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Styrene is a clear, colorless liquid with a
characteristic pungent odor. The odor
threshold of styrene vapors is about
0.05 ppm (69). In an aqueous solution the
mean of the odor threshold concentration
is 0.73 ppm (range 0.02—2.6 ppm) (4).
Styrene has the following physical prop-
erties (27):

Molecular weight 104.14
Specific gravity 0.90 g/cm3
Melting point —30.6°C
Boiling point 145.2°C
Vapor pressure (25°C) 858.93 Pa
(6.45 mm Hg)

Vapor density (air = 1) 3.6
Conversion factors: 1 ppm = 4.260 mg/m3
1 mg/m3 = 0.236 ppm

Solubility little in water, mis-
cible with ethanol
and ether

Styrene monomer was discovered in
1831, but technical production did not
begin until 1930 in Germany (27). During
the Second World War the styrene in-
dustry developed rapidly, because styrene
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monomer was in great demand for the pro-
duction of synthetic rubber.

Styrene is produced commercially by the
dehydrogenation of ethylbenzene. Because
of its vinyl group, styrene is very reactive,
and it polymerizes easily at room tempera-
ture. Before styrene can be stored, inhib-
iters are added to prevent polymerization.

Styrene is used in the production of
plastics and resins [polystyrene resins,
acrylonitrile-butadiene-styrene  polymer
(ABS), styrene-acrylonitrile copolymer
(SAN) resins, styrene-butadiene copolymer
resins, styrene butadiene rubber (SBR)].
It is also used as a cross-linking agent and
a solvent for unsaturated polyester resins
(72).

Especially workers manufacturing rein-
forced plastic products are exposed to
styrene as it evaporates during the lami-
nating process. The exposure level greatly
depends on the work conditions. For
example in four Swedish factories the
time-weighted average of styrene in the
ambient air ranged between 3 and 171 ppm
during different work phases, i.e., 10—139
ppm during boat hull laminating, 18—171
ppm during boat deck laminating, 68—144
ppm during spraying and 3—91 ppm dur-



ing the assembling of small parts (8). The
median value of the arithmetic means of
styrene concentrations measured in the
breathing zones of 68 Finnish laminating
workers (8 1-h measurements/worker)
was 66 ppm, range 20—299 ppm. The ex-
posure level was dependent on the volume
of the workroom. For example, the me-
dian styrene concentration of the large
workrooms (over 5,000 m®, N = 6) was 53
ppm, while in the middle-sized (1,000—
4,999 m® N = 11) and small (below 1,000
m?® N = 5) sites it was 87 and 117 ppm,
respectively (40). When laminates were
manufactured in the laboratory from dif-
ferent commercial polyester resins, 6.3—
12.8 % (mean 9.2 * 2.2 %/o) of the styrene
used evaporated into the air (40).

METABOLISM AND TOXICOLOGY

Absorption

Under work conditions styrene enters the
body primarily through absorption in the
lungs. Earlier studies indicated that about
59—66 %o of inhaled styrene is absorbed
(1, 7, 25, 56). However, in 1977 Fernandez
and Caperos (24) exposed volunteers to
70—206 ppm of styrene in an exposure
chamber and found that 88.7 £ 3.4 9 of
the inspired styrene was absorbed. The
same proportion was absorbed throughout
an 8-h exposure period.

Bodily absorption depends on alveolar
ventilation. As alveolar ventilation in-
creases, the amount of styrene absorbed
increases. Astrand and her coworkers (2)
demonstrated this phenomenon when they
exposed subjects to 50 ppm of styrene,
both at rest and during 50-W exercise.
They measured the following styrene con-
centrations at rest: 8.8 £ 0.7 ppm in al-
veolar air, 0.5%£0.0 ppm in arterial blood,
and 0.3 £ 0.0 ppm in venous blood. During
50-W exercise the concentrations rose to
9.5 * 1.3 ppm in alveolar air, 1.9 * 0.1 ppm
in arterial blood and 1.4%0.1 ppm in ve-
nous blood. When the subjects were ex-
posed to 50 and 150 ppm of styrene while
at rest and during 50-, 100- and 150-W

