene exposure.

Reinforced plastics industry workers (n = 40,688) from six countries [Denmark, Finland,
Italy, Norway, Sweden, United Kingdom (UK)] were included in the study by Kogevinas
etal. (1994). It included 34,560 men and 6,128 women ever employed in this industry
(Table 24). The percentage of workers employed less than two years varied from a low
of 9 percent in Finland to a high of 81 percent in Denmark. Overall, approximately 47
percent of the non-Danish portion of the cohort were short-term workers. Close to half of
the cohort was first employed after 1975. Danish workers included in the Kogevinas et
al. (1994) cohort were the subset of the Kolstad et al. (1994) cohort who worked in
companies considered to have had at least half of their workers engaged in reinforced
plastics manufacture. The cohort reported by Coggon et al. (1987) was also included in
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the Kogevinas et al. (1994) cohort, with a few additional years of follow-up (through
1990 rather than 1984).

Exposure characterization of individuals varied by country. In some countries, exposure
status was based on job titles and monitoring data, including both environmental
measurements and urine samples (collected in the late 1980s). However, for a substantial
proportion of the cohort, individual job titles were not available or workers had
unspecified tasks. Nevertheless, Kogevinas et al. (1994) distinguished five groups of
workers, and indicated that these groupings reflected workers’ exposure potential. Of
these, the laminators (n = 10,629) were assumed to have had the highest exposure
potential. However, all the subjects in the Danish and Finnish subsets of the cohort, as
well as a significant portion of the Swedish subset, were grouped together in a category
as “workers with unspecified tasks” (n = 17,952). Kogevinas et al. indicate that, on
average, these workers had lower exposures than laminators, but that some may have had
very high exposures (i.e., they were laminators and others working in small companies).

Measured exposure information for early time periods (before 1970) was available only
for Denmark, which indicated that average styrene exposure was higher before 1970 than
after. Recorded average exposure in 1965 (in Denmark) was 205 ppm, compared to
average exposures in 1975 (in all countries in the cohort) of around 100 ppm, decreasing
to near or below 40 ppm by 1990. Kogevinas et al. (1994) developed two different
models for estimating early exposures. Model A assumed that all countries had
exposures at the levels measured in Denmark, and model B assumed that styrene levels
first measured in each country adequately reflected levels in all previous periods. All
results reported here reflect the first exposure assumption, which appeared to be well-
justified, based on the similarity in production processes and materials, the similarity in
time trends, and some limited data on earlier periods in countries outside Denmark.
Cumulative (ppm-years) and average (ppm) exposure were estimated for individual
cohort members on the basis of job records (longest job held) and country- and time
period-specific exposure estimates using both models.

National mortality rates for each gender were used for external comparisons. Rates were
not adjusted for socio-economic status or regional variation; wide social or regional
variation has been recorded in some European countries for specific neoplasms such as
lung cancer, but that little evidence exists for such variation in rates of lymphomas and
leukemias. Regression analyses were conducted using internal comparisons limited to
exposed cohort members, and focused a priori on neoplasms of the lymphohematopoietic
tissues. All regression models included age, calendar period (four levels), country,
gender, and time since first exposure. Exposure categories were based on cut-off points
chosen so that each level included an approximately equal number of LHC cases and
none of the levels were restricted to a narrow exposure range.

Based on external comparisons, mortality from malignant neoplasms was lower than
expected based on national rates (SMR = 87, 95 percent CI = 8§1-94). Among laminators,
non-LHC malignant neoplasms showed elevated risks for cancer of the esophagus (SMR
= 181, CI = 87-334) and pancreas (SMR = 148, CI = 76-258).

Among laminators, elevated risks were seen for non-Hodgkin’s lymphoma (SMR = 140,
CI =56-288). Workers with unspecified tasks, who represented more than 40 percent of
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the deaths (including all of those from Denmark), had elevated (though not statistically
significantly) mortality rates for all LHCs (SMR = 119, CI = 80-170), multiple myeloma
(SMR =193, CI = 78-398), leukemia (SMR = 140, CI = 79-228), and myeloid leukemia
(SMR = 142, CI = 65-269). Among all exposed workers, those with two or more years
exposure duration and at least 20 years since first exposure had elevated risks for all LHC
(SMR =173, CI =70-357) and leukemia (SMR = 194, CI = 40-566), but these were not
statistically significant.

Results for Poisson regression models provide the most valid findings. In these internal
comparisons, the main findings with respect to LHC were that cumulative exposure was
not associated with all LHC or with leukemia, whereas average exposure was positively
associated. A clear linear trend was seen for all LHC, with a relative risk (RR) of 3.6 (95
percent CI = 1.0-12.1) for those exposed to >200 ppm TWA. For leukemias alone (ICD
204-208, gt revision), elevated risks are observed for each TWA exposure level >60
ppm, as compared with <60 ppm. Similar results were observed for malignant
lymphomas (ICD 200-202, 8" revision). Each of these outcome groups showed an
increase with increasing time since first exposure. Analyses by duration of exposure
were heavily influenced by the Danish results, and mirror those reported by Kolstad et al.
(1994). Risk for pancreatic cancer increased with increasing cumulative exposure,
although the risks were not statistically significant (<75 ppm-years, RR = 1.0, reference
group; 100-199 ppm-years, RR = 1.44; 200-499 ppm-years, RR = 1.90; >500 ppm-years,
RR =2.56, 95 percent CI = 0.90-7.31; p for trend = 0.07).

An issue of concern with LHC mortality is the impact of the patterns seen in the Danish
subset on the overall cohort; workers from this country represented 39 percent of the
cohort. Regression analyses conducted by Kogevinas et al. (1994) considered only
exposed workers; of the 50 exposed LHC deaths, 24 were Danish. Although there was
no indication in the overall cohort of a trend for increasing risk of LHCs with increasing
cumulative exposure, an increase was observed when the Danish workers were excluded
from the analyses.

As noted above, 80 percent of the Danish workers were employed less than two years,
and thus analyses by duration of exposure were heavily influenced by the Danish results
and mirror the results reported by Kolstad et al. (1994). However, analyses of LHC risk
in relation to time since first exposure (latency), which were not sensitive to the length of
employment, show a sta