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Foreword

This risk of the priority substance covered by this Draft Risk Assessment Report is carried
out in accordance with Council Regulations (EEC) 793/93" on the evaluation and control of
the risks “existing “ substances. Regulation 793/93 provides a systematic framework for the
evaluation of the risks to human health and the environment of these substances if they are
produced or imported into the Community in volumes above 10 tonnes per year.

There are four overall stages in the Regulation for reducing the risks: data collection, priority
setting, risk assessment and risk reduction. Data provided by Industry are used by Member
States and the Commission services to determine the priority of the substances which need
to be assessed. For each substance on a priority list, a Member State volunteers to act as
“Rapporteur”, undertaking the in-depth Risk Assessment and if necessary, recommending a
strategy to limit the risks of exposure to the substance.

The methods for carrying out an in-depth Risk Assessment at Community level are laid down
in the Commission Regulation (EC) 1488/942 which is supported by a technical guidance
document®. Normally, the “Rapporteur” and individual companies producing, importing
and/or using the chemicals work closely together to develop a draft Risk Assessment
Report, which is then presented to the Competent Group of Member State experts for
endorsement. Observers from Industry, Consumer Organisations, Trade Unions,
Environmental Organisations and certain International Organisations are also invited to
attend the meetings. The Risk Assessment Report is then peer-reviewed by the Scientific
Committee on Toxicity, Eco-toxicity and the Environment (SCTEE) which gives its opinion to
the European Commission on the quality of the risk assessment.

This Draft Risk Assessment Report is currently under discussion in the Competent Group of
Member State experts with the aim of reaching consensus. During the course of these
discussions, the scientific interpretation of the underlying scientific information may change,
more information may be included and even the conclusions reached in this draft may
change. The Competent Group of Member State experts seek as wide a distribution of
these drafts as possible, in order to assure as complete and accurate an information basis
as possible. The information contained in this Draft Risk Assessment Report does not,
therefore, necessarily provide a sufficient basis for decision making regarding the hazards,
exposures of the risks associated with the priority substance under consideration herein.

This Draft Risk Assessment Report is the responsibility of the Member State
rapporteur. In order to avoid possible misinterpretations or misuse of the findings in
this draft, anyone wishing to cite or quote this report is advised contact the Member
State rapporteur beforehand.
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OVERALL RESULTS OF THE RISK ASSESSMENT
CAS Number: 100-42-5
EINECS Number: 202-851-5

IUPAC Name: Styrene

Environment
Conclusion (ii) There is at present no need for further information and/or testing

and no need for risk reduction measures beyond those which are
being applied already.

Conclusion (ii) applies to all scenarios.

Human health

Human health (toxicity)

Workers

Conclusion (iii)  There is a need for limiting the risks; risk reduction measures which
are already being applied shall be taken into account.

The MOSs (Margins of Safety) for acute CNS (Central Nervous System) depression, skin,
eye and respiratory tract irritation, effects on the ear and colour vision discrimination
following repeated exposure and developmental toxicity for GRP (glass-reinforced plastic)
manufacture are unacceptably low, and therefore conclusion (iii) applies. Conclusion (iii) also
applies to production of UP (unsaturated polyester)-resin in relation to effects on the ear
following repeated exposure and developmental toxicity and to production of SBR (styrene-
butadiene resin) and SB (styrene-butadiene) latex in relation to developmental toxicity.

Conclusion (ii) There is at present no need for further information and/or testing
and no need for risk reduction measures beyond those which are
being applied already.

For all remaining scenarios (manufacture of the monomer and production of polystyrene),
the MOSs for acute CNS depression, skin, eye and respiratory tract irritation, effects on the
ear and colour vision discrimination following repeated exposure and developmental toxicity
are considered to be sufficient, and therefore conclusion (ii) applies. Comclusion (ii) also
applies to all scenarios in relation to sensitisation, mutagenicity, carcinogenicity and effects
on fertility.
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Consumers

Conclusion (iii)  Thereis a need for limiting the risks; risk reduction measures which
are already being applied shall be taken into account.

Conclusion (iii) applies to exposures arising from boat building in relation to acute CNS
depression, eye and respiratory tract irritation, effects on the ear and on colour vision
following repeated exposure and developmental toxicity. Conclusion (iii) also applies to the
use of styrene containing liquid resins in relation to eye and respiratory tract irritation, effects
on the ear and on colour vision following repeated exposure and developmental toxicity, and
to the use of styrene-based paste in relation to developmental toxicity.

Conclusion (ii) There is at present no need for further information and/or testing
and no need for risk reduction measures beyond those which are
being applied already.

Conclusion (ii) applies to long-term low level exposures arising as a result of emissions from
polymeric building materials, including carpets, from food sources (mainly as a consequence
of food packaging) and from chewing gum in relation to acute CNS depression, skin, eye
and respiratory tract irritation, effects on the ear, colour vision discrimination and
hepatotoxicity following repeated exposure and developmental toxicity. Conclusion (ii) also
applies to exposures arising as a result of emissions from newly laid carpets in relation to
acute CNS depression, skin, eye and respiratory tract irritation, effects on the ear following
repeated exposure and developmental toxicity. Conclusion (ii) applies to the use of styrene
containing liquid resins in relation to acute CNS depression, skin irritation, to the use of
styrene-based paste in relation to acute CNS depression, skin, eye and respiratory tract
irritation and effects on the ear following repeated exposure and to exposures arising from
boat building in relation to skinirritation. Conclusion (ii) applies for all scenarios in relation to
sensitisation, mutagenicity, carcinogenicity and effects on fertility.

Humans exposed via the environment
Conclusion (ii) There is at present no need for further information and/or testing

and no need for risk reduction measures beyond those which are
being applied already.

Conclusion (ii) applies to both regional and local exposures in relation to all endpoints.

Combined exposure

Conclusion (ii) There is at present no need for further information and/or testing
and no need for risk reduction measures beyond those which are
being applied already.

Conclusion (ii) applies to a consumer exposed to styrene from polymeric products, from food
and from chewing gum, who is also exposed via the environment. This conclusion applies in
relation to all endpoints.

Human health (physico-chemical properties)
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Conclusion (ii) There is at present no need for further information and/or testing
and no need for risk reduction measures beyond those which are
being applied already.

Conclusion (ii) applies.
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1 GENERAL SUBSTANCE INFORMATION

1.1 IDENTIFICATION OF THE SUBSTANCE
CAS no: 100-42-5

EINECS no: 202-851-5

IUPAC name: Benzene, ethenyl

Molecular formula: CsHs

Structural formula: CsHsCH=CH,

Molecular weight: 104.15

Styrene is a liquid at room temperature. The most common synonyms are cinnamene,
ethenyl benzene, phenylethene, phenylethylene and vinylbenzene, together with the
equivalent names in other languages. Styrene polymerises at room temperature in the
presence of oxygen and oxidises in the presence of light and air. It is slightly soluble in
water, but soluble in most organic solvents.

1.2 PURITY/IMPURITIES, ADDITIVES
1.2.1 Purity
The suppliers state that the purity varies from 99.7% to greater than 99.9% w/w.

The impurities (where stated in IUCLID) as % w/w comprise some or all of the following:

Ethylbenzene <0.1%
Isopropylbenzene (cumene) <0.1%
2-Phenylpropene <0.1%
Water <0.025%
Phenyl acetate <0.02%
p-Xylene <0.06%
m-Xylene <0.001%

The impurities vary with the plant and production method.
1.2.2 Additives

The only stated additive was 4-tert-butylpyrocatechol (4-tert-butylbenzene-1, 2-diol), which is
added as a polymerisation inhibitor at <0.006 — 0.01% w/w.

1.3 PHYSICOCHEMICAL PROPERTIES
Data on the physicochemical properties of styrene have been obtained from the IUCLID

entries, from handbooks and from a number of other sources including a monograph on
styrene. Neither the IUCLID data (which frequently quote handbooks) nor the handbooks

11
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give the conditions under which the tests were carried out, particularly the purity of the
styrene used. Furthermore, while the literature may imply that there are a large number of
measurements within a narrow range, suggesting a degree of consistency between
independent measurements, the lack of reference to original papers means that it is possible
that all of these are derived from one source value. Consequently it is hard to assess the
quality of some of the data available.

The styrene monograph (Boundy and Boyer, 1952) provides data on highly purified material
(99.94 — 99.95% pure), which is of similar order of purity to that sold commercially (99.7 -
>99.9%). The monograph also provides details of test conditions used and reference to
other original papers.

1.3.1 Physical state (at ntp)

Commercially-produced styrene is a colourless to slightly yellow volatile liquid with a sweet
and pungent odour. The odour threshold is reported to be 0.15ppm (BASF, 1989).

Styrene polymerises on exposure to light and air, but it can also oxidise to form certain
aldehydes and ketones giving a sharp, penetrating, disagreeable odour (Boundy and Boyer,
1952).

1.3.2 Melting Point

The melting point of styrene has been measured at —30.6, -30.7 and -31°C. The first value
was presented in the consolidated IUCLID data set (BASF, 1990) and is the value quoted in
the Merck Index (11" Edition, 1989), by Mackay et al (1993), and by Kirk-Othmer (4™ Edition,
1991). The latter two figures were presented in a second |IUCLID entry and the CRC
Handbook (75™ Edition, 1994) respectively.

Boundy and Boyer (1952) give a value of -30.63°C for high purity (99.4 — 99.5%) styrene,
together with original literature references and experimental details.

1.3.3 Boiling Point

The boiling point of styrene has been placed between 145 and 146°C. A value of 145.2°C is
presented in the consolidated IUCLID date set (BASF, 1990). A range of 145 - 146° C is
presented in the Merck Index (11" Edition, 1989) and the CRC Handbook (75" Edition,
1994), and by Mackay et al (1993).

The value of 145.2°C is also presented in Boundy and Boyer (1952) as the boiling point for
high purity (99.4 — 99.5%) material.

134 Relative Density

The relative density of styrene has been measured at 0.901 — 0.906 at 20°C. The latter
value is presented in the consolidated IUCLID data set (BASF, 1990), in the Merck Index
(11" Edition, 1989), the CRC Handbook (75™ Edition, 1994) and Mackay et al (1993). A
value of 0.907 at 19.9°C is presented in Beilstein, while a value of 0.9014 at 25°C is
presented by Chaiyavech et al (1959).

A figure of 0.906 at 20°C is represented in Boundy and Boyer (1952) for high purity material
(99.4 — 99.5%). The original literature references describe the experimental methods used.

12
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1.35 Vapour Pressure

A number of individual values for the vapour pressure of styrene have been presented both
in IUCLID and from other sources: 3.4 hPa (0.34 kPa) at 10°C (Shell, unpublished); 6 - 10
hPa (0.6 — 1.0 kPa) at 20°C (BASF, 1990); 10 hPa (1 kPa) at 20° (EIf Safety Data Sheet,
quoted in IUCLID); 6.67 hPa (0.667 kPa) at 20°C, 12.66 hPa (1.266 kPa) at 30°C
(Verscheuren, 1983); 33 hPa (3.3kPa) at 50°C (BASF, 1990); 53 hPa (5.3 kPa) at 60°C
(unreferenced); 360 hPa (36 kPa) at 110°C (Shell, unpublished).

In addition to these, two sets of original data have been obtained and these are presented in
Table 1.1 and plotted in Figure 1.1 (Dreyer et al, 1954; Chaiyavech et al, 1959).

Table 1.1 Vapour pressure data
Dreyer et al (1954) Chaiyavech et al (1959)
Temperature (°C) Vapour Pressure (kPa) Temperature (°C) Vapour Pressure (kPa)
29.92 1.093 324 1.333
39.21 1.827 45.6 2.666
60.04 5.106 53.86 4.001
63.23 5.906 60.05 5.333
74.42 9.639 65.45 6.666
80.17 12.066 76.6 10.666
85.53 14.999 82.19 13.31
99.51 25.105
110.06 35.877
113.1 39.383
123.81 50.329
125.39 57.662
125.41 57.915
134.83 76.207
137.23 81.326
144.77 100.511

13
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Figure 1.1 Vapour pressure
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The two sets of data are consistent with each other but unfortunately do not cover the range
of greatest interest for the environmental assessment, between 10 and 30°C. However, it is
possible to extrapolate into this range to predict vapour pressure and to compare the
predicted values with those quoted above to check their consistency.

The plot suggest that the critical vapour pressures are approximately 0.6 kPa at 20°C, 1 kPa
at 25°C and 1.6 KPa at 30°C, suggesting that the “other information” including IUCLID data
is consistent with the two sets of series information.

The value quoted by Verscheuren for 20°C, 6.67 hPa (0.667 kPa), has been used for
environmental modelling purposes later in this report.

1.3.6 Solubility

Styrene is slightly soluble in water (300mg/1 at 20°C). This value was presented in the
consolidated IUCLID data set (BASF, 1990) and in Verscheuren (1983) and Mackay et al
(1993). Kirk-Othmer (4™ Edition, 1991) presents an additional value of 302 mg/1 at 25°C.

Values of 0.029 g/100 g of water (290 mg/1) at 20°C and 0.034 g/100 g of water (340 mg/1)
at 30°C are presented in Boundy and Boyer (1952), referenced to the original literature
(Lane, 1946).

The solubilities presented for styrene are consistent with variations in purity, a degree of
experimental variability and certain amount of rounding of values. A value of 300 mg/l is
used for environmental modelling purposes in this report.

Styrene is miscible in all proportions with organic solvents such as ether, methanol, ethanol
acetone, benzene, toluene and carbon tetrachloride.

14



R034_0806_hh_publication

1.3.7 Partition Coefficient

Three measured values for the octanol-water partition coefficient (as log Kow) are included
in the IUCLID data set. These are 2.95 (Hansch and Leo, 1979), 2.96 (BASF, 1987) and
3.16 (Banerjee et al, 1980) and 3.05 (Sangster, 1989). A value of 2.89 has been calculated
using the SRC program KOWWIN.

The BASF measured value used OECD method 107, described in IUCLID as the shake-flask
method. The styrene was of high purity (99.7%); the concentration in the water phase was
measured, and the concentration in the octanol phase was estimated by difference. The
value from Hansch and Leo (1979) comes from an unpublished analysis, most likely using
the shake-flask method. Banerjee et al (1980) employed a version of the shake flask method
using stainless steel centrifuge tubes and precautions to minimise volatility. They measured
the concentration in both phases. The exact purity of the material used in these last two
determinations is not known. The variability observed is in line with that expected from the
method used. The value proposed by Sangster (1989), 3.05, appears to be the mean of the
two values available in the open literature (Hansch and Leo and Banerjee et al). This value
was recommended by Mackay et al (1993) in their review of the data for styrene. Mackay et
al (1993) also quoted two determinations by HPLC, giving values of 2.76 (Fujisawa and
Masuhara 1981) and 2.90 (Wang et al, 1986).

In view of the agreement between the shake flask results, the mean log value from these
studies has been used in the environmental modelling in this risk assessment (this is
equivalent to taking the geometric mean of the actual measurements). This gives a value of
3.02.

1.3.8 Flash Point

Values for the flash point, measured by the closed cup method, are presented as 31.0°C
(BASF, 1990) and 34.4°C (NIOSH, 1983, quoted in a second IUCLID entry). Values
measured by the open cup method are presented as 31.1 and 34.4°C (Kirk-Othmer, 4™
Edition, 1991).

A flash point of 31°C (open cup to ASTM standard) is presented in the styrene monograph
(Boundy and Boyer, 1952). This figure is also quoted by the NFPA (1994). The latter quotes
the fire point (the temperature at which the substance continues to burn once the source of
ignition is removed) as 34°C.

The values presented can be considered as valid, noting that variation may occur depending
on the purity of the styrene, the precise definition of “flash point” and the observation
characteristics of the particular test method. The flash point of styrene will be considered to
be 31°C.

1.3.9 Auto flammability

The auto flammability (auto ignition) point of styrene has been quoted as 490°C in the
consolidated IUCLID data set (BASF, 1990). The same value is quoted in the Merck Index
(11" Edition, 1989) and Kirk-Othmer (4™ Edition, 1991), the National Fire Protection
Association (NFPA, 1994) and Boundy and Boyer (1952), the latter referring to a test method
according to ASTM guidelines.

The auto ignition point will be considered to be 490°C.
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1.3.10 Explosivity

Styrene is not explosive as defined by Directive 67/548/EEC, on the basis of structure and
oxygen balance calculations (Annex V to 79/831/EEC). However, the heavy vapour may
burn explosively if ignited in an enclosed area (McLellan, 1994).

Flammability limits are quoted as 0.9 (lower) and 6.8 (higher) (NFPA, 1994) and 1.1 to 6.1
(quoted as a percentage in air, McLellan 1994). The latter set of figures is also quoted by
Boundy and Boyer (1952). The NFPA data are considered to be the best estimate since the
values quoted by Boundy and Boyer have been calculated from vapour pressure studies,
rather than measured test data.

Styrene can polymerise explosively in the absence of a stabiliser (McLellan, 1994). Styrene
oxidises slowly in the presence of light and air to form peroxides.

1.3.11 Other Physicochemical Properties
The vapour density of styrene is quoted as 3.6 (air=1) (WHO, 1983).
1.3.12 Summary

Where several values for the physicochemical properties of styrene are available, these are
generally within a narrow range, consistent with experimental variability.

There is no value for the surface tension but this is not considered to be critical for the risk
assessment.

Table 1.2 presents the values for the physicochemical properties of styrene as used in this
assessment report.

Table 1.2 Physicochemical properties of styrene
Property Value
Physical state Liquid
Boiling Point (at 1 atmosphere) 145 - 146°C
Melting Point -30.6°C
Vapour Pressure 5 mmHg (667 Pa) at 20°C
Water Solubility 300 mg/1 at 20°C
Octanol- Water Partition Coefficient 3.02 (log value)
Density 0.906 g/cm® at 20°C
Vapour Density (air=1) 3.6
Flash point (closed up) 31°C, 34.4°C
Auto flammability 490°C
Conversion Factors 1mg/m® = 0.23 ppm; 1 ppm = 4.33 mg/m®
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1.4 CLASSIFICATION

Styrene is classified as a dangerous substance within the meaning of Directive 67/548/EEC
and is listed in Annex | of this Directive, being assigned risk and safety phrases:

R10: Flammable

Xn; R20: Harmful by Inhalation

Xi; R36/38 Irritating to eyes and skin

S2: Keep out of reach of children

S23: Do not breath gas/fumes/vapour/spray.

For human health the following classification and labelling was agreed by the TC C&L at
their meeting in September 2007:

R10: Flammable
Xn; R20: Harmful by Inhalation
Xi; R36/38/37: Irritating to eyes, skin and respiratory system

Xn; R48/20 Danger of serious damage to health by prolonged exposure via
inhalation

[Repr Cat 2;R61/Repr Cat 3;R63/NC]

No agreement could be reached in relation to developmental toxicity. This endpoint will be
finalised in the follow-up period or by further discussion.

There is currently no classification for the environment.

The acute toxicity values for fish, daphnia and algae all lie between 1 and 10 mg/l, which is
the range for R51. Styrene is readily biodegradable and so is not expected to persist in the
environment. However, styrene has a log Kow value of ~3 so it may accumulate in
organisms. An experimental study which indicated that styrene did not accumulate to the
levels expected from its Kow value is not considered valid. The available data therefore
leave styrene on the borderline for classification. No further testing is required for the risk
assessment as the available data are sufficient for this purpose. Rather than propose any
testing solely for the purpose of classification, a search of IUCLID for information on related
substances has been carried out. The information found for substances such as toluene,
xylene and ethylbenzene shows that they do not accumulate to any great degree in aquatic
organisms. By analogy with these substances and on the basis of the balance of the
information available it is concluded that styrene will not accumulate in aquatic organisms
and that R53 is therefore not appropriate. The proposal is that styrene is not classified as
dangerous to the environment.
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2 GENERAL INFORMATION ON EXPOSURE
2.1 PRODUCTION METHODS
Styrene is produced commercially from crude oil by a sequence of processes.

Steam cracking of naphtha obtained from the refining of crude oil produces ethylene,
propylene and a mixture of monocyclic hydrocarbons including benzene. Ethylene and
benzene, fractionated from this mixture, are then reacted together in the presence of a
catalyst to produce ethylbenzene.

Styrene is manufactured from ethylbenzene by one of two routes (Reinders, 1984 and WHO,
1983). Firstly, it can be manufactured by dehydrogenation:

catalyst
PhCyHs ~ -----mmmm- — PhCH=CH,+ H,

Iron oxide is used as a catalyst, together with zinc and magnesium oxides. Steam is added
as a dilution agent and to improve the heat transfer. The reaction is carried out at
approximately 700°C and 0.8 bar. The purification of the reaction product is done by
vacuum distillation. To prevent the polymerisation of the styrene, the conversion is carried
out to only 60%, and there is always a reasonable dilution. The by-product gases formed in
this reaction are used as a fuel or they are flared.

Alternatively, styrene may be manufactured by oxidation of ethylbenzene to the
hydroperoxide by bubbling air through the liquid reaction mixture. They hydroperoxide is
then reacted with propylene to yield propylene oxide and a co-product, methyl phenyl
carbinol, again in the liquid phase. The carbinol is dehydrated to styrene over an acid
catalyst at about 225°C. This reaction is shown below.

PhCH,CH; + Oy -——-—--- —> PhCH(CH3)OOH
Ethylbenzene ethylbenzene hydroperoxide
O
PhCH(CH3)OOH + CH3;CH=CH; ------ — PhCHOHCH; + CH3HCH,
propylene methyl phenyl propylene
carbinol oxide

PhCHOHCHj; ------ — PhCH=CH, + H,O
Styrene

2.2 Production Volumes

Approximate world production of styrene in 1995 is given as 16.5 million tonnes (Kirk-
Othmer, 4™ Edition, 1997). From information in IUCLID the range of production in EU
countries is 2.22 to 4.91 million tonnes per year and the range of import tonnages is 30,000
to 150,000 tonnes, with nine companies producing or importing styrene in quantities of over
1000 tonnes per annum.

A CEFIC report gives a figure for the production and use of styrene in Western Europe
(including some countries not within the EC) as 3,743,000 tonnes in 1993. This is a more
accurate estimate than simply adding the maximum capacities and so will be used
throughout the report.
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2.3 Uses

Styrene is processed in closed systems as an intermediate in the chemical industry. It is the
monomer for polystyrene (general purpose, GP-PS; high impact, HI; and expanded EPS)
and copolymer systems (acrylonitrile-butadiene-styrene, ABS; styrene-acrylonitrile, SAN;
methyl methacrylate-butadiene-styrene, MBS, and others) and in the production of styrene-
butadiene rubber (SBR) and related lattices (SB Latex for example). It is also used as a
component of unsaturated polyester (UPE) resins. More details of the uses of styrene are
given in the sections below (information taken from: Ashford (1994), Buchanan (1989),
Heaton (1986), Kirk-Othmer (4™ Edition, 1997) and Reigel (1974). Table 2.1 presents a brief
summary of the main uses of styrene polymers and copolymers, worldwide.

Table 2.1 Uses of Styrene polymers and copolymers worldwide
Styrene products Industrial and consumer applications
Polystyrene, GP-,HI- General packaging, furniture, electrical equipment

(e.g. audio-visual cassettes) industrial mouldings (e.g.
dental, medical)

Polystyrene, EPS Packaging, thermal insulation of refrigeration equipment
and buildings

ABS Interior and exterior automobile parts, drains, ventilation
pipes, air conditioning, hobby equipment, casings etc.

SBR Tyres, radiator and heater hoses, belts and seals, wire
insulation

SB Latex Paper coatings, carpet backings, floor tile adhesives

UPE resins — glass reinforced Building panels, marine products, household consumer

goods, trucks

UPE resins — non reinforced Casting resins used for producing liners and seals, in
putty and adhesives

The distribution of styrene usage in production of polymers and copolymers in Europe (1986
and 1993) and worldwide is presented in Table 2.2

19




R034_0806_hh_publication

Table 2.2 Usage of Styrene monomer
Use World 1993% Europe 1993° Europe 1986°
000 tonnes % 000 tonnes % 000 tonnes %
GP-, HI-PS 8063 56.7 1879 50.2 2000 64
EPS 1519 10.7 696 18.6
AB 1 11
S 559 397 10.6 360 11
SAN 271 1.9
SB Latex 1027 7.2 389 10.6 410 13
SB Rubber 1011 71 209 5.6
UPE Resin 289 2 172 4.6 145 5
MBS 26 0.2
SB Resins 26 0.2
Miscellaneous 418 29 210 7
Sources a — Miller et al, 1994
b — BP personal Communications, derived from 1993 CEFIC figures
¢ — BUA 1990

Detailed breakdowns of usage are not available, but in the UK there is some indication from
the industry that SBR may be more widely produced than ABS, and the quantity of styrene
monomer used in the production of UPE resins may be higher as a percentage of total
styrene use than for Europe as a whole. Within the UK a small number of companies
produce polystyrene, SBR AND UPE resin. However there are hundreds of small and
medium sized companies using these products: some 700 companies, for example, use
UPE resins in the manufacture of glass reinforced plastic and this number is expected to
rise.

As an example of breakdown use, the quantity of styrene polymers used in the UK have
been estimated by industrial sector as shown in Table 2.3 below (Jolly et al, 1994)

231 Polystyrene

General-purpose grade polystyrene (GP-PS) is made by either a continuous mass process
or by a suspension process. In the continuous process styrene, sometimes mixed with a
non-polymerisable volatile diluent, is passed through two or more reactors with several heat
exchange zones and agitators. The reaction mixture, now containing ~85% PS together with
residual monomer, is then transferred to a low-pressure high temperature devolatilisation
tower where unreacted monomer and the diluent are removed and recycled. The hot
polymer is then fed into an extruder where the polymer strands are cooled and cut into
pellets.

