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INTRODUCTION

A
lthough the SIRC Review has not previously

begun with a dedication, the Styrene Information

and Research Center (SIRC) would like to ignore

that precedent and dedicate this eighth volume of the

SIRC Review to Betsy (Shirley) Natz.

Betsy retired as executive director of SIRC in

December 2001. Betsy was SIRC’s first full-time employ-

ee, leaving the staff of Alaska’s Senator Murkowski at

SIRC’s inception in 1987. She was appointed executive

director in 1989. In the years that Betsy led SIRC, she

coordinated and implemented our efforts to provide sci-

entific answers on health and safety issues about styrene,

and communicated our research and SIRC’s viewpoints

to regulatory officials and to the general public. This

eighth volume of the SIRC Review, as with previous ones,

is a reflection of many of the efforts that she oversaw.

With this dedication come our best wishes for Betsy’s

continued success and our thanks for her years of hard

work on behalf of the styrene industry. 

The first article in this issue is the SIRC-sponsored

mouse chronic toxicity-carcinogenicity study, reprinted

from the Journal of Applied Toxicology. At its founding,

SIRC’s initial goal was to provide state-of-the–art data to

allow for a rigorous, scientifically credible assessment of

the carcinogenic potential of styrene. The key studies

identified were epidemiologic studies of styrene-exposed

workers and state-of-the-art lifetime cancer studies in

both rats and mice. This mouse study represents the final

study of this trio to be completed and published (see

Wong et al., SIRC Review, vol. 4 for the epidemiologic

study and Cruzan et al., SIRC Review, vol. 7 for the rat car-

cinogenicity study). Unlike rats, mice have a response in

the lungs to inhaled styrene characterized by a progres-

sive series of changes. These begin with subtle early

microscopic lung changes found after exposures of a few

days up to several weeks, through more extensive micro-

scopic changes after 12 to 18 months exposure, and cul-

minating in lung tumors after two years of exposure, as

reported in this article. 

With the clearly different response of mice versus rats

with regards to lung tumors, a logical question might be

how do humans respond? Ken Bodner of The Dow

Chemical Company and your editor examined this ques-

tion by reviewing the data on lung cancer from styrene

epidemiology studies in the second article in this volume.

Numerous studies on cancer in styrene-exposed workers

have been published, but the major focus has been upon

lymphoid tumors and leukemia. However, cancers from

all other sites are included in these reports and form the

basis for this overview of lung cancer incidence.

Although lung cancer is common in man, we found no

apparent relationship between styrene exposure and lung

cancer incidence. The incidence of lung cancer in styrene-

exposed populations from 15 studies varied, with some

having decreased incidence while others had increased

incidence over control groups, with the overall incidence

level being similar to background incidence level. 

Although the initial focus of SIRC was upon the

potential carcinogenicity of styrene, there have been

other non-neoplastic effects of styrene that have also been

addressed by SIRC, as can be seen from articles previous-

ly published in the SIRC Review. One of the issues has

been reproductive toxicity, particularly given the recent

focus on endocrine effects of low-level exposure of some

man made chemicals. In the third article in this edition

(published with permission of Regulatory Toxicology and

Pharmacology), Brown et al. review published literature of

reproductive effects of styrene. This is an update of an

earlier comprehensive review (see SIRC Review, vol. 1, no.

2) that encompasses additional studies from the 1990s

and also addresses data available on endocrine effects.

Brown et al. conclude from their review of numerous

published reports that styrene does not have an effect

upon developmental toxicity in test animals at dose lev-

els that are not maternally toxic, nor does it affect repro-

ductive function or have evidence of endocrine activity.

Because of recent revisions to testing guidelines for repro-

duction studies, SIRC and international industry associa-
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tions from Europe and Japan currently are engaged in a

two-generation reproduction study of rats exposed to

styrene via the inhalation route. This study contains an

expanded assessment of numerous endocrine sensitive

endpoints in the parental animals and the offspring. 

Our final article, written by Chuck Elkins and Jack

Snyder, is perhaps the best tribute of the essence of Betsy

Natz’s career at SIRC. This article reviews the history of

SIRC’s mission, as an industry-supported organization, to

develop credible scientific data on styrene and communicate

it to regulatory authorities and the public. Chuck Elkins,

of Chuck Elkins and Associates, serves as a regulatory

consultant to SIRC, particularly with respect to environ-

mental issues. Jack Snyder has been with SIRC since 1993,

having managed SIRC’s Science and Technology Task

Group and Public Affairs Task Group, and has succeeded

Betsy Natz as executive director of SIRC. 

The marked differences in lung response between rats

and mice have led the SIRC Science and Technology Task

Group, along with industry scientists from Europe and

Japan, to a series of investigations on underlying species

differences, often at the specific cellular level, which

might explain the difference in lung tumor occurrence. Some

of these studies on the mode of action of styrene include

the response of human lung cells in culture to allow the

assessment of how humans compare to rats and mice.

These recently completed and in-progress SIRC research

projects ensure that future volumes of the SIRC Review

will provide even more definition on styrene health and

environmental effects. For Example, to extrapolate ani-

mal data to potential human health effect concerns, SIRC

has funded a recently –completed, physiologically based

pharmacokinetic (PBPK) model for styrene that incorpo-

rates the results from many of these investigations and

offers perhaps the most accurate method for extrapolat-

ing lung cell specific effects in animals to humans. 

In closing, I would again like to deviate from past

practice in order to thank the people who are responsible

for the considerable effort that goes into the production

of each SIRC Review, in particular SIRC staff members

Jack Snyder and Ellen Johnson. Jack has served as pro-

duction editor of the journal since 1993, and has been

responsible for the high technical quality of the SIRC

Review. Ellen Johnson provides invaluable coordination

and logistical support for all aspects of its production. I

also would like to thank the SIRC Review Subgroup,

who’s names are listed below, which is a team of SIRC

member-company scientists who offer their time and

expertise in developing each volume of the SIRC Review.

Without their collective assistance, the SIRC Review

would not be the excellent and informative journal I

believe it to be.  

Keith A. Johnson, DVM, PhD

Editor

Chris Bevan, BP Amoco Chemical Company

George Cruzan, ToxWorks

Noreen Leskowicz, GE Plastics

Mike Martinez, Dart Container Corporation

Flora Ratpan, NOVA Chemicals

Maria Tort, Chevron Phillips Chemical Company

Joe Walker, Walker Communications 
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INHALATION ExPOSURE FOR 104 WEEKS

AbSTRACT

Groups of 70 male and 70 female Charles

River CD-1 mice were exposed whole

body to styrene vapor at 0, 20, 40, 80 or

160 ppm 6 h per day 5 days per week for

98 weeks (females) or 104 weeks (males).

The mice were observed daily; body

weights, food and water consumption

were measured periodically, a battery of

hematological and clinical pathology

examinations were conducted at weeks

13, 26, 52, 78 and 98 (females)/104

(males). Ten mice of each gender per

group were pre-selected for necropsy after

52 and 78 weeks of exposure and the sur-

vivors of the remaining 50 of each gender

per group were necropsied after 98 or 104

weeks. An extensive set of organs from

the control and high-exposure mice were

examined histopathologically, whereas

target organs, gross lesions and all masses

were examined in all other groups.

Styrene had no effect on survival in

males. Two high-dose females died (acute

liver toxicity) during the first 2 weeks; the

remaining exposed females had a slightly

higher survival than control mice. Levels

of styrene and styrene oxide (SO) in the

blood at the end of a 6 h exposure during

week 74 were proportional to exposure

concentration, except that at 20 ppm the

SO level was below the limit of detection.

There were no changes of toxicological

significance in hematology, clinical chem-

istry, urinalysis or organ weights. Mice

exposed to 80 or 160 ppm gained slightly
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less weight than the controls. Styrene-related non-neo-

plastic histopathological changes were found only in the

nasal passages and lungs. In the nasal passages of males

and females at all exposure concentrations, the changes

included respiratory metaplasia of the olfactory epitheli-

um with changes in the underlying Bowman’s gland; the

severity increased with styrene concentration and dura-

tion of exposure. Loss of olfactory nerve fibers was seen

in mice exposed to 40, 80 or 160 ppm. In the lungs, there

was decreased eosinophilia of Clara cells in the terminal

bronchioles and bronchiolar epithelial hyperplasia

extending into alveolar ducts. Increased tumor incidence

occurred only in the lung. The incidence of bronchi-

oloalveolar adenomas was significantly increased in

males exposed to 40, 80 or 160 ppm and in females

exposed to 20, 40 and 160 ppm. The increase was seen

only after 24 months. In females exposed to 160 ppm, the

incidence of bronchiolo-alveolar carcinomas after 24

months was significantly greater than in the controls. No

difference in lung tumors between control and

styrene-exposed mice was seen in the intensity or degree

of immunostaining, the location of tumors relative to

bronchioles or histological type (papillary, solid or

mixed). It appears that styrene induces an increase in the

number of lung tumors seen spontaneously in CD-1 mice.

INTRODUCTION

Styrene (ethenylbenzene, CAS no. 100-42-5) is a clear, col-

orless liquid with a characteristic pungent odor. In 1993,

worldwide production capacity of styrene was 17.8 mil-

lion tons.1 Styrene is used in the production of many

important commercial polymers, including polystyrene

acrylonitrile-butadiene-styrene (ABS), styrene-acryloni-

trile (SAN), styrene-butadiene (SB latex, SB rubber) and

in resins used in the manufacture of numerous glass-rein-

forced plastic products (e.g. boats, tubs, tanks, etc.). The

greatest occupational exposures occur in the reinforced

plastics industry. However, an understanding of potential

styrene toxicity in humans is complicated by the presence

of other chemicals present in the workplace atmosphere.

Exposure,1 toxicological,2-4 metabolic5 and epidemio-

logical6, 7 data on styrene were recently reviewed. Four

chronic toxicity/oncogenicity studies of styrene in mice

were performed in the 1970s (Table 1), but all were

judged deficient for use in human health hazard assess-

ments due to problems that included route of exposure,

dose interval, small group sizes, intercurrent disease and

exceeding the maximum tolerated dose.2 Therefore, the

Styrene Information and Research Center initiated

state-of-the-art subchronic and chronic studies of styrene

by the inhalation route in rats and mice.

The 13-week inhalation study of styrene in CD-1 mice8

identified 160 ppm for 6 h per day 5 days per week as the

predicted maximum tolerated dose in males and females

based on early hepatic necrosis and mortality at 200 ppm

or greater. This report describes the subsequent chronic

toxicity/oncogenicity study in mice. A companion chron-

ic toxicity/oncogenicity study in rats has been reported

separately.9

MATeRIAlS AND MeThODS

Test material

Commercial styrene was supplied by Shell Chemicals UK

Ltd. Each batch was analyzed for purity by gas chromato-

graph/mass spectroscopy (GC/MS); the batches were

typical of commercial styrene. Analyses of styrene

aliquots taken at the start and finish of each drum

showed: styrene 98.8, >99.5%; benzene <1, 8 ppm; ethyl-

benzene 149, 291 ppm; styrene dimer <1, 15 ppm; styrene

oxide <1, 7 ppm; and tertiary butyl catechol (inhibitor) 4,

34 ppm. Drums were stored at 4°C.

Exposure generation and analysis system

Styrene was metered from a sealed stainless-steel reser-

voir pressurized by nitrogen to drip onto a glass sinter for

the generation of 80 and 160 ppm. For the generation of

20 and 40 ppm, styrene was delivered to the glass sinter

from a syringe pump. Heated air (60°C) was passed

through the glass sinter to vaporize styrene.

The air temperature was kept at the minimum

required for vaporization to minimize the formation of

oxides, dimers or polymers. The styrene-laden air was

diluted with filtered conditioned air and introduced into

the 2.43 m3 stainless steel and glass whole-body exposure

chambers (designed by HLS and custom manufactured).

Chamber environmental conditions, including styrene

concentration, airflow, temperature and humidity, were

recorded every 30 min during each 6 h exposure period

using an automated data logging system. Analytical

determination was by GC using styrene, styrene oxide

and styrene dimer standards for identification. Chamber

air was analyzed monthly by GC for styrene oxide (limit

of detection 0.25 ppm) and styrene dimer (limit of detec-

tion ~12 ppm). Nominal and analyzed chamber concen-

trations of styrene were calculated for each day.

Animals and Husbandry

Virus antibody free (VAF) CD-1 mice were received from

The SIRC Review July 20028
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Charles River, Portage, MI at ca. 4 weeks of age. Prior to

study initiation, selected mice were sampled for hemato-

logical (methods described below) and serological inves-

tigations and macroscopic evaluation at necropsy. There

were no abnormal findings. Serological evaluations of

sentinel mice were conducted every 8 weeks throughout

the study for possible mouse viral and mycoplasma infec-

tions. The mice were housed individually in plastic caging

with hardwood chip bedding when not in the inhalation

chambers. During exposures each animal was housed

separately in a stainless-steel mesh cage. Animal hus-

bandry complied with the requirements of the UK Home

Office Animals (Scientific Procedures) Act 1986. Animals

were fed ad libitum (except during exposures) pelleted

SDS Rat and Mouse Diet No. 1 composed of 88.5% cereal

products (wheat, barley, wheatfeed), 8.5% proteins (ext.

soybean meal, whey powder), 0.5% soybean oil and 2.5%

supplementation (vitamins, minerals amino acids)

obtained from Special Diet Services, Witham, Essex, UK;

tapwater was provided ad libitum from water bottles that

were raised and filled daily and thoroughly cleaned peri-

odically. Analysis of all batches of diet demonstrated

them to be within nutritional requirements and not to

have chemical or bacterial contamination that would

interfere with the study. Drinking water was analyzed

every 6 months and found to be within safe limits for

selected chemical contaminants. Animals were housed in

air-conditioned rooms with 12 h light/dark cycles.

Experimental design

Chronic toxicity/carcinogenicity study. During the acclimati-

zation period, mice were assigned to five groups of 70

males and 70 females by a stratified randomization pro-

cedure according to body weight. Four groups of male

mice were exposed to styrene vapor for 6 h per day 5

days per week for at least 104 weeks (520 exposures) at

target concentrations of 20, 40, 80 or 160 ppm (groups 2,

3, 4 and 5, respectively) in 2.43 m3 inhalation chambers;

females were similarly exposed for 98 weeks. Ten predes-

ignated mice of each gender from each group were termi-

nated after 52 and 78 weeks of exposure. The remaining

group (group 1) served as a control and were treated to

the same inhalation chamber conditions but were not

exposed to styrene.

The animals were observed individually for clinical

signs at daily placement and removal from the inhalation

chamber; group observations were made during expo-

sures. Observations on the weekends included weekly

palpation for masses. Body weight was determined

weekly for the first 13 weeks and every 4 weeks there-

The SIRC Review July 2002 9

TAble 1

Summary of Previous Long-term Studies of Styrene in Mice (by gavage) 

Strain Administered Dose a Results Reported by Authors Reference

O20 1350 mg/kg/wk Stopped dosing after 16 weeks  Ponomarkov and Tomatis, 1978
Maternal - Day 17 only due to mortality, increased lung  
Offspring - Began at Weaning tumors at end of study

C57 300 mg/kg/wk No increase in any tumors,   Ponomarkov and Tomatis, 1978
Maternal - Day 17 only slight decrease in lung tumors
Offspring - Began at Weaning

B6C3F1 150, 300 mg/kg/dose Significant increase in lung tumors; NCI, 1979a
(5x/week) attributed to low control incidence

B6C3F1 204, 408 mg/kg/dose No increase in lung tumors NCI, 1979b
(mixture (3x/wk)b

70% styrene; 
30% b-nitrostyrene)

aStyrene was administered by gavage in all studies. bStyrene doses = 122 and 244 mg/kg/day if adjusted to 5 day/week schedule
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after. Food consumption was measured weekly through-

out the study. Overnight water consumption was mea-

sured daily during weeks 1, 4, 12, 25, 51, 77 and 96

(females only) or 103 (males only). After dilation with a

tropicamide ophthalmic solution, the eyes of all mice

were examined using a Keeler indirect ophthalmoscope

prior to the initial exposures and after 52 and 96 (females

only) or 103 (males only) weeks of exposure.

Following an overnight fast, blood was obtained from

the peri-orbital plexus of 10 males and 10 females from

each group during weeks 13, 26, 52, 78, 96 (females only)

and 104 (males only) for hematology and clinical chem-

istry determinations. For the first three intervals, the mice

sampled were those scheduled for termination after 52

weeks. Hematological evaluation included packed cell

volume, hemoglobin, erythrocyte (RBC) count, white

blood cell (WBC) count, reticulocyte count and platelet

count. The WBC differential count and RBC morphology

were evaluated using Wright’s stained blood smears.

Clinical chemistry evaluation included creatine phospho-

kinase (Roche Cobas centrifugal analyzer), glucose, ala-

nine aminotransferase, asparate aminotransferase, total

protein, albumin, globulin (by subtraction), urea nitro-

gen, alkaline phophatase, total bilirubin, creatinine, sodi-

um, potassium, calcium, inorganic phosphorus, chloride

and cholesterol (Hitachi 737 analyzer). After weeks 13, 26,

52, 78, 98 (females only) and 105 (males only), mice were

placed in metabolism cages overnight without food or water

for urine collection, which was analyzed for pH, volume,

osmolality, color, appearance and microscopic material.

Dipsticks (Ames Co.) were used for semi-quantitative

analysis of total reducing substances, glucose, ketones,

bile pigments, urobilinogen and heme pigments. Protein

was measured using a Roche Cobas centrifugal analyzer.

During week 74, blood was obtained from 10 males

and 10 females from each group immediately at the end

of the daily exposure of each animal. In the last few min-

utes of the 6 h exposure, the chamber door was opened

slightly for the separate removal of each mouse; blood

was collected within the next 2 min. The concentrations

of styrene and styrene-7,8-oxide were determined in each

sample, following immediate extraction of blood into

hexane, by capillary gas chromatography based on the

method of Kessler et al.. 10

Ten animals of each gender per group were preselect-

ed for termination after 52 and 78 weeks of exposure;

those preselected animals remaining alive at their sched-

uled termination were euthanized by exsanguination

under deep pentobarbitone anesthesia and necropsied.

All surviving females were euthanized by the same

method during week 98 and males during week 105. The

following organs from each animal, except for those ani-

mals found dead, were dissected free and weighed:

adrenal glands, brain, kidneys, liver, lungs, spleen, and

ovaries/testes. Tissues were preserved in neutral-buffered

formalin; eyes were preserved in Davidson’s fixative.

Lungs were distended with neutral-buffered formalin

before immersion in fixative. At necropsy, the nasal cavi-

ty was flushed with neutral-buffered formalin. The lower

jaw was removed and the head was immersed in neu-

tral-buffered formalin.

Following fixation, the head was decalcified in

Kristensen’s fluid (6 days) and the nasal cavity was sam-

pled at four levels based on the description of young. 11

Tissues for microscopic evaluation were routinely

processed, embedded in paraffin wax and 4 µm sections

were prepared, stained with H&E and examined under

the light microscope. The following tissues from the

high-exposure and control animals were examined: nasal

passages and paranasal sinuses, nasopharynx, larynx,

trachea, lungs, aorta, heart, thymus, cervical and mesen-

teric lymph nodes, spleen, liver, gall bladder, pancreas,

kidneys, urinary bladder, uterus, cervix, ovaries, prostate,

seminal vesicles, epididymides, testes, thyroid glands,

parathyroid glands, adrenal glands, pituitary gland, sali-

vary glands, skeletal muscle, esophagus, stomach, duo-

denum, jejunum, ileum, cecum, colon, rectum, mammary

glands, skin, spinal cord, sciatic nerve, brain, femur, ster-

num/bone marrow, eyes, extra-orbital lacrimal glands and

Harderian glands, as well as other macroscopically

abnormal tissues, including all masses. In addition to

microscopic examination of the above-mentioned tissues of

the control and high-exposure animals, histopathological

examination of the nasal passages, lungs, liver, kidneys

and macroscopic abnormalities, including all masses, was

performed on the animals of all lower exposure levels.

Subsequent to the initial histopathological examina-

tion, the paraffin blocks of all available lung tumors from

the control and high-exposure group mice were resec-

tioned. Serial sections were stained immunohistochemi-

cally with rabbit antiserum to either Clara cell 10-kd pro-

tein (CC10) or rat surfactant for identification of type II

cells. The tumors and adjacent areas were graded, using

light microscopy, for the extent and intensity of reaction

to CC10 or surfactant.

