Environmental Health Criteria 26

STYRENE

Please note that the layout and pagination of this web version are not
identical with the printed version.

World Health
Organization




Styrene (EHC 26, 1983)

C NNeHEENE

Home

| NTERNATI ONAL PROGRAMVE ON CHEM CAL SAFETY

ENVI RONVENTAL HEALTH CRI TERI A 26
STYRENE

This report contains the collective views of an international group of
experts and does not necessarily represent the decisions or the stated
policy of the United Nations Environnent Progranme, the International
Labour Organisation, or the Wrld Health O ganizati on.

Publ i shed under the joint sponsorship of
the United Nations Environment Programme,
the International Labour Organisation
and the World Heal th Organization

Worl d Health Orgni zation
Ceneva

The I nternational Programe on Chenical Safety (IPCS) is a
joint venture of the United Nations Environnment Programe, the
I nternational Labour Organisation, and the Wrld Health
Organi zation. The main objective of the IPCSis to carry out and
di ssem nate eval uations of the effects of chemi cals on human health
and the quality of the environnent. Supporting activities include
the devel opnent of epideniol ogical, experinental |aboratory, and
ri sk-assessnment nethods that could produce internationally
comparabl e results, and the devel opnent of manpower in the field of
toxi col ogy. Other activities carried out by the IPCS include the
devel opnment of know how for coping with chem cal accidents,
coordi nation of |aboratory testing and epi deni ol ogi cal studies, and
pronotion of research on the nechani sns of the biological action of
chem cal s.

ISBN 9241540869

The Worl d Heal th Organi zati on wel cones requests for perm ssion
to reproduce or translate its publications, in part or in full.
Applications and enquiries should be addressed to the O fice of
Publications, Wrld Health O gani zati on, Geneva, Switzerland, which
will be glad to provide the latest information on any changes mnade
to the text, plans for new editions, and reprints and translations
al ready avail abl e.

(9 World Health Organization

Page 1 0of 93



Styrene (EHC 26, 1983)

Publications of the Wrld Health Organi zati on enj oy copyri ght
protection in accordance with the provisions of Protocol 2 of the
Uni versal Copyright Convention. Al rights reserved.

The desi gnations enpl oyed and the presentation of the materia
in this publication do not inply the expression of any opinion
what soever on the part of the Secretariat of the Wrld Health
Organi zation concerning the | egal status of any country, territory,
city or area or of its authorities, or concerning the delimtation
of its frontiers or boundaries.

The nention of specific conpanies or of certain nmanufacturers
products does not inply that they are endorsed or reconmended by the
Wirld Health Organization in preference to others of a simlar
nature that are not nentioned. Errors and om ssions excepted, the
names of proprietary products are distinguished by initial capita
letters.

CONTENTS
ENVI RONMENTAL HEALTH CRI TERI A FOR STYRENE

1. SUWVARY AND RECOMVENDATI ONS FOR FURTHER STUDI ES

1.1. Sunmmary
1.1.1. Uses and sources of exposure
1.1.2. Chenobiokinetics, biotransformtion and
bi ol ogi cal nonitoring
1.1.3. Adverse health effects
1.1.3.1 Acute effects
.2 Nervous systemeffects
.3 Cenotoxic effects
.4 Carcinogenic effects
.5
n

1. Ef fects on reproduction

1
1
1
1
n ons for further studies

1.3
1.3
1.3
1.3
a

1. 2. Recommrendat

2. PROPERTI ES AND ANALYTI CAL METHODS

2.1. Analytical procedures
2.1.1. Measurenent of styrene in air
2.1.2. Measurenent of styrene and styrene netabolites
i n biological sanples
1 Exhaled air
2 Bl ood
3 Subcut aneous adi pose tissue
4 Uine

3. SOURCES OF STYRENE I N THE ENVI RONMENT

3.1. Production of styrene
3.2. Uses
3.3. Main sources of environnmental pollution

4. ENVI RONVENTAL EXPOSURE LEVELS

4.1. Ceneral environnent
4.1.1. Anbient air
4.1.2. \Water
4.1.3. Food

4. 2. Working environnent
4.2.1. Styrene and pol ystyrene nmanuf acture
4.2.2. Reinforced plastics applications
4.2.3. Styrene-butadi ene applications

Page 2 of 93



Styrene (EHC 26, 1983)

4.2.4. Sunmary of occupational exposure

5. CHEMOBI OKI NETI CS AND METABCLI SM

5.1. Uptake
5.1.1. Human studies
5.1.1.1 Uptake by inhalation
5.1.1.2 Uptake fromthe gastrointestinal tract
5.1.1.3 Uptake through the skin
5.1.2. Experinental aninal studies

1 Uptake by inhalation

5.2. Distrib

.1
.1
.1
io
5.2.1. Huma
5.2.1.1 Controlled human studies
5.2.1.2 Cccupational exposure studies
5.2.1.3 Ceneral popul ation studies
5.2.2. Experinental aninmal studies
Bi ot ransfornmati on
El i mi nation
5.4.1. Human studies
5.4.1.1 Controlled human studies
5.4.1.2 Cccupational exposure studies
5.4.1.3 GCeneral population studies
5.4.2. Experinental aninal studies
5.5. Biononitoring of styrene uptake

and storage
st udi es

.
2.
2.
2.3 Uptake through the skin
n
n
1.

o1 o
B

6 EFFECTS ON EXPERI MENTAL SYSTEMS

Haemat opoi eti c and i mmune systens
Ner vous system and behavi our
Ki dneys and the urinary tract
Gastrointestinal tract
. Liver
Car di ovascul ar system
Respiratory system
Endocri ne organs
Carci nogenic effects
6.9.1. Styrene
6.9.1.1 Oal adnministration
6.9.1.2 Inhalation exposure
6.9.1.3 Pre- and post-natal exposure
6.9.2. Styrene 7, 8-o0xide
6.9.2.1 Dernal exposure
6.9.2.2 Oal administration
6.9.3. Summary and concl usi ons

ol el e s s s s s e
©|oo|~|o|u| A w|ro|-

6.10. Cenetic effects
6.10.1. Chem cal reactivity of styrene and
styrene oxi des
6.10.2. Miutagenic effects of styrene and styrene
oxi des in bacterial assay systens
6.10.3. Cenetic effects of styrene and

styrene 7, 8-oxide in eukaryotic non-manmal i an systens

6.10.4. Cenetic effects of styrene and

styrene 7,8-oxide in mammalian cells in vitro

6.10.5. Cenetic effects of styrene and styrene
7,8-oxide in manmalian systens in vivo
6.10.6. Conclusions on the genetic effects of styrene

2 Uptake fromthe gastrointestinal tract

6.11. Effects on reproductive function and teratogenic effects

7. EFFECTS OF STYRENE I N NVAN

Page 3 of 93



Styrene (EHC 26, 1983)

7.1. Controlled human studies

7.2. Epideni ol ogi cal studies

. Haemat opoi eti ¢ and i nmune system

Ner vous system

Ki dneys and the urinary tract
Gastrointestinal tract

Li ver

Car di ovascul ar system

Respiratory system

Endocri ne organs

Car ci nogeni ¢ effects

7.2.9.1 Summary and concl usi ons

Cenetic effects in somatic cells

7.2.10.1 Structural chronosone aberrations
7.2.10.2 Oher indicators of genetic danmage
7.2.10.3 Concl usions

7.3. Effects on reproductive function and teratogenic effects

e
I I I I I N I
OR[N OO B W[N] =

~
™
=
o

8. EXPOSURE- EFFECT/ EXPOSURE- RESPONSE RELATI ONSHI PS, AND
EVALUATI ON OF HEALTH EFFECTS

8.1. Data from experinmental animl studies
8.1.1. Metabolic pathways and ki netics
8.1.2. Ceneral toxicity

8.1.2.1 Acute toxicity

8.1.2.2 Subacute and chronic toxicity
8.1.3. Cenetic effects
8.1.4. Carcinogenic effects

8. 2. Human studies
8.2.1. Effects on organs and systens
8.2.2
8.2.3

Cenetic effects in somatic cells
Car ci nogeni ¢ effects

NOTE TO READERS OF THE CRI TERI A DOCUMENTS

Wil e every effort has been nmade to present information in
the criteria docunents as accurately as possible w thout
undul y del aying their publication, mstakes night have
occurred and are likely to occur in the future. 1In the
interest of all users of the environmental health criteria
docunents, readers are kindly requested to comuni cate any
errors found to the Manager of the International Programe on
Chemical Safety, Wirld Health Organization, Geneva
Switzerland, in order that they may be included in corrigenda
which will appear in subsequent vol unes.

In addition, experts in any particular field dealt with in
the criteria docunents are kindly requested to nmake avail abl e
to the WHO Secretariat any inportant published information
that may have inadvertently been onmitted and whi ch may change
the evaluation of health risks from exposure to the
envi ronnmental agent under exami nation, so that the infornation
may be considered in the event of updating and re-eval uation
of the conclusions contained in the criteria docunents.

A detailed data profile and a legal file can be obtained from
the International Register of Potentially Toxic Chemicals, Palais
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ENVI RONMENTAL HEALTH CRI TERI A FOR STYRENE

Further to the recomrendati ons of the Stockholm United
Nati ons Conference on the Human Environnent in 1972, and in
response to a nunber of World Health Assenbly resol utions
(WHA23. 60, WHA24. 47, WHA25.58, WHA26.68) and the
recomendati on of the Governing Council of the United Nations
Envi ronment Progranme, (UNEP/ GC/ 10, July 3 1973), a progranme
on the integrated assessnment of the health effects of
environmental pollution was initiated in 1973. The programe,
known as the WHO Environnmental Health Criteria Programme, has
been inmplenmented with the support of the Environment Fund of
the United Nations Environment Programre. 1In 1980, the
Envi ronnmental Health Criteria Programme was incorporated into
the International Programe on Chenical Safety (IPCS). The
result of the Environnental Health Criteria Progranme is a
series of criteria docunents.

The Institute of Occupational Health (Director,
Dr J. Rantanen), Helsinki, was responsible, as a Lead Institution
of the IPCS, for the preparation of the first and second drafts of
the Environnental Health Criteria docunment on styrene. Dr H
Vai ni o co-ordinated the work.

The Task Group for the Environnental Health Criteria for
Styrene net in Helsinki from8 to 15 Novenber, 1982. The
neeting was opened by Dr J. Rantanen and Dr F. Valic wel coned
the participants and representatives of other organizations on
behal f of the three organizations co-sponsoring the |IPCS
(UNEP/ I LOWHO) . The Task G oup reviewed and revised the
second draft criteria docunent and nmade an eval uati on of the
health risks of exposure to styrene.

The efforts of all who helped in the preparation and the
finalization of the docunent are gratefully acknow edged.

* *x %

Partial financial support for the publication of this
criteria docunment was kindly provided by the United States
Department of Health and Human Services, through a contract
fromthe National Institute of Environnental Health Sciences,
Research Triangle Park, North Carolina, USA - a WHO
Col | aborating Centre for Environmental Health Effects.

1. SUMVARY AND RECOVIVENDATI ONS FOR FURTHER STUDI ES
1.1. Summary

1.1.1. Uses and sources of exposure

Styrene (ethenyl benzene) is a comercially inportant
chemi cal used in the production of polyners, copolyners, and
reinforced plastics. Exposure mainly occurs in industries and
operations using styrene, and industrial sources are the nost
i kely cause of general popul ation exposure. Qher potenti al
sources of general popul ati on exposure include notor vehicle
exhaust, tobacco snoke, and ot her conbustion/ pyrol ysis
processes. Low|evel exposure of the general population can
occur through the ingestion of food products packaged in
pol ystyrene cont ai ners.
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General popul ation exposure |evels are usually orders of
magni t ude | ower than occupational exposure |levels - though the
| atter vary consi derably depending on the operations
concerned. Wile sonme exposure occurs in styrene/polystyrene
manuf acturing plants, the highest |evels of exposure are found
in the industries and operations concerned with the
fabrication and application of plastics. Thus, industrial
processes, such as those in the reinforced plastics industry,
require the greatest attention. |In addition, clean-up and
mai nt enance procedures in nany related industries nmay result
in significant exposures.

1.1.2. Chenobi okinetics, biotransformation, and biol ogi ca
noni t ori ng

The results of controlled | aboratory studies on aninals
and human bei ngs have shown that uptake of styrene is rapid
and that it is widely distributed throughout the body. Uptake
is minly via the pulmonary and, to a | esser extent, the
dermal and oral routes.

Styrene is distributed through the whol e body and stored
in lipid depots. Its subsequent slow elimnation fromthe
tissue indicates a potential for bioaccunulation follow ng
repeated daily exposure.

Styrene is biotransforned largely via the 7, 8-epoxi de by
the m xed function oxidase system The principal urinary
net abol i tes are al pha- hydroxybenzeneacetic (mandelic) and
phenyl gl yoxylic acids. Recent evidence suggests that the
pattern of urinary nmetabolite excretion varies with nmanmalian
species. Oher minor netabolic pathways may al so be inportant
in the toxicol ogi cal assessnment of this conpound.

The elimnation of styrene and its netabolites appears to
i nvol ve a two-conpartment kinetic nodel that becones
nonophasi c in experinental animals at high exposure |evels.
Thi s suggests the existence of saturabl e netabolic pathways.

Exposure | evels can be assessed by the quantitative anal ysis of
al veolar air or determnation of the urinary nmetabolites, mandelic
and phenyl glyoxylic acid. At present, urinary nandelic acid
appears to be the nost reliable biological indicator of exposure in
human bei ngs.

1.1.3. Adverse health effects

1.1.3.1. Acute effects

Exposure | evels of 420 ng/n? (100 ppm) and above cause
irritation of the mucous nenbranes of the eyes and the upper
respiratory tract in man. Simlar effects have been observed in
experinmental animals. Exposure of human volunteers to |levels
exceedi ng 840 ng/ nt (200 ppn) resulted in drowsi ness, nausea, and
di sturbed bal ance, within a few mnutes. Prolonged reaction tines
have been reported in connection with short-term exposure of human

vol unteers to 840 ng/nt (200 ppn).
1.1.3.2. Nervous systemeffects

Epi dem ol ogi cal studies on workers with | ong-term occupationa
exposure to styrene have shown an increased preval ence of abnornal
EEGs associated with urinary mandelic acid concentrations of 700
ng/litre or nore; at 1600 nyg/litre, a reduction in psychonotor
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performance and vi suonotor accuracy in psychol ogical tests has been
observed. However, definitive evidence of adverse effects on the
peri pheral nervous systemis still not avail able.

1.1.3.3. Cenetic effects

When netabolically activated, styrene nmay be nutagenic and
clastogenic in many experinental systens. Conflicting results
obtained in sone in vitro nutagenicity assays, were presumably due
to differences in metabolic activation and inactivation of styrene.
Styrene 7,8-oxide is the main reactive internediate of styrene
biotransformation. It is an alkylating agent that is nutagenic and
clastogenic in many in vitro test systens.

Several studies have indicated an increased frequency of
structural chronmpsone aberrations in the peripheral bl ood
| ynphocyt es of workers exposed to styrene in the reinforced
plastics industry. Negative results have been reported in workers
enpl oyed in the production of styrene nonomer and pol ystyrene,
where exposure to styrene is | ower.

Because of the conplexity of the evaluation of the tota
exposure of workers in the reinforced plastics industry, it has not
been possi ble to show, unequivocally, that styrene is the cause of
the observed somatic chrompbsone aberrations. Even though the
bi ol ogi cal and health significance of somatic chronosone danage is
not understood at present, the increase in such effects is
considered to be an indicator of possible adverse health effects.

1.1.3.4. Carcinogenic effects

Several case reports and epidem ol ogi cal studi es have
inplied an increased risk of cancers of the |ynphatic and
haemat opoi etic systens in workers involved in the manufacture
of styrene and pol ystyrene and styrene-but adi ene rubber
However, at present, there is insufficient evidence to
establish a direct cause and effect relationship between
styrene exposure and cancer in hunman bei ngs.

A single experinmental study in mce indicated linited
evi dence for the carcinogenicity of styrene in this species.
O ally adninistered styrene 7,8-oxide, the primary netabolite
of styrene, was carcinogenic in rats.

1.1.3.5. Effects on reproduction

Results of a few studies on mammual s (rats, mice, and
Chi nese hansters) suggest that inhaled styrene has enbryotoxic
effects. Only a limted nunber of studies on wonen are
avai |l abl e, with inconclusive results.

1.2. Recommendations for Further Studies

Technol ogi cal studies are needed to devel op net hods of
resin production with reduced exposure of workers.

Further elucidation of urinary netabolite excretion
kinetics and their relationship with styrene exposure is
reconmended.

Mor phol ogi cal studies of the effects of styrene on the
central and peripheral nervous systems in experinental animals
are needed. Well-conducted hunman epi demi ol ogi cal investigations,
with nonitored individual exposure |evels, are necessary to
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eval uate nervous systemeffects and shoul d incl ude
neur ophysi ol ogi cal and psychol ogi cal tests.

Studi es on the genetic effects of styrene should be ained
at defining the relationship between dose and the induction of
chronosone damage in workers with various types of
occupational styrene exposure. NMbre experinental studies on
styrene are needed to verify the suspected role of styrene as
a genetic hazard in the occupational environnent.

Research on the health effects of styrene should prinarily
be devoted to resolving the issue of carcinogenesis both in
experinmental animal studies and in epidem ol ogi cal studies on
styrene-exposed workers, particularly in industries with high
styrene exposure.

The effects of styrene on the endocrine system and
reproduction should continue to be eval uated by neans of
experinental animal studies and epi dem ol ogi cal investigations.

Further validation of experinental methods and anal ytica
techni ques shoul d be undertaken as well as the establishnent
of quality control progranmes.

2. PROPERTI ES AND ANALYTI CAL METHODS

Chemi cal and physical properties of styrene?

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

Chem Abstr. Nane: Et henyl benzene

Synonynmns: phenet hyl ene; phenyl et hene; phenyl et hyl ene;
styrol; styrole; styrolene; vinylbenzene;
vi nyl benzol ; ci nnanene; ci nnanol

Mol ecul ar fornmul a: GgHg

Rel ative nol ecul ar mass: 104.14

Descri pti on: Col ourless, viscous liquid with a pungent odour

Boiling point: 145.2°C;, 33.6°C at 1.33 kPa (10 nmHg)

Freezing point: - 30.63°C

Density: (ds2°) 0.9060

Refractive index: (np®) 1.5468

1
Spectroscopy data: |anbdapx 245.3 (E = 1514)
1

Solubility: slightly soluble in water (30 ng/100 ml at 20°C)
soluble in ethanol, diethylether and acetone; very
solubl e in benzene and petrol eum et her

Vol atility: Vapour pressure: 0.8666 kPa (6.45 mrHg) at
25°C; 1.33 kPa (10.0 mHg) at 35°C

Stability: Fl ash-point, 31°C, polynerizes easily at room
temperature in the presence of oxygen and oxidi zes
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on exposure to light and air: nust be stored
in an inert atnosphere or with added inhibitors
(e.g., 0.001%tertiary butylcatechol)

Autoignition tenperature: 490°C
Inflammability range (20°C): 1.1-6.1%
Vapour density: (air =1) 3.6

Conversion factors: 1 ppmin air = 4.2 ng/nt,
1 my/n inair = 0.24 ppm
Chem cal and physical properties of the pure substance; from
Foerst (1965), | ARC (1979), Iti (1975), and Wast &
Astle (1981).

I~

2.1. Analytical Procedures

Various nethods are avail able for nmeasuring styrene and
styrene nmetabolites in environnental media and bi ol ogi ca
fluids and tissues.

A nunber of |aboratories have shown the reproducibility of
anal ytical results. However, there have not been any
systematic interlaboratory anal ysis conpari son programes.

2.1.1. Measurenent of styrene in air

Several nethods have been devel oped for the neasurenent of
styrene vapour in the working environnent.

Sanpling can be carried out by neans of absorption in a
sol vent such as ethanol (Yanmanoto & Cook, 1968; Leithe, 1971);
adsorption on a solid nmaterial such as activated carbon
(NI OsH, 1974; Kalliokoski & Pfaffli, 1975; Burnett, 1976;) or
porous pol ymer beads (Dietrich et al., 1978) and by grab
sanmpling either into enpty tubes (Wiite et al., 1970) or with
a notor-driven syringe (Bergman, 1977). Passive nonitoring
badges can al so be used for sanpling (lkeda et al., 1982).
Styrene is recovered from adsorption tubes by sol vent
desorption (NICSH, 1974; Kalliokoski & Pfaffli, 1975) or
heating (Dietrich et al., 1978). Sanples taken by a syringe
require pronpt analysis. Continuous nonitoring of the
ai rborne styrene concentration is possible using an infrared
spectroneter equi pped with a gas cell and punp.

Adsorption tubes have replaced absorption bottles to a
great extent in sanpling. They can be incorporated into
smal |, portable sanpling devices that do not contain |iquids
and are well adapted for either personnel or area nonitoring.
Activated carbon is the nbst wi dely used solid adsorbent
(Dietrich et al., 1978). Though styrene pol ynerizes easily,
sampl es of styrene on activated carbon are stable, even when
exposed to noderate heat and sunlight (Saal waechter et al.
1977). In the standard nmethod of NI OSH (1974), the styrene is
desorbed fromthe activated carbon tubes with carbon
di sul fide, which offers the advantage that the solvent peak is
insignificant when a flanme ionization detector is used (MNair
& Bonel li, 1968). The desorption procedure does not renove
all the styrene and the results nust be corrected for
desorption efficiency. According to Burnett (1976), the
average desorption efficiency of carbon disulfide for styrene
is 85% The desorption efficiency varies sonewhat from one
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batch of activated carbon to another. It is therefore

advi sable to determ ne the desorption efficiency for each
batch of activated carbon or comrercial tubes (N OSH, 1974).
If activated carbon is also added to the standards, the
desorption efficiency correction is not needed (Kalliokoski &

praffli, 1975). Choi & Fung (1979) recommended the use of an
i nternal standard (ethyl benzene) to avoid the effects caused
by changes in the instrunental conditions. In addition to

carbon disul fide, other solvents, such as dinethyl fornam de
(Kal l'i okoski & Pfaffli, 1975) or cycl ohexanone (Saal waecht er
et al., 1977) can be used for desorption

The use of porous polyner tubes, such as Tenax CC
(Dietrich et al., 1978), with subsequent thermal desorption
and gas chronmat ographi ¢ anal ysis offers the advantage that the
entire sanple can be anal ysed at one tine and in the absence
of the solvent peak. Commrercial instrunentation for thernma
desorption is available. Choi & Fung (1979) warn of the
partial polynerization of styrene during thermal desorption
When styrene is determ ned by UV-spectronetry, wavel engths of
245 and 290 nm can be used. The forner wavel ength gives
stronger absorption but is nore sensitive to interferences
(Manson et al., 1965; Yamanoto & Cook, 1968; Babi na, 1969;
Leithe, 1971).