In the suspension process, styrene is dispersed in water in the presence of 0.01-0.05%
suspending agent and a polymerisation initiator (usually a mix of organic peroxides). The
reaction mix is heated until polymerisation is substantially complete. The polymer beads are
washed, dried and pelletised. GP-PS is easily processed to stable mouldings which have a
variety of uses.
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Table 2.3 Consumption of styrene polymers by application in the UK
Annual Consumption
Ktonnes %
POLYSTYRENE
Packaging 59.8 31
Housewares 34.2 18
White goods 31.2 16
Brown goods 25.9 14
Miscellaneous 25.3 13
Building 10.0 5
Transport 3.5 2
TOTAL 190 100
EXPANDED POLYSTYRENE
Packing 26 65
Building 124 31
Agriculture 1.6 4
TOTAL 40 100
ACRYLONITRILE-BUTADIENE-STYRENE COPOLYMER
Brown Goods 27.6 43
White Goods 321 37
Packaging 13.8 18
Miscellaneous 1.5 2
TOTAL 75 100

Notes: “white goods” are domestic appliances such as washing machines, fridges etc
“brown goods” are domestic equipment such as TV’s, videos etc

High impact polystyrene (HI) is a less brittle form of PS by copolymerisation of styrene with
up to 10% of polybutadiene or styrene- butadiene rubber. It too can be made by continuous
or suspension processes; the rubber is dissolved (3-10%) in the styrene monomer prior to
the polymerisation. In the suspension process, the styrene solution of the rubber is normally
polymerised in mass to a conversion of 20-30% before formation of the suspension. HI-PS is
used mainly in packaging, in household/office equipment, refrigerator fittings and linings etc.

Information from producers indicates that the continuous process dominates the production
of GP- and HI-PS, accounting for 90-95% of the production of these materials. The
suspension process is only used for specialist products where particular properties are
required.

A third form of polystyrene is expandable polystyrene, EPS, which is mainly produced by
suspension polymerisation of styrene with the addition of a blowing agent such as n-
pentane. It is used in insulation and protective packaging where it is blown out to become
expanded polystyrene.

21




R034_0806_hh_publication

2.3.2 Styrene Copolymers

A second major use of styrene is in the production of copolymer resins, ABS and SAN.
Acrylonitrile/butadiene/styrene (ABS) usually consists of a styrene-acrylonitrile copolymer
with a grafted disperse phase of polybutadiene rubber. The polybutadiene (or styrene-
butadiene) rubber is first polymerised in water to give a latex. Acrylonitrile and styrene
monomers are then added to continue polymerization within the latex.

In addition to the emulsion polymerisation described above, ABS can also be made by
suspension and continuous mass processes. The suspension process involves dissolving
polybutadiene rubber in the styrene and acrylonitrile monomers and adding a free-radical
initiator and chain transfer agents. When a monomer conversion of 25-35% is reached the
mixture is transferred to a suspension reactor where it is dispersed in water. Once the
required degree of conversion has been reached the product is washed, dewatered and then
dried.

The continuous mass process also begins with polybutadiene rubber dissolved in styrene
and acrylonitrile monomers together with initiators and modifiers. The reaction begins in a
pre-polymerise in which the reaction causes ABS rubber to precipitate. When monomer
conversion reaches around 30% the mixture is transferred to the bulk polymeriser and the
reaction continues to 50-80% monomer conversion. The unreacted monomers are removed
and recycled and the ABS is extruded, cooled in a water bath and pelletised. As this process
does not use water as the reaction medium the need for dewatering and drying the product
is removed and the amount of waste water reduced.

The composition of ABS can vary widely depending on the required properties of the
product. Additions such as methyl styrene or methyl methacrylate are also possible
depending on the intended end use. A typical composition of ABS would be: 15-25%
acrylonitrile, 5-30% 1,3-butadiene and 50-75% styrene. ABS is used on its own or with a
range of other polymers in blends.

Styrene/acrylonitrile resins are made by the controlled addition of styrene monomer to a
solution of acrylonitrile. Copolymers with a high acrylonitrile content (70-80%) have low gas
permeability and are used for containers and other household items.

Styrene is also used to make a number of other copolymers with butadiene, isoprene,
methacrylate and methylstyrene amongst others (styrene butadiene rubbers are dealt with
below).

2.3.3 Unsaturated Polyester (UPE) Resins

Styrene is added to unsaturated polyester resins to act as a cross-link agent and reactive
diluent in the production of glass reinforced plastic. It also acts as a solvent for the resins.
The styrene content of the resins can range from 30-50% depending on the degree of cross-
linking required. Low styrene emission resins (done by lowering the styrene content or
addition of emission reducing additives) are now being used by many companies in the EU.

There are many methods used to mould UPE resins. These include:
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(a) Hand lay-up

(b) Spray lay-up

(c) Resin transfer moulding (RTM)

(d) Sheet and bulk moulding compound (SMC and BMC)
(e) Filament winding

(f) Pultrusion process

The hand and spray lay-up techniques are slowly being replaced with some of these other
methods, which are on the whole more enclosed. However, open moulding techniques, such
as hand and spray lay-up, still represent about 60% of the EU market for GRP moulding.

234 Styrene Butadiene Rubbers

Styrene butadiene rubber (SBR) is largely made by the co-polymerization of the two
monomers in water. Reigel (1974) suggests 1 part styrene to 3 parts butadiene in 8 parts
water (by weight), with the monomers dispersed using an emulsifying agent. Catalyst and
modifying agent are added and the reaction allowed to proceed to the required degree. The
resulting colloidal aqueous emulsion or latex (SBL) is stripped of unreacted monomer
(butadiene removed with a compressor and styrene by vacuum steam distillation) and an
antioxidant added. The latex can be used directly for some purposes, or the rubber can be
isolated from the latex by coagulation, removal and drying.

SB rubber can also be made by solution polymerisation, with the monomers dissolved in
solvent. This allows greater manufacturing flexibility. More recent composition figures
suggest a styrene content of 20-35% in latex and 23-25% in rubber, with up to 40% in some
grades. SB latex is used in adhesives, paper coatings and foams; SB rubber is used in tyres,
insulation and moulded rubber goods amongst others.

Other latices can be produced using styrene and butadiene. High styrene copolymers can
have styrene contents of 80-85% and are produced by emulsion polymerisation. They are
used as impregnating resins and for shoe soling. The addition of 5% carboxylic acid
produces a carboxylated latex XSBR, with a solids content of 50-55%. The styrene content
varies from 35-85%. They are used in adhesives and binders, for example in carpet
underlay. The use of pyridine gives a latex know as PSBR, with 15% styrene, used in tyre
cords and drive belt manufacture. In some statistics, particularly those describing the use of
styrene, all these latices appear to be counted in together. Statistics on rubber production,
on the other hand, tend to separate out of XSBR latices, but include other such as PSBR in
general SB latices.

2.4 Releases From Production And Use Sites

The production and usage of styrene monomer within individual EU member states varies,
the major producer and user countries being Germany, France, the United Kingdom, Italy
and The Netherlands.

In section 3, estimates of releases from production and use sites will be made. For this
purpose the sizes of realistic large sites are required. The largest production sites listed in
IUCLID have capacities between 500,000 and 1,000,000 tonnes per year. Table 2.4 lists the
capacities of the largest users of styrene identified in Europe, or in the UK where wider
information could not be found. The European production in each area is also given.
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2.5 Controls

Styrene is an existing substance with a long history of production and use. A number of
effective controls to reduce emissions currently exist, whether simply adopted as part of
plant design or added later in response to demands to reduce emissions into the workplace
or the environment.

No information has been obtained on current legislative controls of emissions into the
environment. Within the workplace, there are existing controls relating to particular industries
but these are noted in more detail in the section on occupational exposure.

Occupational exposure limits do vary but they should be looked at in the context of the
measurement and enforcement regimes used to ensure that the limits are met. The limits in
isolation may be misleading in terms of the levels of exposure and consequently or risk that
they imply.

The use of styrene as a monomer in food contact plastics is currently authorised under
directive 90/128/EEC without a specific migration limit (although an overall migration limit of
60 mg/kg/food applies).

Table 2.4 Largest user of styrene in Europe
Product Larggz;gzg)a city Notes ProI(EdLLJJrc?[ipoenar(]OOO Notes
tonnes)
GP-, HI-PS 125,000 a 1,879
EPS 60,000 a 696
ABS 50,000 b 294 q
SAN 50,000 e
UPE 50,000 b 430 f
SBR 160,000 c 951 g
SB Latex 35,000 c 188 g
XSBR 55,000 c 685 g

Notes a - largest user identified from available information
b - largest user in UK from Chem-Intell (1991)
c - largest European user from IISRP (1994)
d - from styrene usage figure for ABS & SAN assuming average styrene content of 50%
e - assumed to be same as ABS
f - from styrene usage figure assuming average styrene content of 40%
g - European capacities from [ISRP (1994)
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ENVIRONMENT
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4 HUMAN HEALTH

4.1 HUMAN HEALTH (TOXICITY)
41.1 Exposure Assessment

4.1.1.1 Occupational Exposure

41111 General Discussion

Definitions and Limitations

In this document, unless otherwise stated, the term exposure is used to denote personal
exposure as measured or otherwise assessed without taking into account the effect of any
personal protective equipment (PPE) which might be in use. This definition permits the effect
of controls other than PPE to be assessed and avoids the problem of trying to quantify the
actual protection provided by PPE in use.

The general discussion sections summarise the important issues arising from the exposure
assessments and brings together measured exposure data and predictions from the EASE
(Estimation and Assessment of Substance Exposure) model. EASE is a general purpose
predictive model for workplace exposure assessments. It is an electronic, knowledge based,
expert system which is used where measured exposure data are limited or not available.
The model is in widespread use across the European Union for the occupational exposure
assessment of new and existing substances.

All models are based upon assumptions. EASE is only intended to give generalised
exposure data and works best in an exposure assessment when the relevance of the
modelled data can be compared with and evaluated against measured data.

EASE is essentially a series of decision trees. For any substance, the system asks a number
of questions about the physical properties of the substance and the circumstances of its use.
For most questions, the EASE user is given a multiple-choice list from which to select the
most appropriate response. Once all the questions have been answered, the exposure
prediction is determined absolutely by the choices mad. EASE can be used to estimate
inhalation and dermal exposure — dermal exposure is assessed as the potential exposure
rate to the hands and forearms (a total skin area of approximately 2,000 cm?). The dermal
model is less developed than the inhalation model, and its outputs should be regarded as no
more than first approximation estimates.

The output ranges generated by EASE relate to stead-state conditions, and estimate the
average concentration of the substance in the atmosphere over the period of exposure. The
model will not directly predict short-term exposures, but predictions of values for these
circumstances are possible by interpreting and modifying the output data using professional
judgement. Although short-term exposures may be predicted by EASE in this way, such
modifications to the model output should be regarded with caution.

Some information has been made available through the manufacturers of styrene monomer,
polystyrene, polyester resins etc, but detailed information regarding sampling techniques,
frequency and duration of exposure were not always provided.

Where real exposure data are not available or scant, EASE has been used to predict

exposures. Details of the reasoning behind any assumptions mad during the course of EASE
predictions are made clear in the relevant sections.
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Overview of Exposure

The total number of persons exposed to styrene in the EU is not known but because of its
widespread use in UP-styrene resins, mainly in the manufacturer of glass reinforced plastic,
it is expected to be thousands. During monomer and polymer manufacture throughout the
EU there may be up to 1000-1200 operators exposed to styrene. In the UK there are
approximately 80-100 employees exposed.

In Denmark 9200 people were working in the wind mill industry in 2003. It is estimated that
about half of the workforce is occupied in the production area (Danish Working Environment
Authority 2005, personal communication).

The HSE has personal exposure data on its NEDB (National Exposure Database), obtained
from 1985 onwards, but relates exclusively to the glass reinforcement plastics industry.
Extensive data (over 12,000 data points) have been received from CEFIC on behalf of the
EU GRP industry. New data have been provided in 2005 by CEFIC relating to exposure
during styrene manufacture.

There is a wealth of published exposure data, but they cover almost exclusively the use of
glass reinforced plastic in manufacturing of boats, automotive products, baths and shower
trays, and other miscellaneous products. Most of the published data referred to in this
assessment have been collated from data published since 1990 to ensure that they are more
relevant to current working practices.

The occupational exposure to styrene is discussed in five sections:

Manufacture of monomer
Production of polystyrene
Production of UP-styrene resin
Production of SBR and SB latex
GRP manufacture

* & & o o

Highest exposures, were found in the manufacturing of GRP products, where the UP-styrene
resin is used in the open, often with little or no effective control. Lower exposures were found
where more modern semi-enclosed processes were used.

Occupational Exposure Limits
There are a number of countries with exposure limits for styrene and these have been

tabulated below. These limits are provided for information and not as an indication of the
level of control of exposure achieved in practice in workplaces in these countries.
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Table 4.1 Occupational Exposure Limits for Styrene

Country 8-hour TWA (ppm) STEL (ppm) Source
UK 100 250 EH40/2005°
Germany 20 MAK values®
USA OSHA 100 200 ACGIH®
USA ACGIH 20 40 ACGIH®
USA NIOSH 50 100 ACGIH®
Netherlands 25 ACGIH®
Sweden 25 75 ACGIH®
Finland 20 100 ACGIH®
Japan 50 ACGIH®
France 50 ACGIH®
Denmark 25 Arbejdstilsynet 2002

(a) EH40/2005 Occupational Exposure Limits 1998, Health and Safety Executive

(b) List of MAK and BAT Values 1997, Deutsche Forschungstgemeinschaft

(c) TLV’s and other Occupational Exposure Values — 2000, ACGIH Worldwide (electronic version)

In July 1993, the various European styrene-based resin producing and using industries drew
up a voluntary Code of Practice to encourage the industry to work to an occupational
exposure limit of 50 ppm 8-hour TWA.

41.1.1.2 Occupational Exposure During the Production of Monomer

Throughout the EU styrene monomer is produced in a batch process within a largely
enclosed system. At one UK manufacturing site, ethylbenzene is dehydrogenated within an
enclosed vessel in which benzene, toluene, ethylbenzene, residues of tar and polymers are
separated to produce styrene monomer.

The styrene monomer is pumped to process units or storage tanks at 10°C ready for export.
During monomer production there is venting to atmosphere. The styrene for export contains
a p-tert-butyl catechol (TBC) inhibitor which prevents polymerisation. It is pumped into a road
tanker from storage tanks. It takes between 30 to 40 minutes to fill one tanker. Most of the
styrene produced on the site is used on site by the company to produce SBR.

At another UK manufacturing site the styrene monomer is mainly used to produce
polystrene.

Industry Exposure Data

Potential airborne exposure to styrene during manufacture is limited to the collection of
samples for analysis, loading/unloading of road tankers, release during venting and
maintenance. At one of the production plants approximately 40 workers may be potentially
exposed to atmospheric styrene. Personal sampling on the plant during road tanker loading,
in the storage area, in the production area and in the laboratory during analysis has been
carried out. Samples were taken using charcoal tubes, thermally desorbed and analysed by
chromatography (GC). Results gave 8-hour TWA levels below 8.0 ppm. See Table 4.2
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below. No information on short-term exposures was available. It was unclear from the
information provided what the patterns of exposure were.

30



R034_0806_hh_publication

Table 4.2 8-hr TWA exposure levels during manufacture of styrene
Work Area No. of Samples Exposure (ppm 8-hr TWA)
Range Arithmetic Mean
Styrene Plant 14 0-7.2 5.3
Styrene Storage 12 0 0
Tanker Loading 12 0-1.0 0.5
Laboratory 13 0-6.0 2

One German manufacturer of styrene reported that workplace exposure to styrene vapour is
monitored regularly. The company stated that personal exposure to airborne styrene is well
below 20 ppm 8-hour TWA during the production process. No further details were provided.

New industry data

In 2005 CEFIC provided some new data from manufacturing plants. The 8 hr TWA data are
given in Table 4.3. There was little information provided with this data on sampling methods
or the duration of sampling for the short term samples. Information from Company H states
that “the data are obtained by a personal air sampling techniques (8 hour shift
concentrations). A defined air volume flow is pumped through an adsorption tube, filled with
activated coconut shell charcoal (method NIOSH No 1501). After desorption the substance
is analysed by gas chromatography.”
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Table 4.3 8-hour TWA sampling results from industry for manufacture of styrene
Company Year Job N° of Min Max Median 95 %ile
samples (Ppm) (Ppm) (Ppm) (Ppm)
E Production operator 7 <0.02 0.9 0.06
Maintenance 7 <0.02 0.9 0.06
Laboratory/ sampling 7 <0.02 0.9 0.06
Loading/ filling 7 <0.02 0.9 0.06
B 2004 laboratory 8 0.02 0.35
H 2000 - 2004 Production operator 258 <0.0005 8 0.003 04
2000 - 2004 Maintenance 57 0.0007 0.3 0.002 0.11
2000 — 2004 Laboratory/ sampling 126 0 1.5 0.002 0.3
2000 — 2004 Loading/filling 52 0.0006 0.4 0.003 0.25
2000 — 2004 Pilot plants 58 <0.0005 0.8 0.002 0.23
G 1995 -1996 monomers and rubbers 14 <0.28 0.7
2001- 2002 monomers and rubbers 13 0.09 2.7 0.6 2.2
1996 maintenance 22 0.12 4.57
2003 Monomers and rubbers 12 <0.009 0.95 0.82
2001 - 2002 Cleaning contractor 2 2.8 3.9
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Company Year Job N° of Min Max Median 95 %ile
samples (ppm) (ppm) (ppm) (ppm)
J2 2004 Production 80 0.004 0.016 0.002 0.004
operator/inspection

72 0.004 0.03 0.004 0.0009

2004 Laboratory/sampling 8 0.0009 0.0009 0.0009 0.0009

16 0.0009 0.0009 0.0009 0.0009

35 0.0009 0.003 0.0009 0.0009
11 0.0009 0.04 0.004 0.005

2004 Loading/filling 24 0.0009 0.02 0.0009 0.0009
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Modelled Exposure

Inhalation Exposure

As no exposure data for short-term exposure were available, EASE has been used to
predict exposure during short-term activities such as product sampling and
loading/unloading of tankers. Details of sampling activities were not available, so for the
purposes of modelling reasonable worst case and typical exposures the default parameters
from the TGD will be used. For manufacture of a chemical, including sampling the
parameters for typical exposures are no aerosol formation, non dispersive and LEV present.
This results in an exposure prediction of 1 to 3ppm. For RWC (Reasonable Worst Case)
exposures the parameters are no aerosol formation, non dispersive use and LEV absent.
This results in an exposure prediction of 20 to 50 ppm.

As sampling is estimated to take about 2 minutes and if it is assumed that it is carried out
twice per shift then the range for typical exposures would be 0.3 to 0.8 ppm and the range
for the RWC would be 5.3 to 13.3 ppm. Tanker loading is reported to take 40 minutes, with
the styrene stored at 10°C. This 40 minutes will consist of 5 minutes for coupling and
decoupling pipework and 35 minutes standing by. If it is assumed that tanker
coupling/uncoupling is carried out once per shift then the range for typical exposures would
be 0.3 to 1.07 ppm and the range for the RWC would be 6.6 to 16.6 ppm.

Dermal Exposure

No measured dermal data are available and the default values given in the TGD will be
used.

A typical task is the quality control sampling of liquids (incidental contact and non dispersive
use) which gives a predicted exposure of 0.1 mg/cm?%day, with an assumed exposed surface
area of 210 cm® A RWC task would be coupling/decoupling of a transfer line. The
parameters for this task are the same as sampling thus the predicted exposure would be 0.1
mg/cm?/day but with an assumed exposed surface area of 420 cm?.

Values for risk characterisation

For long term inhalation exposure there are a reasonable number of real sampling results.
Although there is some variation in the values, there is little background information to go
with them. These results indicate that the typical exposure during this process should be 0.1
ppm 8 hr TWA and the RWC should be 1 ppm 8 hr TWA.

For short term inhalation exposures there are no real measurements and the values
generated by the EASE model for coupling/uncoupling of lines will be used. The typical
exposures value willbe 1 ppm 15 minute TWA and the RWC will be 15 ppm.

For dermal exposure a typical value of 0.1 mg/cm?/day over 210 cm? and a RWC value of
0.1 mg/cm?/day over 420 cm? will be used for risk characterisation.

41.1.13 Occupational Exposure During The Production of Polystrene
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Five companies produce polystyrene (GP, HI or expandable) within the UK. One such firm
produces both GP-PS and HI-PS by a continuous mass polymerisation of styrene and full
production of the required polystyrene is achieved within 24-48 hours. Production of the HI-
PS begins with the granulation and dissolving of a number of additives into a mixture of
styrene monomer and solvent. Feed mixture is fed to pre-polymerisation reactor and then
into another vessel where polymerisation occurs. The polymer is pumped through a diehead
after heating to form strands which are cooled in a water bath and pelletised. Depending on
the grade, a lubricant may be added before conveying the product to storage and packaging
facilities.

Potential airborne exposure to styrene may occur during the polymerisation process,
process sampling, spillage, storage activities and maintenance. It is indicated by one
company producing polystyrene that storage of the styrene monomer is in bunded tanks and
delivery to the plant is by fixed line. The handling of the raw material is minimal and the
possibility of leakage is low. The finished products are stored in a dedicated storage area.

Industry Exposure Data

One company stated that between 30-40 employees are potentially exposed to styrene
during polystyrene production on their site. The company have sampled for personal
exposures to airborne styrene during routine plant operations, sampling and general plant
maintenance. Samplers were worn over a full working shift of 12 hours. Air was drawn
through charcoal tubes, which were subsequently thermally desorbed and analysed by GC.
All of the 8-hour shift TWA exposures were below 3.4 ppm, with an arithmetic mean of 2.1
ppm, and the short term exposure levels (15 minute reference period) were mainly below 10
ppm, although one result was 630 ppm. This high short-term exposure occurred when the
operator cleared a blockage from one of the cyclone hatches. Alternative methods have now
been introduced by the company and exposure during this operation is now much better
controlled.

Another UK company uses styrene monomer for the production of expanded polystyrene
(EPS) by a batch reaction within an enclosed system. During the manufacturing process
approximately 100 employees may be potentially exposed to airborne styrene. LEV is
provided at sampling points where the operator may be exposed during collection. During
handling of styrene the company reported that employees use neoprene or nitrile gloves and
goggles. Other activities where exposure may occur are during the loading/unloading of road
tankers, working within the storage area, during venting, and extruding of the polymer. The
company routinely monitors for personal exposure to airborne styrene using charcoal tubes,
which are subsequently thermally desorbed and analysed by GC. The data in Table 4.4 were
obtained in the mid 1980’s but the company indicates that current exposure levels for similar
operations are lower. This is because operators are now multi-skilled, giving them more job
flexibility and hence reducing the time spent by an individual in areas where exposure to
styrene can occur.
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Table 4.4 8-hour TWA exposure levels during production of polystyrene (1980s)

Job Activity No. of Samples 8 — hour TWA (ppm)
Range Geometric Mean
Plant Operator 6 0.1-44 04
Packing Operator 34 0.01-15.8 0.3
Extruder Operator 28 0.02-9.6 0.2
Shift Foreman 18 0.02-1.4 0.2
Technician 8 0.03-1.1 0.3

From the 94 samples taken, all personal occupational exposures to styrene were below 16
ppm 8-hour TWA.

UK companies reported that the occupational exposure results provided by them reflected
those found in their European plants for similar operations, with most personal exposures
being well below 5 ppm 8-hour TWA.

Industry have provided some new exposure data from two EU companies that manufacture
polystyrene. At Company A, for routine operations styrene is handled in closed systems
which are only opened for tasks like sampling and loading/unloading operations. 111
personal sampling results that were taken between 2000 and 2004 were provided for
production operators. No information was given on RPE use. They were all 8 hr TWAs and
were collected using 3M 3500 badges, which were analysed after solvent desorption. The
range of these exposures were from 0.01 to 4.8 ppm, with a median value of 0.1 ppm and a
95" percentile value of 1 ppm.

Company provide four 8hr TWA sampling results taken during routine polystyrene
production, which were 0.05, 0.05, 0.08 and 0.09 ppm. No further information was provided.

Industry reported that they expected that exposure levels for the other polystyrene plants to
be very similar for routine operations. However, it must be borne in mind that higher
exposures will occur, for example during plant turnarounds when equipment and reactors
are being overhauled or in the vicinity of spills. At these times exposure would invariably be
reduced by the wearing of PPE.

Modelled Exposure

Inhalation

The processes, and therefore likely exposures, in this scenario are similar to those during
the manufacture of monomer and the same parameters for modelling will be used.

For short term exposure modelling the default parameters from the TGD will be used. For
manufacture of a chemical, including sampling the parameters for typical exposures are no
aerosol formation, non dispersive and LEV present. This results in an exposure prediction of
1 to 3ppm. For RWC exposures the parameters are no aerosol formation, non dispersive
use and dilution ventilation. This results in an exposure prediction of 20 to 50 ppm.

As sampling is estimated to take about 2 minutes and if it is assumed that it is carried out
twice per shift then the range for typical exposures would be 0.3 to 0.8 ppm and the range
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for the RWC would be 5.3 to 13.3 ppm. Tanker loading is reported to take 40 minutes, with
the styrene stored at 10°C. This 40 minutes will consist of 5 minutes for coupling and
decoupling pipework and 35 minutes standing by. If it is assumed that tanker
coupling/uncoupling is carried out once per shift then the range for typical exposures would
be 0.3 to 1.07 ppm and the range for the RWC would be 6.6 to 16.6 ppm.

Dermal Exposure

No measured dermal data are available and the default values given in the TGD will be
used.