Follow-up 13-week study with 13-week recovery

In the follow-up study to examine the time course of the

development and recovery of olfactory and lung effects,

groups of 55 male mice were exposed to 0, 40 or 80 ppm

The SIRC Review July 200210
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for 6 h per day 5 days per week beginning on a

Wednesday. The exposure atmospheres were generated

as described above. The animals were observed as above

and weighed weekly. Subgroups of five males from each

treatment group were terminated after 1, 2, 4, 7, 10, 20, 40

and 65 exposures and 4, 8 or 13 weeks after 65 exposures

using the euthanasia methods described above. At

necropsy, the cranial, thoracic and abdominal cavities

were opened and the appearance of all tissues and organs

was noted. Nasal tissue was treated and examined as

above; lungs were distended with and preserved in

Karnowsky’s fluid (2% paraformaldehyde/2.5% glu-

taraldehyde). Sections of nasal tissue from all control

mice and those exposed to 80 ppm were processed into

microscopic slides as described above and examined by

light microscopy. In addition, nasal tissue from the mice

exposed for 13 weeks (with 0, 4, 8 or 13 weeks of recov-

ery) were processed and examined. The four smaller

lobes of each lung were embedded in plastic; 4 µm sec-

tions were prepared, stained with H&E and examined

under the light microscope.

The study was conducted in accordance with Good

Laboratory Practices (US EPA, 12 UK HSE, 13 EC Council, 14

Japan MITI, 15 OECD. 16) Pathology observations were

peer reviewed within the testing facility and by an inde-

pendent pathologist (W.R.B).

Statistics

Quantitative data were analyzed by Bartlett’s test17 for

homogeneity; if the data were heterogenic, a logarith mic

transformation was performed to see if a more stable

variance could be obtained. Data without significant het-

erogeneity were analyzed by one-way analysis of vari-

ance and Williams’ test18,19 for dose response. The

Kruskal-Wallis analysis20,21 was performed for non-para-

metric data. For organ weight data, the final body weight

was used as a covariate in the analysis of covariance.

Mortality was analyzed using log rank method. 22

Tumor incidence was analyzed using methodology

described by the International Agency for Research on

Cancer.23 Other pathological data were analyzed using

Fisher’s exact test. 24

RESULTS

Exposure conditions

Average analyzed concentrations (standard deviation) of

styrene were 0, 20 (0.7), 40 (0.8), 80 (2.7) and 160 (3.9)

ppm. Nominal concentrations (the amount of styrene

used daily divided by the daily chamber airflow) were

21, 42, 83 and 161 ppm. No styrene oxide was detected in

any of the exposure chambers. Chamber airflow aver-

aged 654, 652, 648, 650 and 651 1 min-1 for groups 1-5 (0,

20, 40, 80 and 160 ppm), respectively. Mean chamber tem-

perature and humidity were 20.9, 20.9, 20.8, 21.0 and

20.9oC and 61, 57, 57, 57 and 54% for groups 1-5, respec-

tively. In the follow-up study, the average analyzed con-

centrations were 0, 40 (0.4) and 80 (1.1) ppm, nominal

concentrations were 40 and 83 ppm, mean chamber tem-

peratures and relative humidities were 20.1-20.2°C and

48.3-52.6%.

Sentinel animals

Serological analysis of blood samples obtained from the

sentinel mice at 8-week intervals and from two mice of each

gender per group at study termination were all negative for

the antibodies examined. Serological analysis of sentinel

animals in the follow-up study was negative. There was no

evidence of any infectious disease at any stage of these studies.

Survival and observations

One female mouse exposed to 160 ppm died during the

first week of exposure and a second died in the second

week. Inhalation of styrene had no effect on survival of

male mice (Table 2). All female groups were terminated

during week 98 because survival of the female control

group had rapidly approached 50%. Apart from the two

early deaths in females exposed to 160 ppm, there

appeared to be a slight dose-related increase in survival

of female mice (Table 2).

There were no effects of styrene exposure on the

appearance or behavior of mice at exposure concentra-

tion up to 160 ppm.

In the follow-up study one control mouse died. There

were no clinical signs related to styrene exposure.

Body weight and food and water consumption

Males and females exposed to 160 ppm styrene gained

significantly less weight than the controls (Fig. 1) during

the first 13 weeks of the study. At termination, males

exposed to 80 and 160 ppm and females exposed to 160

ppm had gained significantly less weight than the con-

trols (23, 31 and 15%, respectively). Males at 80 and 160

ppm and females at 160 ppm consumed less food than the

controls (<15% difference; data not shown). Overall, there

was no effect on water consumption when measured

periodically throughout the study (data not shown).
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Figure 1. Mean body weights of CRL-CD-1 mice exposed to styrene vapor for 2 years. (A). Males. (B). Females.
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(b)
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TAble 2

Survival of  CRL-CD-1 Mice Exposed to Styrene Vapor for up to 24 Months

Exposure Percent Surviving at Weeka

Concentration 26 52 65 78 82 86 90 94 98 104

Males

0 100 96 92 90 90 86 84 82 76 72

20 98 92 92 88 80 78 70 68 62 54

40 100 98 98 94 92 86 82 76 74 54

80 100 98 98 94 90 88 88 84 84 74

160 100 98 94 90 90 88 80 76 70 66

Femalesb

0 96 94 92 86 84 74 70 58 54 -

20 96 94 86 80 78 72 72 72 64 -

40 100 98 92 86 82 82 78 74 66 -

80 100 98 94 88 84 82 76 72 68 -

160 94 94 94 88 84 80 78 78 70 -

aBased on 50 of each gender per group designated for 24 months of study; does not include deaths in subgroups (10 of

each gender per group) scheduled for termination at 52 and at 78 weeks. 
bAll surviving females sacrificed at week 98.
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Hematology, clinical chemistry, urinalysis and ophthal-

mology

There were no hematology, clinical chemistry, urinalysis or

ophthalmology differences between treated and control mice

that were of toxicological significance (data not shown).

Styrene and styrene oxide in blood

Levels of styrene and styrene oxide (SO) in blood at the

end of a 6 h exposure during week 74 increased with

increasing exposure concentration (Table 3). Styrene and

SO levels tended to be lower in females than in males. No

styrene or SO was detected in the blood of control mice.

The SO level was below the limit of quantitation (1 ng ml-1)

in all mice exposed at 20 ppm and in 11 of 17 mice

assayed who were exposed to 40 ppm. There was no evi-

dence of saturation of metabolism based on blood levels

of styrene and SO; the concentration of SO per ppm of

styrene exposure increased with increasing exposure con-

centration. Saturation of metabolism within specific

organs was not determined in this study.

Organ weights

There were no toxicologically significant differences in

organ weights between treated and control mice at the

interim or terminal time points (data not shown) using

body weight as a covariate or based on ratios of organ

weights to body or brain weights.

Pathology

At the week 52 and 78 interim necropsies, no

treatment-related macroscopic changes were observed.

At the terminal necropsy, more styrene-treated male and

female mice had lung masses than did controls; however,

there was no clear dose response.

Based on microscopic evaluation, there was no increase

in the total number of tumor-bearing mice in the treated

groups compared with controls, except in females at 40 and

160 ppm. In addition, there was no evidence that styrene

exposure caused treatment-related increases in any tumor

type in male or female mice except lung tumors (Table 4).

No increase in lung tumors was seen in males or
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TAble 3

Blood Levels of Styrene and Styrene Oxide in CRL-CD-1 Mice Immediately after Six-Hour Inhalation Exposure to

Styrene Vapor during Week 74

Styrene Conc. in blood SO Conc. in blood

Exposure Blood conc.                         

Conc. (ng/ml-1/ppm-1 (ng/ml-1 (ng/ml/ppm-1 SO/Sa

(ppm) (ng/ml ±SD) S in air) ±SD) S in air)

Males

0 BLQb BLQ —

20 69 ± 32 3.5 BLQ —

40 177 ± 74 4.4 2.5 ± 3.2 0.06 0.014

80 654 ± 328 8.2 11.8 ± 9.4 0.15 0.018

160 1461 ± 315 9.1 33.5 ± 12.3 0.21 0.023

Females

0 BLQ BLQ —

20 30 ± 23 1.5 BLQ —

40 106 ± 33 2.6 1.4 ± 2.6 0.04 0.013

80 527 ± 153 6.6 6.2 ± 4.8 0.08 0.012

160 1743 ± 657 10.9 20.1 ± 10.7 0.13 0.012       

aSO/S = SO concentration/styrene concentration, bBLQ = below limit of quantitation; limit of quantitation for

styrene = 10 ng/ml-1; for SO = 1 ng/ml-1.
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TAble 4

Incidence of Neoplasia in CRL-CD-1 Mice Exposed to Styrene Vapor for 24 Months in Males and 22.5 Months in Femalesa

Exposure Concentration (ppm)

0 20 40 80 160

Males
Number of tumor-bearing mice 38 33 39 34 44
Lymphoid/Multicentric

Lymphoma (m) 4 3 4 4 3
Myeloid leukemia (m) 1 1 0 0 0
Histiocytic sarcoma (m) 0 0 0 1 0

Lungs (50)a (50) (50) (50) (50)
Bronchiolo-alveolar
Adenoma (b) 15 21 35* 30* 33*

Carcinoma (m) 4 5 3 6 7
Liver (50) (50) (50) (50) (50)

Hepatocellular adenoma (b) 15 10 5 3 10
Hepatocellular carcinoma (m) 1 1 4 0 4
Hemangioma(b) 0 1 0 0 1

Spleen (50) (10) (7) (5) (50)
Hemangioma (b) 0 0 1 0 0

Pancreas (50) (2) (0) (0) (50)
Islet cell adenoma (b) 2 0 0 0 0

Kidneys (50) (50) (50) (50) (50)
Tubular cell adenoma (b) 2 0 0 0 1

Testes (50) (16) (19) (12) (50)
Interstitial cell adenoma (b) 2 5 3 3 3
Interstitial cell carcinoma (m) 0 0 1 0 0

Adrenal (50) (3) (2) (3) (50)
Cortical adenoma, glomerular. (b) 4 0 0 3 3
Cortical adenoma, fusiform (b) 1 0 0 0 0
Cortical adenoma (b) 2 0 0 0 3

Females
Number of tumor-bearing mice 27 34 37* 28 37*
Lymphoid/Multicentric

Lymphoma (m) 7 8 7 5 6
Histiocytic sarcoma (m) 1 1 1 1 1

Lungs: Bronchiolar-alveolar (50) (50) (50) 50) (50)
Adenoma (b) 6 16* 16* 11 24*

Carcinoma (m) 0 0 2 0 7*
Liver (50) (50) (50) (50) (50)

Hepatocellular adenoma (b) 0 0 0 0 1
Hepatocellular carcinoma (m) 1 0 0 1 0

Pituitary Gland (50) (3) (3) (1) (50)
Adenoma (b) 0 3 0 0 1
Adenocarcinoma (m) 1 0 0 0 0

Mammary Glands (47) (2) (4) (2) (48)
Adenoma (b) 1 0 0 0 2
Adenocarcinoma (m) 0 1 4 1 1

aValues in parentheses indicate the number of animals (decedent and terminal) examined for each tissue type. (m) =

malignant. (b) = benign. * = statistically significant, P<.05.
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females after 12 or 18 months (Table 5). Increased inci-

dence of bronchioloalveolar adenomas was seen in males

exposed to 40, 80 or 160 ppm for 24 months with no dose

response, but the incidence of bronchioloalveolar carcino-

mas was not increased. The trend test was positive for

benign tumors but not for malignant tumors. In females,

the incidence of bronchioloalveolar adenomas in the

groups exposed to 20, 40 and 160 ppm, but not 80 ppm,

for 22.5 months was significantly increased. Trend analy-

sis indicated a significant trend for benign or benign plus

malignant tumors if all groups of females were included,

but no significant trend if the high exposure group was

not included in the analysis. In addition, females exposed

to 160 ppm had an increased incidence (14%) of bronchi-

oloalveolar carcinomas. Historical control incidences of

lung tumors of CD-1 mice, based on nine studies from

Charles River, are: 10-28% of males and 4-18% of females

develop adenomas; 2-20% of males and 0-13.5% of

females develop carcinomas. 25 Historical control inci-

dences in CD-1 mice at the testing facility are: 13-32% of

males and 2-24% of females develop adenomas and

4-26% of males and 0-4% of females develop carcinomas

(based on five studies terminating between 91 and 104

weeks). None of the above historical control data are

from inhalation studies.

Tumors occurred late in the study; no increase was

seen before 22.5 months and most of those seen at termi-

nation were quite small. No difference in tumor morphol-

ogy (solid, papillary or mixed; histological pattern)

between control and treated mice was seen (Table 6).

Histopathologically, most tumors had a papillary pattern

(Figs 2 and 3).

Twenty-two lung tumors from control mice and 93

from mice exposed to 160 ppm were examined for extent

and intensity of immunohistochemical staining for type II

(surfactant) and Clara cell (cc10) markers. Essentially all

of the lung tumors examined stained for type II cell sur-

factant. No difference was found between control and

exposed mice in the extent of cells staining or in the

intensity of the stain (Table 7). Very faint staining for cc10

was seen in a few cells in the tumors of control and

exposed mice. A semi- quantitative evaluation indicated

that on average 51-75% of the tumor cells stained with

moderate intensity for surfactant and that fewer than 5%

of tumor cells, on average, stained for cc10 kD, and with

only a barely perceptible intensity.

Areas of bronchioloalveolar hyperplasia (solitary focal

lesions often remote from bronchioles; Fig. 2C) were of

increased incidence in males exposed to 40 ppm and higher

and in females at all exposure concentrations after 24 months,

but were not increased in styrene-exposed mice after 12 or

18 months (Table 8). Representative areas of bronchi-

oloalveolar hyperplasia stained for surfactant but not cc10.

In contrast, areas of hyperplasia in terminal bronchioles and

areas of bronchiolar hyperplasia extending into alveolar

ducts stained for cc10 (Fig. 4), but not for surfactant (Fig. 5).

Styrene-induced non-tumor pathology included

changes in the liver, Clara cells in the lungs and nasal

cavity. Marked hepatocyte necrosis was seen in two

female mice that died during the first 2 weeks of expo-

sure to 160 ppm. The liver toxicity was considered to be

contributory to death. No styrene-related liver toxicity

was seen in mice killed after 52, 78 or 104 weeks of expo-

sure, or in any decedents after 2 weeks.

In the terminal bronchioles of the lung there was a
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TAble 5

Incidence of lung tumors in CRL-CD-1 mice exposed to

styrene vapor for 12 or 18 monthsa

Exposure concentration (ppm)

0 20 40 80 160

Males, 12 Months (10) (10) (9) (10) (10) 

Bronchioloalveolar

Adenoma (b) 1 2 0 2 0

Carcinoma (m) 0 0 0 0 0                               

Females, 12 Months(10) (10) (9) (10) (10) 

Bronchioloalveolar

Adenoma (b) 1 2 0 2 0

Carcinoma (m) 0 0 0 0 0

Males, 18 Months (10) (10) (10) (10) (10) 

Bronchioloalveolar

Adenoma (b) 3 5 5 7 4

Carcinoma (m) 1 0 0 1 0                               

Females, 18 Months(10) (10) (10) (10) (10) 

Bronchioloalveolar

Adenoma (b) 1 4 5 1 3

Carcinoma (m) 0 0 0 0 0

a Values in parentheses indicate the number of animals

(decedent and terminal) examined for each tissue type.

(m) Malignant; (b) benign; * statistically significant,

P<0.05.
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decrease in the eosinophilic staining of the Clara cells at

all exposure concentrations at 12, 18 and 24 months

(Table 8). Bronchiolar epithelial hyperplasia (Fig. 6) was

seen at 40 ppm and greater at 12 months and at 20 ppm

and greater at 18 and 24 months (Table 8). Bronchiolar

epithelial hyperplasia extending into alveolar ducts

(Table 8) was seen at 160 ppm after 12 months, at ≥40

ppm after 18 months and at ≥20 ppm after 24 months. No

styrene-related pathology was seen in the alveoli of mice

at 12, 18 or 24 months.

Treatment-related changes were also present in the

nasal passages in male and female mice from all exposure

groups. These changes were consistent with those seen

previously in mice exposed at up to 200 ppm for 13

weeks. 8 They were mainly confined to the olfactory

epithelium and underlying structures and were located

predominantly in the dorsal median airway, but extend-

ed to the dorsolateral and medial median airways in all

exposure groups at later stages of the study (Figs 7 and

8). In some mice exposed to styrene at 160 ppm for 104

weeks, the lesions extended ventrally and were present

on the dorsomedial aspect of ethmoturbinate 6 (Fig. 8B).

The major findings were respiratory metaplasia of the

olfactory epithelium and changes of the underlying

Bowman’s glands (Fig. 9), including dilatation, respirato-

ry metaplasia, epithelial hyperplasia, eosinophilic materi-

al/debris and cholesterol clefts. The lesions showed pro-

gression with time. At 52 weeks, respiratory metaplasia

was not seen in the olfactory epithelium of mice exposed

to styrene at 20 ppm, but by 78 weeks it was present in a

proportion of mice from all styrene exposure groups.

Bowman’s gland changes were present at all intervals in

all groups receiving styrene. In addition to these changes,

atrophy of the olfactory nerve fibers (Fig. 9 C,D,E) was

seen in mice exposed to 40, 80 or 160 ppm after 78 or 104

weeks. Nerve fiber atrophy was seen in one mouse sacri-

ficed at 52 weeks that had been exposed to 40 ppm. Focal

loss of bone from the turbinate was also seen more fre-

quently as the study progressed. In some mice with

marked changes there was a marked reduction in width

of the lamina propria in the affected area and this was

associated with a loss of Bowman’s glands and olfactory

nerve fibers in mice exposed to 40, 80 or 160 ppm. Other

focal histopathological findings in the olfactory epitheli-

um consistent with cellular damage and irritation were

found in all exposure groups at each time interval. These

included degeneration, necrosis and atrophy.

In the follow-up study, single-cell necrosis was found in

the olfactory epithelium of mice receiving a single 6 h

exposure to 80 ppm. After 2, 4 and 7 exposures the lesions
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TAble 6

Lung Tumor Characteristics in CRL-CD-1 Mice Exposed to Styrene Vapor for up to 24 Months

Number of Tumors of size (mm) Mean tumor Percent

Conc. <1-1 2-4 5-16 size  (mm) papillarya

Males

0 3 14 7 4.08 ± 2.67 79

20 15 6 11 3.69 ± 3.41 81

40 28 24 10 2.71 ± 2.24 68

80 35 17 10 2.73 ± 3.04 74

160 28 29 11 2.94 ± 2.97 78

Females

0 2 4 1 2.57 ± 1.81 71

20 13 8 1 2.00 ± 1.72 68

40 6 13 3 3.18 ± 2.95 73

80 8 6 0 1.71 ± 0.99 64  

160 23 15 9 3.09 ± 3.11 70

atumors were described as papillary, solid, or mixed
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FIgURe  2 (a) FIgURe  3a)

Figure 2. Photomicrographs of proliferative lesions in the

lungs of CRL-CD-1 mice exposed to styrene at 160 ppm

for 104 weeks. A. Bronchioloalveolar adenoma with pap-

illary pattern typical of the majority of tumors (H&E,

x125); B. Bronchioloalveolar carcinoma (H&E, x50); C.

Area of bronchioloalveolar hyperplasia (H&E, x250).

Figure 3. Photomicrographs of lung histopathology in

CRL-CD-1 mice exposed to styrene vapor for 104 weeks:

A. Control male mouse (104 weeks) showing bronchioles

(*) and junctions of terminal bronchioles and alveolar

ducts (--->) (H&E, x50); B. Male mouse exposed to 160

ppm styrene for 104 weeks showing bronchiolar

epithelial hyperplasia (*) and hyperplasia extending into

alveolar duct area (--->) (H&E, x50).

FIgURe  2 (b) FIgURe  3(b)

FIgURe  2 (c)

F
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TAble 7

Immunostaining of Lung Tumors in CRL-CD-1 Mice

Exposed to Styrene Vapor for up to 24 Months

Males Females

0 ppm 160 ppm 0 ppm 160 ppm

No. tumors examined: 19 56 3 37

Extent of Cells Staining 

for Surfactant 4.33 3.48 4.33 3.46

for cc10 protein 0.73 0.38 0 0.43

Intensity of Staining

for surfactant 2.44 2.46 2.67 2.27

for cc10 protein 0.57 0.38 0 0.32

Grading scale for extent: 0=none; 1=0-5%; 2=6-25%; 3=26-

50%; 4=51-75%; 5=76-100%. Grading scale for intensity:

0=not detectable; 1=barely perceptible, required high

power to verify; 2= moderate, granules readily apparent;

3= intense dark reaction.

Figure 4. Photomicrographs of bronchiolar hyperplasia in

CRL-CD-1 mice exposed to styrene vapor for 104 weeks

(Clara cell stain, x39) showing positive staining for cc10

protein throughout bronchiolar epithelium and in areas

of hyperplastic cells.