Anal ysi s of sanples can be nmade by visible, ultraviolet,
and infrared spectrophotonetry, or gas chronatography
(Fishbein, 1979). The direct determ nation of styrene in air
wi t hout a preceedi ng concentration step is possible using
| R-spectrometry or gas chromatography. Conmerci al
vari abl e-path, IR analysers are available. The recomended
wavel engths are 11.0 and 13.0 um (Thonpson, 1974). Styrene
al so has absorption bands at 3.3, 6.7, 10.2, and 14.8 um The
maj or absorption bands of the nost usual interfering
subst ance, acetone, are at 3.4, 5.8, 7.4, and 8.2 pm (WIti,
1970); al so acetone has mnor bands at 11.0 and 13.0 um (the
latter is weaker). The band with the least interference is
14.8 uym However, the interference does not prevent the use
of the other bands; in fact, it may be advantageous to perform
a mul ti conponent analysis by repeating the neasurenent using
di fferent wavel engths. Conmercial nicroprocessor contro
devices are available with which it is possible to carry out
automatic, simultaneous multi-point nonitoring of several air
pollutants (Jacobs & Syrjala, 1978). The | owest detectable
concentration of styrene is about 1 ng/nt (0.2 ppm, in the
absence of interference, using 11.0 pmas the anal ytica
wavel ength with a 20 m cell

Gas chromat ographic analysis with a flame ionization
detector is the nost sensitive analytical nmethod for styrene.
Several columm stationary phases are suitable including (10%
FFAP (NI OCsH, 1974), (15% Carbowax 1540 (Gotell et al., 1972),
(10% XF 1150 (Kalliokoski & Pfaffli, 1975), and (5% SE-30
(Bergman, 1977). The limt of detection, which varies
according to the gas chronmatographic conditions, is about 0.1
my/ n¥ (0.02 ppm) for direct air analysis (Stewart et al.

1968) and 0.05-0.1 ng for desorbed sanple injections (N OSH
1974; Kalliokoski & Pfaffli, 1975). The coefficient of
vari ation for gas chromatographi c anal ysis of solutions
containing 0.1-1 ng styrene in 1 m of solvent is about 2%

2.1.2. Measurenent of styrene and styrene nmetabolites in
bi ol ogi cal sanpl es
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Styrene has been neasured in blood, exhaled air, and
subcut aneous fat. The concentration of styrene in bl ood and
exhaled air falls rapidly during the first hour follow ng
termi nation of exposure. Thus, a single sanple of exhaled air
or blood is of linted use. A nunber of sanples are required
for the establishment of a kinetic "decay curve" from which
the assessnment of a whole day's exposure nmay be possible
(Stewart et al., 1968; Fernandez & Caperos, 1977; Fields &
Hor st man, 1979).

2.1.2.1. Exhaled air

Gas chromat ography is the method of choice for the rapid
determination of styrene concentrations in exhaled air (Gotel
et al., 1972; Fernandéz & Caperos, 1977). The detection limt
of the method is 0.04 ng/n? (0.01 ppn) (Fernandez & Caperos,
1977). The limitation of sanple collection in polyethyl ene
bags is the instability of the sanple, due to polynerization
of the styrene within the bag, after sanpling (Fields &
Hor st man, 1979). Brooks et al. (1980) have devel oped an
i mproved net hod for the nmeasurenent of styrene in exhaled air,
with increased stability of sanples as well as reliability of
sanpl e collection. For sanpling, they used a bubbler system
i nstead of polyethyl ene bags and were able to reduce the

detection limt to 0.02 ng/n? (0.005 ppm.
2.1.2.2. Blood

Styrene concentrations in venous bl ood have been
determ ned by gas chronmat ography using the "head space"
technique (Astrand et al., 1974; Schaller et al., 1976; Wthey
& Collins, 1977; Bencev & Rizov, 1981) or after previous
extraction (Stewart et al., 1968; Brooks et al., 1980). WIff
et al. (1978) have devel oped a direct spectrofluoronetric
nmethod for the determ nation of styrene in blood with a very
| ow reported detection linmt.

2.1.2.3. Subcutaneous adi pose tissue

Esti mati on of styrene concentrations in adi pose tissue is
possible in selected cases using a non-surgical, needle biopsy
technique to obtain the tissue sanple. After extraction, the
styrene absorbed in the adi pose tissue can be deterni ned
easily using gas chromat ographi c nmet hods (Savol ai nen &
praffli, 1977, Wl ff et al., 1977). The detection lint for a
10 ng sanple is 40 pg styrene/ kg adi pose tissue (WIff et al.
1977) with a recovery of 98 + 1.9% (Savol ai nen & Pfaffli,
1977). Deternmination of styrene in adi pose tissue has al so
been performed using a nodified "headspace" gas
chr omat ogr aphi ¢ techni que (Engstrdmet al., 1978a).

2.1.2.4. Uine

Eval uati on of styrene exposure may be based on the urine
concentration of phenylglyoxylic acid (Chtsuji & | keda, 1970;
Gotell et al., 1972; Harkonen et al., 1974), on the conbi ned
concentrations of mandelic and phenyl gl yoxylic acids
(Quillemn & Bauer, 1978; Elia et al., 1980), or on the ratio
of mandelic to phenylglyoxylic acid (Philippe et al., 1974).
Most of the methods for the determ nation of mandelic and
phenyl gl yoxylic acid in urine are based on gas chronmat ographic
techni ques (Sl ob, 1973; Buchet et al., 1974; Engstrom &

Rant anen, 1974; CGuillenm n & Bauer, 1976; Flek & Sedi vec,
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1980). Derivatization of the acids is necessary before the
gas chromat ographi ¢ anal ysis and both nmethyl ati on (Buchet et
al ., 1974; Flek & Sedivec, 1980) and silylation (Slob, 1973;
Engstrom & Rant anen, 1974) have been used for this purpose.
Gas chromat ographic determ nation of mandelic acid is reliable
and sinple, whereas the determination of phenyl gl yoxylic acid
i nvol ves problens of derivatization, that can only be overcone
by special techniques (Bauer & Guillenmn, 1976; Flek &

Sedi vec, 1980). Detection limts ranging fromO0.6 to 6
ng/litre and variation coefficients ranging from1l to 3% have
been reported for the different gas chronat ographi c procedures
(Sl ob, 1973; Engstrom & Rantanen, 1974; Fl ek & Sedivec, 1980).

Determ nati on of mandelic and phenyl gl yoxylic acid w thout
derivati zation can be performed using nethods based on
i sotachoforesis (Soll enberg & Bal desten, 1977) and high
performance |iquid chronmatography (Ogata & Sugi hara, 1978
Poggi et al., 1982).

Instability of samples may be a problemin urine analysis
for mandel i c and phenyl gl yoxylic acid, because both acids are
prone to change during storage at roomtenperature (Flek &
Sedi vec, 1980). This is especially the case with phenyl -
gl yoxylic acid, which should not be stored for periods |onger
than 24 h at roomtenperature; freezer storage is recomended.

3. SOURCES OF STYRENE I N THE ENVI RONVENT
3.1. Production of Styrene

The first step in styrene production is the catalytic
al kyl ati on of benzene with ethylene, both raw materials being
supplied primarily fromthe petroleumindustries. The
following two processes are in use for the production of
styrene (US EPA, 1980).

(a) Dehydrogenation of ethyl benzene

Et hyl benzene i s dehydrogenated to styrene by the follow ng
reaction:

CHaCHg CH = CHp

catalyst
4} +1/2Hg

&00 — 700" C

S BESER

This is the desired sel ective reaction; however, various
non-sel ective reactions will occur. For exanple, a reactor
ef fluent contains an average of 0.7% benzene and 1. 0% tol uene
(Faith et al., 1975).

The crude styrene, with an average conposition of 37%
styrene, 61% et hyl benzene, 1.0%tol uene, 0.7% benzene, and
0.3%tars, is passed through a pot containing sulfur or somne
ot her polynerization inhibitor and is then fed into a vacuum
columm system The overhead froma prinmary fractionating
colum is fractionated to separate the ethyl benzene, which is
recycled, fromthe benzene and tol uene, which are separated by
distillation. The bottons froma primary fractionating colum
are distilled to obtain the pure styrene product (US EPA,
1980) .
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(b) Co-product with propyl ene oxide

In late 1977, production began in a plant that makes
styrene by the followi ng nethod (Soder, 1977):

CoHbCHCHg + Oy ------ > CgHsCHOOHCH,
(et hyl benzene) (et hyl benzene hydroper oxi de)
O
CsHsCHOOHCH; + CHsCH=CH, ------- > GHsCHOHCH;  + CH;CHCH;,
(propyl ene) (et hyl phenyl (propyl ene
car bi nol) oxi de)
CsHsCHOHCH; - ------ > CGHsCH=CH, + H,O
(styrene)

Et hyl benzene is oxidized to the hydroperoxide, which is
then reacted with propylene to yield the propyl ene oxide and a
co-product, nethyl phenyl carbinol. The carbinol is then
dehydrated to styrene (US EPA, 1980). Expected inpurities nay

i ncl ude propyl benzene, isopropyl benzene, and al pha-net hyl styrene.

Table 1 shows the annual production of styrene nononer in
the world. The Federal Republic of Germany, Japan, and the
USA are the mmj or producers (Tossavai nen, 1978). It is
estimated that the world styrene consunption will grow at an
average of 5.1% per year in the period 1982-90 reaching 13.6
mllion tonnes by 1990 (Chemi cal Market Review, 1981).

Tabl e 1. Producti on of styrene?
Country Year Pr oduction
(tonnes)
Canada 1974 146 000
France 1976 270 000
Germany, Federal 1976 860 000
Republ i c of
ltaly 1976 325 000
Japan 1976 1 090 000
Mexi co 1974 30 000
Spai n 1976 60 000
USA 1976 2 864 000
QO hers 1976 approx. 1 000 000
World 1977 7 000 000

3. 2. Uses

The uses of styrene (nmononer) in the USA in 1980 are
listed in Table 2. The pattern of consunption is essentially
the sane el sewhere in the world including Europe and Japan
(Tossavai nen, 1978) and no significant change is foreseen as
far as 1990 (European Chenical News, 1982).

3.3. Main Sources of Environnmental Pollution
According to Pervier et al. (1974), the najor sources of

styrene contam nation of the environnment are the petrochenica
i ndustries. Emissions fromstyrene production nmay result from
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vents on distillation colums and ot her processing equi pnent,
storage tank | osses, m scellaneous | eaks and spills, waste-waters,
and solid process wastes. However, |osses from production are | ow
in conmparison with other petrochem cal |osses. Some styrene can

al so be emtted from pol yneri zati on processes.

Table 2. Use pattern of styrene in the

USA in 1980
Mat eri al %
pol ystyrene 45

acrylonitrile-butadi ene-styrene plus 10
styrene-acrylonitrile resin

st yrene- but adi ene rubber 8
styrene-but adi ene | at ex 6
unsat urat ed pol yester 5
m scel | aneous 4

exports 1

Styrene can be rel eased into the environnment during
various di sposal procedures, e.g., during the incineration of
many types of styrene polyners. Styrene has been detected in
hydr ocar bon exhausts from spark-ignition engi nes (Fl emm ng,
1970), in oxyacetyl ene and oxyethylene flanmes (Crittenden &
Long, 1976), and in cigarette snoke (section 4.1.1). The
donmestic use of polyester resins has increased potential
exposure patterns. Exposure may occur when styrene is used as
a solvent during the preparation of resin flooring (Gadalina
et al., 1969; Kaznina, 1969); or through the use of styrene in
various hobbies, crafts, and toys (Sm rnova & Yatakova, 1966).

4. ENVI RONMENTAL EXPOSURE LEVELS
4.1. GCeneral Environnent

Sone data are available on styrene concentrations in air,
cigarette snoke, water, and food. However, they are not
sufficiently systematic to provide an overall picture and an
estimate of the main routes of human exposure.

Sone of the followi ng data for styrene levels in air and
water are drawn froma survey of literature, released in 1980
by the US Environnental Protection Agency (US EPA, 1980),
concerni ng exposure to several potential environnenta
cont am nant s.

4.1.1. Anbient air

Styrene has been detected in anbient air in a wide variety
of | ocations.

In a study to devel op procedures for determ ning specific
contam nants, Neligan et al. (1965) neasured the amobunts of a
nunber of hydrocarbons in the urban atnosphere in the USA
The results of analysis of air fromsouthern California in
1965 showed styrene to be present at |evels of 0.008 - 0.063
my/ n¥ (0.002 - 0.015 ppm) with an average |evel of 0.021 ny/n?

(0.005 ppm.

Styrene has al so been found in the urban atnosphere in

Japan, (Hoshika, 1977) at |evels of about 0.0008 pg/n? (0.0002
ppn). Valenta (1966) neasured the air and water contam nation
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near a butadi ene-styrene rubber plant in Czechosl ovakia. One
of the main sources of contam nation was the plant warehouse
for liquid materials. A styrene concentration of 0.07 ng/n?
(0.017 ppm was found in the i mmedi ate downwi nd vicinity of

t he war ehouse, conpared with a concentration of 0.03 ng/n?
(0.007 ppm at a distance of 800 m

Schofield (1974) anal ysed hydrocarbon em ssions from
vehicl es and found that 0.76% of total hydrocarbons was in the
formof styrene in the exhaust of conventional engines, and
2.67%in the exhaust of rotary engines. Styrene has al so been
identified in cigarette snoke, reported | evels ranging from 18
to 48 pg per cigarette (Johnstone et al., 1962; Baggett et
al ., 1974; Jermini et al., 1976).

4.1.2. Water

Styrene, detected in drinking water (US EPA, 1980) and in
river water (Rosén et al., 1963; Gordon & Goodly, 197I
Bertsch et al., 1975), was usually traceable to an industri al
source or to inproper disposal. An exanple of serious
contam nation of a water supply through inproper disposal of
styrene was reported by Gossman (1970) in which well water
close to the site where two drums of styrene had been buried
was found to have a disagreeabl e odour and contai ned a styrene

concentration of 0.1 - 0.2 ng/litre. Water from another well
close to the site of a waste dunp from a styrene-butadi ene

pl ant contained a styrene concentration of 0.01 - 0.02 ng/litre
(Vval enta, 1966).

It seens that while styrene can be detected in water, it
is not one of the frequent contam nants, nor is it present in
| arge anounts.

4.1.3. Food

Pol ystyrene and its copol yners such as acrylonitrile-
but adi ene-styrene (ABS), have been widely used as food
packaging materials. Currently avail able analytical surveys of
food and food packagi ng have shown that the styrene nononer
mgrates into food fromboth rigid and expanded pol ystyrene foam
containers. According to Wthey & Collins (1978), the |owest
concentration of nonomer in rigid containers was 700 ppm and, the
hi ghest was 3300 ppm O her studies give figures of a simlar
order of nmagnitude (Hamidullin et al., 1968). The | owest
concentration of nononer in expanded pol ystyrene foam was 87 ppm
(Wthey, 1976). The highest migration figure (245.5 ppb) was found
in sanpl es of sour creamcontained in rigid polystyrene containers
(Wthey & Collins, 1978). Styrene |eached from containers at
0.2 - 0.5 ppm conveyed a di sagreeabl e odour and taste to dairy
products (Jensen, 1972). However, styrene was not detected in mlk
stored in polystyrene containers for up to 8 days (detection linit
50 ppb) (Finley & Wite, 1967). In another study, styrene rates of
| eachi ng ranged from 0.0077, 0.0078, and 0.0078 ug/cnf
respectively, for foam cups containing water, tea, and coffee, to
0.036, 0.064, and 0.210 pg/cnf, respectively for foam inpact, and
crystal polystyrene cups containing 8% ethanol (Varner & Breder
1981a, b) .

In general, styrene concentrations in food are between 3
and 4 orders of magnitude |ower than that in the package. It
appears that the contribution to the total body burden of
styrene via food is mninmal.
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4.2. Work Environnent
Qccupati onal exposure to styrene can be classified
according to the types of operations in which it is present.
I n pol ystyrene manufacture, occupational chemical exposure is
mainly to styrene. In reinforced plastics applications, where
styrene is a solvent-reactant for copolynerization, styrene is
al so the major air contam nant; however, there may be
concomtant exposure to glass fibres, catalysts, accelerators,
cl eaning agents, and other chemicals. During
styrene-but adi ene rubber production, workers may al so be
exposed to such chem cal substances as benzene, butadi ene,
carbon disul fide, and trichloroethylene and, in factories that
produce styrene, there nay be additional exposure to benzene
and ethyl benzene. |In nany of the applications, the
operations involve potential skin contact with liquid styrene.
4.2.1. Styrene and pol ystyrene nmanufacture

Concentrations of styrene recorded in a nunber of
factories producing styrene or polystyrene are sunmarized in

Tabl e 3.

According to avail able reports,

the styrene concentrations

found in polystyrene production are generally | ess than
21 mg/n? (5 ppm; though occasional val ues of 210 ng/n?

(50 ppm or nore have been report ed.
Table 3. Concentration of styrene in air of polystyrene manufacturing
pl ants
Year Authors Exposure | evel s Wor k areal/ process
my/ n? (ppm
1952 Barsotti et al. 800 (192) | oadi ng into
pol yneri zation tower
1963 Zl obina et al. 2-9 (0.5-2) bl ock production
4-9 (1-2) enul si on
< 50 (< 12) cl eani ng
1972 Pononareva & 10 (2) pol yneri zation
Zl obi na <5 (< 1) pol ystyrene fil anent
producti on
<5 (<1 short & intermittent
operation
0.47-0.68 (0.11-0.16) drying & packagi ng
1974 Maier et al.? < 21 (< 5) at breathing zone of
1978 Wl ff et al.? (11 sanples were wor kers (involved in
bet ween 21-378 ng/nt®  routine operations)
(5-90 ppm
1979 Thiess & Friedheim 244 (58) techni cal services
operation

4-50 (1-12)

| aboratory operation

& These investigators also identified benzene,

acet one.

i ncludi ng styrene,

4. 2.

Rei nforced pl astics applications

et hyl benzene,
The hi ghest neasured concentrations of these solvents,
resulted fromspills and | eaks.

t ol uene,
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Data concerning air levels of styrene in reinforced
pl astics plants, presented in Table 4, denonstrate that higher
air levels of styrene are monitored in this industry than in
styrene pol yneri zati on processes.

Tables 5, 6, 7, and 8 are designed to provide additiona
information, useful in the assessnent of occupational exposure
and to conpl ement data presented in Table 4.

Table 4. Concentration of styrene in air of reinforced plastics plants
Year Aut hor(s) No. of Exposure levels Wor k ar eal/ process
plants ng/n? (ppm
1967 Huzl et al. 5 210- 420 (50-100) styrene containing polyester
resin applied by hand in 4
plants and sprayed in 1
1960 Bardodej et al. 2 63-840 (15-200) pol yester resin applied by
hand
1964 Zielhuis et al. 3 101- 378 (24-90) manuf acturi ng of boats,
aut onobi | e bodi es
ca. 29 (ca. 7) production of small objects
and uphol stery; |aboratory
1966 Sinko et al. 3 21-819 (5-195) manuf acture of reinforced
pl astics
1968 Matsushita et 1 > 2520 (> 600) | am nati on of plywood
al . with styrene-containing resin
1972 Cotell et al. 4 84-1218 (20-290) production of reinforced
pl astics
1974 Bodnei et al. 1 189-2130(45-550) reinforced plastics and
(1973-1974) 2 bat ht ub manuf act uri ng
1976 Kal li oski 22 84-1260 (20-300) boat |aninating and ot her
reinforced plastics
manuf act uri ng
1977 Rosensteel et 1 147-462 (35-110) reinforced plastic boat
(1975-1976) pl ant (peak conc. of
al . 1260- 1680 ng/ n? (300-400 ppm
for approx. 5 nin)
1977 Ber gnan 4 42-714 (10-170) Hand | ayup & spraying in the
rei nforced plastic boat
i ndustry (peak conc. of
256- 2146 ng/ nt (61-511 ppm)
for approx. 60 min)
1979 Brooks et al. 3 168- 966 (40-230)
(1977)2
1979 Kjellberg et 1 13-59 (3-14) boat fabrication
al .
1981 Crandal | 7 8-756 (2-180) hull, deck & small part

(1978-1979) 2

| am nation and gel coating
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process
Table 4. (contd.)
Year Aut hor(s) No. of Exposure levels Wor k ar eal process
plants ng/nt (ppm
1981 Schunmacher et 12 < 1260 (< 300) Table 7
al .
1982 Ikeda et al. 5 < 4-1075 rei nforced plastic boat
(< 1-256) pl ants

2 Years when the study was conduct ed.

The resin manufacturers have tried to decrease styrene
em ssions by reducing the styrene content of resins and by
using thixotropic resins and filmformng additives. They
(Nyl ander, 1979; Synthetic Resins Limted, 1980; Voskamp &
St udenberg, 1981) claimthat significant decreases in styrene
em ssion can be achi eved using these new resins, often called
| ow styrene enission resins (LSE resins). |n the study of
Schumacher et al. (1981), the results of |aboratory tests on
such resins suggested a 30% reduction in styrene vapour, but
when tested in the workpl ace there was essentially no
difference in the exposure | evels of the workers and the
aut hors suggested the need for further studies to record any
effects fromthe use of the new resins.

Concentrations of styrene found during the production of
reinforced plastics (Zielhuis et al., 1964; Gotell et al.
1972; Bodnei et al., 1974; Rosensteel & Meyer, 1977) were
general ly much higher than those found in the polystyrene
production plants, with peak concentrations as high as 6300
my/ i (1500 ppn). Mbst of the environnmental concentrations of
styrene in reinforced plastic plants, sunmarized in Table 4,
are 8-h tinme-weighted-average (TWA) concentrations, but some
val ues represent shorter periods. It can be seen fromthe
tabl e that exposure occurs not only in hand | ayup and spraying
operations using open noulds, but also in nmechanical and
closed mould work. Furthernmore, workers who do not handl e the
pol yester resin thensel ves but work in the |am nating room
under go passive exposure. It should be noted that the
sanpling strategy used influences the results; for exanple,
breat hi ng zone concentrations may di ffer considerably fromthe
general air concentrations.

4.2.3. Styrene-butadi ene applications

Hazards encountered in the synthetic rubber industry
during the Second World War were di scussed by Wl son (1944).
The principal chenicals used in the manufacture of rubber, at
that time, were styrene, butadiene, and acrylonitrile.

More recently, other studies of synthetic rubber
manuf act ure have shown that |evels of styrene are | ow
Basirov (1968) reported concentrations of 60-130 ng/nt (14-31
ppn) in a 1968 study of a synthetic rubber plant. In a health
risk evaluation in a simlar type of plant, Qunter & Lucas
(1973) were unable to find any nmeasurabl e concentrati ons of
styrene. However, styrene |evels varying between 42 and 840
my/ ¥ (10 and 200 ppm) were neasured in a synthetic rubber
pl ant by Spinazzola et al. (1980).
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4.2.4. Sunmary of occupational exposure

In summary, occupational exposure to styrene varies
consi der ably dependi ng on the operations concerned. While styrene
is present in detectable anmpunts in styrene/pol ystyrene
manuf acturing plants, the greatest exposures occur in the
operations and industries that use unsaturated pol yester resins
di ssolved in styrene. However, in all industrial operations using
styrene, high |evels of exposures occur during the clean-up and
mai nt enance procedures.

