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STYRENE TOXICOLOGY INVESTIGATIONS ON THE
POTENTIAL FOR CARCINOGENICITY

SUMMARY

At present there is no clear evidence that styrene is carcinogenic in laboratory animals or in man.
The absence of an exposure related oncogenic response in several animal bioassays or appropriate
epidemiology investigations precludes the use of quantitative risk assessment procedures. Concern
has been expressed, however, that a putative carcinogenic potential exists as a result of the

formation and presence in tissues of styrene 7,8-oxide, an intermediate metabolite of styrene..

To address these concerns new toxicokinetic data on styrene and the metabolic occurrence of
styrene oxide have been generated and are presented together with information on macromolecular
binding in vivo. The toxicokinetic parameters for styrene and styrene oxide permit a quantitative
description of the major pathways of styrene and styrene oxide in the rat and mouse under various

conditions of exposure.

Based on experimental data a physiologically based pharamcokinetic (PB-PK) model for styrene
and styrene oxide has been developed, validated and used to calculate the body burden of styrene
and styrene oxide for man in relation to animals in terms of AUC., (AUC, is the area under the
concentration time curve for styrene oxide in blood). This approach referred to as "semiquantitative
margin of safety” ("SMS") provides the opportunity to assess the putative hazard of styrene to man
in relation to specific conditions in laboratory animals. Comparison of predicted and measured
AUC,, values in animals with that in man exposed to an anticipated workplace concentration of
50ppm styrene shows AUCg, values up to 400 times lower in man than in exposed animals in

which no treatment related oncogenic response was observed.

in addition, the results of DNA binding studies showed that styrene metabolism in the rat or the
mouse does not lead to the production of biologically significant DNA binding intermediates.
Studies with styrene oxide failed to find any evidence of DNA binding while investigation with
styrene showed only minute levels of binding considered too low to cause an increase in the

incidence of cancer.

It can be concluded that the carcinogenic potential of styrene, if one exists at all, must be so low
that occupational or environmental exposure to styrene is unlikely to present any genotoxic or

carcinogenic hazard for man.



SECTION 1. INTRODUCTION

Styrene is an important chemical of wide industrial use, particularly in the manutfacture of polymers
and reinforced plastics. Styrene is a naturally occurring as well as a man-made chemical. Entry
into the atmosphere occurs via automobile exhaust, as a result of smoking, during production,
storage and processing of styrene, and to a minor extent during or after use of the final product.
Environmental and occupational exposures to styrene occur predominantly via inhalation. The
toxicity of styrene has been reviewed (Fielder, 1981; WHO, 1983; BUA, 1990; Vainio, 1981).
Irritation of the mucous membranes and effects on the nervous system are the most commonly

reported occupational findings.

In recent years the discussion about a possible carcinogenic potential of styrene has become
controversial. At present, there is no clear evidence that styrene is carcinogenic in man or
laboratory animals; the available data are inadequate to reach definitive conclusions. Limitations
and deficiencies exist in many of the long-term animal studies and human epidemiology studies
involving styrene.  The toxicological significance of styrene-7,8-oxide (styrene oxide) as an
intermediate metabolite of styrene has become the focus of recent concern. Styrene oxide is
mutagenic in in vitro prokaryotic and eukaryotic systems (Appendix D.1). In long-term gavage
studies it causes increased tumour incidences in the forestomach of rodents at high doses but no
treatment related systemic tumours were detected (Appendix C.3). The significance of these
tumours is highly uncertain with respect to risk estimation for man where styrene oxide occurs only

at low concentrations as an intermediate metabolite.

Knowledge of the kinetics of formation and degradation of styrene oxide together with definitive data
on the macromolecular binding of styrene and styrene oxide are important prerequisits for
understanding tissue dosimetry. The use of such data in a physiologically-based pharmacokinetic
model (PB-PK) provides a better understanding of the internal dosimetry of styrene oxide in
laboratory animals and man allowing a more meaningful evaluation of the carcinogenic potential of

styrene than was formerly possible.

The objective of this document is to present new information on metabolism, toxicokinetics and
macromolecular binding as generated in the ECETOC research programme which substantially

contribute to the evaluation of the carcinogenic potential of styrene.
The following studies were performed:

u Study on the kinetics of styrene and styrene oxide in rats and mice.



Dr. J. G. Filser (1992). Forschungszentrum fuer Umwelt und Gesundheit GmbH, Institut fuer
Toxikologie, 8000 Muenchen.

= Investigation of the adduct formation between styrene or styrene-7,8-oxide and
deoxyribonucleic acid (DNA) in rats, in mice and in vitro.
Prof. Dr. W. K. Lutz (1992). Eidgenoessische Technische Hochschule und Institut fuer
Toxikologie, Universitaet Zuerich.

n Investigation of the adduct formation between styrene or styrene metabolites and haemoglobin
or blood proteins in rats and mice (in vitro and in vivo).
Dr. S. Osterman-Golkar (1992). Dep. of Radiobiology, University Stockholm.

The above reports are available from ECETOC.

Data from these studies are used to examine the putative hazard of styrene for man in relation to
specific conditions used in laboratory animal studies.



SECTION 2. PRESENTATION OF NEW RESULTS

2.1,

TOXICOKINETICS

Concern about the carcinogenic potential of styrene has been focused on the occurrence of
styrene oxide as an intermediate metabolite of styrene (Appendix A). Previous studies
suggested that the rat is a good animal model for understanding the toxicokinetics of styrene
in man, at least for inhalation exposure concentrations up to 80ppm. Anderson and Ramsey
(1983) developed a (PB-PK) model which describes the non-linear behaviour of styrene in
rats following higher exposures (Appendix A.4). Toxicokinetic data for styrene oxide and its
relation to styrene had not however been determined. Although scattered analytical data on
styrene oxide in blood are available, these are inadequate for making predictions regarding
body burden of styrene oxide in rats or man exposed to styrene. Furthermore kinetic data
for styrene in mice (inhalation) are not available. The studies of Filser (1992) were

performed in the ECETOC research program to fill these data gaps period.

The results of these studies show that at steady state the rate of metabolism of inhaled
styrene in rats and mice increases linearly with exposure concentration up to about 260ppm.
Below this concentration, there is little bioaccumulation of inhaled styrene. At concentrations
below 260ppm transport to the metabolising enzymes is the rate limiting step for metabolism
rather than their enzymatic capacity. Kinetic behaviour of styrene is strongly influenced by

physiological parameters such as blood flow and especially alveolar ventilation rate.

At exposure concentrations of styrene above 300ppm the rate of metabolism at steady state

is limited by biochemical parameters of the metabolizing enzymes (V and Km

max app)'

Saturation of metabolism (V,,,) is reached at about 600ppm in rats and 900ppm in mice
(rats: 224umol/hrxkg; mice: 625umol/hrxkg).  Above 300ppm, bicaccumulation increases
rapidly with increasing styrene exposure. At levels above 2,000ppm, bioaccumulation

reaches its maximum.

The concentration of styrene oxide was measured in the blood of rats and mice following
exposure to styrene or styrene oxide via different dose routes (oral, intraperitoneal and
inhalation). At steady state following exposures to styrene between 20 and 800ppm, styrene
oxide was detected in the blood of both species. In rats, blood concentrations of styrene
oxide correlate linearly with the rate of metabolism of styrene. This indicates that the rate-
limiting step is the formation of styrene oxide rather than its detoxification. in contrast, such

a clear correlation is not found in mice. At exposure concentrations up to 260ppm similtar



2.2.

styrene oxide kinetics are seen in both species. A sharp increase of styrene oxide levels

occurs in mice after exposure to styrene concentrations higher than 260ppm.

The latter observation is interpreted as follows: at exposure concentrations of styrene below
260ppm the relatively higher metabolic rate (styrene to styrene oxide) in mice is
compensated by a high elimination rate of styrene oxide. This leads to comparable amounts
of styrene oxide in rats and mice. At exposure concentrations above 260ppm, greater
amounts of styrene oxide become systemically available in mice than in rats. In mice, levels
up to 7,500ng/ml were reached during exposure to 800ppm styrene, while in rats blood
concentrations of styrene oxide did not exceed 460ng/ml. This may indicate that certain
styrene oxide metabolic pathways are overwhelmed in the mouse at styrene concentrations

greater than 260ppm.

Concentrations of styrene oxide in blood after intraperitoneal or intravenous administration of
styrene oxide to rats and mice confirmed the results of the inhalation experiment with
styrene, indicating that biotransformation of styrene oxide is faster in mice than in rats at low

styrene exposure concentrations.

Concentrations of styrene oxide in blood were also measured after oral administration of
styrene oxide to rats and mice. In both species a large variation of blood/plasma styrene
oxide concentrations was found. Despite this variation it could be concluded that styrene
oxide in blood after oral administration represented <5% of that seen after i.p. administration
of the same dose. This difference may, at least partly, be due to the fast hydrolysis of orally

administered styrene oxide at the acidic pH in the stomach.

Based on the new experimental data, a physiologically-based pharmacokinetic model (PB-
PK) has been developed and verified by Filser and Nolan (in press). Body burden or tissue
levels in rats or mice can now be predicted for various conditions of exposure to styrene or
styrene oxide. This model can also be used to predict the styrene oxide body burden for
man exposed to styrene. Such calculated/predicted results have been veritied by

experimental data.

MACROMOLECULAR BINDING

A review of published data concerning DNA and haemoglobin adduct formation is given in

Appendix B.
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HAEMOGLOBIN BINDING

As part of the ECETOC research programme the study conducted by Osterman-Golkar
(1992) investigated the possible adduct formation between styrene or styrene oxide and
haemoglobin or other blood proteins in rats and mice following intraperitoneal (i.p.)
administration of styrene or styrene oxide and to determine the feasibility of in vivo
monitoring of styrene exposure by quantification of blood protein adducts. A summary of

results is presented below.

The experiments show that haemoglobin adducts are formed and can be detected
following i.p. administration of styrene or styrene oxide to rodents. Methods were
developed for the determination of an N-terminal valine adduct (hydroxyphenethylvaline);
this adduct was found to be stable in contrast to adducts involving carboxyl groups which
were found to be unstable. The amount of N-terminal valine adducts, as a measure of in
vivo dose was determined in mice and rats administered styrene oxide or styrene at doses

ranging up to about 250mg/kg body weight.

In mice treated over a dose range of 50 to 250mg styrene oxide/kgbw the dose response
curve for styrene oxide binding to N-terminal valine is non-linear with a disproportionate
increase in binding being seen at the higher dose levels. This effect is consistent with
toxicokinetic data which shows that at high systemic SO exposures the detoxification
system in the mouse becomes overwhelmed thereby compromising the clearance
mechanism. In mice dosed with styrene the level of binding was considerably lower than
that seen in mice treated with an equivalent dose of the oxide, e.g. the level of binding
measured in mice treated with styrene (dose level approximately 200mg/kgbw) was only

about 5% of that measured in mice receiving an equivalent dose of the oxide.

Similar studies in the rat also indicated a deviation from linearity with again comparatively
more binding being seen with increasing dose. In the rat however, this deviation was
much smaller as compared with the mouse; again supporting the toxicokinetic data that
had shown that the rat is more efficient at clearing SO from the body than is the mouse.
The levels of binding measured in the rat were also lower as compared with the mouse,
i.e. at an i.p. dose of approx. 50mg/kgbw the level of N-terminal valine binding was

approximately 3 times higher in the mouse as compared with rat.

With further refinement and verification by the inhalation dose route, measurement of
haemoglobin adducts may provide the basis for the development of a suitable biological

monitoring method.
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DNA BINDING

In long-term gavage studies styrene oxide has caused an increased incidence of tumours
in the forestomach of rodents at high doses, but no increase in systemic tumours
(Appendix C.3). Genotoxic and non-genotoxic mechanisms may be involved in the
development of the tumours. TO assist in the evaluation of the genotoxic potential of
styrene oxide, DNA binding experiments were conducted in vivo. A summary of the

results generated for ECETOC by Lutz (1992) is presented below.

In vitro experiments showed that DNA adducts were formed to a small but measurable
extent during a 24-hour incubation of tritiated styrene oxide with calf thymus DNA. This is

consistent with the in vitro mutagenic potential of styrene oxide (Barale, 1991).