A typical task is the quality control sampling of liquids (incidental contact and non dispersive
use) which gives a predicted exposure of 0.1 mg/cm?day, with an assumed exposed surface
area of 210 cm®’ A RWC task would be coupling/decoupling of a transfer line. The
parameters for this task are the same as sampling thus the predicted exposure would be 0.1
mg/cm?/day but with an assumed exposed surface area of 420 cm?.

Values for risk characterisation

For long term inhalation exposure there are a few real sampling results, but they are from
the 1980s and therefore relatively old. The company which supplied the data in Table 4.4
indicated that ‘current’ exposures are lower. The geometric mean values given for the 1980s
are not dissimilar to the typical value for exposure during monomer production and therefore
0.1 ppm 8hr TWA will be used for risk characterisation. It is more difficult to evaluate the
data for the RWC. For monomer production the RWC is 1ppm, which is based on real
sampling data. Although the highest value recorded in the 1980s is approximately 16 ppm, it
is likely that control will have improved since then and therefore as the process is very
similar to monomer production the same RWC will be used. This judgement is backed up by
the new data provided by industry from company A which have a 95" percentile value of 1
ppm from 111 sampling results. This gives a typical exposure during this process of 0.1
ppm 8 hr TWA and a RWC of 1 ppm 8 hr TWA.

For short term inhalation exposures there are no real measurements and the values
generated by the EASE model for coupling/uncoupling of lines will be used. The typical
exposures value will be 1 ppm 15 minute TWA and the RWC will be 15 ppm.

For dermal exposure a typical value of 0.1 mg/cm?day over 210 cm? and a RWC value of
0.1 mg/cm?/day over 420 cm? will be used for risk characterisation.

41.1.1.4 Occupational Exposure Data During Production of UP-styrene Resin

Most commercial thermosetting polyester resins are formed by the reaction of a mixture of
unreactive and reactive (saturated and unsaturated) dibasic acids with a dihydric alcohol
such as ethylene glycol. The reactive acid component is almost always maleic acid and the
unreactive acid is mainly phthalic acid. Styrene is the reactive cross-linking monomer in
which the polyester is readily soluble. The content of styrene monomer in the uncured resin
is generally in the region of 40%.

Several companies manufacture UP-styrene resin in the EU for use in the building, transport,
marine and paint industries.
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Industry Exposure Data

One major supplier of UP-styrene resin produces the polymer within a largely enclosed
system. Styrene is purchased in bulk and stored in a holding tank. Dibasic acids and glycols
are reacted in a blender and polymerisation occurs. The resultant polymer is dissolved in
styrene in a different blender. There may be some styrene vapours released during the
blending process but these are controlled by LEV. After blending, the UP-styrene resin is
run-off into 200-kilo drums or occasionally 1 tonne tanks or road tankers. Occupational
exposure to styrene may occur during discharge from the blender into storage or when
drumming off. However the filling point above the drum is provided with LEV and the
employees generally wear respiratory protective equipment. The number of drums filled per
day varies and is dependant on market demand but it is rarely less than four.

Background monitoring has been carried out during UP-styrene resin manufacture. The
company installed styrene monitors on the blender to measure background short-term
exposure when samples are taken for analysis. This operation takes approximately 1-2
minutes. The data in Table 4.5 were obtained using static sampling over a 10-minute period.
All short-term measurements were below 50 ppm.

Table 4.5 Occupational Exposure during production of UP-styrene resin (background
monitoring)
Short term measurements over a 10 min reference period
Area (ppm)
Range Arithmetic Mean
Reactor Charging 1-5 2
Blending Area 1-8 4
Reprocessing 2-5 3
Drumming Off 2-46 10

Operators were monitored for personal exposure to airborne styrene during the drumming-
off of resin. Samples were collected using charcoal tubes, which were thermally desorbed
and analysed by GC. All exposures ranged between 2-6 ppm 8-hour TWA.

A second firm producing resin for the production of caravans, car accessories and small
boats purchases styrene in 18 tonne tankers and stores the styrene in dedicated storage
vessels from where it is pumped to a blender and mixed with the appropriate additives. The
UP- styrene resin is then piped to holding tanks and discharged into drums for transport to
customers. On a busy day approximately 100 drums may be filled and almost 15-20
employees potentially exposed to atmospheric styrene. The company perceives the risks
from airborne styrene exposure to be minimal and hence operatives handling the substance
wear no respiratory protection although they stated that employees did wear gloves and eye
protection. Personal exposure monitoring by the company in the main resin producing room
and in the resin formulating plant indicate that exposure to airborne styrene is less than 1.0
ppm 8-hour TWA. No further details were provided by the company.
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Modelled Exposure

Inhalation

EASE was used to predict short-term exposure sampling at the blender, the task likely to
lead to the highest exposures. The TGD default parameters for production of liquid
formulations are no aerosol formation, non dispersive use and LEV present for typical
exposures and no aerosol formation, non dispersive and dilution ventilation for RWC
exposures. This results in a typical exposure range of 1 to 3 ppm. As sampling is likely to
take 2 minutes and be carried out twice in a shift the 15 minute TWA for this task is 0.3 to
0.8 ppm. The predicted RWC range is 20 to 50 ppm and if a task duration of 2 minutes is
taken into account the 15 minute TWA is 5.3 to 13.3 ppm.

EASE was also used to estimate exposure during drumming off. The parameters used for
typical exposures were non-dispersive use with LEV, which results in a prediction of 1 to
3ppm. For the RWC exposures the parameters used were no aerosol formation, non
dispersive use and dilution ventilation, which results in a prediction of 20 to 50 ppm.

Dermal Exposure

The main potential for dermal exposure is likely to occur during drum filling. The EASE
parameters best suited to typical exposures for this scenario are non-dispersive use, direct
handling with incidental contact with a liquid. The predicted dermal exposure range was 0 to
0.04 mg/cm?/day over 210 cm?, taking into account that the resin contains 40% styrene
monomer. A reasonable worst-case exposure for this scenario for dermal exposure would be
non dispersive use with intermittent exposure. The RWC value is therefore 0.4 mg/cm?day
over 210 cm?, taking into account that the resin contains 40% styrene monomer.

Values for risk characterisation

The task with the highest potential for exposure is drumming of the liquid polystyrene and
the values for this task will be used for risk characterisation.

For long term inhalation exposure there is a small amount of real sampling data, but it has
little contextual information accompanying it. These data indicate that exposures during
drumming are below 1 ppm or between 2 and 6ppm. The typical values given by EASE
range from 1 to 3 ppm. Therefore a value for typical exposures of 3ppm 8 hr TWA will be
used for risk characterisation. For the RWC EASE predicts a range of 20 to 50 ppm. As it is
more likely that some form of control will be available at drumming and the operator is
unlikely to spend the whole shift at the drumming point, the lower of these two values, 20
ppm 8 hr TWA will be used for risk characterisation.

For short term inhalation exposure there are a few static measured data, which range from 2
to 46 ppm, sampled over 10 minutes, which presumably were taken near to the drumming
point. The predicted EASE range for this task is 20 to 50 ppm. If the operator were to spend
15 minutes next to the drumming point their exposure could be as high as 50 ppm, therefore
the value of 50 ppm 15 minute TWA will be used as the short term RWC. The short term
typical value will be based on three times the long term typical value, which results in a short
term typical value of 9 ppm 15 minute TWA.

For dermal exposure the typical exposure value for this scenario is 0.04 mg/cm?®day over
210 cm?. The RWC for this scenario for dermal exposure is 0.4 mg/cm?day over 210 cm?.
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4,1.1.1.5 Occupational Exposure Data During SBR and SB Latex Production

In the EU almost 40 Companies produce SBR, ABS, SAN and SB latex formulations. SBR is
produced by manufacturing companies throughout the EU in a closed system using 25%
styrene and 75% butadiene; there may be slight variations in the percentage of each
substance used depending on customer specifications. Both the styrene and the butadiene
are copolymerised in a continuous polymerisation process initiated by a hydroperoxide
catalyst. The polymerisation is terminated by the addition of sodium polysuphide or sodium
dimethyl dithiocarbamate, and unreacted butadiene and styrene is recovered from the latex
in the monomer recovery area. The SB latex is then either converted to solid rubber or used
as a feedstock to produce high solid lattices.

Industry Exposure Data

One UK firm producing SBR indicated that 5 employees may be potentially exposed to
airborne styrene during the production process with the highest exposure occurring during
monomer recovery, sampling and venting to atmosphere. Personal sampling during these
activities using charcoal tubes, which were subsequently solvent desorbed and analysed by
GC gave exposure levels to airborne styrene of up to 6.5 ppm 8-hour TWA with the majority
below 2.5 ppm 8-hour TWA. No further information was provided.

SB latex and ABS are produced by one UK manufacturer for use in carpet backings and in
the paper industry. During SB latex production the monomer is transferred automatically via
pipeline from a storage tank to a reactor where the appropriate chemicals are mixed. The
polymerisation reactions occur in a range of glass-lined reactors and the system is enclosed.
Following completion of the polymerisation reactions, the batch is transferred to holding
vessels. The SB latex is sieved to remove coagulum before despatch to customers in road
tankers. On site, approximately 20 to 25 employees are potentially exposed to airborne
styrene especially during the coupling/uncoupling of the road tankers, venting and sampling.
The employees are routinely monitored for personal exposure using passive samplers with
charcoal, which are solvent desorbed and analysed by GC. The company has also
undertaken a series of background monitoring for airborne styrene at different locations on
the site using colorimetric indicator tubes. Personal exposures and background
concentration of less than 5 ppm 8-hour TWA have been obtained with the majority of
concentrations being less than 1.0 ppm 8-hour TWA. In one study, in 1993, workers were
sampled for personal exposure to styrene using charcoal tubes during routine operations,
unloading of styrene monomer from tanker to storage tank, and during routine operations on
the plant manufacturing site. Most exposure levels were <1.0 ppm 8-hour TWA but during
maintenance operations exposures of 10 ppm 8-hour TWA were obtained. No further
information was provided.

In 2005 CEFIC provided some new sampling data. These results are presented in Table 4.6.
They were all taken at one company in 2003/4 and are all 8 hr TWAs. No further information
was provided.

Table 4.6 8 hr TWA sampling results SBR latex production.
Job No of Min Max Median 95 %ile
samples (ppm) (ppm) (ppm) (ppm)
Production 43 0.01 1.2 0.12 0.5
operator/inspection
Laboratory/sampling 27 0.01 0.25 0.06 0.18
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SBR polymerisation operator 23 0.01 2.5 0.35 2.3
SBR monomer recovery 26 0.17 2.7 1.25 2.6
SBR finishing operator 42 0.02 0.5 0.2 0.5
Latex production operator 54 0.01 0.56 0.09 0.19

Modelled Exposure

Inhalation Exposure

Information to enable EASE to be used to model short-term exposures was not available, so
the same scenarios are used in the monomer production sections are used here.

EASE has been used to predict exposure during short-term activities such as product
sampling and loading/unloading of tankers. Details of sampling activities were not available,
so for the purposes of modelling reasonable worst case and typical exposures the default
parameters from the TGD will be used. For manufacture of a chemical, including sampling
the parameters for typical exposures are no aerosol formation, non dispersive and LEV
present. This results in an exposure prediction of 1 to 3ppm. For RWC exposures the
parameters are no aerosol formation, non dispersive use and LEV absent. This results in an
exposure prediction of 20 to 50 ppm.

As sampling is estimated to take about 2 minutes and if it is assumed that it is carried out
twice per shift then the range for typical exposures would be 0.3 to 0.8 ppm and the range
for the RWC would be 5.3 to 13.3 ppm. Tanker loading is reported to take 40 minutes, with
the styrene stored at 10°C. This 40 minutes will consist of 5 minutes for coupling and
decoupling pipework and 35 minutes standing by. If it is assumed that tanker
coupling/uncoupling is carried out once per shift then the range for typical exposures would
be 0.3 to 1.07 ppm and the range for the RWC would be 6.6 to 16.6 ppm.

Dermal Exposure

Again, during production, the main tasks where there is a potential for dermal exposure are
during sampling and coupling and uncoupling of pipework during tanker loading. No
measured dermal data are available and the default values given in the TGD will be used.

A typical task is the quality control sampling of liquids (incidental contact and non dispersive
use) which gives a predicted exposure of 0.1 mg/cm?%day, with an assumed exposed surface
area of 210 cm® A RWC task would be coupling/decoupling of a transfer line. The
parameters for this task are the same as sampling thus the predicted exposure would be 0.1
mg/cm?/day but with an assumed exposed surface area of 420 cm?.

Values for risk characterisation

For long term inhalation exposure there are a reasonable number of real sampling results,
but most are all from one site and so there is little indication of how representative they are.
The other available long term data indicate that 8 hr TWAs are below 6.5 ppm, with the
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majority below 1 ppm. Taking all of this into account, it is judged that the typical exposure
during this process should be 1 ppm 8 hr TWA and the RWC should be 5 ppm 8 hr TWA.

For short term inhalation exposures there are no real measurements and the values
generated by the EASE model for coupling/uncoupling of lines will be used. Therefore a
RWC of 15 ppm 15 minute TWA and a short term typical value of 1 ppm 15 minute TWA will
be used for risk characterisation.

For dermal exposure a typical value of 0.1 mg/cm?/day over 210 cm? and a RWC value of
0.1 mg/cm?/day over 420 cm? will be used for risk characterisation.

41.1.1.6 Occupational Exposure Data During GRP Manufacture and UP-
styrene use

In the GRP industry, styrene exposures are higher than those found in monomer and
polymer production. This is because the processing of the styrene-containing resins involves
manual handling in either open or semi-closed moulding processes.

Styrene is used as a cross-linking agent and during fabrication methyl ethyl ketone peroxide
is used to initiate the exothermic polymerisation. Other substances are added as regulators
and stabilisers. The GRP is a laminate consisting of the UP-styrene resin matrix and glass
fibre.

In the GRP industry, there are two categories of fabrication, namely contact moulding and
machine moulding. Machine processes are generally used for the production of small to
medium sized items such as containers, sheets and tubes. Contact moulding operations are
often manual and can involve hand lay-up or spray up lamination to deposit UP-styrene resin
and fibre glass onto the surface of a prepared mould. In hand lay-up the UP-styrene resin is
applied direct to the laminate by spraying and then covering with fibreglass mat by hand. In
spray-up, both the resin and chopped fibreglass are applied simultaneously to the mould.
The laminate is then rolled out manually to remove any entrapped air bubbles. The
operations are repeated until the correct thickness is obtained. After a few hours, curing is
usually complete. Edges may be trimmed during or after the curing process.

With these open moulding techniques the operators work very near the moulds and there is
considerable potential for exposure to evaporating styrene. The concentration of styrene in
the working atmosphere will vary according to the amount of resin used, the area of surface
fabrication, duration of work process, temperature and whether LEV is provided. Often, work
practices are poor, with operators leaning over large work pieces or working between the
workpiece and LEV, thus rendering any LEV present ineffective. In open moulding up to 10%
of the styrene contained in the resin may volatise into the workplace and, without appropriate
controls, airborne exposures can be high.

There is an increasing use of semi-enclosed processes such as the RTM (Resin Transfer
Moulding) process, and sheet and bulk moulding compound (SMC & BMC) processes.
These modern techniques can significantly reduce exposure as they reduce the time the
operator is in contact with the resin. Traditional hand and spray lay-up techniques require
greater operator input to work the mould, usually with hand lamination. This may require the
operator to be leant over the mould whilst using hand tools to work the resin into the mould.

The RTM method utilises an enclosed mould where the operator's hand lay-up work is
replaced by the upper half of the mould. The resin is fed in from one side of the mould using
pressure or vacuum injection and surplus resin is removed from the opposite side. A similar
system can be retrofitted to an existing hand lay-up process. A new mould table needs to be
purchased, which incorporates a vacuum injection system. The top half of the mould is
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plastic sheeting, which is laid-over the reinforcing material. The resin is injected into the
reinforcing material between the bottom solid half of the mould and upper sheeting. This
removes the need for the operator to hand work the resin into the mould. Many companies
move to this method as a cheaper alternative to the RTM process. There are other semi-
enclosed techniques, such as sheet and bulk moulding compound, which can also reduce
exposures.

Occupational exposures can still occur with these semi-enclosed processes during mould
opening/closing when residual styrene is released. Other activities, such as connecting resin
delivery lines or maintenance may also result in workers being exposed to styrene.
However, these semi-enclosed resin moulding processes do provide a significant
improvement over open moulding techniques. Open moulding techniques will suffer higher
exposures due to the high level of operator input needed to work the mould, and are
dependent on a greater level of operator training to manage these exposures. Techniques,
such as RTM etc., which remove the high level of operator input will therefore reduce
exposures.

Low styrene emission (LSE) resins will also help to reduce exposures. It is reported that
these resins can have problems with delamination between layers, but this problem has now
been largely overcome and they are used extensively, including by the boat building
industry.

Industry Exposure Data

One medium sized company employs 150 workers and uses styrene monomer in a UP-
styrene resin with methyl ethyl ketone peroxide as a catalyst for polymerisation. The UP-
styrene resin and glass fibre filaments are used to produce building and housing panels and
during the lamination process up to 50 employees may be potentially exposed to airborne
styrene. The process is semi-automated contact moulding and resin is automatically mixed
with the catalyst prior to being sprayed onto the mould surface along with the glass fibre
strands. Once deposited, the laminate is rolled by 4 — 5 employees using brushes and it is
left to cure into its finished state. The lamination is carried out in 2 booths with installed LEV
and approximately 12 —15 panels are completed in one day. Measurements of personal
exposures to styrene indicate that 8-hour TWA'’s are below 100 ppm. The personal samples
were taken during laminate spraying and rolling in the breathing zone of the operatives using
charcoal tubes, which were subsequently thermally desorbed and analysed by GC. The
results are shown in Table 4.6

Table 4.6 Industry data on exposure to styrene during GRP manufacturing
Activity Samples Exposure 8-hour TWA (ppm)
Range Arithmetic Mean
GRP Laminate Sprayer 24 6 to 46 13.3
GRP Laminate Roller 18 7.5t0 85 44.2

Industry Exposure Data (received from CEFIC)
The following occupational exposure data were received from CEFIC. These data were

collated from member states by CEFIC and the following tables (reproduced directly from
their report) were produced to summarise exposures across the range of activities using
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GRP. All of the exposure values are in ppm and were taken using a variety of methods.
They were taken over different time periods and may not all represent 8-hour TWA'’s. The
report provided the following conclusions.

. Open mould operations show the highest exposure of workers to styrene with
gel coating being the activity with the highest exposure. The wealth of data on
open mould operations show that keeping the workers exposure below the
specified MAC value has proved to be very difficult.

. Conversely in all data coming from closed mould injection operations the
styrene concentration stays well below the MAC value.

. SMC/BMC operations also typically show a high variation in styrene
concentrations. The highest values are obtained during SMC moulding when
SMC sheets are laid in the press, essentially the “open mould” part of the

operation.
Table 4.7 Hand Lay Up
Country N Min Max Average 50%ile 90%ile
(ppm) (ppm) (ppm) (ppm) (ppm)
Austria 19 2.6 52.1 17.1 8.6 37.3
Belgium 3 4.9 41.2 24.4 * *
Denmark 156 0.3 282.7 31.9 19 73.6
France 1500 0.2 313.8 45.2 36.3 101
Germany 1171 18 61
Italy 1030 55.4 38.6
Netherlands 48 4 111 31 22 68
UK 255 1 374 35 23 90
N — number of samples  * Insufficient data
Table 4.8 Spray Up
Country N Min Max Average 50%ile 90%ile
(ppm) (ppm) (ppm) (ppm) (ppm)
Austria 1 11.7 11.7 11.7 * *
Belgium 23 0.7 84.5 18.9 10.6 47.6
Denmark 3 49.1 186.9 105.9 * *
France 458 2.3 380.1 43.6 41.7 98
Italy 166 31.3 19.2
Netherlands 76 2 374 46 30 94
UK 1 45 45 * *
N — number of samples  * Insufficient data
Table 4.9 Gel Coating
Country N Min Max Average 50%ile 90%ile
(ppm) (ppm) (ppm) (ppm) (ppm)
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Austria 4 8.2 13.7 11.5 * *
Belgium 9.9 50.5 30.2 * *
Denmark 36 3 133.2 28.8 19.6 60.8
France 259 0.1 193.2 31.3 21.7 85
Germany 67 10.7 47.9
Netherlands 12 9.2 100 47.3 34.9 98
UK 2 26 45 35.5 * *
N — number of samples  * Insufficient data
Table 4.10 RTM
Country N Min Max Average 50%ile 90%ile
(Ppm) (Ppm) (Ppm) (Ppm) (Ppm)
Denmark 33 0.5 491 3.8 1.8 5.7
Sweden 1 0.5 0.5 * *
UK 19 1 98 16.3 8 27.8
N — number of samples  * Insufficient data
Table 4.11 SMC/BMC Production
Country N Min Max Average 50%ile 90%ile
(Ppm) (Ppm) (Ppm) (Ppm) (Ppm)
Austria 1 12.9 12.9 12.9 * *
Belgium 1 26 2.6
Germany 77 171 38.3
UK 84 1 122 27 18 62.4
N — number of samples  * Insufficient data
Table 4.12 SMC/BMC Moulding
Country N Min Max Average 50%ile 90%ile
(Ppm) (Ppm) (Ppm) (Ppm) (Ppm)
Austria 5 8.9 16.9 211 11.9 15.3
Belgium 3 6.3 56.1 28.5 * *
France 432 0.9 290.9 44 .4 33.8 102
UK 38 1 100 15 10 35.8
N — number of samples  * Insufficient data
Table 4.13 Filament Winding
Country N Min Max Average 50%ile 90%ile
(Ppm) (Ppm) (Ppm) (Ppm) (Ppm)
Denmark 3 10.3 19.6 15.8 * *
Italy 71 20.1 11.1
Netherlands 20 2.1 31.0 10.3 6.4 21.6
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N — number of samples  * Insufficient data

Table 4.14 Pultrusion

Country N Min Max Average 50%ile 90%ile
(ppm) (ppm) (ppm) (ppm) (ppm)
Denmark 20 0.2 5.8 1.6 0.8 4.1
Italy 71 20.1 11.1
UK 23 1 68 11 7 19

N — number of samples

There are over 12,000 results in total from across most EU Member States. They generally
date back over the last ten years (the French data were from 1987 to 2001) and were taken
using a variety of methods. They were taken over different time periods and may not all
represent 8-hour TWA'’s. It is therefore not possible to be confident about the quality of all
the data. In addition, the data were sent to CEFIC in many different forms, some
summarised and some as individual data points. In addition, to produce the above tables
they had to make assumptions about the data, and in some cases generate figures for their
calculations.

Whilst Table 4.10 to 4.14 generally show lower exposures, the data in Tables 4.7 to 4.9 do
show that higher exposures do still take place. Modern resin moulding techniques are clearly
helping to drive down exposures, but older open moulding techniques are still in extensive
use across the EU. These open moulding processes result in higher exposures

Cefic Pilot Study for a Harmonised Monitoring Programme

In 2002 Cefic set up a pilot study to test a proposed harmonised monitoring programme for
occupational exposure to styrene in the GRP industry. The pilot study took place in seven
EU countries: Belgium and the Netherlands, Denmark, Finland, France, Italy and the UK. In
each country the main resin supplier was asked to distribute 50 ‘do-it-yourself’ sampling kits
among 15 — 25 of their customers. Each ‘styrene sampling kit’, consisted of a 3M badge, an
instruction leaflet for the worker on how to use the badge, a task registration form and a
return envelope. All of the returned badges were collected and sent to the same laboratory
for analysis. The study was carried out between December 2002 and April 2003.

78% of the 88 companies that received sampling kits participated in the study and 76% of
the 300 sampling kits were returned. The report indicates that the duration of the
measurements ranged from 400 minutes to 600 minutes, with an average sampling time of
480 minutes, therefore the results below will be assumed to be representative of 8hr TWAs.
Table 4.15 gives the sampling results from this study. As has been seen in the other
industry data presented, rolling and hand lamination gives rise to the highest exposures,
closely followed by other open mould tasks.
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Table 4.15 Cefic data on styrene concentration in breathing zone by job category
Job category Styrene concentration in breathing zone (8hr TWA)

Number of Min Max Median

samples (ppm) (Ppm) (Ppm)
Gel coating 10 6.2 78 33
Spray up 17 8.3 126 44
Rolling/ Hand laminating 61 1.6 167 47

Filament winding 2 42 121

Variable — open mould 63 2.3 112 35
Finishing 8 1.1 50 27
Injection 9 3 18 10
Cold press 4 7.8 31 15
SMC/BMC moulding 4 0.7 25 21
Variable — closed mould 5 6.2 19 9
SMC/BMC production 5 14.3 25 20
variable- other 26 0.5 44 18
Unknown 4 4 45 20
TOTAL 218 0.5 167 30

In the study report data were also presented showing the results on rolling/hand laminating
by country. These data are presented in Table 4.16. There does not appear to be any
appreciable difference between exposure levels in different countries for this task/job.

Table 4.16  Cefic data on styrene exposures during rolling/hand laminating by country.
Country Styrene concentration in breathing zone
Rolling/hand laminating (8hr TWA)

Number of samples Min Max Median

(ppm) (ppm) (ppm)
Belgium/Netherlands 6 25 108 55
Denmark 14 1.6 167 24
Finland 16 8.3 106 56
France 3 21.6 106.5 77
Italy 18 6.2 130.6 35
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UK 4 48 93 55

Total 61 1.6 167 a7

HSE Exposure Data

Personal exposure data were obtained from HSE’s National Exposure Database (NEDB) for
8-hour TWA exposures to styrene vapour between 1985 and 2002 in GRP manufacturing
industries. The work is described as hand lamination and included such work categories as
laminators, rollers, process workers and those applying the gel coat to the mould. GRP
production is by hand lay-up, spray lay-up or a combination of both. The number of workers
directly exposed to styrene vapour ranges from between 5 and 50 per site. The results are
summarised in Table 4.17.