Table 5. Airborne styrene concentrations at 36 Finnish
factories using hand | ayup net hod?

(i) Mean 8-h TWA breathing zone styrene concentrations at 22

factories
Factory nmg/n? ppm Factory nmg/n? ppm
1 1109 264 12 223 53
2 995 237 13 214 51
3 836 199 14 197 47
4 613 146 15 193 46
5 433 103 16 189 45
6 382 91 17 185 44
7 382 91 18 169 38
8 340 81 19 134 32
9 336 80 20 134 32
10 294 70 21 126 30
11 273 65 22 97 23

(i)

Mean breat hing zone styrene concentrations during shorter

(1-5 h) industrial hygiene surveys at 14 factories

Factory nmg/n? ppm Factory nmg/n? ppm

23 1029 244 30 416 99

24 819 195 31 302 72

25 50 12 32 235 56

26 769 183 33 193 46

27 622 148 34 105 25

28 521 124 35 92 22

29 491 117 36 67 16

(iii) Distribution of styrene concentrations by product type
8-h TWA styrene TWA styrene conc.
conc. for periods of 1-5h

Product type (factories 1-22) (factories 23-36)
ng/ m’ ppm mg/ n? ppm

Boat s 483 115 865 206

O her products

- snmall objects 210 50 424 101

- large objects 357 85 248 59

a Adapted from Kallioski (1976).

Tabl e 6.

Airborne styrene concentrations at a factory in the USA®

8-h TWA styrene exposure
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Pref abrication
Gel coating
Hand | ayup
Hand | ayup,
Wbodwor k/ uphol stery
Fi nal assenbly

Cust om noul di ng
Smal | boat

M scel | aneous

ot her areas

a Adapted from

Table 7.

(mean = SD)

g/ n? (ppm
11.8 + 16.8 (2.8 +
288 + 251 (68.5 +
350 + 179 (83.4 #
108 + 110 (25.7 +
14.3 £ 8.8 (3.4 +
14.3 + 8.8 (3.4 +
27.3 + 16.4 (6.5 %
17.2 + 4.2 (4.1 %
16.4 + 13.0 (3.9 *

(1979).

Br ooks et al

represent the nunber of workers in each exposure group?

Styrene concentration ng/nt (ppm

420
(10

Ai rborne styrene concentrations at 12 factories in the USA. The figure

Pl ant Type
Boat plants
Non- boat pl ants

Total s

Job Category

Lam nators

Chopper gun operators
Cel coaters

Total s

0-210  210- 420
(0-50) (50-100)
127 144

26 47

153 191

61 70

37 62

12 6

110 138

Pl ant Type (Exposure of Lam nators)

48
24

80
29

109

61
40

105

-630  630-840  840-1050  1050-
0-150) (150-200) (200-250) (250-
32 25 23
5 3 1
37 28 24
27 21 11
25 13 17
3
55 34 28
26 18 13
2 3 1
28 21 14

Boat plants 52
Non- boat plants 6
Total s 58
& Mdified from Schumacher

et al.

(1981).

Styrene concentration during various processes in boat production

Tabl e 8.
Process Case

N
Lam nati on A
over boat B
shel |l noul d
Install ation | am nators
of ribs hel pers
Install ation | am nators
of division hel pers

pl ates

Per sonal sanpling

GW GsI¥ Range®

25 500 (119) 6.8 (1.6)
9 273 (65) 5.8 (1.2)
3 71.4 (17) 7.1 (1.7)
5 <4.2 (< 1) 23.5(5.6)
5 92.4 (22)

5 D

8.8 (2.1)

St a

aw
143- 1075 (34- 256) 17
193- 378 (46-90) 15
42-118 (10-28) 20
8 (D-2)
25-185 (6-44) 6
(D-D
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Auxi | ary 5 54.6 (13) 16.8 (4) 8-181 (2-43) 5
| am nati on
on deck
Lam nation on A 4 128 1.4 (104-211) 3
hol d wal | s B 21 127 1.3 (87-215) 20
Equi prent 8 2 2.8 (1-17) 15
Pl ant fl oor A 39
in general B 14

& The nunber of workers equi pped with personal sanplers for 4 h work (1300-1700)
®  The geonetric mean.
¢ The geonetric standard deviation
4 The mi ni num and maxi num concentration observed.
€ The nunber of sites nonitored by stationary sanplers for 4 h (1300-1700).
" D = detected but not neasurable (less than 4.2 ng/nt (1 ppn).
Not det ect ed.

g
5. CHEMOBI OKI NETI CS AND Bl CTRANSFORVATI ON
5.1. Uptake

5.1.1. Human studies

5.1.1.1. Uptake by inhalation

Pul nonary upt ake of styrene concentrations of 67-164 ng/n?t
(16-39 ppm, after a single breath or during exposures of up
to 8 h, has been studied in human vol unteers. Depending on
exposure conditions, uptake varied from45 to 66% (Bardodej et
al ., 1961; Fiserova-Bergerova & Teisinger, 1965; Bardodej &
Bar dodej ova, 1970).

Astrand et al. (1974) exam ned the pul nonary uptake of
i nhal ed styrene (210 and 630 ng/nt; 50 and |50 ppn) in 14
heal thy subjects at rest and during exercise over 30-nin
periods. Blood concentrations of styrene were neasurabl e
shortly after the onset of exposure indicating a rapid
uptake. Wth light work (50 Wexercise), the alveol ar
ventilation increased 3-fold, while the alveolar concentration
of styrene barely changed. The concentration of styrene in
arterial blood tripled.

Fernandez & Caperos (1977) neasured the uptake of styrene
in 6 volunteers at exposure levels ranging from?294 to
840 ny/nt (70 to 200 ppm) for periods ranging from4 to 8 h
The retention of styrene, measured from al veol ar ventil ation
varied from82 to 93%

In studies by Ransey & Young (1978) and Ransey et al
(1980) on 4 human vol unteers, a single exposure to a styrene
concentration of 336 nmg/n’ (80 ppn) for 6 h resulted in a
bl ood concentration at the end of exposure of about
800 pg/litre. A steady state concentration of about
900 pg/litre was predicted for repeated daily exposure to the
same atnmospheric concentrations. The authors assunmed a
2-conpartnent nodel that allowed a zeroth order uptake rate of
99.6 ng/h to be cal cul at ed.
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5.1.1.2. Uptake fromthe gastrointestinal tract

No studi es have been found in the literature related to
the uptake of styrene fromthe human gastrointestinal tract.

5.1.1.3. Uptake through the skin

Styrene i s absorbed through human skin when applied in the
formof a liquid, an aqueous solution, or a vapour. Rates of
upt ake of between 9 and 15 ng/cnf per h were reported when
liquid styrene was applied to the skin of the hands and
forearm (Dutkiewicz & Tyras, 1967; 1968). Rates of uptake of
0.004-0.180 ny/cn? per h were reported when aqueous sol utions

contai ning nean styrene concentrations of between 66.5 and 269
ng/litre were applied. Skin absorption of styrene was sone 30
times greater than that of aniline, benzene, or nitrobenzene.

Riihinmaki & Pfaffli (1978) measured the percutaneous
upt ake of styrene vapour in 2 human volunteers, wearing thin
cloth pyjamas and socks, who were exposed to a styrene vapour
concentration of 2520 ng/n? (600 ppm) for 3.5 h, including 3
work intervals of 10 mn each. Full-face respirators were
used to prevent inhal ation uptake and the tenperature was
mai ntai ned at 25°C with 50%relative humdity. Blood |evels
reached a peak 3 h after the start of exposure and then
declined over the next 4 h. These results were equivalent to
a pul monary exposure of about 84 ng/n? (20 ppm) for an equa
period of tine.

5.1.2. Experinmental aninmal studies

5.1.2.1. Uptake by inhalation

A recent review of studies of the uptake of styrene in
several animal species indicated that styrene is distributed
rapi dly throughout the body, is stored in lipid-rich tissues,
and is extensively metabolized (Santodonato et al., 1980). In
a study on rats exposed to styrene concentrations in air of
336, 840, 2520, and 5040 ng/nt (80, 200, 600, and 1200 ppm
for up to 24 h, kinetic data obtained by Ramsey & Young (1978)
obeyed a 2-conpartnment nodel. Fromthe kinetic coefficients
derived fromthe data, the authors predicted that there was
little or no potential for bioaccunulation with repeated 8 h
per day exposure to 336 ng/nt (80 ppnm). They clainmed that 95%
of the predicted naxi mum bl ood concentrati on of styrene woul d
be reached during the first day of exposure.

In another study in which rats with an indwelling jugular
cannul a were exposed to styrene atnospheres (Wthey, 1978;
Wthey & Collins, 1979), a 2-conpartnment nodel was observed at
exposure concentrations ranging from210 to 8400 ng/nt (50 to
2000 ppn) for a period of 5 h. Fromthe assuned zeroth-order
ki netics for uptake together with the rate coefficients for
distribution and elimnation, it was possible to predict that
the tinme to equilibriumor steady-state would be |onger at
hi gher exposure | evels.

An aut or adi ogr aphi ¢ study on the uptake of *C-styrene-8
and *C-styrene-ring by mce was carried out by Bergnan
(1979). Each aninmal inhaled the vapours from 10 pl of styrene
in a small inhalation apparatus for 10 min. Extensive
upt ake was observed in all organs and the potential for
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ent erohepatic recycling was denonstrated by the appearance of
the radiolabel in the bile. Styrene uptake in the mce was
reported to be | ow conmpared with that in human subjects (Iless
than one half) and this was attributed to the reduced
respiratory frequency in the nouse, induced by the irritant
action of the styrene vapour on the respiratory tract.

5.1.2.2. Uptake fromthe gastrointestinal tract

There have been few reports on the kinetics and the extent
of uptake of styrene fromthe gastrointestinal tract in
ani mal s.

A study by Sauerhoff et al. (1976) on male and fenal e
rats, adnministered a single oral dose of *C-labelled styrene
at 500 or 50 mg/ kg body wei ght, showed that a greater fraction
of unchanged styrene was excreted via the lung after
adnmi ni stration of the higher dose, a result suggesting that
saturabl e netabol i c pat hways were involved. The authors found
that the uptake of styrene nonomer fromoral doses was greater
for the female than for the nmale rats.

In a report of a prelinmnary investigation on the uptake
ki netics of styrene fromthe gastrointestinal tract of rats
(Wthey, 1976), it was noted that the uptake and kinetic
profile after a single dose, adnm nistered as an aqueous
solution, was so rapid (peak val ues being obtained | ess than 4
mn after the adnmnistration of the dose) that it was al nost
i ndi stinguishable fromthe kinetics of an intravenous bol us
dose. In contrast, when a sinilar dose was adninistered as a
solution in vegetable oil, peak val ues were not obtained unti
4 h after dosing.

5.1.2.3. Uptake through the skin

Wl f et al. (1956) applied unspecified anounts of liquid
styrene to the ear or to the shaved abdonen of rabbits during
peri ods of 2-4 weeks (10-20 applications). Mderate irritation
and slight necrosis were observed. The authors clained that, at
the doses applied, there was no evidence that styrene was absorbed
through the skin in anpbunts sufficient to cause acute, systemc
toxicity.

The percut aneous uptake of styrene in rats has been
nmeasured by imersing the tail of the animal in liquid styrene
for 1 h (Shugaev, 1969). Inhal ation exposure was carefully
avoi ded. Significant uptake of styrene by the liver and brain
was estimated to be between 50 and 70 % of the concentrations
found in the same organs after a 4-h inhal ation exposure to a

vapour concentration of 11.8 gni nt.
5.2. Distribution and Storage

5.2.1. Human studies

5.2.1.1. Controlled human studi es

St udi es on experinental animals have denonstrated that
styrene is widely distributed throughout the tissues and
organs and that it may accunmul ate in adi pose tissue. Studies
on the distribution of styrene in human vol unteers have,
necessarily, been limted to its quantitative analysis in
bl ood, expired air, and adi pose tissue.
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In a study by Engstroém (1978), 7 nmale subjects were
exposed to a styrene concentration of 210 ng/n? (50 ppm
during 30 min at rest and three, 30-mn periods on a bicycle
ergoneter set at a work intensity of 50, 100, or 150 W The
mean upt ake of styrene was 490 ny. Specinmens of subcutaneous
adi pose tissue were taken before and after exposure and at 0.5, 2,
4, and 21 h after exposure. Mean concentrations in the adi pose
tissue, up to 21 h after exposure, were of the sane magnitude (3.6
ng/kg). Fromthe concentration of styrene still detectable |3 days
after exposure, it was possible to estimate an elimnation half-
time of between 2.2 and 4.0 days.

Ransey & Young (1978) exposed volunteers to a styrene
concentration of 336 nmg/nt (80 ppm for 6 h and observed that
the decay of styrene concentration in the blood foll ow ng the
exposure fitted a 2-conpartnent nodel. They specul ated that
accunul ation of styrene would not occur follow ng repeated
exposure to concentrations up to 840 ng/n? (200 ppm .

5.2.1.2. Cccupational exposure studies

There have been a nunber of studies involving the
determ nati on of styrene concentrations in the blood and
adi pose tissue of workers occupationally exposed to styrene
nonormer. These studies were not only intended to investigate the
correlation between levels in tissues and previ ous exposure to
styrene but also to see if there was a potential for its
accunul ation and storage in adi pose tissue. WIff et al. (1977)
studi ed 25 workers who allowed from3 to 66 ng of subcutaneous
gluteal adipose tissue to be taken. It was denonstrated that
styrene persisted in this tissue for as long as 3 days foll ow ng
exposure, whereas urine netabolites and styrene in expired air
persisted for up to 16 h after exposure. |In an extension of this
study (Wl ff et al., 1978a), data on levels of styrene in the
gl uteal adi pose tissue of an additional 25 workers suggested a
correlation with blood styrene and urinary netabolite |evels.

Engstromet al. (1978a,b) neasured air concentrations of
styrene in a polynerization plant and obtai ned subcutaneous
adi pose sanples from3 workers. The TWA air concentrations
ranged from32 to 84 ng/n? (7.6 to 20.2 ppn) and the nean
daily styrene uptake of the 3 volunteers was 193, 343, and 558
ny, respectively. Adipose tissue concentrations were 2.8,

4.0, and 8.1 ng/kg, respectively, at the beginning of the
wor ki ng week, and 4.7, 7.7, and 11.6 ng/kg, at the end.

5.2.1.3. General popul ation studies

Reports on the uptake of styrene in the general popul ation
are | acki ng.

5.2.2. Experinmental aninmal studies

There have been a nunber of reports on the distribution of
control |l ed doses of styrene mononer adninistered by different
routes in several animal species.

In studies on mce and rats, Shugaev (1969) showed that,
after inhalation exposure to the nedian | ethal concentration
(LGsp), for 2 and 4 h, respectively, there was a positive
correlation between the brain concentration of styrene and
lethality. Styrene levels in the perirenal adi pose tissue
were some 5 tinmes higher than those in the brain, liver
ki dney, and spl een
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Savol ai nen & Vainio (1977) studied the organ distribution
of radiol abelled styrene and styrene epoxide follow ng an
i ntraperitoneal injection of 577 punol, 3, 6, and 24 h after
dosing. Three hours after dosing, the highest concentration of
styrene was found in the kidneys foll owed by the brain, duodenum

liver, spinal cord, lungs, and bl ood. The ki dney concentration was

19 tines higher than that in the blood. After 6 h, levels in the
duodenum and brai n had decreased whereas | evels in the bl ood had
i ncr eased.

The distribution of C styrene-8 and *C styrene-ring was
studied in male mice after a 10-min inhal ati on exposure
(Bergman, 1979). Aninmals were killed at 0.5, 1, 2, 4, 8, 24,
and 48 h after exposure and subjected to whol e-body auto-
radi ography. The autoradi ograns obtai ned shortly after
exposure showed that the radioactivity was |localized in the
bronchi, lungs, and liver, for both styrene labelled in the
side chain and the ring-1labelled conpound. Styrene was
apparently cleared fromthe nervous tissues in less than 1 h,
since no radiol abelled material was detected at 0.5 h.
However, it was retained in adi pose tissues for up to 48 h
after dosing. Again, a large proportion of the radioactivity
was found in the bile and ki dney suggesting that these routes
are the primary routes of excretion. Radiolabelled nmateri al
appeared in the intestinal contents within 1 h of exposure and
persisted for at |east 24 h.

A recent inhalation study on rats (Carl sson, 1981) showed
that the largest anounts of *C-styrene and its netabolites
were found in the kidneys, after an 8-h exposure to 184 ngy/n?
(45 ppm). The styrene concentrations were also high in
subcut aneous adi pose tissue; the concentrations in the
cerebrum cerebellum and nuscles amounted to about 70% of the
styrene concentration in arterial blood.

The distribution of styrene was exam ned in male Wstar
rats after intravenous administration at 4.01 or 13. 37 ng/ kg
body weight or after a 5 h inhalation exposure at 6
concentrations between 227 and 9408 ng/nt (54 and 2240 ppm
(Wthey, 1976; Wthey & Collins, 1977, 1979). Animals were
killed imredi ately after the term nation of the vapour
exposure, and the blood, heart, kidney, liver, spleen, brain,

and perirenal fat were analysed for their styrene content. At al
exposure | evels except the | owest, styrene concentrations in al
organs were higher than that in the blood. At the |owest |evel of
exposure, the concentration in the kidney was at |east 10 tines
greater than that in any other organ except the perirenal fat. At
hi gher | evels of exposure, the highest concentration was found in
the liver. Levels of styrene in organs, 8 nin after intravenous
admi ni stration of 13.37 ng/kg were found in the foll ow ng
descending order: liver > kidney > brain > blood > heart and

spl een. For the |ower dose (4.01 ng/kg), the levels in these
organs were of the same order of distribution, but |ower than that
in the blood, suggesting that, as in the case of the inhalation
study, the distribution to the nmajor organs varied w th dose.

5.3. Biotransformation

The first step in the netabolic transformation of styrene
is its oxidation, catalysed by cytochrone P-450 dependent
nonooxygenases, to oxirane derivatives in the aliphatic chain
or inthe aromatic ring (Fig. 1).
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The oxidation of styrene to styrene 7, 8-oxide has been
demonstrated in vitro using rat or rabbit liver mcrosones

(Lei bman & Ortiz, 1969; Lei bman, 1975; Bel vedere et al., 1977,
Duver ger-van Bogaert et al., 1978; Watabe et al., 1978), rat
liver nuclei (Gazzotti et al., 1980) or rat, rabbit, or

gui nea-pi g extrahepatic mcrosones (Cantoni et al., 1978). The

maj or route of styrene netabolismis believed to proceed via
this epoxide internediate.

Styrene has been shown to be epoxidized to ( R)-

( S)-styrene 7,8-oxides inthe ratio 1:1.3 by rat |iver mcrosonal
cytochrone P-450 (Watabe et al., 1981a). The ( R-and ( S)-oxides
are hydrolysed in a regiospecific manner by rat liver nicrosomal
epoxi de hydrolase to ( R - and ( S)-phenyl-ethylene glycols in the
ratio of 1:4 (Watabe et al., 198la). Styrene oxides are also

conj ugated with glutathione (Cesch, 1973; Janes et al., 1975;
Pacheka et al., 1979). Rat liver cytosolic glutathione
transferases convert the ( R - and ( S)-oxides stereosel ectively
to S (1-phenyl-2-hydroxyethyl)-glutathione (GSH conjugate 1) and

S- (2- phenyl - 2- hydr oxyet hyl ) - gl ut at hi one (GSH conj ugate 2),
respectively (Watabe et al., 1981b). Conjugates 1 and 2 would be
directly correlated with the urinary N-acetyl- S-cysteine
conj ugat es, nanely 1-phenyl - 2- hydroxyet hyl and 2-phenyl -
hydr oxyet hyl mercapturic acids, respectively (Janes & Wite,
Seutter-Berlage et al. 1978; Watabe et al., 1982c).

and

1967;

Rats administered styrene intraperitoneally (i
excreted 2-vinyl phenol and 4-vinyl phenol in conjugated forns
inthe urine (Hratsuka et al., 1982a). Styrene 1,2- and
3,4-oxides administered i.p. to rats have been denpnstrated in
the urine as 2-vinyl phenol and 4-vinyl phenol, respectively

p.) also

Page 27 of 93



Styrene (EHC 26, 1983)

(Hiratsuka et al., 1982a). However, 3-vinylphenol has not
been detected in the urine (Bakke & Scheline, 1970; Pantarotto
et al., 1978; Watabe et al., 1978). Oher nminor netabolites
are 1- and 2-phenyl ethanol (Del bressine et al., 1980).

Conparing the kinetic paranmeters of styrene nbnooxygenase
and styrene 7, 8-oxide hydrolase in rat |liver mcrosones
(Cantoni et al., 1978; Duverger-van Bogaert et al., 1978), it
appears that the conversion of styrene 7,8-oxide into styrene
glycol is preferred. The ratio between styrene epoxide
hydr ol ase and nonooxygenase in rat liver was 2-3 tines higher
than those found in nouse and rabbit |iver (Cantoni et al.
1978).

Styrene glycol is partly transforned into a gl ucuronide
that has been detected in the urine of styrene-treated rabbits
(El Masri et al., 1958). The mmjor netabolic pathway involves
the sequential oxidation to mandelic, phenylglyoxylic, and
benzoi ¢ acids, which have been identified in urine (Bardodej,
1964; Janes & Wiite, 1967; Ohtsuji & lkeda, 1971).
Quantitative di fferences have been observed between vari ous
speci es, hippuric acid being quantitatively the nost rel evant
urinary netabolite in the rabbit (El Masri et al., 1958),
phenyl gl yoxylic acid in the rat (Bardodej et al., 1971

Wat anabe et al., 1982c) and mandelic acid in nan (Bardodej,
1964; Bardodej & Bardodejova, 1970). M nor netabolites
identified include parahydroxymandelic, parahydroxyphenyl -
gl yoxylic, and parahydroxybenzoi c aci ds (Bakke & Sheli ne,
1970; Pantarotto et al., 1978).

The netabolismof styrene is enhanced by phenobarbita
pretreatnment and is inhibited by SKF 525-A, an inhibitor of
nonooxygenases (COhtsuji & | keda, 1971).

Styrene 7,8-oxide either binds covalently to macro-
nol ecul es such as m crosonmal proteins (Marnienm et al., 1977;
Wat abe et al., 1978) or conjugates wth gl utathione
non-enzymatically and in the presence of a transferase (Qesch,
1973; Janmes et al., 1975; Pachecka et al., 1979). Pheno-
barbital pretreatnent of the rats enhances, whereas carbon
tetrachl ori de administration reduces, the NADPH dependent -
binding to microsomal protein in vitro (Watabe et al., 1978).

Pr ol onged exposure to a styrene vapour concentration of
1260 ng/n? (300 ppm) |eads to an enhancenent of the metabolic
elimnation of the conmpound (Vainio et al., 1979) resulting in
decreasi ng body burden during continued exposure.