To evaluate the genotoxic potential of styrene oxide in vivo, radiolabelled styrene oxide
was administered by gavage in corn oil to male CD rats at levels of 1.65 and
240mg/kgbw. After 4 or 24 hours, DNA from forestomach, glandular stomach and liver
was isolated, purified and its radioactivity determined. At 4-hours the radioactivity in DNA
samples from the forestomach and the liver at both dose levels was below the limit of
detection. Expressed in units of the Covalent Binding Index, {CBI = pmol adduct per mol
DNA nucleotide/mmol chemical administered per kg body weight; Lutz, 1986], the DNA-
binding potency in the forestomach and liver was below 2.6 and 2.0, respectively. In the
glandular stomach at 4 hours and in most 24 hour samples, DNA was slightly
radiolabelled. Enzymatic degradation of the DNA and separation of the nucleotides
showed that the tritium represented biosynthetic incorporation of radio-label into newly
synthesized DNA rather than covalently bound radiolabel. The limit of detection for DNA

adducts in the glandular stomach was at a CBI <1 0.

Radiolabelled styrene oxide was administered by i.p. injection to male B6C3F1 mice.
Liver DNA was analysed after 2 hours. No radioactivity was detectable at a limit of
detection of CBI <0.6.

Although forestomach tumours were observed in bioassays (Maltoni et al, 1979), the in
vivo studies with styrene oxide in rats did not demonstrate detectable DNA adducts in the
forestomach at a fimit of detection of CBI <2.6. This corresponds to an ability to detect 7
adducts per 10® DNA nucleotides in the low dose experiment. Hence a purely genotoxic

mechanism of tumorigenic action of styrene oxide in the forestomach is unlikely.

Radiolabelled styrene was also administered by inhalation in a closed chamber to male

and female CD rats and BBC3F1 mice. The metabolised dose was between 20 and



39mg/kgbw in rats and between 70 and 110mgskgbw in mice. Exposure time was
between 5 and 9 hours and peak concentrations in the chamber were at 200 and
400ppm, for rats and mice, respectively. DNA from the liver and the lung (rats only) was
purified and analyzed for nucleotide adducts. In mouse liver DNA a small but detectable
amount of radioactivity eluted with similar retention times as adducts prepared from calf
thymus DNA and styrene oxide in vitro. The DNA-binding potency averaged at 0.1CBI

units.

In rat liver DNA, no adducts were observed at a limit of detection of 0.1 to 0.2CBI units.
Two DNA samples from rat fung available at high yield allowed a lower limit of detection.
Adduct-related radioactivity was detectable at the level of 0.07CBI units.

The resuits of these experiments indicate that styrene metabolism in the rat and mouse
does not result in the production of potent DNA binding intermediates. This conclusion is
supported by the studies with styrene oxide in which no adduct formation was detected in

these species.



SECTION 3. COMPARATIVE EVALUATION OF DATA

3.1.

EVALUATION OF DATA IN RELATION TO BIOASSAYS

The assessment of hazard from exposure to chemicais focuses on dose-reiated adverse
effects seen in animal bioassays or epidemiological investigations. Quantitative
carcinogenicity risk assessment procedures require an exposure related oncogenic response
in either laboratory animals or in human beings. Such approaches are not possible with
styrene using the carcinogenicity data currently available. Eleven long-term animal studies
with styrene to date have collectively shown no clear evidence of carcinogenicity related to
styrene (Appendix C.2). Likewise the available epidemiology information shows no
convincing evidence of cancer in workers occupationally exposed to styrene. Hence, there is

no basis to conclude that styrene is carcinogenic.

Despite this, there is some concern about the putative carcinogenic potential of styrene since
styrene oxide is an intermediate metabolite of styrene and is positive in in vitro mutagenicity
assays. Styrene oxide has also been shown to cause tumours of the forestomach in rodents
when given at high oral doses by gavage (Appendix C.3). The neoplasias were associated
with chronic irritation of the forestomach and there was no treatment-related systemic
oncogenic effect. Moreover, there was no evidence of carcinogenicity at the site of

application when styrene oxide was applied repeatedly to the skin of rodents.

The oncogenic response to styrene oxide in the rodent forestomach after gavage treatment
is inappropriate as a basis for making a quantitative risk assessment for human beings
exposed to styrene by inhatation. The relevance of rodent forestomach tumours for human

risk is quite controversial.

Although conventional approaches to quantitative risk assessment are not possibie for
styrene, biochemical/mechanistic data are useful in clarifying the role of styrene oxide as
intermediate metabolite and may help to answer concerns about its occurrence upon styrene
exposure. Such considerations require an understanding of numerous factors, including
species differences in the relative rates of formation and degradation of styrene oxide in
various organs and tissues. The physiologically-based pharmacokinetic (PB-PK) model
developed by Filser and Nolan (in press) and validated with the above data (section 2)
provides a useful tool for these comparisons. The subsequent evaluation is therefore based
on the experimental data and the PB-PK model comparing the internal styrene oxide
dosimetry (AUCge) in the blood of laboratory animals and man under various exposure

conditions to styrene and styrene oxide. Thus a perspective on the differences in tissue

o
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styrene oxide levels in man occupationally exposed to styrene and in rodents showing no or
minimal responses following exposure to styrene or styrene oxide is provided. In using this
approach it is assumed that human or animal tissues show similar biological responses with
comparable doses of styrene oxide. Since the area under the blood concentration time
curve (AUC) is the integral of the toxicokinetic behaviour of a chemical, this parameter rather
than peak blood levels has been used as surrogate for tissue dose. These AUC,, values
will then be used to examine the putative hazard of styrene for man. In this document this

will be referred to as a "semiquantitative margin of safety” ("SMS").

This basic concept of a qualitative approach to risk assessment has recently been adopted

by the "Committee on Carcinogenicity” in the Department of Health (HSE; 1991).

STYRENE OXIDE DOSIMETRY (AUC_,) IN MAN EXPOSED TO STYRENE

Studies reported by Lof et al (1986a) indicated that maximum styrene oxide biood levels
were of the order of 3.0x10°mmol/l when measured in human volunteers exposed to
70ppm styrene. This value is comparable with the maximum predicted styrene oxide
blood concentration of 2.8x10°mol/l derived by using the PB-PK model (Figure 1). The
close agreement between the measured and predicted values indicates that the PB-PK
model is a reliable tool for estimating blood styrene oxide concentrations in man exposed

to styrene.

The predicted blood styrene oxide concentrations in human beings exposed for 8 hours to
10, 20, 50, 70 or 100ppm styrene are shown in Figure 1, and the resuiting AUC,, values
in man at these styrene exposure concentrations are compiled in Table 1. The predicted
AUC,, values increase linearly over a styrene exposure concentration range of 10 to
100ppm, as indicated by an approximate 10-fold increase in AUC, values with the 10-fold
increase in styrene exposure concentration. National occupational exposure standards for
styrene currently range from 10ppm to 100ppm. For the purpose of estimating the "SMS"

values, a mid-range value of 50ppm has been used for man.

STYRENE OXIDE DOSIMETRY (AUC.,) IN RATS AND MICE FOLLOWING ORAL
ADMINISTRATION OF STYRENE OXIDE

In the bioassay reported by Lijinsky (1986) male and female Fischer 344 rats were given
275 or 550mg/kgbw, and B6C3F1 mice were given 375 or 750mg/kgbw styrene oxide in
corn oil, 3 times per week, for up to 104 weeks. In mice, the high dose exceeded the
maximum tolerated dose (MTD), as indicated by high levels of mortality. Consistent with

the results of other styrene oxide bioassays (Appendix C.3), a high, dose-related
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FIGURE 1

Predicted concentrations of styrene oxide in the blood of
humans exposed for 8 hours to various concentrations of

styrene.
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incidence of squamous cell carcinomas and papillomas, as well as other non-neoplastic
lesions were found in the forestomach of the styrene oxide-treated animals. There was no
dose-related increase in tumours in any other organ or tissue in either male or female rats
or mice. The AUCg, resulting from the high oral styrene oxide doses given in these
studies were not associated with any systemic oncogenic response in either rats or mice.
Using the same dose regime 275 or 550mg/kgbw styrene oxide by gavage in corn oil,
Langvardt and Nolan (1991) demonstrated that the average AUC,, values were 783 and
4,768ug x hr/kg, respectively, in male Fischer 344 rats. The corresponding experimentally
determined blood styrene oxide time-course is shown in Figure 2. Therefore, the absence
of a systemic oncogenic response in the styrene oxide bioassays cannot be attributed to a
lack of systemic exposure to styrene oxide. The PB-PK model of Filser and Nolan (in

press) predicts AUC, values of 1,069 and 2.320ugxhr/kg, respectively, in rats for the

1



TABLE 1
PREDICTED STYRENE OXIDE BLOOD CONCENTRATION
(AUC.,) COMPARISONS

Species Exposure (Dose) Route AUC, (ug x hr/kg)
Human 10ppm Styrene Inhalation 3.8
Human 20ppm Styrene Inhalation 7.6
Human 50ppm Styrene Inhalation 19.2
Human 70ppm Styrene Inhalation 27.0
Human 100ppm Styrene Inhalation 38.8
Rat 275mg/kgbw SO? Oral 1,069
Rat 550mg/kgbw SO? Oral 2,320
Rat 500mg/kgbw Styrene Qral 4,968
Rat 1,000mg/kgbw Styrene | Oral 7,931
Rat 2,000mg/kgbw Styrene | Oral 11,591
Mouse 150mg/kgbw Styrene Oral 994
Mouse 300mg/kgbw Styrene Oral 2,310
Rat 600ppm Styrene Inhalation 2,534
Rat 1,000ppm Styrene Inhalation 3,980

4Styrene-7,8-oxide

same dose levels: 275 and 550mg/kgbw styrene oxide by gavage (see Table 1).

Comparison of the predicted AUC,, value at 550mg/kgbw with the predicted AUCg, in
man exposed for 8 hour to 50ppm styrene (19,2ugxhr/kg) shows that the SMS value is
approximately 120 for human beings in relation to the (highest dose - 550mg/kgbw)
AUC, in rodent oral styrene oxide bioassays in which no systemic oncogenic response

was found.
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FIGURE 2

Observed concentrations of styrene oxide in the blood of rats given
an oral dose of 275 or 550mg/kg styrene oxide
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STYRENE OXIDE DOSIMETRY (AUC,) IN RATS AND MICE FOLLOWING ORAL
ADMINISTRATION OF STYRENE

In the NCI (1979) styrene bioassay, male and female Fischer 344 rats were given oral
doses of 0, 500, 1,000 or 2,000mg/kgbw, and B6C3F1 mice were given 0, 150 or
300mg/kgbw styrene in corn oil, 5 days/week, for 78 weeks (Appendix C.2). The
2,000mg/kgbw dose level exceeded the MTD as indicated by excessive treatment-related
mortality; survival of rats at this dose level was inadequate to evaluate potentially late
developing tumours. There was also a dose-related increase in mortality in male mice

given styrene at the dose of 300mg/kgbw. The authors of the NCI bioassay concluded

13



that there was no clear evidence of treatment-related carcinogenicity in either male of

female rats or mice.

To simulate these study conditions Mendrala et al (1992) measured blood styrene oxide
concentrations in naive and pre-exposed Sprague-Dawley rats given an oral dose of
500mg/kgbw styrene in corn oil (Appendix A.4). The mean blood styrene oxide
concentrations ranged from 0.07 to 0.53ng/g during the first 10 hours after dosing and the
AUC., was calculated to be 3,320ugxhr/kg (Figure 3). Repeated exposure to styrene did

not significantly alter blood styrene oxide levels or the AUC,.

FIGURE 3

Observed and predicted concentrations of styrene and styrene
oxide in rats given a 500mg/kg oral dose of styrene. Lines depict
predictyd concentrations and symbols depict the observed
concentrations.
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The PB-PK model (Filser and Nolan, in press) predicts that, the AUCg, in rats given an
oral dose of 500mg/kgbw styrene is 4,968ugxhr/kg (Figure 4; Table 1). The good
agreement between the predicted and experimentally determined AUCg,'s supports the
value of the PB-PK model. For rats given 1,000mg/kgbw styrene orally, the predicted
AUCg4, is 7,937ugxhr/kg (Figure 4; Table 1). For mice, the predicted AUC4, values are

14
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994 and 2,310ugxhr/kg for oral styrene doses of 150 and 300mg/kgbw, respectively
(Figure 5; Table 1). Comparison of these predicted AUC,, values with those of man
exposed to 50ppm styrene (Table 1) shows that the "SMS" value is greater than 400 for
man relative to AUCg,'s that were not associated with an oncogenic response in rodents
given high oral doses of styrene.