TAble 8

Non-neoplastic Lung Pathology in Mice Exposed to Styrene Vapor for up to 24 Months

Males Females

Concentration (ppm) 0 20 40 80 160 0 20 40 80 160

Finding

Decreased eosinophilia of epithelial cells in terminal bronchioles:

12 months 0 6 9 10 10 0 5 9 10 10

18 months 0 9 10 8 6 0 8 8 9 10

24 (22.5) months 0 29 41 48 49 0 37 46 47 45

Bronchiolar epithelial hyperplasia

12 months 0 0 2 9 10 0 0 4 7 10

18 months 0 7 9 8 6 0 7 8 9 10

24 (22.5) months 0 10 37 48 46 0 21 39 45 45

Bronchiolar epithelial hyperplasia extending into alveolar ducts

12 months 0 0 2 9 10 0 0 0 0 7

18 months 0 1 3 5 5 0 0 3 3 7

24 (22.5) months 0 5 29 35 35 0 9 18 31 40

Bronchiolo alveolar hyperplasia

12 months 2 0 0 0 1 2 0 1 0 1

18 months 1 3 3 3 1 1 3 3 1 2

24 (22.5) months 18 23 30 40 38 6 15 25 18 21

Number of mice examined

12 months 10 10 9 10 10 10 10 9 10 10

18 months 8 10 10 8 6 8 9 8 9 10

24 (22.5) months 50 50 50 50 50 50 50 50 50 50
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FIgURe  5

Figure 5. Photomicrographs of bronchiolar hyperplasia in

CRL-CD-1 mice exposed to styrene vapor for 104 weeks;

hyperplasia extends into alveolar duct (surfactant stain,

x39) showing positive staining for surfactant protein

throughout alveoli, but only occasionally in hyperplastic

cells of bronchioles.

Figure 6. Photomicrographs of lung of CRL-CD-1 mice

showing terminal bronchiole and alveolar duct: A.

Control male mouse (104 weeks) showing typical apical

projections of non-ciliated Clara cells (H&E, x250); B.

Male mouse exposed to 160 ppm styrene for 104 weeks

showing bronchiolar epithelial hyperplasia. There was

decreased eosinophilic staining of the Clara cells in the

terminal bronchioles (H&E, x250).

Figure 7. Schematic diagram of cross sections

of the nasal passages to show the anatomical

features in of CRL-CD-1 mice and the areas

affected by exposure to 20 ppm styrene: (A) 1

year; (B) 2 years.  (a) dorsal median meatus;

(b) medial median meatus; (c) ventral median

meatus; (S) central septum; (NT) nasoturbinate;

(MT), maxilloturbinate; (A) ethmoturbinate I

(lateral scroll); (B) ethmoturbinate 2 (dorsal

and ventral scrolls); (C) ethmoturbinate 3

(dorsal and ventral scrolls); (D) ethmoturbinate

4; (E) ethmoturbinate 5; (F) ethmoturbinate 6;

(n) nasolachrimal duct; (pd) nasopharyngeal

duct; (m) maxillary sinus; (__), olfactory

epithelium; (---), respiratory epithelium;

( � � � ), area affected.
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showed an increase in degree and changes in the

Bowman’s glands became apparent. No further progression

was seen after 10 or 20 exposures, but after 40 or 65 expo-

sures there was more pronounced atrophy and disorgani-

zation leading to respiratory  metaplasia. Following 4, 8 or

13 weeks without exposure after 65 exposures (13 weeks),

no recovery occurred. Mice exposed to 40 ppm for 13

weeks had minimal local changes to the olfactory epithe-

lium; however, during 13 weeks following the exposures,

the effects became slightly more severe. In the lungs, no

changes were seen at 40 or 80 ppm for up to 13 weeks.

DISCUSSION

Exposure to styrene by inhalation at concentrations up to

160 ppm for 98-104 weeks resulted in decreased weight

gain in CD-1 mice. In males there was no effect on sur-

vival, whereas in females survival was slightly increased.

Styrene exposure produced histopathological changes in

the nasal olfactory epithelium and lung in males and

females, and in the liver of females. In males and females

there was an increase in benign lung tumors at 98-104

weeks; malignant lung tumors were increased in high

exposure females only. Although there was a significant

increase in benign lung tumors at 20 ppm, the response at

40 ppm was the same as at 20 ppm and at 80 ppm there

was not a significant increase in lung tumors in females.

Figure 8. Schematic diagram of cross sections

of the nasal passages to show the anatomical

features in of CRL-CD-1 mice and the areas

affected by exposure to 160 ppm styrene: (A)

1 year; (B) 2 years. (a) dorsal median meatus;

(b) medial median meatus; (c) ventral median

meatus; (S) central septum; (NT) nasoturbinate;

(MT) maxilloturbinate; (A) ethmoturbinate 1

(lateral scroll); (B) ethmoturbinate 2 (dorsal

and ventral scrolls); (C) ethmoturbinate 3 (dor-

sal and ventral scrolls); (D) ethmoturbinate 4;

(E) ethmoturbinate 5; (F) ethmoturbinate 6; (n)

nasolachrimal duct; (pd) nasopharyngeal duct;

(__), olfactory epithelium; (---), respiratory

epithelium; ( � � � ), area affected.)
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In males, the increase in benign lung tumors was the

same at concentrations of 40-160 ppm.

As reported in recent subchronic studies, 8 mice are much

more susceptible to styrene toxicity than are rats. The sus-

ceptibility of mice was confirmed by comparing data in

the previously reported rat chronic study9 with the data

in this mouse chronic study. In rats, only one target organ

has been identified—nasal olfactory epithelium. In this

chronic study in mice, as well as in the 13-week study, 8

three target cells were identified: nasal olfactory epitheli-

um, lung Clara cells and liver hepatocytes. We propose

that the toxic effects of styrene are the result of target

organ-specific metabolism of styrene and/or its metabo-

lites combined with the response of the target organ.

The metabolism of styrene in mice is quite different

from that in rats and humans (Table 9). Based on urinary

metabolite profiles, in rats more than 95% of styrene is

metabolized through styrene-7,8-oxide (SO) to mandelic and

phenylglyoxylic acids or conjugated with glutathione. In

mice, less styrene is converted to mandelic and phenyl-

glyoxylic acids but more is metabolized through a pheny-

lacetaldehyde pathway (up to 20%), and more of the

styrene metabolites are ring-opened (up to 10%).26

Urinary metabolites in humans exposed to 50 ppm styrene

for 2 h resembled those of rats, not mice i.e. <5% via phey-

lacetaldehyde and no ring-opened metabolites detected.

However, species differences in whole-body metabo-



CHRONIC TOxICITy/ONCOGENICITy STUDy OF STyRENE IN CD-1 MICE By

INHALATION ExPOSURE FOR 104 WEEKS

The SIRC Review July 2002 21

FIgURe  9 (a) FIgURe  9 (b) FIgURe  9 (c)

FIgURe  9 (g)

FIgURe  9 (d) FIgURe  9 (e) FIgURe  9 (f)

Figure 9. Photomicrographs of nasal lesions in CRL-CD-1 mice exposed to

styrene vapor. A. Olfactory epithelium of the central septum and dorsal median

meatus of control mouse showing pseudostratified columnar epithelium and

underlying tissue containing Bowman’s glands and olfactory nerve fibers (*)

(H&E, x125); B. Olfactory epithelium of a mouse exposed to 160 ppm styrene for

52 weeks showing the extent of the lesions within the nasal chambers (H&E,

x50); C. Detail of marked area in the dorsal septum of B showing respiratory

metaplasia of the olfactory epithelium with changes in the underlying Bowman’s

glands (*) including dilatation, respiratory metaplasia, epithelial hyperplasia

and intra-luminal eosinophilic material. There is a loss of olfactory nerve fibers

from the underlying tissue (H&E, x250); D. Olfactory epithelium in the central

septum and dorsal meatus of a mouse exposed to 160 ppm styrene for 104 weeks

showing respiratory metaplasia and changes to underlying Bowman’s glands

(H&E, x250); E. Olfactory epithelium of the dorsal median meatus in a mouse

exposed to 160 ppm styrene for 104 weeks showing marked respiratory

metaplasia of the olfactory epithelium and underlyingBowman’s glands with

extrusion of eosinophilic material/debris (*) from the Bowman’s glands into the

airway. There is a loss of olfactory nerve fibers and a reduction of the width of the

lamina propria (H&E, x250).
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lism of styrene do not explain organ-specific toxicity or

differences in toxicity among species. Although styrene is

metabolized to different extents through the four meta-

bolic pathways in rats and mice, at comparable exposure

concentrations in the chronic inhalation studies (40-200

ppm), blood levels of styrene and SO were not different

between rats and mice (Table 3 compared to Ref. 9, Table

4). Furthermore, the blood level of SO in rats exposed to

1000 ppm styrene (males, 185 ng ml-1; females, 153 ng ml-1)

was much greater than the blood level of SO in mice

exposed to 160 ppm (males, 34 ng ml-1; females, 20 ng ml-1).

In addition, increased benign lung tumors were seen in

mice at exposure levels where SO was not detected in the

blood of some or all of the mice. Thus, organ-specific tox-

icity must be due to either organ-specific metabolism of

styrene or organ-specific susceptibility to styrene metabo-

lites, or both.

In the olfactory epithelium of mice and rats, styrene

causes degeneration of epithelial cells and Bowman’s

glands. 8,28 In mice, the damage is more severe than in rats

and requires less styrene for an effect. In subchronic stud-

ies, effects in mice were present at 50 ppm, whereas

effects were seen only at 200 ppm or greater in rats. 8 In

the rat chronic study, olfactory lesions were seen in a few

rats at exposure levels as low as 50 ppm after 2 years of

exposure, 9 whereas the present study demonstrated

more severe effects at 20 ppm after 2 years in almost all

mice. In a follow-up study in mice, olfactory lesions seen

after a single exposure at 80 ppm became progressively

worse following additional exposures. In contrast, at 40

ppm, only very slight lesions were seen after 13 weeks of

exposure. Thus, there appears to be a complex interaction

of dose and time in the development of olfactory lesions

from styrene exposure

We propose that styrene metabolism in rat and mouse

nasal olfactory epithelium is qualitatively similar except

that it occurs to a greater extent in mice than in rats. This

hypothesis can be tested by determining the Cyp450 iso-

forms involved in the metabolism of styrene in rat and

mouse nasal tissue and determining the identity and

quantity of styrene metabolic products. Additional stud-

ies have been initiated to address this hypothesis.

After one to three exposures of mice to styrene concen-

trations of 160 ppm or greater, acute liver necrosis

occurs.8,28-32 Hepatic necrosis may be massive and fatal,

but in the survivors new hepatocytes are formed that

appear to be resistant to styrene toxicity. 32 In rats, even

very high doses (1500 ppm by inhalation8,9 or 2000 mg kg-1

day-1 via gavage33) do not cause measurable hepatocellu-

lar necrosis. This difference between rats and mice may

be related also to differences in the metabolism of

styrene. In rat liver, the R-SO/S-SO ratio is 0.5:1, whereas

in mice it is 1.8:1.34

In mouse lung, subchronic exposures cause decreased

eosinophilic staining of Clara cells at 50 ppm after 2, 5

and 13 weeks, increased cell proliferation at 150 and 200

ppm after 2 weeks and focal crowding in terminal bron-

chioles at 13 weeks. 8 No effect on type II cells was seen at

any time interval from 2 weeks through to 2 years. Cell

proliferation can lead to an increased rate of spontaneous

mutations, which can lead to increased tumors.

Effects in Clara cells, but not type II cells, suggest

Clara cell-specific metabolism of styrene. When Clara

cell- and type II cell-enriched fractions from mouse lung

were compared, it was concluded that styrene metabo-

lism in mouse lung occurs in Clara cells and not in type II

cells. 35 In addition, the total amount of SO formed was

several-fold higher in mouse Clara cells than in rat Clara

cells. Furthermore, the ratio of the formation of R-styrene

oxide to S-styrene oxide in Clara cells from mice is ca. 4

whereas in the rat it is between 0.5 and 1. 35 The R-enan-

tiomer has been shown to be more toxic to mouse lungs

than the S-enantiomer. 34,36 These data suggest that Clara

cell toxicity in mice, but not rats, may be due to the high

production of R-SO in mouse Clara cells.

We propose that the metabolism of styrene in mouse

lung Clara cells leads to cytotoxicity and eventually to an

increase in the normally high incidence of lung tumors.

In rats, the metabolism of styrene in lung is different and

The SIRC Review July 200222

TABLE 9

Species Differences in Styrene Metabolisma

Pathway

SO-Epoxide SO-GSH PAA- Ring-

hydrolase Transferase aldehyde opened

F344 Rat 68-72% 23-26% 3-5% <1%

B6C3F1 Mouse 49-52% 33-35% 12-17% 4-8%

CD-1 Mouse 51-59% 20-27% 21-22% 4-8%

Human

4 hr 95% 5%

7 hr 100%

aData from Ref. 26, Exposures: rats and mice: 125, 250

and 500 ppm for 6 hours; humans: 50 ppm for 2 hours

riding stationary bike
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does not lead to cytotoxicity or increased lung tumors.

Based on eight chronic studies, styrene does not increase

tumors in any organ in rats. 9

At the termination of this inhalation study in mice

there were increased lung tumors but no increases in

tumors in other organs. An increase in lung tumors is

suggested by four chronic toxicity/oncogenicity studies

of styrene in mice conducted by gavage during the 1970s.

Styrene was given by gavage, alone or as a 70% mixture

with ß-nitrostyrene, in two studies using B6C3F1 mice

(Table 1). In both studies, groups of 50 male and female

mice were exposed at two concentrations and the control

groups consisted of only 20 males and females. When

styrene was administered alone, the doses were 150 and

300 mg kg-1 day-1 5 days per week; 33 but when mixed with

ß-nitrostyrene, 37 the styrene doses were 204 and 408 mg

kg-1 day-1 three times per week (equivalent to 122 and 244

mg kg-1 day-1 5 days per week). A dose-related trend for

increased lung tumors was seen in males only when

styrene was administered alone, although the values for

both treated groups were within the historical control

range for B6C3F1 mice at that laboratory. When styrene

was administered with ß-nitrostyrene at approximately

the same styrene doses, increased lung tumors were not

reported. In both of these studies the control groups of 20

mice of each gender had no lung tumors, which is very

unusual for B6C3F1 mice.

In a separate experiment, Ponomarkov and Tomatis38

administered styrene by gavage on day 17 of gestation to

either O20 or C57 mice; styrene was then administered

once per week by gavage to all offspring after weaning.

The O20 mice were treated at 1350 mg kg-1. There was

decreased survival of pups (43% treated pups vs 22% of

controls) and by week 16 of treatment of the pups, dosing

was stopped because 50% of the males and 20% of the

females had died. Increased lung tumors were seen in the

treated mice, where clearly the maximum tolerated dose

had been exceeded. No account was taken of litter effects.

The C57 mice were treated at 300 mg kg-1 for up to 120

weeks. There was no increase in lung tumor compared

with either olive oil or untreated control mice. Although

none of these four studies is fully acceptable under cur-

rent standards, 2 they provide weak evidence of increased

lung tumors but no increased tumors at any other site.

We propose that styrene induces mouse lung tumors

through a non-genotoxic mode of action. An alternative

mode of action for lung tumors is mutagenic events

caused by SO, which causes forestomach tumors in rats

and mice and is genotoxic in in vitro studies. 39 However,

most of the in vivo genotoxicity studies of SO are nega-

tive, 39 probably because SO is rapidly detoxified in vivo.

Styrene and its metabolites have a low reactivity with

DNA, which results in either negative or weakly positive

results in mutagenicity assays it lower eukaryotes, plants,

V79 cells and Drosophila. 40 In vitro assays for chromosome

effects of styrene have been generally positive using

human lymphocytes, Chinese hamster lung cells or

Allium cepa. 40 In vivo experiments in laboratory animals

have generally not resulted in increased chromosomal

aberrations (CA) or micronuclei (MN). A minority of

studies of reinforced plastics workers reported increased

CA or MN. 40 No dose response is evident for MN, but

two independent analyses4,41 reached opposing conclu-

sions on whether there was a dose response for CA in the

human studies. Increased CA in workers exposed to

styrene is in contradiction to lack of increased CA in con-

trolled styrene exposures in animals.

In contrast to the generally negative clastogenicity

data, a consistently small increase in sister chromatid

exchanges is seen in animal studies of styrene, 40 but both

reviewers of the human SCE studies4,41 agreed that there

was no dose response increase in sister chromatid

exchanges in the human studies. Increased DNA

alkali-labile sites or strand breaks have been reported in

animals and workers exposed to styrene; 40 these may be

related to oxidative damage rather than to direct genotox-

ic damage. 42,43

Two studies suggest a lack of genotoxic response in

mouse lung cells. No increase in CA was found in the

lungs of mice exposed to 125, 250 or 500 ppm styrene for

14 days. 44 No increase in lung tumors occurred in a

screening assay in A/J mice. 45

As noted in the proposed EPA Carcinogen Risk

Assessment Guidelines, increased tumors in a single

organ in a single species indicates species or organ-specif-

ic effects. Also, late-occurring, mostly benign tumors in

an organ with a high spontaneous incidence suggests

promotional activity rather than initiating activity. 46 This

appears to be the case with styrene. Styrene has a weak

genotoxic potential and has caused increased late-occur-

ring tumors in a single organ (lung) of a single species

(mouse). The mouse lung has a high incidence of sponta-

neous tumors. In addition, styrene had a lack of activity

in a lung tumor initiation screening assay (A/J mice).

These observations have led to the following hypothe-

sis: in mice the metabolism of styrene appears to be simi-

lar in lung Clara cells and nasal olfactory cells and to lead

to cytotoxicity in both cell types. In the mouse lung only,

the cytotoxicity is followed by hyperplasia of Clara cells.

This mouse-specific hyperplasia response is somehow
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associated, directly or indirectly, with the increased inci-

dence of late-onset tumors. Additional studies are in

progress to test this hypothesis.
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The reproductive and developmental toxi-

city of styrene has been studied in animals

and humans. The animal studies on

styrene have diverse study designs and

conclusions. Developmental or reproduc-

tive toxicity studies have been conducted

in rats, mice, rabbits, and hamsters. In

most cases, high doses are required to elic-

it effects, and the effects are not unique to

reproduction or development. In a num-

ber of the reports, either the experimental

designs are limited or the descriptions of

the designs and the endpoints measured

are insufficient to draw conclusions about

the toxicity of styrene. The more complete

and better-reported studies show that

styrene does not cause developmental

toxicity at dose levels that are not mater-

nally toxic. Some neurochemical or neu-

robehavioral effects have been reported at

high exposures. Styrene does not affect

fertility or reproductive function.

Considerable animal toxicity data on

styrene support the conclusion that

styrene is neither an endocrine-active sub-

stance nor an endocrine disrupter.

Human studies often suffer from either

inadequate exposure data or exposure to

a wide variety of materials, so that attri-

bution of effects to styrene exposure is

impossible. Furthermore, investigators

often have failed to account for other

exposures in the workplace or for other

potentially confounding factors in their

studies. Menstrual cycle irregularities and

congenital abnormalities were initially

reported; however, the better and more

recent reports do not show that styrene

causes developmental or reproductive

effects in humans. Human studies also

support the conclusion that styrene is not

an endocrine disrupter. Although some

study authors have concluded that

styrene is either a human or an animal

reproductive or developmental toxicant,

careful review demonstrates that such

conclusions are not justified.                           
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1. INTRODUCTION

Brown published a comprehensive review of the repro-

ductive and developmental toxicity of styrene in 1991.

Brown’s paper critically evaluated the human and animal

data on styrene. Although styrene toxicity has been dis-

cussed in various abstracts and reviews (U.S. EPA, 1988,

1989; Jakobsen, 1990; Brown, 1993; IARC, 1994; Newhook

et al., 1994), no one has comprehensively reviewed

styrene’s potential to affect development and reproduc-

tion since 1991. This paper reviews all of the major papers

published on the subject, emphasizing the more recent

ones. Although this review covers key papers reviewed

previously, one also should consult the original review

(Brown, 1991) for a complete picture of the studies on the

reproductive and developmental toxicity of styrene. Also,

we have reviewed the potential hormonal activity and

potential endocrine-disrupting activity of styrene. The

polymer and metabolites of styrene, such as the styrene

oxide, are not reviewed in this paper. 

Styrene monomer is an important industrial chemical

with diverse applications. Occupational exposure occurs,

particularly in some applications where the monomer is

polymerized during reinforced plastic operations. The

American Conference of Governmental Industrial

Hygienists set a TLV for styrene at 20 ppm in March 1998

(ACGIH, 1998). OSHA set the PEL for styrene at 100 ppm

with a 200 ppm ceiling and a 600 ppm (5 min) peak in

July 1996 (OSHA, 1996).