exercise, the difference between the arte-
rial and venous blood concentrations,
which describes the amount of styrene ab-
sorbed, increased slightly as the alveolar
ventilation increased. Also the concentra-
tion in arterial blood increased. However,
no linear relationship between arterial and
venous blood concentrations was observed.
At the end of exposure during 50-W exer-
cise the styrene concentration was 20—30
ppm in alveolar air and 5—7 ppm in arte-
rial blood. One hour after exposure the
styrene concentration in alveolar air had
decreased to 1—5 ppm (2). In comparison
with other industrial solvents styrene ab-
sorbs into the body easily, and the tissues
become saturated slowly (1).

In liquid form styrene can be absorbed
through the skin at a rate of about 9—15
mg per square meter per hour (21). The
amount of styrene vapor absorbed through
the skin is about 2 %, of the amount ab-
sorbed via the lungs, and thus skin ab-
sorption of styrene vapors is of minor im-
portance in the work environment (60).

Distribution

When rats were given g-!*C-labeled sty-
rene subcutaneously, 1 h after the injec-
tion the highest concentration was found
in the liver (4.62 %, of the dose) and kid-
ney (1.82 % of the dose). Blood (1.02 %),
adrenal tissue (0.91 %), and brain (0.01 /o)
showed the next highest concentrations
(17). [See also the article of Withey (77)
in this proceedings]l. When rats were ex-
posed by inhalation to 2,800 ppm of sty-
rene for 4 h, the highest styrene concen-
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Fig. 1. Styrene (vinylbenzene, phenylethylene).
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tration after the exposure was found in
perirenal fat, 133 mg®o. In brain tissue the
concentration was 25 mg®bs, and in liver 20
mg®%. One hour after exposure the sty-
rene concentration in the brain tissue was
8.6 mg/100 cm?® (68).

The styrene concentration in the adipose
tissue of exposed workers was found to be
0.2—1.0 ppm for more than 48 h after ex-
posure. The styrene concentration was
roughly related to the exposure level and
to the length of time since the cessation
of exposure (79).

The duration of styrene exposure has
been found to influence the concentration
in brain tissue. When rats were exposed
to 300 ppm of styrene for 11 weeks, the
highest concentration (47 nmol/g) in the
brain was observed at four weeks, but
when the exposure continued, the concen-
tration decreased, being only 10 nmol/g
10 weeks after the beginning of the expo-
sure (65).

Metabolism

Leibman (42) has reviewed the metabolism
of styrene in detail. Styrene is metabolized
mainly in the liver. First it is oxidized to
styrene oxide, an epoxide, by the micro-
somal monooxygenase system (43). Styrene
oxide is biologically reactive and can bind
covalently to the cellular macromolecules
(48). It is hydrated to phenylethylglycol
by microsomal epoxide hydratase (53) and
can be conjugated with glutathione; the
reaction is catalyzed by glutathione S-
transferase (10). The glutathione conjugate
is excreted mainly via the bile (63).
Styrene is metabolized also in extra-
hepatic tissues, e.g., the lungs and kidneys
(38, 63). Phenylethylglycol can be conju-
gated with glucuronic acid to form water
soluble glucuronide, which is mainly ex-
creted in the urine (22). Phenylethylglycol
is oxidized to mandelic acid and further
to phenylglyoxylic acid, the two main uri-
nary metabolites of styrene in man (7).
Phenylethylglycol and mandelic acids can
be further oxidized to benzoic acid, which,
after glycine conjugation, is excreted in
the urine as hippuric acid. A small frac-
tion of styrene is metabolized to vinyl
phenol and phenyl ethanol (5). Recently
the existence of other metabolites has been
proposed. The articles by Watabe et al. in
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this proceedings (75) and Pantarotto et al.
(57) offer more information in this respect.