Exposures reported to the National Exposure Database generally represent the worst-case
scenarios, as the monitoring work is usually undertaken as a reaction to perceived problems
within a company or industry. This can lead to a bias in the level of exposure recorded on
the HSE database.

Table 4.17 Occupational exposure to styrene during GRP manufacturing recorded on
HSE’s database

Activity Year No. of 8-hour TWA (ppm)
Samples Range Arithmetic| Median Tod
Mean percentile

Hand 1985 26 4 -158 51.4 43 102.3

Lamination |4 g4 65 4-89 37.3 30 80
1987 180 1-198 55.3 43 124
1988 15 0.25-109 35.3 30 90.4
1989 36 22-68 255 225 53.2
1990 28 3.5-61 24.2 21.1 44.6
1991 35 12.5-75 39 39 63
1992 48 0.6-97 26.5 20 57.4
1993 1" 10 - 40 19.8 20 374
1994 49 2.2-126 45.3 43 97
1995 11 3-100 34.3 26 95.6
1996 37 13-69.6 39.4 34 66.8
1997 6 42.8 -61.3 49.4 455
1998 6 29-355 15.5 11
1999 22 25-105 47.6 41.5 82.3
2000 15 0.8-72 28.1 19 64.8
2001 13 23.7-52.3 42 44 51.8
2002 2 13.2-69
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Published Exposure Data

There is a wealth of exposure data provided for GRP manufacturing. Data has been taken
from papers published between 1992 and 1997, to reflect more recent working practices.
The results are summarised in Table 4.18.

As can be seen from the summary table of results from published papers, in the majority of
cases, average exposures were below 50 ppm 8-hour TWA. Where high results did occur,
they were not usually explained by the authors, as the primary object of the published
research was not to investigate levels of exposure to styrene. There were few details of the
controls in place, apart from in Anderson et al, (1993), where the object of the paper was to
demonstrate the level of control of styrene vapours achieved by a horizontal displacement
ventilation system in the workplace (4.7 to 11 ppm 8-hour TWA), and Geuskens et al,(1992)
and Lof et al, (1993), both of which indicated general ventilation was in place.

The results from the study by Kawai et al (1993) (75 to 200 ppm 8-hour TWA) were found to
be high relative to the other studies because the eight workers selected had been chosen by
the authors for the study from a group of twenty-eight workers previously monitored,
because of their high exposure to styrene. These results can therefore be discounted when
looking at representative levels of exposure for the industry. However they do demonstrate
the levels of exposure which can occur when control and/or working practices are poor.

Table 4.18 Summary of published data on occupational exposure to styrene during GRP
manufacturing
Range (8- *Mean (8- Method of
Source No. of V\_/o_rl_( hour TWA hour TWA Controls Sampling/A
Samples Activities .
ppm) ppm) nalysis
Geuskens et General Passive
al (1992) 258 Various - ***4 to 49*** Ventilati D :
Holland entilation esorp. GC
Pekari et al Passive
(1994) 401 Various - 35 to 37 No details D G:C
Finland esorp.
. No Details Passi\_/e, no
z%"ég') s 16 (producing | 75 to 200 447 No details ‘l‘it;"ss g
P bathtubs) y
Lof et al Lamination General Charcoal
(1993) 20 (boat 91025 16 Ventilation tubes GC
Sweden manufacture)
Andersson et Lamination Dgo?azc?;r;a;n Charcoal
al (1993) 4 (boat 4.7 to 11 7 P ) obos OC
Sweden manufacture)
Vent
Ghittori et al Laminating . Passive,
1997) Ital 22 & Sprayin 101053 26 No details Desorp, GC
y ying
Severi et al Laminatin Charcoal
(1994) 208 & Spra ing 0.5t0 25 7 No details tubes/
Belgium praying Passive, GC
Gobba et al . o . Passive
(1993) Italy 211 Various 0.6t0 178 20 No details Desorp, GC
* Arithmetic mean unless otherwise stated
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*%

Geometric mean
Range of geometric means for a variety of activities

*kk

Further data has recently been published in a paper by Kolstad et al, in 2005. 2,454 of the
personal styrene exposure measurements in this study were collected by the Danish
National Institute of Occupational Health between 1960 and 1996. 600 measurements came
from company surveillance programmes. 87% of the available measurements were from
manual lamination.

The pre 1970 long term samples were taken using an impinger method and were not
included in the study analysis. After 1970 a personal sampling technique was used, where
air was drawn through an absorbent layer of charcoal and analysed by gas chromatography.
No further detail of the sampling method/s were given. No information was given as to what
actual sampling times were or what, if any, control measures were in use.

The companies involved in the project produced boats, containers, windmill wings, panels
etc. Some of the companies did not produce reinforced plastics but metal products or
thermoplastics. Hand or spray lamination was the preferred production process. Between the
1960s and the 1990s levels of styrene exposure declined by 7% annually.

Table 4.19 shows the long term styrene levels in the Danish reinforced plastics industry
from 1960 to 1996.

Table 4.19 Long term styrene exposure levels in Danish reinforced plastics industry 1960
— 1996 (adapted from Kolstad et al)

Number | Number of | Geometri Min Max
of samples C mean (ppm) (ppm)
compani (ppm)
es
Boats 45 247 39 0.9 266
Other products 80 603 18 nd 410
Hand or spray lamination 118 768 23 nd 410
Other processes 7 82 17.5 0.9 106
Calendar year period
<1970 - - - - -
1970 - 1974 13 48 67.6 15 151
1975 - 1979 22 120 31.3 1.1 187
1980 — 1989 92 616 222 nd 410
1990 — 1996 2 66 6.8 0.23 90

Although the number of long term samples taken in this study declined from 616 between
1980 and 1989 to 66 between 1990 and 1996, a substantial drop in the levels to which
workers were exposed by the 1990s can be seen. Again the highest exposures were for
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hand lamination, with exposures for 1990 to 1996 ranging from 0.23 to 90 ppm, with a
geometric mean of 6.8 ppm.

Short term exposures

There are relatively few short term sampling data available. Some information is given in
Kolstad et al and is summarised in Table 4.20. The highest levels were seen at the earlier
part of the study and maximum levels show a decrease from 626 ppm before 1970 to 168
ppm between 1990 and 1996. Although this level is for all processes, and not just hand
lamination, it is felt to be more representative of current practices than the specific data for
hand lamination, which includes all of the old data.

Table 4.20 Short term styrene exposure levels in Danish reinforced plastics industry
1960 — 1996 (adapted from Kolstad et al)

Number of Number of Geometric Min Max
companies samples mean (ppm) (ppm)
(Ppm)
Boats 63 670 61.5 nd 626
Other products 125 1537 24 nd 552
Hand or spray lamination 179 2074 32 nd 626
Other processes 9 133 24 0.7 173
Calendar year period
<1970 14 113 120 11 626
1970 - 1974 31 425 62.5 23 575
1975 - 1979 37 360 46 0.9 395
1980 — 1989 121 954 24 nd 447
1990 — 1996 2 355 13 0.23 168

HSE’s NEDB has a small number of short term sampling data taken from 1990 to 2002
during GRP manufacture. These are shown in Table 4.21 .

Table 4.21 HSE short term sampling data 1990 to 2002

Activity Number of Min Max Median 90™ %ile
samples (ppm) (ppm) (ppm) (ppm)
Hand lay-up/ lamination 30 10 219 69 145
Gel coating 10 4 123 52.5 123
Spray up 2 60.5 62.7
All activities 42 4 219 60.25 141.5
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EASE can be used to predict task based exposures for hand lay-up /lamination. Using the
parameters wide dispersive use and direct handling with dilution ventilation, EASE gives a
predicted exposure range of 140 to 200 ppm.

Dermal Exposure

There are few dermal exposure measurements available for the GRP industry. The
Riskofderm project had a scenario (3.4) which was relevant to this industry and collected
data on the application (spreading) of styrene by rolling. Rolling was studied at enterprises
where plastic boats for leisure activities were produced. The duration of the scenario was in
general between 35 to 110 minutes and the formulation used contained approximately 40%
styrene, 60% of styrene resin and a few % of the hardener ethyl methyl ketone peroxide.
The potential exposure of the hands was evaluated by attaching a cotton/charcoal patch at
the inner and outer side of cotton gloves. The results in the final report of Workpart 3 : Annex
Il are given in the same format as in the TGD. For both the RWC and the typical value the
exposed skin surface area is assumed to be 820 cm? . The RWC value given is 8 mg/cm?
and the typical value is 1.2 mg/cm?.

Modelled Dermal Exposure

As GRP manufacturing involves mostly manual work in close proximity to the UP-styrene
resin for long periods of time, the EASE parameters used to estimate dermal exposure were
wide-dispersive use, direct handling with extensive contact with a liquid containing 40%
styrene monomer. The estimated range of dermal exposure was 5 to 15 mg/cm?/day.
Taking into account that there is only 40% styrene monomer in the resin, the dermal
exposure range becomes 2 to 6 mg/cm?/day, with an assumed exposed area of 840 cm?.

Values for risk characterisation
Inhalation
Long term

A reasonably large quantity of data has been presented with respect to occupational
exposure in the GRP industry. Much of it lacks a reasonable level of contextual data to allow
the exposure levels in different studies to be directly comparable. Table 4.22 summarises
the most pertinent data from all of the data presented above relating to hand lay-
up/lamination which is regarded as the job/task which usually leads to the highest levels of
exposure. It is these data which were the main basis for the determination of the 8hr TWA
RWC and the typical values. Only the most recent data have been be included.
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Table 4.22 Summary table of 8hr TWA exposure data for hand lay up/lamination used in
determining RWC and typical values for inhalation exposures

Source Year Number Min Max Median | 90" %ile
of (ppm) | (ppm) | (pPm) (Ppm)
samples
Original CEFIC report 4182 0.1 380 | 8.6-38.6 | 37-101
Cefic Pilot study for 2002/2003 61 1.6 167 47
harmonised monitoring
programme
HSE data 1997 6 42.8 61.3 455
1998 6 2.9 355 11
1999 22 25 105 41.5 82.3
2000 15 0.8 72 19 64.8
2001 13 23.7 52.3 44 51.8
2002 2 13.2 69
Kolstad et al (published | 1990 — 1996 66 0.23 90 6.8** 90
2005)*

* the most recent data on all processes is used as the specific hand lamination data includes some very old data.
** geometric mean

Evaluation of this data leads to the conclusion that the 8hr TWA RWC should be 100 ppm
and the typical 8 hr TWA should be 40 ppm

Short term

There are very few data available on short term exposures. Taking into account the data
from Kolstad et al , data from HSE’s NEDB and the EASE prediction, it is proposed that the
short term (15 minutes) RWC for the GRP industry should be 180 ppm and the short term
(15 minute TWA) typical value should be 60 ppm.

Dermal

There are some dermal exposure measurements available for this scenario from the
Riskofderm project and these will be used for risk characterisation as they are based on real
measurements. The estimates produced by EASE are very similar. Therefore the dermal
RWC is 8 mg/cm?, over 820 cm?and the typical dermal value is 1.2 mg/cm? over 820 cm?.

41.1.1.7 General discussion

Exposure to styrene can be considered in two main categories; manufacturing of monomer,
polymer and copolymers, and GRP manufacture.

As can be seen the exposure to employees in the industries producing monomer,
polystyrene, UP-styrene resin and SBR and SB latex is much lower than that experienced by
employees in the GRP manufacturing industry. Manufacturing processes are largely
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enclosed with breaches for sampling, drum filling, and coupling and uncoupling of pipework
for tanker loading. Where breaches occur, exposure is often controlled by the use of LEV.
The level of exposure experienced during maintenance activities is potentially one of the
highest. The use of respiratory protective equipment is also sometimes used during
breaches in the system, which should further reduce actual exposure to styrene.

Within the GRP industry in the EU, there is a much wider range of exposures experienced by
workers. In HSE’s database there is a range of 0.6 to 158 ppm 8-hour TWA. Results
originally supplied by CEFIC showed exposures of between 0.1 and 380 ppm 8-hour TWA.
More recent data supplied by CEFIC, taken using a standardised sampling method, range
from 1.6 to 167 ppm 8hr TWA. The higher exposure experienced by the GRP manufacturing
industry compared to the other users of styrene is a reflection of the work methods, which in
many case are open, labour intensive processes. More modern semi-enclosed processes
are now available and are used more significantly by some member states than others, but
the use of open moulding techniques is still widespread. The size of the companies also
varies from about 5-50 employees, with the smaller companies exhibiting lack of awareness
of the need to control exposure and the methods by which to achieve control.

There has been an overall reduction in workplace exposure to styrene during the last decade
as better controls have been implemented. Semi-enclosed moulding processes remove the
need for hand laminating and do reduce exposures.

The potential for dermal exposure in the monomer, polymer and copolymer group of
industries occurs during breaches in largely closed systems; during sampling, drum filling
and coupling and uncoupling of pipework during tanker loading. Any differences in the
predicted ranges of exposure are due to the percentage content of styrene monomer in the
substances being manufactured. Almost all companies in these industries reported the use
of PPE during breaches in the enclosed system of manufacture.

The Riskofderm project provided some real dermal exposure measurements for the GRP
scenario. The dermal RWC is 8 mg/cm?, over 820 cm? and the dermal typical value is 1.2
mg/cm? over 820 cm?. This reflects the open nature of the process and the large degree of
manual handling of the up-styrene resin required. The EASE prediction for dermal exposure
gives similar values.

A summary of all of the values used in risk characterisation is given in Table 4.23 below.
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SCENARIO INHALATION DERMAL
8- HOUR TWA SHORT TERM mg/cmzlday
ppm  (mg/m®) ppm (mg/m°®) ( area exposed)
TYPICAL | RWC SOURCE TYPICAL | RWC | SOURCE | TYPICAL RWC SOURCE
Manufacture of 0.1 1 Industry 1 15 EASE 0.1 0.1 EASE
monomer
(0.433) (4.33) (4.33) (65) (210) (420)
Production of 0.1 1 Industry 1 15 EASE 0.1 0.1 EASE
polystyrene
(0.433) (4.33) (4.33) (65) (210) (410)
Production of UP- 3 20 Industry/EASE 9 50 EASE 0.04 0.4 EASE
styrene resin
(13) (86.6) (39) (216.5) (210) (210)
Production of SBR 1 5 Industry/EASE 1 15 EASE 0.1 0.1 EASE
and SB latex
(4.33) (21.65) (4.33) (65) (210) (420)
GRP manufacture 40 100 Industry/HSE/ 60 180 Kolstad et al 1.2 8 Riskofderm
Kolstad et al /HSE/EASE /TGD
(173) (433) (260) (779) (820) (820)
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4.1.1.2 Consumer Exposure

In section 2.2 the IUCLID data on the production range for styrene is given as between 2.2
and 4.9 million tonnes annually, with imports between 30 and 150 thousand tonnes. Most of
this is used in the production of polystyrene and in other polymers including acrylonitrile-
butadiene rubber, unsaturated polyester and other resins. Many of these products are used
in consumer goods; a table is given in section 2.3.

This section is concerned with the exposure of consumers to styrene via consumer products.
Consumers may be exposed through the release of residual styrene monomer from
polymeric styrene products. This exposure may follow emission into the atmosphere from
materials such as carpet backing and underlay, or migration from food wrappings into food.
Consumers may also be exposed to the monomer if they use styrene-containing resins for
filling or repair of wood, glass fibre or metal or use styrene based adhesives. The resin
exposures may be infrequent and acute but are potentially high — comparable to equivalent
work in an occupational setting.

Styrene is also present in the diet from natural sources, from chewing gum and tobacco
smoke. Exposure to styrene arising from natural sources and from contamination of food,
water and the air following emissions from industrial plant are considered in section 4.1.1.3..
Some brands of chewing gum contain food-grace styrene-butadiene rubber, which may be a
source of residual styrene monomer. Styrene in tobacco smoke is not a product of the
styrene industry but a by-product of combustion. However, it can contribute significantly to
total styrene uptake.

This section uses measured and modelled data to predict exposures from the above
sources.

There is some information available on styrene in indoor air and this is referred to when
appropriate for comparison with the model calculations. However, while there is some
information on residue levels in various polymers, there is little to connect particular products
with specific airborne exposures and there is little information on emission rates.
Consequently there are some uncertainties in the calculations of human uptake. However,
an attempt has been made to differentiate between continuous low-level exposures to
airborne styrene and the short term, sporadic exposures which may arise from certain
consumer activities.

The predicted exposures are in turn used to predict the uptake, in this context the amount
inhaled, swallowed or on the surface of the skin. The extent of absorption following
exposure, and consequently uptake, is calculated in the risk characterisation section.

41.1.2.1 Continuous low-level exposure arising from the use of polymeric
materials releasing free monomer

Exposure from residual monomer in polymeric building materials and carpets

Low concentrations of styrene have been reported for indoor air as a result of emissions
from polyester resin flooring materials (McClellan, 1994). One poorly reported study
suggested that plastic floor tiles emitted most of the styrene within the first two weeks of
manufacture (Gadalina et al, 1969). After a month the emissions appeared to fall
dramatically and concentrations of styrene in the air had gone from initial levels of over 200
ug/m? to almost nothing.
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Styrene butadiene rubber (SBR) is usually made by polymerising the two monomers in water
(see section 2). Residual styrene is often found in polymer dispersions used for products
such as carpet backing. Although no precise data are available, the industry has indicated
that 200 ppm is the upper limit for free styrene in these polymer dispersions. A tolerance limit
of 0.005 mg/m?® for styrene emissions from carpets has been set by G.U.T., the German
carpet manufacturers trade association, but this may not apply across the rest of Europe.

There is no information on other polymeric materials containing styrene, although the data
presented below in relation to food contact materials may be relevant, since some of these
materials have other uses in building materials. However, to make use of the information on
residual monomer level, further information would be needed on the rate of emission of the
styrene into the atmosphere.

Studies of indoor air quality present data on ambient airborne styrene levels in the homes or
other buildings. The US TEAM study presented an average level for residential indoor air of
6.12 ug/m® with a median of 1.32 ug/m® (2125 data points). Interestingly, indoor air levels
were greater than levels in ambient air, which had a median level of 0.507 ug/m*® (McClellan,
1994) most likely due to smoking. A Canadian study of 757 single family homes quoted in
the same review, presented average 24 hour styrene concentrations across all homes of
0.28 ug/m?® ranging from not detected (<0.48 ug/m®) to 128.93 ug/m*®. A much smaller
Canadian study (7 out of 12 homes) had averages of 4 ug/m?® in autumn (the highest value
around 7 ug/m®) and an average of 2.4 ug/m® (range 1 to 4 ug/m?®) in winter. No information
on smoking was included in these Canadian studies.

Stepwise regression analysis of the TEAM study data suggested that personal exposures
were most strongly associated with smoking, working at plastics or chemical plant, exposure
to paints and building scale models. In the Canadian study, information was collected on
home age and type, ventilation and heating systems, occupancy, and activities including
painting and acquisition of new furniture. This information was not available in the study
report quoted by McClelland (1964).

A review by an American group (Holcomb and Seabrook 1995) of recently published studies
of indoor air concentrations of VOC'’s suggested that styrene concentrations in public places
averaged 8 ug/m® (6 studies) and in homes averaged 1.6 ug/m?® (5 studies), all roughly in line
with the TEAM studies.

However, while these studies clearly indicate that styrene is present in indoor air and, in the
case of the TEAM study, the possible importance of certain activities, particularly smoking,
there are no measured data directly linking the presence of particular materials with
particular styrene levels. This is expected, since there are a considerable number of
variables to take into account in any study of contaminants indoor air.

Given the variability of the information obtained, it is difficult to select one value alone that
represents an overall average exposure. It is also important to differentiate between
continuous low-level exposure and sporadic “spikes” of exposure, which may occur when,
for example, new carpets are fitted. This latter exposure is discussed in section 4.1.1.2.2.
For the continuous low-level exposure from building materials and carpets, the G.U.T.
tolerance limit of 000.5 mg/m® (5 ug/m?®) compares well with the US average of 6.12 yg/m®
and with the results of the smaller Canadian study. This value will therefore be used as an
indicator of worst case routine ambient indoor styrene levels arising from polymeric
materials, including carpets.

Assuming an ambient level of exposure of 0.005 mg/m® and an adult inhalation rate of 11.5

I/min (CONSEXPO default) for a 24-hour exposure, the daily exposure from this source will
be in the region of 80 yg/day (0.08 mg/day).
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Exposures from migration of residual monomer from food contact materials.

Styrene-containing polymers used for food contact materials have been shown to contain
quantities of residual monomer up to a maximum of 2500 mg/kg (0.25%) MAFF (1983).
Styrene may therefore leach into food from articles made from these materials (e.g.
kitchenware, cups, wrapping films, etc.) or may be actually present in food as a flavouring
agent. Table 4.24 sets out the data.

Table 4.24 Levels of residual styrene in polymer and copolymer food contact materials
and articles in 1980 (MAFF, 1983)

Polymer or copolymer Residual styrene (mg/kg)
Typical Maximum
Polystyrene 300-1000 2,500
Expanded polystyrene 300-1000 2,000
High impact polystyrene 300-1000 2,500
Acrylonitrile-butadiene-styrene (for food tubs) 200-300 600
Acrylonitrile-butadiene-styrene (for other uses) 300-1000 2,000
Styrene-acrylonitrite 600-1200 2,000
Methyl methacrylate-butadiene-styrene ND-10 30
Styrene-butadiene block copolymer
Glass reinforced plastic 20-200 1,000
Styrene-acrylic copolymers 60 in latex

Styrene-butadiene-styrene®

Styrene-soprene-styrene®

Methylstyrene-vinyltoluene resin®

Styrene-butadiene — raw polymer 10-30

- cured polymer

@ — not used for direct food contact purposes

This figure of 0.25% for residual monomer may, however, no longer apply to current
materials. The Association of Plastic Manufacturers in Europe (APME) suggest that most
polystyrene is now made to have a residual content of 300-600mg/kg with typical levels
being ~400 mg/kg. Expandable polystyrene is an exception, the typical level being ~800
mg/kg (see section, 3.1.0.1.4). APME states that the maximum figure is ~0.1% (1000 mg/kg)
and this should only be seen in some expandable polystyrene representing a small
proportion of the total. American studies (Jickells etal 1993) on thermoset polyester
cookware showed a maximum free styrene content of 380 mg/kg (0.038%).

Measurements on levels in food indicate that migration of the monomer from plastic to food
can occur. However, it is not always easy to determine the source of the styrene as styrene
can occur naturally in foodstuffs uncontaminated by plastic containers. The information
presented below is taken from Chapter 3 but is repeated here in the context of food
contamination for consumers.

An extensive UK survey of styrene monomer levels in styrene-based plastic packaging

materials and their contained foods (133) was carried out, examining a wide range of retail
foods of different brand names (Gilbert and Startin, 1983). Some of the foods covered were
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yoghurts, creams, salads, coleslaws, soft cheeses, margarines, hot and cold beverages from
dispensing machines, spreads, fresh and cooked meats, candied fruits, fresh strawberries
and take-away fast foods. Analysis of the plastic containers showed levels of monomer
ranging from 16 to 1300 mg/kg, although the majority of containers (73%) had styrene levels
in the range 100-500 mg/kg and only five plastic tubs had levels exceeding 1000 mg/kg.
Analysis of the food contents of the plastic containers showed levels of monomer ranging
from <1 pg/kg to 200 pg/kg, although the majority of foods (77%) had styrene levels below
10 pg/kg and 26% of the total number analysed had levels below 1 ug/kg.

MAFF (1983) also monitored styrene levels in food products in the UK in 1981. The mean
concentrations tended to be higher in dairy products: 26 yg/kg in yoghurt, 22 ug/kg in
dessert products, 16 pg/kg in soft cheese, 11 ug/kg in cream and 10 ug/kg in spreads.
Lower levels were found in coleslaw, fresh meat, glace fruit, fish, strawberries and take-out
foods. Levels in food containers ranged from 197 — 718 ug/kg.

Similar monitoring exercises were carried out in 1992 and 1994 (MAFF, 1994). In the most
recent survey, 248 samples of food, including hot and alcoholic drinks, fruit and vegetables,
meat, take away meals and a variety of dairy produce, in a variety of pack types and sizes
were analysed. The majority of the samples ranged from below 1 ug/kg (the detection limit)
to 60g/kg. Higher levels were found in some low fat spread samples, up to 100 g/kg,
although other samples of similar materials contained less than 20 pg/kg. Milk and cream
products sold in individual portions (~10 g) had styrene contents from 23-223 ug/kg, with a
mean of 134 ug/kg. For other food types, mean values were less than 30 ug/kg. In general,
for each food type higher levels were found for products with a higher fat content or packed
in smaller containers. Overall the styrene levels were considered to be similar to those in the
pervious surveys.

Miller et al (1994) cited a TNO literature review of surveys of styrene in foodstuffs. The
highest concentrations reported were in beer (10-200 ug/kg), coffee (20-360 ug/kg),
bilberries (25 pg/kg) and blackcurrants (60 ug/kg). Styrene was detected in 62 food products
but was not quantified in most of these.

In a Canadian survey of a wider range of foods, samples of 34 food groups (each a
composite of individual food items, combined in approximate proportion to their consumption
in the Nutrition Canada Survey) were collected from retail outlets (Environment Canada,
1993). Styrene was not detected in any of the 34 food groups (detection limits 1.0 ug/1 for
liquids and 0.005 ug/kg for solids).

One study measuring emission of styrene from containers into food has been found Varner
and Breder (1981a) measured leaching of styrene from foam cups into water, tea and coffee
of 0.0077, 0.0078 and 0.0078 ug/cm® respectively, with leaching into ethanol solution
reported to be greater.