Though nunerous metabolic pat hways have been found in
aninmal studies (mainly in the rat and rabbit), only a few have
been identified in human beings. Analysis of the urine of
human subj ects exposed to styrene has reveal ed nandelic and
phenyl gl yoxylic acids as the major nmetabolites indicating
that, at least qualitatively, styrene nmetabolismin human
bei ngs foll ows pathways simlar to those previously described
in animal studies. The results of a study by Pfaffli et al
(1981) suggest that 4-vinyl phenol is also excreted in the
urine of workers exposed to styrene. Though this netabolite
represented only 0.3 % of the urinary concentration of
mandel i ¢ acid, there was a good correl ati on between the
excretion of the two netabolites.

Recent data indicate that human whol e bl ood | ynphocyte
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cultures apparently catal yse the oxidation of styrene to
styrene 7,8-oxide (Norppa et al., 1980a). Belvedere & Tursi
(1981) have shown that both human | ynphocytes and erythrocytes
are capabl e of converting styrene to styrene 7,8-oxide. In
whol e bl ood, red blood cells nay be nore inportant in this
conversi on, because they are present in greater nunbers than

| ynphocyt es.

5.4. Eimnation

5.4.1. Human studies

5.4.1.1. Controlled human studi es

In an inhal ation study by Fiserova-Bergerova & Tei si nger
(1965), 7 human vol unteers were exposed to styrene |evels of

63-160 ng/ n? (15-38 ppn) for 5 h. Fromanalysis of the

al veolar air, the authors found that pul nonary elimnation
foll owed a bi-exponential curve indicating a 2-conpart nent
nodel .

Stewart et al. (1968) found that styrene elimnation from
the lungs, after inhalation exposure, was rapid and bi -
exponential but that the rates of elimnation varied with the
| evel and duration of exposure. |t was apparent that subjects
who were exposed to a styrene concentration of 1579 ng/nt (376
ppm) for 1 h had lower elimnation rate coefficients for the

terninal phase than those exposed to 907 ng/nt (216 ppn) and
214 ng/m (51 ppm) for 1 h. No values for the rate
coefficients were given in this report but it was cal cul ated
that one subject, who had been exposed to 491 ng/n? (117 ppm
for 2 h, exhaled 1.2% of the total anmount of styrene absorbed
during the first 4 h after exposure. Exhaled styrene was
detected up to 24 h after the term nation of a 30-m n exposure
to concentrations of 210 or 630 ng/n’ (50 or 150 ppm) (Astrand
et al., 1974).

The exhal ati on of styrene after pul nbnary exposure was
al so examned in human vol unteers by Fernandéz & Caperos
(1977). Six subjects were exposed to vapour concentrations of
294- 840 ng/ nt (70-200 ppn) for periods of 4 or 8 h. The
concentration of styrene in the expired alveolar air was
reported to decline rapidly during the first hour foll ow ng
term nati on of exposure, at all exposure concentrations, and
2.6% of the total absorbed dose was considered to be
elimnated via the |ung.

Exhal ati on of styrene after inhalation exposure to a
styrene concentration of 210 ng/n? (50 ppm) was measured in 7
vol unteers for 4 consecutive 30-mn periods either resting or
in a wrk cycle (Engstréomet al., 1978b). The exhal ati on was
followed for up to 19 h after exposure by nonitoring styrene
concentrations in the expired air; some 31% of the retained
styrene was estimated to be elinmnated via the lungs. |In the
sanme study, styrene elimnated from adi pose tissue was
reported to have a half-life of from2 to 4 days, which led
the authors to conclude that repeated daily exposure to
styrene could | ead to bi oaccurul ation

In a study by Ransey & Young (1978), 4 nale hunan
vol unteers were exposed to a styrene concentration of 336

my/ n® (80 ppm) for 6 h and the styrene in the bl ood and
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expired air nonitored for 41 h after exposure. The styrene
concentration in blood was found to decay in a bi-exponentia
fashion, typical of a linear 2-conmpartment nodel. The rapid
initial elimnation phase yielded a half-time of 0.58 h and,
for the slower term nal phase, a value of 13.0 h was

reported. The concentration of styrene in the expired air for
the sane vol unteers showed a bi phasic | og-1inear decline
simlar to that observed for the bl ood concentrations.

In a study designed to investigate the skin absorption of
styrene (Riihinmaki & Pfaffli, 1978), two subjects wearing air-
supplied respirators were exposed to a styrene concentration
of 2520 ng/n? (600 ppm) for 3.5 h while performing |ight
wor k. Bi-exponential elimination data were obtai ned both from
anal ysis of venous blood and of alveolar air and the authors
reported a value of about | h for the half-time of the rapid
phase and about 10 h for the slower phase.

St udi es conducted on 6 nal e volunteers at styrene
exposures varying from 865 ng/nt (206 ppn) for 8 h to 294
my/ ¥ (70 ppm) for 4 h gave al veol ar concentration decay
curves that the authors clainmed were best described by a
3-conpartnent nodel (Fernandez & Caperos, 1977). The rate
coefficients for the three phases had half-lives that ranged
from0.06 to 0.61 h for the rapid phase, 1.01 to 3.75 h for
the intermedi ate phase, and 10.05 to 24.75 h for the sl owest
phase.

A study on the rate of excretion of the urinary
net abol ites of styrene, phenyl gl yoxylic and mandelic acids
(Guillemn & Bauer, 1978) was carried out on 9 human subjects
after pul monary exposure to styrene at 168 or 840 ng/n? (40 or
200 ppm for 4-8 h. The authors found that the rate
coefficients for the urinary excretion of nmetabolites were
unaf fected by the duration or |evel of exposure and clai ned
that if the anpbunts of both nmetabolites were totalled over 4
days follow ng exposure, reliable nmeasurenents of exposure
could be obtained. For mandelic acid, the first and second
phase half-times were evaluated to be respectively 3.9 h and
24.7 h, while for phenylglyoxylic acid the half-tinme was
calculated to be 10.5 h (Guillenmn & Bauer, 1979).

5.4.1.2. CQccupational exposure studies

O the nunerous studies that have been conducted on
styrene- exposed workers (Harkoénen, 1978), only a few have been
devoted to the assessnment of netabolite production

In a study by Gotell et al. (1972), a group of 17 workers
was di vided into 3 exposure subgroups, the highest at 987-1226
my/ m? (235-292 ppn), an intermediate group at 374-584 ng/nt
(89-139 ppn), and the | owest group at 71-134 ng/n’ (17-32
ppm). Decay curves of styrene in expired air for the 3 groups
had a multi-exponential formbut no kinetic paraneters were
cited. It was evident, however, that the terminal elinination
phase was nmarkedly faster for the group receiving the highest
exposure.

The rate of appearance of mandelic acid in the urine has been
shown to be biphasic, half times being 9 h and 16 h, respectively
(Engstrém K., et al., 1976). 1In a prelinmnary report on workers,
with limted tinme points, nonophasic elimnation with half-tines of
8.5 and 7.8 h, respectively for phenyl glyoxylic and mandelic acid,

Page 30 of 93



Styrene (EHC 26, 1983)

was found (lkeda & Imanmura, 1974). Considerable inter-subject
variability has been reported by several authors (Philippe et al.
1971; CGotell et al., 1972; Harkonen et al., 1974; Conpertz, 1978).

On the basis of findings in animal studies, the excretion
of hippuric acid was investigated in styrene-exposed workers.
An increase in hippuric acid excretion was noted in styrene-
exposed workers (lkeda et al., 1974); simlar levels and
i nportant fluctuations have been found in unexposed controls
(Engstrém K., et al., 1978).

5.4.1.3. General popul ation studies

There have not been any reported studies on the
elimnation of styrene in the general popul ation.

5.4.2. Experinmental aninmal studies

Results of studies on rats subcutaneously injected with
500 ng/ kg '*C-1abel |l ed styrene showed that there was rapid
distribution to tissues and organs within 1 h and that 85% of
the radioactivity was elimnated within 24 h; 71% of the
radi oactivity appeared in the urine, 12%in expired air as
carbon dioxide, 3%in the faeces, and about 3% as unchanged
styrene in expired air (Danishefsky & Wllhite, 1954).

A later study (Sauerhoff et al., 1976) denonstrated a
similar rapid clearance of ring-labelled ¥Cstyrene in male
and female rats after oral administration of 50 or 500 ng/kg
body weight. Mre than 90% of the radioactivity appeared in
the urine within 72 h and no residual styrene was found in the
ti ssues exanined at that time. The urinary excretion of
radi oactivity foll owed a 2-compartnment nodel at the | ow dose
level with half-tines of 1.29 and 8.13 h for the initial
(al pha) and terninal (beta) phases, respectively. At the high
dose, a nono-exponential urinary excretion was observed with a
hal f-time of 6.74 h. About twice as nuch styrene was
elimnated by the pulnmonary route in male conpared with fenmale
rats.

Bi phasi ¢ excretion of radioactivity in the urine of rats
was observed after inhalation of “C-styrene (252 or
2520 g/ n¥; 60 or 600 ppn) for 6 h with half-tine val ues of
14.9 h for the lower and 19.2 h for the higher exposure
concentration (Sauerhoff & Braun, 1976).

I nhal ati on exposure of rats to styrene concentrations
varying from 336 to 5040 ng/nt (80 to 1200 ppn) for 6 h
(Ransey & Young, 1978) al so showed evi dence of dose-dependent
ki netics. For the 15-fold increase in exposure |level, the
area generated under the blood | evel-time curve increased by a
factor of 112. The elimnation kinetics in the post-exposure
peri od appeared to change froma bi-exponential curve to a
| og-linear formw th increasing exposure concentrations. At

the 336 nmg/nt (80 ppm) dose level, the hybrid elimination rate

coefficients for the initial and term nal phases were 0.26 h
and 3.60 h, respectively.

Wthey (1978) and Wthey & Collins (1979) described the
elimnation kinetics of styrene in rats after 5 h inhalation

exposure at levels that varied from 188 to 10 151 ng/ n® (44.8
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to 2417 ppm. |In contrast to the study by Ransey & Young
(1978), these authors reported a bi-exponential curve of
elimnation for all levels of exposure. The reported

hal f-times for the initial and term nal phases ranged from3.4
to 6.3 nmin and about 50 to 350 min, respectively.

Teranoto et al. (1978) examned the elinination rates of
styrene fromsanples of the liver, brain, kidney, blood,
spl een, muscle, and adi pose tissue in rats after an inhal ation
exposure to 2940 ng/n? (700 ppm) for 4 h. They found that al
tissues had a simlar elimnation half-time of about 2 h with
the exception of adipose tissue for which the styrene
hal f-time was about 6 h.

To exam ne the accunul ation of styrene in tissues,
Savol ai nen & Pfaffli (1978) exposed rats to 1260 ng/nt (300
ppm), for 6 h per day, and 5 days per week, for up to 11 weeks
and then nonitored the styrene concentrations in adi pose
tissue. Concentrations increased alnost linearly, during the
first 4 weeks of exposure and then decreased exponentially.

In the study reported by Bergman (1979) (section 5.2.2),
m ce were exposed through inhalation to 10 pl of volatilized
radi ol abel | ed styrene over a 10-min period. The anount of
unchanged styrene exhal ed over an 8-h period follow ng
exposure anmounted to 2.9% of the cal cul ated dose. The
kinetics of elimnation of radioactivity in exhaled air gave a
bi phasic curve with half-tinmes of 15 and 275 nmin for the
initial and term nal phases, respectively. Eight hours after
dosing, high levels of radioactivity were found in the liver
ki dney, lung, and adi pose tissue.

Results of a study by Wthey & Collins (1977) showed that
the elimnation of styrene after intravenous adm nistration in
rats al so obeyed a 2-conpartnent nodel. Approximte rates of
elimnation from sone individual organs were obtai ned for dose
| evel s of approximately 1.3 and 4 ng/ kg body weight. At the
hi gher dose, the kinetics of styrene di sappearance from bl ood,
heart, brain, liver, spleen, and kidney appeared to follow a
1-conpartrent nodel with an elimnation half-tine of about
14.4 h in the sane organs. At the |ower dose, a biphasic
elimnation was observed with half-times of about 4.78 and 26
h for the rapid and sl ow phases, respectively.

5.5. Biological Mpnitoring of Styrene Uptake

The neasurenent of styrene in bl ood, subcutaneous fat, as
well as in exhaled air has been suggested for the biologica
noni toring of styrene uptake. Because of the efficient netabolism

of styrene and rapid excretion of the netabolites, nandelic and
phenyl gl yoxylic acid are present in the urine in easily neasurable
amounts. The eval uation of the absorption |l evel has usually been
based either on the concentration of one of these netabolites
(Ohtsuji & I keda, 1970; Burkiewicz et al., 1974; Harkonen et al.
1974; Vivoli & Vechhi, 1974; Engstrém K., et al., 1976, 1978;
Fernandez & Caperos, 1977; Caperos et al., 1979; Elia et al., 1980)
or on their sum (Bardodej & Bardodejova, 1970; Philippe et al.
1971; @uillem n & Bauer, 1978, 1979; Wl ff et al., 1978a,b; Elia et
al., 1980). "End of exposure" spot specinens have usually been
sampled and results corrected for the dilution of urine. Only this
type of sanple is dealt with in the foll ow ng di scussions.

A nunber of authors have attenpted to correlate |evels of
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styrene in air with levels of nandelic acid in urine, either
fromexperinental data or field studies, and cal cul ati ons of
mandel i c acid |l evels corresponding to styrene levels in air of
210, 420, and 630 ng/nt (50, 100, and 150 ppn) are presented
in Table 9. The differences between the cal cul ated val ues
coul d be explained by such factors as: type of exposure,
sanmpling strategy, individual variability, and differences in
anal ytical nethods.

The use of unspecific analytical nethods influences the
results, especially at low |l evels of styrene exposure, giving
too high values for nmetabolite concentrations in the urine
(Engstrdém & Rant anen, 1974).

In the case of occupational exposure, a nunber of
addi ti onal elements nmay have to be taken into account. For
exanple, in work situations, exposure is usually repeated and
it has been shown that about 30% of the maxi mal mandelic acid

concentration of the previous day can still be found in urine
sanpl es taken before work on the followi ng day (Engstrom K.,
et al., 1976). |In another study, the anount of nandelic acid

excreted at the end of the working shift was shown to increase
in the course of the working week (Fernandez & Caperos, 1977).

I ncreased pul nonary ventilation with increased physica
work load results in a larger total absorption of styrene and
thus increased excretion of metabolites in the urine (Astrand
et al., 1974; Droz & Fernandez, 1977).

Fluctuations in styrene concentrations in the workroomair
are very common i n occupational exposure and nmay al so
contribute to the differences observed in Table 9. A
short-term hi gh peak exposure occurring shortly before the
sanmpling tinme may result in a high nandelic acid concentration
in the urine, even though the tinme-weighted average
concentration of styrene is |low (Engstréom K., 1983).

Table 9. Mandelic Acid | evel s* corresponding to various concentrations of

styrene in air

Styrene in air

my/ ' (ppm)
210 420 630 Remar ks Ref er ence
(50) (100) (150)
mandelic (a) 6 12 18 mandel i ¢ acid expressed Spasovsk
acid as ng/ g creatinine; (1982)
spect r ophot onetry
(a) - 7 - mandel ic acid expressed Quillenin &
as ng/ g creatinine; Bonet (1979)

gas chronat ogr aphy
experinental study

(b) 8 14 20 Density 1.024; high | keda et al
performance |iquid (1982)
chr onat ography field
st udy

(b) 10 20 - Density 1.024; Bar dodej (1978)

pol ar ogr aphy;
experinental study
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(b) 9 19 27 Density 1.024; Engstrom K
gas chromat ogr aphy; et al. (1978)
field study

(b) 14 26 34 Density 1.024 Har kénen et al
spect r ophot onetry (1974)
field study

(b) 7-9 12-13 15-19 Density 1.024; Gotell et al
spect r ophot onetry; (1972)
field study

(b) 6 14 22 Density 1.024; Elia et al
gas chromat ogr aphy (1980)
field study

(b) 3 11 19 Density 1.024; Fields et al
gas chromat ogr aphy (1979)
field study

*(a) = ng nmandelic acid/ g creatinine.
= mol mandelic acid/litre urine.

The ratio of mandelic to phenyl glyoxylic acid excreted at
the end of exposure varied fromabout 1 to 4 in different
studies. The ratio appears to increase at hi gher exposure
| evels (Ohtsuji & Ikeda, 1970; Riihinmaki & Pfaffli, 1978;
Caperos et al., 1979; Elia et al., 1980). The nandelic

—

O

-
|

aci d/ phenyl gl yoxylic acid rati os were higher in urine sanples
taken at the end of exposure than in sanples taken |ater
(Philippe et al., 1971; @uillenmin & Bauer, 1979). In terns of
bi ol ogical nmonitoring, it is clained that the nandelic

aci d/ phenyl gl yoxylic acid ratio in the urine may be of help in
interpreting the exposure pattern (Philippe et al., 1971
Quillemn & Bauer, 1979).

The various factors influencing the excretion of these
netabolites are not well known. It may be that such a
difficulty could be overcone by determ ning nmandelic and
phenyl gl yoxylic acids and conbining the results. This may
expl ain the good agreenent obtained in the two studies in
Tabl e 10 based on the sumof the levels of the two acids
correspondi ng to styrene concentrations in air of 210, 420,
and 630 ng/nt (50, 100 and 150 ppm).
Table 10. Sumof mandelic acid and phenyl gl yoxylic acid |l evels
(muol/litre) corresponding to various concentrations of styrene in air

Styrene in air

mg/ n? (ppm
210 420 630 Remar ks Ref erence
(50) (100) (150)
Mandel i ¢ aci d 8 16 24 density 1.024; Elia et al
+ gas chromat ogr aphy; (1980)
phenyl gl yoxylic field study
aci d 11 19 27 density 1.024 | keda et al
ai gu perfornmance (1982)
I'iquid chronat ography;
field study

The determination of minor netabolites (4-vinylphenol and
hi ppuric acid) for the biological nonitoring of styrene
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exposure has al so been reported (lkeda et al., 1974; Pfaffli
et al., 1981).

The difficulties of the biological nonitoring of styrene
upt ake using urine sanmples cannot be overcone by sel ecting
anot her medium as even | ess experience is available with
other nedia. Styrene concentrations in blood decline rapidly
during the first hour follow ng exposure, which nakes the
results strongly dependent on sanpling tine.

Styrene concentrations in exhaled air are in equilibrium
wi th bl ood concentrations, which neans that styrene levels in
exhaled air are also sensitive to the changes in concentration
in anbient air. A single sanple of exhaled air at the end of
exhal ati on can be used only for the evaluation of inmediate
past exposure. It has been suggested that extrapol ation of a
whol e day's exposure is possible using several sanples taken

after exposure, fromwhich a "decay curve" can be established
(Fernandez & Caperos, 1977; Fields & Horstman, 1979). This
nmethod is inconvenient for the routine nmonitoring of workers.

The estimation of styrene concentrations in subcutaneous
fat has been proposed as a nethod of indicating styrene body
burden, even a long tinme after exposure, when styrene and its
nmet abolites can no | onger be detected in other specinens
(Wl ff et al., 1978). However, much nore i nformati on about
the kinetics of styrene in fat is needed before the rel evance
of this method can be evaluated. For obvious practica
reasons, this techni que cannot be used routinely.

6. EFFECTS ON EXPERI MENTAL SYSTEMS
6.1. Haenmtopoietic and | nmune Systens

Spencer et al. (1942) did not observe any differences in
erythrocyte count, haenogl obin concentration, total |eukocyte
count, and differential count between 18 rats exposed
repeatedly for 7 h a day for 6 nonths to a styrene
concentration of about 5460 ng/n? (1300 ppn) and 18 contro
animals. The test animals received a total of 137-139
exposures. The sane authors did not see any significant
haemat ol ogi cal changes in 8 rabbits and 4 nonkeys sinmlarly
exposed.

Wl f (1956) gave styrene orally at 66.7-667 ng/ kg body
weight to female rats for 6 nonths, 5 days a week, but did not
observe any effects on the haematopoietic system

In a study by Quast et al. (1978), styrene was
adnmi ni stered orally to beagle dogs at 200, 400, and 600 ng/kg
body weight for up to 19 nonths. At the highest dose, Heinz
bodi es were regularly detected in the bl ood erythrocytes of
the dogs. At 400 ng/ kg body wei ght, Heinz bodies were stil
frequently seen, but at 200 ng/ kg body wei ght they were
observed only sporadically in femal e dogs. Heinz bodies
di sappeared after w thdrawal of styrene. Decreases in packed
cell volune, red blood cell count, haenopgl obin levels, and the
erythrocyte sedimentation rate were al so observed.

When styrene was fed to rabbits at doses of up to 250
ng/ kg body weight for up to 216 days, severe inpairnment of the
i mmunol ogi cal defence systemwas indicated with the bl ood
compl enent titre reduced and | eukocyte phagocytic activity
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depressed (Sinitskij, 1969).
6.2. Nervous System and Behavi our

The acute neurotoxic effect of styrene is depression of
the central nervous system (Roth, 1979). However, the
narcotic effect of styrene glycol is at |east twi ce as potent
as that of styrene (Parkki et al., 1976) and styrene 7, 8-oxide
is nore toxic than both styrene and styrene glycol with a
| ethal dose 4-5 tines |lower than that of the parent conpound
(Ohtsuji & I keda, 1971). Central nervous system depression
follows treatnent with styrene 7,8-oxide. After a single
intraperitoneal injection both styrene and styrene oxi de have
been shown to bind covalently to nacronol ecules in the centra
nervous system (Savol ai nen & Vainio, 1977). 1In a study on
rats by Shugaev (1969), in which styrene was injected intra-
peritoneal ly, the maxi num concentration of styrene in brain
ti ssue was 250 ng/ kg (range 180-324 ng/kg).

Toxic action in the central nervous systemin prol onged
(11 weeks) lowlevel inhalation exposure to a styrene
concentration of 1260 ng/n? (300 ppm) led to mnor changes in
axonal proteins (Savolainen & Pfaffli, 1977). Conconitant

neur ophysi ol ogi cal studies, however, failed to denonstrate any
reduction in the peripheral notor conduction velocities
(Seppal & nen, 1978), a suggested clinical feature of the
toxicity of styrene in human subjects.

In studies by Zaprianov & Bainova (1979) on nale rats,
repeated oral doses of styrene (1250 ng/ kg body weight for 7
days) decreased nonoam ne oxidase (EC 1.4.3.4) activity. The
aut hors concl uded that the inhibition of nonoanmi ne oxi dase
activity in total brain may be regarded as a possible link in
t he pat hogenesi s of reported occupational neurophysiol ogica
effects of styrene.

Pol ystyrene containers were toxic to nerve cells in a
closed tissue culture system possibly because of the rel ease
of unreacted styrene in the medium (Mthen et al., 1980).

In an open-field test, styrene vapour at 1260 ng/n?
(300 ppn) had margi nal effects on aninmal behavi our, even when
pronounced neurochem cal effects were taken into account
(Savol ainen et al., 1980).

In a 6-nmonth study, female rats exposed to 200 and 2000
my/ i of styrene exhibited enhanced spontaneous activity.
Long-termnmenory was inpaired in male rats after a 4-nonth
exposure (Vergieva & Zaj kov, 1981).