2. DeVelOPMeNTAl TOXICITy

2.1. Animal

2.1.1. Prenatal exposure and evaluation (Table 1).There are

nine reported studies on the effects of styrene in pregnan-

cy in rats, mice, or hamsters. Four provide useful data on

the developmental toxicity of styrene, while five have an

insufficient experimental design for evaluating develop-

mental toxicology and/or are deficient in reporting.

The most useful and standard developmental toxicity

studies of styrene include Murray et al. (1978), Srivastava

et al. (1990, 1992b), and Chernoff et al. (1990). The

Chernoff et al. and Srivastava et al. studies were not

included for the 1991 review of the developmental toxici-

ty of styrene (Brown, 1991). 

There is one orthodox “segment II” developmental

toxicity study of styrene (Murray et al., 1978). It is reason-

ably well reported and is of appropriate design for one

species (rat), but not the other (rabbit). Inhalation and

gavage were the exposure routes for rats, and inhalation

was the only exposure route for rabbits. 

Pregnant rats were exposed to styrene during days 6

to 15 of gestation (up to 600 or 300 ppm in the air for 7 h a

day by inhalation and up to 90 or 150 mg/kg, twice daily

by gavage) which induced a decrement in maternal

weight gain. The only significant effect on embryo/fetal

development in rats seen following inhalation or gavage

exposure was a greater incidence of skeletal variations

than in concomitant controls; however, the skeletal varia-

tions were not replicated in other higher dose rat studies

(e.g., Chernoff et al., 1990). The authors state that the inci-

dence of skeletal variations in styrene-exposed animals

was within historical control values, but they did not

report the data. The increased incidence of skeletal varia-

tions is probably not treatment related. 

Inhalation exposure of up to 1000 ppm styrene had no

effect on maternal rabbits, but the highest exposure level

used in the rabbit segment II test was only 600 ppm dur-

ing days 6 to 18 of gestation. The usefulness of this study

in evaluating the potential developmental toxicity of

styrene in rabbits is limited, since the dose levels were

well below the maternally toxic level. The 600 ppm expo-

sure had no significant effect on embryo/fetal develop-

ment. There was a higher incidence of a single skeletal

variant compared to controls. The authors state that the

incidence of skeletal variations in styrene-exposed rabbits

was within historical control values, but they did not

report the data. The increased incidence of the single type

of skeletal variation is not likely to be treatment related.

In a segment II-type Teratology study, albino rats were

administered 250 or 400 mg/kg/day styrene orally in

groundnut oil on gestation days 6 to15 (Srivastava et al.,

1990). The 250 mg/kg/day dose had no effect on mater-

nal weight gain, nor on any embryo–fetal parameter.

There was a severe (40 g at gestation day 20) reduction in

maternal weight gain following the 400 mg/kg/day dose,

with increases in pre- and postimplantation embryo–fetal

death and reduction in fetal weight. There were no gross

or skeletal structural defects in any dose group.

Srivastava et al. (1992a) also studied the effect of simi-

lar styrene exposures on fetal hepatic xenobiotic-metabo-

lizing capacity at term. Wistar albino rats were adminis-

tered 200 or 400 mg/kg/day styrene orally throughout

gestation (days 1 to 20). The effect of these treatments on

maternal weight gain or on the numbers of live fetuses is

not reported. However, as noted above,400 mg/kg/day

was severely toxic to dams in a prior study by the same

investigators (Srivastava et al., 1990). Fetal body and liver

weights were not significantly affected by a dose of 200

mg/kg/day but were reduced by a dose of 400
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TAble 1 

Summary of Styrene Developmental Toxicity Studies in Animals: Prenatal Exposure and Evaluation

Gestation Maternal Developmental toxicity

Reference Species exposure Dose toxicity Pre-I Post-I FW Malf. Var.

Inhalation 

Ragul’ye Rat All (4 h/day) 1.2 ppm ? NE N N N N N 

(1974) All 11.6 ppm “Toxic” ↑ ? N N N N 

All 0.35 ppm NE ↑ ? ↑ ? N NE NE 

All 1.2 ppm NE ↑ ? ↑ ? ↓ ? NE NE 

1st “Tri” 0.35 ppm NE ↑ ? N N NE NE 

1st “Tri” 1.2 ppm NE ↑ ? N N NE NE 

Murray et al. Rat 6–15 (7 h/ 300 ppm ↓ Weight gain N N N N ↑ ? 

(1978) day)

600 ppm ↓ Weight gain N N N N ↑ ?

Rabbit 6–15 (7 h/ 300 ppm N N N N N N  

day) 600 ppm N N N N N ↑ ?

Vergieva et al. Rat 2–21 (4 h/ 47 ppm ↑ RBC? N N NE NE N

(1979) day, 5 days

/week) 

Kankaanpaa et al. Mouse 6–16 (6 h/day) 250 ppm NE NE ↑ ? NE ↑ ? NE

(1980)

Hamster 6–16 (6 h/day) 1000 ppm NE NE ↑ ? NE N 0

6–16 (6 h/day) 750 ppm NE NE ↑ ? NE N N

Gavage

Murray et al. (1978) Rat 6–15 150 mg/ kg/day ↓ Weight gain N N N N ↑ ?

90 mg/kg/day ↓ Weight gain N N N N ↑ ? 

Chernoff et al. (1990) Rat 6–15 1147 mg/kg/day ↓ Body N N N ↑ ? N 

weight (severe)

Srivastava et al. Rat 6–15 400 mg/kg/day ↓ Weight gain ↑ ? ↑ ? ↓ N N

(1990) 250 mg/kg/day N N N N N N

Daston et al. Rat 11 only 300 mg/kg/day ↓ Body weight N N N N N

(1991a)

Note. N, effect not present; NE, not evaluated or reported; ?, equivocal; ↑, increase; ↓, decrease; Pre-I, preimplantation loss; 

Post-I, postimplantation loss; FW, fetal weight; Malf., malformations; Var., variations; 1st “Tri,” first trimester.
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mg/kg/day (relative liver weight was unaffected).

Styrene exposure reduced the following activities in

preparations from day 20 fetal liver: glutathione, glu-

tathione S-transferase, aminopyrene N-demethylase (not

200 mg/kg/day), aniline hydroxylase, aryl hydrocarbon

hydroxylase, and cytochrome P450 content (not 200

mg/kg/day). The roles of maternal toxicity, reduced fetal

weight, retarded development, and direct actions of

styrene on liver functions cannot be separated from these

observations.

Chernoff et al. (1990) examined the hypothesis that

overt maternal toxicity induces a characteristic syndrome

of developmental defects in the rat. Styrene was one of a

series of chemicals used to induce maternal toxicity.

Sprague–Dawley rats were administered styrene at a

dose of 1147 mg/kg/day on gestation days 6 to 15. There

were no maternal deaths, but there were severe reduc-

tions in maternal body and organ weight, particularly

during early treatment. On day 20, 13 styrene-exposed

dams produced 133 fetuses. This group was not different

from controls in terms of developmental parameters,

including fetal weight, embryo–fetal death, and skeletal

or soft tissue malformations or variations. There was,

however, a statistically significant increase in “kidney

score” in styrene-exposed fetuses. The renal pelvis lumen

was scored on a scale of 1 (no visible space) to 4 (apparent

hydronephrosis). The data are presented as the mean pro-

portion of fetuses with a score >1, subtracting the propor-

tion in concomitant controls from that in exposed fetuses.

The reported values for styrene-exposed fetuses are 0.259

and 0.015 for the left and right kidney, respectively. The

value for the left kidney only is stated to be statistically

significant. The implication of this is unclear. None of the

seven other groups of fetuses showed an apparent differ-

ence between left and right kidney scores. The one other

group with an apparent increase in hydronephrosis had

scores >0.41 for both kidneys. Four other mean scores of

less than minus 0.259 were reported, so treated fetuses

had less renal pelvis dilatation than controls. This sug-

gests considerable background variation between groups

of fetuses not connected with treatment. This variability

is the most likely explanation for the apparent effect in

styrene-exposed fetuses. This study is considered to

show no evidence of developmental toxicity in rats at a

severely maternally toxic dose of styrene.

There are five studies that, either by design or by exe-

cution, do not significantly contribute to our knowledge

about the developmental toxicity of styrene (Ragul’ye,

1974; Efremenko et al., 1976; Vergieva et al., 1979;

Kankaanpaa et al., 1980; Daston et al., 1991a). 

For example, Ragul’ye (1974) reported that the inci-

dence of embryonic, fetal, and neonatal death was

increased by inhalation exposure of rats to 0.35 to 11.6

ppm styrene throughout gestation. However, these very

low concentrations were accompanied by general mater-

nal toxicity which could not have occurred at such low

doses, based on other rat inhalation study data. Thus,

either exposure was miscalculated or a material other

than styrene was tested. The evidence for the reported

effects also is equivocal, and a number of key endpoints

were not evaluated. 

Only one study has claimed that styrene exposure

induces malformations. In a group of 13 pregnant mice

exposed to 250 ppm styrene on days 6 to 16 of gestation,

there were 3 malformed fetuses of 76 live fetuses, com-

pared to 1 of 94 in controls (Kankaanpaa et al., 1980).

There was no statistical analysis, and it is not possible to

calculate from the reported data because litter incidences

are not given, but this is unlikely to be a significant effect.

Embryo/fetal death was stated to be higher in seven

hamsters exposed gestationally to 1000 ppm styrene (on

days 6 to 16 of gestation) than in controls (Kankaanpaa et

al., 1980). Maternal toxicity was stated to be “small,” but

no objective parameters were reported. 

Vergieva et al. (1979) studied the effect of inhalation of

styrene on albino rats. This study is compromised by

design and reporting deficiencies. Concentrations of 163

ppm (700 mg/m3) and 47 ppm (200 mg/m3) were used 4

h/day, 5 days/week on gestation days 2 to 16 for the 163

ppm group and on gestation days 2 to 21 for the 47 ppm

group. This is not consistent with the reported 5

days/week exposure. Some of the dams in the 47 ppm

group were killed at gestation day 21 and the fetuses

were evaluated. The fetal evaluations showed no effect

on pre- or postimplantation loss or malformations. The

fetal weights were not evaluated.

Daston et al. (1991a) designed a study to examine the

hypothesis that maternal metallothionein induction may

contribute to developmental toxicity by decreasing zinc

availability to the conceptus. They used styrene as a pro-

totype chemical that is not developmentally toxic at

maternally toxic exposures and compared it with ure-

thane. Sprague–Dawley rats were administered a single

dose of 300 mg/kg styrene orally on gestation day 11.

This treatment was maternally toxic, significantly reduc-

ing food consumption and body weight over the subse-

quent 24 h. The treatment also induced hepatic metalloth-

ionein, but this was probably caused indirectly by the

reduced food consumption, because pair-fed control ani-

mals showed the same effect. Plasma zinc levels were
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unaffected by styrene and pair feeding, unlike urethane.

Styrene had no effect on any fetal parameter on gestation

day 20. Thus, a single dose of 300 mg/kg styrene on ges-

tation day 11 was maternally but not developmentally

toxic. This study was well reported and the results are

interesting, but the results cannot be used for evaluating

potential developmental toxicity due to the short dura-

tion of dosing.

There is no evidence that styrene is a teratogen. New

data available since Brown’s 1991 review reaffirm the

conclusion that styrene is not a developmental toxicant at

non-maternally toxic exposures in experimental animals.

There are still no convincing indications of styrene-

induced malformations. There is some evidence, from

reliable studies, for slight embryo–fetal toxicity at mater-

nally toxic exposures.

2.1.2. Prenatal exposure and postnatal evaluation (Table 2).

Studies of postnatal exposure to styrene show evidence

of decreased pup weight, developmental delay, and

behavioral changes. There are no systematic studies of

postnatal function after prenatal exposure. Limited data

from several studies do not suggest any major effect.

As previously described, Vergieva et al. (1979) studied

the effect of inhalation of styrene on albino rats.

Concentrations of 163 ppm (700 mg/m3) and 47 ppm (200

mg/m3) were used 4 h/day, 5 days/week on gestation

TAble 2

Summary of Styrene Developmental Toxicity Studies in Animals: Prenatal Exposure and Postnatal Evaluation

Gestation Maternal Pup weight Behavior,

Reference Species exposure Dose toxicity (devel.) neurochemistry, other

Inhalation 

Vergieva et al. (1979) Rat 2–21 47 ppm ↑ RBC? ↓ ? N open field & noise

(5 days/week) stress

2–16 163 ppm ↑ Hgb? N N open field & noise

stress 

Kishi et al. (1992) Rat 7–21 60 ppm N ↓ Pup weight N brain weight,

(6 h/day) protein, 

neurotransmitter

levels 

293 ppm ↓ Weight gain ↓ Pup weight N brain weight,

protein; ↓ 5-HT;

5-HIAA; DP; HVA

Kishi et al. (1995) Rat 7–21 60 ppm N NE NE  

(6 h/day) 

293 ppm ↓ Weight gain ↓ Pup weight Developmental

(20-77 days) delays, prewean ↓

righting, pivoting,

holding; postwean

↓ open field, rota-rod

Gavage

Zaidi et al. (1985) Rat All 200 mg/ NE N pup weight N striatal protein &

kg/day dopamine

Note. N, effect not present; NE, not evaluated or reported; ?, equivocal; ↑, increase; ↓, decrease.
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days 2 to 16 for the 163 ppm group and on gestation days

2 to 21 for the 47 ppm group. It is not clear how the study

was done because the intervals are not consistent with

the reported 5 days/week exposure. Some of the dams

delivered litters and the development of their offspring

was evaluated. Hematologic evaluations of the pups

showed increased red blood cell counts at 47 ppm and

increased hemoglobin at 163 ppm. There were no dose-

related effects on pup body weights or on offspring

behavior at either dose level. This study is compromised

by design and reporting deficiencies.

Zaidi et al. (1985) studied the effect of gestational

exposure to styrene by gavage. Albino rats (strain not

specified) were given 200 mg/kg styrene daily through-

out gestation. There was no effect on the number of pups

per litter, pup body weight, protein content of brain stria-

tum, and assessment of striatal dopamine receptors for

pups of dams exposed during gestation only.

Kishi et al. (1989) have published several studies con-

cerning styrene effects on postnatal development follow-

ing exposure during pregnancy. The distribution of [14C]

styrene in mice on day 17 of pregnancy was studied by

whole-body autoradiography or scintillation counting of

tissue homogenates (see Section 6). These data were sum-

marized in the proceedings of a symposium published in

1992 (Kishi et al., 1992a), which also briefly introduced

neurobehavioral testing of animals after prenatal expo-

sure to styrene. These latter studies were published in full

later that year (Kishi et al., 1992b). Wistar rats were

exposed to styrene by inhalation for 6 h/day between

days 7 and 21 of pregnancy. Levels were nominally 50

and 300 ppm, with mean measured levels being 60.1 ±

18.9 and 292.7 ± 72.4 ppm. The number of dams were 14

in air, 3 in 60 ppm, and 7 in 300 ppm. Maternal body

weight gains were not significantly different, but were

decreased at 300 ppm. The lengths of gestation and num-

bers of offspring were similar in the three groups, but

pup body weights were significantly different from con-

trol in both styrene-treated groups [P < 0.01, statistical

test and basis (litter or individual) not stated).

Litters were culled after weaning to 6 pups for a fur-

ther study of behavior (see below), and 10 of the culled

pups from each group were used for neurochemical

analysis. It is not clear how the pups for the behavioral

evaluations or the neurochemical analyses were selected,

given the very uneven numbers of litters in the three

groups. All further statistical analysis was on the basis of

individual pup data, as opposed to litter-based data,

which may not be valid for prenatal exposure experi-

ments. Brain weights and protein content, as well as the

levels of six neurotransmitters, were measured in the

cerebrum and the cerebellum. There were no differences

between the groups in brain protein or weight, nor in

neurotransmitter levels for the 50 ppm group. Only 5-HT

levels were reduced in the cerebellum of 300 ppm ani-

mals, whereas 5-HT, its metabolite 5-HIAA, dopamine,

and homovanillic acid were reduced in the cerebrum.

The behavioral aspects of these studies were reported

recently (Kishi et al., 1995). The exposures, numbers of

dams, weight gains, lengths of gestation, and numbers of

live-born are as reported before (Kishi et al., 1992b).

However, it is stated that, “due to limited number of

inhalation chambers, only 12 litters exposed at the same

periods were evaluated in the neurobehavioral study (5

at 0 ppm; 2 at 50 ppm; 5 at 300 ppm).” [This limitation

casts some significant doubt on the interpretation of the

previous study, which used data from all litters. See com-

ments below.] The numbers of offspring used were 15

male, 13 female; 8 male, 4 female; and 15 male, 14 female

for the 0, 60 ppm, and 300 ppm dose groups, respectively.

The primary statistical analysis was on a per-litter basis,

so no comparisons could be made for the 60 ppm group,

in which there were only two litters. With these selected

pups, and using per-litter statistical analysis, there was

no significant reduction in day 1 body weight (cf. above).

Body weights in the 300 ppm group were reduced at 21

days for both sexes, at 77 days for females, but not at 125

days for either sex. Development was delayed in the 300

ppm group, as measured by incisor eruption, eye open-

ing, auditory startle, and righting reflex. Preweaning test-

ing showed significant differences between the control

and 300 ppm groups for surface righting, pivoting, and

bar holding, but not negative geotaxis or cliff drop avoid-

ance. Postweaning testing showed significant differences

in open-field and rota-rod tests at 30 and 60 days, but not

at 120 days. Spontaneous activity of males at 50 days was

different during the dark phase, but not in the light

phase. Operant conditioning of males differed during

only one of seven sessions. The authors themselves point

out that the low numbers of litters in these studies is a

problem and that any effects cannot necessarily be attrib-

uted exclusively to prenatal exposure, because a cross-

fostering design was not used.

Confusingly, some of these data appear to have been

published in 1989 (in Chinese) from a different institution

(Harbin Medical University, China) by Chen (1989), a co-

author on the Kishi et al. (1992b, 1995) papers. The expo-

sure regimen is the same (6 h/day, days 7 to 21), and the

measured styrene levels are reported to be 60 ± 18.9 and

297 ± 72.4 ppm, with only the 297 differing from the 292.7
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reported by Kishi et al. (1992b). This report gives only the

postweaning testing data on open-field, rota-rod, sponta-

neous activity, and operant conditioning. The numbers of

animals tested are almost identical to the subset of litters

used in Kishi et al. (1995) (15/8/15 males and 13/4/15

females in 0/60/300 ppm groups, respectively), as are the

tests and the days on which they were done. Overall, the

results and their significance are the same, although the

individual values are all different. This may be because

the Kishi et al. (1995) data are given as litter means while

TAble 3

Summary of Styrene Developmental Toxicity Studies in Animals: Prenatal and Postnatal Exposure and Postnatal 

Evaluation—Gavage

Maternal Pup weight Litter size

Reference Species Exposure Dose toxicity (devel.) (at birth) Other

Ponomarkov O20 mouse GD 17; then 1350 mg/ No mortality N N ↑ Mortality in

and Lorenzo weekly to kg/day pups

(1978) offspring preweaning,

treatment 

stopped after 

16 weeks; 

possible earlier 

occurrence of 

lung tumors in 

exposed

progeny 

C57 B1 GD 17; then 300 mg/ NE N N No effect on 

mouse weekly to kg/day pup mortality.

offspring No treatment-

related tumors

in progeny 

BB IV rat GD 17; then 1350 mg/ NE N N ↑ Preweaning

weekly to kg/ day mortality?;

offspring  kidney and

stomach

lesions in rats

surviving 80

weeks 

Khanna et al. Rat GD 6 to 100 mg/ NE N NE N

(1991) weaning kg/day

GD 6 to 100 mg/kg/ NE ↓ Pup NE ↓ Righting,

weaning day and low weight delayed cliff

protein (delay) avoidance; ↓

MAO, Na, K,

ATPase, and

SDH

Note. N, effect not present; NE, not evaluated or reported; ?, equivocal; ↑, increase; ↓, decrease; GD, gestation day.
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those of Chen are individual means; however, because of

this the Chen results are not included in the tables.

These publications are difficult to evaluate, given the

inconsistencies discussed, the confused sources of the

results, and the low numbers of animals involved. The

data were used to set a LOEL in the calculation of a TDI

for styrene by inhalation by Canadian authorities

(Newhook et al., 1994). Lack of clarification of the data

sources and reporting inconsistency argue against using

these studies as a basis for regulatory action. Studies of

postnatal exposure to styrene show evidence of

decreased pup weight, developmental delay, and behav-

TAble 4

Summary of Styrene Developmental Toxicity Studies in Animals: Postnatal Exposure and Evaluation

Lactation Maternal  Pup Behavior, 

Reference Species exposure Dose toxicity weight (devel.) neurochemistry, other

Inhalation 

Shigeta et al. Rat 1–48
a

(7h/day) 25 ppm N ↓ body Avoidance?