FIGURE 4

Predicted time course of styrene oxide in blood of rats given oral
doses of 500 and 1,000mg/kg styrene.
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STYRENE OXIDE DOSIMETRY (AUC,,) IN RATS FOLLOWING INHALATION OF
STYRENE

In the study reported by Jersey et al (1978), male and female Sprague-Dawley rats were
exposed by inhalation to 0, 600 or 1,000ppm styrene 6hrs/day, 5 days/week, for up to 2
years (Appendix C.2). Interpretation of the results of this study was complicated by the
outbreak of chronic murine pneumonia unrelated to the styrene exposures but there was

no conclusive evidence of a treatment related oncogenic response.

The predicted AUCq, in rats exposed to 1,000ppm styrene vapours is 3,980ug x hr/kg
(Figure 6; Table 1). Comparison of this predicted AUC¢, with that of man exposed to

15



FIGURE 5

Predicted time course of styrene oxide in blood of mice given oral
doses of 150 and 300mg/kg styrene.
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50ppm styrene (Table 1) shows that the "SMS" value is approximately 200 for man in
relation to the rat AUC, that was not conclusively associated with an exposure related

oncogenic response.

3.2. EVALUATION OF MACROMOLECULAR BINDING DATA

3.2.1.

HAEMOGLOBIN BINDING STUDIES

Covalent binding of biological active compounds to haemoglobin has been proposed for
biological monitoring. Although covalent binding to proteins indicates chemical reactivity
(alkylation, arylation, etc.), it cannot be used as an indicator of DNA binding or other
genotoxic effects unless a correlation can established between the two. Data reported
here and published data (Osterman-Golkar, 1991 and 1992) show that non-specific
reactions between styrene oxide and blood proteins can occur. However, the adduct of
styrene oxide with the N-terminal valine of haemoglobin can be used as being an indicator
of styrene or styrene oxide exposure in rodents. While it is possible that with further

refinement this method could be used for monitoring human exposure no conclusions can
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3.2.2.

FIGURE 6

Predicted time course of styrene oxide in blood of rats exposed for
6hr to 1,000 and 600ppm styrene.
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be made for the evaluation of the carcinogenic potential of styrene or styrene oxide, due

to the lack of data on correlations with DNA-binding.
STYRENE AND STYRENE OXIDE DNA-BINDING STUDIES

DNA binding studies have been conducted in vitro and in vivo with styrene and styrene
oxide (Lutz and Cantoreggi, in press). In vitro experiments with styrene oxide showed a
small but detectable binding to calf thymus DNA; this observation is consistent with the
weak in vitro mutagenic potency of styrene oxide. Studies in vivo did not detect DNA
adducts in the forestomach of rats administered styrene oxide orally or in the livers of
mice receiving styrene oxide by i.p. injection. These findings are consistent with the
hypothesis that the forestomach tumours seen in styrene oxide rodent bioassays do not

result from a purely genotoxic mechanism.

Following inhatation of styrene, a small but detectable amount of DNA binding occurred in
mouse liver whereas in rat lung and liver no binding was found at the limit of detection of

this assay.

Comparison of these data with findings in other substances can provide a perspective on
the possible carcinogenic potential of styrene. The covalent binding index (CBI) has been

used for making these comparisons, since it has been shown that there is a relatively



good correlation (r = 0.81) between carcinogenic potency and liver CBI values for 29
activation-dependent mutagenic carcinogens (Lutz, 1986). The CBI values for these 29
substances range from 2 to 10,000 and the carcinogenic potencies (TD,, values) range
from 1x10° to 8mmol/kg/day. If this correlation holds for the DNA binding potency of
styrene (CBI = 0.1), a TDs, value of about 1,000mmoi/kg/day (100g/kg/day) of styrene is

calculated.

The above comparison cannot be made for styrene oxide since this concept is only

applicable to activation dependent carcinogens.

Further information about DNA binding of styrene or styrene oxide can be expected from
the use of the **P post-labelling technique which in principle should have a detection limit
1-2 orders of magnitude lower than the *H/'*C radiolabel method. However, the former
method requires extensive basic investigations on each test compound prior to the test
itself. Such experiments are currently being carried out as a prerequisite for future tests
(Hemminki et al. 1990; Lutz, 1992; Pongracz et al, 1992); previously published data from
P post-labelling analysis of DNA samples from styrene exposed workers must therefore

be evaluated with caution.

Although the binding of a xenobiotic molecule to DNA may in principle be a genotoxic
event. It should be kept in mind that "binding levels" in or below such orders of
magnitude (7 adducts/10° nucleotides) are well in the range of normally occurring
molecular events (Ames and Gold, 1990).

3.3. CONCLUSION

Toxicokinetic studies reported here have shown species differences in the kinetics of styrene.
This is confirmed using experimental data in PB-PK models comparing internal styrene oxide
dosimetry (AUCg,) in the blood of laboratory animals and man under various exposure
conditions to styrene and styrene oxide. Such AUC, values have been used to examine
the putative hazard of styrene for human beings. Comparison of predicted and measured
AUC,, values in animals with that in man exposed to an anticipated workplace concentration
of 50ppm styrene shows AUCs, values up to 400 times lower in man than in exposed
animals in which no oncogenic effects were seen. In addition, the resuits of DNA binding
studies showed that styrene metabolism in the rat or the mouse does not lead to the
production of DNA binding intermediates. It is concluded that occupational or environmental

exposure to styrene is unlikely to present any genotoxic or carcinogenic hazard to man.
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APPENDIX A. TOXICOKINETICS

The occurrence of target organ toxicity is dependent on a host of factors including the movement of

the parent compound and metabolites into and out of the target organ, as well as the rates of

formation and degradation of the uitimate toxicant in the target organ. For Styrene, this is

particularly complex since muitiple isozymes activate styrene to styrene oxide (e.g., cytochrome p-

450) and inactivate styrene oxide (e.g. glutathione S-transferase and epoxide hydrolase).

A1l

METABOLISM

The metabolic fate of styrene is shown in Figure A-1. In both human beings and rodents,
styrene is initially biotransformed to styrene-7, 8-oxide (styrene oxide) via microsomal
cytochrome P-450 monooxygenases. Once formed, styrene oxide is either conjugated with
glutathione via cytosolic enzymes or converted via microsomal epoxide hydratase to styrene
glycol. Styrene glycol is in turn further metabolized into the urinary metabolites mandelic
acid (MA), phenylglyoxylic acid (PGA) and benzoic acid or its glycine conjugate hippuric acid.

MA and PGA are the two major urinary metabolites of styrene in man (Bardodej and
Bardodejova, 1970; Wolff et al, 1978; Guillemin and Bauer, 1979; Wigaeus et al, 1983, Lof et
al, 1986b; Korn et al, 1987) while in rodents hippuric acid is one of the main urinary
metabolites of styrene (Ohtsuji and |keda, 1971). For human beings, MA and PGA have
been reported to represent 33.6% of the total styrene uptake at the end of a 14 hour
exposure period, 58% within 28 hours of the start of exposure, and 86% during four days
following exposure.

The kinetics of MA excretion have been shown to be substantially altered in human
volunteers exposed to styrene pius ethanol (Wilson et al, 1983). One hour after
administration of ethanol, blood MA levels were 56% of the levels found during the alcohol-
free control styrene exposure and this was associated with a 15-fold elevation in blood levels
of phenylethane 1,2 diol (styrene glycol), the metabolic precursor of MA. The authors
suggested than the changes in MA kinetics were the result of inhibition of the oxidation of
this diol subsequent to changes in NAD+/NADH ratio produced by ethanol metabolism.
Berode et al (1986) confirmed the influence of ethanol on MA kinetics, and showed that PGA
kinetics is less influenced than MA.

The difficulties and limitations of using the urinary metabolites as a biological indicator for
styrene exposure have been addressed by Guillemin and Berode (1988). As a result of the
many complexities involved, the styrene exposure estimates are highly uncertain in many of

the published human studies, when based only on urinary metabolite measurements.
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FIGURE A-1
METABOLIC FATE OF STYRENE
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A minor detoxification pathway for styrene-7,8-oxide in man involves conjugation with
glutathione (GSH) via cytosolic glutathione-S-transferases, followed by further
biotransformation of the conjugate into mercapturic acids which are excreted in the urine
(Malonova and Bardodej, 1983). The GSH pathway may be much more important in rodents
than in human beings as a detoxification route for styrene oxide, especially at high exposure
concentrations. For example, Seutter-Berlage et al (1978) identified three sulphur-containing
metabolites (glutathione derivatives) in the urine of rats given an intraperitoneal injection of
styrene (250mg/kgbw in sesame oil); these metabolites amounted to approximately 10% of
the administered dose of styrene. These results were consistent with another study with rats
and rabbits which also showed substantial amounts of mercapturic acid derivatives in the
urine after dosing with styrene or styrene oxide (James and White, 1967).

An additional minor metabolic pathway involves the production of vinylphenols, possibly via
arene oxide intermediates. Bakke and Scheline (1970) reported that, in rats, 0.1% of an oral
dose of styrene (100mg/kgbw in propylene glycol) was eliminated in urine as 4-vinyiphenol.
Conjugates of both 2-vinylphenol and 4-vinylphenol have been reported at low levels in the
urine of rats injected intraperitoneally (dose not specified) with styrene (Hiratsuka et al,
1982). Pantarotto et al (1978) also reported that 4-vinylphenol was a minor metabolite in
rats given an intraperitoneal injection of styrene, although again the dose of styrene was not
specified. /n vitro covalent binding studies with proteins of the rat liver endoplasmic
reticulum also suggested that an arene oxide may by formed as a minor metabolite of
styrene (Pantarotto and Blonda, 1984). In man, 4-vinylphenol has been detected in the urine
of workers exposed to a mean styrene concentration of 130ppm; the 4-vinylphenol metabolite
amounted to only about 0.3% of the amount of urinary mandelic acid, indicating that the ring
oxidation is a minor metabolic pathway (Pfaffli et al, 1979; 1981). However, the possibility
that 4-vinylphenol in urine may have been due to an impurity in the styrene has not been

excluded.

In rats, 1-phenylethanol and 2-phenylethanol have been reported as minor styrene
metabolites in urine (Bakke and Sheline, 1970), but these metabolites have apparently not
been reported in human beings. Delbressine et a/ (1981) reported that phenylaceturic acid
(apparently produced via conjugation of glycine with phenylacetic acid) was also a minor
styrene metabolite in rats. These authors suggested that phenylacetic acid was produced by
further oxidation of phenylacetaldehyde, which in turn resulted from oxidation of 1- and 2-

phenylethanol or intramolecular rearrangement of styrene oxide.

Belvedere and Tonsi (1977) evaluated the kinetic behaviour of microsomal styrene

monooxygenase and styrene oxide hydratase in male Sprague-Dawley rats, Swiss mice,
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New Zealand rabbits, and Dunkin-Hartley guinea pigs. The ratios of the apparent Km values
of styrene oxide hydratase to styrene monooxygenase (Km hydratase/Km monooxygenase)
were found to be 18.2, 6.4, 4.0 and 4.0 for the mouse, rabbit, rat and guinea pig,
respectively. The mouse, in comparison to other species, is far more efficient in forming the
epoxide than in hydolyzing styrene. The mouse would therefore be expected to be far more
sensitive than the other species, assuming that styrene toxicity was related primarily to the
metabolite styrene oxide. The authors suggested that the affinity of styrene oxide for the
hydratase may be the rate limiting step for the overall metabolic transformation of styrene,
and that it is the speed of hydration of styrene oxide and not its formation that determine the
rate at which it is detoxified. Subsequent studies by the same group showed that both
styrene monooxygenase and styrene oxide hydratase activities were present in liver, hear,
lungs, spleen and kidneys of both male and female Sprague-Dawley rats, CD1 mice, New
Zealand rabbits, and Dunkin Hartley guinea pigs (Cantoni et al, 1978). The capacity of the
liver to form and detoxify styrene oxide was higher than for the other tissues in both sexes of
all species considered. There were no pronounced sex differences in hepatic enzymatic
activities from the four species considered. Consistent with the Km values previously
reported, the ratios of styrene oxide hydratase to styrene monooxygenase activities were far
lower in mouse tissues than for rats, with the difference being especially pronounced in lung
tissue. The hydratase/monooxygenase ration was also especially low in rabbit lungs. Based
on this observation, the authors speculated that the mouse and rabbit lung might be
especially sensitive to the toxic action of styrene oxide.