The studies of styrene in food include levels of residual monomer in food containers and
foodstuffs. There is one study of emission rates into food from a container. The levels vary
over a wide range and, given the nature of the surveys, it is not feasible to separate the
contributions of natural sources, environmental contamination, food preparation and food
containers. However, it is clear that residual styrene in containers can migrate into foods and
that higher concentrations are found in foods containing higher levels of fat and presented in
smaller pack sizes. MAFF (1983) estimated that the average and maximum likely per capita
uptakes of styrene derived from the average UK diet are approximately 1 ug/day and 4
Mg/day, respectively. However, while this estimation clearly made use of the survey data, the
calculation refers to total styrene intake, not just the contribution from packaging.
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A model has been developed for estimating the daily dietary uptake of styrene from food
stored in polystyrene containers (Lickly et al, 1995). This model uses an amended form of
the US Food and Drug Administration’s consumption factor and food-type distribution factor
approach. The consumption factor is defined as the fraction of an individual’s diet likely to
have contact with a given packaging material and for each material, food type distribution
factors are defined which indicate the fraction of the food that is aqueous, acidic, alcoholic
and fatty. The food distribution factors are combined with extraction data on the additive of
interest, suing appropriate solvents, under the most severe temperature and time conditions
to which food will be exposed while in contact with the packaging.

This approach is acknowledged to be very conservative and the amended approach takes
account of the types of food in contact with polystyrene and refines the migration
calculations to take more account of real conditions of use. For the average American diet,
where polystyrene usage may be higher than in Europe, the contribution of styrene from
polystyrene packaging to dietary intake was calculated to be 9 ug/day.

Styrene is scheduled for consideration by the EC Scientific committee for Food, as part of its
routine review of substances used in food contact plastics. A survey has been conducted in
the UK to aid this review (MAFF, 1999). In this survey, samples of individual foods from 20
food groups were purchased from retail outlets at five different locations in the UK, in 1997.
The samples were prepared as for consumption and analysed for styrene, using an
analytical technique with a detection limit of 0.3 ug/kg. A total of 100 food samples were
analysed, including samples of food which had been packaged in material made from
styrene (food samples in the ‘oils and fats’, offal’, ‘poultry’, ‘dairy products’, ‘carcass meat’
and ‘fish’ groups included samples which had been packaged in styrene-containing
materials). Styrene was detected in all food groups, with the exception of ‘potatoes’. The
highest level detected was 14 ug/kg, in a food sample from the ‘oils and fats’ group. Levels
were generally highest in this food group as well as in the food group ‘nuts’ (6-12 pg/kg).
Migration from packaging may have contributed to the styrene levels in ‘oils and fats’, but not
to those in ‘nuts’ as these food samples had apparently not been in contact with packaging
made from styrene. It is possible that where styrene was detected in food groups not
packaged in material made from styrene, contact may have occurred earlier in the
production chain or some contamination from environmental sources may have occurred;
natural production is also a possible source of the styrene in these groups, although this is
considered less likely, in view of the diversity of non-packaged foods sources in which
styrene was detected (animals, vegetables and fruit).

Overall, this study indicates the presence of styrene in a variety of food types, at levels up to
14 ug/kg. The estimated daily dietary exposure to styrene can be calculated from the mean
levels of styrene in each food group together with average daily consumption data for each
food group. Daily consumption data for each of the 20 food groups analysed in this study
have been estimated in a national food survey conducted in the UK (MAFF, 1997). Based on
the levels of styrene in each food group, and daily consumption estimates for each food
group, the mean daily dietary intake of styrene, per person, is estimated to be between 2.1
and ~3 ug/day (see Appendix 8), equivalent to between 0.03 and 0.04 ug/kg/day, for a 70 kg
adult (MAFF, 1999). As this estimate is based on a recent and extensive study of styrene in
a wide variety of food groups, the upper value of 3 pg/day (3 x 10 mg/day) will be used in
the risk characterisation.

A worst case scenario would be to assume that an adult has a styrene intake of between 2.1
and 3 ug/day.

41122 Other sources of continuous consumer exposure

60



R034_0806_hh_publication

Chewing gum

One study noted that styrene may be present in chewing gum made from food-grade
butadiene-styrene rubbers (SBR), up to a level of about 30 mg/kg in SBR (MAFF, 1983).

Information on long-term chewing gum consumption is available from UK dietary surveys.
Average consumer consumption of chewing gum for adults (aged 16-64 years) is 2
g/person/day, with a 97.5" percentile consumption of 11 g/person/day (Gregory et al, 1990).

An alternative scenario is to use per capita consumption of chewing gum based on average
consumption. Figures collected by the European Association of the Chewing Gum Industry
(EACGI, 1995) show average consumption in the EU to be less than 1g/day. Assuming the
“‘heavy user” consumes three times this value, 3 g/day can be used in the calculation.

According to the EACGI, some brands of chewing gums contain a maximum of 2.4% food-
grade butadiene-styrene rubber. If the residual level of monomer in the polymer is 30 mg/kg,
then using the 97.5"™ percentile consumption value as a worst case, and assuming that all
the available styrene is ingested, the daily uptake of styrene would be 8 ug/day (8 x 107
mg/day). Using the per capita consumption estimate, for a ‘heavy user’, then daily uptake is
less than 3 pg (3 x 10° mg) styrene. The estimates based on the 97.5™ percentile
consumption data will be taken forward to the risk characterisation.

Tobacco smoke

Styrene is produced as a consequence of combustion of tobacco and therefore occurs in
tobacco smoke. It is not supplied for use in tobacco. As a consequence, this source of
potential exposure is not subject to consideration under EEC/793/93. However, although
clearly not a product of the styrene manufacturing industry, the available information on
styrene exposure from tobacco smoke helps to set the contributions from other sources into
context. It is presented only for information, and exposures arising from this adventitious
source will not be included in the risk characterisation.

In studies of whole smoke from cigarettes from different countries, the styrene content was
found to be between 18 and 48 ug/cigarette. The US TEAM study indicated that smoking
was an important contributor to styrene levels in indoor air, with concentrations of styrene in
indoor air higher in homes with smokers. The concentrations so styrene in personal air
samples for smokers was found to be higher and when styrene levels in breath samples
were measured it was found that smokers had average levels of 1.1 pg/m® compared with
0.3 ug/m® for non-smokers (Wallace and Pellizzari, 1986). The excess overnight
concentrations of styrene in air in homes with smokers, measured by the difference in
weighted geometric means in homes with or without smokers averaged over the surveys
was 0.53 pg/m?® (McClellan, 1994).

Assuming an inhalation rate of 11.5 I/min (CONSEXPO default) for a 24-hour exposure, then
someone sharing a house with a smoker increases their styrene uptake by approximately 9
Mg over a 24 hour period. For a smoker, rounding the styrene content for cigarettes to 20
and 50 pg/cigarette means that a heavy smoker (say 20 a day) may increase their styrene
uptake to between 0.4 and 1 mg/day.

While the limited measurements available clearly show a difference between smoking and
non-smoking households and between the personal samples of smokers and non-smokers,
the calculations of uptake, particularly in relation to the styrene content of smoke from
individual cigarettes are tenuous. For comparison with other uptake values, living in the
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same house as a smoker is assumed to add 9 ug/day (0.009 mg/day) to styrene uptake,
whilst smoking is assumed to add 400 ug/day (0.4 mg/day) to total styrene uptake.

4,1.1.2.3 Sporadic emissions from laying of new carpets

This section attempts to quantitate the “spikes” of styrene exposure that can occur with
some sporadic uses of styrene-containing materials.

Fitting of new carpets

A study is available which looked at emission of VOCs from building materials and consumer
products (Wallace et al, 1987). Carpet and carpet glue were among the consumer products
studied. Wood panels were carpeted using carpet glue and allowed to age for one week.
They were then placed in an environmental chamber, which had a measured constant air
flow. Sampling took place after 12 hours equilibration and an emission rate was calculated
from the equation:

Where:

Ceq = the equilibrium concentration (ug/m®)
Co = the background concentration

S = the source emission rate (ug/hr)
V= the chamber volume (m°)
a= the air exchange rate (hr™)

Styrene concentrations in the chamber were 8.4 ug/m?® and the emission rate for styrene was
98 pg/hour. Levels of styrene in a new office building, sued for comparison, were also
between 8 and 9 ug/m?, although this may have included a contribution from other materials.

The US EPA has stimulated research on indoor air quality and its relevance to sick building
syndrome. Carpets are one of several potential sources for volatile organic compounds
(VOCs) and were recently studied for their off-gassing potential. One report (RTI, 1992),
used data from chamber studies on new styrene-butadiene rubber backed carpets. Only the
carpet itself, and not the associated adhesives, was investigated.

Styrene was found in emissions from all 19 products tested and the EPA model EXPOSURE
was used to calculate exposure profiles from a simulated composite carpet containing
styrene and the other common constituents. The predicted results showed styrene levels in
the test house would rise to a peak of 90 ug/m? within a day but then fall rapidly to less than
10 pg/m?® after 5 days. A worst case scenario for the composite carpet predicted styrene air
levels peaking at 420 ug/m® within a day and falling to below 50 ug/m?® after 5 days. When
this worst case model was combined with standard time activity patterns, an exposure profile
was produced. Peak exposures were predicted to occur 7 to 15 hours after installation of the
carpet. Cumulative inhalation exposures (assuming a breathing rate of 1.1 m®hour)
confirmed that the exposure peak was in the first 24 hours and was about 2 mg.

The study by Wallace et al (1987) does not make clear whether the carpets are new and
hence whether there is a contribution from adhesive and/or carpet. However, the panels
were in any case allowed to age for one week, which implies, if the EPA predictions are
correct, that the major emission peak would not be covered. The EPA study does not cover
adhesive emissions. Recent information obtained from TNO (NL) and industry (EPDLA)
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shows that styrene is not used as a solvent in adhesives for carpets. TNO states that during
the period 1990-1993 (extensive TNO study on carpet fitting and exposure to solvents),
styrene was not a relevant solvent in adhesives for carpets in products on the market in the
Netherlands. EPDLA (European Polymer Dispersion and Latex Association) states that to
the best of their knowledge, styrene is not used as a solvent in carpet adhesives.

According to the study of Wallace et al (1987), for an 8-hour exposure to the concentrations
found in the chamber (8.4 ug/m®), perhaps typical of an office, the calculated level of styrene
uptake is about 50 pg (for an adult breathing 11.51/min). A 24-hour exposure more typical of
some domestic exposure, would lead to an uptake of 140 pg for an adult. The RTI
experiments led to model predictions that styrene levels following carpet installation peaked
within the first day and then fell rapidly. The cumulative exposure over the first day was
about 2 mg. This peak value will be used as the 24-hour exposure for the laying of new
carpets, for an adult.

41.1.24 Styrene-containing resins

Styrene is added to unsaturated polyester resins to act as a cross-linking agent and solvent.
The DIY market for these products can be split into resin pastes and liquid resins. The resin
pastes are used predominantly for cars, although some can be formulated specifically for
household repairs such as wood filling. Liquid resins are used mainly for boat and car repair;
the resin is used in a glass reinforced laminate.

Consumers may also choose to build their own boats. A separate scenario will be described
for this based on information from occupational boat building.

Resin paste

The resin pastes typically contain 11 — 18% styrene blended with inert fillers and plasticisers.
Consumer kits containing polyester resin paste and hardener vary in volume between 60
and 600 ml, with the commonest size being 250 ml.

Liquid resin

Liquid resins typically contain 30 — 40% styrene. Although the exposure scenario from the
small scale use of liquid resin is likely to be similar to that for polyester resin repair paste, the
higher styrene content may give rise to higher exposures. Specialist outlets which also
supply professional users may supply industrial pack sizes up to 40 kg. Volatilisation of
styrene during the use of these kits depends on a number of factors but 10% of the total,
during use, can be regarded as a worst case.

During application exposure occurs via the dermal and inhalation routes. The resins are
probably applied, by hand, using a brush.

Inhalation exposure for resin kits and liquid resins

No measured data on exposure for consumer use of these products are availableThe
consumer exposure during use of these products can be modelled. However, while the

manufacturers recommend adequate ventilation during use of these products, an initial worst
case scenario must assume that such products may be used in enclosed, poorly ventilated
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spaces. The exposure consequences of such a worst case scenario may be calculated as
follows, using the EC Algorithm and US EPA SCIES models. The calculations are presented
in Appendix 4. Industry has also provided scenarios for consumer use of unsaturated
polyester resin kits and liquid resins. These are given in Appendix 5.

Exposure prediction using the EC Algorithm method

The exposure scenario is that the product is used in a small garage and the immediate
volume of air around the operator amounts to 2 m°. No ventilation takes place and the
operator stays in the concentrated atmosphere.

The EC Algorithm predicts that over a one hour period, a person working in this
concentrated atmosphere will inhale approximately 29 g of styrene.

Exposure prediction using the US EPA SCIES Program

This is the US EPA computerised model for estimating the consumer exposure to chemical
substances. The basic scenario remains the same but SCIES requires that some additional
assumptions be made. The volume of air in which the contaminant is diluted is divided into
two zones. Zone 1 represents the working area and is assumed to be a small room.
However the air within this room is expected to mix to a limited extent with the rest of the
building, Zone 2. One consequence of this model structure is that while the air around the
working area may contain less styrene, the person coming away from the work area may still
be exposed to a contaminant and for a much longer period, even though the work has been
completed.

Using SCIES, the average concentration in the work zone (Zone 1) during the period of use
is 4.7 g/m® and the peak concentration in that zone is 7.7 g/m>. Some exposure to lower
concentrations will be maintained after the period of use. The person carrying out work is
predicted to inhale approximately 20 g/event. For resin pastes, the amount inhaled is
reduced to approximately 8 g/event.

Industry scenarios

These are based on TGD algorithms.

(@) Reasonable “worse case” consumer use of body filler paste: (use: filling
dented bodywork on a car within a closed garage)

Assumptions: Amount of product used per event, q = 450 g (based on IK median pack size
of 250 mls and product density of 1.8 g/cm®). In such applications it is difficult to use large
amounts of catalysed filler at any one time as it cures before it can be used. The need for
mixing, spreading, curing and sanding to take place increases the cycle time for application
of each layer of paste and consequently limits the amount of paste to be used in an hour.
450g would provide 5 x 90 g mixes of catalysed resin.

Weight fraction of styrene in-product, W; = 0.12 (based on typical styrene concentration filler
paste).

Fraction of substance that volatilises during duration of exposure R = 0.05 (based on

industry laboratory work on VOC emissions which indicates 4.5% of total styrene content lost
from a filler containing 12% styrene during mixing with catalyst and the cure process).
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Volume of air surrounding the user, V, = 52 m* (based on working in a garage of volume 35
m?® containing a vehicle of closed volume 9 m®) implies net workspace volume of 26 m?®.
Simple arithmetical treatment would imply one air change an hour would be the equivalent of
a two fold increase in diluent volume. Although the air change rate would be expected to be
>=2 changes/hour, 1 air change/hour has been used to compensate for periods of inhalation
of higher concentrations when working close to the source of emissions.

. Ventilation rate of adult, Vin, = 1.3 m®/h (US EPA for painting work etc)
. Duration of Exposure t = 1h (likely normal maximum)
Average concentration of styrene in air, Cair=qx WixR x VAL
Cair =450 x 0.12 x 0.05/52
C.ir = 52 mg/m?® (converts to ~ 12 ppm)
Amount of styrene absorbed in inhalation = C,: = Vi, X fraction absorbed x time exposed
=52mg/m*x1.3x1x 1h

= 68 mg (approximately 1 mg/kg bodyweight
for a 70 kg individual)

This assessment is in agreement with general experience of resin kit use, particularly in light
of the expected frequency of such exposures (perhaps 1-3 hours per day).

(b) Reasonable “worse case” consumer use of liquid resin Kit:

Assumptions:

* Amount of product used per event, g = 550 g (based on standard 500ml
“‘consumer” pack size in UK)

. Weight fraction of styrene in product, W; = 0.40 (based on typical maximum
styrene concentration in liquid resin).

. Fraction of substance that volatilizes during duration of exposure, R = 0.075
(based on industry laboratory work on emissions from hand lay up).

. Volume of air surrounding the user V;= 52 m® (based on working in a garage
of volume 35 m® containing a vehicle of closed volume 9 m®) implies net
workspace volume of 26 m°. Simple arithmetic treatment implies one air
change an hour would be the equivalent of a two fold increase in diluent
volume. Although the air change rate would be expected to be >=2
changes/hour, 1 air change/hour has been used to compensate for periods of
inhalation of higher concentrations when working close to the source of
emission.

* Ventilation rate of adult, Vi,, = 1.3 m® /h (US EPA default for painting work
etc)

. Duration of exposure t = 1 hour (likely normal maximum)
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Average concentration of styrene in air, Car=gxW; xR X VAL
Cair =550 x 0.4 x 0.075/52
Cair = 318 mg/m?® (converts to ~ 75 ppm)
Amount of styrene absorbed in inhalation = C,: = Vi, X fraction absorbed x time exposed
=318 mg/m*x 1.3 x 1 x 1 hour

= 413 mg per event [approximately 6 mg/kg
bodyweight for a 70 kg individual]

Unaccustomed exposure to the distinctive odour of styrene is likely to encourage the user to
seek better ventilation or fresh air. The frequency of such exposures to those purchasing
consumer kits of liquid resin is unlikely to be more than a few hours/year.

Discussion

The predictions produced by the EC Algorithm method and the US EPA SCIES Program are
probably overestimates of exposure, although the degree of over estimation is difficult to
determine. Firstly, the assumption that all of the weight fraction of the product is available for
volatilisation may be wrong. Secondly, the models assume volatilisation in a confined space
and it is expected that outdoor use would significantly reduce exposure owing to natural
ventilation.

Another factor which suggests that these models may over-estimate exposure is that styrene
concentrations above 1000 ppm (4.2 g/m®) produce irritation and lacrimation sufficient to
force the user to seek fresh air. However, a further calculation in Appendix 4, using twice this
value as a “bearable maximum” and a starting point for predicting exposure, suggests the
amount inhaled will be approximately 11 g/event.

The above predictions vary to a considerable degree, depending upon the assumptions
made. However, use in poorly ventilated spaces, could mean that considerable amounts of
styrene are inhaled. For the purposes of risk assessment of the use of liquid resins, the
industry RWC scenario prediction of 413 mg of styrene inhaled per event will be used. For
the purposes of risk assessment of resin pastes, the industry RWC scenario of 68 mg/event
will be used. These values are preferred as they appear to be based on more realistic
assumptions than either of the two model predictions.

Dermal exposure

The use of resin kits could give rise to dermal exposure. The EC Algorithm for dermal
exposure scenario for a reasonable worst case exposure assessment assumes that skin
contact will arise through accidental spillage, or failure to wear protective equipment such as
gloves during application of the resin. The calculations are presented in Appendix 6.

If the typical maximum amount of styrene in a liquid resin product is 0.495 g/cm?®, the amount
of styrene predicted to be on the skin surface per event is approximately 14 g. For resin
pastes, which contain less styrene, the amount predicted to be on the skin surface per event
is5.5g.

UK industry has suggested what is considers to be a more realistic worst case scenario for
dermal exposure arising from the use of liquid resins. The calculations are presented in

66



R034_0806_hh_publication

Appendix 7. Should gross contamination occur due to significant accident spillage etc then
removal of excess resin before continuing work would be expected for practical reasons, i.e.
it is difficult to work with too much resin on the hand as it would stick to the workpiece.

The amount predicted to be on the skin available for uptake (as 10% evaporates) is
calculated to be approximately 11 g/event. Industry also suggest that skin contamination
would be unlikely when using resin paste as the product is a thick paste handled with a filling
knife or plastic spreading tool included in consumer kits.

The above dermal exposure calculations for the skin surface vary depending upon the
details assumed in the use scenario. Furthermore, skin contact could be considerably
reduced by wearing appropriate gloves. The amount absorbed across the skin is a separate
issue, considered in the risk characterisation section. However, the amount absorbed will
depend upon the rate of curing of the resin (UK industry has some comments on this issue in
Appendix 7), and the amount of time that the resin remains on hands before washing.

For the purposes of risk characterisation, the amount of styrene deposited on the skin
available for uptake will be assumed to be 11 g/event for liquid resins (on the grounds of
practicality). Although the levels on the skin for use of pastes are likely to be much lower
than 5.5 g/event because of the physical nature of the product, some of the product is likely
to get on to the skin, so 1.7 g/event will be used for paste kits as this is the only available
value. The uncertainty of this value will be taken into account at the risk characterisation
stage.

41.1.25 Boat Building

Information received from Member States, indicates that in several EU countries (including
Sweden, Finland and the Netherlands) consumers do build their own boats. We have no
direct information on exposures during this activity but will use information from the
occupational setting to derive a scenario.

Essentially the process that consumer boat builders must go through using styrene in GRP
production is the same as used in boatyards. The main difference will be in the amount of
time consumers spend carrying out this work, as they are very unlikely to spend 8 hours a
day over the whole year building boats. We have assumed that a consumer is unlikely to
build more than one boat and so will estimate an amount of exposure per event (i.e. building
one boat). It should be noted that the actual building of the boat is likely to be spread over a
very variable period of time, depending on the consumer.

Information from HSE’s NEDB gives an indication of how much time is spent in workshops
on the lamination part of boat building and this information has been used to estimate the
amount of time it would take to manufacture a ‘small’ boat by hand lamination. Hand
lamination is the most likely process to be used by consumers as it is less dependent on
technology. It is assumed that work will take place in a poorly ventilated enclosed space,
such as a shed or outbuilding, although there will likely be inward leakage of fresh air due to
badly fitting doors and/or windows. It is possible that this work would be done outside, which
would reduce possible inhalation exposures , but this is very dependent on the weather
conditions. So we have assumed that the reasonable worst case would be inside a shed.

A ‘typical’ small boat can be described as 4.6 m long, 1.83m beam and 0.2 — 1.2m draft, with
one layer of gelcoat and 3 layers of glass fibre. This is based on a racing sailing dinghy. In
the occupational setting the average time it needs for 1 person to build a small boat hull, with
no deck, i.e. a rowing boat type, using hand lay up, would be 92 hours. It would take one
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man 69 hours to laminate a deck on a 4.6 m boat. Therefore for a 4.6 m boat with a hull and
a deck, i.e. a sailing dinghy, it would take one man 161 hours to laminate both the hull and
the deck.

The inhalation exposure values from the occupational exposure assessment will be used as
hand lamination in the absence of adequate ventilation does still occur in the occupational
setting. These values are:

e 8-hour TWA RWC 100ppm (433 mg/m?);
e 8-hour TWA Typical 40ppm (173 mg/m?);
e short term RWC 180ppm (779 mg/m?®);
e short term typical 60ppm (260 mg/m?®).

Although higher values than these have been recorded in the past, these data are based on
more recent studies and are more likely to reflect current formulations of resin kits. If the 8-
hour TWAs are used to estimate exposure over the total time period of lamination, assuming
a breathing rate of 1.25 m*h and that there is an average exposure over the whole time
period (as is assumed in an 8-hour TWA) this gives an RWC inhalation exposure/boat of
87,141 mg/boat to build a sailing dinghy (161 hours) and a typical inhalation exposure/boat
of 34,816 mg/boat. If only a rowing boat (92 hours) was being built the RWC inhalation
exposure/boat would be 49,795 mg/boat and the typical inhalation exposure/boat would be
19,895 mg/boat. If it is assumed that a consumer would spend a maximum of 8 hours in a
day building his own boat (either a dinghy or a rowing boat), then the RWC inhalation
exposure/event is 4,330 mg/event.

The short term inhalation exposure values for consumer boat building would be the same as
the occupational values given above.

We have no direct information on dermal exposures during consumer boat building but there
are few dermal exposure measurements available for the GRP industry. The Riskofderm
project had a scenario (3.4) which was relevant to this industry and collected data on the
application (spreading) of styrene by rolling. This process would also be used by consumers
making their own boats. Rolling was studied at enterprises where plastic boats for leisure
activities were produced. The duration of the scenario was in general between 35 to 110
minutes (~ 2 hr) and the formulation used contained approximately 40% styrene, 60% of
styrene resin (40% styrene) and a few % of the hardener ethyl methyl ketone peroxide. For
both the RWC and the typical value the exposed skin surface area is assumed to be 820
cm?. The RWC value given is 8 mg/cm?8 hours and the typical value is 1.2 mg/cm?/8 hours.
For a 2-hour event, the RWC dermal exposure value is 1640 mg/event.

4.1.1.2.6 Overall consumer exposure to styrene

Consumers spend a considerable amount of time indoors potentially exposed to styrene,
whether continuously from certain polymeric materials, for example, or from short term,
sporadic exposures which may arise from certain activities. The latter may be comparable to
or higher than occupational exposures but would be of short duration. The nature of the two
exposures is different, so they will be considered separately.

The predicted exposures (the amount inhaled, swallowed or on the skin, not the amount
absorbed) are as follows:
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Exposure from long-term low-level sources is made up of the following components:

Emissions from polymeric building materials
including carpets (inhaled)

5 ug/m® (80 pg/day)

Food (swallowed)

3 pg/day

Chewing gum (swallowed)

8 ug/day

In addition, exposure arising from tobacco smoking are included for comparison:

Passive smoking of tobacco (inhaled)

9 ug/day

Heavy smoker (80 cigarettes/day) (inhaled)

400 pg/day

Sporadic exposures following specific events/activities are as follows:

New carpet (inhaled) 2 mg/event

Liquid resin (inhaled) 413 mg/event

Liquid resin (on the skin surface) 11,000 mg/event

Resin paste (inhaled) 68 mg/event

Resin paste (on the skin surface) 5,500 mg/event

Boat building (inhaled) 4,330 mg/event

Boat building (on the skin surface) 1640 mg/event

The uncertainty in the predictions of exposure from polymeric materials, and the variability in
the predictions of exposure arising from the use of liquid resins and resin paste suggest that
more information is needed to ensure that the duration and level of exposure arising in both
areas is clearly understood.