Other foreign compounds can affect the
metabolism of styrene. Phenobarbitone
enhances the biotransformation of styrene
(55), whereas the coadministration of tolu-
ene suppresses its metabolism (37). In ad-
dition, styrene metabolism can be induced
by styrene exposure. When animals were
given a styrene dose of 500 mg per kilo-
gram per day intraperitoneally for 3—6 d,
the activity of the epoxide hydratase in-
creased (59). And when the animals were
exposed to 450 ppm of styrene for 7 d,
the activities of the enzymes catalyzing
the metabolism of styrene and other xeno-
biotics were increased (64).

Excretion

When rats were given f-1*C-labeled sty-
rene intraperitoneally, 3 % of the activity
was excreted in feces during the first 24 h,
12 % was exhaled as carbon dioxide, and
71 % was excreted in the urine (17). In
rabbits about 40 %6 of the styrene absorbed
is excreted in the urine as hippuric acid,
6% as glucuronide-conjugate (22), about
30°%0 as mandelic acid, and 5% as hy-
droxymercapturic acid (39).

In man 2.6 %o of the styrene absorbed is
excreted in exhaled air (24). About 85 %o
is excreted as mandelic acid, and 10 %o as
phenylglyoxylic acid in urine (7). Accord-
ing to the results of Astrand (2) only 50 %o
is excreted in the urine as mandelic acid.
The half-time of the mandelic acid ex-
creted in the urine is 7.8%£1.9 h (36). The
half-times of mandelic and phenylglyox-
ylic acids do not differ statistically signifi-
cantly (36). However, the excretion seems
to be biphasic. The half-time of the first
phase is inversely related to the level of
exposure (23). When the median exposure
level was 248 ppm, the half-time of the
first phase was 6.4 h, and, in a group with
a median exposure level of 23 ppm, the
half-time was 9.4 h. The half-time of the
urinary mandelic acid concentration in the
second phase was about 16 h (23).

The ratio of the urinary concentrations
of phenylglyoxylic acid to mandelic acid
varies as a function of the inhaled styrene
concentration. As the exposure level in-
creases, the relative amount of mandelic
acid increases (54). It has been reported



that also in man some of the styrene ab-
sorbed could be metabolized to hippuric
acid (36). However, human capacity is con-
sidered low in this respect (7, 54, 71). The
metabolites of styrene, mandelic and
phenylglyoxylic acids, have been used as
biological exposure tests. For details, see
the article of Bardodej in this proceedings

().

Acute toxicity

Exposure to 1,300—10,000 ppm of styrene
caused eye and nose irritation, lachryma-
tion and salivation in animals (70). During
an exposure level of 5,000 ppm animals
lost their equilibrium and often showed
tremors and clonic convulsion. Marked
pulmonary lesions were produced at con-
centrations of 1,300—10,000 ppm, when the
exposure was so long that some of the ex-
posed animals died as a result. Pulmonary
changes were characterized by congestion,
hemorrhage, edema, exudation, and leuco-
cytic infiltration (70).

In addition liver and kidneys were af-
fected. However, only some animals had
changes in these organs, and the changes
found were not severe or persistent (70).
A styrene dose of 3 g/kg, injected intra-
peritoneally to hamsters, caused periportal
necrosis in liver tissue (58). Styrene also
lowered the glutathione concentration of
liver tissue and increased the level of
alanine aminotransferase in serum. The
gamma glutamyltransferase level was not
altered (58).

Acute toxicity of styrene, expressed as
the LD;y® value for rats, is about 5.0 g/kg
for oral administration (78) and 2.4 g/kg
intraperitoneally (55). The corresponding
intraperitoneal value for styrene oxide is
0.55 g/kg (55). The LDy, value for intra-
venous administration to mice is 139 mg/l
for styrene, 415 mg/l for mandelic acid,
and 4656 mg/kg for phenylglyoxylic acid
(80). The lethal concentration (LCs,) for
2-h exposure is 5,000 ppm for mice, while
the corresponding value for 4-h exposure
of rats is 2,800 ppm (68).