Tissue and species differences in the enzymes involved in styrene oxide metabolism have
also been shown by Pacifici et al (1981). Using (7-°H) styrene oxide as substrate, GSH S-
transferase and styrene oxide hydratase activities were identified in the liver, lung and kidney
of nine species, including man. In all species, the activities of both enzymes were higher in
the liver than in the lung or kidney. The baboon had the highest hepatic styrene oxide
hydratase activity (31nmol/mg/min) while the mouse had the lowest hepatic activity of this
enzyme (1.9nmol/mg/min); the human styrene oxide hydratase activity (12.7nmol/mg/min)
was intermediate between the mouse and baboon. Rodent species had higher GSH S-
transferase activities than non-rodent species, with mouse liver having much higher activity
(149nmol/mg/min) than in rats (87nmol/mg/min) or in man (25nmol/mg/min). The authors
concluded that in rodents styrene oxide should be preferentially detoxified by conjugation
with glutathione in all tissues, whereas in non-rodent species both conjugation and hydration
should play a significant role. Since the in vivo importance of the GSH S-transferase
pathway has not been demonstrated in all rodent species, e.g., the mouse, it is possible that

the in vitro enzymatic activities are misleading and not representative of in vivo conditions. It
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is also possible that the importance of the GSH S-transferase pathway is dose-dependent in

certain rodent species such as the mouse.

Ryan et al (1976) studied the in vitro metabolism of styrene oxide by hepatic and
extrahepatic subcellular fractions from various rodent species (rats, rabbits and guinea pigs)
and in isolated perfused rabbit lung and rat liver preparations, using 8-'“C-styrene oxide as
substrate. In all three species the highest enzymatic activities of glutathione (GSH) S-
transferase and epoxide hydratase were found in the liver. The activities of both enzymes
were also quite high in the kidneys of all three species, while lung, skin, and intestinal
mucosa activities were comparatively low. Rat testis also had substantial activities of both
GSH transferase and epoxide hydratase (testes of rabbits and guinea pigs were not
evaluated). Rats and guinea pigs had higher GSH S-transferase activity in both liver and
kidney than the rabbit.

In the isolated, perfused rat liver and rabbit lung preparations, conjugation with glutathione
was a major metabolic pathway; nevertheless, significant amounts of diol were also formed
in each instance. In the rat liver, 27-40% of the administered styrene oxide was excreted via
the bile as a glutathione derivative {S-(1-phenyl-2-hydroxyethyl) glutathione}. No significant
covalent binding of radiolabelled styrene oxide was detected in the livers used in these organ

perfusion experiments.

The perinatal development of epoxide hydratase and GSH S-transferase was followed in
foetal and neonatal guinea pigs, and the rates at which the enzymatic activities reached adult
levels in various extrahepatic tissues differed from liver in both species. Moreover, the two
enzymes developed at different rates in each organ, indicating that the relative importance of
these two detoxification pathways may shift before and after birth.

Studies of the perinatal development of styrene monooxygenase and epoxide hydrolase in
the rat liver showed that nuclear enzymes developed earlier than the carresponding
microsomal activities (Romano et al, 1983). In both microsomes and nuclei, the
development of styrene oxide hydratase was slightly slower than styrene monooxygenase;
the capacity to detoxify the epoxide is poor before and early after birth, and thereafter
increases with age. This observation suggests that newborn animals may be more sensitive
than adults to styrene oxide and other epoxides. Further studies with rabbits indicated that
there is a dissociation in the development of styrene monooxygenase and epoxide
hydrolase activities in that species, in contrast to rats where both ontogenic and chemical
induction studies suggest that these two enzymes are closely linked in their phenotypic
expression (Romano et al, 1985).
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A.2.

The detoxification of styrene oxide by human liver GSH S-transferase has been studied by
Pacifici et al (1987). GSH S-transferase activity in adult human liver is known to reside in
several basic isozymes with isoelectric points between pH 8 and 10, and one near neutral
form (GSTp) with an isoelectric point between pH6 and 7. The GSTu form is present in
about one half of the population, and is known to be more active than the basic ones in the
conjugation of glutathione with epoxides such as styrene oxide (Warholm et al, 1981).
Individuals lacking the GSTu isozyme may have a lower capacity to detoxify styrene oxide
than those which have such an isozyme, although in general the GSH S-transferase pathway
is believed to be of minor importance in man in comparison to the epoxide hydratase
pathway.

Stereochemical considerations are involved in the metabolism of styrene (Watabe et ai,
1981; 1982; Delbressine et al, 1981; Korn et al, 1987; Foureman et al, 1989). The initial
metabolic step in the metabolism of styrene is the microsomal oxidation of the olefinic
double bond by cytochrome P-450, resuiting in the formation of both R- and S-7,8-styrene
oxide, and it is known that both epoxide hydrolase and glutathione transferase enzymes
possess stereoselective preference for the styrene oxide enantiomers. Studies by
Drummond et al (1989) demonstrated that, in both rats and human volunteers, MA formed
from styrene was racemic whereas only the R-enantiomer of MA was excreted after
ethylbenzene exposure. The stereochemical considerations may be important in the toxicity
of styrene since, for example, it has been reported that R-styrene oxide is a stronger
mutagen than the S-form in the Ames test, indicating that enantioselective preference couid
lead to a difference in susceptibility to styrene (Pagano et a, 1982).

EFFECTS OF STYRENE ON XENOBIOTIC METABOLISING ENZYMES.

Induction of the mixed function oxidase (MFO) system by treatment of rats with phenobarbital
has been shown to increase the rate of metabolism of styrene. By contrast, the rate of
styrene metabolism is decreased by administration of SKF-525A, an inhibitor of the MFO
system, or by co-administration of other solvents requiring metabolism (Ohtsuji and lkeda,
1971; lkeda et al, 1972; Ikeda and Hirayama, 1978; Vainio and Zitting, 1978).

Comparison of the binding parameters for the interaction of styrene with non induced,
phenobarbital-induced, and 3-methyicholanthrene-induced microsomes indicated that styrene
is predominantly bound by cytochrome P-450 and not by cytochrome P-448 (Vainio and
Zitting, 1978).

Parkki et al (1976) evaluated the effects of styrene and its metabolites, styrene oxide and
styrene glycol, on xenobiotic metabolizing enzymes in rat liver. Intraperitoneal (ip) doses of
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500mg/kgbw styrene in corn oil daily for three or six days was reported to double the
activities of microsomal p-nitroanisole O-demethylase and epoxide hydratase (styrene oxide
as substrate), whereas the activity of aryl hydrocarbon hydroxylase was practically
unaffected. Non-statistically significant increases in cytochrome c reductase activity and
cytochrome P-450 levels were noted only after six doses of 500mg/kgbw. Glucuronyl
transferase activity was not affected by styrene if measured from native microsomes.
However, when microsomes were pretreated with either digitoxin or trypsin, an approximate
doubling of the glucuronyl transferase activity was noted for rats given six doses of
500mg/kgbw styrene. The glycine conjugation route was not affected by ip administration of
1,000mg/kgbw styrene for 3 days. A single dose of 375mg/kgbw styrene oxide resulted in a
significant decrease in the activities of benz-(a)-pyrene hydroxylase and p-nitroanisole O-
demethylase and in cytochrome P-450 content. Conversely, epoxide hydratase and NADPH
cytochrome C reductase activities were not significantly altered by styrene oxide. Styrene
glycol did not significantly alter the activities of the various xenobiotic metabolizing enzymes.
The authors noted that styrene had differential effects on epoxide hydratase and cytochrome
P-450, although epoxide hydratase is known to be located in the microsomal membrane
intimately linked with cytochrome P-450 (Oesch, 1972) and suggested that the induction of
cytochrome P-450 is not under that same control as that of epoxide hydratase. The
enhancement of the activity of epoxide hydratase after styrene administration was thought to
suggest that the rodent liver may be able to increase its capacity to metabolize styrene oxide
in response to chronic styrene exposure.

In contrast to the styrene-induced enhancement of epoxide hydratase activity, additional
studies by Marniemi and Parkki (1975) indicated that the glutathione conjugation pathway
was unaffected by styrene. Three daily ip styrene administrations of 1,000mg/kgbw resulted
in no enhancement of glutathione transferase activity in male Wistar rats, while pretreatment
with phenobarbital resuited in a significant increase (about 56%) in styrene oxide conjugation
with glutathione.

Studies by Lambotte-Vandepaer et a/ (1979) indicated that the catalytic properties of several
liver microsomal enzymes were modified by ip administration of styrene to rats, with the
effect being almost exclusively limited to the Km of those enzymes. A single ip dose of
500mg/kgbw of styrene decreased the Km of benzo(a)pyrene hydroxylase, aldrin expoxidase,
and epoxide hydratase (styrene oxide as substrate), while having no apparent effect on the
Km of styrene epoxidase (styrene as substrate); Vmax of these enzymes was not altered by
the single ip styrene dose. The authors noted that styrene could possibly change the
equitibrium between the various metabolic pathways by modifying the affinity of the
substrates of those enzymes.
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Sandell et al (1978) studied the effects of inhalation and cutaneous exposure to styrene on
the xenobiotic metabolizing enzymes of the rat. Male Wistar rats were exposed to 450ppm
styrene by inhalation (8hrs/days, for seven consecutive days), or by cutaneous administration
(500 or 3,000mg/kgbw/day for seven consecutive days). Styrene inhalation increased the
activities of hepatic epoxide hydratase and glucuronyl transferase, as well as ethoxycoumarin
O-deethylase in the kidney. Cytochrome P-450 content in the liver and the activities of
NADPH cytochrome c reductase, benzpyrene hydroxylase and GSH S-transferase in the liver
and kidney were not altered. No treatment related changes of enzyme activities were found
in the lung, and there was no indication of enzyme induction after cutaneous administration
of styrene. In fact, liver epoxide hydratase activity was found to be depressed after
cutaneous administration of styrene.

The effects of styrene inhalation exposure on the xenobiotic metabolizing enzymes of male
Wistar rat liver and kidney were also evaluated by Vainio et al (1979). Intermittent inhalation
exposure of adult male rats to 300ppm styrene vapours, 6 hr/day, 5 days/week for up to 11
weeks enhanced the activities of ethoxycoumarin O-deethylase, epoxide hydratase, and
glucuronyl transferase in the liver and kidneys. Cytochrome P-450 levels of hepatic
microsomes were doubled after 2-weeks exposure and remained significantly higher than
controls after 11 weeks. In kidneys, cytochrome P-450 levels were significantly elevated only
after 11 weeks of exposure. Increased ethoxycoumarin O-deethylase activity was noted in
both liver and kidney after only 2-weeks of exposure, whereas significant enhancement of
glucurony! transferase activity was not observed until after the 6th week of exposure.
Epoxide hydratase activity was not determined after 2-weeks, but was found to be higher
than for controls when measured after 4-, 8-, and 11-weeks of exposure (statistically
significant only at 11-weeks). In contrast to the enhancements in hepatic enzymatic
activities, further studies by the same group indicated that a single exposure to 500ppm
styrene for 24hrs resulted in substantial decreases pulmonary cytochrome P-450 and in the
activities of various pulmonary monoxygenase enzymes (Elovaara et al, 1990). These
pulmonary enzymatic changes were associated with decreased pulmonary NPSH levels, as
well as a 70-fold increase in urinary thioether excretion. The significance of these
observations following a 24 hr exposure regimen is uncertain, since only slight decreases
(mostly not statistically significant) were noted following a more relevant exposure regimen
(500ppm, Shrs/day, for 5 days). The authors concluded that the biochemical changes were
unlikely to be caused by direct irritation, but substantiation of that conclusion was not

provided.

Das et al (1981) reported a dose-dependent increase in hepatic aminopyrene- and

ethyimorphine-N-demethylase activities as well as arylhydrocarbon hydroxylase and aniline
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hydroxylase activities in rats given high oral doses of styrene (450 or 900mg/kgbw for 7
days). These investigators also reported that GSH S-transferase activities were lower in rats

given 450 or 900mg/kgbw styrene than in control animals.

Co-administration of ethanol has been reported to modify the styrene-induced
biotransformation changes in rat liver and kidney (Elovaara et al, 1979). Male Wistar rats
were exposed either to 300ppm styrene (6hrs/day, 5 days/week) or to a 15% solution of
ethanol in drinking water, either alone or in combination, for up to 17 weeks. The activities
of 7- ethoxycoumarin O-deethylase and 2,5-diphenyloxazole hydroxylase in both liver and
kidneys were increased more by ethanol ingestion than by styrene inhalation. The activities
of these two enzymes appeared by enhanced by an additive effect when ethanol and styrene
were given in combination. Hepatic styrene oxide hydratase activity was found to be virtually
unaffected by the styrene exposures, and hepatic NADPH cytochrome c¢ reductase activity
was reduced both in styrene and in ethanol-treated rats. Hepatic glucuronyl transferase
activity was enhanced slightly in styrene-treated rats, as well as in rats given styrene and
ethanol in combination. Small increases in liver cytochrome P-450 were noted, which proved
to statistically significant only in the styrene-ethanol group. However, the binding affinity of
styrene for hepatic cytochrome P-450 was reported to be increased after styrene inhalation.