(1989)   weight
b

(delay)

50 ppm N ↓ body ↓Open field;

weight
b

avoidance? 

(delay)

Gavage 

Srivastava et al. Rat 0–21 200 mg/kg/ NE N body N  

(1992b) day weight

400 mg/kg/ NE N body ↓ Epididymal sperm

day weight at 61 and 91 days; 

↑↓ testicular enzymes

N histopathology testes 

Khanna et al. Rat 36–51 250 mg/kg/ NA N ↓ Dopamine

(1994) day

36–51 250 mg/kg/ NA ↓ ? ↑Aggression, 

day and low locomotor activity;

protein ↓ dopamine,

diet EPN, serotonin; 

↑ 5-HT binding 

Note. N, effect not present; NE, not evaluated or reported; NA, not applicable; ?, equivocal; ↑, increase; ↓, decrease.
a 6 days/week.
b Weights significantly lower than control prior to exposure; potentially confounds interpretation of study results.
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TAble 5 

Summary of Styrene Developmental Toxicity Studies in Animals: Three-Generation Reproductive Toxicity Drinking Water

Parental Pup weights, survival,

Reference Species Dose (mg/kg/day) toxicity and development  Other

Beliles et al (1985) Rat ~7–10 ↓ Water N pup weight and N pup organ weight;

survival histopathology;

cytogenetics 

~14–21 ↓ Water, ↓ F1, two total litter N pup organ weight;

body weight deaths; F2, ↓ pup histopath;

survival 1, 7, 14 cytogenetics

days; F3, ↓ pup

weight 7, 14 days 

Note. N, not present; NE, not evaluated.

ioral changes. There are no systematic studies of postna-

tal function after prenatal exposure. Limited data from

several studies do not suggest any major effect.

2.1.3. Prenatal and postnatal exposure and postnatal evalu-

ation (Table 3). Khanna et al. have reported two studies on

the interaction of styrene with protein malnutrition on

neurobehavior in rats (Khanna et al., 1991, 1994). In both

studies rats were given a diet of 20% casein (normal) or

8% percent casein (low protein). In the first study, this

diet was administered throughout pregnancy and lacta-

tion, with or without 100 mg/kg styrene administered

orally from day 6 of gestation onward. Styrene had no

effect on any parameter measured in animals fed a nor-

mal diet. The low protein diet alone caused a reduction in

postnatal weight gain, and a delay in development (eye

opening and fur growth). These pups also showed a

delay in the development of surface and air righting

reflexes and cliff avoidance response. These effects were

more marked in pups born to dams that were exposed to

styrene and receiving the low protein diet. In addition,

these pups also showed a significant decrease in the

activity of monoamine oxidase, Na-,K- -ATPase, and suc-

cinic dehydrogenase as well as significant increases in

motor activity and receptor sensitivity when compared to

rat pups born to dams receiving a low protein diet alone.

A study of the effects of chronic oral administration of

styrene on O20 mice, C57 Bl mice, and BD IV rats was per-

formed (Ponomarkov, 1978). The styrene monomer was

dissolved in olive oil and given to the animals on their

17th day of gestation. After weaning, their offspring were

treated weekly throughout their life span with styrene by

gavage at doses of 1350 mg/kg/day for O20 mice, 300

mg/kg/day for C57B1 mice, and 1350 mg/kg for BD IV

rats. Ponomarkov and Tomatis administered styrene to

BD IV rats at 1350 mg/kg on day 17 of gestation, but at

500 mg/kg/day to offspring.

There was no effect on O20 mice litter size at birth or on

body weight gain. Decreased survival prior to weaning

was seen in the offspring of treated mice. The maximally

tolerated dose (MTD) was exceeded. Treatment of the off-

spring of O20 mice was suspended after 16 weeks because

of increased mortality (with hepatic necrosis, lung con-

gestion, and hypoplasia of the spleen). There appeared to

be an earlier occurrence of lung tumors in the surviving

styrene-exposed progeny.

Incidence of lung tumors in female progeny was

increased compared to vehicle controls, but not com-

pared to untreated controls. Background incidence of

lung tumors in this mouse strain is not presented, and it

is difficult to establish that there was a treatment-related

effect based on the available data. Styrene did not affect

maternal mortality rates.

C57Bl mice showed no effects on litter size or prewean-

ing mortality and no treatment-related tumors in proge-

ny. There were no considerable variations in the body

weights and mortality between the treated and control
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groups. There was no effect on maternal mortality due to

styrene exposure. 

BD IV rats indicated a possible increase in preweaning

mortality (10% in treated versus 2.5% in control) at the

high dose of 1350 mg/kg only. There was no effect on lit-

ter size at birth, survival postweaning, or body weight

development. There were, however, forestomach and

kidney lesions in rats surviving 80 weeks.

These studies failed to identify any changes that indi-

cate a particular sensitivity of the developing organism to

such exposures.

2.1.4. Postnatal exposure and evaluation (Table 4).

Another study of the neurobehavioral effects of postnatal

styrene exposure in rats was reported by Shigeta et al.

(1989). Animals were exposed to 0, 25, or 50 ppm styrene

by inhalation for 7 h/day, 6 days/week throughout lacta-

tion and up to 48 days of age. Unfortunately, the three

groups were not equivalent at the start of the study. Body

weights in the two exposure groups, both males and

females, were significantly smaller than controls on day

1. This difference persisted throughout the exposure peri-

od. It is reported that incisor eruption was delayed in

both treated groups, and pinna detachment in the 25 ppm

group, but it is not clear if this was associated with the

initially reduced body weights. At 7 weeks, Sidman

avoidance tests showed significant differences between

control and treated animals in only 2 of 20 observation

sessions. At 9 weeks, there were some significant differ-

ences in open field behavior at 50 ppm in both males and

females. The lack of equivalence between the groups of

pups at the start of exposure severely compromises the

ability to interpret the results of this study.

Srivastava et al. (1992b) dosed dams by gavage from

the birth of their litters to lactation day 21 at 200 or 400

mg/kg/day. Testicular parameters were evaluated. No

effects were seen at 200 mg/kg/day. Findings at 400

mg/kg/day are included in Table 5 and are discussed in

more detail in the section on male reproductive toxicity.

In the second Khanna et al. (1994) study evaluating the

potential interaction of styrene and a low protein diet,

female albino rats were fed normal or low protein diets

from 21 days of age then coadministered 250 mg/kg/day

styrene orally from days 36 to 51. For animals on a nor-

mal diet, there was no effect of styrene on any parameter

measured, except frontal cortex dopamine levels (see

below). On day 52, body weights of low protein animals

were 32% less than controls and styrene-exposed animals

weighed less than controls, but the difference was not sta-

tistically significant. Low protein diet induced an

increase in foot-shock-induced aggressive behavior, and

this was further increased by concomitant styrene expo-

sure. Amphetamine-induced locomotor activity was

increased by styrene in low protein diet animals, but not

by a low protein diet alone. The patterns of response of

biogenic amine levels in the frontal cortex were different

for dopamine, compared to norepinephrine and sero-

tonin. Dopamine was reduced by a low protein diet and

by styrene in both diet groups. Norepinephrine and sero-

tonin were not significantly affected by a low protein

diet, but were reduced by concomitant styrene and low

protein diet. Spiperone (dopamine receptor) binding was

unaffected by a low protein diet, but increased with a low

protein diet plus styrene exposure. The binding of 5-HT

(serotonin receptor) was increased by a low protein diet

and further by concomitant styrene exposure.

There is a consistent picture from these oral styrene

postnatal exposure studies that doses up to 250

mg/kg/day have no effect on developmental or neurobe-

havioral parameters in animals on a normal diet.

Pronounced protein malnutrition alone had an effect on

most of the developmental parameters measured, and

simultaneous styrene exposure exacerbated this effect in

most cases. Prenatal styrene exposure was not necessary

for this interaction, since postnatal exposure alone was

effective. The significance of this interaction of styrene

with protein malnutrition for human risk assessment is

not clear.

Beliles et al. (1985) reported results from a three-gener-

ation rat reproductive toxicity study with styrene, includ-

ing continuous exposure of rats to 125 and 250 ppm

styrene in drinking water (Table 5). The high-dose expo-

sure level had an effect on water consumption and

caused a small reduction in adult female body weight.

Evaluation of pup development and survival data

showed small decreases in neonatal survival or growth in

each generation of pups at the 250 ppm dose level.

However, no effects were consistent across generations,

and it is not appropriate to combine the disparate find-

ings from all generations because of differing etiologies:

there was a slight increase in total pup loss (2 of 15 litters,

not statistically significantly different from controls on a

per litter basis) in the first generation; slightly decreased

pup viability in the second generation; and decreased

pup weights, but more live pups and female pups per lit-

ter, both factors that may contribute to decreased pup

weight, in the third generation. For each generation, pup

organ weights and ratios, histopathology, and cytogenet-

ics were reported not to show “any consistent indication

of dose-related differences,” although the data were not

presented. Therefore, it can be concluded that there were
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no clearly treatment-related effects on pup survival, pup

body weights, or development in this study.

2.1.5. Chick embryo and in vitro development. The report-

ed effects of styrene on chick embryo development

(Vainio et al., 1977; Kankaanpaa et al., 1979) discussed in

Brown (1991) are important because they provide the

basis for several published statements that styrene is a

potential teratogen or developmental hazard. The effects

of any chemical on chick development must be evaluated

with caution, however, because the chick egg is a closed

system with little barrier to transport into the embryonic

compartment and, of course, lacks a maternal surround-

ing environment. Added substances generally remain for

extended periods, and there is essentially no limit to the

amount (concentration) of substance that can be added.

Thus, virtually any chemical can produce an effect when

added to the chick egg. This does not indicate a potential

for developmental toxicity but, rather, simple general tox-

icity. Indeed, the chick egg has been proposed as an acute

toxicity test. The production of specific malformations, at

a significant incidence, in the absence of any general

embryotoxic response, and at a concentration relevant to

mammalian blood and tissue levels would be a reason to

suspect specific developmental toxic potential; however,

there is no evidence that styrene induces such an effect.

To the contrary, styrene exposure induces a nonspecific

spectrum of defects, only at concentrations which are

embryolethal (Vainio et al., 1977; Kankaanpaa et al., 1979).

Whole rat embryo culture was used to evaluate the

direct effects of several solvents on mammalian organo-

genesis (Brown-Woodman et al., 1994). Day 10

Sprague–Dawley rat conceptuses at the 10-somite stage

were cultured for 40 h in homologous serum with or

without added styrene. A concentration of 1 mM styrene

(120 µg/ml) was the minimum concentration to induce

an adverse effect, in this case a growth reduction in

crown–rump length. Higher concentrations induced

more severe growth and developmental retardation.

Structural abnormalities were not induced at any concen-

tration. The absence of any specific dysmorphology, even

at embryolethal concentrations, is supportive of the lack

of teratogenic effect of styrene in vivo. 

In an in vitro study also using tissues from

Sprague–Dawley rats, midbrain or limb bud micromass

cultures were treated with styrene (Gregotti et al., 1994).

Styrene had no adverse effect, with or without addition of

S-9, up to a maximum concentration of 300 µg/ml (2.5 mM).

Styrene was one of the chemicals included in the trial

of a novel screen for developmental toxicity based on pri-

mary cultures of chick embryo neural retina cells (Daston

et al., 1991b). The system incorporates objective measures

of three cellular processes: aggregation, growth, and dif-

ferentiation. Styrene was included in the trial as “nonde-

velopmental toxicant” and was considered inactive in the

screen, with no effect on any endpoint at concentrations

up to 5 mM.

It is to be expected, from much the same pharmacokinetic

reasoning as discussed for the chick embryo, that styrene

could exert toxic effects on developing systems in vitro.

Effective concentrations and specific developmental dis-

ruption are the critical issues. For styrene 1 mM (120 µg/ml)

was the minimum effective concentration in these studies.

These can be compared to blood levels in vivo. For example,

peak styrene blood levels of about 25 µg/g were found in

mice exposed to 500 ppm styrene for 4 days, a near lethal

dose (Morgan et al., 1993a,b). There was little indication

from the developmental studies in vitro that styrene can

induce any specific developmental disruption.

2.1.6. Conclusions regarding animal developmental toxicity

studies. Overall, there is no evidence for teratogenic

effects from styrene exposure during gestation, and

styrene is not uniquely embryotoxic. A slight

embryo–fetal toxicity (primarily developmental delays;

possible increases in skeletal variations) may be present

at high and maternally toxic doses. 

There are very limited data to suggest transient post-

natal developmental retardation induced by inhalation

exposure to 300 ppm styrene for 6 h/day throughout ges-

tation. There is no evidence from postnatal evaluations

that oral styrene exposures of up to 250 mg/kg/day

affect neurobehavioral or biochemical parameters or

cause developmental delay. Most of the studies on prena-

tal or lactational exposure to styrene, which suggest

effects on pup body weight gain, behavioral measures

(associated with developmental delays), and neurotrans-

mitter levels at maternally toxic doses, have serious defi-

ciencies. Nevertheless, there is a combined weight of evi-

dence that suggests the developing central nervous

system may be adversely affected by the neurotoxic

effects of styrene at high doses. Whether the developing

brain is significantly more susceptible than the mature

organ is not clear, nor is it established that prenatal expo-

sure alone is sufficient to produce developmental toxicity.

Also, whether these effects are considered specifically as

indications of developmental toxicity or as an extension

of neurotoxicity is open to debate.

In vitro data do not raise concern for teratogenicity

and show only nonspecific effects at high exposure con-

centrations.
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2.2. Human

2.2.1. Congenital malformation. A report published many

years ago (Holmberg, 1977) described CNS malforma-

tions in two children of styrene-exposed mothers. This

observation is still quoted as evidence of the develop-

mental toxicity of styrene in humans but is clearly a mis-

leading claim. Several larger and more powerful epi-

demiological studies from the same, and other,

researchers have failed to show that styrene exposure is

associated with any increase in malformations

(Holmberg, 1978, 1979; Holmberg and Nurminen, 1980;

Holmberg et al., 1982, 1986; Harkonen and Holmberg,

1982; Kurppa et al., 1983; Harkonen et al., 1984; Hemminki

et al., 1984; Ahlborg et al., 1987). The obvious explanation

for the initial observations is chance association. See

Brown (1991) for a detailed discussion of these reports.

2.2.2. Spontaneous abortion. A similar story has unfold-

ed regarding spontaneous abortion. An early study sug-

gested an association between styrene exposure and

spontaneous abortion (Hemminki et al., 1980). The study

had some deficiencies of design and analysis. However,

several subsequent investigations, from the same group

as well as others, of greater population size and more

sophisticated design, have failed to confirm the associa-

tion (Harkonen and Holmberg, 1982; Hemminki et al.,

1984; Lindbohm et al., 1985). It is possible to conclude

from these investigations that styrene exposure is not

associated with a major increase in the occurrence of

spontaneous abortion. But, because of the relatively small

study population sizes in all of these investigations, it is

not feasible to exclude the possibility of a small increase

in risk. All of these studies were carried out in

Scandinavia, and none included measurements of indi-

vidual exposure. It is not clear if the populations, or occu-

pational health measures and exposures, are different

from those in other countries.

A study of spontaneous abortion and plastics manu-

facture by McDonald and colleagues (1988) was not

included in the previous review (Brown, 1991) because

there was no indication of significant exposure to styrene,

but it has been cited by others as indicating styrene-

induced effects. This is part of a large study of births and

spontaneous abortions in Montreal between May 1982

and May 1984. A total of 76 pregnancies were identified

in women who were employed as production workers in

factories that used polystyrene, including expanded (but

not reinforced) polystyrene, to make household articles.

From the workplace descriptions given, it seems unlikely

that there would have been significant exposure to

styrene monomer. Eighteen of the pregnancies resulted in

a spontaneous abortion, which was compared with the

rate in all working women in the study to give an O/E

ratio of 1.58 (90% CI 1.02–2.35), a statistically significant

result. There was no investigation of any aspect of actual

chemical exposures. It is not possible to draw any conclu-

sion about the potential human reproductive hazard of

styrene from these observations.

The Finnish occupational health group published a

case-control study of spontaneous abortion and organic

solvents in 1990 (Lindbohm et al., 1990). The study linked

the records of women who were biologically monitored

for occupational solvent exposure with national hospital

records on recognized spontaneous abortions. The final

study population was 73 cases (spontaneous abortions)

and 167 controls. Exposure to organic solvents in general

was more common in cases than controls [odds ratio 2.2

(95% CI 1.2–4.1) P = 0.01]. However, for styrene the odds

ratio was 0.3 (95% CI 0.1–1.0, P = 0.05), which was a bor-

derline statistically significant reduction in risk. The

authors suggest that a difference in response rate

between styrene-exposed cases (70%) and controls (86%),

in addition to a higher level of exposure among nonre-

spondents than respondents, may have contributed to the

reduced odds ratio. They also suggest that styrene may

interfere with earlier reproductive events, perhaps caus-

ing sub-clinical abortion, although without supporting data.

A similar study of spontaneous abortions and congen-

ital malformations among the wives of men occupation-

ally exposed to solvents was carried out by the same

group (Taskinen et al., 1989). There were 120 cases and

251 controls in the final study population. Again, there

was an increased risk of spontaneous abortion for solvent

exposure in general [odds ratio 2.7 (95% CI 1.3–5.6) P <

0.01, confounders not controlled] but not for styrene

[odds ratio 1.3 (95% CI 0.8 –2.1)]. With correction for con-

founders, and classification of exposure into three cate-

gories, the odds ratios for paternal styrene exposure were

1.0 (low/rare exposure), 0.9 (intermediate), and 0.7

(high/frequent). There were too few congenital malfor-

mations in the study population to draw any conclusions.

The new studies reinforce the conclusion that styrene

exposure is not associated with an increase in spontaneous

abortions. Women working with solvents in general may

have a higher rate of spontaneous abortion, but the evi-

dence is equivocal and the mechanism is unknown.

2.2.3. Other outcomes of pregnancy: Previous conclusions.

There are few studies on the potential effects of styrene

exposure during human pregnancy on birth weight or

premature delivery. One U.S. study showed no effect of

styrene exposure in the reinforced plastics industry on
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length of gestation and no significant dose–response

trend in decreasing birth weight (Lemasters et al., 1989).

This study suggests that high, direct exposure to multiple

solvents, including styrene at >80 ppm, may be associat-

ed with a reduction in birth weight of 4%, although this

was not a statistically significant reduction in this small

sample. One Russian study (Zlobina et al., 1974) suggests

an increase in premature births, but the study report is

seriously flawed, and exposures were to multiple poten-

tial toxicants, in addition to styrene. This study and a sec-

ond Russian investigation (Loseva et al., 1983) also sug-

gested an increase in “toxicoses” (presumably

preeclampsia/ eclampsia) with exposure to styrene, but

no supporting data were reported.

3. RePRODUCTIVe TOXICITy—-FeMAle

3.1. Animal

3.1.1. Fertility. There are no reports of an adverse effect of

styrene on female fertility in experimental animals, but no

study has been designed specifically to examine the pos-

sibility. Female rats exposed to up to 250 ppm in drinking

water in utero and throughout life in the previously

described three-generation reproductive toxicity study did

not show any treatment-related impaired fertility (Beliles

et al., 1985). The Beliles study showed a slight decrease in

fertility in the F2 generation, but the decrease was not sta-

tistically significant compared to the control animals. The

decrease in fertility is considered unlikely to be treatment

related due to lack of statistical significance and inconsis-

tency with the results from the first and third generations.

3.1.2. Estrous cycle. Izyumoya et al. (1972) studied the

effect of styrene exposure on female reproductive func-

tion. The female rats were exposed by inhalation to con-

centrations of 1.2 and 11.6 ppm styrene. There was a 4-

month exposure and a 1-month recovery time; however,

the daily exposure duration was not specified.

Considering that other investigators have consistently

used levels as high as 1000 ppm and such exposures were

tolerated well by rats, this study’s findings at such low

levels are suspect. Decreased body weight was observed

in the 11.6 ppm group and increased leukocytes in the

vaginal smears were observed in the 11.6 ppm group.

The estrous cyclicity was evaluated based on vaginal

smears. There was an inconsistent finding of increased

cycle length; however, the duration of estrus was poorly

defined and reporting was confusing. The methodology

used in this study was questionable, as it is not clear if a

comparable (sham) control was used. Also, the most

marked changes in cyclicity occurred only after the

recovery period. The same investigators published a

repeat study including a 1.2 ppm nominal dose level; the

profile for estrous cyclicity differed from that of the same

dose group in the first study.

No additional studies have been published that asso-

ciate styrene exposure with changes in the animal repro-

ductive cycle.