Long-term effects

Spencer et al. (70) exposed animals to
1,300 ppm of styrene 7—8 h, 5 d a week,

2 LDsp = mean lethal dose.

over a period of at least 6 months. A
microscopic examination of various tissues
revealed no essential changes. When re-
sults of repeated blood examinations of
the exposed and control groups were
compared, neither changes in the total
erythrocyte count, total leucocyte count,
nor in the differential count were found.
Later Wolf and coworkers (78) exposed
rats through the daily administration of
peroral doses of 400 mg/kg for 185 days
(oral doses 132) and found a slight increase
in the weight of liver and kidney. A dose
of 133 mg/kg did not, however, cause such
changes. One year of styrene vapor in-
halation at a level of 1,300 ppm did not
cause changes in rhesus monkeys or rab-
bits (78).

Mutagenic and other toxic effects

The metabolite of styrene, styrene oxide,
has been found to be mutagenic in micro-
biological mutagenicity tests (46, 52, 74).
In addition styrene itself is mutagenic to
iSalmonella cultures in the presence of
liver homogenate (S-9 mix) (74), and this
phenomonen suggests that styrene must
be metabolically activated before it is
mutagenic.

When animals were exposed to 30 ppm
of styrene vapor for 2—11 weeks, the
chromosomal aberrations were increased
statistically significantly after 9 weeks of
exposure. Thereafter the aberrations did
not increase. The amount of aberrant
cells was 8—12 % in the exposed group
and 1—6 % in the control group (50).
Styrene also has toxic effects on chicken
embryos; styrene (0.5—50 wumol) injected
into the air space of fertilized chicken eggs
caused malformations in up to 20 % of the
treated embryos (73).

CLINICAL FINDINGS

Symptoms

Carpenter and his colleagues (11) exposed
humans in an exposure chamber to
800 ppm of styrene vapor and found that
styrene immediately caused eye and nose
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irritation, a persistent metallic taste,
drowsiness and impairment of equilib-
rium; in addition after the termination of
exposure slight muscular weakness and
depression occurred. Stewart et al. (71)
exposed human volunteers and found that
7 h of exposure to 99 ppm or more caused
slight eye and throat irritation. After
45 min at a level of 375 ppm one of the
five subjects became nauseated, two com-
plained of being slightly inebriated, and
two developed a headache.

Wilson found (76) styrene exposed
workers to have eye, throat and respirato-
ry symptoms and a feeling of lassitude
and fatigue. Styrene exposed workers
themselves described “styrene sickness,”
with such symptoms as nausea, vomiting,
loss of appetite, and general weakness. The
duration of symptoms was only a few
hours (61). Other reports have also de-
scribed skin, eye and nose irritation, tired-
ness, headache, and disturbances of sleep,
as well as changes in weight (32, 41, 56).

In a symptom survey of 98 male lami-
nating workers occupationally exposed to
styrene, the workers statistically signifi-
cantly expressed symptoms of irritation,
fatigue, and difficulties in concentration
more often than a nonexposed group. Also
during the workday irritation and “pre-
narcotic” symptoms, e.g., nausea, dizziness
and a drunken feeling, were reported sig-
nificantly more often. However, none of
the symptoms correlated statistically with
the level of exposure, as indicated by
urinary mandelic acid concentration, or
with abnormal findings in the psychologi-
cal or electroencephalographic examina-
tion (34).

Liquid styrene degreases the skin and
can cause toxic eczema when contact is
frequent (9, 76). The allergic effect of
styrene is slight, however (26), and positive
reactions to styrene are seldom found in
epicutaneous tests (9, 49). In a cross-sec-
tional study, which consisted of 70 styrene-
exposed workers, no eczema was observed
that could be attributed to contact with
polyester or styrene (30).

If styrene is accidentally splashed into
the eyes, moderate hyperemia of the con-
junctiva and slight injury of corneal epi-
thelium can occur. Such phenomena were
found to return to normal within 48 h
(31). The ophthalmological examination
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of 300 styrene-exposed workers did not
reveal any sign of optic neuritis of fundal
abnormality (47).