Consumer exposures to styrene may be looked at in two ways; a long term but probably very
low-level exposure, and sporadic and short-lived exposures relating to particular events or
activities.

Long-term exposures may arise through the release of residual styrene monomer from
polymeric styrene products, following emission into the atmosphere from materials such as
carpet backing and underlay, or migration from food wrappings into food.

The short-term exposures may arise when new carpets are fitted, or from the use of styrene-
containing resins for filling or repair of wood, glass fibre or metal or use of styrene-based
adhesives. The resin exposures may be infrequent and acute but are potentially high,
particularly so in the case of the liquid resins — comparable to equivalent work in an
occupational setting, e.g. boat building.

Styrene is also present in chewing gum and tobacco smoke. Some brands of chewing gum
contains food-grade styrene-butadiene rubber and may release residual styrene monomer.
Styrene in tobacco smoke is not a product of the styrene industry but a by-product of
combustion. However, it may contribute significantly to total styrene uptake and is therefore
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included for information, as it may help to set other exposures into context; values for
styrene exposure from tobacco smoke are not considered in the risk characterisation.

There is some information available on styrene in indoor air that suggests that background
exposures are generally very low (a few pg/m®), of the same order as the model predictions.
However, there is a lack of real data on emission rates from specific polymeric materials and
consequently little to connect particular products with specific airborne exposures. There is
therefore some uncertainty surrounding the calculated human uptakes, which should be
considered in interpreting margins of safety.

Short-term exposures arising from the use of resins are predicted by exposure models to be
quite high but are critically dependent upon assumptions made in determining the use
scenarios. For liquid resins in particular, the hobbyist has the potential to be exposed to very
high levels of styrene in the short term. However, the variability in the predictions depending
upon the assumptions made and the shortage of real data suggests that the predictions of
exposure and uptake must be treated with some caution.

The uncertainty in the predictions of exposure from polymeric materials, and the variability in
the predictions of exposure arising from the use of liquid resins and resin paste suggest that
more information is needed to ensure that the duration and level of exposure arising in both
areas is clearly understood.

41127 Combined consumer exposure

There are a number of possible sources of consumer exposure to styrene monomer. For the
purposes of estimating a realistic combined consumer exposure, short-term, relatively
infrequent scenarios will not be taken into account, although these would dominate in any
short-term scenarios and are thus considered directly in the risk characterisation. For an
adult consumer, long-term exposures may arise through the release of residual styrene
monomer from polymeric building materials (80 ug/day), via food (3 ug/day) and from
chewing gum (8 ug/day). The combined adult exposure from these sources would result in a
total exposure of about 90 ug/day (1.3 ug/kg bw/day).

41.1.3 Indirect exposure via the environment

Table 3.21 from the environment section has been repeated here (Table 4.24) and gives the
predicted environmental exposures to styrene and the daily human doses arising from
releases from production and uses, and for releases at the regional level estimated by
EUSES (log Kow=3.02, BCF=74, oral absorption rate=1 and inhalation absorption rate=1).
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Table 4.24 Calculated daily concentrations for indirect exposure via the environment

a
Concentration (ug/kg) Human dose

(mg/kg/day)
Scenario Plant  Plant Air Drinking
Fish ' leaves  Meat Milk (ng/m®  water
(ng/l)

Production 704 10700 11,8 1.7 0.54 99 930 0.11
gﬁ;’cﬁf_sg,gg: 147 13 115 033 0.11 97 1.1 0.024
EPS 278 22 5.5 016 0.051 47 1.9 0.013
ABS/SAN 175 14 3.4 0.1 0.032 29 1.2 0.009
SB 187 15 3.7 0.11 0.034 31 1.3 0.009
rubber/latex
UPE resin 433 28 2.2 0.067 0.021 18 2.9 0.006
gf_‘;gﬁ GP. 38 0014 0014 45x10% 14x10% 012 0.026 33x10°
EPS 3.8 0.084 0.079 23x10° 7.3x10* 0.67 0.026 1.5x10™
ABS/SAN 3.8 0.007 0.007 25x10* 79x10°  0.06 0.026 2.0x 107
ﬁj?)berllatex 3.8 0.028 0027 82x10* 26x10* 0.23 0.026 56x10°
HSPGE resin 38 75 7.0 0.20 0.064 59 0.66 0.016
Regional 38 (o5 0004 16x10* 5x10°  0.034 0.026 1.6x 10°

@ — human dose estimate includes intake from air and drinking water as well as from biota

It should be noted that air contributes 60-70% to these modelled estimates, and oral sources
30-40%.

In addition to the calculated levels, from a recent survey conducted in the UK on samples of
individual foods from 20 food groups (MAFF, 1999) the presence of styrene was measured
at levels of up to 14 pg/kg. Based on the levels of styrene in each food group, and daily
consumption estimates for each food group, the highest daily dietary intake of styrene, per
person, is estimated to be 3 ug/day, equivalent to 0.04 ug/kg/day, for a 70 kg adult (MAFF,
1999).

For air, the measured value of 80 pg/m*® downwind from a reinforced plastics processing site
is chosen (section 3.1.2.1). For water, the measured value of 10 ug/l is chosen as one which
very few measurements exceed.

Using these concentrations, a daily intake of 0.058 mg/kg bw/day from food, air and water is
estimated. It should be noted that contribution from air to this measured estimate is very
high.

However, based on the modelled data, it can be seen that the daily human intake via the
environment based upon typical human consumption and inhalation rates at the regional
level is 1.6 x 10®° mg/kg/day and the highest local exposure (styrene production) is 0.11
mg/kg/day. These two figures will be taken forward into the risk characterisation, as well as
the value of 0.058 mg/kg/day based on measured data.
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4.1.1.4 Combined exposure

For combined exposure, considerations should be given to a consumer, who is also
potentially exposed via the environment. The most appropriate consumer exposures to
consider are those giving rise to long-term, repeated exposure i.e. exposures from the
release of residual styrene monomer from polymeric styrene products, from food and from
chewing gum. These combined consumer exposures result in a daily intake of about 90
Mg/day, or 1.3 ug/kg bw/day (0.0013 mg/kg bw/day) for a 70 kg adult. Based on modelled
data, the highest exposure via the environment would be to someone living in the vicinity of
a styrene production plant, with an estimated daily intake of 0.11 mg/kg/day. The resultant
combined exposure would be dominated by the environmental exposure of 0.11 mg/kg/day.
If measured environmental exposure data are considered, the daily intake via environmental
sources excluding food is estimated to be 0.018 mg/kg/day; this would give a combined
consumer and environmental intake estimate of 0.019 mg/kg/day. Both these values, 0.11
mg/kg/day and 0.019 mg/kg/day will be taken forward to the risk characterisation.

4.1.2 Effects assessment: Hazard identification and dose (concentration) —
response (effect) assessment

41.2.1 Toxico-kinetics, metabolism and distribution
4.1.2.1.1 Studies in animals
Absorption

On inhalation exposure, styrene vapour is rapidly absorbed through the lungs resulting in
plateau blood levels within 3-5 hours in the rat (Withey, 1978; Plotnick and Withey, 1979;
Ramsey and Young, 1978; Young et al, 1979; Withey and Collins, 1979). The plateau levels
increased in a linear manner with increasing styrene exposure up to about 200 ppm, but the
relationship became non-linear at 600 ppm, probably due to a saturation of the metabolising
systems working to remove styrene from the blood (Plotnick and Weigel, 1979).

A recent study conducted on the surgically isolated upper respiratory tract of anesthetised
Sprague-Dawley rats and CD mice exposed to styrene for 45 min, indicated that the
percentage uptake in this region decreased (from 24% to 10% of the administered dose in
rats and from 42% to 10% of the administered dose in mice) as the atmospheric
concentration of styrene increased from 5 to 200 ppm (Morris, 1999 and Morris, 2000).
Inhibition of cytochrome P450 by metyrapone pretreatment of the animals reduced uptake,
indicating that styrene metabolism in the upper respiratory tract enhances the rate of uptake
of styrene at this site in rodents.

Rates of removal of styrene from the atmosphere were measured in rats and mice using a
closed chamber technique (Filser et al, 1993). Animals were exposed to relatively high initial
vapour concentrations, estimated to be from 550-5000 ppm. From the results, taking into
account information from animals pre-treated for 5 days with 150 or 500 ppm styrene, the
rate of removal of styrene from the chamber at steady state increased linearly with
concentrations up to about 300 ppm. Above about 300 ppm, metabolic capacity limited
removal of styrene from the chamber; saturation of metabolism was observed at
approximately 700 ppm in rats and 800 ppm in mice. The maximum rate of metabolism, per
kg bodyweight, was approximately 3 times higher in mice than in rats. There was no
significant effect on kinetics when animals had been previously treated by exposure for 6
hours/day for 5 days to 150 or 500 ppm styrene. Administration of diethyldithiocarbamate, a

72



R034_0806_hh_publication

specific cytochrome P450 monooxygenase inhibitor, resulted in a considerable slowing of
the rate of removal of styrene from the chamber.

Styrene is well absorbed when administered orally in aqueous suspension or as a solution in
corn oil, 90% of the administered dose being absorbed with eight hours in the rat (Withey,
1978; Plotnick and Withey, 1979).

It can be predicted from the lipid solubility of styrene that some dermal absorption will occur.
There is one study in which whole-body absorption of styrene vapour was measured
(McDougal et al, 1990). The rats breathed air through a mask during exposure. The fur was
closely clipped and blood styrene concentrations were analysed at 0-4 hours after the start
of exposure to 3000 ppm. The styrene blood concentration had not reached steady state at 4
hours. Dermal absorption was estimated to be 9.4% of the total amount absorbed when the
vapour was inhaled. Absorption of liquid styrene was measured across excised rat skin in
vitro (Tsuruta, 1982). The rate was approximately 30 pg/cm?hr, about half that of toluene
and 5 times that of xylene. There are no studies that have measured the uptake of liquid
styrene across the skin of experimental animals in vivo.

Distribution and elimination

Following inhalation exposure, styrene and/or its metabolites were found predominantly in
adipose tissue but also in a range of organs and tissues including kidney, liver, lungs, brain,
testes, heart and bone marrow of rat and mouse by tissue analysis and whole-body
autoradiography (Withey, 1978; Plotnick and Weigel, 1979; Young et al, 1979; Withey and
Collins, 1977; Bergman, 1979; Savolainen and Vainio, 1977 ;Savolainen and Pfaffli, 1978;
Boogaard et al, 2000; Booth, 1999). A study in which the distribution of radioactivity was
investigated following intraperitoneal administration of "C-styrene to groups of 5 male mice
reported that at 2 hours post-dose, the highest concentrations of radioactivity were found in
the adipose tissue, pancreas, liver and brain (Lof et al, 1983). Significant uptake of styrene
into the nasal mucosa, particularly the olfactory region, has also been noted in rodents
inhaling styrene (Boogaard et al, 2000; Booth 1999).

Campo et al (1999) studied the distribution of styrene in rats following inhalation exposure
particularly in relation to ototoxicity (see later sections). Groups of eight male Long-Evans
rats were exposed whole-body to either 0 or 1750 ppm styrene for six hours on one day,
followed by a four hour exposure on the next day. Immediately after the second exposure
the animals were killed and samples of the following taken: cerebrospinal fluid, whole blood,
brain, auditory nerves, inner ear fluids and cochleae. Styrene was measured either by gas
chromotography (GC) either directly (in fluids apart from blood) or following extraction. No
styrene was detected above the GC detection limit in control animals or in the cerebrospinal
or inner ear fluids. Styrene was found to be present in the organ of Corti in seven of the
treated rates but was not quantifiable. Measurable levels of styrene were found in the brain,
auditory nerve and whole blood, with the greatest amount found in the brain.

In pregnant mice receiving styrene by intravenous injection, styrene and/or metabolites were
demonstrated to cross the placenta to the fetus (Kishi et al, 1989).

Styrene is eliminated from the blood in a biphasic pattern. The first phase results in a rapid
decrease in blood levels (half-life values [t'2] in the range 2.5-17 minutes having been
reported) followed by a slower second phase (12 values in the range 0.5-6 hours being
reported) (Withey, 1978; Young et al, 1979; Withey and Collins, 1977; Savolainen and
Vainio, 1977; Withey, 1976). In one particular study, groups of rats were exposed to high
concentrations of styrene (in the range 500-1000 ppm) for 4 hours (Teramoto and Horiguchi,
1979 and 1981). Styrene concentrations were analysed in blood, liver, kidney, spleen, brain,
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muscle and adipose tissue for up to 48 hours. Half-life values for the second, slower phase
were calculated: the half-life (t2) in blood was 2.4 hours and similar values were found for
other tissues except adipose, which was longer at 6.3 hours.

Only a small percentage (0-3%) of absorbed styrene was excreted unchanged via the breath
following inhalation, oral ingestion or subcutaneous dosing. The great majority of styrene
taken up by the body was converted, mainly in the liver, to metabolites which were excreted
in the urine; between 70 and 90% of the administered dose was excreted as metabolites
within 24 hours, either in the free form or as conjugates (Plotnick and Weigel, 1979;
Young et al, 1979; Ramsey and Young, 1978; Danishefsky and Willhite, 1954).

In a comparative study, groups of F344 rats, B6C3F; mice and CD-1 mice were exposed
whole-body to 250 ppm unlabelled styrene for 6 hours/day for 0,2 or 4 days (Sumner et al,
1997). Following this, animals were exposed nose-only to 250 ppm [7“C]styrene for 6
hours. Urine, faeces and expired air were collected from animals for 48 hours after the last
exposure and levels of radioactivity within each determined. Animals were then sacrificed
and the levels of radioactivity analysed in the carcass, pelt and tissues. Urine was collected
and analysed to enable the time course of radioactivity excretion to be investigated. Most of
the radioactivity was excreted in the urine, within 24 hours of exposure, with some
quantitative variations between species and strains. Radioactivity in the faeces accounted
for 18% of the total recovered radioactivity in the rat, 4% in B6C3F,; mice and 6% in CD-1
mice.

The in vivo distribution and covalent binding of styrene in rat and mouse nasal and lung
tissues has been investigated in a series of studies (Green, 1999c; Foster, 1999a; Green,
2000a also Green et al, 2001a and Green et al, 2001b). Groups of male Sprague-Dawley
CD rats and male CD-1 mice were exposed whole-body to 160 ppm '*C-styrene vapour
(98% purity) for 6 hours. Groups of 2 rats and 4 mice were sacrificed at 5 minutes, 1 hour, 4
hours and 24 hours post-exposure for nasal tissue analysis. Additional groups of 10 rats
and 20 mice were sacrificed at the same time points for lung tissue analysis. Olfactory, nasal
and lung tissues were dissected from these animals. The distribution of radioactivity in the
nasal and lung tissues was determined by histoautoradiography at each time point. Whole
body autoradiograms were also prepared for one animal per species at each time point. The
nasal and lung tissue samples were subsequently processed and analysed by high
performance liquid chromatography (HPLC) analysis and scintillation counting to measure
total radioactivity, volatile radioactivity (unchanged styrene) and covalently bound
radioactivity.

Over the 24-hour post-exposure period, radioactivity was particularly concentrated at the
surface of the olfactory and respiratory nasal epithelial mucosa and within the olfactory
mucosa and Bowman’s glands; and in the lungs, in bronchiola mucosa and in the walls and
lumen of the pulmonary blood vessels. In relation to the bronchiolar mucosa, radioactivity
persisted for longer in the mouse than the rat. A comparison of results of ‘total radioactivity’
and ‘non-volatile radioactivity’ for both rat and mouse for nasal and lungs tissues showed
there to be little difference between the distribution and content of the radioactivity present.
This suggested that the majority of the radiolabel was present as non-volatile metabolites of
styrene rather than unchanged styrene itself.

The maijority of the radioactivity in the olfactory and respiratory nasal tissue and in the lung
tissue of rats and mice was present as water-soluble metabolites which were rapidly cleared
from the tissues. The concentration of these metabolites was similar in the olfactory tissue of
each species. The levels of covalently-bound radioactivity in the tissues of both species were
lower but remained constant throughout the study duration. The level of covalently bound
radioactivity in the mouse olfactory and respiratory tissues was 3-5 fold higher, and in the
lung 10-fold higher than in the equivalent rat tissues.
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Groups of 6-7 male NMRI mice were exposed, whole-body, to 0, 750, or 1500 mg/m3
styrene vapour 6 hours/day for 1, 3, 7 or 21 days (Vodicka et al, 2001). Animals were killed
shortly after exposure on the last day of each exposure interval and fat and blood samples
were taken for analysis of styrene using gas chromatography.

Blood styrene concentrations ranged from 0.99 mg/l after 1 day amongst animals exposed to
750 mg/m® to 2.04 mg/l at 21 days, and at 1500 mg/m® were around 2.48 mg/l after 1 day
and 7.44 mg/l at 21 days. At the end of the exposure on day 1, blood styrene levels
decreased by around 13-fold within 30 minutes. On day 21, blood styrene levels decreased
by around 36-fold within 18 hours of the end of the exposure. Styrene was measured in fat
but there were no differences in the levels found amongst animals exposed to 750 and 1500
mg/m?® for 7 and 21 days. There was no information on the release rate of styrene from fatty
tissue. These results indicate rapid elimination of styrene from blood in mice following either
single inhalation exposure or repeated exposure.

Metabolism in vivo

The general metabolic profile of styrene in experimental animal species is illustrated in
Figure 1. The epoxide styrene-7,8-oxide has been identified as a primary metabolite in rats
(Fischer and Sprague Dawley strains) and mice (NMRI, DBA2, Swiss and B6C3F; strains)
following inhalation or intraperitoneal exposure (Lof et al, 1984; Kessler et al, 1992; Morgan
et al 1993c; Pantarotto et al, 1978). This metabolite comes from an initial conversion by
enzymes of the mixed cytochrome P450 function oxidase system (see Figure 1). In a study
using knock-out mice, there were no substantial differences between 2E1 null mice (ie
lacking 2E1) and wild-type mice in urinary metabolites after exposure to styrene (Ghanayem
et al., 2000), indicating that CYP2E1 may not be a major isozyme involved in the in vivo
metabolism of styrene to SO in mice. Subsequent action by the enzyme epoxide hydrolase
results in the formation of the diol, phenylglycol, which is further metabolised to mandelic
acid and eventually phenylglyoxylic acid or benzoic acid, which is found as its glycine
conjugate hippuric acid in many species including rats, mice, rabbits and guinea-pigs
(Withey and Collins, 1977; Danishefsky and Willhite, 1954; Leibman, 1975; Ryan, 1976;
James and White, 1967). The same urinary metabolites and also two mercapturic acid
derivatives were identified after inhalation exposure to 25-200 ppm in the rat (Truchon et al,
1990), indicating that inactivation of styrene oxide by glutathione S-transferase-catalysed
conjugation with gutathione (GSH) is also a significant pathway.

Other metabolic pathways are also involved in the metabolism of styrene. One of these
involves ring hydroxylation to yield 4-vinylphenol (4-VP). Bakke and Scheline (1970)
identified 4-VP in the hydrolysed urine of rats dosed orally with styrene, but it amounted to
only 0.1% of the administered dose. Pantarotto et al. (1978) identified small amounts of 4-VP
in the urine of rats administered styrene intraperitoneally. Watabe et al. (1984) reported the
formation of 4-VP using C-labelled styrene and a rat hepatic microsomal preparation.
Carlson et al. (2001) found that 4-VP is a transient metabolite of styrene since it was rapidly
metabolised by mouse and rat hepatic and pulmonary microsomes involving CYP2E1 and
CYP2F2.

Finally, other minor metabolic pathways of styrene lead to the formation of
phenylacetaldehyde (PA) and phenylacetic acid (PAA) (via side-chain p-oxidation and
hydroxylation), to phenylethanol and acetophenone (via side-chain a-oxidation and
hydroxylation) and to products of ring opening (Sumner et al., 1995). These metabolites are
excreted in the urine. There are studies which have demonstrated that P450 enzymes are
also involved in both the side-chain and ring oxidation of styrene.
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In a study by Delbressine et al (1981), it was reported that following intraperitoneal
administration of styrene (250 mg/kg), Wistar rats excreted a mixture of 2-
hydroxymercapturic acid diastereoisomers, N-acetyl-S-(1-phenyl-2-hydroxyethyl) cysteine
and N-acetyl-S-(2-phenyl-2hydroxyethyl) in the urine over 24 hours. Equivalent findings were
also observed in a similar study conducted in male B6C3F, mice administered 400 mg/kg
styrene via the intraperitoneal route (Linhart et al, 2000). The fractions of mercapturic acids
isolated from the mouse urine amounted to 12-15% of the administered dose.
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Figure 1: The metabolic profile of styrene in experimental animals
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Styrene 7,8-oxide was measured in the blood of groups of rats and mice exposed to styrene,
3 hours after chamber concentrations had reached steady state values of 0-800 ppm
(Kessler et al, 1992). This metabolite reached a maximum of about 0.3 mg/ml at around 350
ppm in the rat whereas concentrations of styrene oxide in the mouse increased from about
0.2 mg/ml at 200 ppm to 5.5 mg/ml at 800 ppm. A similar trend in mice was found in a study
looking at blood styrene oxide levels after 6-hour exposure to 250 or 500 ppm (Morgan et al,
1993b). Therefore, there is a species difference in metabolic capacity, with mice exhibiting a
substantially greater capacity than rats to produce styrene oxide at higher concentrations of
styrene.

41212 Studies in humans
General toxicokinetic profile following inhalation exposure

In a human volunteer study 4 healthy male volunteers were exposed via nose and mouth to
50 ppm ["*C8]-styrene vapour for 2 hours, whilst undergoing light physical (50W) exercise
(Sumner and Greenlee 1999, unpublished; also Johanson et al, 2000). Expired air was
collected every 30 minutes during exposure and on 8 occasions following exposure and
analysed for the concentration of styrene present. Capillary blood samples were collected at
25 specified time points during and post-exposure and analysed for styrene concentration.
Venous blood samples were collected prior to exposure, immediately post-exposure
(2 hours) and then at 4, 6 and 23 hours and analysed for styrene oxide levels. Urine samples
were collected post-exposure at the nominal time points of 0, 2, 4, 6, 9, 13, 22, 24, 42 and
51 hours throughout the study duration. Urine samples were analysed by HPLC and nuclear
magnetic resonance (NMR) spectroscopy for the presence of styrene-derived metabolites.

The 4 subjects were found to have exhaled only 1-2% of the styrene dose received. Styrene
concentrations in capillary blood steadily increased during the 2 hours of exposure and then
rapidly decreased post-exposure. Styrene oxide was not detectable in pre-exposure venous
blood.The highest concentration detected in blood was 0.0008mg/ml, seen immediately
post-exposure (at 2 hours); this declined at 4 and 6 hours post-exposure (0.00044 and
0.00018 mg/ml respectively) and was not detectable at 23 hours post-exposure. In the urine,
very little unchanged styrene was present. The urinary metabolites detected were mandelic,
phenylglyoxylic, phenylaceturic and hippuric acids.

The uptake of styrene via inhalation was also investigated in male volunteers exposed to
styrene during rest and exercise by Engstrom et al (1978a). Seven healthy male volunteers,
aged from 22 to 30 years were exposed using a breathing valve and mouth piece to 50 ppm
styrene vapour, initially for 30 minutes whilst at rest and then for 3 x 30 minutes periods of
exercise with increasing workloads of 50, 100 and 150W. Exposure was interrupted for 20
minutes between the rest period and the start of the exercise periods. The mean amount of
styrene expired in the first 4 hours post-exposure was measured in expired air collected
continuously for the first 20 minutes with a Douglas Bag technique and then every 5 minutes
via a respirometer. Styrene levels in expired air were then measured periodically for the next
15 hours. Styrene levels in arterial and peripheral venous blood samples were measured
periodically in samples taken from 3 individuals during exposure and for the first 4 hours
post-exposure. Needle biopsies of subcutaneous adipose tissue, from the upper lateral
gluteal quadrant, were taken from all individuals prior to exposure and at 0.5, 2, 4 and 20-24
hours post-exposure, and again from 4 individuals at 1-2 weeks post-exposure. The
concentration of styrene in the adipose tissue was determined by gas chromatography.

The mean uptake of styrene from inspired air across all 4 exposure periods was 63% (59-
70%) and the amount of styrene eliminated via expiration was only about 2% of the amount
absorbed. During the final phase of exercise (150W) uptake was 5-6 times higher than that
measured during the rest period. Levels of styrene in arterial and venous blood increased
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with increasing work loads. Mean levels of styrene in adipose tissue increased over the first
2 hours post-exposure, plateaued at 4 and 24 hours post-exposure, and gradually declined
to negligible levels over the next 13 days.

Analysis of the data on an individual basis and with regards to individual body fat levels
demonstrated that a clear relationship existed between increasing amounts of body fat and
increasing levels of styrene. From the data available a half-life of styrene in human adipose
tissue of 2 to 4 days was estimated (with t'2 increasing with increasing individual body fat
levels).

In another study by the same group of workers the uptake of styrene via inhalation was
investigated in 3 male workers occupationally exposed to styrene during the processing of
polyester tanks (Engstrom et al, 1978b). Two had been employed for several years but the
third for only 2 weeks. The amount of body fat in each of the subjects was determined by
means of skeletal measurements. Ambient air concentrations of styrene were measured in
the breathing zone of each individual and an 8-hour TWA exposure estimated. During the
same time expired air samples were collected and the styrene concentration measured.
This information was then used to determine uptakes. Needle biopsies of subcutaneous
adipose tissue were taken from each individual prior to exposure and on days 1, 3 and 5
post-shift. The concentration of styrene in the adipose tissue was determined by gas
chromatographic techniques.