Mendrala et a/ (1992) recently evaluated the in vitro activities of enzymes involved in the
formation and degradation of styrene oxide in liver and lung tissues from rats and mice, as
well as in human liver tissue. Based on the Vmax for styrene epoxidase activity and the
relative liver and body size, mice were found to have the greatest capacity and human
beings the lowest capacity to form styrene oxide from styrene. Human epoxide hydratase
was found to have a greater affinity (i.e., lower Km) for styrene oxide than epoxide
hydratase from rats and mice, indicating that human liver is more effective than rodent liver
in hydrolysing low levels of styrene oxide formed from styrene. Prior exposure of rats
(1,000ppm, 6hrs/day for 4 days) or mice (600ppm, 6hrs/day for days) to styrene had no
apparent effect on styrene epoxidase activity or GSH S-transferase activity in either liver or
lungs of rats or mice. However, there was a 1.6-fold increase in the activity of hepatic
styrene oxide hydratase in rats pre-exposed to styrene; this was consistent with the
observation previously reported by Parkki et al (1976). Prior exposure to styrene had no
apparent effect on Km or Vmax of hepatic styrene epoxidase in either rats or mice.
Assuming that repeated-dose styrene toxicity is due primarily to styrene oxide, these in vitro
studies confirm the observation that mice are more sensitive to styrene than rats, and

suggest that the rodents would be more sensitive than humans.
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A.3.

A4.

ELIMINATION

Human studies have shown that 90-97% of absorbed styrene is eliminated as urinary
metabolites (Guillemin and Bauer, 1978; Ramsey and Young, 1978), while only a small
fraction is eliminated as unchanged styrene in urine or expired air (Stewart et al, 1968;
Imbriani et al, 1985). The postexposure urinary elimination of mandelic acid is apparently
biphasic, with the half-time for the first phase (<20 hours after exposure) being about 4-9
hours, and the second phase (>20 hours after exposure) about 17-26 hours (Engstrom et al,
1976, 1978a; Guillemin and Bauer, 1979). The urinary elimination of phenylglyoxylic acid
seems also to be biphasic, with the half time for the first phase (<50 hours after exposure)
being about 10 hours, and the second phase (50-200 hours after exposure) about 26 hours
(Caperos et al, 1979; Guillemin and Bauer, 1979). Studies with human volunteers indicate
that the half-life of styrene in adipose tissue is about 2-4 days (Engstrom et al, 1978b).

Animal studies have shown that the elimination of styrene from tissues is rapid, with only
very low levels (<1ug/g) remaining 24 hours after oral dosing (Plotnick and Weigel, 1979).
Styrene is removed from the blood by partitioning into adipose tissue as well as by
metabolism; the elimination from fat lags behind other tissues, but repeated exposures have
been shown not to result in accumulation (Pantoroto et al, 1980; Teramoto and Horiguchi,
1979, 1981). After cessation of exposure, release of styrene from adipose tissue ensues as
blood styrene concentrations decline due to metabolism and clearance processes. There is
evidence that the metabolism of styrene in animals is saturable at high doses or exposure
concentrations (Ramsey and Young, 1978; Young et al, 1979; Teramoto and Horiguchi;
1979, 1981). At these high doses where the metabolic capacity of the liver and other tissues
is overwhelmed, the blood styrene concentration begins to rise disproportionately, deposition

into adipose tissue increases, and styrene elimination in expired air increases.

TOXICOKINETICS

The toxicokinetics of styrene in rats and man were described by Ramsey and Young (1978).
Human volunteers were exposed to 80ppm styrene for 6 hours, and rats were exposed to
concentrations ranging from 80 to 1,200ppm for 6 hours. For both rats and man exposed to
80ppm, the clearance of styrene from blood could be described with a two-compartment
linear pharmacokinetic model. However, when rats were exposed to higher concentrations
between 200 and 600ppm, the clearance process from blood became saturated. For
example, the maximum blood concentration of styrene in rats increased almost 80-fold when
the exposure concentration was increased 15-fold from 80ppm to 1,200ppm. The results
suggest that the rat may be a good animal model for understanding the pharmacokinetics

and toxicity of styrene, at least at concentrations up to 80ppm. Anderson and Ramsey
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(1983) developed a physiologically-based pharmacokinetic (PB-PK) mode! which accurately
described the nonlinear behaviour of styrene in rats exposed to high concentrations; this
model was also able to represent accurately the data from human beings exposed to 80ppm
styrene. Expanding on this work, Ramsey and Anderson (1984) simulated routes other than
inhalation, and applied the model to interspecies comparisons. The model predictions
indicated that styrene metabolism is saturated at styrene exposure concentrations greater
than 200ppm in rats, mice and man. Additional studies by Anderson et af (1984) focused on
the pharmacokinetics in rats under conditions in which the metabolism of styrene was either
induced or inhibited. Fischer 344 rats were exposed to styrene concentrations ranging from
100 to 2,000ppm. Subgroups of rats were pretreated with pyrazole (an inhibitor of styrene
metabolism), phenobarbital (an inducer), or styrene (1,000ppm, 6hrs/day, 4 days).
Pretreatment with pyrazole essentially abolished styrene metabolism, while phenobarbital
increased Vmax about 6-fold, and styrene increased Vmax by a factor of 2.

The PB-PK model is currently being expanded to include consideration of styrene-oxide as
an intermediate metabolite of styrene (Filser and Nolan, in press). The levels of styrene
oxide in blood are expected to be low as a result of the rapid rate at which it is hydrolysed
and conjugated. However, Lof et al (1984) reported measurements of styrene oxide in
several tissues of mice intraperitoneally dosed with radiolabelled styrene. Styrene oxide was
also reported at levels ranging from 0.02ug/ml to 0.05ug/mi in venous blood samples from
several human subjects exposed to styrene (Wigaeus et al/, 1983 and 1984; Lof et al,
1986a,b). However, the in vivo measurements of styrene oxide in these studies involved
analytical methods in which styrene oxide was detected only indirectly via acid hydrolysis to
styrene glycol.

Due to the potential for analytical errors with the indirect methods, extremely sensitive direct
analytical methods have recently been developed (Kessler et al, 1990; Langvardt and Nolan,
1991). These direct methods were in close agreement in showing that the in vitro half-life of
styrene oxide in rat whole blood was in the range of 24-26 minutes at 37°C, at an initial
blood concentration of approximately 10pg/g. The unexpectedly long half-life of styrene
oxide in whole blood in vitro indicates that styrene oxide is not as reactive as was hitherto
assumed. Kessler et al (1990) found that at steady state, the styrene oxide blood
concentrations ranged from 0.008ug/ml to approximately 0.45ug/mi in male Sprague-Dawley
rats exposed to styrene air concentrations of 20ppm to 800ppm, respectively. Near
maximum styrene oxide steady state blood levels were attained in rats exposed to 260ppm
styrene, and exposure to higher styrene concentrations resulted in very little increase in

styrene oxide blood levels.
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Using the Langvardt and Nolan (1991) method Nolan et a/ (1991) found that a single styrene
oxide oral dose of 550mg/kgbw resulted in peak blood levels of 12.9ug/g in rats. During the
first 10 hours after rats were given a single 500mg/kgbw oral dose of styrene, the styrene
oxide blood levels were relatively constant between 0.093 and 0.172ug/g, confirming that the
metabolism of styrene was saturated. Thus, the blood styrene oxide concentrations in rats in
this study represent the highest concentrations of styrene oxide that can occur in rats
exposed orally to styrene. While the peak styrene oxide blood concentrations were much
lower (<2%) after oral administration of 500mg/kgbw of styrene than after 550mg/kgbw of
styrene oxide, the area under the blood styrene oxide concentration-time curve (AUC) for the
styrene dose was almost half of the AUC for the styrene oxide dose.

Mendrala et a/ (1992) also measured styrene and styrene oxide concentrations in blood of
naive and pre-exposed rats given a single oral dose of 500mg/kgbw styrene. Styrene blood
levels were similar in the naive and previously exposed animals. Blood styrene oxide
concentrations, on the other hand, seemed to be somewhat higher in naive rats than in those
previously exposed to styrene, although the observed differences were not statistically
significant. Nevertheless, the suggestion of lower blood styrene oxide levels in previously
exposed rats is consistent with the apparent increase in hepatic styrene oxide hydratase
activity in pre-exposed animals (see section A.1).

In summary, styrene is rapidly and extensively metabolized. Mandelic acid and
phenylglyoxylic acid are the two major urinary metabolites in humans. The metabolism of
styrene proceeds via styrene-7,8-oxide (styrene oxide), but recent studies have shown that
there are pronounced species differences in the internal styrene oxide dosimetry following
exposure to styrene. Rodents have a greater capacity than humans to form styrene oxide
from styrene, while humgns are more effective than rodents in detoxifying low levels of
styrene oxide. The low levels of styrene oxide that could occur in humans under foreseeable

styrene exposure conditions are very unlikely to pose a human heaith hazard.
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APPENDIX B. MACROMOLECULAR BINDING

B.1.

HAEMOGLOBIN BINDING

The concept of using haemoglobin adducts as a measure of internal dose has been
reviewed by a number of authors (Ehrenberg and Osterman-Golkar, 1980; Farmer et al,
1987; ECETOC, 1988). A variety of amino acid residues present in haemoglobin (including
cysteine, histidine, N-terminal valine and C-terminal carboxylic acid) have been shown to be
modified by a range of chemicals. Analytical methods used to measure such modifications
include gas chromatography (GC) with mass spectrometry (MS) or electron capture detection
(EDC). Using such approaches attempts have been made to develop styrene haemoglobin
binding methodology for monitoring styrene exposure.

A number of in vitro studies have demonstrated the ability of styrene oxide to react with a
number of different polyamino acids (Hemminki, 1983, 1986a,b) with an affinity : cysteine
> histidine > lysine > serine;  similar experiments with erythrocytes also showed the
predominance of cysteine derivatives. A report from Kaur et a/ (1989), which also examined
in vitro binding of styrene oxide with amino acids or erythrocytes, reported modification of
histidine as well as cysteine.

Haemoglobin binding in experimental animals treated with styrene or styrene oxide has been
reported by a number of investigators including Nordqvist et al (1985) and Sepai et al (1992).
In the first of these studies the presence of a reaction product, bound to N-terminal amino
acid valine of haemoglobin was found in mice treated by intraperitoneal (i.p.) injection with
radiolabelled styrene (dose 0.12 to 4.9mmole styrene/kg body weight) or styrene oxide (dose
0.063 to 1.1mmole styrene oxide/kg body weight). Sepai et al (1992) reported the successful
use of GC-MS to determine styrene oxide carboxylic acid ester in haemoglobin of rats
treated with large doses of the oxide.

A common effect noted in the animal studies was that while a linear correlation between
treatment and binding existed at low exposure levels when dose levels were increased (for
styrene oxide approx >50mg/kgbw) there was a marked deviation from linearity characterised
by an disproportionate increased in haemoglobin binding. The results are consistent with the
toxicokinetic data which has demonstrated that following high applied doses of styrene or
styrene oxide the metabolising system becomes overwhelmed resulting in high systemic
levels of the oxide characterised by the higher haemogiobin binding values. Quantitative
differences in haemoglobin binding between species (i.e. at comparable exposures to styrene

or styrene oxide protein binding is 3-fold higher in the mouse as compared with the rat -
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B.2.

such differences becoming more pronounced with increasing dose levels) also equates to the
pharmacokinetic variation between the species (see 2.2.1).

In a preliminary study analysing globin samples from a population of 14 styrene exposed
boat builders Sepai et al (1992) found no evidence of adduct formation at a detection limit of
15pmole/g globin - unfortunately no information is provided on levels of exposure. In
contrast Brenner et al (1991) reported the presence of styrene haemoglobin adducts in a
population of 14 fibreglass-reinforced plastic boatbuilders (styrene exposure range 0.6 to
44ppm) as well as in 8 control individuals. The data showed that the mean level of
haemoglobin binding was higher in the boatbuilders, though not significantly so, as compared
to the control group. The increased was, in the main, due to a high level measured in a
single worker. Apart from the low numbers used in the study another serious confounder
can be found in the smoking status of the groups, i.e. approx 50% smokers in the
occupational group as compared with 0% in the controls. As cigarette smoke is known to
contain quite high levels of styrene the slightly higher adduct levels in the boatbuilders could

be equally associated with cigarette smoking as with occupationat exposure to styrene.