In a Polish study styrene-exposed work-
ers had symptoms of the respiratory tract,
suggesting that long-term exposure to
styrene could cause obstructive changes
(15). In another study with a group of
472 styrene-exposed workers, the preva-
lence of chronic bronchitis was 19 %. In
a group of styrene-exposed nonsmokers
the same prevalence was 6 %o. The authors
reported that they had seen such findings
in other industrial populations, and they
considered the etiological importance of
styrene exposure as questionable (47).

Effects on blood, liver function and
glucose metabolism

In the previously mentioned Polish study
21 workers had been exposed for more
than 10 years and 101 workers had been
employed in styrene exposure for about
1 year. The authors found no statistically
significant difference between the groups
with respect to red or white cell count
or differential count. The blood platelet
count was statistically significantly lower,
however, in the group with the longer ex-
posure when it was compared with a non-
exposed reference group. The reference
group was not described in detail (16). In
contrast, Lorimer et al. (47) found no cor-
relation between the duration of exposure
of workers to styrene and their blood
hemoglobin, white cell count, or platelet
count.

In the Polish study liver function tests
[asparate aminotransferase (S-ASAT), ala-
nine aminotransferase (S-ALAT), lactate
dehydrogenase (S-LD), cholinesterase, and
bilirubin] did not suggest liver lesion (14).
Also in the material of Lorimer et al. (47),
the abnormal values of bilirubin, alkaline
phosphatase (S-AFOS), alanine amino-
transferase, and asparate aminotransferase
scattered randomly. Abnormal gamma
glutamyl transferase (S-yGT) values were
found in 4.9 % of all the exposed workers,
the corresponding value being 6.7 % for
the exposed group with the high level of
exposure and 2.8 %o for the one with the
low exposure level. The difference was
statistically significant, and it was in-
creased when those with an alcohol con-



sumption of more than about 60 g of pure
ethanol per week were excluded.

In another Polish study Chmielewski et
al. (13) found that the group with exposure
of more than 10 years had higher alpha
and beta lipoprotein levels, as well as
higher cholesterol concentrations in serum.
The less exposed group (approximately 1
year) had an increased glucose tolerance
(13). The possible effect of age was not
accounted for in these studies.

The effect of styrene exposure on chro-
mosomes of cultured blood lymphocytes
from occupationally exposed workers have
also been studied. The exposed work-
ers had more (11—26 %) chromosomal
aberrations than a reference group (3 %)
(51); this finding was in accordance with
the results of a study of persons exposed
to vinyl chloride (20).

Effects on the central and peripheral
nervous systems

In an experimental study in which six
volunteers were exposed to 99 ppm of
styrene for 7 h, three of the six had dif-
ficulties on the Romberg test (71). The
results of the Crawford manual dexterity
test and Flanagan’s coordination test did
not differ from preexposure values. How-
ever, when the level of exposure was in-
creased to 375 ppm for 50 min, two of five
volunteers had 20 and 35 % lower results,
respectively, on a test, and three of the
five had coordination test results that
were 10 % lower than preexposure results
(71). Gamberale and Hultengren (28) found
a statistically significant deterioration in
reaction speed after 30 min of exposure
at a level of 350 ppm; they suggested that
perceptual speed was also affected by the
exposure. However manual dexterity was
normal. Oltramare et al. (56) found a slow-
ing of reaction time already at an exposure
level of 50 ppm, and the slowing was
even clearer at 100 and 200 ppm.

When occupationally exposed workers
were studied, Gotell et al. (32) found that
those exposed to 150 ppm of styrene had
slower reaction times than an age-matched
comparison group. Gamberale et al. (29)
found that styrene-exposed workers had
longer reaction times than the workers in
mechanical industries who served as the
control group. In fact the workers exposed

to styrene had a longer reaction time, a
greater deterioration in reaction time,
and a greater irregularity in performance
on the test than nonexposed workers.