The estimated 8-hour TWA exposures were 65, 85 and 32 ppm for subjects 1, 2 and 3
respectively. Estimated mean percentage daily uptakes of styrene were 60 — 62%. Adipose
tissue levels of styrene in each individual increased over the course of the 5 days of the
study. From the above data the authors calculated a half-life of styrene in adipose tissue of
between 2.8 and 5.2 days, depending on individual body fat content.

In earlier studies it has been shown that 59-88% of the total amount of styrene breathed in is
absorbed following inhalation of styrene at atmospheric concentrations in the range 10-200
ppm in human volunteers (Fiserova-Bergerova and Teisinger, 1965; Bardodej and
Bardodejova, 1970; Fernandez and Caperos, 1977; Kjellberg et al, 1979; Teramoto and
Horiguchi, 1979; Wigaeus et al, 1983 and 1984; Norstrom et al, 1992). Continuous
atmospheric exposure resulted in a rapid rise in blood styrene levels which eventually
reached a plateau.

Further studies have shown that concentrations of styrene in the blood of workers increased
in a linear manner with atmospheric 8-hour TWA styrene exposures of up to about 150 ppm
(Brugnone et al, 1993 and Bartolucci et al, 1986). Dose-dependent kinetics have been
observed in 2 volunteers exposed to styrene concentrations of 26, 77, 201 and 386 ppm for
2 hours (Lof and Johanson, 1993). Saturation of metabolism was indicated by the nature of
the increases in blood styrene with increasing styrene exposure concentration. Simulations
of 8-hour exposures to styrene using a physiologically-based pharmacokinetic model
suggested that partial saturation began at about 200 ppm.

Elimination of styrene from the blood has been shown to follow a linear 2-compartment
model, similar to that found in rats, with a half-life for the first phase being 30 minutes and for
the slower second phase about 13 hours (Ramsey et al, 1980). These half-lives indicate that
elimination takes slightly longer in humans than in rats. In workers previously exposed to
styrene, the apparent blood clearance of styrene was significantly higher (2.0 I/hr/kg) than
that in 6 volunteers with no previous styrene exposure (1.5 I/hr/kg) during a 2-hour
experimental exposure to 70 ppm (Wigaeus et al, 1984 and Lof et al, 1986a). This
observation presents some evidence that long-term exposure might increase the capacity to
metabolise styrene, presumably because of enzyme induction. Uptake of styrene into
subcutaneous fat was fairly rapid with plateau levels being maintained for long periods
following the exposure. The t'% for elimination of styrene from the fat was calculated to be in
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the range of 2-4 days, indicating a slow release, following uptake into the tissue
(Kjellbert et al, 1979 and Engstrom, 1978a).

Styrene levels were measured in 25 samples of subcutaneous fat from workers in a styrene
polymerisation plant in USA (Wolff et al, 1977 and Wolff et al, 1978b). Samples of
subcutaneous fat were obtained from the buttocks by needle aspiration. Styrene was found
in 13 of 17 workers who had been significantly exposed (5 ppm) within the last 3 days (5 of
these not having been exposed for 2-3 days prior to sampling). Styrene was not detectable
in the samples of 5 workers who had been removed from similar exposures 4-90 days
previously or in 2 workers removed from “low” exposures (0.5 ppm) 2-3 days previously.

Studies exploring dermal uptake

Dermal absorption has been measured after one hand of each of several volunteers was
dipped into liquid styrene for 10-30 minutes (Berode et al, 1985). The mean rate of
absorption was 60 yg.cm?.hr”. Unfortunately, the protocol used does not facilitate the
calculation of the percentage of the dose absorbed.

In a study by Riihimaki and Pfaffli (1978) dermal absorption of styrene vapour at levels of
600 ppm resulted in styrene appearing in the blood at levels which reached a plateau within
two hours. The rate of absorption was calculated to be 1 yg.cm™?.hr'. This low rate of
absorption indicates that uptake of vapour through the skin is relatively insignificant
compared to uptake via inhalation.

It was calculated from the results of a similar volunteer study (exposure to 310-762 ppm) that
dermal absorption of styrene vapour contributed approximately 5% to the total amount
absorbed via the lungs and skin combined (Wieczorek, 1985).

An investigation was carried out in which 8 workers in the reinforced plastics industry were
monitored for levels of styrene in blood and for urinary metabolites of styrene after
lamination work involving exposure to styrene (Brookes et al, 1980). The effects of using no
dermal protection and of wearing gloves impermeable to styrene were compared. There was
no significant difference in levels of styrene in blood or metabolites in urine between the shift
when gloves were worn and the shift when no dermal protection was worn. Therefore, it was
concluded that uptake via the skin contributed only a small amount to the total body burden
of styrene during lamination work in the GRP industry.

The potential for dermal absorption of styrene has been compared with inhalation absorption
in a field study of 4 workers in the fibreglass-reinforced polyester industry (Limasset et al,
1999). The levels of urinary metabolites of styrene (mandelic and phenylglyoxylic acid) were
measured and compared for the 4 workers in the study. Each worker was assessed prior to
and after work. Each of the 4 workers carried out the same job functions, in the same area of
the factory for the same timeperiod (4 x 2 hours) on 4 consecutive days. However, each
worker wore different protective equipment (total protection, respiratory protection only,
dermal protection only or no protection). The concentrations of styrene in the working
environment and within the insulator suit of the total protection were also measured.

The levels of styrene in the working environment for all workers ranged between 42-59 ppm
for all of the 2-hour assessment periods over the 4 days of the study. In those individuals
wearing the insulation suit styrene levels inside the suits ranged between 0.05-3 ppm for all
of the 2-hour assessment periods. Urinary metabolite levels post-shift were significantly
increased in samples obtained from the workers who did not wear respiratory protection (no
protection or dermal protection only) compared with pre-shift levels. Levels of urinary
metabolites in workers with respiratory protection but no dermal protection did not differ post-
shift to levels measured pre-shift. The pattern of urinary metabolites in workers wearing total
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protection was comparable with that in workers wearing respiratory protection only. Overall,
the data again indicate that the major route of styrene uptake in workers in the polyester
industry is via inhalation and that compared to this, absorption via the dermal route is
negligible.

The in vitro dermal penetration of styrene was investigated in an OECD-, GLP-compliant
study, using a 100% 'C radiolabelled styrene and a styrenated resin formulation containing
42.7% of "C radiolabelled styrene (Gedik and Roper, unpublished, 2003).

Split-thickness skin membranes (200-400um) prepared from fresh human samples obtained
from three donors (aged 26-57 yrs old) were assessed for barrier integrity and any failing this
test were rejected. In a flow through apparatus with a tissue culture medium (containing 4:1,
bovine serum albumin: glucose, streptomycin and penicillin G mixture) as the receptor fluid,
styrene-alone and the styrenated resin were applied to the stratum corneum of the skin
samples (7 samples/donor). An activated charcoal filter was placed in the donor chamber of
the apparatus to collect evaporated material from the skin surface. Post-application, the
receptor fluid samples were taken hourly for 6 hours and two hourly thereafter for a further
18 hours. At the end of the 24-hour test period, the exposed skin samples were washed
(skin wash) and the stratum corneum removed via tape stripping. The test material
associated with the stratum corneum removed by the tape stripping was not considered by
the study authors to cross the skin. The filter, the tape strips and the skin wash were
assessed for residual radioactivity. For styrene, 83.7%, 0.23% and 1.13% residual
radioactivity were recovered in the filter, skin wash and stratum corneum respectively. The
total recovery of the applied radioactivity was 88% for styrene-alone and 95% for styrenated
resin. The dermally delivered dose (receptor fluid + receptor rinse + material found in the
epidermis) was found to be 1.68% and 1.23% of the applied dose, while the absorbed dose
(receptor fluid+receptor rinse) was 1.25% and 1.15% for styrene-alone and the styrenated
resin respectively.

Overall, it can be concluded that consistent with its chemical property, most of the styrene
volatilised following dermal application and that its dermal penetration was minimal. A worst-
case of 1.7% was estimated by this study for the absorption of liquid styrene through human
skin. A value of 2% will be taken forward to the risk characterisation.

Metabolism and elimination pathways in humans

In inhalation studies in humans, only small amounts (about 2-3%) of absorbed styrene were
excreted unchanged in the breath (Ramsey and Young, 1978; Bergman, 1979; Bardodej and
Bardodejova, 1970; Fernandez and Caperos, 1977; Ramsey et al, 1980; Riihimaki and
Pfaffli, 1978; Guilleman and Bauer, 1979). The majority (about 90%) of the absorbed
material was metabolised and excreted in the urine. The major metabolic pathways are
shown in Figure 1, with mandelic acid and phenylglyoxylic acid being the predominant
metabolites (Caperos et al, 1979; Drummond et al, 1989; Korn et al, 1987; Phillippe et al,
1971). In contrast to experimental animals, only very small quantities of hippuric acid are
produced in humans due to the low efficiency of the decarboxylation of phenylglyoxylic acid
to benzoic acid. The thioethers N-acetyl-S-(1-phenyl-2-hydroxyethyl)-L-cysteine and N-
acetyl-S-(2-phenyl-2-hydroxyethyl)-L-cysteine have also been detected in the urine of
styrene-exposed workers (Truchon et al, 1998), indicating a small contribution to the overall
metabolism of styrene from glutathione S-trasferase-catalysed conjugation of styrene oxide
with GSH. More recently, Manini et al. (2003) have also detected the glucuronide and the
sulphate conjugates of 4-vinylphenol in the urine of styrene-exposed workers and in
volunteers exposed to approximately 12 ppm styrene (50 mg/m®) for 8 hours. These
conjugates were shown to represent about 0.5-1% of the total urinary excretion of styrene
metabolites, to be eliminated with a monophasic kinetic (the glucuronide being excreted
faster than the sulphate), and to significantly correlate with airborne styrene. These findings
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indicate that this minor metabolic route involving the oxidation of the arene moiety of styrene
also occurs in humans.

In relation to styrene oxide (SO) production, concentrations of 0.0009-0.0041 mg/ml were
measured in the blood of 13 workers exposed to airborne TWA styrene concentrations of 10-
73 ppm (from personal sampling measurements carried out at the end of each exposure
period) (Korn et al, 1994). A linear correlation was established between the SO levels in
blood and styrene in ambient air; estimation from this slope gave a blood SO concentration
of 0.001mg/ml at an exposure level of 20 ppm styrene. This level is 10-20 times lower than
that observed in rats and mice exposed to the same level of styrene (Kessler et al., 1992). In
another study, styrene-7,8-oxide concentrations measured in blood samples were rarely
above the detection limit of 0.0024 mg/ml in 10 workers exposed to an average of 24 ppm
(sampling was conducted before and at the end of the workday) for an unstated reference
period (Lof et al, 1986b). In addition to metabolism via cytochrome P450, in vitro studies are
available which demonstrate that styrene can be metabolised to styrene oxide by
oxyhaemaglobin present in human erythrocytes (Belvedere and Tursi 1981 and Tursi et al,
1983). There is also evidence from genotoxicity studies in vitro that human erythrocytes can
metabolically activate styrene to a reactive metabolite (Linnainmaa et al, 1978; Norppa et al,
1983b; Norppa and Vainio, 1983; Norppa and Tursi, 1984; and Chakrabarti et al, 1993).

Between approximately 60 and 80% of the absorbed dose of styrene is ultimately converted
to mandelic acid and about 30% to phenylglyoxylic acid. It has been shown that most of the
mandelic acid and phenylglyoxylic acid is then excreted via the urine within 24 hours
following inhalation. The excretion of urinary mandelic acid is biphasic, with a t’% for the first
phase being about 4 hours and for the second phase being about 25 hours. Phenylglyoxylic
acid, however, appears to have a monophasic excretion pattern with a t'2 of about 10.5
hours. It has been claimed by a number studies that the excretion rates (t'2 values) of these
urinary metabolites are, to a certain extent, dependent upon the degree of exposure (e.g.
Engstrom et al, 1976). This has not, however, been confirmed by other studies (Guilleman
and Bauer, 1978) and the differences observed by the former studies, although statistically
significant, were not large. Since the excretion rate of mandelic acid is biphasic and changes
with time whereas that of phenylglyoxylic acid remains constant, the ratio of mandelic
acid/phenylglyoxylic acid is variable, ranging from about 3-4 immediately after exposure to
about 0.8-1 at 24 hours after exposure (Guilleman and Bauer, 1979; Guilleman and Bauer,
1978; Brookes et al, 1980).

In terms of bioaccumulation potential, there is a relatively short half-life of styrene in blood
but a relatively long half-life in adipose tissue; therefore it is reasonable to conclude that
following uptake into the body, some styrene enters a fat depot in the body and release of
styrene from here will occur for at least a few days post-exposure. Where metabolites of
styrene have been studied in the urine of workers after a weekend free of exposure, some
individuals have failed to clear styrene completely over this 48-hour period (Cherry and
Gautrin, 1990). Conversely, in another study there was no increase in average urinary
concentrations of mandelic or phenylglyoxylic acids with repeated daily exposures during the
the working week (Pekari et al, 1993). However, other studies have indicated that following
exposure, styrene is eliminated from the body over a period of several days (Engstorm et al,
1978a and 1978b). Overall, it appears that styrene persists in the body in humans for several
days, suggesting that there would be some modest accumulation in fatty tissue on repeated
exposure.

There have also been a number of studies that have assessed the presence of DNA adducts
in humans exposed to styrene. These are described in detail in section 4.1.2.7.1

In a study investigating the influence of genetic polymorphisms on urinary metabolites of
styrene, pre- and post shift urine samples were collected from 56 volunteers employed at
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either a polyester resin factory or in glass-fibre reinforced plastic manufacture (De Palma et
al, 2001). The genetic polymorphisms for styrene-metabolising enzymes (glutathione
transferases GSTM1, GSTT1, GSTP1 and epoxide hydrolase EPHX) were characterised
from peripheral blood. The quantity of one group of urinary metabolites, phenylhydroxyethyl
mercapturic acids (PHEMAs), was higher in subjects with GSTM1pos genotype; other
metabolites of styrene, mandelic acid (MA) and phenyl-glyoxylic acid (PGA) were less
strongly affected. Workers with a GSTM1pos genotype produced around 5-6 times more
urinary mercapturic acids that GSTM1null workers. These results indicate that some genetic
polymorphisms for some styrene-metabolising enzymes alter the rate of removal/elimination
of styrene oxide and other styrene metabolites.

Serial urine samples taken from two workers accidentally exposed to high levels of a solvent
mixture containing styrene showed that differences in genotypes of styrene-metabolising
enzymes (GSTM1, GSTT1, GSTP1, EPHX 113 and EPHX 139) would lead to different
profiles and rates of elimination of mandelic acid, phenylglyoxylic acid and 4-vinylphenol-
mercapturic acid conjugate (Manini et al, 2002). These results support earlier work
conducted on a larger group of workers (De Palma et al 2001).

Another cross-sectional study showed different profiles of peripheral blood lymphocyte DNA
damage (Comet assay) related to polymorphisms of styrene-metabolising enzymes
(Buschini et al, 2003) — see also Section 4.1.2.7.3.

41.2.1.3 In vitro/ex vivo studies investigating metabolic capability in
experimental animals and humans and comparisons between them

Liver

In an in vitro study which used liver tissue samples from Wistar rats, it was determined that
styrene was oxidised to styrene oxide, which was subsequently hydrated to styrene glycol
(phenyl glycol) (Belverdere et al, 1984). It was also shown that levels of GSH in the
hepatocytes and S9 fractions used were depleted in the presence of styrene, due to the
utilisation of GSH in conjugation reactions.

In the series of in vitro studies, the role of P450 isozymes in the metabolism of styrene to
styrene oxide in rat liver microsomes has been investigated using monoclonal antibodies
(Nakajima et al, 1994a). The results of the study indicate that in the rat liver microsomes the
metabolism of styrene involved at least four P450 isozymes.

Samples of microsomes from 31 Asian and 14 Caucasian human livers have been analysed
in vitro with respect to the metabolism of styrene (Kim et al, 1997). Histopathologically
normal liver samples were obtained from autopsies. Twenty-one Asian and 13 Caucasian
liver microsome fractions were randomly selected for immunoblot assay of the content of
P450 isoenzymes. Metabolic rates measured in the Asian liver microsomes were statistically
significantly higher (by about 60%) than those measured in the Caucasian liver microsomes
at the low styrene test concentration (0.09 mM). At the higher styrene concentration (1.8
mM), rates remained higher in the Asian microsomes than in Caucasian microsomes,
although the difference at this concentration was smaller and not statistically significant.
Immunoblot analysis revealed that the mean expression levels of CYP1A2 and CYP2B6
were about 3-fold higher in the Caucasian microsomal fractions than in Asian fractions,
whereas levels of CYP2E1 were about 2-fold higher in Asian microsomal fractions than in
Caucasians. Further analysis indicated that at the low styrene concentration the most active
P450s involved in the metabolism of styrene were CYP2E1 and CYP2C8, whereas at the
high styrene concentration the most active P450s were CYP2B6 and CYP2C8.
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In another series of studies it was determined that in human liver hepatoma G2 cell cultures
CYP2B6 and CYP2E1 were the most active P450s in the metabolism of styrene, with
CYP1A2 and CYP2CS8 also showing a small degree of activity (Nakajima et al, 1994b).

The metabolism of styrene to styrene oxide has also been measured in vitro in human liver
microsomal preparations by Carlson et al (2000). Six samples of normal human liver tissue
were collected during surgical procedure or autopsy, and microsomal fractions prepared.
Microsomes were incubated with 2 mM styrene at 37°C for 20 minutes and the presence of
styrene oxide was determined by HPLC. Results showed that human hepatic microsomes
can metabolise styrene to styrene oxide. The overall activity of the human liver hepatocyte
microsomes was reported as being about 1/3 of that previously measured by the same
workers in mouse liver microsomes (Carlson, 1997a, 1997b and 1998). The same workers
have also demonstrated that styrene metabolism in mouse liver microsomes is comparable
to that in mouse lung microsomes — see below (Carlson 1997a, 1997b and Carlson et al,
1998).

Another study has been conducted to compare rates of hepatic metabolism across species
in vitro, using microsomes prepared from rat, mouse and human liver samples; human liver
preparations were from samples selected for transplantation from 5 fatal accident victims.
The Vnax for conversion of styrene to styrene oxide was similar in the rat and mouse but 5
times lower in the human tissue (Mendrala et al, 1993). The Km for this conversion was
similar across these three species. The Km of epoxide hydrolase for styrene oxide was lower
in rat than in mouse and in human samples the Km was very low in comparison with rat or
mouse, indicating a higher affinity for substrate. The V. for epoxide hydrolase was the
same across species. These results offer evidence of species differences; the tendency
suggested by the results is for styrene oxide to be formed less readily and hydrolyzed more
rapidly in the liver of humans compared with that of rodents.

In a series of studies by Nakajima et al, (1994b), the rates of formation of styrene glycol
(phenyl glycol) from styrene in human, rat and mouse liver microsomes have been
compared. At the low styrene concentration (0.085 mM) the mouse microsomes showed the
greatest metabolic rate, followed by the rat and then the human. At the higher styrene
concentration (1.85 mM) the metabolism was greater in the rat, followed by the mouse and
then the human.

Respiratory tract

In a series of in vitro studies, the role of P450 isozymes in the metabolism of styrene to
styrene oxide in rat lung microsomes has been investigated using monoclonal antibodies
(Nakajima et al, 1994a). The results of this study indicated that in rat lung microsomes, only
one P450 (CYP 2B1) displayed any significant activity. However, other studies (see below)
have produced different findings.

The potential for metabolism of styrene to styrene oxide has been assessed in vitro in
human lung microsomal preparations by Carlson et al, (2000). Six samples of normal human
lung tissue were collected during surgical procedure or autopsy, and microsomal fractions
prepared. Microsomes were incubated with 2 mM styrene at 37°C for 20 minutes and the
presence of styrene oxide was determined by HPLC. Results showed that human lung
microsomes appeared to lack any ability to metabolise styrene to styrene oxide (Carlson
1997a, 1997b and Carlson et al, 1998).

The apparent absence of cytochrome P450-mediated metabolism of styrene in 2 samples of

human lung microsomes has also been reported by Filser et al (1999). However, some such
activity, albeit at a very low level, was reported in a study involving lung microsomes
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prepared from tissue samples taken from 38 patients undergoing lobectomy or
pneumectomy (Nakajima et al, 1994b). This study focussed on the detection of styrene
glycol (phenyl glycol) as a final product of cytochrome P450-mediated metabolism of
styrene; the maximum rate of activity detected (~12 pmol/min/mg protein) was 380/360 times
lower than that measured in comparable studies using lung microsomes from rats and mice
(Filser et al, 1999).

Rates of metabolism in nasal tissue, and cytochrome P450 distribution in nasal and lung
tissue, in rat, mouse and human nasal and lung tissues have been investigated in vitro
(Green, 1999c; Green, 2000a; Green et al, 2001a and Green et al, 2001b). The nasal
tissues of 40 male Sprague Dawley rats or of 100 CD-1 mice were pooled and S9 and
microsomal fractions prepared. Nine morphologically normal human nasal tissue explants
were obtained from the Royal National Throat, Nose and Ear hospital in London, UK, in
compliance with local ethical guidelines, from patients with no recent histories of drug intake
or radiotherapy. The tissue samples, which contained both respiratory and olfactory
epithelium, were removed during surgery and immediately frozen in liquid nitrogen and
stored at —70°C until use. One sample was used to prepare a microsomal fraction for
analysis and the remaining 8 samples were pooled and used to prepare an S9 fraction. All
S9 fractions, from each species, were dialyzed to remove glutathione prior to analysis. The
metabolic rates of styrene in each tissue fraction were determined. Tissue fractions were
also analysed using chemical inhibitors of specific cytochrome P450s in an attempt to
identify the major isoforms involved in styrene metabolism. The distribution of cytochrome
P450s 2E1 and 2F2 (the two isoforms that were shown in these studies to be predominant in
styrene metabolism) was also determined in the nasal and lung tissues of the above species
using immunohistopathological techniques.

In the microsomes prepared from rat and mouse olfactory and respiratory nasal epithelium
tissue samples, the rates of metabolism of styrene to styrene oxide were similar between the
two species (7.46 and 6.59 nmol SO/min/mg protein in the olfactory epithelium of rats and
mice respectively); in each species the metabolic rates in the respiratory fractions (3.25 and
3.64 nmol SO/min/mg in rats and mice respectively) were approximately half those observed
in the olfactory fractions. In human nasal tissue fractions (microsomal and S9) no styrene
metabolism was detectable (limit of detection 0.04 nmol SO/min/mg protein), although some
CYP2E1 and 2F2 was identified. In the lung samples, both CYP2E1 and CYP2F2 were
expressed in significantly larger amounts in the mouse than in the rat; neither enzyme was
detected in the human lung samples. However, it should be noted that it is unclear whether
or not the antibody used for the immunostaining of the murine CYP2F2 had been able to
detect those CYP2F enzymes, which are the orthologous forms of CYP2F2 in humans
(CYP2F1). There were differences between rat and mouse in the distribution of the two
enzymes along the length of the lower respiratory tract, but in terms of the cell type the
enzymes were found exclusively in the non-ciliated Clara cells.

In other investigations, CYP2E1 and CYP2F1 (the human correlate of the murine CYP2F2)
could be identified in human respiratory tract and lung tissue by using different techniques;
MmRNAs encoding for CYP2E1 and CYP2F1 were detected in primary cultures of human
bronchial cells from several donors (Runge et al., 2001).

Bernauer et al (2005) found that CYP2E1 activity was present among 86 samples of human
lung tissue at levels (range between 1.1 and 23.9 pmol/mg protein/min) which are 3 orders
of magnitude lower than those reported for the human liver (in the range of nmol/mg
protein/min). Overviews of the expression of xenobiotic-metabolising CYP enzymes in
human lung tissues have been published by Ding and Kaminsky (2003) and by Hukkanen et
al (2002).
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In another study, using microsomes prepared from mouse, rat and human (n=38) lung
tissues, quantitative Km and V.. values for the conversion of styrene to styrene oxide by
cytochrome P450-dependent monooxygenases have been determined (Filser et al, 1999). In
CD-1 mice the Km was 0.0013 mmol/l, the Viox was 4.5 nmol/min/mg protein and the
Vimax/Km was 3440 pl/min/mg protein, indicating that in the mouse lung cytochromes have a
relatively high activity with respect to the metabolism of styrene to styrene oxide. In Sprague-
Dawley rats the Km was 0.012 mmol/l, the Vmax was 4.7 nmol/min/mg protein and the
VmaxKm was 398 ul/min/mg protein, indicating that in the rat lung the P450 cytochromes
have a moderate (relative to mouse lung) ability to metabolise styrene to styrene oxide. No
activity was detectable in human lung microsomes.

In the same study Km and V.« values for the detoxification of styrene oxide via both the
epoxide hydrolase (EH) and glutathione-S-transferase (GSH) pathways were also
determined. In CD-1 mice the GSH pathway was more prominent in the metabolism of
styrene oxide but the ability to detoxify styrene oxide via either the EH or GSH pathways was
poor.

In the rat lung microsomes, both pathways had approximate equal prominance in the
metabolism of styrene oxide and both pathways had a relatively moderate ability to detoxify
styrene oxide.

In human lung microsomes no metabolism of styrene to styrene oxide was detectable. The
EH pathway was more prominent than the GSH pathway in the metabolism of added styrene
oxide and both pathways had a relatively moderate ability to detoxify styrene oxide. Given
the apparently very low potential of human lung tissue to generate styrene oxide these
results indicate that in humans the potential for the build-up of styrene oxide in the lung is
very low.