DNA BINDING

Methods which have been used to examine the potential for styrene or styrene oxide to bind
with DNA include covalent binding studies with radiolabelled chemicals and (*P)
postlabelling. A brief description of such methods can be found in ECETOC (1989).

Styrene oxide has been found to form covalently bound adducts with nucleophilic sites in
isolated DNA in vitro. In the studies by Savela et al (1986) and Vodicka and Hemminki
(1988) the major reaction site was reported as being the N position on guanine although N?
and O° alkylation products were also detected. More products were formed in single strand
DNA as compared with double stranded DNA. In an investigation using (**P) postiabelling
Pongracz et al (1992) reported the N?-guanosine derivatives were the major products of the
reaction of isolated DNA and styrene oxide.

The extent of covalent binding to guanine N’ in DNA isolated from mice treated (i.p. injection)
with radiolabelled styrene or styrene oxide has been investigated by Nordqvist et al (1985).
The authors reported that DNA binding, in mice receiving the same dose of either styrene or
styrene oxide (i.e. injected amount of 1mmol’/kg body weight), was 17(£5) or 8(x2)nmole
guanine N’ adduct/kg body weight respectively. These results, reporting quite high levels of
binding and effects, are in contrast to the data of Lutz (1992) and Cantoreggi and Lutz (1992
and in press see 3.2.2) which showed no binding at the detection level or only minute
effects. Cantorreggi and Lutz, (1992) point out that Nordqvist et a/ (1985) apparently did not
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purify the DNA samples thus it is possible that the DNA samples had not been freed of
protein-bound or non-covaiently bound radiolabelled material.

The (**P) postlabelling technique was used by Liu et al (1988) to detect styrene oxide
adducts in DNA isolated from lymphocytes. Two workers were examined:; the first, exposed
to a level of 96ppm styrene, showed evidence of adduct formation while in the second,
unexposed worker, no DNA adducts were detected. A second report from the same
laboratory (Bodell et al, 1990) also reported the presence of adducts, detected by %P
postlabelling, in DNA isolated from lymphocytes obtained from a worker occupationally
exposed to styrene; average exposure on day of blood collection was 47ppm. It is not
possible to determine if both papers refer to the same or different individuals. In the EEC
sponsored study (STEP, 1988) lymphocytes were also collected from workers with exposure
to styrene. DNA isolated from six of the lymphocyte samples (selected on the basis of high
levels of urinary mandelic acid -levels not provided) was examined by the *2P-postlabelling
technique. No styrene related adducts were detected in any of the samples.

As described previously there are, currently, many problems associated with both the
analytical methodology used in *P-postlabelling as well as with interpretation of the resulits.
For example the presence of endogenous adducts (Phillips et al, 1986; Reddy et a/, 1990},
smoking (Jahnke et al, 1990; Savela and Hemminki, 1991) diet related adducts (Rothman et
al, 1990) and/or inter-individual variation can all influence the nature of the results. Once
such problems are resolved the *P-postiabelling technique could provide useful information
in the area of biomonitoring and assessment of possible health effects.
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APPENDIX C. CHRONIC TOXICITY/CARCINOGENICITY

C.1.

STYRENE EPIDEMIOLOGY STUDIES

The epidemiology data on styrene is quite substantial, and has been reviewed recently by
Bond et al (1991). The available data includes eight cohort mortality studies which have
focused on workers employed in either the reinforced plastics manufacturing industry or in
styrene monomer, polymer and styrene-butadiene rubber manufacturing operations.
Collectively, these eight studies have included nearly 50,000 employees during the time
period between 1940 and 1986.

The results from the eight cohort mortality studies are summarized in Table C-1. The two
most recent studies, those by Coggon et al (1987) and by Matanoski and Schwartz (1987),
demonstrated deficits for almost all subtypes of lymphatic and haematopoietic cancer,
including some that were markedly diminished. The study by Okun et al (1985) found no
deaths from lymphatic and haematopoietic cancer in a large but relatively young cohort of
reinforced plastics boatbuilders with limited follow-up. Wong (1990) reported 5 deaths from
leukemia, compared with 4.76 expected, and 9 deaths from the combined category of
lymphatic and haematopoietic cancer versus 12.3 expected among a large group of nearly
16,000 workers in the reinforced plastics industry. Nicholson et al (1978) found one
leukemia and one lymphoma and concluded that, although their data were not definitive, the
environmental risk from styrene was "not extraordinary”.

Three of the eight studies reported excess deaths and/or incidence from cancer of the
lymphatic and haematopoietic systems. Meinhardt et al (1982) reported an elevated, but not
statistically significant, leukemia mortality among employees from two styrene butadiene
rubber (SBR) facilities which they interpreted as suggestive of an association. Five of the six
cases were of the myelogenous type. Oft et al (1980) found a statistically significant excess
incidence of Iymphatic leukemia among workers involved in colorant biending, roll
compounding or extrusion of plastics. This operation was characterized by complex, muitiple
chemical exposures, and the possibility that the tumours were induced by styrene was
diminished by the absence of any leukemia cases among the subgroup of workers with the
highest styrene exposures. A statistically significant excess in lymphoma mortality (believed
to be non-Hodgkin's lymphoma) was reported among workers producing styrene monomer
and polymers (Hodgson and Jones, 1985).

All three of the foregoing studies that reported excess cancer of the lymphatic and

haematopoietic systems were conducted on groups of workers with mixed chemical
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exposures including benzene, a known human leukemogen.
different tumour type, making it unlikely that a single environmental factor was involved.
Furthermore, none the studies found evidence for a dose-response relationship, although

attempts were hampered somewhat by the lack of precise exposure measurements.

The combined weight of the evidence is the ultimate basis for evaluating the potential of a
substance to cause cancer in human beings. The data from the eight studies were therefore
pooled by Bond et al (1991) in order to gain additional perspective. The pooled results are
presented in Table C-2. In the major subcategories, lymphoma and leukemia, as well as for

the entire category of lymphatic and haematopoietic cancer, only deficits in mortality are

seen.

Each study pointed to a

TABLE C-2
POOLED RESULTS FROM EIGHT STUDIES OF STYRENE
WORKERS
Cancer Type Obs Exp SMR 95%
CL
Total Lymphatic and 84.0 98.4 85.0 68-10
Hematopoietic Cancer
All Leukemia 38.0 39.1 97.0 69-13
Malignant Lymphoma
All 34.0 415 82.0 51-10
Hodgkin's disease 13.0 129 101.0 54-17
Non-Hodgkin's 10.0 19.5 51.0 25-9
Obs Observed number of deaths
Exp Expected number of deaths

SMR Standardised mortality ratio = (Obs/Exp) x 100

95% CL 95% confidence interval about the SMR

In summary, the pooled weight of the evidence from the substantial epidemiologic data on

styrene shows no indication of carcinogenicity related to styrene exposure.
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C.2.

STYRENE LONG-TERM ANIMAL STUDIES

A total of nine long-term animal studies have been conducted on styrene, and two additional
long-term studies have been conducted on a mixture of styrene and B-nitrostyrene. These
studies are briefly summarized in Tables C-3 and C-4 for rats and mice, respectively.
Although most of the long-term animal studies on styrene have specific deficiencies or
limitations which preclude definitive conclusions, the available data are nevertheless
substantial and quite complex.

TABLE C-4
Strain Route No/ Exposure level Schedule Duration Tumeor site/type Comments Relerence
group
020 Gavage 45 ¢ 1350 markg waakly 16 weeks. increase in frequency treatment Ponomarkov
39 ¢ obsarvation tor and earlier suspended after and Tomatis,
litetime appearance of 16 weeks due to 1978
spontaneously toxicity.
oceuring lung tumor extermely high
mortality.
C57BL Gavage 27 300 mg/kg weekly 120 weeks. non-statistically Ponomarkov
272 significant increase in and Tomatis,
liver tumors in males 1978
BBCIF1 Gavaga 50 ¢ 150, 300 Sdiwk 78 weeks. significant Increase in  dose-related NCI, 1979
50¢ mg'kg observation lung tumors in high increase in
until week 91 dose males mortality in
compared to current males.
but not historical dose-related
controls. decrease in
non-statistically weight gain in
significant increase in females
hepatoceiluiar
ademona in temales.
BG&CIF1* Gavage 50 & 203, 407 3wk 78 weeks. non-dose related NCI, 1978
509 ma/kg observation increass in lung
until week 92 lumors of mates in
low dose group only
a Test material was 30% B-nitrostyrene and 70% styrene

Ponomarkov and Tomatis (1978) conducted oral gavage bioassays on styrene, initiated in
utero on two strains of mice (020 and C57BL), as well as on the BDIV rat. The design of
these studies was unusual in that pregnant animals were given oral doses at day 17 of
gestation, and the progeny were then given weekly doses. In the 020 mouse study, both
the dams and progeny (45 males and 39 females) were administered doses of
1,350mg/kgbw. Treatment of progeny was stopped after 16 weeks because of mortality.
There were two control groups: one control group (20 males and 22 females) was given

weekly doses of 0.1ml of olive oil for life and the other control group (54 males and 47
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TABLE C-3
SUMMARY OF STYRENE CARCINOGENICITY STUDIES WITH
RATS

Straln Route No/ Exposure level Schedule Duration Tumor site/type Comments Reference
group
BDIV Gavage 73d 500 mg/kg Weekly 120 weeks no signiticant Ponomarkov
71¢ increase and Tomatis,
1978
Fischer Gavage 50 & 500, 1000, Shwk 103 weeks no significant high mortality in NCI, 1979
508 2000 mg/kg 1 wk obs (low increase top dose
dose)
78 weeks
27 weeks
observation
(high doses)
Sprague- Gavage 404 50, 250mg/kg 4-5dwk 52 weeks no significant Increased Conte et al,
Dawley 408 Iifetime increase mortality in top 1988
observation dose group
Sprague- Drinking 50 & 125, 250ppm ad lib 2 years no signiflcant no Increased Beliles et al,
Dawley water 70 ¢ increase montality 1985
decreased H,0
cun-sumption
decreased
terminat body
weight in high
dose females
Sprague- Inhal- o 25, 50, 100, 4hr/day, 52 weeks non doses related Conte et al,
Dawiey ation ¢ 200 ,300 ppm Sdayiwk lifetime Increase in mammary 1988
observation tumors in females
Sprague- Inhal- Od 0, 25, 50, 100, 4hr/day, 52 weeks no increase in brain only brain tissue Maltont et al,
Dawley atlon 00 200, 300ppm Sday/wk tumors examined for 1982
tumors
Sprague- Inhak 85¢ 600, 1000 6hr/day, &-18.3 mn. non-dose related murine Jersey et al,
Dawley ation 8s5¢ pmm* Sday/wk 9-20.7 mn. increase in pneumonia in 1978
observation adenocar-cinomas of control and high
until 24 months mammary gland in dose males.
females; non-dose decreased body
related, non-stat. welght in top
signif. Increase in dose groups.
combined teut d d body
and fymphomas in weights in
both sexes. 600ppm group
for first 263days
in males
Fischer® Gavage 50 350, 700 & 3 diwk 79 weeks no signiticant NCI, 1978
50 ¢ 175, 350 ¢ observation increase
until wk 108

1200ppm for first two months
Test material was 30% B-nitrostyrene and 70% styrene

females) was untreated. The mean survival time of the male and female 020 mice given
styrene was significantly less than that of the controls. A statistically significant increase in
lung tumours was reported in male and female mice relative to the olive-oil control group, as
well as for female mice versus the untreated control group. The dose of styrene given
clearly exceeded the maximum tolerated dose as evidenced by the increased mortality in the

weanlings and early mortality in the progeny of the styrene-treated mice. Interpretation of
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these data is further complicated by the smali number of animals involved in the study, and
by the absence of data on litters as well as on the background incidence of pulmonary
tumours in this strain of mice.

In the study with C57BL mice, the pregnant mice were given an oral dose of 300mg/kgbw of
styrene on day 17 of gestation and the progeny (27 males and 27 females) were given
weekly oral doses of 300mg/kgbw for life. Two control groups were used; these consisted of
13 female and 12 male progeny dosed with vehicle alone, and 51 male and 49 female
untreated animals. The incidence of liver tumours observed in the treated mice, vehicle-
treated controls, and untreated controls were 3 of 24 (12.5%), 1 of 12 (8.3%) and 1 of 47
(2.1%) mice, respectively. The difference between the incidence of liver tumours in the
treated male mice (3 of 24) and the pooled control mice (2 of 59) was not statistically
significant.