Lindstrém et al. (45) examined 98 lami-
nating workers occupationally exposed to
styrene with a psychological test battery.
They used the duration of exposure in
years as the measure of exposure and the
urinary mandelic acid concentration as the
measure of the current intensity of expo-
sure. Only slight differences between the
exposed and reference groups were found.
The two groups differed only in visuo-
motor accuracy. In a multiple regression
analysis, disturbances in visuomotor ac-
curacy, psychomotor performance, and
lowered vigilance proved to have some
connection to a high mandelic acid con-
centration.

In a styrene-exposed group, a statisti-
cally significant difference was found in
visuomotor accuracy when the urinary
mandelic acid concentration exceeded
1,200 mg/l, and above this exposure level
an almost statistically significant decline
occurred in psychomotor performance (35).
For a better understanding of the expo-
sure-response relationship, the psychologi-
cal function was classified as abnormal
when the disturbance score was greater
than the mean of the reference group +
1 SD. The percentage of workers with
abnormally classified visuomotor accuracy
(Symmetry Drawing) was about 17 when
mandelic acid concentration was below
1,600 mg/l; above this concentration the
corresponding percentage was 60. Visuo-
motor accuracy, as measured by the Bour-
don-Wiersma test, was classified as ab-
normal in about 12 % of the workers with
a mandelic acid concentration below
1,999 mg/l and in 50°%, of those with a
higher mandelic acid concentration. Psy-
chomotor function (Mira Test) was found
to be abnormal in 19% of the workers
with a mandelic acid concentration below
1,600 mg/l and in 50 % of those with a
higher mandelic acid level (35). A mandelic
acid concentration of 1,600 mg/l corre-
sponds to an 8-h time-weighted average of
about 75 ppm (35).

The connection between occupational
styrene exposure and electroencephalo-
graphic (EEG) abnormalities has also been
studied. Klimkova-Deutschova (41) found
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that 7 of 17 exposed persons had patho-
logical EEGs and only 7 had normal EEGs.
Later 14 styrene-exposed workers were
studied, and 9 had an abnormal EEG find-
ing (62). In a Polish study 57—68 %0 of the
styrene-exposed group had a pathological
finding in the EEG examination (18, 19).
Seppéldinen et al. (67) studied 98 male
laminating workers neurophysiologically.
The urinary mandelic acid concentration
(mean of five determinations) was used as
the measure of exposure intensity. Man-
delic acid concentration varied from 7 to
4,715 mg/l, median 808 mg/l. The overall
prevalence of abnormal EEGs was 24 %o
(23 out of 96).

Abnormal EEGs were found in one-third
of the subjects with a urinary mandelic
acid concentration of more than 700 mg/l,
while a low level of styrene exposure
(urinary mandelic acid below 700 mg/l)
did not increase the prevalence of abnor-
mal EEGs above that found in a normal
population (67).

Lilis et al. (44) found the radial nerve
conduction velocity of 88 styrene-exposed
workers to be less than 55 m/s in 20 %b,
and peroneal nerve conduction velocity
was lower than 40 m/s in 219% of 91
examinees. No major difference was found
between the groups with “high” and “low”
exposure. However, in a Finnish study
(66) nerve conduction velocity measure-
ments performed on 40 subjects did not
reveal any definite relationship between
styrene exposure and neuropathy.

Clinical picture of styrene effects

The clinical picture of styrene poisoning
has been dealt with in the literature.
Slight neurological disturbances connected
with vegetative symptoms have been de-
scribed (19, 33, 47). In a case report a
relationship between styrene exposure and
depressive psychic status and diffuse brain
damage in primary psychasthenic and
neurotic workers was suggested (3). A
Swiss study concluded that neurological
disturbances in styrene-exposed workers
are rare and that the chronic toxicity is
slight at concentrations of 100—400 ppm
(12).

Symptoms of styrene exposure have
been listed as skin, eye and nose irritation,
tiredness, loss of appetite, difficulties in
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concentration and, in higher exposure,
dizziness. Reliable reports on the toxicity
to the liver have not yet been published.

So far, direct evidence of carcinogenic
effects caused by styrene is lacking, but,
if such effects become established, the set-
ting of standards for safe exposure must
be regarded from a completely new angle.
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