3.1.3. Ovaries. There are only limited data on the

potential effects of styrene on the ovaries. Russian studies

suggest an effect on rat ovarian morphology and enzy-

matic activity with inhalation exposure at “limiting”

styrene concentration, and on compensatory ovarian

hypertrophy after hemiovariectomy at 200mg/kg

(Bakhtizina et al., 1982, 1983; Bakhtizina and Popuchiev,

1981). General toxicity was poorly reported and moni-

tored in these studies. The data are too inconsistent to

conclude that findings are treatment related.

In routine subchronic inhalation studies of styrene

toxicity, no effect on ovarian weight or morphology was

reported at doses up to 2000 ppm [reviewed in Health

and Safety Executive (UK), 1981].

Recently, 13-week repeat dose (6 h/day, 5 days/week)

inhalation toxicity studies have been conducted using rats

(200, 500, 1000, and 1500 ppm) and mice (50, 100, 150, and

200 ppm) (Cruzan et al., 1997). In the mouse, there were no

effects of styrene at any dose on adrenal, ovarian, or uterine

weights and pathology, although there were significant

effects on the heart and lungs in females. In the rat, uter-

ine parameters were not reported; there were no effects

on ovarian weight or pathology at any dose; and adrenal

weights (absolute and relative) were slightly increased in

females (not males) at the top two exposure levels.

A chronic inhalation study in rats was conducted at 0, 50,

200, 500, and 1000 ppm (Cruzan et al., 1998). There was

increased survival in female rates, not decreased survival. The

top two dose levels were sufficient to increase survival in

females, but adverse effects on ovarian pathology were

not observed. Pituitary and mammary tumors rates were

lower in the exposed females. The uterus was not affected. 

There is no convincing evidence of adverse effects on

the ovary in experimental animals, even at exposures that

are toxic to nonreproductive organs.

3.2. Human

3.2.1. Menstrual cycle and fertility. It is difficult to assess

the overall significance of the Russian reports that

describe an effect of styrene exposure on women’s men-

strual cycles (Bondarevskaya, 1957; Zlobina et al., 1976;

Loseva et al., 1983; see Brown, 1991, for references). The

Russian reports suffer from inadequate presentation,
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poor data, lack of appropriate controls and analysis, con-

founding exposures and conditions, and other related

deficiencies. However, they do show a consistent pattern

of more menstrual disturbances in women exposed to

various agents including styrene than in unexposed

groups. In contrast, the single U.S. study, which is of

good quality (Lemasters et al., 1985), and a small

Scandinavian investigation (Harkonen and Holmberg,

1982) show no such effect. The data are not available to

show whether the difference is real or could be related to

differences in exposure, because the positive studies are

so poorly documented. In fact, styrene exposures were

reported to be generally about 10-fold lower in Russian

factories than in U.S. facilities. However, Russian women

were reported to suffer neurological symptoms, and actu-

al exposure may have been much higher. In general, ret-

rospective menstrual histories are unreliable and even

data collected prospectively are difficult to interpret

(Hatch, 1988).

Mutti and colleagues (1988a), who previously report-

ed on the neuroendocrine effects of styrene (see Section

5.2), looked at the reproductive histories of 35 men and 43

women employed in the reinforced plastics industry in

Italy. From urinary mandelic and phenyl-glyoxylic acid

levels, exposure was calculated to be equivalent to 25

ppm, 8-h time-weighted average (range 10 to 105 ppm).

The mean duration of exposure was 9.2 years (SD 6.5).

These workers were compared with 78 manual workers

who were not exposed to chemicals and were selected

from local blood donors. It is likely that this is not an

unbiased control group, since blood donors are both self-

selected and health screened.

There was no difference between exposed and control

groups in the numbers of spontaneous or induced abor-

tions, but the numbers were very small. Birth defects,

birth weights, and other aspects of pregnancy are not

mentioned. It is reported that the duration of the men-

strual cycle was significantly shorter (27.3 ± 3.4 days) in

the 43 exposed women, compared to the control group

(28.4 ± 1.3days). Also, significantly more exposed women

(11) than control women (3) had irregular menstruation.

However, the two groups of women were clearly differ-

ent in their reproductive aspirations. Seventy-seven per-

cent of exposed women used contraceptives, compared

to 37% of control women. The types of contraceptives are

not reported, so the reported difference in menstruation

must be treated with caution, given the well-known

effects of both combined and progestin oral contracep-

tives. Of the exposed women, 33% desired to have chil-

dren, compared to 65% of controls. This may well explain

the fewer children in the exposed group (1.37/couple)

compared to controls (1.64/couple).

Further information on fertility is difficult to examine

because the male and female workers are combined into a

single exposed group. Among the couples who never

have used contraceptives, there were more exposed cou-

ples without children (7 of 45) than control couples (2 of

56, P = 0.04). This may reflect reduced fertility in the

exposed group or may be due to noncontraceptive birth

control in this group, who are less desirous of having

children than the controls. Of the 34 workers who did not

have children when they began to work in the plastics

industry, 13 remained childless at the time of the study.

This was compared with 33 controls for the same time

period, of whom 5 remained childless. Again, it is not

possible to distinguish between an occupational exposure

effect and the reproductive choices of the two groups.

Overall, there remains no convincing evidence of

styrene-induced abnormalities in the fertility or menstru-

al cycles of women. No conclusions can be drawn from

the study by Mutti et al. (1988a) because of the pro-

nounced differences between exposed and control groups

in contraceptive practice and reproductive aspirations.

4. RePRODUCTIVe TOXICITy—MAle

4.1. Animal

4.1.1. Fertility. No study has been designed specifically to

examine potential effects on the fertility of experimental

male animals. There was no effect on male fertility in rats

continuously exposed through three generations to 250

ppm styrene in drinking water (Beliles et al., 1985). The

large reserve in male reproductive capacity of rodents is

well known, however, so fertility may not be a sensitive

measure of male reproductive or testicular toxicity.

4.1.2. Sperm head morphology. Styrene was evaluated in

a sperm head morphology study by Simula and Priestly

(1992). Mice were administered styrene at 50 to 400

mg/kg/day by intraperitoneal injection for 5 days. There

were increases in abnormal sperm at 200 mg/kg/day 7

weeks after treatment and at 5 and 7 weeks at 400

mg/kg/day. Rats were administered 250 to 2000 mg/kg

intraperitoneally by the same schedule, and abnormal

sperm were found at 1000 mg/kg/day at 5 and 8 weeks.

The toxicity of the effective dosages is not reported, but

these are near lethal doses in both species.

An inhalation study (150 and 300 ppm; 6 h/day; 5

days/week) and an intraperitoneally (ip) study (175, 350,

and 700 mg/kg/day, 5 day/week) of styrene was per-

formed on mice (Salomaa, 1985). The duration of the
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exposure was 5 weeks. Spermatids and spermatocytes

were evaluated using head shape morphology, examin-

ing 500 sperm per mouse. The results were tested using

the Mann–Whitney U-test (one tailed). There was no

effect on sperm head morphology in male mice exposed

by either route. Based on a 3-week evaluation of sper-

matids and a 5-week evaluation of spermatocytes, there

were no overt effects on sperm development. There was

no evidence of styrene toxicity by inhalation; however, by

ip administration there were slight weight decreases at

700 mg/kg/day.

These results are contradictory regarding sperm mor-

phology. No effects on sperm morphology were evident

in a mouse inhalation sperm morphology test at doses up

to 300 ppm. Other studies were by ip administration and

are not considered relevant for hazard assessment.

4.1.3. Testicular histopathology and function. Srivastava et

al. (1992b) extended their studies on styrene and testicu-

lar function in rats to include the effects of lactational

exposure. Three groups of four dams were administered

0, 200, or 400 mg/kg/day of styrene by gavage from par-

turition to 21 days. The male offspring were examined at

31, 61, and 91 days. The experimental design of this study

is difficult to follow and the significance of the results is

unclear. There was reported to be no effect on testicular

histopathology at any age in the treated groups, although

no data are given. There was no effect at 200 mg/kg/day

on any parameter at any age. The 400 mg/kg/day group

had reduced epididymal sperm counts at 61 and 91 days

(~5 million compared to 7 million in controls). Testicular

enzyme activities showed no effect on any enzyme at 91

days, nor on G6PDH (a Leydig cell marker), at any age.

In the 400 mg/kg/day group there were increases in ß-

glucuronidase and γ-glutamyl transpeptidase (Sertoli cell

markers) and LDH (germ cells),and decreases in sorbitol

dehydrogenase (germ cells) and alkaline phosphatase at

31 and 61 days.

Beliles and colleagues (1985) performed a three-gener-

ational study of styrene exposure in drinking water, as

described previously. This study showed no treatment-

related testicular histopathology.

A chronic inhalation study (Jersey et al., unpublished)

showed a dose-related increase in focal testicular lesions

at 600 or 1200/1000 ppm; these were considered due to

trauma (scrotum constriction) based on the focal nature

and consistent location of these lesions. In contrast, expo-

sure by gavage to rats at 400 mg/kg/day was reported to

be associated with tubule degeneration in a single study

(Srivastava et al., 1989); however, the incidence of the

finding was not reported.

As summarized below, general studies of the chronic

and subchronic toxicity of styrene in several species,

including the monkey, have not revealed any testicular

pathology at inhalation concentrations up to 2000 ppm.

The only evidence of testicular toxicity comes from a

recent study in the adult rat (Srivastava et al., 1989),

which suggests that treatment with oral styrene doses of

400 mg/kg for 60 days decreases sperm count and

induces some changes in testicular pathology. This treat-

ment was stated to be without general toxicity. However,

a previous publication (Srivastava et al., 1982) from the

same investigators reported hepatic toxicity following a

very similar experimental design and dose regimen.

Liver function was not evaluated in the 1989 testicular

study. It is very unlikely that the hepatic effects reported

could have caused secondary testicular effects, but it is

possible that the testis and the liver are affected at similar

exposure levels.

There appear to be no effects of lactational exposure at

200 mg/kg/day on testicular development. Effects on

testicular enzyme activities at 400 mg/kg/day were tran-

sient. There appears to be a slight reduction in epididy-

mal sperm counts; however, even though epididymal

sperm counts are reported in millions, the unit of mea-

surement is not reported. Also, levels of styrene exposure

of the pups was not measured

The animal toxicology database includes subchronic

inhalation studies in rats and mice (Cruzan et al. 1997),

and chronic inhalation studies in rats (Cruzan et al., 1998)

and mice (Cruzan et al., 1999). These studies used a thor-

ough study design following the Good Laboratory

Practice Regulations (GLPs) and standard testing proto-

cols. The styrene exposures were as high as 1500 ppm in

the air for 13 weeks for rats and 200 ppm for mice. The

chronic exposures were up to 1000 ppm in the air for 104

weeks for rats and 160 ppm for 98 weeks for mice. The

organ toxicity assessment included thorough histopathol-

ogy of the animals. There was no effect of styrene on tes-

ticular weight or pathology at the highest exposures for

rats or mice. Testicular proliferative lesions, interstitial

cell adenomas, showed an increased trend in male rats.

However, the differences were judged to be incidental

because there were no significant differences in the pair-

wise comparisons, the incidence for all treatment groups

was within the historical control range, and there was no

treatment-related increase in nontumor findings (Cruzan

et al., 1998). At the highest exposures, there were some

effects on nonreproductive organs of males in both

species, and survival was increased for females in the

chronic study.



In conclusion, the evidence that rats exposed to 400

mg/kg/day of styrene orally may have abnormal testicu-

lar function and decreased sperm count has been some-

what strengthened, but remains inconclusive. There were

no obvious effects on sperm head morphology in studies

with adult rats. The inhalation exposure of mice to up to

300 ppm for 5 days did not cause sperm head shape

abnormalities. Thorough and recent chronic and sub-

chronic studies in rats at 1000 and 1500 ppm, respectively,

showed no effect on testicular morphology or weight.

Although some reports have claimed an effect of styrene

exposure on testicular pathology and sperm morphology,

the bulk of relevant current data do not suggest that

styrene is a specific testicular toxicant. Only transient

effects on testicular enzyme activities and slightly

decreased sperm counts were noted following lactational

exposure to styrene. Direct inhalation and ip exposure of

mice up to 200 ppm and rats up to 1500 ppm had no

effect on the testes.

4.2. Human

One study of men occupationally exposed to up to 130

ppm styrene showed an increase in sperm head shape

abnormalities, but no effects on other sperm parameters

(Jelnes, 1988). The study was small, was poorly con-

trolled, and used only single semen samples.

Two studies were published on a potential relation-

ship between styrene exposure to workers and male

reproduction (Kolstad et al., 1999a,b). These studies were

part of the European Asclepios study, designed to pro-

vide a multicenter research project on environmental

risks to male reproduction. The two studies represented

preliminary data from those investigations.

The first study was in recruited workers employed in

Denmark, Italy, and the Netherlands. Approximately

1000 workers went through either a personal interview or

responded to a questionnaire that was designed to deter-

mine how quickly their wives became pregnant. Styrene

exposure levels were estimated based upon measure-

ments in workroom air in the Danish and Dutch compa-

nies. Styrene exposure levels for workers in the plants

were classified as a exposed, low, medium, or high. This

study did not show detrimental effects of styrene expo-

sure on male fecundity (Kolstad et al., 1999a). This study

was based upon questionnaire and recall data, and made

no direct measurement of male reproductive function.

A second study by the same group was conducted on

sperm chromatin structure and semen quality. A much

smaller number of workers was selected for this study, 37

(Kolstad et al., 1999b). This represents only 30% participa-

tion out of the 131 eligible workers. Only 23 participants

provided complete semen samples and urine samples.

Workplace levels of styrene were measured to estimate

exposure. Also, urinary samples were collected from the

workers and measured for mandelic acid as an estimate

of internal dose. Sperm were collected from the workers.

Sperm density, motility, morphology, and semen volume

were measured. Although several sperm parameters

were decreased in relation to the estimated external

styrene exposure, the authors concluded that those

changes were not seen in relation to the more reliable

measures of internal styrene exposure. While some

changes were suggested as being related to the general

and indirect measures of styrene exposure, they were not

related to the more precise measures of internal dose. The

predictions of dose from the exposure data were quite

variable. Furthermore, the study is severely constrained

by the limited worker participation. There is another

publication on sperm effects of styrene, however, it

appears to be a duplicate publication of the same study

(Kolstad et al., 1999c).

5. eNDOCRINe

There is a good deal of interest in the potential for chemicals

to mimic hormone action or to inhibit hormone action in a

way that might lead to adverse effects. The term

endocrine disrupter has been applied to chemicals that may

cause adverse effects through a hormonal mechanism

(Colborn et al., 1993). One example of an endocrine disrupter

is diethylstilbestrol or DES (McLachlan, 1993). Although

exposure of adults to this potent synthetic estrogen is not

expected to cause permanent effects, exposure during the

in utero development can cause significant developmen-

tal abnormalities. DES has been proposed as a model

endocrine disrupter (McLachlan, 1993). It does not, how-

ever, appear to be a model for styrene toxicity.

The concern about endocrine disrupters led the U.S.

Congress to instruct the U.S. Environmental Protection

Agency (EPA) to develop an estrogen screening program

under the Food Quality Protection Act of 1996 (FQPA).

EPA has published its draft Endocrine Disrupter

Screening and Testing Program (EDSTP). EPA proposed

screening chemicals for estrogen, androgen, and thyroid

hormone mimicking and inhibiting activity to help pre-

dict endocrine-disrupting potential (U.S. EPA, 1998).

Screening programs have been available for years to

determine hormonal activity. The screens for estrogenic

activity are particularly well developed and relevant con-

sidering the data on the toxicity of DES (Reel et al., 1996).

A REVIEW OF THE DEVELOPMENTAL AND REPRODUCTIVE TOxICITy OF STyRENE

The SIRC Review July 200242



A REVIEW OF THE DEVELOPMENTAL AND REPRODUCTIVE TOxICITy OF STyRENE

The SIRC Review July 2002 43

Special hormonal screens, however, are not necessary in

many cases. For example, many of the routine toxicology

testing protocols already include endpoints sensitive to

hormone activity (Stevens et al., 1997; Reel et al., 1996).

While all the studies that are considered in this review

were conducted before the EPA EDSTP was developed,

the existing database still contains many endpoints that

predict hormone activity. This section of the review high-

lights the findings that are related to potential endocrine

activity. We also discuss the conclusions that have been

drawn based upon the existing data.

Styrene has appeared on certain lists of agents that

might have endocrine-disrupting potential. Beginning in

1993, Colborn et al. published a list of chemicals “report-

ed to have reproductive and endocrine-disrupting

effects.” That list included “styrenes.” The authors cited

three publications in support of the listing (Soto et al.,

1992; Arfini et al., 1987; Mutti et al., 1984b). Several years

later, the State of Illinois placed styrene on a preliminary

list of chemicals associated with endocrine system effects

(Illinois EPA, 1997). They cited the Colborn et al. (1993)

paper as a basis for the listing. We reviewed the three

cited papers and considered the endocrine-related data

from those and other studies. We will discuss the evi-

dence for and against hormone activity of styrene in the

context of the studies available. The data support the

view that styrene does not act as an endocrine disrupter.

5.1. Animal

5.1.1. In vitro. In vitro hormone assays are limited in their

ability to predict in vivo activity. Many chemicals require

metabolism to convert them to an active form. In vivo

metabolism may eliminate the inherent activity observed

in vitro (Lamb, 1998). Other biological processes, such as

absorption, disposition, protein binding, and excretion, can

affect bioavailability and activity so that the in vitro

screens may substantially over- or underestimate potency in

vivo. Nevertheless, in vitro screens have been included in the

EDSTP as part of the initial assessment of potential hormon-

al activity, such as estrogenic activity (U.S. EPA, 1998).

The listing of “styrene” as a possible endocrine-dis-

rupting chemical by the State of Illinois in 1997 and the

earlier listing of styrenes by Colborn et al. (1993) appear

to be based upon the careless use of terminology and

chemical names. Colborn et al. (1993) cited the paper Soto

et al. (1992) as evidence that styrenes should be on the list.

The Soto et al. paper, however, makes no mention of

styrene or styrenes. It refers to nonylphenol and describes

it as “present in modified polystyrene” (Soto et al., 1992).

This is the only nexus to styrene in the original paper by

Soto et al. (1992). Nevertheless, the Colborn et al. (1993)

paper listed styrenes. This error was then repeated and

revised in the Illinois list, which listed styrene as a possi-

ble endocrine-disrupting chemical, not styrenes nor a

chemical present in modified polystyrene.

Finally, Soto et al. (1995) reported conclusions on in

vitro estrogenic activity on a number of compounds,

including styrene. Soto et al. tested the agents in their “E-

screen” assay. The E-screen uses MCF-7 human breast

cancer cells which has the estrogen receptor and mea-

sures cell proliferation as the major endpoint of estro-

genic response. Soto et al. reported that she believes that

the E-screen is a highly reliable assay for estrogenic activ-

ity. Styrene did not show activity in this in vitro assay for

estrogenicity. Styrene was listed as a nonestrogenic sub-

stance in Table 5 of that paper (Soto et al., 1995). These

findings rebut the earlier listing of styrene, to the extent

that the in vitro data were determinative in that listing.

The initial listing of styrenes was based upon the earlier

Soto et al. (1992) paper, and Soto is a co-author on the

Colborn et al. (1993) paper. Based upon the existing litera-

ture, styrene did not appear to have estrogenic effects in vitro.

5.1.2. In vivo. The in vivo data are generally a more reli-

able source of potential biological activity than in vitro

data, especially relating to hormonal activity. The

endocrine system is complicated and can be influenced at

many points. Data on styrene have been considered herein,

especially as they relate to the potential to affect hormone

action. Our earlier review of various studies did not indicate

endocrine activity to be a significant mode of action. The

most significant observations are reviewed below to support

the conclusion that styrene is not an endocrine disrupter.

As noted above, subchronic inhalation studies in rats

and mice (Cruzan et al., 1997), and chronic inhalation

studies in rats and mice (Cruzan et al., 1998, 1999) fol-

lowed a thorough study design and complied with the

GLPs. The styrene inhalation exposures were as high as

1500 ppm for rats and 200 ppm for mice for 13 weeks and

1000 ppm for rat and 160 ppm for mice for 104 weeks.

The organ toxicity assessment included thorough

histopathology of the animals. This included hormone-

producing and hormone-responding organs such as the

gonads, prostate, seminal vesicles, uterus, vagina, adren-

als, thyroid, parathyroid, pituitary, and brain. Neither

hormone-related changes nor hormone-related adverse

effects were observed in these studies.

As cited above, consistent changes in the estrous cycle

were not demonstrated (Izuymova et al., 1972) in female

rats exposed to styrene by inhalation. The studies on fer-

tility and reproduction failed to show effects consistent



with hormone activity or endocrine-disrupting potential

(Beliles et al., 1985; Srivastava et al., 1992b).