6.3. Kidneys and the Urinary Tract

Oal treatnment of rats with styrene at 400 ng/ kg body
wei ght (administered in olive oil, once a day for 132 days
during 6 nonths) caused an increase in kidney weight. A |ower
daily dose of 133 ng/kg body wei ght did not have any apparent
effect (WIff et al., 1956).

Vainio et al. (1979) reported that intermttent 11-week
i nhal ati on exposure of rats to | ow styrene vapour
concentrations of 1260 ng/nt (300 ppn), 6 h/day, 5 days a
week, enhanced the activities of both drug conjugating
(epoxi de hydratase (EC 4.2.1.63), UDP glucuronosyl transferase

Page 36 of 93



Styrene (EHC 26, 1983)

(EC 2.4.1.17), and hydroxyl ati ng (et hoxycoumari n O-deet hyl ase,
cytochrome P-450) enzynes in the kidneys.

6.4. (Gastrointestinal Tract

No i nformati on was avail abl e concerning the effect of
styrene on the gastrointestinal tract.

6.5. Liver

MIld liver danage, particularly in the parenchynal cells,
was reported after a single exposure of rats to styrene vapour
at 10 500 ng/n? (2500 ppn) for up to 21 h (Spencer et al.
1942). The sane authors also reported increases in liver
weight in rats repeatedly exposed to styrene vapour at
5460 ng/ nt (1300 ppm) for 130-139 days. However, they did not

find any |iver damage in guinea-pigs exposed for sinlar
periods to a styrene concentration of 2730 ng/n? (650 ppm) or
in rabbits and nonkeys exposed to 5460 ng/nt (1300 ppn).

Intermttent 11-week inhal ati on exposure of rats to a
styrene concentration of 1260 nmg/nt (300 ppn) (6 h/day, 5
days/ week) caused histological liver alterations consisting of
hydr opi ¢ degeneration, and steatosis of parenchymal cells and
congestion. Enhanced activity of both the drug hydroxyl ating
(et hoxycounmari n O deet hyl ase, cytochrone P-450) and
conj ugati ng (epoxide hydrolase (EC 3.3.2.3), UDP
gl ucuronosyltransferase (EC 2.4.1.42)) enzynes in the liver
was detected (Vainio et al., 1979). |In a skin-painting study
on rats, styrene at 4 and 8 m/kg body wei ght induced
dose-related fatty infiltration of liver cells that was
reversible after 2 weeks without exposure (Burkova et al.
1982).

Liver cell necrosis was noted in a long-term
carcinogenicity bioassay in several rats in a group exposed to
a high dose of styrene (2000 ng/ kg body wei ght by gavage, 5
days a week, for 78 weeks) (US National Cancer Institute,
1979).

The intermttent inhalation of styrene vapour at a
concentration of 1260 ng/n? (300 ppm in air decreased
significantly the reduced gl utathione (GSH) concentration in
rat liver (Elovaara et al., 1979). Vainio & Miki nen (1977)
denonstrated a clear species difference in sensitivity to
styrene-induced depletion of GSH content. The nopuse was the
nost sensitive and the rat the nobst resistant species. The
decrease in GSH in |liver was dose-dependent. A slight decrease
was observed in rats exposed to a styrene concentration in air
of 420 ng/n? (100 ppm) (Vainio et al., 1979). Wen isol ated
hepat ocytes were incubated in the presence of styrene, there
was al so a dose- and tinme-dependent decrease in GSH
concentrations (Zitting et al., 1980).

When the hepatic GSH in Syrian hansters decreased to | ess
than 1 mmol/litre as a result of a high intragastric dose of
styrene (4.5 g/ kg body weight), serum ani notransferase
activity increased (Parkki, 1978).

Quast et al. (1979) observed an increased anount of

henosi derin pigment in liver reticul oendothelial cells of male
and feral e beagl e dogs adm nistered styrene orally at 400 or
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600 ng/ kg body weight, 7 days a week, for up to 19 nonths.
The hi gher dose al so increased the nunber of hepatocellul ar
i ntranucl ear acidophilic crystalline inclusions.

6.6. Cardiovascul ar System

No i nformati on was avail abl e concerni ng possible effects
of styrene on the cardiovascul ar system

6.7. Respiratory System

A single exposure of rats to styrene at 5460-42 000 ng/nt
(1300-10 000 ppn) for 1-4 h caused nucous nenbrane irritation
as evidenced by lacrymation, nasal discharge, and salivation
acconpani ed by aggressive scratching and rubbing of the eyes
and nose. The irritation was particularly severe at higher
concentrations (Spencer et al., 1942). The degree of acute
pul ronary danage varied, in general, with the vapour
concentration of styrene and the | ength of exposure. Wen the
exposure was | ong enough to cause death in sone of the exposed
ani mal s, marked pul nonary | esions were induced at al
concentrations studied. Pulmnary changes varied from slight
congestion to congestion, multiple haenorrhage, exudation, and
various degrees of |eukocytic infiltration. Wen another
group of animals (60 rats, 94 guinea-pigs, 12 rabbits, 4
monkeys) were exposed to a styrene concentration of 5460 ng/nt
(1300 ppm for 7-8 h/day, 5 days a week, over a period of at
| east 6 nonths, mcroscopi c exam nation of various tissues,
including the lung, did not reveal specific changes in any of
the aninmal s except the guinea-pigs. About 10% of al
gui nea-pi gs that were exposed repeatedly to styrene at 5460
my/ i (1300 ppm) died after several exposures; nicroscopic
exam nation of the dead aninals reveal ed pronounced | ung
irritation, which was characterized by general acute
inflammatory response. Respiratory insufficiency was the
cause of death (Spencer et al., 1942).

WIf et al. (1956) exposed animals by inhalation to a
styrene concentration of 5460 mg/n? (1300 ppm) for 7 h/day,
for 214-360 days. They found slight eye and nasal irritation
in rats and gui nea-pigs, but no effects in rabbits and rhesus
nonkeys. However, when rats and gui nea-pi gs were exposed to a
styrene concentration of 2730 ng/n® (650 ppm), no effects were
observed.

According to Alarie (1973), the concentration of styrene
in air that reduced the respiratory frequency in mce to 50%
was 666 mg/ nt (95% confidence linits 574-758 ny/ n?).

Wien rats were exposed to styrene at 1260 ng/nt (300 ppm)
for 6 h daily, 5 days a week for 2-11 weeks, no significant
increase in UDP glucuronosyltransferase activity was observed
in the lungs but, after 2 and 4 weeks exposure,
the free glutathione content in the lung was |ower (P < 0.05)
than that in the controls (Vainio et al., 1979).

6.8. Endocrine O gans

The adverse effects of styrene on the endocrine organs
have been insufficiently studied. Wile |zjunova (1972)
reported that repeated exposure to styrene concentrations of
5-50 nmg/ n? (1-12 ppn) for up to 4 nonths prol onged the estrus
cycle in rats, the data were inconsistent fromnonth to nonth,
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and appeared not to be dose-dependent.
6.9. Carcinogenic Effects

6.9.1. Styrene

6.9.1.1. Oal admnistration
(a) Muse

In a carcinogenesis bhioassay (US National Cancer
Institute, 1979; Chu et al., 1981), 2 groups each of 50 nale
and 50 femal e B6C3F1 mice, 6 weeks of age, were given styrene
at 150 and 300 ng/ kg body weight (at least 0.3% inpurities) in
corn oil by gavage, 5 days per week, for 78 weeks, and then
observed for an additional 13 weeks. A group of 20 males and
20 femal es receiving corn oil only (10 m/kg body weight)
served as vehicle controls. At the end of the study, 78%
92% and 100% of the male mice and 76% 80% and 80% of the
femal es were alive in the high-dose, | ow dose, and contro
groups, respectively. An increased incidence of adenomas and
carci nomas of the lung was seen in treated nale nmice, i.e., 3
adenomas and 3 carcinomas in 44 animals in the | ow dose group
and 4 adenomas and 5 carcinonas in 43 aninals in the high-dose
group, conpared with none in the 20 controls. The increased
i nci dence of both types of lung tunours conbi ned was
statistically significant (P = 0.02) in the high-dose group
conpared with the vehicle-treated controls and also in the
Cochrane-Armtage test for linear trend (P = 0.02). It should
be noted that the nunber of control animals was small (40)
conmpared with the treated group (100), that the historica
vehicle-treated controls were i nadequate, and that the
i nci dence of neoplasns in historical untreated controls was
12% (32/271). For these reasons, it was not possible for the
Task Group to conclude that styrene was carcinogenic in this
study, even though the results of the study were positive.

(b) Rat

I n carcinogeni c bi oassays (US National Cancer Institute,
1979; Chu et al., 1981), groups of 50 nmale and 50 fenale
Fi scher 344 rats, 6 weeks of age, were given styrene (at |east
0.3% inpurities) in corn oil, by gavage, 5 days per week,
either at 1000 or 2000 ng/ kg body wei ght for 78 weeks with
further observation for 27 weeks, or at 500 ng/ kg body wei ght
for 103 weeks with further observation for 1 week. Two
groups, each of 20 nmales and 20 fenal es served as vehicle
controls. A high nortality was seen in the high-dose group
only 12% of the males survived 53 weeks of treatnent and 14%
of the fenal es survived 70 weeks of treatnent. Hepatic
necrosi s was observed in several rats. At the 90th week of
the study, 94% 88% 85% and 90% of the nmales and 92% 92%
75% and 90% of the females were alive in the nedi umdose
| ow-dose, and the 2 control groups, respectively. There was
no statistically significant difference between the groups in
tumour incidence at any site (National Cancer Institute,

1979). The Task G oup noted the high nortality in the
hi gh-dose group and the small nunbers of aninmals in the
control groups.

6.9.1.2. Inhalation exposure

Rat
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In a study conducted by Jersey et al. (1978), 2 groups of
84 and 86 male, and 2 groups each of 85 femal e Sprague- Dawl ey
rats of the Spartan substrain, 7-8 weeks of age, were exposed
by inhalation to "production grade" styrene (mninumpurity
99.5% containing approximately 5 ppm t-butylcatechol. They
were exposed 6 h/day, 5 days/week, for 18.3 nonths, if male,
and for 20.7 nonths, if female. Exposure duration was based
on the tine when nortality reached 50%in one of the test
groups of that sex. Initial concentrations of styrene in air
were either 5040 mg/n? (1200 ppm or 2520 mg/ nt (600 ppn).
The high | evel was reduced to 4200 ng/n? (1000 ppn) after 2
nont hs because of excessive toxicity. Another group of 85
mal es and 85 fenml es served as untreated controls. At the end
of the 2-year study, 5, 18, and 6 nales and 30, 30, and 22
fermal es had survived in the control, |ow, and high-dose
groups, respectively. An excessive nortality fromchronic
pneunoni a occurred in the control and hi gh-dose mal e groups.
An increased (but not statistically significant) conbined
i nci dence of | eukaem as and | ynphosarconmas was seen: 1/84
nmal es and 6/85 fermal es in the high-dose groups, 5/86 nales and
6/ 85 fenales in the | owdose groups, 1/85 nales and 1/85
females in the control groups. |If the total incidence of
| eukaem as/| ynphosarcomas in fenmales is conpared with
historical controls, it becones statistically significant
(P <0.05. Astatistically significant increase in the
i nci dence of nammary adenocarci homas was seen in the | ow dose
femal e group (7/85 versus 1/85 in controls), but the incidence
was not statistically significant in conparison wth
hi storical controls. Though these data are inconcl usive, they
are interpreted by Jersey et al. (1978) as suggesting an
associ ati on between the exposure of the fenale rats to styrene
and an increased incidence of tumours of the |eukaem a/
| ynphosar coma types. The Task Group was unable to eval uate
this study because of the high nortality.

6.9.1.3. Pre- and postnatal exposure
(a) Mouse

In the studies of Ponomarkov & Tomatis (1978), 29 pregnant
O, M ce were each given a single treatnent of styrene at 1350
ng/ kg body wei ght (99% pure dissolved in 0.1 m olive oil) by
stomach tube on the 17th day of gestation. A control group of
9 pregnant animals received olive oil alone. The neonata
nortality rate in the offspring of styrene-treated nice was
43% conpared with 22%in the controls. The sane dose of
styrene was then adm ni stered weekly, by stomach tube, to 45
mal e and 39 femal e progeny fromweaning to 16 weeks of age, at

which tine the treatnment was stopped because of the high rate
of nortality (64%alive at 20 weeks). The study was

term nated at 100 weeks, when all the animals had died. No
differences in tunour incidence were found between not hers
treated with styrene and those given olive oil. In the
progeny that had received weekly treatnents, |ung tunours
(adenomas and adenocar ci nomas) were found in 20/23 nal es and
32/ 32 femal es, conpared with 8/ 19 and 14/21 in olive
oil-treated controls (P < 0.01, P < 0.01) and conpared with
34/ 53 and 25/47 in untreated controls (P < 0.05, P < 0.001).
No di fferences in tumour incidence at sites other than the
lung were seen in the progeny, conpared with olive oil-treated
or untreated control s.
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In the same studies (Ponomarkov & Tomatis, 1978), 15
pregnant GCs; black mice were each given a single treatnent of
styrene at 300 ng/ kg body wei ght dissolved in 0.1 m olive
oil, by stomach tube, on the 17th day of gestation. A contro
group of 5 pregnant aninals received olive oil alone. The
sanme anount of styrene was then given weekly by stonmach tube
to 27 mal e and 27 femal e progeny from weaning up to 120 weeks
of age, at which time the survivors, 15 nmales and 12 femal es,
were killed. Control progeny (12 nales and 13 fenal es)
received olive oil for 120 weeks at which tine 7 males and 4

femal es survived. In nothers treated with a single dose of
styrene, |ynphomas were observed in 10/12 ani mals, conpared
with 3/5 in the olive oil-treated controls. In treated nale
progeny, liver tunours (hepatocellular carcinomas) were found

in 3/24 animals, conpared with 1/12 olive oil-treated and 1/47
untreated controls (both hepatocellular adenonas). The

i ncreased incidence of these tunours in styrene-treated
animal s conpared with controls was not statistically
significant. The small nunber of animals was noted by the
Task G oup.

(b) Rat

Twenty-one female BDIV rats were each given a single
treatnment of styrene at 1350 ngy/ kg body wei ght dissolved in
olive oil, by stonach tube, on the 17th day of gestation
(Ponomar kov & Tomatis, 1978). A control group of 10 pregnant
rats received 0.3 m olive oil alone. The neonatal nortality
rate in the offspring was 10%in treated rats and 2.5%in
olive oil-treated controls. Subsequently, doses of 500 ny/kg
body wei ght were admi ni stered weekly by stomach tube to 73
mal e and 71 fenal e progeny fromweaning up to 120 weeks of
age, at which time the survivors, 8 males and 20 fenales, were
killed. Controls (36 males and 39 femal es) received olive oi
al one for 120 weeks. Two stomach tunours and 1 hepatocel | ul ar
adenoma were seen in styrene-treated femal es and one stonach
tumour in styrene-treated males. One stonmach tunour was al so
found in olive oil-treated fenmale controls. The difference in
the incidence of these and other tumpurs in styrene-treated
rats conpared with controls was not statistically significant.

6.9.2. Styrene 7, 8-oxide

6.9.2.1. Dermal exposure
Mouse

Forty 13-week-old C3H mice were painted on the clipped
dorsal skin with a 5% solution of styrene 7,8-oxide in
acetone, 3 times weekly for life (Weil et al., 1963). No skin
tumours were observed in 33 animals that survived for 17-24
nonths (37 mce were alive at 12 nonths). Another group of
C3H mice were sinmlarly painted with a 10% sol ution of styrene
oxide in acetone; 18 mice survived 12 nonths, only 2 mce
survived 17 nonths, and no skin tumours were observed.

I n anot her study by Van Duuren et al. (1963), the clipped
dorsal skin of 30, 8-week-old nale Swiss |CR Ha nice was
treated 3 tinmes weekly, throughout the life span, with 0.1 n
of a 10% sol ution of styrene oxide in benzene. Median
survival time was 431 days in the styrene oxide-treated group
and 262 and 412 days, respectively, in the groups of 30 and 60
benzene-treated controls. Three styrene oxide-treated aninals
and 11 (out of 150) benzene controls devel oped skin tunours.
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This difference was not statistically significant. One of the
tumours in each group was a squanous-cell carcinonma

6.9.2.2. Oal admnistration
Rat

Groups of 40 male and 40 fermal e Sprague-Dawl ey rats, 13
weeks of age, were given either 50 or 250 ng/ kg body wei ght,
per day, of styrene oxide (purity unspecified) dissolved in
olive oil, by stonach tube, 4 or 5 days per week, for 52 weeks
(Maltoni et al., 1979). Forty male and 40 fenale controls
received olive oil alone. The animals were allowed to live
until natural death or were killed 156 weeks after the start
of the study. Prelimnary results included only stomach
cancer incidence in animals dying within the first 135 weeks.
The nunbers of aninmals alive at the appearance of the first
tumour (51 weeks) were: controls, 37 nmales and 28 fenal es;
| ow- dose, 31 nmales and 31 fenunl es; high-dose, 28 males and 30
femal es. The nunbers of papillomas of the stomach were: 0/37
and 0/28 in controls; 0/31 and 2/31 in | owdose ani nals; and
3/ 28 and 6/30 in high-dose aninals. The respective nunbers
for squanous-cell carcinomas in situ were: 0/37 and 0/ 28;
5/31 and 6/31; and 11/28 and 12/30. |nvasive squanous-cel
carci nomas occurred in 0/37 and 0/28; 2/31 and 1/31; and 4/2;
and 6/30, respectively.

Fourteen female rats were given, by gavage, a single dose
of styrene oxide at 200 ng/ kg body weight in olive oil (0.3
m) on day 17 of pregnancy (estimated total dose, 0.04 Q).
Their progeny (62 femal es and 43 nal es) received 96 weekly
doses of 100-150 ng/ kg body weight in olive oil (0.2 m), from
weani ng (4 weeks of age) until termnation of the study (120

weeks) (estimated total doses, 2.5 g for females and 5.0 g for
mal es). Simlar groups of controls (14 pregnant ferales, 55
femal e and 49 nal e progeny) were given only olive oil. Al
survivors were killed at the end of the study. There were
fewer tunour-bearing aninmals anong nothers treated with
styrene oxide (31% than anong rats given only olive oi

(57%; mammary tunours were seen only in the olive-oil-treated
animals. The incidences of other tunmours were simnlar.

Forest omach tunours were seen only in treated progeny;
Carcinonas or early carcinomas of the forestomach occurred in
10/ 42 mal es and 16/ 60 femal es conpared with 1/49 and 1/55
controls respectively. Four tumours of the nervous system
occurred in treated groups, whereas only 1 was observed in a
mal e control. Eight lung tunburs were seen in treated
animals, and 2 in controls; 7 of these tunours (6 malignant +
1 benign) occurred anong treated fenal e progeny, giving an

i nci dence of 7/60 (12% conpared with 1/55 (2% in contro
femal es. The incidences of other types of tunour did not show
any marked di fferences between control and treated groups
(Ponomarkov et al., 1983; Pononarkov et al., persona

conmuni cation).

6.9.3. Summary and concl usi ons

O the 6 studies cited, 3 in mce and 3 in rats, only one
(O mce) gave results that indicated a significant increase
in lung tumour incidence. The others either did not show any
significant increase in tunour incidence or were perforned in
such a way that conclusions could not be drawn fromthe
results.
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The results of studies concerning styrene 7, 8-oxide
indicated: that there was no devel opnent of, or increase in,
skin tumours, when the conpound was applied to nouse skin;
that turours (benign and malignant) devel oped in the
forestomach, when styrene 7, 8-oxide was given by gavage in
rats; and that there was an increase in lung tunour incidence
in femal e progeny, when styrene 7, 8-oxide was adm nistered to
rats pre- and post-natally.

6.10. Cenetic effects

Several reviews have been published on the nutagenic and
rel ated effects of styrene (Vainio, 1978; |1 ARC, 1979; Norppa,
1981a; Vainio et al., 1982; Zetterberg, 1982; Norppa & Vainio
1983a).

6.10.1. Chem cal reactivity of styrene and styrene oxides

Styrene needs nmetabolic activation to bind covalently with
nucl eophil i c bi ol ogi cal nacronol ecul es. Styrene 7, 8-oxi de,
whi ch has been considered to be a primary mamual i an netabolite
of styrene (section 5.3), is spontaneously reactive because of
the lability of the oxirane ring. Styrene 7,8-o0xide can bind
covalently with proteins and nucleic acids (Marniem et al.
1977; van Anda et al., 1979) and is able to alkylate in vitro

4-( p-nitrobenzyl)-pyridine, a synthetic nucl eophile, and
deoxyguanosi ne, a hiol ogi cal nucl eophile (Henm nki, 1979;
Henm nki & Fal ck, 1979; Henminki et al., 1981).

Henmi nki (1979) neasured the electrophilic reactivity of
styrene 7, 8-oxide by detecting al kylation of 2-am no-1, 7-di-
hydro-6 H-purin-6-one (guanine) fluoronetrically. The rate of
reacti on was roughly equal for guanosi ne, and deoxyguanosi ne.
Styrene 7,8-oxide formed a coval ent 7-al kyl derivative with
guani ne (Hemminki et al., 1980b). Wth an identica
concentrati on of guanine, RNA and singl e-stranded DNA were
substantially | ess reactive than guanosi ne, possibly as a
consequence of the tertiary structures of the large relative
nol ecul ar mass pol ymers. Doubl e-stranded DNA was even | ess
reactive.

Two highly reactive arene oxide derivatives of styrene,
styrene 1,2- and 3, 4-oxides were recently synthesi zed
(Hi ratsuka & Watabe, 1982; Watabe et al., 1982a,b). These
arene oxi des have a very brief half-life and they are very
hard to detect, even in an in vitro system consisting of
styrene, nicrosones, and NADPH

6.10.2. Mitagenic effects of styrene and styrene oxides in
bacterial assay systens

Styrene has not been shown to induce reverse nutations in
any of the Salnonella typhimuriumtester strains used in the
Ames' test, in the absence of a netabolic activation system
(Table 11). However, in the presence of a netabolic
activation system sone investigators have found styrene to be
mutagenic in the Salnonella strains (TA 100, TA 1530, TA 1535)
used to detect base-substitution-inducing nutagens; others
have obtai ned negative results (Table 11). No positive
results have been reported for styrene in the Salnonella
strains (TA 98, TA 1537, TA 1538) detecting framne-
shift-induci ng mutagens. The divergent results on the
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nut agenicity of styrene in Salnonella could be explained, in
part, by netabolic differences between the m crosonal
preparations (S-9 mx, S-10 nmix) used. The high volatility,
poor solubility, and bacterial toxicity of styrene may al so
affect the results (de Meester et al., 1981).

Styrene was reported to be positive in the rec assay with
Bacillus subtilis without netabolic activation, in a review by
Kawachi et al. (1979), but no specific data were given.