Pregnant BDIV rats were given an oral dose of 1,350mg/kgbw of styrene and the progeny
(73 males and 71 females) were given weekly oral doses of 500mg/kgbw of styrene. Control
group animals (36 males and 39 females) were given vehicle alone. There was no indication

of an oncogenic response related to styrene exposure in any organ or tissue.

Jersey et al (1978) conducted a study in which male and female Sprague-Dawley rats were
exposed to 0, 600ppm or 1,000ppm for 6hrs/day, 5 days/week, for 2 years. The study was
initiated using a high exposure concentration of 1,200ppm, but early mortality in the males
necessitated lowering the exposure concentration to 1,000ppm after 2 months. The study
results were complicated by an outbreak of murine pneumonia unrelated to the styrene
exposures which had a significant effect on all groups of animals, particularly on control and
1,000ppm males. A statistically significant increase in the incidence of mammary gland
adenocarcinomas was observed in female rats in the low (600ppm) exposure group. The
incidence of these tumours were: 1/85 (1.18%), 7/85 (8.23%) and 0/75 (0%) in female rats at
0, 600 and 1,000ppm, respectively. Hence, there was no dose-response relationship since
the incidence of mammary gland adenocarcinomas in the high exposure group females was
not different from controls. Moreover, the incidence of mammary gland tumours in the
600ppm group females was within the range of normal for historical control groups (range of
0 to 9.3%). The incidence of the combined diagnoses of leukemia pius lymphosarcoma
(leukemia-lymphosarcoma) were higher in both exposure groups of female rats as well as in
the 600ppm exposure group males than was observed in the controls. However, the
differences were not statistically significant and, for females, there was no dose-response
relationship since the incidence of leukemia-lymphosarcoma were the same, 6 of 85 (7.06%)

in both the high and low exposure groups. For males, the incidence of leukemia-
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lymphosarcoma was actually fower in the 1,000ppm exposure group 1 of 84 (1.19%) than in
the 600ppm group, 5 of 86 (5.81%). Interpretation of the resuits of this study is seriously
confounded by the excessive mortality and intercurrent infections.

Conti et al (1988) reported results of a non-peer reviewed study that was conducted between
1974 and 1977, in which styrene was administered to Sprague-Dawiey rats by four different

routes:

w intraperitoneal injection: 4 injections, 50mg per injection, two-month intervals between
injections, administered to 40 male and 40 female rats:

= subcutaneous injection: a single injection of 50mg to 40 maie and 40 female rats:

L inhalation: groups of 30 male and 30 female rats were exposed to 25, 50, 100, 200 or

300ppm styrene for 4 hour day, 5 day/week for 1 year, sixty rats of each sex served
as controls:

L ingestion: groups of 40 male and 40 female rats were given 50 or 250mg
styrene/kgbw, in olive oil, 4-5 day/week for 1 year.

The authors reported that there were no indications of an oncogenic response in any of the
studies except in the inhalation study, where increases in the incidence of total benign plus
malignant mammary tumours (TBMT) and of malignant mammary tumours (MT) was noted in
all exposed female groups. The incidence of MT were 20, 13, 30, 40 and 30% in the 25, 50,
100, 200 and 300ppm exposure groups, respectively, while the control group incidence was
10%. For TBMT, the control incidence was 56.7%, with incidence levels of 80, 70, 70.7, 80
and 83.3% for the corresponding exposure groups. Hence, there was no clear dose-
response relationship, since the incidence of both MT and TBMT were essentially the same
in each of the exposure groups. The results of this study are difficult to evaluate since no
mortality data was included, and no information was provided about the incidence of
mammary tumours in historical control groups of animals. Furthermore, statistical analyses

were not conducted, and the tumour data was reported only as percentages.

In a 1982 publication which may or may not relate to the Conti et al (1988) report, Maltoni et
al (1982) indicated that there was no increase in brain tumours in male or female rats given
daily oral doses of 50 or 250mg/kgbw styrene in olive oil, 4-5 days per week, for 52 weeks.

Beliles et al (1985) conducted a study in which styrene was administered to Sprague-Dawley
rats in their drinking water at levels of 125 and 250ppm for two years. Using the highest

dose the concentration approached the saturation level in water (approximately 300ppm),
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and therefore represents the maximum possible dose in drinking water. During the two year
exposure period, males and females were randomly selected for breeding the F1 generation,
and then returned to the chronic bicassay. The F1 generation was also exposed to styrene
in drinking water and mated at around 110 days of age to derive an F2 generation.
Subsequently, an F3 generation was also derived. The calculated daily dose of styrene was
stated as being 7.7 and 14mg/kgbw/day for male rats and 12 and 21mg/kgbw/day for
females. The authors of the study concluded that there were no gross or histologic dose-
related changes nor evidence of carcinogenicity, and no deleterious dose-related effects or
decrements in reproductive function through three generations. Except for a statistically
significant reduction in water consumption for both males and females of both dose groups
(related to unpalatability), no treatment-related changes were reported for animals in the
chronic study.

The National Cancer Institute (NCI) (1979) conducted a study using Fischer 344 rats and
B6C3F1 mice. In the study with Fischer 344 rats (50/sex/dose group), oral doses of 0,
1,000, or 2,000mg/kgbw of styrene in corn oil were given by gavage 5 day/week for 78
weeks. Dosing was stopped after 78 weeks and the animals were observed for another 27
weeks. Because of the high incidence of mortality in rats given 2,000mg/kgbw, additional
animals were added to the study and given oral doses of 0 or 500mg/kgbw of styrene in corn
oil, 5 day/week, for 103 weeks. The 2,000mg/kgbw dose level exceeded the maximum
tolerated dose as indicated by the excessive styrene-related mortality, and survival was
inadequate to evaluate the risk from late developing tumours. However, there were no
treatment-related increases in any tumour type in rats given either 500 or 1,000mg/kgbw
dose level. In the study with B6C3F1 mice (50/sex/dose group), oral doses of 0, 150 and
300mg/kgbw of styrene in corn oil were administered by gavage 5 day/week for 78 weeks.
Treatment was stopped after 78 weeks because of the high mortality in the mice given the
300mg/kgbw dose level, and the animals were allowed to live for an additional 13-week
observation period. The only statistically significant increase in tumours observed in this
study was an increase in combined alveoiar/bronchiolar carcinomas and adenomas in male
mice. The observed incidence of these tumours were 0 of 20 (0%) for controls, 6 of 44
(14%) for the low dose, and 9 of 43 (21%) for the high dose. The authors of the NCI report
specifically noted the following points :

& the B6C3F1 mice have a high incidence of spontaneous pulmonary tumours,

w the incidence of pulmonary tumours in the control males (0%) was unusually low, and
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= the incidence of pulmonary tumours in the high-dose male mice did not differ from the
historical incidence of these tumours in untreated control mice, 32 of 271 (12%)

maintained at the same laboratory.

The data on vehicle treated mice was considered to be insufficient for meaningful use as a
historical control value. The authors concluded that, under the conditions of this bioassay,
there was no convincing evidence of carcinogenicity in either male or female Fischer 344
rats or B6C3F1 mice.

A carcinogenicity study in rats and mice on a mixture of 30% B-nitrostyrene and 70% styrene
was also reported by NCI (1978). Fischer 344 rats (50/sex/dose group) were orally
administered styrene at dosages calculated to be 700 or 350mg/kgbw in males and 350 or
175mg/kgbw in females. B6C3F1 male and female mice (50/sex/dose group) were treated
with 407 or 203mg/kgbw, respectively. Dosing was for 3 day/week for 79 weeks with further
observation for 29 weeks (rat) or 14 weeks (mouse). No treatment-related increase in any
tumour type was noted.

Quast et al (1979) conducted a long-term chronic toxicity study in which styrene was
administered daily to Beagle dogs by oral intubation at dose levels of 200, 400 or
600mg/kgbw/day (in peanut oil) for up to 561 days. The only treatment-related manifestation
of potential toxicity was associated with the development of an increased incidence of Heinz
bodies and associated changes in red blood cells. A dose-related increase in the incidence
of these intraerythrocytic inclusions bodies was detected in males and females from the 400
and 600mg/kg/day dose groups, and sporadically in females in the low dose group. Upon
cessation of treatment, the erythrocytes containing Heinz bodies were rapidly removed from
circulation, and all associated red blood cell parameters subsequently returned to normal.
The Heinz body formation was not associated with increased numbers of reticulocytes, and
light microscopic examinations revealed no evidence of bone marrow hyperplasia. In
addition, serum bilirubin, urine bilirubin and urine urobilinogen levels were normal, thus
indicating the red blood cell turnover rates were not unusually high. The significance of the
Heinz body formation in this study is uncertain with regard to human risk estimations, since
analogous changes have not been found in other species.

In summary, the available long-term animal studies provide no clear evidence of a
carcinogenic response related to styrene exposure. This conclusion is supported by a
weight-of-the-evidence approach based on the fact that several species showed no
oncogenic response, together with the fact that there was no consistent target organ or effect

(i.e., no organotropism) in the various studies that have been conducted to date.
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A new long-term rat inhalation bioassay is currently in progress which will provide important
additionat perspective about the carcinogenic potential of styrene (SIRC, 1991).

STYRENE OXIDE LONG-TERM ANIMAL STUDIES

There have been a total of seven long-term animal studies on styrene oxide (Tables C-5 and
C-6) five of those studies involved administration of the material at high doses by gavage,
while in the other two studies it was applied repeatedly to the skin. Maltoni et a/ (1979) and
Conti et al (1988) administered styrene oxide to Sprague-Dawley rats by gavage at dose
levels of 50 or 250mg/kgbw/day in olive oil, 4-5 days/week, for 52 weeks, and the surviving
animals were then held until spontaneous death for up to 52 additional weeks. A dose-
related increase in incidence of forestomach neoplasias, papiliomas and precursor lesions
(acanthosis and dysplasia) was observed in the styrene treated groups. There was no
indication of an oncogenic response in any other organ or tissue.

TABLE C-5
Strain Route No/ Exposure level Schedule Duration Tumor site/type Comments Reference
group
Sprague- Gavage 404 50, 250 4-5diwk 52 weeks. dose-related Increase non-neoplas-tic Maitoni et al,
Dawley 4080 mg/kg/d 104 weeks in fore-stomach fore-stomach 1979
observation tumors (papiillomas lesions in
and squamous cell treated animais
carcinomas)
Sprague- Gavage 404 50, 250 4-5d/wk 52 weeks. dose-related increase nen-neoplas-tic Conti et a/,
Dawley 40 % mg/kg/d litetime in fore-stomach fore-stomach 1988
observation tumors lesions in
(papillomas and treated animals
squamous cell
carcinomas)
8DIV Gavage 424 100-150 once per 96 weeks. forestomach Ponomarkov et
60 ¢ mg/kg/d week 24 weeks papillomas and al, 1984
observation squamous cell
carcinoma
Fischer 344 Gavage 524 275, 500 3 per week 104 weeks. forestomach non-neoplas-tic Lijinsky, 1986
52 ¢ ma/kg 3-4 weeks papillomas and fare-stomach
observation squamous cell lesions in
carcinomas treated animals

In a study by Ponomarkov and Tomatis (1984), styrene oxide was given in olive oil to
pregnant BDIV rats at a dose of 200mg/kgbw on the 17th day of pregnancy, and the
offspring were then given 96 weekly doses of 100-150mg/kgbw. A statistically significant
increase in forestomach tumours, together with papillomas and other early changes indicative

or chronic irritation (hyperkeratosis, hyperplasia, and dysplasia) was observed in the styrene-
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TABLE C-6

Summary of Styrene Oxide Carcinogenicity Studies with Mice

Strain Route No/ Expaosure levet Schedule Ouration Tumor site/type Comments Relerence
group
C3H Demai 3040 5,10% 3 per week litetime none Weil et al,
1963
Swiis- Demal 304 10% 3 per week litetime none Van Duuren et
Millerton al, 1963
B6C3F1 Gavage 52d 375, 750 3 per week 104 weeks. forestomach non-neoplas-tic Lijinsky, 1986
52¢ mg/kg 3-4 weeks papillomas and fore-stomach
observation squamous cell lesions in
carcinomas in treated treated animais
animais.
Increased liver
neoplasms in low
dose males

oxide treated animals. There were no other statistically significant differences in the
incidence of other tumour types.

Lijinsky (1986) reported a study in which styrene oxide was given to rats and mice in corn
oil by gavage. Male and female Fischer 344 rats were given 275 or 550mag/kgbw, and
B6C3F1 mice were given 375 or 750mg/kgbw étyrene oxide, 3 times per week, for up to 104
weeks. Consistent with the results of previous gavage studies, a high incidence of
squamous cell carcinomas, papillomas and other non-neoplastic lesions indicative of irritation
were found in the forestomach of styrene oxide-treated animals. There was no indication of
a dose-related increase in tumours in any other organ or tissue in either male or female rats
or mice.