Studies showed equivocal changes that would suggest

hormonal changes that might have been a direct or an

indirect response to toxicity. The findings were not

observed consistently. Rabbits exposed to 1500 ppm of

styrene for 12 hs/day for 3 days had changes in brain

dopamine levels that might affect the function of the

hypothalamus and pituitary and reduce the secretion of

prolactin. A significant decrease in tuberinfundibular and

striatal dopamine was noted, while norepinephrine and

dopamine turnover and receptors were unaffected (Mutti

et al., 1984a, 1985, 1988b; Romanelli et al., 1986). Some

aspects of these changes can be induced by the stable acid

metabolites of styrene. There is weak evidence for

styrene-induced morphological changes in the hypothal-

amus and pituitary (Pokrovsky, 1967; Bakhtizina and

Khakimov, 1982). In contrast, in a study by Zaidi et al.

(1985) oral administration of 100 mg/kg/day of styrene

for 14 days showed no effects on dopamine levels, but

resulted in increases in norepinephrine and serotonin.

The study of styrene interaction with protein malnu-

trition suggests that 250 mg/kg/day on postnatal days 36

to 51 reduces frontal cortex dopamine levels in rats

(Khanna et al., 1994). The Mutti study (1984a) correlates

with this study, but not with the results of the Zaidi et al.

(1985) study. Relatively high levels of exposure to styrene

may lead to pertubations in hormone levels. Evidence is

at this point limited and frequently contradictory. There

is no clear evidence of styrene-induced adverse reproduc-

tive or developmental effects in either humans or animals

directly associated with the hormonal changes.

The EPA EDSTP uses a number of in vivo endpoints to

assess potential hormone activity. EPA has focused on

estrogen, androgen, and thyroid stimulation and inhibi-

tion in its screening and testing initiative. Reproductive

tract weight changes and morphology, reproductive

cycle, sexual behavior, fertility, gametogenesis, thyroid

morphology, and pituitary changes are relevant to these

hormone activities (Reel et al., 1996). The entire animal

toxicology database for styrene shows only occasional

changes that are related, even indirectly, to hormone

activity. The database shows generally that styrene is not

an estrogen or antiestrogen, styrene is not an androgen or

antiandrogen, and effects were not observed on the thyroid.

5.2. Human

The two human studies relied upon by Colborn et al.

(1993) to support the listing of styrenes were studies that

we reviewed above (Arfini et al., 1987; Mutti et al., 1984b).

We reviewed other studies by the same investigators on

occupational exposures to agents in the workplace (Mutti

et al., 1984a, 1988a,b).

As noted earlier, the quality of human studies suffers

from significant flaws, including poor documentation of

actual exposures, failure to account for exposure to other

agents, and failure to assess potential con-founding factors.

The supporting evidence is not strong, but there are

suggestions of menstrual dysfunction in styrene-exposed

women. The stronger studies (Lemasters et al., 1985) do

not confirm the finding. Observations on women occupa-

tionally exposed to up to 130 ppm of styrene also suggest

an effect on pituitary secretion of prolactin (Mutti et al.,

1984b; Arfini et al., 1987; Bergamaschi et al., 1997). The

human studies reporting an increase in serum prolactin

levels associated with styrene exposure have come from

one research group. Both men and women have been

studied, but the investigations typically involve small

numbers of subjects (20 to 33 in Bergamashi et al., 1997;

and 30 in Mutti et al., 1984b), and the standard deviation

of the prolactin values is about 50% of the mean (in Mutti

et al., 1984b). Another concern is that potential confound-

ing factors are not clearly articulated. For example, in one

study (Mutti et al., 1984a) twice as many of the exposed

women were using oral contraceptives compared to the

controls. This was significantly greater at the P < 0.01.

Oral contraceptives are potent hormones that affect the

pituitary and ovaries. This could certainly be related to

the difference in prolactin levels and reported differences

in fertility in the exposed women. In another paper

(Arfini et al., 1987), the research team acknowledged that

prolactin levels were a relatively nonspecific endpoint

and cannot be recommended for the biological monitor-

ing of styrene exposure. Certainly additional studies are

required to determine whether the differences in pro-

lactin level that have been reported can be reliably

observed and are the result of styrene exposures or not.

The human data are limited, but generally fail to pro-

vide convincing evidence of endocrine-related effects on

reproductive function. The thyroid findings were nega-

tive for animals, and they do not appear to have been

investigated in humans. Endocrine activity does not

appear to be an important toxicological mode of action

for styrene in humans or animals.

AbSORPTION, DISTRIbUTION,

MeTAbOlISM, AND ADDUCTS

Despite the large amount of literature on the physiologi-

cal disposition of styrene (see Brown, 1991), there is very
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little information on disposition to the reproductive

organs and the conceptus. All of the animal data on

transplacental transfer of styrene concern the late fetal

phase of rat pregnancy. There is little detail, but it

appears that fetal concentrations are less than that in

maternal blood, perhaps one-half as much. The levels of

styrene detected in the fetus are also significantly lower

than the levels detected in most adult organs. However,

full kinetic studies have not been performed; these mea-

sured fetal levels may not be peak values, whereas the

adult levels probably are. There have been no studies of

metabolite levels in fetal tissue. There also have been no

studies of relevance to teratogenicity (i.e., of transfer dur-

ing the organogenesis phase). Given that styrene appears

to have a low developmental toxic potential, additional

studies may be of academic interest only.

It appears that the reproductive organs are richer in

the enzymes of styrene oxide detoxification than in those

of styrene activation. However, there is very little infor-

mation on styrene metabolite levels in these organs in

vivo after styrene exposure.

The distribution of [14C]styrene in mice on day 17 of

pregnancy was studied by whole body autoradiography

or by scintillation counting of tissue homogenates (Kishi

et al., 1989—see comments in Section 2). Styrene was

administered by intravenous injection (5 µCi for autora-

diography, 3 µCi for counts, 1 µCi/ µmol), and animals

were sacrificed between 1 min and 24 h later. At all times,

activities in the placenta were slightly lower than that in

maternal blood, while those in amniotic fluid and fetal

tissues were on the order of 5 times lower. There was

some very limited evidence for slower elimination from

the fetal compartment.

Several recent studies have extended understanding

of the uptake, distribution, and metabolism of styrene in

various species, including humans, and physiologically

based pharmacokinetic models are now available (e.g.,

Csanady et al., 1994; see Jenkins Sumner and Fenell, 1994,

for review). As yet, these models have not specifically

been applied to the reproductive organs or the conceptus.

The pharmacokinetic models do not change previous

conclusions concerning distribution into reproductive

organs, nor the placental transfer of styrene. They do pro-

vide more accurate information on blood styrene and

styrene oxide levels in experimental animals and

humans, which can be used for risk extrapolation and can

be compared with levels used in vitro.

CONClUSIONS

The potential developmental toxicity of styrene has been

tested in several mammalian experimental species, but

only one study is of good quality. Throughout all studies,

there is no evidence for teratogenicity. There are reports

of increases in embryonic, fetal, and neonatal death, and

perhaps skeletal and kidney variations, but these effects

are restricted to high-dose exposures that are maternally

toxic. There is a lack of well-replicated studies, but the

bulk of information suggests that styrene does not exert

any specific developmental toxicity.

Various postnatal developmental delays and neurobe-

havioral and neurochemical abnormalities have been

reported in rats exposed to styrene prenatally and post-

natally. The developmental delays are not convincing,

but the developing brain appears to be affected by

styrene following high-dose exposure, although all of the

relevant studies have serious deficiencies. Whether

defects can result from prenatal exposure alone is not

established, nor are the relative sensitivities of develop-

ing and mature animals. It is a matter for debate whether

any perinatal CNS effect represents specific developmen-

tal toxicity or is an extension of neurotoxicity.

Initial human studies suggested an association of

styrene exposure with congenital CNS malformation, but

this was disproved by subsequent, more extensive inves-

tigations by the same investigators. Epidemiological studies

relating styrene exposure to increases in spontaneous

abortion are contradictory, but the clear weight-of-evi-

dence suggests no adverse effect. One study has reported a

4% decrease in the birth weight of children born to

women exposed to high levels of styrene and other solvents

during pregnancy; however, the number of women was

small and the reduction was not statistically significant.

There are no reports of styrene adversely affecting the

fertility of female experimental animals, but only one

(low-dose) study was designed specifically for this pur-

pose. Some data suggest styrene exposure may affect the

estrous cycle in rats and the menstrual cycle in women. The

experimental data are inadequate, and there are conflict-

ing human studies. Ovarian pathology in rats has been

reported, but not confirmed, in numerous other studies.

High-level styrene inhalation exposure of rabbits and

oral administration to rats induce some changes in brain

dopamine, which may affect the function of the hypothal-

amus and pituitary. Abnormalities of pituitary secretion

in women exposed to styrene have also been suggested.

These effects may be connected with the putative effects

on the menstrual cycle.



There are no reports of styrene adversely affecting the

fertility of male experimental animals, but again, only

one specific (low-dose) study has been performed. The

results of small studies suggest a reduction in sperm

counts and testicular pathology in rats treated with a

high oral dose of styrene (documentation for the latter

conclusion is incomplete), or during lactation, but this

may be complicated by hepatic toxicity. In contrast, sev-

eral other studies, including high-dose in-halation and

oral exposures, showed no testicular pathology in treated

rats. The results of one study suggest an increase in

abnormal forms of sperm in men exposed to styrene, but

the data were weak and no firm conclusion can be drawn.

Overall, there is little indication that styrene can exert

any specific developmental or reproductive or endocrine

toxicity. Putative effects on female reproduction and neu-

robehavioral development could have a CNS site of

action, which is compatible with the known neurotoxic

actions of styrene at high exposure levels.
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AbSTRACT

The epidemiology literature on workers

occupationally exposed to styrene in

styrene-butadiene rubber production,

reinforced plastics manufacturing, and

styrene monomer and polymer production

was examined for data concerning the risk of

lung cancer. The latest findings from inde-

pendent studies showed that risk esti-

mates for lung cancer were spread over a

narrow range, fell very close to back-

ground levels, and demonstrated only

inverse trends with styrene exposure. In the

only study that analyzed smoking habits,

an excess of lung cancer mortality was

attributed solely to that factor. In all, we

found no consistent association between

human lung cancer and styrene exposure

that would indicate a causal relationship.

INTRODUCTION

The focus of most investigations on the

association between styrene exposure and

cancer risk in humans has been the lym-

phohematopoietic system. Although

many studies have additionally provided

data about the lungs and respiratory sys-

tem, no systematic evaluation of this out-

come has been undertaken. These data are

now of particular interest in light of recent

findings from chronic inhalation studies

of laboratory animals.

Groups of 50 Charles River CD-1 mice

per sex were exposed to styrene vapor at

0, 20, 40, 80, or 160 ppm. (Cruzan et. al.,

2001) After 24 months, males showed

increased incidence of bronchioalveolar

adenomas at the three higher exposure

levels, and females showed increases at

20, 40, and 160 ppm, as well as increased

incidence of bronchioalveolar carcinomas

at 160 ppm. No clear dose-response rela-

tionship was found in animals of either

sex, and no other tumor type showed

increases over controls. In contrast, a simi-

lar study of CD rats exposed to styrene

vapor at 0, 50, 200, 500, or 1000 ppm failed

to find any treatment-related increases in

tumors of any type at any dose. (Cruzan

et. al., 1998)

Additionally, at 12-month and 18-

month interim and terminal necropsies,

non-neoplastic histopathologic lesions

were noted in the terminal bronchiolar

regions of mouse lungs at all concentra-

tions in a dose-responsive pattern, but no

lesions were found in rat lungs.

An examination of the literature on

human occupational cohorts exposed to

styrene indicated that there were suffi-

The latest findings from

independent studies

showed that risk

estimates for lung

cancer were spread over

a narrow range, fell very

close to background

levels, and demonstrated

only inverse trends with

styrene exposure. . .

In all, we found no

consistent association

between human lung

cancer and styrene

exposure that would

indicate a causal

relationship.

1 Epidemiology, Health Services, Midland,

MI
2 Toxicology & Environmental Research

and Consulting, Midland, MI

Reprinted with permission from

The Dow Chemical Company,

environment, health & Safety
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cient data to determine whether the human experience

more closely reflects the tumorigenic response in mice or the

lack of such in rats.

MeThODS AND MATeRIAlS

Risk estimates from 15 cohort studies frequently cited in

assessments of occupational styrene risk were collected,

as shown in Table 1. Two additional investigations

(Anttila et al., 1998; Gerin et al., 1998) were omitted

because they did not differentiate between styrene and

other solvent exposures or because of imprecision in

exposure or study group definitions.

The definition of target organs differed slightly among

the publications. Most authors analyzed the disease cate-

gory which combines malignancies of the trachea,

bronchus, and lung (International Classification of

Diseases, revision 8 rubric: 162). Because neoplasms of

related respiratory system sites are infrequent compared

to the lung, a significant excess or deficit of cancers of the

trachea, bronchus, and lung is usually reflected in the

subsuming category of respiratory cancer.

Investigators used several related risk measures. Most

studies expressed risk as a standardized mortality ratio

(SMR), which is the ratio of observed deaths to expected

deaths based on background rates from a large national

population. Kolstad et al. (1993; 1995) used the standard-

ized incidence ratio (SIR), calculated similarly, but mea-

sured as new cancer diagnoses rather than deaths.

Because lung cancer survival rates are generally low, inci-

dence and mortality relative risk estimates do not differ

substantially. Wong (1990) expressed risk for a case-con-

trol study as the odds ratio (OR), i.e. the odds of styrene

exposure among lung cancer decedents divided by the

odds among subjects who did not die of that cause. The

early study by Frentzel-Beyme et al. (1978) used the pro-

portionate mortality ratio (PMR), which compares the

fraction of lung cancer deaths among cohort decedents

with the same fraction in general population decedents,

without accounting for population size or actual death rates.

The research reports are not entirely independent,

since some of the study populations overlap.

Sathiakumar et al. (1998) studied 7 of 8 plants investigat-

ed by Matanoski et al. (1987; 1990) plus a two-plant com-

plex studied by Meinhardt et al. (1982), but used updated

exposure data and an extended followup period. Details

of each individual plant are given in the report by Delzell

et al. (1995). In their study of 8 different national cohorts,

Kogevinas et al. (1993; 1994) included a fraction of the

Danish cohort used by Kolstad et al. (1993). The two stud-

ies by Kolstad et al. (1993; 1995) were derived from the

same population, but used different inclusion criteria.

Wong et al. (1994) is an update of the earlier study, (Wong,

1990) which is reviewed only because of its nested case-

control sub-study. 

Comparisons of results considered overall lung cancer

risk, risk in subgroups, and exposure-response trends.

Relative risk measures were scaled so a value of 100 indi-

cated no difference from background rates. A 95 per cent

confidence range that excluded 100 indicated a statistical-

ly significant departure from background.

ReSUlTS

It was determined that 7 of the styrene worker cohorts

could be directly compared using graphical or mathemat-

ical tools, since they were completely independent of

each other and used the same standardized mortality

cohort design. The most recent report of each cohort is

named in Figure 1. Together, they include 81,310 workers

FIgURe 1

Lung cancer mortality risk* from seven independent

epidemiology studies of styrene workers.

* 95 per cent confidence limits shown by solid bars.

Numbers of observed deaths appear beside bars.
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TAble I

lung Cancer Risk estimates from Cohorts of Styrene Workers.

Publication Worker Cancer Observed expected Risk

(Industry) group Site Deaths Deaths estimatea

Bond et al., 1992 Entire cohort Trachea, bronchus, lung 56 69.0 SMR = 81

(Mixed styrene-based Monomer, finishing Respiratory system 14 15.1 SMR = 93
production)

SB latex Respiratory system 5 8.3 SMR = 60

R&D Respiratory system 12 24.2 SMR = 50*

Polymerization, Respiratory system 33 33.6 SMR = 98

coloring, extrusion

Delzell et al., 1995 Entire cohort “Lung” 349 344.7 SMR = 101

(Styrene-butadiene rubber) Ever hourly “Lung” 319 297.3 SMR = 107

Never hourly “Lung” 30 47.4 SMR = 63*

Ever hourly,  “Lung” 141 140.5 SMR = 100

10+ years worked,  

s20+ years since hire

Rubber/BD production “Lung” 113 126.7 SMR = 89

Maintenance “Lung” 141 114.0 SMR = 124*

Other operations “Lung” 62 64.4 SMR = 96

Plant 1 “Lung” 93 82.3 SMR = 113

Plant 2 “Lung” 42 29.4 SMR = 143*

Plant 3 “Lung” 30 27.0 SMR = 111

Plant 4 “Lung” 45 47.1 SMR = 96

Plant 5 “Lung” 48 51.0 SMR = 94

Plant 6 “Lung” 5 5.7 SMR = 88

Plant 7 “Lung” 45 51.9 SMR = 87

Plant 8 “Lung” 96 106.8 SMR = 90

Plant 8, 1965-1992 “Lung” 55 63.3 SIR = 87

Frentzel-Beyme et al., 1978 Entire cohort “Lung” 3 5.4 or 5.7 PMR = 81

(Styrene monomer, polystyrene)

Hodgson & Jones, 1985 Exposed group Trachea, bronchus, lung 5 4.2 SMR = 119

(Styrene monomer, Unexposed group Trachea, bronchus, lung 24 26.0 SMR = 92
polystyrene)

Kogevinas et al.,1993 Laminators Trachea, bronchus, lung 60 56.6 SMR = 106 

(Reinforced plastics) Unspecified tasks Trachea, bronchus, lung 78 78.8 SMR = 99

Other exposed Trachea, bronchus, lung 42 47.2 SMR = 89

Unexposed Trachea, bronchus, lung 37 44.0 SMR = 84

Kogevinas et al., 1994 Entire cohort Trachea, bronchus, lung 235 237.3 SMR = 99

(Reinforced plastics) Denmark Trachea, bronchus, lung 73 65.8 SMR = 111

Finland Trachea, bronchus, lung 2 6.9 SMR = 29

continues
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TAble I continued

Publication Worker Cancer Observed expected Risk

(Industry) group Site Deaths Deaths estimatea

Kogevinas et al., 1994 Genova, Italy Trachea, bronchus, lung 2 2.7 SMR = 74

Bologna, Italy Trachea, bronchus, lung 9 9.8 SMR = 92

Norway, males Trachea, bronchus, lung 6 6.9 SMR = 86

Sweden Trachea, bronchus, lung 4 8.9 SMR = 45

England, MRC Trachea, bronchus, lung 77 72.7 SMR = 106

England, HSE Trachea, bronchus, lung 7 8.5 SMR = 82

Kolstad et al., 1993 Males Trachea, bronchus, lung 396 344.3 SIR = 115*

(Reinforced plastics) Females Trachea, bronchus, lung 29 24.4 SIR = 119

Kolstad et al., 1995 Males Trachea, bronchus, lung 248 222.4 SIR = 112

(Reinforced plastics)

Matanoski et al., 1987 Entire cohort “Lung” 126 148.2 SMR = 85

(Styrene-butadiene rubber) Hourly “Lung” 118 129.7 SMR = 91

Salaried “Lung” 8 20.5 SMR = 39*

Matanoski et al., 1990 Production “Lung” 47 44.7 SMR = 105

(Styrene-butadiene rubber) Utilities “Lung” 10 8.2 SMR = 122

Maintenance “Lung” 67 67.5 SMR = 99

Other “Lung” 35 47.7 SMR = 73

Meinhardt et al., 1982 Entire cohort Trachea, bronchus, lung 21 24.6 SMR = 85

(Styrene-butadiene rubber) Plant A Trachea, bronchus, lung 16 17.8 SMR = 90

Plant B Trachea, bronchus, lung 5 6.8 SMR = 76

Nicholson et al., 1978 Employed before 1955 “Lung” 6 7.0 SMR = 86

(Styrene monomer, polystyrene)

Okun et al., 1985 Entire cohort “Respiratory organs” 16 11.2 SMR = 143

(Reinforced plastics) High exposures “Respiratory organs” 1 1.4 SMR = 71

Minimal exposures “Respiratory organs” 15 9.7 SMR = 155

Wong, 1990 Entire cohort Trachea, bronchus, lung 30 27.8 SMR = 108

(Reinforced plastics) Trachea, bronchus, lung - - - - OR (styrene)

= 0.63

OR (smoking)

= 7.33

Wong et al., 1994 Entire cohort Trachea, bronchus, lung 162 115.2 SMR = 141*

(Reinforced plastics)

a SMR: Standardized Mortality Ratio (for cohort mortality study), PMR: Proportionate Mortality Ratio (for case study

without cohort specification), SIR: Standardized Incidence Ratio (for cancer incidence study), OR: Odds Ratio (for case-

control mortality study).