The primary netabolite of styrene, styrene 7, 8-oxide, has
been shown to be nutagenic in a nunber of bacterial studies
with base-pair strains, without a netabolic activation system
(Table 11). Moreover, styrene 7,8-oxide was nutagenic in the
fluctuation test with Escherichia coli W2 uvrA (for detecting
base-substitution nutagens) and with Klebsiella pneunoni ae
(Hemm nki & Fal ck, 1979; Voogd et al., 1981). The frane-shift
nmut agen sensitive strains of Salnonella gave only negative

results with styrene 7,8-oxide, either with or wthout

nmet abol i c activation systens (de Meester et al., 1977, Stolz &
Wthey, 1977; Drinkwater et al., 1978; \Wade et al., 1978;

Wat abe et al., 1978; Busk, 1979; Hermminki & Fal ck, 1979;

El - Tantawy & Hamock, 1980). Watabe et al. (1981) did not
find any appreciable difference in the bacterial (Sal nonella)
nmutagenicity of R-and S-enantionmers of styrene 7, 8-oxide and
their racemic mxture. However, Pagano et al. (1982) reported
that the R-enantioner was nore nutagenic to Sal nonella than
the S-form while the racenic styrene 7,8-oxide had an

i ntermedi ate mutagenic activity.

Table 11. Mitagenicity of styrene and styrene-7,8-oxide in the base-
pair substitution strains of Salnonella typhimriumand E. coli?

Resul ts of nutagenicity studies

Styrene styrene 7, 8-oxi de
Met abol i ¢ activation Met abol i c activation
system system
None Pr esent None Present
Drinkwater et al. (1978) - -
Gatt et al. (1979) +
Henmi nki & Fal ck (1979) +
Pagano et al. (1982) +
Pl anche et al. (1979) +
Sugiura & Goto (1981) +
Sugiura et al. (1978a,b) +
Turchi et al. (1981) +
Voogd et al. (1981) +
Wade et al. (1978) +
Wat abe et al. (1981la) + ..
El - Tantawy & Hanmock (1980) + +P
Yoshi kawa et al. (1980) .. .. + +b
Kawachi et al. (1979) - - ..
Mlvy & Garro (1976) - .. +
Geimet al. (1977) - - +
Busk (1979) - - + +P
Loprieno et al. (1978) - - + +
Stolz & Wthey (1977)
Wat abe et al. (1981, 1982b) - +© + -
de Meester et al. (1977, - + + +P

1981)
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Vainio et al. (1976) -4 + + +0
Poncel et et al. (1980) - +
Cerna & Kypenova (1977) .. +€

No dat a.

& Mdified from Norppa (1981a).

A decrease reported in nmutagenic activity, as conpared to treatnent
wi t hout metabolic activation

Only with trichl oropropane oxi de present.

A weak activity reported also without S-9 mx in TA 1535.

€ Host nedi ated assay, Salnmonella strain TA 1950, mice as hosts.

Two arene oxide derivatives of styrene, styrene 1,2- and
3, 4-oxi de, both of which have been considered to be the
precursors of isolated urinary netabolites of styrene in the
rat, have been denonstrated to be nutagenic towards a
base-pair strain (TA 100) of Salnonella, but not towards a
frame-shift strain (TA 98) (Watabe et al., 1982b). The 1, 2-
and 3, 4-oxi des were nore nutagenic than the 7, 8-oxide, but
only after sequential addition to the nedium during pre-
i ncubati on.

Thus, the results obtained with various bacterial assay
systens show that styrene 7,8-oxide is a direct base-pair
substitution type nutagen. The extrenely labile ninor
net abolites of styrene, 1,2- and 3, 4-oxide, seemto be highly
reactive and are mutagenic for Salnonella. However, with
styrene, even in the presence of a netabolic activation
system contradictory results have been reported.

6.10.3. Cenetic effects of styrene and styrene 7, 8-oxide
i n eukaryotic non-nmamal i an systens

Vari ous non-manmmal i an assay systens, including point
mut ati ons and gene conversion in yeast, point nmutations in
silk worm recessive |lethal mutations, sex chronosone | oss and
non-di sjunction in Drosophila nel anogaster, and chronosone
damage in root tip cells of Alliumcepa, have been applied to
study the mutagenic and genetic effects of styrene and styrene
7, 8- oxi de.

In the yeast assays, styrene did not induce nmitotic gene

conversions at the adeni ne and tryptophane | oci of

Saccharomyces cerevisiae or forward nutations at the adenine
l oci of Schizosaccharonyces ponbe, even in the presence of a
nouse |liver mcrosone mx (Loprieno et al., 1976; Loprieno,
1981; Loprieno & Abbondandol o, 1980). According to Bauer et
al . (1980, 1981), this negative result could be because the
epoxi de hydrotase (EC 4.2.1.63) (inactivation enzyne) is nore
stabl e than the nonooxygenase, because the concentration of
styrene 7,8-oxide in the incubation mxture could not reach a
nmut agenic | evel. Wen a yeast strain ( Saccharomyces
cerevisiae D;) capable of metabolic activation was used to
test the induction of gene conversions by styrene, a positive
result was reported (Del Carratore et al., 1982). Styrene

7, 8-oxi de has been found positive in all the yeast systens
(Loprieno et al., 1978; Loprieno, 1981).

When tested in a host-nedi ated assay, with nmice as the
host ani mal and yeast as the target cells, styrene and styrene
7, 8-oxi de were weakly nutagenic for sone genetic end points
(Loprieno et al., 1978), but these results were |later
consi dered negative for styrene (Loprieno & Abbondandol o,
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1980) when a hi gher nunber of historical control val ues becane

avai |l abl e.

Table 12. Point nutations, chronosome aberrations and genetic damage induced in

cells by styrene and styrene 7, 8-oxide

Styrene 7, 8-oxi de

Met abol i c
activation system
None Present

Styrene
Test - system Type of dammge
assayed Met abol i ¢
activation system
None Present
Rodent cell Iines
V79 HGPRT mut ati ons

+

+ 4+ + +

+
+
o

Styrene 7, 8-oxi de

Met abol i c
activation system
None Present

Bo
Sui
Lo
19
Bei
Tu

| st
(1
I's
Ka

de
Ku

- +
aberrations
m cr onucl ei
anaphase bri dges
CHL aberrations - +2
CHO SCEs - +P
L5178Y TK nmut ati ons
Human cel |l s
Lynphocyt es aberrations +°
nm cronucl ei +€
aberrations
Table 12. (contd.)
Styrene
Test -system Type of damage
assayed Met abol i ¢
activation system
None Present
aberrations +€
SCEs +€

unschedul ed DNA -

synt hesi s

EUE unschedul ed DNA .. -
synt hesi s

Wstar rat

hepat ocyt es unschedul ed

DNA synt hesi s

Per

Lo
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.. No data.

&  Wth nethyl chol antrene preinduced rat liver S-9.
b Only with cycl ohexene oxi de present.

© In the liver perfusion system

d A decrease in activity.

€ In vitro activation by erythrocytes suggested.
f

Purified | ynphocytes.
In Drosophila, a significant increase in the frequency of
X-1inked recessive |l ethals was observed in the of fspring of
mal es fed styrene or styrene 7, 8-oxide (Donner et al., 1979).
The test for sex chronmosone | oss and non-di sjunction in
Drosophi |l a gave negative results for styrene (Penttila et al.
1980). 1In a review (Kawachi et al., 1979), styrene was
reported not to induce point nutations in silk worm

Results of cytogenetic studies in neristematic root cells
of Alliumcepa denonstrated that styrene induces mnetaphase
chronosone breaks and m cronuclei (Linnainmaa et al., 1978a,b).
Styrene 7, 8-oxide induced mcronucl ei and anaphase fragnents and
bridges in these growing root-tip cells (Linnainnmaa et al.
1978a, b) .

6.10.4. Genetic effects of styrene and styrene 7,8-oxide in
manmalian cells in vitro

Poi nt nut ations, chronbsone damage, and unschedul ed DNA
synthesis (UDS) have been studied after treatnent of mamalian
cell cultures with styrene or styrene 7,8-oxide (Table 12).

In the Chinese hanster V79 cell line, styrene did not
i nduce point nutations at the HPRT | ocus, with or without a
met abolic activation system (S-10 nix) from nouse |iver
(Loprieno et al., 1976, 1978; Loprieno, 1981). On the other
hand, Beije & Jenssen (1982) found styrene weakly nutagenic in
the sane system after nmetabolic activation by rat liver S 9
m x. Wen a |liver perfusion systemwas used for the netabolic
activation of styrene, there was a clear increase in point
mut ati ons at the HRPT | ocus of V79 cells (Beije & Jenssen
1982).

Loprieno et al. (1978) exam ned the effects of styrene (wth
nouse liver S-10 m x) and styrene 7,8-oxide on UDS in hunan
heteroploid EUE cell line. There was an increase in UDS with

styrene 7,8-oxide but not with styrene. Brouns et al. (1979) used
freshly isol ated hepatocytes of Wstar rats for UDS detection after

styrene 7,8-oxide treatnent. The results were negative, which
according to the authors was due to the rapid inactivation of
styrene 7,8-oxide in the hepatocytes. Pero et al. (1982) did not

find any effects of styrene (without netabolic activation) on UDS

in purified resting human | ynphocyt es.

Styrene i nduced chronosone aberrations, mcronuclei, and
SCEs i n human whol e bl ood | ynphocyte cul tures, and chronosone
aberrations in Chinese hanster CHL cells in the presence of
nmet abolic activation (Table 12). Styrene 7, 8-oxide induced
chronosone aberrations, nicronuclei, and SCEs, in rodent cel
lines and in human | ynphocyte cultures w thout netabolizing
systens (Table 12). The positive effects of styrene in human
whol e bl ood | ynphocyte cultures are explained by the ability
of erythrocytes to convert this conpound into styrene
7,8-oxide (Norppa et al., 1980a; Belvedere & Tursi, 1981
Norppa et al., 1982; Vainio et al., 1982).
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Wt hout netabolizing systens, styrene 7, 8-oxide has been
clearly shown to induce HGPRT nutations in V79 cells (Loprieno
et al., 1976; 1978; Bonatti et al., 1978; Sugiura et al.

1979; Loprieno & Abbondandol o, 1980; Loprieno, 1981; Beije &
Jenssen, 1982) and point nutations in the TK | ocus of the
nouse | ynphoma cell line L5178 Y (Amacher & Turner, 1982).
Wth the liver perfusion technique, styrene 7,8-oxide did not
i nduce point nutations at the HPRT |locus of V-79 cells (Beije
& Jenssen, |982).

6.10.5. Cenetic effects of styrene and styrene 7,8-oxide in
mamal i an systens in vivo

Styrene and styrene 7, 8-oxi de have been tested in vivo for
their ability to induce genetic damage in somatic and germ
cells in different species (nouse, rat, Chinese hanster) using
di fferent genetic endpoints (chronosone aberrations,

m cronucl ei, dominant |ethals, SCEs and translocations in
spermat ocytes; Table 13). Mst of the studies concerning
chronosonme aberrations in the bone marrow cells of aninmals
were negative for styrene. No increases in chronosone
aberrations in bone narrow were observed in nice after high
single or repeated doses of styrene adm nistered by gavage or
intraperitoneally (i.p.), or in rats after an unspecified
dose. However, a positive effect for chronosone aberrations
in rat bone marrow was found after inhalation exposure, and
for SCEs in nouse bone marrow, alveol ar nacrophages, and
regenerating liver cells. |In the nmicronucleus test, styrene
gave negative results in Chinese hansters but positive results
in mce (Penttila et al., 1980; Norppa, 1981b).

Studi es on the cytogenetic effects of styrene 7,8-oxide in
whol e mammal s al so gave contradictory results (Table 13).
Loprieno et al. (1978) observed a dose-dependent cl astogenic
effect in nmouse bone marrow cells after oral admnistration of
styrene 7, 8-oxide. However, Fabry et al. (1978) did not find
any chronpbsone aberrations or mcronuclei in the bone nmarrow
of mce after an i.p. admnistration. Penttila et al. (1980)
also failed to detect any effects on micronuclei in Chinese
hanst er bone narrow erythrocytes after an i.p. admnistration
Negati ve findings were reported by Norppa et al. (1979) for
chronosone aberrations and SCEs in the bone marrow cells of
Chi nese hansters after inhalation exposure. A slight increase
in SCEs was observed after i.p. injection of a |ethal dose;
chronosonal aberrations were also el evated. Conner et al
(1982) noticed a slight increase in SCEs in regenerating liver
cells and al veol ar macrophages (but not in bone marrow) in
hepat ect ormi zed m ce exposed through inhalation to styrene
7, 8- oxi de.

Table 13. Cytogenetic damage induced by styrene and styrene 7,8-oxide in variou

Exposure

Speci es Duration of Type of

(strain) Rout e? Dose time after damage Rest
Cell type treat ment st udi ed

STYRENE

Rat
(Wstar)
bone marrow i nhal ation 1260 ng/n? (300 ppm 9-11 weeks Chronosomal  +
(Wstar) aberrations
bone marrow i nhal ation .. .. Chronmosomal -
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aberrations

SCEs

SCEs

M cr onucl ei
M cronucl ei

Chr onpsonal
aberrations
Chr onpsonal
aberrations
Chr onpsonal
aberrations

Chr onpsonal
aberrations

Chr onpbsonal

M cronucl ei

Type of
damage
st udi ed

SCEs

Chr onpsonal
aberrations

Chr onpsonal
aberrations
M cronucl ei

Trans-

| ocati ons
Dom nant
| ethal s

Chr onpbsonal
aberrations
SCEs

Chr onpsonal
aberrations

+

+

Mouse
(BDF1)
bone marrow i nhal ati on 1625-3872 ny/ nt 4 days
al veol ar (387-922 ppm
nmacr ophages,
regenerating
liver cells 3872 g/ nt (922 ppn) 2 days
(C57BL/ 6)
pol ychromatic i.p. 250 or 1000 ng/kg 30 h
eryt hrocyt es 500 or 1500 ng/kg 30 h
(CD-1)
bone marrow p. 0. 500 or 1000 ny/ kg 24 h
p.o 4 x 500 ng/kg 4 days
70 x 200 ng/ kg 70 days
(1CR)
bone Marrow i.p. LD or 5xLD® 6, 24, or
2 6 48 h
Chi nese hanster
bone marrow i nhal ation 1260 ng/n? (300 ppnm) 4 or 21
days
pol ychromatic i.p. 1000 ny/ kg 30 h
eryt hrocyt es
Table 13. (contd.)
Exposur e
Speci es Duration of
(strain) Rout e? Dose time after
Cell type treat ment
STYRENE 7, 8- OXI DE
Mouse
( BDF1)
bone marr ow, inhalation 210 mg/n? (50 ppm) 5 h
al veol ar
nmacr ophages,
regenerating
liver cells
(CD-1)
bone marrow p. 0. 500- 1000 ng/ kg 24 h
( BALB/ c)
bone marrow i.p. 250 ng/ kg 1- 13 days
pol ychromatid 30 h
eryt hrocyt es
primary 2.5-3
sper mat ocyt es mont hs®
post-neiotic 1- 3 weeks
spermcells
Chi nese hanster
bone marrow i nhal ati on 105-420 ng/ n? 2,4, or 20
(25-100 ppm days
i.p. 500 ng/ kg 24 h
7 h

SCEs
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No dat a.
i.p. = intraperitoneal, p.o. = peroral
Negative in bone marrow.
Considered to be too long tine for a positive result.
Positive in aninmals who died of the treatmnent.
¢ A slight effect.

Only one study has appeared concerning the possible
effects of styrene 7,8-oxide on germinal cells. Fabry et al
(1978) reported negative results for translocations in primry
spermatocytes after a single i.p. injection and for dom nant
lethals in male postneiotic germcells of nice.

a
b

(]

In summary, the results concerning the genetic effects of
styrene and styrene 7,8-oxide in vivo are conflicting. Positive
results for both conmpounds have been obtained mainly at toxic or
nearly toxic doses. The studies have dealt with different
i ndi cators of chronmpsone damage (aberrations, mcronuclei, SCES) in
actively dividing somatic cells. The effects of styrene 7, 8-oxide
on germcells have been exam ned only in one study, wth negative
results. On the basis of the activity of nobnooxygenase and epoxi de
hydrol ase in different species, mce wiuld be expected to be nore
sensitive to styrene than rats or Chinese hansters (Cantoni et al.
1978; Norppa et al., 1979; Norppa, 198l1a). Even in mice, styrene
and styrene 7, 8-oxide disappeared rather rapidly after
intraperitoneal or oral administration (Bidoli et al., 1980;
Pantorotto et al., 1980; Shrana et al., 1982). However, the
results of the nutagenicity studi es avail able cannot at present be
interpreted solely according to such differences in netabolism

6.10.6. Conclusions on the genetic effects of styrene

Styrene is a potential nutagen only after netabolic
activation. |Its npst inportant active netabolite seens to be
styrene 7,8-oxide. Arene oxides (styrene 1, 2-oxide and
styrene 3,4-oxide) may al so be of inportance, but at present
their role cannot be eval uat ed.

CGenetic effect tests in bacteria, yeasts, and mamualian cells
invitro have yielded contradictory results for styrene, in the
presence of mcrosomal fraction of rodent liver (usually S-9 mx).
This appears to be nostly due to differences in the efficiency of

activation of styrene in different studies.

Results of in vivo studies on the genetic effects of styrene in
mammal s are al so contradictory. Sone of the di screpancies can be
expl ai ned by variations in netabolic capacity anong the rodent
speci es used, divergence in dose levels, and by the different
routes of adm nistration

Styrene 7,8-oxide is a direct nutagen that is clearly positive
invitro without netabolic activation, but gives contradictory
results in mammals in vivo.

6.11. Effects on Reproductive Function and Teratogenic Effects

(a) Non-nmammal i an systens

Styrene and styrene 7, 8-oxi de have been reported to be
enbryotoxic and teratogenic in chick enbryos (Vainio et al., 1977).
Kankaanpaa et al. (1979) found that trichl oropropyl ene oxide
increased the enbryo toxicity and teratogenicity of styrene and
styrene oxide. The LDsgs were 40 pnol/egg for styrene and 1.5
unol / egg for styrene oxide. Depending on the dose, nualformations
were found in up to 20% of the test enbryos but not in the
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controls. The types of nmalfornation included: absence of one or

bot h eyes, eyelid deformation, defornmation of the skull

exencephal y, exteriorization of viscera, etc. Styrene and styrene
oxi de have al so been found to interfere with the devel opnent of sea

urchin enbryos (Pagano et al., 1978).

(b) Mammal i an systens

VWhen mal e rats were exposed to a styrene concentration of
200 ng/nmt (48 ppm) for 5 h/day, 5 days per week for 4 nonths,
| vanova- Tchem chanska et al. (1982) found decreased osnotic
resi stance and nobility of spernatozoa, decreased sulfhydryl
content, and desquanated epitheliumin the sem niferous
t ubul es.

Ragyl 'ye (1974) studied the effects of styrene on pregnant
rats exposed to 1.47, 5, and 50 ng/n? (0.35, 1.2, and 12 ppm
for 4 h/day throughout gestation. Resorptions were noted at
all exposure levels but the number of malformations was not
significantly increased. Mirray et al. (1978) exposed rats
and rabbits to styrene through inhalation (1260 and 2520
my/ n¥; 300 and 600 ppn) for 7 h/day fromday 6 to 15 (rats) or
fromday 6 to 18 (rabbits), and by gavage (in peanut oil, 180
and 300 ng/ kg body weight/day). No increase in the incidence
of resorptions or major mal formations, conpared with controls,
was reported. Delayed ossification was noted in rabbits
exposed to 2520 ng/nt (600 ppn). In an inhal ation study,
Vergieva et al. (1979) exposed rats to styrene at 200 and 400
my/ mt (48 and 96 ppn) for 4 h daily, 5 days a week, throughout
pregnancy. There was not any evidence of enbryotoxicity or
teratogenicity. Mce were exposed to a styrene |evel of 1050
my/ n¥ (250 ppm) and Chinese hansters to 1260, 2100, 3150, and
4200 mg/ nmt (300, 500, 750, and 1000 ppn) for 6 h daily on days
6-16 (18 for hansters) of gestation. An increased nunber of
resorptions was noted in both species at the highest
concentration tested. A slight increase (not statistically
significant) was observed in the unber of minor skeleta
mal formations (rib fusion, extra ribs) in mce but not in
hanst ers (Kankaanpéaa et al., 1980).

Quast et al. (1978) exposed pregnant Sprague-Dawl ey rats
and New Zeal and white rabbits to styrene concentrations of
1260 or 2520 ng/nt (300 or 600 ppm) for 7 h/day on days 6-15
(rats) and 6-10 (rabbits) of gestation. Additional groups of
rats were given styrene (90 or 150 ng/ kg body wei ght daily) on
days 6-15 of gestation. No teratogenic effects were detected.

In a 3-generation reproduction study in rats, styrene was
adm nistered in the drinking water at 125 and 250 ng/litre
(estimated daily intake 14 and 21 ng/ kg body wei ght per day
for mal es and fenal es, respectively, at the high dose). No
adverse effects on reproductive capacity were observed. Sone
significant effects on early survival in the second generation
of fspring at the high dose were found in 2 specific litters.
No further evaluation could be made, since data for
i ndi vidual s were not available (Litton Bionetics, 1980).

7. EFFECTS OF STYRENE | N MAN
7.1. Controlled Human Studi es

Few control | ed exposure studi es have been reported in
which the effects of styrene on physiological functions in man
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have been investigated. Attention has been focused on the
irritant effects of styrene vapour on the nucous nenbranes and
on the central nervous system effects caused by styrene

i nhal ati on.

The odour perception threshold for styrene in air was
determned by Smth & Hochstettler (1969) to be as | ow as
0.2-0.34 ng/nm (0.05-0.08 ppm). At higher concentrations, the
odour of styrene was clearly perceptible and it was reported
as "strong but not objectionable" at about 420 ng/nt (100 ppm)
(Stewart et al., 1968). The ability to detect the odour
typically fades as the exposed individuals becone adapted
(Stewart et al., 1968). Styrene vapour was irritating to the
eye and the nose at concentrations exceedi ng 840 ng/nt (200
ppm) and, when the styrene concentration approached 1596 ng/ n?
(380 ppnm), it was poorly tolerated (Stewart et al., 1968).
Strong imMmediate irritation of the eyes and the respiratory
tract has been reported at styrene concentrations in air of
2520- 3360 ng/ nt (600-800 ppn) (Carpenter et al., 1944; Wlf et
al ., 1956).

Otramare et al. (1974) exposed 6 volunteers to styrene at
210, 420, and 840 ng/nt (50, 100, and 200 ppn) over 1-3 h and
noted that for a conbination of synptons of the mucous
nmenbrane (irritation of eyes, nose, and lips) and centra
nervous system (di zzi ness, headache, drowsiness, difficulty in
concentrating, |ightheadedness, fatigue), the nunber of
synptons increased with dose. This increase was still evident
at the 210 ng/nt (50 ppmlevel). At the 2 higher |evels,

di gestive di sturbances al so occurred. |In studies by Ganberal e
& Hultengren (1974), 12 volunteer subjects were exposed to
styrene vapour through a nouth tube at concentrations

i ncreasi ng stepwi se 210, 630, 1050, and 1470 ng/ n® (50, 150,
250, and 350 ppn), each successive step lasting about 30 nin.
When the volunteers were asked afterwards to rate their

subj ective sensations (during the exposure) it appeared that
exposure to styrene had made them feel nore tense and nore

"af fected" compared with control conditions. The authors also
studi ed the psycho- physiol ogi cal perfornmance of the

subjects. Sinple reaction tinmes tended to be prolonged with

i ncreasi ng exposure. The changes becane statistically
significant during the final 30 min, when the environnmenta
concentration reached 1470 ng/n? (350 ppn). Tests on
perceptual speed and manual dexterity did not show any
impairment in relation to styrene exposure.