In contrast to the results obtained in gavage studies, long-term dermal studies in which
styrene oxide was applied three times per week to the skin as a 5% or 10% solution in either
acetone or benzene showed no indication of an oncogenic response in either C3H or Swiss-
Mullerton mice (Van Duuren, 1963; Weil, 1963).

To summarise, long-term oral studies have consistently shown a high incidence of
forestomach neoplasias in rodents given high doses of styrene oxide by gavage. The
response in the rodent forestomach has been associated with intense chronic irritation at the
site of application, and there has been no indication of systemic oncogenic effects related to
treatment with styrene oxide. The absence of an oncogenic response at the site of skin
application in long-term dermal studies indicates that styrene oxide is not a potent
carcinogen when given at non-irritatant dose levels, and furthermore suggests that chronic

irritation may be an important factor in the development of forestomach tumours in the oral
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studies. This suggestion is further substantiated by the low degree of forestomach DNA-
binding in recent studies by Cantoreggi and Lutz (1992), who concluded that the styrene
oxide-induced forestomach tumours were therefore probably the result of strong tumour
promotion by regenerative hyperplasia.

In general, the relevance of rodent forestomach tumours for human risk estimations has
been quite controversial (Webster and Kroes, 1988; Frederick and Chang-Mateu, 1990).
Squamous cell carcinomas of the forestomach have been observed in many long-term oral
or gavage studies with rodents. The risk estimations are complicated by the absence of a
homologue for the forestomach in man, and it is important to understand the mechanism of
action in estimating human risks. Discrimination between a mutagenic event and cell
proliferation as prlmary mechanisms of action may be important to low dose risk
assessments, since a non-linear dose- response curve (if not a threshold) is likely to exist

where irritation, toxicity and regenerative hyperplasia are primary effects.

The development of forestomach tumours in styrene oxide gavage studies is of even greater
uncertainty when making risk estimations for man in which styrene oxide occurs only at low
levels as a transient, intermediate metabolite of styrene in which case there is little possibility

of direct exposure of the stomach epithelium to styrene oxide.
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APPENDIX D. MUTAGENICITY

D.1.

MUTAGENICITY STUDIES

The potential mutagenicity of styrene and its intermediate metabolite, styrene-7,8-oxide
(Styrene Oxide), has been the subject of numerous studies in a variety of assay systems
(both prokaryotic and eukaryotic), as reviewed recently by Preston (1990a). There is an
extensive literature on the mutagenicity testing of styrene and styrene oxide in the Ames
bacterial mutagenicity assay (Milvy and Garro, 1976; Vainio et al, 1976; de Meester et al,
1977a,b, 1981; Watabe et al, 1978a, 1978b, 1982; Busk, 1979; El-Tantawy and Hammock,
1980; Yoshikawa et al, 1980; and Dunkel et a/, 1985). The study by Dunkel et al (1985) was
particularly significant since styrene was studied in 5 strains of Salrﬁonella (TA98, TA100,
TA1535; TA1537, and TA1538) at four different laboratories using six different exogenous
metabolic activation systems derived from three species. The dose range for styrene was
0.3 to 333.3ug per plate. No mutagenic responses were obtained at any dose level for any
of the Salmonella tester strains, with or without metabolic activation. These results are
particularly important because of the fact that four independent taboratories reached identical
conclusions using the same test protocols.

Styrene oxide is positive in the Ames test both in the presence or in the absence of
metabolic activation, and its effectiveness seems to be enhanced by inhibitors of
detoxification mechanisms. The (R) enantiomer of styrene oxide is apparently more
mutagenic in the Ames test than the (S) enantiomer, with the racemic mixture intermediate
between the two (Pagano et al, 1982). The various styrene oxide metabolites produced via
epoxide hydratase (e.g., styrene glycol, mandelic acid, benzoic acid, phenylglyoxylic acid and
hippuric acid), as well as thioether conjugates resulting from reaction of styrene oxide with
glutathione have been shown to be non- mutagenic in the Ames bacterial assay (McCann
and Ames, 1975; Milvey and Garro, 1976; King et al, 1979; Pagano et al, 1982)

The mutagenic potential of styrene has also been tested in several eukaryotic assay
systems. Loprieno et al (1976) evaluated the mutagenic potential of styrene in yeast in vitro
and in a host-mediated assay. With concentrations up to 100mmol, styrene produced no
increases in point mutations or gene conversions in vitro. In the host-mediated assay in
which Swiss albino mice were given a single i.p. dose of 1,000mg/kgbw styrene, gene
conversion was increased at all sampling points, but there was no increase in point
mutations. Styrene oxide produced dose-related increases in both point mutations and gene
conversions over a concentration range of 0-20mmol. It is important to note that gene

conversion has not been a consistent indicator of mutagenicity, since positive responses
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D.2.

have been obtained with a variety of chemicals when other assays have been negative. A
positive response was reported with Drosophila using sex-linked recessive lethals as the end
point (Donner et al, 1979), but the study was small in size and the results are therefore non-
conclusive. Another Drosophila study by Sorsa et al (1978) showed no significant increase
in sex-linked recessive lethals with either styrene or styrene oxide, but the methods and data

were insufficiently reported to allow definitive conclusions.

Loprieno et al (1978) tested styrene and styrene oxide for the induction of forward mutations
at the HGPRT locus in Chinese hamster V79 cells. Styrene was non-mutagenic at
concentrations of 8.5, 17 or 51mmol (S10 metabalic activation system included), while
styrene oxide was mutagenic at concentrations of 4.2, 8.5 and 17mmol in the absence of
$10. Bonatti et al (1978) similarly reported that styrene oxide was mutagenic in Chinese
hamster ovary cells at the HGPRT locus in studies which showed that the time of expression
is important for maximizing the response. The mutagenic potential of styrene and styrene
oxide in V79 Chinese hamster cells has also been evaluated using the isolated-perfused rat
liver as a metabolizing system (Beije and Jenssen, 1982). The authors concluded that
styrene was either very weakly mutagenic or non-mutagenic, while styrene oxide was non-

mutagenic (styrene oxide levels were very low in the liver perfusate).

Overall, Preston (1990a) has concluded that styrene is not mutagenic in in vitro assays
without metabolic activation. in the presence of metabolic activation, styrene is either weakly
mutagenic or non-mutagenic. Styrene oxide is mutagenic in both prokaryotic and eukaryotic
systems in the presence or absence of metabolic activation. It is difficult to predict in vivo
effects from in vitro assays which utilize exogenous metabolic activation systems, and the in
vivo significance of styrene oxide as a mutagenic intermediate metaboiite of styrene remains
unclear.

CYTOGENETIC STUDIES

A wide variety of assay systems have been utilized to determine the potential effects of
styrene on chromosome number and structure, as recently reviewed by Preston (1990b).
The endpoints that have been analyzed include chromosomal aberrations, sister chromatid
exchanges, and aneuploidy. As noted by Preston (1990b), none of these assays can be
used directly to estimate adverse health effects (somatic or genetic) of a particular agent,
either because of the unsuitability of the cell type for direct extrapolation or because the end-
point does not have known biological consequences. This is in agreement with the
conclusions of the WHO-IPCS (1983) who were unable to assess the health significance of

structural chromosomal aberrations in cells of individuals occupationally exposed to styrene.

48



Styrene appears to be either non-effective or marginally effective at inducing chromosome
aberrations in Chinese hamster cells or human lymphocytes in vitro, while styrene oxide is
considerably more effective than styrene at inducing chromosome aberrations in in vitro cell
systems (Matsuoka et al, 1979; Turchi et al, 1981; Linnainmaa et al/, 1978; Fabry et al, 1978;
Norppa et al, 1981; Pohlova et al, 1985). Styrene and styrene oxide apparently can induce
sister chromatid exchanges (SCE) in human lymphocytes in vitro (Norppa et al, 1980a, 1981,
1983; Norppa and Vainio, 1983; Pohlova et al, 1985). However, styrene did not cause an
increase in SCE in an in vitro study with Chinese hamster celis, with or without metabolic
activation, while styrene oxide was an effective inducer of SCE in this assay system (de
Raat, 1978).

Various in vivo animal studies have also been conducted to determine if styrene has
cytogenetic effects. Overall it appears that styrene does not induce chromosome aberrations
in mouse, rat or Chinese hamster bone marrow cells, while styrene oxide does cause a low
frequency of aberrations in mouse bone marrow cells, but not in rats or Chinese hamsters
(Fabry et al, 1978; Loprieno et al, 1978; Meratoja et al, 1978a; Norppa et al, 1979; Norppa et
al, 1980b; Sinha et al, 1983). Styrene has been reported to increase SCE in mouse bone
marrow cells, alveolar macrophages, and regenerating liver cells (Conner et al, 1979;
1980a,b). However, another report indicated that styrene oxide did not induce SCE in
Chinese hamster bone marrow cells (Norppa et al, 1979). According to Preston (1990b), the
overall resuits of rodent in vivo cytogenetics studies are inconclusive, and further studies are
needed.

In a recent study to evaluate the clastogenicity and SCE-inducing potential of styrene under
carefully controlled conditions, Kligerman et al (1992) exposed B6C3F1 mice via inhalation to
O, 125, 250, or 500ppm styrene vapours for 6 hours/day on 14 consecutive days. The
animals in this study were exposed simultaneously with those of Morgan (1991). The two
higher exposure concentrations present a severe challenge to B6C3F1 mice, as evidenced
by substantial exposure-related mortalities.  Peripheral blood, spleen and lungs were
removed one day after the last exposure, and celis were cultured for the analysis of
micronucleus induction, chromosome breakage, and SCE induction. Peripheral blood
smears were also prepared in order to evaluate micronuclei in erythrocytes. No statistically
significant exposure-related increases in the frequency of chromosomal aberrations were
found in cultured spienocytes or lung cells, and there were likewise no significant increases
in micronuclei splenocytes or erythrocytes in peripheral blood smears. However, a small
concentration-related increase in SCE frequency was found in lymphocytes from spleen and
peripheral blood as well as in cells from the lung. Based on resuits of these studies, the

authors suggested that the reported increases in chromosome aberration frequencies in
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peripheral blood lymphocytes of some groups of workers exposed occupationally to styrene
may in fact be due to other factors in the workplace or environment. Moreover, the authors
noted the fact that many epidemiological studies fail to show a significant increase in SCE
and yet report increases in chromosome aberrations. Since SCE is generally considered to
be a more sensitive indicator of S-dependent Cytogenetic damage than chromosomal
aberrations, the authors questioned whether the purported increases in chromosomal
aberrations were due to styrene.

A number of human population monitoring studies have been reported, involving cytogenetics
assessments in individuals occupationally exposed to styrene (Meretoja et al, 1977, 1978b;
Fleig and Theiss, 1978; Hogstedt et al, 1979, 1983; Andersson et al, 1980; Theiss et al,
1980; Watanabe et al, 1981, 1983; Camurri et al, 1983; Dolmierski et al, 1983: Nordenson
and Beckman, 1984; van Sittert and de Jong, 1985; Maki-Paakkanen et al, 1991: Norppa et
al, 1991). Some of these studies report positive responses while others report negative
responses. According to Preston (1990b), however, the published data fall short of allowing
any risk estimation, and a variety of factors make these studies inclusive. Not only are the
studies often fraught with technical problems (e.g. inadequate protocol, small sample size,
only superficial control matching, and uncontrolled sources of variation), but also the
exposure information on chemicals other than styrene is completely lacking. Therefore no
firm conclusions can be drawn, and more definitively planned studies need to be conducted.

Sorsa et al (1991) recently published the results of a survey performed in 32 workshops in
the reinforced plastics and composites industry. The mean 8-hour time-weighted average
(TWA) styrene concentrations in the workshops were reported to be 43ppm (range 5-
182ppm) among laminators, and 11ppm (range 1-133ppm) among other workers. Urinary
mandelic acid plus phenylglyoxylic acid measurements showed mean values of 2.4mmol/l
among laminators without respirators, and 1.3mmol/l for workers that used respirators. The
workplace exposures were found to have no effects on cytogenetic parameters, chromosome
aberrations, sister chromatid exchanges or micronuclei based on analyses of peripheral
blood lymphocytes. Based on the results of this study, it seems clear that styrene has low
potential to produce genotoxic effects in peripheral blood lymphocytes in workers exposed
occupationally to styrene.
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