* Indicates risk estimate significantly different from background.
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and 1,383,067 person-years of follow-up. The three most

recent reports (Sathiakumar et al., 1998; Wong et al., 1994;

and Kogevinas et al., 1994) are by far the largest, con-

tributing 89 per cent of both the total study population

and person-years.

RISK ESTIMATION

Relative risk estimates and confidence limits from the

investigations are displayed in Figure 1. In aggregate, 829

lung cancer deaths were observed, compared to 789

expected. A pattern among the studies consistent with

natural random variation in risk was seen, with SMR val-

ues falling in the narrow range from 81 to 143, three

above and two below the null value of 100. None of the

risk estimates was exceptionally high or low, and only

that of Wong et al. (1994) was statistically different from

100. Two of the 3 largest studies, Kogevinas et al. (1993)

and Sathiakumar et al. (1998) accounted for 70 per cent of

total lung cancer deaths and had SMRs nearly equal to

100 (99 and 101, respectively).

The same patterns of variation were seen among sub-

sets of the same studies (Table 1). As many risk estimates

indicated lung cancer deficits as excesses, and a few of

each were statistically significant. For example, SMRs

among the 8 plants studied by Delzell et al. (1995) were

87, 88, 90, 94, 96, 111, 113, and 143, and appeared to be

independent of plant size. Likewise, risk estimates

among the 8 national cohorts in the investigation by

Kogevinas et al. (1994) ranged from 29 to 111.

The only major studies departing from the standard

mortality cohort design were those of Kolstad et al. (1993;

1995). In their earlier investigation of cancer incidence in

Denmark, those investigators observed 425 new lung

cancer cases, whereas 368.7 were expected, yielding a

small but statistically significant excess risk of 115. The later

investigation calculated a slightly lower value for males.

EXPOSuRE TRENDS

Although data concerning exposure trends are not shown

in the table, none of the investigators found lung cancer

mortality to be related to increasing styrene exposures.

Delzell et al. (1995), Kogevinas et al. (1994), and Kolstad et

al. (1995) found an inverse relation of lung cancer risk to

years employed or years exposed. Okun et al. (1985) and

Wong (1990) and Wong et al. (1994) found no clear pat-

terns, although the greatest risk was concentrated among

employees with the least experience. A few studies cited

more direct exposure measures. Kogevinas et al. (1994)

saw no trends of risk with cumulative exposure

expressed in ppm-years, whereas Wong et al. (1994)

found a decreasing trend. In his earlier investigation,

Wong (1990) determined that greater respiratory cancer

risk was seen in departments with low exposure potential

and among groups or workers with low average TWA or

low peak exposure measures. In an updated study,

(Wong et al., 1994) Cox regression procedures found a sta-

tistically significant decreasing trend of lung cancer risk

with increasing duration of exposure. Okun et al. (1985)

found excess respiratory cancer mortality isolated to a

minimal exposure subgroup (SMR=155) compared to a

deficit in a high exposure subgroup (SMR=71). 

SMOKING

In the occupational styrene literature, only Wong (1990)

examined the contribution of smoking to lung cancer

risk. In a nested case-control study of respiratory cancer

decedents and matched controls, he found the decedents

were 7-8 times more likely (OR = 7.33) to have been

smokers. No other risk factor displayed a positive associ-

ation, and in contrast, the OR for styrene exposure was

only 0.63. That is, lung cancer cases were less likely than

non-cases to have occupational styrene exposure. The

case-control study was not repeated in the updated

investigation. (Wong et al., 1994)

DISCUSSION

A detailed critique of each individual investigation was

not undertaken here; however, a few potentially influen-

tial aspects of design and conduct deserve mention. First,

the PMR measure used by Frentzel-Beyme et al. (1978) is

less reliable than others because, as an attempt at econo-

my, it enumerates only deaths, and disregards the size of

the populations at risk. Therefore, a low PMR for lung

cancer in the study cohort could be an artifact produced

by an excess of one or more other diseases. Secondly, the

incidence data in the studies of the large Danish cohort

by Kolstad et al. (1993; 1995) are compromised by inade-

quate characterization of individual jobs and exposures.

For reasons of data quality, Kogevinas et al. (1993; 1994)

eliminated over 75 per cent of the large Danish cohort

from their multicentric investigation; they also warned

that perhaps as much as 25 per cent of the remainder may

be incorrectly classified as exposed. The lack of job histo-

ries also affects some of the cohorts of Kogevinas et al.

(1993; 1994).

There are many factors which distinguish individual

cohorts or industries, but which are too complex to inte-

grate here. In general, styrene exposures are historically

greater in the reinforced plastics industry, especially in
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some lamination operations, than in monomer, poly-

styrene, or latex production. (IARC, 1994) There are also

fewer confounding exposures in reinforced plastics. On

the other hand, latex production offers a more stable

workforce, with longer follow-up.

Industry differences seem to matter little with regard

to lung cancer risk. The largest studies in terms of cancer

deaths represent both reinforced plastics (Kogevinas, et

al., 1993) and latex production (Sathiakumar et al., 1998).

They have almost identical outcomes, and neither

showed any departure from background rates.

Comparison of the response of mice and rats to

inhaled styrene sheds some light on the apparent lack of

a tumorigenic response in human observational data.

Prior to the development of tumors, there is a marked dif-

ference in morphologic reaction between the mouse and

rat lung. The mouse responds with acute cytotoxicity and

focal increases in cell density in the terminal bronchioles,

(Cruzan et al., 1997; Green et al., 2001) which, after 12 and

18 months of exposure, progresses to hyperplasia and

extends to the alveolar ducts, in a dose- and time-depen-

dent manner. (Cruzan et al., 2001) These early changes are

associated with increased cell proliferation in the termi-

nal bronchioles, as demonstrated by immunohistochemi-

cal methods. (Cruzan et al., 1997; Green et al., 2001) In

contrast, there were no morphological effects nor

increased cell proliferation in the terminal airways of rats.

(Cruzan et al., 1997; 1998) No effects have been seen in the

alveolar region of either rats or mice.

Morphological differences in mice and rats are paral-

leled by metabolic differences shown in investigations

using whole lung preparations or lung fractions enriched

for cells from the lower airways or alveoli. To a great

extent, styrene metabolism occurs in the Clara cell, the

primary cell type of the smallest airways in rodents.

Compared to the rat, mouse Clara cells have a much

greater ability to metabolize styrene to styrene oxide, par-

ticularly to the R-isomer, and potentially to other metabo-

lites as well. (Carlson, 1997; Hynes et al., 1999; Carlson et

al., 1998; 2001) The occurrence and activity of specific

cytochrome P450 isozymes, responsible for converting

styrene to styrene oxide and other metabolites, show

analogous inter-species differences. (Carlson, 1997;

Carlson et al., 1998; Hynes et al., 1999; Green et al., 1997;

2001; Raunio et al., 1998) Chemical inhibition of

cytochrome activity has been shown to inhibit styrene

metabolism and to eliminate cell proliferation in the ter-

minal bronchioles of mice. (Green et al., 2001)

Studies using human lung specimens have demon-

strated that man has much less, if any, ability to metabo-

lize styrene to styrene oxide than either rats or mice.

(Nakajima et al., 1994; Carlson et al., 2000) Human lung

has very low levels of cytochrome P450s, reported to be

only 3.7% of the rat. (Wheeler and Guenther, 1990;

Wheeler et al., 1992) Additionally, human lung tissue has

somewhat greater activity of the enzyme epoxide hydro-

lase, responsible for the further catalysis of styrene oxide.

(Sarangapani et al., 2002) 

CONClUSION

Comparing the available epidemiology research on

styrene-exposed cohorts offers no coherent and consis-

tent evidence of an association between occupational

styrene exposure and lung cancer. Risk estimates both

among studies and among geographical sub-cohorts fell

within a narrow range close to the null value, and were

distributed equally above and below the null point. No

increasing trends of risk with exposure were seen,

although inverse trends were apparent in several studies.

The largest SMR found for any cohort was only 143,

(Okun et al., 1985) though not attributable to styrene

exposure. In the only cohort showing a statistical mortali-

ty excess, (Wong, 1990; Wong et al., 1994) cigarette smok-

ing was the only factor associated with lung cancer, pre-

senting a substantial 7-8-fold risk.

The recent finding of increased incidence of bron-

chioalveolar adenomas in styrene-exposed mice not only

differed from the results in rats, but is not reflected in the

workplace experience of styrene industry employees.

Terminal bronchiolar cells in rat lung have less capacity

to metabolize styrene to toxic metabolites which may

cause a non-neoplastic or neoplastic response. Available

data on human lung tissue suggest very little, if any

capacity for styrene metabolism.
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C
an industry organization created

to expand the scientific database

for decision-making on the safety

of a chemical be successful in an often-

contentious regulatory environment? This

was the challenge facing the styrene

industry 14 years ago when it formed the

Styrene Information and Research Center

(SIRC).  Although SIRC is still very active,

it is appropriate to evaluate whether the

organization has so far been successful in

accomplishing its mission, and if so, why?

The catalyst for the creation of SIRC

was the 1987 reclassification of styrene by

the International Agency for Research on

Cancer (IARC), a World Health

Organization component based in Lyon,

France. Until 1987, IARC had classified

styrene as a Group 3 substance – not clas-

sifiable as to human carcinogenicity. That

year, however, IARC changed the parame-

ters it used to evaluate a chemical’s car-

cinogenic potential, and this prompted the

upgrade even though no new data sug-

gested a concern. Until that time, no eval-

uating body had suggested styrene might

be potentially carcinogenic, so the IARC

classification threatened to have serious, if

unwarranted, consequences for styrenic-

based industries. 

Industry scientists did not concur with

the IARC classification, believing that the

available data did not suggest a human

cancer concern. However, they realized

that the database on styrene was not com-

plete, and that an accurate evaluation of

styrene – such as the U.S. Environmental

Protection Agency (EPA) might conduct –

would be better supported by having a

more extensive database of current, well-

conducted research, carried out according

to the highest standards of quality. The

styrene industry is committed to work

cooperatively to develop an expanded

database on styrene that would be ade-

quate for decision-making and to commu-

nicate with governmental agencies,

industry members, and the public about

these data in a timely fashion to support

science-based decision-making about

styrene. With this challenging mission,

the styrene industry established SIRC and

defined how the industry would measure

the organization’s success.

The IARC decision in 1987 was a suffi-

cient catalyst for the styrene industry to

decide that the existing database on the

safety of styrene was inadequate and that

it was in the best interest of the styrene

industry to invest the funds to expand it

substantially. However, the industry rep-

resentatives who formed SIRC wisely rec-

ognized that the ultimate value of this

investment in an expanded database was

highly dependent on the acceptance of the

new data by government agencies and the
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public as the best scientific information available on the

safety of styrene. Therefore, from the beginning, a key

understanding of the industry representatives was that

the credibility of the research effort and the industry’s

forthrightness regarding any results needed to be a pri-

mary goal of the SIRC effort. If there were valid concerns

about the safety of styrene, the industry would acknowl-

edge them and address those concerns. Industry repre-

sentatives also realized that communicating with various

agencies and the public on this research would be impor-

tant, to ensure that regulators did not make decisions

about styrene without a full understanding of the current

state of the science, and that when decisions were made,

they would involve a thoughtful consideration of the best

available science.

It is conventional wisdom that the interests of indus-

try, the government and the public are so divergent when

it comes to the issue of chemical safety that no single

endeavor can serve the needs of all three parties.

However, SIRC’s experience suggests that, in fact, there is

a core interest common to all three groups that may be

met by a well-designed and executed research program

to enlarge the database on the safety of a chemical.

Specifically, industry needs good information to protect

the health of its workers, customers, consumers and their

neighbors, as well as protecting their products from

unfair regulation. Government regulators need good

information to make decisions that are truly protective,

but do not impose unnecessary hardships on consumers

or industry. And the public needs access to good informa-

tion to hold industry and government accountable and to

make independent judgments about a substance. Without

the best information, decisions that are over protective or

under protective of public health are a likely result.

The key question is, “How can all three parties obtain

such an expanded scientific database for these chemical

safety decisions when the database has been judged inad-

equate?” Extensive scientific data on a specific chemical

is very costly and time consuming to develop. Like most

science, chemical safety research can require multiple

studies and a long process in which new studies often

must build on the results of just-completed studies. For

these reasons it is not surprising that robust databases

frequently are not available when decisions need to be

made about a chemical today. That is why the styrene

industry’s commitment to such a large investment in sci-

entific research was so important for government agen-

cies, the public and the industry alike.

Why was there this level of commitment to styrene on

the part of industry? While styrene is a naturally occur-

ring substance—a component of foods such as strawber-

ries, cinnamon, and coffee—styrene, a byproduct of

petrochemical refining, is a key raw material for a wide

variety of plastics, including polystyrene and synthetic

rubbers. The products manufactured from these resins

range from personal-use products such as food packag-

ing and serving items to building construction materials

and automotive components. Today, products manufac-

tured from styrenic-based materials are integral to the

quality of life and the economy in many areas of the

world. There are roughly 15,000 styrene-related manufac-

turing facilities internationally, with many times that

number of employees. Allowing decisions about the safe-

ty of styrene to be made on the basis of inadequate scien-

tific data could have unfairly threatened the acceptability

of this wide variety of products and the livelihood of

thousands of workers, and undermined the results of

years of successful polymeric science. 

Upon its formation, SIRC and its committees of indus-

try scientists confronted the problem that conclusions on

styrene’s health effects potential often were being based

on old, poorly conducted studies that offered unsupport-

ed conclusions or that had not been replicated. SIRC’s ini-

tial and primary mission, therefore, was to assess the

existing database of research on styrene, evaluate the

quality of that research, identify gaps in the health effects

database, and commission new studies that would pro-

vide state-of-the art research findings. This work includ-

ed not only the funding of studies by internationally rec-

ognized researchers and laboratories, but also the

commissioning of comprehensive literature reviews by

acknowledged experts in various fields. In all cases, SIRC

sought out world-recognized researchers with strong cre-

dentials, and required that all research be conducted

according to internationally accepted Good Laboratory

Practices (GLPs). To further validate the key research

studies that it has sponsored, SIRC has required that

these studies be published in appropriate peer-reviewed

journals. All of this was done to ensure that data supplied

to government regulators, the public, and the industry

would be both independent and well validated. SIRC has

worked to share the data it acquires with all these parties

as it has become available.

SIRC’s research efforts to date have involved the allo-

cation of approximately $13 million for scientific research

on the health and environmental effects of styrene. The

list of SIRC-sponsored studies includes:

� 13-week sub-chronic inhalation study in the rat

� 13-week sub-chronic inhalation study in the mouse

� 104-week chronic inhalation study in the rat
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� 104-week chronic inhalation study in the mouse

� Epidemiological study of workers in the reinforced

plastics industry

� Genotoxicity research

� Metabolism and styrene oxide research

� Mode of Action research

� Ecotoxicity research

� Ototoxicity research

� Literature review of neurotoxicological effects 

of styrene

� Literature review of reproductive and developmental

effects of styrene

� Review of styrene’s occurrence in food

� Research on the presence of styrene on raw agricultural

products 

� Review of the environmental fate and effects of styrene

� Research on the environmental fate of styrene in soil,

water, and air

� Styrene risk assessment by the Harvard Center for Risk

Analysis

� Two-generation reproduction study in rats (underway)

� Developmental neurotoxicity study in rats (underway)

In addition to work directly commissioned by SIRC,

the industry has also supported research in Europe and

Japan through SIRC’s counterparts, Europe’s Styrenics

Steering Committee (SSC) and the Japan Styrene Industry

Association (JSIA).

While research has been the organization’s core func-

tion, communication with government regulatory offi-

cials also has proved to be an important component of

SIRC’s efforts. SIRC has actively monitored governmen-

tal agency interests in styrene and kept these agencies

apprised of the industry’s research activities.

Communication at the regulatory level often has been in

the form of written comments and the dissemination of

research reports. For example, SIRC actively addressed

styrene’s treatment in several EPA rulemakings that

might have resulted in a premature, or de facto, carcino-

gen classification for the chemical. The industry, particu-

larly the polystyrene segment, also has worked closely

with the U.S. Food and Drug Administration (FDA) to

provide both toxicological and exposure data for the

agency’s use in reviewing product petitions. At the state

level, SIRC has in the past visited regulatory agencies in

nearly all 50 states, in many instances providing new

peer-reviewed scientific studies for the regulators’ use.

SIRC has been especially active in its interactions with

the California Environmental Protection Agency’s Office

of Environmental Health Hazard Assessment (OEHHA),

which has chemical assessment oversight for a variety of

programs. Not the least of these programs is California’s

1986 Safe Drinking Water and Toxic Enforcement Act,

better known as Proposition 65. Over the years, SIRC has

provided data updates to ensure that OEHHA has the lat-

est scientific information on which to base its decisions.

The cooperative nature of the various industry seg-

ments that produce or use styrenic materials, and that is

fostered by SIRC’s activities, was best exhibited in a vol-

untary proposal endorsed by the U.S. Occupational

Safety and Health Administration (OSHA). In July 1992, a

U.S. Appeals Court voided a 1989 OSHA rule that would

have made a number of permissible exposure limits

(PELs) for chemicals more stringent, including a pro-

posed PEL of 50 parts per million (ppm) for styrene. The

Labor Department did not appeal the decision, and there-

fore OSHA’s styrene occupational standards reverted

back to the pre-1989 level of 100 ppm. SIRC, however,

encouraged its members to continue to comply with the

more stringent 1989 PEL of 50 ppm as an appropriate

workplace exposure level for styrene, regardless of the PEL.

In February 1996, SIRC and three other styrene indus-

try trade associations (Composites Fabricators

Association, National Marine Manufacturers Association,

and International Cast Polymer Association) entered into

a precedent-setting arrangement with OSHA to adhere

voluntarily to the 50-ppm level set by the voided 1989

PEL. This agreement provided extra protection to the

industry’s workers on a rapid basis and, barring any

unexpected new health effects data or evidence of indus-

try’s failure to adhere to the voluntary agreement, the

agreement helps OSHA avoid the need for a time-con-

suming and costly new PEL rulemaking for styrene.

A third but very important aspect of SIRC’s mission

has been the communication of information about

styrene to the general public and, through SIRC’s mem-

bers, to workers and neighbors of the industry’s plants.

SIRC has worked hard to provide clear, direct messages

on styrene, its uses, and its characteristics. In the past,

this information was been conveyed through member

companies, to the media and the public level through

“frequently asked questions” brochures and “fact sheets”

on research and regulation. Now SIRC maintains a web

site (www.styrene.org) that provides this information to a

vastly broader audience and includes links to numerous

related organizations as well. 

To assist in the communication of the latest science to

all parties, The SIRC Review was created as a compendi-

um of styrene research, reprinting new articles on styrene

health and environmental effects that have been pub-

lished in peer-reviewed journals. The journal is distrib-
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uted free of charge to a wide variety of regulatory, acade-

mic and industry contacts as a way to improve access to

well-conducted, validated research.

Although SIRC was formed as a cooperative effort of

the North American styrene industry, in recent years it

became apparent that coordination on scientific, regulato-

ry and communications efforts was needed at an interna-

tional level.  In 1997, SIRC initiated discussions with its

European and Japanese counterparts, the SSC and JSIA,

toward expanded international industry cooperation.

This resulted in the formation of the International Styrene

Industry Forum (ISIF), and now includes a Korean entity

and polystyrene interests as well. Although not an official

organization, this informal activity of international

industry organizations has been extremely successful in

helping to ensure that research efforts are not duplicated,

in increasing global awareness of regulatory activity, and

in ensuring that all industry segments have access to

information. Recent evidence of these efforts was the

debut of a new ISIF web site, the Styrene Forum

(www.styreneforum.org). The site provides basic infor-

mation on styrene to the public, including styrene’s myri-

ad society-benefiting uses, and serves a portal to link

together the various international industry organizations.

Although SIRC has worked closely over its 14 years

with styrenics partner associations and larger chemical

and plastics industry organizations, its success may be

traced in significant measure to its autonomy and singu-

lar focus. Although the organization was for many years

a special purpose group of The Society of the Plastics

Industry (SPI), and currently rents space and services

from The American Chemistry Council (ACC), SIRC has

always functioned as an independent entity. The ability

to address a single issue, with dedicated resources and

unwavering support, has made SIRC a very successful

organization in all regards. 

The need for organizations such as SIRC becomes

clear when viewed from the perspective of SIRC’s history.

SIRC’s mission has adapted and expanded beyond the

original focus on carcinogenicity to include human epi-

demiology, neurotoxicology, and reproductive and devel-

opment effects, responding where more scientific infor-

mation is needed. Its members have unfailingly

supported all efforts that would help validate styrene’s safety,

communicate research findings to the appropriate par-

ties, and help ensure that regulators have the most up-to-

date scientific information for their decisions. While

SIRC’s mission may be completed – at least to a large

degree – at some point in the next several years, its legacy

of industry stewardship should endure much longer.
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