Stewart et al. (1968), however, noted an inpairment in
performance of tasks involving manual dexterity and eye-hand
coordi nation in some subjects exposed to a styrene

concentration of about 1596 ng/n? (380 ppm) over a 1-h

period. On the basis of a study on 3 volunteers, Otramare et
al. (1974) reported inpaired reaction tinme to visual stimuli
to conbi ned visual -acoustic stinmuli, and in a test of diffuse
attention during and i medi ately after exposure to styrene at
210, 420, and 840 ng/nt (50, 100, and 200 ppm) for 1.5 h.
There was no cl ear dose dependance. |I|nhal ation exposure to

hi gh concentrations of styrene (3360 ng/nt; 800 ppn) caused
synptons of inpairnment of balance in 2 subjects and a narked
unst eadi ness in posture was observed (Carpenter et al.

1944). At a styrene level of about 1596 ng/n? (380 ppm) for 1
h, 2 out of 5 subjects showed abnornmal results in the nodified
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Ronberg test indicating difficulty in maintaining bal ance.
Furthernore, after a 7-h exposure to about 420 ng/n? (100

ppn), 3 out of six subjects reported that they had transitory
difficulty in performng the nodified Ronberg test, though no
obj ective signs of inpairment of bal ance were found (Stewart

et al., 1968). dtramare et al. (1974), in a study on 3

subj ects, showed inpairment of bal ance on a body sway platform
at a styrene concentration of 840 nmg/n? (200 ppm) but not at
420 ng/ n? (100 ppm).

Five vol unteers were exposed by Odkvist et al. (1980) to
styrene at about 1260 ng/n? (300 ppm for 1 h, using a mouth
tube. Treatnment was conbined with exercise on a bicycle
ergoneter with a 50 Wworkl oad, and observati ons were nmade on
both equilibriumability and functioning of the vestibul ar
systemimedi ately after exposure. None of the subjects
exhi bi ted spontaneous, fixation or positional nystagnus,
whereas an inpairnent of eye-tracking ability was found in al
individuals in an optokinetic test. The difference in
eye- novenment changes between styrene-exposed and contro
groups was not statistically significant. No styrene-induced
changes were found in conventional clinical tests of bal ance
(standing on one leg with eyes closed, walking a line with
eyes closed). The results were thought to suggest that
exposure to styrene (inducing blood | evels of approxinmtely 80
unol /litre) decreased the inhibitory effect of the cerebel |l um
on the nmotor function of the eyes.

In sunmary, the odour threshold for styrene was found to be
0.2 - 0.34 ng/n? (0.05-0.08 ppm) and the odour was unconfortable at
el evated concentrations. Styrene induced subjective synptons of
irritation of the nmucous nmenbranes at concentrati ons exceedi ng
420 - 840 ny/n? (100-200 ppn). |In the sane concentration range,
subj ective synptons of the central nervous system such as
di zzi ness, |ightheadedness, headache, and drowsi ness nay occur
Reaction tinme, performance, and body bal ance tend to be inpaired by
short-terminhal ati on exposure to styrene at concentrations of
630 - 840 ngy/ n? (150-200 ppn) and definite inpairment occurs at
concentrations exceeding 1470 ng/ nt (350 ppn).

7.2. Epidem ol ogi cal Studies

7.2.1. Haenmtopoietic and i mune system

Chmi el ewski & Renke (1975), who studied a group of 101
wor kers exposed for at |east one year to a styrene
concentration of 100-300 ng/nt (24-72 ppm), did not
denonstrate any appreciable effects on the haenopgl obin
concentration, erythrocyte count, |eukocyte count, or
differential count. Wrkers exposed for nore than 10 years,
however, had a slightly decreased thronbocyte count conpared
wi th workers exposed for shorter periods.

In a study on 494 workers at different |levels and
durations of exposure, Loriner et al. (1976) observed a random
di stribution of abnormal haenpgl obin concentrations, and
| eukocyte or platelet counts between the groups. Thiess &

Fri edhei m (1978), who investigated 84 workers exposed to

210- 2100 ng/ nt (50-500 ppm) for 1-36 years, did not notice any
appreci abl e differences in haenogl obin concentrations, or

| eukocyte, erythrocyte, or platelet counts conpared with a

ref erence group.

Page 53 of 93



Styrene (EHC 26, 1983)

In the studies of Chnielewski & Renke (1975), and Renke &
Chm el ewski (1976), 20 styrene workers did not show any
differences in bleeding time or fibrinogen |evel conpared with
a reference group. However, the coagulation tinme and the
adhesivity of the platelets were sonewhat increased in the
styrene-exposed group and the prothronbin i ndex was slightly
reduced.

There is very little information on the immunol ogi ca
effects of styrene. |In the i munophoresis study of
Chmi el ewski et al. (1973), no dose-related differences were
observed in concentrations of serum ganma gl obulin anong
wor kers exposed to different concentrations of styrene.

7.2.2. Nervous system

Four studies have dealt with reaction tinmes anong workers
occupationally exposed to styrene. One study (Gotell et al.
1972) in which 17 nen were exposed to a styrene concentration
of 630 ng/nt (150 ppn) showed prol onged sinple reaction tines
in the styrene-exposed workers, both in the norning and in the
afternoon, compared with an age-matched control group. A
second study of 106 workers in 4 work places indicated
| onger and nore irregular reaction tinmes in workers exposed to
styrene than in controls (Ganberale et al., 1975). The
differences were still present after a night's rest. The nean
styrene concentration determ ned by conti nuous neasurenent in
the workers' breathing zone was 57-426 ng/nt (13.6-101.4
ppm) . The mean duration of exposure was 2.7 years (range
0.1-11.0 years).

Anot her study with a simlar study design, also reveal ed
prol onged reaction tinmes during the working day anbng styrene-
and acet one- exposed boat manufacturers (Kjellberg et al.
1979). The exposed group (7 workers, average styrene
concentration 37 ng/n? (9 ppm), acetone concentration
82 ng/ n?, mean enployment time 10.5 years) did not show any
deterioration in sensory notor functions in relation to
styrene exposure and the addition task. There was a
correlation between the reaction-tine inpairment and the tota
upt ake of styrene divided by the estinmated anpunt of adi pose
tissue.

In the study of Kjellberg et al. (1979), the reaction
times of 3 subjects were followed after renoval from exposure.
Reaction tinmes inproved after 4 days and there was a further
i mprovenent after 35 days

The study by Cherry et al. (1980) dealt with 27 workers
(mean age, 23 years), who were exposed to a tine-weighted
average |l evel of styrene of 386 ng/nt (92 ppm). Anmong the
psychol ogi cal and behavioural tests applied, differences
bet ween the exposed and unexposed groups were seen only in
reaction tinmes.

Several case reports have described neurasthenic synptons
anmong pati ents who had been occupationally exposed to styrene
(Kl'i mkova- Deut schova, 1962; Axelson et al., 1974; Spasovski et
al ., 1976).

A consi derabl e percentage of 101 workers enployed in the
pol yester | am nate industry had di sturbances of the nervous
system particularly of the vegetative nervous system The
exposure | evel of the workers ranged from approximately 100 to

Page 54 of 93



Styrene (EHC 26, 1983)

300 ng/n? (24 to 72 ppn). The urinary mandelic acid excretion
was nore than 400 mg/litre in 36 of the workers (Chni el ewski
et al., 1973).

Schnei der & Seeber (1979) used psychol ogical tests on 2
groups occupationally exposed to styrene, one group (35
persons) having a mean exposure of 700 ng/nt (168 ppn), and
the other (46 persons), a mean exposure of 300 ng/n?

(72 ppm. Exposure was associated with poor visual attention
interferences with attention span, perceptual inaccuracy, and
decreased manual dexterity.

In studies concerning 98 nale | anmi nati ng workers having a
nmean urinary nandelic acid concentration that varied from7 to
4715 ng/litre (medi an concentration 808 ng/litre), synptomnms of
tiredness, and difficulty in concentrating were nentioned nore
often than anong a reference popul ati on (Harkénen, 1977). The
duration of styrene exposure varied from0.5 to 14 years

(median 5.1 years). |In psychol ogical tests, the sane
styrene- exposed workers showed vi suonotor inaccuracy and poor
psychonot or performance (Lindstromet al., 1976).

Exposure-effect rel ati onships were drawn between the urinary
mandel i ¢ acid concentration and a conbi ned score for 3 tests

(symmetry drawi ng, the Bourdon-Wersma test, and the Mra
test). Analysis of the exposure-response relationship for
these tests showed a significant increase in response for
workers with levels of urinary mandelic acid exceedi ng 1600
ng/litre (75% having nmandelic acid | evels of nore than 2000
ng/litre) (Harkénen et al., 1978). The proportion of abnorna
EEGs al so increased with increasing exposure |levels
(Seppal & nen & Harkonen, 1976). Wbdrkers with urinary mandelic
acid concentrations above 700 ng/litre had significantly

(P < 0.05) nore frequent abnornmal EEGs than those with | ower

| evel s (Seppéal ai nen & Harkénen, 1976; Harkdnen et al., 1978).

EEG abnormaliti es have been reported to be nore preval ent
among young styrene workers, especially during the first years
of exposure (Dol merski et al., 1974; Chm el ewski et al.

1977). EEG abnormalities, indicated mainly by increased sl ow
activity in the theta range, did not increase with |onger
exposure (Roth & Klimnkova- Deutschova, 1963; Seppal & nen &

Har kénen, 1976), though paroxysnal epi sodes have al so been
evident (Dol merski et al., 1974; Seppal & nen & Harkdnen
1976). Results of a study by Rosén et al. (1978) in which 33
men were exposed to styrene concentrations ranging fromless
than 21 mg/m® (5 ppm) to 735 ng/n® (175 ppn), showed an

i ncreased beta activity in 9 subjects and slow activity (theta
waves) in 6. The EEG abnormalities were non-specific and
resenbl ed those caused by various other solvents (Rosén et
al ., 1978; Seppal &inen et al., 1980).

Styrene exposure may al so affect peripheral nerves
(Matsushita et al., 1968, Lilis et al., 1978; Rosén et al.,
1978). Lilis et al. (1978) found distal hypoaesthesia in the
lower extremities of 412 styrene-exposed workers (persons wth
di abetes nellitus, a history of back injury, and/or excess
al cohol intake were excluded). The frequency of this synptom
varied from 4. 1% anong those exposed for less than 7 years to
8. 5% anong those exposed for nore than 20 years. Abnormally
| ow not or conduction velocity (MCV) of the radial nerve was
found in 15 out of 80 persons tested and a slowed MZV of the
peroneal nerve in 12 out of 73 tested. The MCV of the
peroneal nerve decreased with increasing | ength of exposure,
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but the effect of age was not considered. However, the |leve
of exposure did not have any effect on the peroneal nerve
conduction. The MZV of the radial nerve was not correl ated
with the length or |Ievel of exposure. Rosén et al. (1978) did
not find differences in the MCVs of the nedian, ul nar

peroneal, or posterior tibial nerves of 33 workers exposed to
styrene, conpared with nornmal controls. However, the
anplitude of the sensory action potential of the nedian nerve
was reduced and the duration of this potential increased anong
styrene-exposed workers, even in 10 individuals who had been
exposed to styrene levels of less than 21 ng/n? (5 ppn). The
dose-effect relationships were conflicting. Disorders in
attention span and novenent coordination in psychol ogi ca

tests were reported in 12 out of 102 workers, occupationally

exposed to styrene concentrations of 10-100 ng/n?, who had

urinary mandelic acid concentrations of 30.9 - 268 g/kg
creatinine (Spasovski et al., 1980). The same authors al so
reported di m ni shed al cohol tolerance anong styrene workers.

In sumary, the results of 3 studies showed that sinple
reaction times were prolonged in workers occupationally exposed to
styrene at |evels bel ow 630 ng/n? (150 ppnm), while one study gave
equi vocal results at a tine-weighted average | evel of styrene in
air of 386 ng/nt (92 ppm). Another study suggested that the effect
on reaction tine was reversible.

Surveys of styrene-exposed workers have shown that an increased
i nci dence of abnornalities in el ectroencephal ographic recordings
at mean styrene |levels of less than 420 ng/nt (100 ppn) was rel ated
to styrene exposure levels. Sonme slight disturbances in visuonotor
accuracy and psychonotor performance were noted in workers exposed
to levels of the order of 210 ng/n? (50 ppm) or nore. Various
neur ast heni ¢ and autonom ¢ synptons were al so reported anong these
wor ker s.

7.2.3. Kidneys and the urinary tract

There are only a few studies of the effects of styrene
exposure on the human ki dney. Harkénen (1977), who studied
| am nating workers exposed to styrene for periods ranging from
0.5 to 14 years, could not find any cytol ogi cal changes
differing from Papanicolau | in 35 urine specinens. Results
of studies concerning nortality and norbidity rates due to
ki dney and urinary tract disorders have not reveal ed any
di fferences between subjects exposed to styrene and unexposed
subjects (Lorinmer et al., 1978; Thiess & Friedheim 1978).

In studies on organic sol vent exposure in relation to
ki dney function, Askergren et al. (1981) reported that workers
exposed to organic solvents, especially to styrene, excreted
significantly larger quantities of albumn in the urine than
unexposed workers. No differences were observed in beta-2-
m crogl obulin excretion. The same aut hor conpared the
excretion of erythrocytes and | eukocytes in the urine of 101
nmen, occupationally exposed to styrene or toluene or to a
conbi nation of xylene and toluene, with the cell excretion in
the urine from 39 unexposed controls. While no changes in
glomerular filtration rates were observed, the urine of
exposed men contained significantly nore cells than that of
the controls.

7.2.4. Gastrointestinal tract
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Basirov (1975) reported studies on the digestive systemof 130
wor kers (89 men, 41 wonen) engaged in styrene-butadi ene synthetic
rubber manufacture. The workers were nostly 20-40 years old and
the length of exposure varied fromless than 5 years (16 workers)
to nore than 10 years (28 workers). Average styrene concentrations

were 60-130 ng/nt (14-31 ppn). Tests of secretory, excretory,

not or, and pepsi nogen-generating functions of the stomach were
conducted on 20 unexposed people and on 80 workers who first

devel oped synptons related to the digestive systemafter working in
the plant. Thirty-six had decreased digestive function, 25 had
decreased peristalsis, and 51 had decreased acidity. |In further
studies, chronic gastritis was diagnosed in 35 of these workers.

7.2.5. Liver

Loriner et al. (1976) assessed the liver function of 493
styrene-exposed workers. Exposure concentrations were not
neasured. The activities of alkaline phosphatase (AP) (EC
3.1.3.1), aspartate am notransferase (ASAT or GOI) (EC 2.6.1.1),
al ani ne am notransferase (ALAT or GPT) (EC 2.6.1.2), and ganmm
gl utanyl transpepti dase (ganma-GTP) (EC 2.3.2.1) and the anount of
serumbilirubin were determned. Only the gamma-GIP activity
showed a significant elevation in the hi gh-exposure group conpared
with the | ow exposure category, even when al cohol intake was taken
into account (1.7%versus 7.2% 0.01 < P < 0.02).

Axel son & Custavson (1978) gathered data on ASAT, ALAT in
serum from 35 styrene-exposed nal e workers and 12 unexposed
controls. The tine-weighted average exposure |levels were |ess
than or about 420 ng/n? (100 ppm). The average transferase
| evel s were higher anong nmen who had been exposed, but only
ASAT was significantly elevated (P < 0.001). No differences
were found in the average | evels of AP.

The serum | evel s of ALATP, ASAT, gama-GIP, LDH, and SDH
(sorbitol dehydrogenase (EC 1.1.1.14)) enzynes were studied in 72
wor kers exposed to styrene in the manufacture of plastic boats.
The exposure |evels varied between very | ow concentrations < 21
my/ m® (< 5 ppm) and about 170 ng/n? (40.8 ppn). The styrene-
exposed groups had a hi gher mean ganma- GTP val ue than the contro
group (P < 0.05). However, there was no dose dependence
(Lundberg, 1981).

Vi hko et al. (1983) studied 25 persons exposed to styrene at
about 126 - 168 ng/n’ (30 - 40 ppn) (mean exposure tine 3 years,
al | exposures exceeding 1 year). The serumactivities of ALAT,
ASAT, ganmma-GIP, and LD and the concentrations of serumtotal
bilirubin and conjugated bilirubin were determ ned, as well as
serum bil e acids, cholic acid, and chenodeoxycholic acid. An
el evated concentration of chenodeoxycholic acid in serumwas the
nost frequently found paraneter anpong styrene-exposed workers.
Spasovski (1976) showed that the serumprotein profile changed and
that serumtransam nase activity was el evated at a styrene

concentration of 2000 ng/nt (500 ppn).

In conclusion, a clear-cut trend towards altered liver
function was not denonstrated. At |ow exposure |levels, the
commonl y used paraneters such as serumactivity of enzymes of
hepatic origin have given equivocal results.

7.2.6. Cardiovascul ar system
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The t horax radi ographs of 84 workers were eval uated before
the begi nning of enploynment and after exposure to styrene at
210 - 1260 ng/nt (50 - 300 ppm) for 1-36 years (Thiess &
Friedheim 1978). The authors could not attribute any grossly
observabl e changes to styrene exposure, nor did they observe
any "gross pathol ogical indications in the el ectrocardiograns”
conmpared with those of a reference group of 62 subjects.

7.2.7. Respiratory system

In clinical studies, WIlson (1944) found that styrene-
exposed workers reported irritation of the eyes, throat, and
respiratory tract. It has frequently been reported that
peopl e in areas of high styrene exposure conplain of
irritation of the eyes and nasopharynx. Gotell et al. (1972)
exam ned 15 workers occupationally exposed to a tinme-weighted
average styrene concentration of 71 - 1218 nmg/n? (17 - 290 ppm
and found that lung function tests (forced vital capacity and
forced expiratory volume in 1 s) were nornmal and did not
change during the working day. However, the concentrations of
styrene that gave rise to conplaints varied fromperson to
person, apparently depending on individual tolerance. In a
study on styrene-exposed workers who had respiratory tract
symptons, it was suggested that |ong-term exposure to styrene
coul d cause obstructive pul monary changes (Chmi el ewski &
Renke, 1975).

In a cross-sectional study of clinical signs and synptons
of irritation (Loriner et al., 1978) in 488 styrene-exposed
wor kers, the workers were divided into 2 groups, based on
estimated exposures of 4.2 ng/nm (1 ppn) and > 21 ng/nt (> 5
ppm), nostly above 84 ng/nm’ (20 ppm). Wen asked about | ower
respiratory synptons, significantly nore workers in the
hi gh-dose group responded in the affirmative. There were no
differences in Il ength of enploynment and the preval ence of
upper respiratory synptons between the 2 groups.

In a synptom survey (Harkodnen, 1977) of 98 male | am nating
wor kers occupationally exposed to styrene, synptons that
fulfilled the British Medi cal Research Council's criteria for
sinmpl e chronic bronchitis were nore conmon in the exposed than
i n an unexposed group. In the exposed group, 28% had sinple
chronic bronchitis, conpared with 12%in the control group
(P < 0.05). The snmoking habits of the groups did not differ.

7.2.8. Endocrine organs

In a study that involved 25 rubber workers, exposed to
styrene, and 26 age-matched controls, Wnk (1972) did not
observe any significant differences in the urinary excretion
of 17-ketosteroids or 17-ketogenic steroids. Exposure data
were not given. However, Chmielewski et al. (1973) reported
reduced excretion of 17-ketosteroids in the urine in 27 out of

67 workers exposed to styrene concentrations of 100-300 ng/ n?

(24 - 72 ppm, but these findings were not convincingly
docunented. The eval uation of possible effects of styrene on
the steroid netabolismshould be studied using nore refined

t echni ques.

In the study of Chm el ewski et al. (1973), glucose
tol erance was observed to be somewhat higher in the exposed
group than in the control group, and even nore in the group
wi th hi gher mandelic acid concentrations in the urine (limt
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400 ng/litre). Evidence of effects of styrene on the
endocrine gl ands was | acki ng.

7.2.9. Carcinogenic effects

(a) Styrene production and pol ynerization processes

A survey of 560 individuals froma styrene production and
pol yneri zation plant was reported by Lilis & N chol son (1976)
and Nicholson et al. (1978). |In 1960, the workers had been
enployed in the plant for at least 5 years. It is known that
benzene, coke-oven products, butadi ene, and ethyl -benzene had
been used in this plant prior to 1965. Anobng 83 deaths, 17
were due to cancer, including 2 cases of |eukaem a and one of
a | ynphoma. Wen the total cancer nortality in this cohort
was conpared with that in the general popul ation, no excess of
cancer incidence was found, but the foll ow up period may have
been too short to detect an increased risk of neoplasia. One
case of |eukaem a and one of |ynphoma were found in 21
addi ti onal death certificates of individuals who had been
enpl oyed for less than 5 years in 1960. 1In an additiona
anal ysis of 444 death certificates on all individuals who had
been enpl oyed for at least 6 nonths in the plant, 7 cases of
| eukaemi a and 5 cancers of the |ynphatic system were found.
However, the popul ations at risk are not known.

A cohort of 1960 workers enployed for at least 1 nonth in
a styrene-pol ystyrene manufacturing plant was followed from
1931 to 1976 (Frentzel -Beyne et al., 1978). Analysis of
deaths occurring (after a mninumperiod of 5 years) in groups
exposed for 5, 10, 15, and over 15 years did not indicate an
increase in cancer nortality in any of the groups conpared
with the reference popul ation. The Task Group noted, however,
that the nortality rates for the reference popul ation were
only available for the period 1970-75, and that follow up was
i nconpl ete.

Ot et al. (1980) carried out a retrospective cohort study
in workers involved in the production of styrene and
pol ystyrene. DMortality experience was followed from 1935 to
1975. Anpbng 282 deaths, 6 cancers of the |ynphatic and
haemat opoi etic tissues (except |eukaenia) and 6 cases of
| ynphocytic | eukaemi a were observed, conpared with 4.5 and
2.9, respectively, expected on the basis of US white nale
nortality rates and 2.6 and 1.6 deaths expected froma
compari son industrial cohort. Four deaths from | eukaem a were
observed in a sub-group of workers exposed to styrene, ethyl

benzene, oligoners of styrene, mineral oil, polynmer dusts, and
extrusion fumes; 0.5 deaths woul d have been expected on the
basis of US white male nortality experience. Only one of the
4 individual s had spent at |least 5 years in the working

envi ronnments under study. Inclusion of cases of |eukaenia
still alive at the end of the study period or identified
through other conditions listed on the death certificate

i ncreased the total nunber of |ynphoreticular malignancies to
21 cases. These included 7 |ynphocytic |eukaem as, 4 other

| eukaemi as, 4 multiple nyel omas, 4 Hodgkin's di seases, and 2
ot her |ynmphomas. Five of the subjects with | ynphocytic

| eukaeni a had worked in the area of polyner extrusion and for
4 of themthe di sease devel oped 20 or nore years after the
first exposure. According to the authors, there was no

i ncrease in the general cancer incidence. The incidence of

| ynphati c | eukaem a was, however, nore than that expected.
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(b) Lam nation and rel ated processes in boat building

An epi dem ol ogi cal study was carried out on 1500 workers
from 36 conmpanies in the reinforced plastics and plastic boat
i ndustry. The majority of the workers were between 30 and 40
years old. The average period of enploynent was from6 to 7
years but half of the workers had been in this type of work
for less than 3 years, while 54 had been enpl oyed for over 20
years. Exposure was estimated to be to an average styrene
concentration of 1050-1470 ng/ nt (250-350 ppm) at the end of
the sixties and the beginning of the seventies. Seventeen
cases of cancer were found in this group. In 3 of these, the
cancer was present before their enmploynment. In the remaining
| 4 cases, the sites and distribution of the various types of
tumours were in accordance with data fromthe cancer
registry. Anmong the deaths, one case of neoplasm of the
| ynphati c and haemnat opoi eti c system (pl asnocyt ona) was
identified. However, because of the short follow up period
and the small nunber of deaths it was not possible for the
authors to cal cul ate any observed/ expected figures (Ahl mark,

1 978).

A study is in progress (Tola et al., 1981) in which the
tumour incidence in a cohort of 2209 workers, enployed in the
manuf acture of reinforced plastics in 160 workpl aces, is being
i nvestigated. Exposure to styrene vapour conmenced in 1960
and the | evel of exposure has been estimated to range between
126 and 1260 mg/nt (30 and 300 ppn). The majority of workers
have been exposed since 1967. Anmpong 27 deaths, 6 deaths from
cancer were observed in this cohort (versus 8.1 expected) and
the cancers were found in tissues other than | ynphatic or
bone-marrow ti ssue. Five of the cancers appeared in workers
with 5 or fewer years of exposure. The Task G oup noted the
low nortality rate.

(c) St yrene- but adi ene rubber nmanufacture

McM chael et al. (1976) analysed the nortality experience
during the period 1940-60 in a sample of workers (exact nunber
not specified) taken froma popul ati on of 1482 workers in the
rubber industry. The subgroup of workers was involved in the
manuf act ure of styrene-butadi ene rubber. For nalignancies of
the |Iynphatic and haematopoi etic systens, a relative risk
rati o of 6.2 was observed conpared with other workers.
Subsequently, Smith & Ellis (1977) reported that this excess
was based on 4 cases. A case control analysis of the same
data was perfornmed by Spirtas et al. (1976) who calculated a
relative risk ratio of 2.4 for |ynphatic and haenat opoi etic
neopl asms among t hese styrene-but adi ene workers. Past
exposure to solvents and ot her nononers was suspected.

The nortality experience of 2 cohorts of rubber workers
was anal ysed by Taul bee et al. (1976) using both cohort and
case-control analysis. No significant excess of |ynphatic and
haemat opoi eti ¢ neopl asnms was observed.

Case reports of |eukaem as and | ynphonmas anong styrene-
but adi ene rubber workers were reported by Block (1976), Lenen
& Young (1976), and Meinhardt et al. (1978).
7.2.9.1. Sunmmary and concl usi ons

There have been anecdotal reports of a snmall nunber of
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cases of |eukaem a and | ynphoma in workers enployed in the
manuf act ure of styrene-butadi ene rubber, but the study
popul ati ons have been ill-defined and exposure to solvents and
ot her nonomers i s known to have occurred.

An associ ation between | eukaem a and exposure to styrene
in the production and pol ynmerization process industries has
been suggested in another study. However, the cases of
| eukaem a occurred in a group with a conconitant past history
of exposure to colourants, polyner funes and, possibly,
benzene.

The effects of |ong-term exposure to styrene are under
investigation in at |east 2 epidem ol ogi cal studies on workers
enpl oyed in the industries involving styrene |am nation of
glass fibre materials and related activities.

It was the opinion of the Task Group that the data
necessary to form an eval uati on were i nadequate and that a
causal rel ationship between exposure to styrene and human
cancer could not be denonstrated at present.

7.2.10. Cenetic effects in somatic cells

7.2.10.1. Structural chronosone aberrations

Several studies have been published on structura
chronosone aberrations in the peripheral |ynphocytes of
wor kers enployed in the reinforced plastics industry or in the
production of styrene and pol ystyrene (Table 14). 1In these
studi es, exposures have been estimated by neasuring styrene
air concentrations in the workplace or by determning
concentrations of styrene netabolites, in nost cases nandelic
acid, in the urine of the workers.

In Table 14, the studies are |listed according to the
i ndustrial process. Positive results have been obtained anong
wor kers enpl oyed i n pol yester processing. N ne studies
i ncluded detailed data on chronpsone aberrations in
i ndividuals. One report by Watanabe et al. (1981) was
consi dered inconcl usi ve because of the | ow nunber (50 or |ess)
of metaphases anal ysed per person. The other 8 studies with
detailed information were used for the final evaluation
Three studies were reported only in abstract or review
articles (Sorsa et al., 1979; Sram 1981; Vainio et al., 1982;
Br ogger, 1982).

The study of Meretoja et al. (1978a) was an extension of
an earlier study (Meretoja et al., 1977) and incl uded
addi tional anal yses of sanples taken fromthe sane workers a
year |later, after continuous workpl ace exposure.

One of the abstracts was concerned with a study on
chil dren exposed during the fetal period, while their nothers
were working in hand | am nation of polyester resin.

The only avail able study on chronosonme aberrations anong
wor kers enpl oyed in the production of styrene or polystyrene
was negative (Fleig & Thiess, 1978).
7.2.10.2. Oher indicators of genetic damage

Seven studies were available on SCE induction in the
| ynphocyt es of styrene-exposed workers enployed in polyester
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processing (Table 14). Two of the studies were reported only
in abstracts or reviews (Sorsa et al., 1979; Brogger, 1982;
Vainio et al., 1982). A slight increase in SCEs was reported
in 2 studies (Andersson et al., 1980; Canurri et al., 1982).

In 2 of the studies, peripheral |ynphocytes of polyester
processi ng workers were anal ysed for micronuclei. Meretoja et
al . (1978a) and Meretoja & Vainio (1979) reported an increase
in mcronuclei and "cells connected with a nucl ear bridge" in
the cultured | ynphocytes of 10 workers in polyester plastic
product plants; the study included 5 controls (Table 14).
Hogstedt & Mtel man (1983) found that the frequency of
m cronucl ei increased in 38 workers exposed for 1-23 years to

styrene (nean of tine-weighted average concentrations in
breat hing zone 55 ng/n? or 13 ppm range 4-168 ng/nt or 1-40
ppn) conpared with 20 control s.

Pero et al. (1982) did not find any increase in
unschedul ed DNA synthesis (UDS) in isolated | ynphocytes of 38
workers in a fibreglass-reinforced pol yester plastic factory
compared wi th 20 unexposed controls. Styrene air
concentrations in the workroomvaried between 4 and 168 ng/nt
(1 and 40 ppn).

In an evaluation of the incidence of malformed children
and niscarriages anong spouses of nmen exposed to styrene in a
rei nforced-plastic boat factory, Andersson et al. (1980)
concl uded that the nunber of pregnancies (39 exposed and 41
controls) was too snmall to reveal nutagenic effects.

7.2.10.3. Concl usions

The avail abl e evi dence suggests that styrene exposure in
the reinforced plastics industry with its nore intensive
exposures is associated with an increased frequency of
structural chronmosonal abnornalities.

7.3. Effects on Reproductive Function and Teratogenic Effects

In a case-reference study on 63 pairs of nothers froma
regi ster of congenital nualformations (Hol mberg, 1977), 2
nothers with children having central nervous system defects
had been enployed in the reinforced plastics industry during
pregnancy. A third case-nother was al so found, who had been
exposed to styrene at hone.

In a study on spontaneous abortions registered in
hospitals (Henm nki et al., 1980a) during the period 1973-76,
the follow ng nunbers and rates of abortion were found:

- General popul ation 15 482 (5.52%;
- Union of Chenical Wrkers 52 (8.54%;
- Plastics industry 21 (8.94%;
- Styrene production and use 6 (15%.

The abortion rates for the occupational groups were
statistically different fromthe controls. The abortion rates
increased with age in the general popul ation, while they were
found to decrease with age anong the Union of Chenica
Wirkers. No data were given concerning the relationship with
age of spontaneous abortions anong wonen enployed in the
plastics industry or in styrene production and use; thus the
significance of the increased abortion rates anong these
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groups cannot be assessed.

Table 14. Summary on studies of structural chronosonme aberrations and sister ch
wor kers exposed to styrene.

No. persons Measur ed Year s of Uinary man- C
st udi ed concentration exposure delic acid c
I ndustry styrene in (mg/ g of a
branch air (mg/ ) creatinine) gi
Ref er ence Exposed Controls Average? Range Mean?® Range Mean? Range EXx
Styrene
manuf act ur e
Flieg & 5 20 ~2°¢ 0-29° 21.6 14-25 ~30¢ 19- 3.
Thi ess (1978) 40¢
Pol yst yrene
manuf act ur e
Flieg & 12 20 ~8°¢ 0- 20.3 3-39 ~32¢ <5- 5.1
Thi ess (1978) (12)¢ 197°¢ 100¢
Pol yest er
processing
Mer et oj a et 10 5 . . 3.2 0. 6- 721 23- 1
al . (1977); 8.5 3257
Meretoja &
Vai nio (1979)
Mer et oj a et 16 6 .. up to 6.3 1-15 570 23- 1
al . (1978b) 1260 3257
(a year 11 af .. up to 8.1 2-16 329 52- 1¢
| ater) 1260 1646
Flieg & 14 20 ~477°¢ <210- 7.9 2-24 ~593 42- 9.
Thi ess (1978) 1260° >1500
Ander sson et 36 37 ~197 0- 5.0 0. 3- .. .. 1
al . (1980) 20f 20f 1008 12
WAt anabe et 16 13 151- 0-886 -~4.5 0. 6- ~594 90- 2
al . (1981) <294 9.3 2640
Wat anabe et 18 6 168- <5- 9.7 <1-30 332 1- 6.5
al . (1983) 210 1075 ~1040
Thiess et al. 24 24 25- 3-748 ~14.4 4-27 . 0- 5
(1980, 1982) 244 320¢

Table 14. (contd.)

No. persons Measur ed Year s of Uinary man- C

st udi ed concentration exposure delic acid c
| ndustry styrene in (mg/ g of a
branch air (my/n) creatinine) g
Ref er ence Exposed Controls Average?® Range Mean? Range Mean?® Range Ex
Carmurri et al. 24 21 .. 30- 9.4 1-22 472°¢ 45- ~:
(1982) K (22)f (20)f >400 1108°
Abstracts
Sram (1981) 36 19 .. .. .. . . . 1
(cited data 34 (7
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of Pchlova & 22 22 1
Sram
Br ogger 13 0 129 15- 9.8 1-24 527 292- 6
(1982) (8)f 364 688
Sorsa et al. 6 10 .. .. .. 2-7 8
(1979);
Vainio et al. 7 10 .. .. .. (5-8 .. 4
(1982) ( in nont hs)
utero exposed
chi | dren)
Hogst edt et 6 6 ~162 60- 4.0 0. 5- 490 225- 1
al. (1979) 800 10 2100
@ Estimated fromthe data given if not indicated in the report.
b Conpared to response in control persons: + increase; - no effect.
© From Thi ess & Fri edheim (1978).
9 ng/litre urine.
® Controls in Thiess & Fleig (1978).
" For the analysis of sister chromatid exchanges only.
I nconcl usi ve because of the | ow nunber of cells anal ysed (Watanabe et al., 198!

o «Q

Negative if gaps are excl uded.
Gaps excl uded.
1 6 nonths later.

K Details, not mentioned in the report, were obtained fromthe author(s).

In a snmall -scal e study, Hirkoénen & Hol nberg (1982)
recently interviewed 67 female | am nation workers of child-
bearing age and a sinmilar nunber of textile and food
production workers who were thought to be proper controls.

The groups were reported not to differ either in their
nmenstrual behaviour or in the nunber of spontaneous

abortions. The nunber of deliveries was found to be | ower
anong the styrene workers, which may be partially explained by
the hi gher nunber of induced abortions in the styrene-exposed

group.

8. EXPOSURE- EFFECT/ EXPOSURE- RESPONSE RELATI ONSHI PS, AND
EVALUATI ON OF HEALTH EFFECTS

8.1. Data from Experinmental Aninmal Studies

8.1.1. Metabolic pathways and kinetics

Pul monary uptake in man is of greatest inportance though uptake
through the skin occurs. Styrene is biotransforned largely via the
7, 8-epoxi de by the m xed function oxi dase system

The kinetic data show that exposure of experinental animals to
increasing levels of styrene results in progressive saturation of
the metabolic pathways. The half-tinme of styrene di sappearance
fromthe body varies with the dose. The range of exposures tested
was from 189 ng/n? (45 ppn) to 10 500 mg/n? (2500 ppm). The
consequence of such netabolic saturation, which has been reported
to occur at about 2520 ng/nt (600 ppn) in air, is an increase in
the proportional deposition of styrene in fat. |In hunan beings the
hal f-tinme for the elinination of styrene from adi pose tissue is 2-3
days.

The principal urinary netabolites are nandelic and
phenyl gl yoxylic acids. Recent evidence suggests that the
pattern of urinary nmetabolite excretion varies with nmanmalian
speci es.
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8.1.2. GCeneral toxicity

8.1.2.1. Acute toxicity

A nean odour detection threshold for styrene of 3.06 ng/n?
(0.73 ppm was found for unadapted subjects. The odour was
reported to be strong but not objectionable at about 420 ng/n?
(100 ppm). Wth short-term exposures at concentrations
exceedi ng 840 ng/nt (200 ppn), styrene vapour was irritating
to the eyes and nose.

The central nervous systemeffects begin to appear in the
range of 210-840 ng/nt (50-200 ppm) and distinct inpairnent of
reaction time and body bal ance were found at concentrations
exceedi ng 840 ng/ nt (200 ppn).

The acute toxicity of styrene in aninmals is rather |ow
the LDsg in rats has been reported to be 5 g/ kg body wei ght
after oral administration and 2-3 g/ kg body wei ght after
intraperitoneal injection. Exposure of rats to styrene vapour
at 1300 to 10 000 ppmfor up to 4 h caused nasal nucous
menbrane and eye irritation as well as acute depression of the
central nervous system Marked pul nonary | esions were al so
not ed.

There were no ki dney changes in aninals exposed to 5460

my/ ¥ (1300 ppm) after a single exposure. Severe irritation
of the eyes and nose was observed in rats and gui nea-pi gs

after exposure to concentrations of 2730-5460 ng/n? (650 - 1300
ppn) and general weakness and unsteadi ness gradual ly devel oped
after 12 h.

Acute toxic effects were observed in nice exposed to a
styrene |level of 21 000 mg/n? (5000 ppn) for 2 h and
gui nea- pi gs exposed to 10 920 ng/n? (2600 ppm) for 8 h. A
short-term exposure to 1260 ng/nt (300 ppm) in the air caused
only very slight behavioural effects in rats, even though
pronounced neurochem cal changes were observed.

The hi gh exposure | evels used in studies on experinmental
ani mal s have not been observed in the hunman environnent.

8.1.2.2. Subacute and chronic toxicity

I nhal ation of styrene vapour by rats at a concentration of
5460 nmg/ nt (1300 ppn) for 7 h/day over several nonths did not
have any del eterious effects on the kidney and did not cause
any changes in the erythrocyte count, haenogl obin
concentration, and | eukocyte count. There were not any
essenti al norphol ogi cal changes in the rat lungs. Simlar
results were obtained with rabbits, nonkeys, and gui nea-pigs
except that 10% of the guinea-pigs died after the first
exposure with signs of lung irritation. An exposure |evel of
2730 nmg/ n? (650 ppm), for 7 h/day for 214-360 days, appeared
not to have any effects on the |ungs of guinea-pigs.

Rat s exposed by inhalation to a styrene concentration of
1260 ng/ n? (300 ppm) (6 h/day, 5 days a week) for up to 11
weeks devel oped axonal protein changes in the brain, an
i nducti on of drug netabolizing enzymes in the kidney and the
l'iver, histological alterations in the liver, and a depletion
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of the glutathione (GSH) contents of the kidney and the liver
No significant depletion of GSH occurred at 420 ng/nt (100
ppm .

Oral subacute studies were carried out on rats and beagl e
dogs. The rat study was carried out on feral es and exposure
i nduced only weight increases in the liver and kidney. No
ef fect was observed at a dose of 133 ng/kg body weight. The
study on dogs |asted nore than 19 nonths and showed a nild
haenol yti ¢ anaem a characterized by Heinz body production.

Ef fects were observed down to the | owest dose tested (200
ng/ kg body wei ght).

8.1.3. Cenetic effects

Styrene is a potential nutagen only after metabolic activation

Mut agenicity tests in bacteria, yeasts and manmmalian cells in vitro

have yi el ded contradictory results for styrene that may be due to
differences in the efficiency of activation and inactivation of
styrene in different studies.

Concl usi ve dose-effect rel ationships could only be established
in several in vitro studies.

The results of tests for chronpbsomal danmge i nduced by
styrene in experinental mammal s have been contradictory.
Three positive studies have been reported; 2 in mce, and 1 in
rats. A dose-effect relationship was only observed for the
i nduction of SCE in mice exposed to styrene in air |evels of
more than 1260 ng/nt (300 ppn). Five other aninal studies
have given negative results. The different end-points, routes
of exposure, durations of treatnent, species and strains of
ani mal s used, and the small nunmber of manmalian studies
avai |l abl e, make it inpossible to draw definitive concl usions
concer ni ng dose-effect rel ationshi ps.

8.1.4. Carcinogenic effects

Oral admi nistration of styrene to mce induced a
significant increase in pulnonary tumours in the Oy strain at
a dose of 1350 ngy/ kg body weight and a doubtful increase in
B6C3F1 mice at 300 ng/ kg body weight. No significant increase
in turmour incidence was observed in the G7;Bl strain, when
styrene was adm nistered pre- and post-natally at 300 ny/kg
body wei ght.

In 2 studies on rats, styrene given orally at doses
ranging from 500 to 1350 ng/ kg body weight did not induce a
significant increase in tunmour incidence. A greater incidence
of | ynphonas, observed in an inhalation study on rats exposed
to a styrene concentration of 2520 or 4200 ng/ n?(600 or 1000 ppmn),
could not be causally related to styrene.

Thus, the evidence avail able indicates that styrene at the
doses admini stered (1350 ng/ kg body weight for 0,9 strain)
caused an increase in pulnonary tunours in mce

Styrene 7, 8-oxide induced squanous cell carcinomas in the
forestomach of rats given doses of 50 and 250 ng/ kg body wei ght.
In a second study on rats, both squanous cell carcinonas and
pul nonary carci nomas were i nduced, when styrene oxi de was given at
a dose of 100 - 150 ny/ kg body wei ght per day, 4-5 days a week.

When styrene oxi de was painted on the skin of nice at
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concentrations of 50 or 100 g/ kg, no tunours of the skin were
i nduced.

8.2. Human Studi es

8.2.1. Effects on organs and systens

Effects on the followi ng organ systens were investi gated:
nervous, haemat opoi etic and i mmune systens, the ki dney and
urinary tract, the gastrointestinal tract, liver
cardi ovascul ar and respiratory systens, and the endocrine
organs.

Most studi es of the haematopoietic systemdid not produce
any positive data; in one study, a slight decrease in
thronmbocyte count in workers exposed to styrene for nore than
ten years was detected

A clear-cut trend towards altered liver function has not been
demonstrated. At | ow exposure concentrations, the comonly used
paraneters, such as activity of serum enzynmes of hepatic origin,

except for gamma- GTP, have given equivocal results.

Slight effects on the |lower respiratory system were noted
in sone studies.

No adequate data were available to the Task Group to
establish dose-effect or dose-response rel ationships for the
af orenmenti oned syst ens.

Sl i ght disturbances of visuonotor accuracy and psychonot or
performance were noted at styrene |evels exceeding 210 ng/ n?
(50 ppm, and an increased incidence of abnormalities in
el ect roencephal ograph recordi ngs was detected at styrene
concentrations bel ow 420 ng/n? (100 ppn); rel ationships
bet ween the exposure | evels and the severity of these effects
and the response rates were observed.

Wiile the reaction tines were shown to be prol onged for

exposure | evel s bel ow 630 ng/n? (150 ppm), dose-response
rel ati onshi ps could not be established.

8.2.2. Genetic effects in somatic cells

Knowl edge concerning the possible genetic effects of
styrene exposure on man is still inadequate for any
dose-response extrapol ations. Available information is
l[imted to structural somatic chronopsonme danmage in the
peri pheral blood | ynphocytes of workers occupationally exposed
to high concentrations of styrene in the reinforced plastics
i ndustry.

Data on individual exposure profiles are necessary for
meani ngful interpretation of the results of somatic cel
analysis. Furthernore, the role of high occasional peak
exposures and | ow conti nuous workpl ace exposures in the
i nducti on of chronbsone danage in | ynphocytes in styrene-
exposed workers is not clear. Considering the survival tine
of the target |ynphocytes, exposure data should be avail able
for a period of at |east 2-3 years precedi ng chronosone
anal ysi s.

Based on avail abl e published data, the follow ng
concl usi ons can be nade:
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1. No clear dose-response pattern can be recogni zed
Positive results of chrompbsone aberrations in
styrene-exposed workers were restricted to the
reinforced plastics industry, where styrene
concentrations in air were high. Negative results
have been obtai ned in the manufacture of styrene or
pol ystyrene where exposures to styrene are | ower.

2. Variability in the chronosone aberration frequencies
reported in different studies is great. This
suggests that several factors such as exposure
conditions, the method, and the analytical criteria
sel ected, influence the results.

3. Individual differences are great and nay reflect
variations in exposure or differences in
susceptibility.

The Task Group concluded that the health significance of
structural chrompsonal aberrations in the somatic cells of
persons exposed to styrene could not be assessed at present,
but that such effects were undesirable.

8.2.3. Carcinogenic effects

Several case reports and epidem ol ogi cal investigations
have inplied an increased risk of |ynphatic and haenat opoietic
system cancer in workers involved in the application of
styrene, polystyrene, and styrene-butadi ene rubber. However,
at present, there is not sufficient evidence to establish a
direct cause and effect relationship between styrene exposure
and cancer in human beings. Assessnent of data has frequently
been conplicated by concom tant exposure to other volatile
subst ances.

The Task Group concluded that, to date, a causa
rel ati onshi p between styrene exposure and cancer could not be
established in man.
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