In another in vitro study, the activity towards styrene oxide of epoxide hydrolases and
glutathione S-transferases in the olfactory and respiratory fractions of the rat and mouse
nasal tissue and in the combined fraction of human morphologically normal nasal tissue
(n=6) was compared (Green, 2000c). For both enzymes and both regions of the nasal
epithelium, metabolic activity was appreciably (2-10 fold) greater in rats than in mice. The
activity of epoxide hydrolases in the human tissue was quite variable, but of the same order
as in rodents; glutathione S-transferase activity was not reliably measured.

In a study to investigate the metabolism of styrene to R- and S-styrene oxide (SO) in rats
and mice, microsomal fractions from whole liver and whole lung homogenates were
prepared (Hynes et al, 1999). The effect of various cytochrome inhibitors on R- and S-SO
formation in Clara cells and Type Il lung cells was also determined.

The liver and lung samples from mice produced more of the R-enantiomer of SO than S-SO,
and for rats more S-SO was formed than R-SO. «-Naphthaflavone, and o-
methylbenzylamino-triazole, specific inhibitors of cytochrome P450, CYP1A and CYP2B
respectively, had little or no effect on the metabolism of styrene in mouse Clara cells. These
results imply that, in mice, CYP1A and CYP2B have minimal roles in styrene metabolism.
The addition of 5-phenyl-1-pentyne, an inhibitor of CYP2F2, caused a statistically significant
reduction in the production of R- and S-SO in mouse lung cells, indicating that this enzyme
does have a key role in the metabolism of styrene in mice. Furthermore, the extent of
styrene metabolism was greater amongst the Clara cell-rich samples than those rich in Type
Il cells, indicating that the former are more important in the metabolism of styrene.
Diethyldithio-carbamate (DDTC), a specific inhibitor of CYP2E1, had no effect on styrene
oxide production in mouse Clara cells indicating that this isozyme has also no role in styrene
metabolism in mouse lung.

In a study conducted to investigate strain and sex differences in the detoxification of styrene
oxide via epoxide hydrolase to yield styrene glycol, hepatic and pulmonary microsomal
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preparations from non-Swiss albino (NSA) and Swiss CD-1 mice were compared for their
abilities to metabolise racemic, S- and R-styrene oxide (Carlson, 1999b). Epoxide hydrolase
activity was higher in the liver than in the lungs. In incubations with racemic styrene oxide, R-
styrene glycol formation was predominant. Only minor strain differences in the epoxide
hydrolase activity were found. However, while the oxidation of styrene to styrene oxide was
similar in male and female NSA mice, male hepatic microsomes were more active in the
metabolism of the oxide to the glycol. Hepatic metabolism of styrene oxide to styrene glycol
was inducible by butylated hydroxyanisole, whereas pulmonary metabolism was not. These
data indicate that strain differences in the detoxification of styrene oxide via epoxide
hydrolase in mice are minor, but that there are sex differences.

Carlson (2000) investigated the detoxification of styrene oxide via epoxide hydrolase to yield
styrene glycol in enriched Clara-cell preparations isolated from male CD-1 mice. In
incubations with racemic styrene oxide, R-styrene glycol was the predominant metabolite
with an R/S ratio of 3.6. In incubations with the pure styrene oxide enantiomers, the
corresponding styrene glycols were produced. Epoxide hydrolase activity was slightly higher
with the S-styrene oxide than with the R-styrene oxide. Addition of reduced glutathione to the
incubation medium resulted in an increase in epoxide hydrolase activity, perhaps by
decreasing oxidative stress.

In a comparative study of rats and mice conducted to determine styrene oxide (SO) lung
burdens, freshly prepared lungs of male Sprague-Dawley rats and male B¢C3F; mice were
ventilated with styrene vapours of defined concentrations (40-980 ppm for rats and 40-425
ppm for mice) (Filser, unpublished, 2004). The lungs were then perfused in situ for 10 min
and SO measured in the effluent perfusate by CG/MS.

In both species, SO levels increased with increasing levels of styrene. From the graphically
presented data, it can be estimated that equivalent lung burdens of SO (~0.45 nmol/g tissue)
occurred at around 160 and 1000 ppm styrene in mice and rats respectively. However, data
from long-term inhalation studies have shown that lung tumours develop at styrene
concentrations > 20 ppm in mice (Cruzan et al., 2001), and no tumours are found in lungs of
rats exposed to styrene concentrations of up to 1000 ppm (Cruzan et al., 1998). Thus, it is
possible to deduce that SO is not the main metabolite responsible for tumour formation. It
should be noted that the SO lung burdens measured in this study were aggregate measures
of lung SO concentrations and do not necessarily represent the levels of SO in individual
Clara cells.

In a recent in vitro study (Bartels et al, unpublished, 2004) conducted to further characterise
styrene metabolism (especially the pathway involving initial hydroxylation to 4-VP) and to
investigate 4-VP metabolism identifying its major downstream metabolites and determining
species differences, styrene and 4-vinylphenol (4-VP) were incubated, separately, with
microsomal fractions of liver and lung tissue from mice, rats and humans. Microsomes of
liver and lung tissue obtained from male CD1 mice, male SD rats and human donors (50 and
4 donors of mixed genders for liver and lung samples respectively) were incubated with 0.01,
0.1 or 1.0 mM styrene or with 0.05 or 0.5 mM 4-VP. Selected mouse styrene or 4-VP
incubations were used to determine the metabolic production of CO,. In addition, selected
styrene incubations were analysed for the production of 4-VP and selected 4-VP lung
microsomal incubations were performed in the presence of excess glutathione (GSH) in
order to trap reactive 4-VP metabolites.

No significant production of CO, was detected following incubation of styrene or 4-VP with
microsomes of mouse liver or lung tissue indicating that the liver or lung are not the primary
site of aromatic ring cleavage of styrene in the mouse. Substantial species differences were
observed in the rate of styrene metabolism in both liver and lung microsomes, with the
mouse having the highest styrene conversion (76-80%) compared to the rat (18-29%) and
the human donors (not detected[ND]-26%). Following incubation with styrene, only trace
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levels of 4-VP were found in lung microsomes of both mice (ND-0.015% of substrate) and
rats (ND-0.019%). No measurable 4-VP was detected in human Ilung microsome
incubations. No detectable 4-VP was found in liver microsomes of either mice, rats or
humans. These results suggest that conversion of styrene to 4-VP is a minor route of
styrene metabolism in vitro and that the small amount of 4-VP produced is subsequently
rapidly metabolised. Incubations of 4-VP with mouse lung microsomes produced two major
and several minor reactive metabolites. By incubating these mouse lung microsomes with 4-
VP in the presence of excess GSH, the two major metabolites of 4-VP were isolated. These
were identified as the GSH conjugates of the side-chain epoxide and the ring-hydroxylated
(4-VP hydroquinone) derivatives of 4-VP. The rate of formation of these two 4-VP
downstream products was then determined from incubations of styrene with lung
microsomes from mouse, rat and human donors in the presence of excess GSH. Relative
formation rates for both 4-VP derivatives were highest in mouse lung microsomes (123.35
and 0.325 pmoles/min/mg of 4-VP epoxide GSH conjugate and 4-VP hydroquinone GSH
conjugate respectively). Yields of 4-VP epoxide and 4-VP hydroquinone respectively were
79% (97.2 pmoles/min/mg) and 14% (0.045 pmoles/min/mg) lower in rat lung microsomes
compared to mouse lung microsomes. Incubates from human lung microsomes contained
only 5% (6.4 pmoles/min/mg) of 4-VP epoxide and 1.5% (0.005 pmoles/min/mg) of 4-VP
hydroquinone concentrations measured in mouse lung. These results indicate that in human
lung the reactive downstream metabolites of 4-VP are produced to a lesser extent than in rat
and mouse lung. Some caution needs to be exercised, as these are in vitro studies;
however, at present, it is not technically possible to perform this kind of study in vivo due to
the extreme reactivity of these downstream metabolites.

4.1.2.1.4 Development of a physiologically-based pharmacokinetic (PBPK)
model and prediction from its use

A PBPK model has been developed and used to predict blood and expired air styrene
concentrations in humans inhaling styrene, and the generation and removal of styrene oxide
by the liver, and in the lung, in mice, rats and humans exposed to styrene (Csanady et al,
1994; Filser et al, 1999). The model can predict blood styrene and styrene oxide levels that
accurately reflect the available experimental results, both within and between species,
including humans (Csanady et al, 1994). In more recent work, the model has been used to
predict the generation and removal of styrene oxide in the lungs, the consequences for lung
glutathione (GSH) levels and the implications if it is presumed that depression of GSH levels
can lead to cytotoxicity. The model predicts the following scenarios in mouse, rat and
human, and comparisons between them:

As a result of exposure to styrene, there would be a significantly higher styrene oxide burden
in lungs of mice compared to rats and, especially, to humans. The glutathione S-transferase
reaction of styrene oxide with GSH depletes this co-enzyme in the lungs of mice exposed to
styrene concentrations of 80 ppm and above. Prolonged repeated low levels of GSH, as has
been demonstrated for an exposure concentration of 160 ppm styrene, may result in an
imbalance of the “thiol redox system” and consequently in continuous cytotoxicity leading to
cell proliferation. In the rat lung, less pronounced effects are to be expected, since a
significant loss of GSH requires styrene exposures of at least 300 ppm. In the human lung
GSH loss is most improbable for two reasons. First, styrene oxide concentrations resulting
from styrene exposure are predicted to be by far smaller than in equally exposed rodents.
Second, styrene oxide metabolism in the human lung is catalysed mainly by epoxide
hydrolase and not by glutathione S-transferase, the activity of the latter being very low.
Consequently, in the lung of styrene-exposed humans, cytotoxicity due to GSH depletion
should not occur.
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A further PBPK model has been developed to extend previous work. This models the
absorption, distribution and metabolism of styrene and incorporates production and
clearance of styrene oxide from the respiratory tract, with detailed modelling of the terminal
bronchioles in rats, mice and humans (Sarangapani et al, 2002). The respiratory tract was
modelled using a 3-layer structure — the lumen, epithelial cell layer, and submucosal layer;
this is obviously a simplification of the range of different cell types involved but is typical of
this sort of modelling. However, the model incorporated a Clara cell-rich bronchiolar
compartment to reflect the importance of these cells in styrene metabolism. The epithelial
component was taken to be the site of styrene and styrene oxide biotransformation. The
other main sites of metabolism were the liver, nasal cavity and bronchioles. Most
physiological parameters were taken from literature (such as partition coefficients), although
a small number of non-critical parameters were estimated (for example the thickness of the
conducting airways submucosal epithelium). A range of data from chamber studies to
measured concentrations of styrene and styrene oxide in tissues were used to validate the
dose metrics for mice, rats and humans. In most cases the model fit to the experimental data
was very good, although occasionally modifications were needed (for example alveolar
ventilation rates were reduced by 30% of the usual mean value in order to fit mouse
chamber study data; apparently the change in ventilation rate is typical of closed-chamber
studies in rodents).

The authors showed that R-SO predominates in the terminal bronchioles of mice, while S-
SO predominates in rats. The model predicts a maximum level of 2 uM R-SO in the terminal
bronchioles of rats due to saturation of styrene metabolism at 500-600 ppm. This is only half
the level of R-SO achieved in the terminal bronchioles of mice exposed to 20 ppm styrene.
The Sarangapani et al. model predicts that at a given airborne concentration, the level of
total SO in the terminal bronchioles of mice is approximately 10-fold higher than in the
terminal bronchioles of rats and 100-fold fold than in humans. In humans, the maximum
concentration of SO in the terminal bronchioles (approx. 0.09 uM) is reached at an airborne
concentration of 200 ppm; this same concentration is found in the lungs of mice exposed
only to 0.1 ppm styrene.

In an extension of their earlier PBPK model, Csanady et al. (2003) developed a new model
to assess the lung burden in styrene-exposed mice, rats and humans. The model
incorporated the pulmonary metabolism of styrene and styrene oxide (SO), the prediction of
glutathione levels following styrene exposure together with the formation of haemoglobin-
and DNA-adducts. The lung was represented by two compartments: the conduction zone
and the alveolar zone. The conduction zone modelled the nose together with the upper
respiratory tract including the bronchi and bronchioles, while the alveolar zone modelled the
alveoli and the corresponding capillary endothelium. All the physiological and biochemical
parameters were similar to those of the earlier model, except for the value of the cardiac
output fraction perfusing the adipose tissue of rodents, which was changed from 9% to 1.7%
to reflect reported measured data (Csanady et al., 1994). As a result of the change, the
metabolic clearance was lowered to balance the metabolic rates.

The model predicted glutathione depletion in mice exposed to styrene concentrations as low
as 30 ppm; in contrast, rats were shown to have less glutathione depletion, while no
glutathione depletion was predicted in human lungs at styrene concentration of up to 200
ppm. The simulation values predicted for SO lung burden in rat and mouse following styrene
exposure were similar to values observed in experimental findings. The highest SO
concentration was predicted for mouse lung, followed by the rat lung with the human lung
having the lowest SO burden. Exposure to 20 ppm styrene produced a 3-fold higher SO
concentration in mouse lung than in rat lung. However, at higher exposure concentrations,
the difference in SO lung burden between mice and rats was predicted to flatten. At 70 ppm,
this difference was reduced to less than 2-fold, and at 160 ppm the SO lung burden in mice
was only 1.6 times higher than that observed in rats. The pulmonary SO burden in humans
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exposed to 20 ppm of styrene for 8-hours was predicted to be 17- and 50- fold lesser than
the corresponding values in rats and mice.

The kinetics of systemically available styrene and SO following oral exposure were also
modelled. Up to styrene concentrations of 250 ppm, the toxicokinetic processes followed first
order kinetics, hence, SO blood levels were similar in both the mouse and rat. At higher
styrene concentrations, SO production reached a plateau in the rat, whereas in the mouse,
SO blood levels increased with increasing styrene concentration such that at an exposure of
800 ppm, SO blood levels in the mouse were 20 times higher than the predicted values in
the rat. The kinetics of styrene in humans were predicted to be similar to those of the rat.
The model also confirmed experimental findings that SO is more potent than styrene in
forming adducts with haemoglobin (Hb) and DNA. Assuming that the rate constant
describing haemoglobin adduct formation in rats is representative of the human rate
constant, the model predicted a steady state adduct level of 37pmol/g Hb for an occupational
exposure (8h/d, 5d/wk) to 20 ppm styrene.

41215 Summary of toxicokinetics

A substantial amount of information is available on the toxicokinetics of styrene in humans,
following exposure by the inhalation route; information on percutaneous absorption in
humans is also available.

In humans, inhaled styrene vapour (at concentrations of 10-200 ppm) is well absorbed
across the respiratory tract. Thus, a value of 100% for absorption via the inhalation route of
exposure is taken forward to the risk characterisation.

Dermal absorption of the liquid has been estimated to be approximately 2% of the applied
dose in an in vitro study using human skin samples. This value is taken forward to the risk
characterisation. Dermal uptake of the vapour appears to make only a small contribution (5%
or less) to the total body burden arising from combined inhalation and dermal exposure to
the vapour.

No information is available on oral absorption in humans, but from the physicochemical
properties of styrene and experimental animal information, one would expect extensive
absorption from the gastrointestinal tract. Thus, a value of 100% for oral absorption is taken
forward to the risk characterisation. Following absorption, it can be predicted from
experimental animal data that styrene is widely distributed in humans, and needle biopsy
investigations have shown that styrene certainly locates in adipose tissue; there was a
correlation between the amount of body fat and the total body burden of styrene. Data on
styrene blood levels in human volunteers following single inhalation exposures and in rats
exposed via inhalation show that at identical exposure concentrations, styrene blood levels
are very similar (e.g. 2.5 and 3.5 ug/ml in rats and humans respectively at 100 ppm styrene).

The rate of absorption following inhalation is much higher (2-3 fold) in mice than in rats. The
absorption rate in humans is approximately the same as in rats. The rate of styrene uptake
in the upper respiratory tract is partly dependent on its metabolism, and was decreased
when animals were pre-treated with a P450 inhibitor.

In humans, styrene is eliminated from the body relatively rapidly, primarily in the urine.
However, there is some evidence for modest biopersistence in human adipose tissue on
repeated daily exposure. Styrene clearance from blood is biphasic. Half-lives for inhaled
styrene were reported at 0.6 hours for the first elimination phase and 13 hours for the
second elimination phase. From studies in mice, there is evidence that styrene is also rapidly
eliminated from blood following either single or repeated inhalation exposure. A study in
pregnant mice has shown that styrene and/or its metabolites can cross the placenta into the
foetus.
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The metabolism of styrene has been studied thoroughly in mice, rats and humans. A number
of metabolic pathways have been identified (Figure 1). The evidence suggests that these
pathways are active in mice, rats and humans, although there are species differences in
their relative importance.

Styrene is metabolised extensively in all species. According to a PBPK model developed by
Ramsey and Andersen, saturation of styrene metabolism in humans occurs at blood levels
exceeding 1.7 pg/ml styrene or 200 ppm styrene in air. Below these concentrations, the rate
of styrene metabolism is limited by the rate of blood perfusion in liver or other organs
involved in styrene elimination. The first step in the metabolism of styrene involves oxidation
of the aromatic ring or side-chain. The main route in each species is the oxidation of the side
chain to give the epoxide, styrene-7,8-oxide (SO). A number of studies have demonstrated
the involvement of P450 in this step and have provided information on the specific P450
isoforms involved in the production of SO (CYP2E1, CYP2B6 and CYP2CS8 in the liver and
CYP2F2/1 and CYP2E1 in the lung). Pre-treatment of rodents with diethyldithiocarbamate, a
specific cytochrome P450 monooxygenase inhibitor, effectively inhibited the metabolism of
styrene, and reduced toxicity in the mouse lung and nasal tissue was observed when the
animals were pre-treated with 5-phenyl-1-pentyne, a cytochrome P4502F2 inhibitor. In
isolated Clara cells and microsomes, an inhibitor of 2F2 reduced the production of SO by
around 30-50%; a 2E1 inhibitor showed less inhibition indicating a lower importance of this
isoform in the lung. The SO produced is enantiomeric and is produced in the R- and S-
forms, probably as a result of metabolism by different P450 isoforms. Different ratios of R-
SO to S-SO are found in different tissues and different species. Mouse Clara cells produce
about 3 times more of the R-enantiomer than the S-enantiomer, while rat produces more of
the S-enantiomer, and humans, like rats, produce more of the S-form.

SO is either metabolised further by conjugation with glutathione to give mercapturic acids, or
is hydrolysed by epoxide hydrolase (EH) to phenylglycol. This is subsequently metabolised
to mandelic, phenylglyoxylic and hippuric acids. P450 and EH are both microsomal enzymes
in the endoplasmic reticulum. Therefore, SO produced in situ by P450 may potentially be
rapidly detoxified if there is sufficient EH present.

Other metabolic pathways can lead to phenylacetaldehyde (PA) and phenylacetic acid (PAA)
(via side-chain B-oxidation and hydroxylation), to phenylethanol and acetophenone (via side-
chain a-oxidation and hydroxylation), oxidation of the aromatic ring to give 4-vinylphenol (4-
VP), and products of ring opening. These metabolites are excreted in the urine. There are
studies which have demonstrated that P450 enzymes are also involved in both the side-
chain and ring oxidation of styrene and that 4-VP is further metabolised in lung microsomes
by specific P450 isoforms to extremely reactive downstream products (e.g. an epoxide and a
hydroquinone derivative). Subsequently these derivatives are conjugated with glutathione,
but at present there is no information on the relative rates of 4-VP metabolites detoxification
between different species.

There are some data from rodents (rats and mice) and humans to indicate the relative extent
of flux through these various pathways. The approximate relative contribution of each
metabolic pathway in each species, as determined from urinary metabolites, is shown in
Table (a). The urinary metabolites are an indication of the overall metabolism of styrene,
which is considered to occur largely in the liver.

It is clear that metabolism involving SO as an intermediate is a major route in rodents and
humans. However, there are some notable species differences. In humans, almost all of
styrene (95%) is metabolised to SO and further metabolised by EH; approximately 5% of
styrene is metabolised via the phenylacetaldehyde pathway. No more than trace amounts of
SO-GSH conjugates or ring-oxidized metabolites of styrene (4-VP) occur in humans
exposed to styrene. Further metabolism of SO by EH is important but less extensive in
rodents than in humans (68-72% in rats and 49-59% in mice). In rodents, conjugation of SO
with GSH is an important route accounting for up to a third of the SO removal. The most
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significant difference between mice and rats is in relation to the production of
phenylacetaldehyde (12-22% in mice against 3-5% in rats) and products of ring-oxidation (4-
VP; 4-8% in mice against <1% in rats).

Table (a). Approximate relative contribution of metabolic pathways for styrene indicated by
urinary metabolites (Cruzan et al., 2002; Johanson et al., 2000)

Metabolic route Urinary metabolites (%)

Rat Mouse Human
Products of action of EH | 68-72 49-59 95
on SO
Conjugation of SO with | 23-26 20-35 Very low
GSH
Phenylacetaldehyde 3-5 12-22 5
Ring opening ND ND <1
Products of 4-vinylphenol | <1 4-8 <1
conjugation

ND, not determined.

Metabolism in specific tissues

The metabolism of styrene in specific tissues, lung, liver and nasal tissue, has been
investigated in detail. These studies have demonstrated significant differences in the
metabolism of styrene between these tissues and between species.

Liver

Styrene is metabolised to a significant extent in the liver in all species. Results from PBPK
modelling suggest that metabolism of styrene by the liver is probably mainly responsible for
the production of the blood level/body burden of SO. These models predict that following
inhalation exposure to styrene concentrations of up to 250 ppm, the toxicokinetic processes
follow first order kinetics, hence, SO blood levels are similar in both the mouse and rat. At
higher styrene concentrations, SO production reaches a plateau in the rat, whereas in the
mouse, SO blood levels increase with increasing styrene concentration such that at an
exposure of 800 ppm, SO blood levels in the mouse are 20 times higher than the predicted
values in the rat. The kinetics of styrene in humans are predicted to be similar to those of the
rat. The enzyme kinetics for hepatic P450 and EH suggest that human liver has a 3-5 times
lower ability to produce SO and a higher ability to hydrolyse it with EH than rodents, resulting
in half-lives for SO hydrolysis of 38, 9-17 and 1.8 min for mice, rats and humans,
respectively. Human liver microsomes produced approximately equal proportions of R- and
S-SO.

Lung

The available data suggest that the Clara cell is mainly responsible for metabolising styrene
in the lung. In cells isolated from the lungs of mice and rats it was evident that the Clara cells
were responsible for the metabolism of styrene, and that type Il cells did not metabolise it to
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any significant extent. This is consistent with the fact that Clara cells contain the main
metabolising enzymes, 2E1 and 2F2/1, and type Il cells do not (Forkert, 1995; Buckpitt et al.,
1995).

There are species differences in the number and structure of Clara cells. In mice, Clara cells
are relatively numerous (approx. 89% of bronchiolar epithelium) and are spread throughout
the airways which will impact significantly on the metabolism of styrene. In rats, they are
significantly fewer in number (approx. 25% of bronchiolar epithelium) and they are found
mainly in the terminal bronchiolar region. In contrast to rodents, in the human lung, Clara
cells are rare and are found in small numbers in the distal bronchioles. They also are
morphologically different, not possessing the extensive endoplasmic reticulum (on which
P450s are localised) that is apparent in mouse Clara cells (Plopper et al., 1980). However, it
should be noted that in humans the pulmonary cell types with the most significant CYP
expression are cells of the bronchial and bronchiolar epithelium and not the Clara cells
(Foth, 1995), and that cell-type specific expression of CYP enzymes in human lung has not
been thoroughly investigated up to now. The distribution of Clara cells was mirrored by the
pattern of immunohistochemical staining for two isoforms of P450, 2E1 and 2F2. In the
mouse, these were found at high levels in the terminal bronchioles and to a lesser extent in
the larger bronchioles. In rats, the activity of these enzymes was found at only low levels in
the terminal bronchioles, and in humans, it was below the level of detection in one study
(Green,2000a) and it was found at levels (~12 pmol/mg protein/min) 400 times lower than
those in mice in another study (Nakajima et al., 1994b). A more recent investigation
(Bernauer et al., 2005) has reported that CYP2E1 activity was found among 86 samples of
human lung tissue at levels (range between 1.1 and 23.9 pmol/mg protein/min) which are 3
orders of magnitude lower than those reported for the human liver (in the range of nmol/mg
protein/min). There are also other studies, in which the expression of CYP2F1 in human lung
tissue has been demonstrated (Runge et al., 2001; Hukkanen et al.,, 2002; Ding and
Kaminski, 2003).

Studies in microsomes from lung cells have indicated significant species differences in the
rate and extent of both the production of SO, its subsequent detoxification and in the
production of the ring-oxidized metabolite, 4-VP and its downstream products. The enzyme
kinetics for P450 in microsomes indicated that mouse and rat microsomes metabolise
styrene to SO at approximately the same rate at high concentrations (i.e. at saturation) but,
due to the much lower K, for mouse P450, mice will produce SO around 3-10 times more
rapidly than rats at lower concentrations. The maximum rate of hydrolysis by EH is similar in
rats and mice, but it occurs to a greater extent in rats at lower concentrations due to the
lower K. The extent of SO conjugation with GSH was similar in mice and rats. Recent
investigations have also shown that styrene is metabolised to 4-VP which is further
metabolised to reactive downstream products, an epoxide and a hydroquinone derivative,
and that in rats these reactive 4-VP derivatives are produced to a lesser extent than in mice
(14-79% of the mouse concentrations). In marked contrast, in most human microsome
samples tested there was no styrene-metabolising activity, although in some individual
samples, very low levels (around two orders of magnitude lower than in mouse and rat
microsomes) of styrene metabolism to SO and styrene glycol were detected. No detectable
levels of styrene metabolism to 4-VP were also found, most likely as the consequence of the
high reactivity of 4-VP. Indeed, in experiments conducted in the presence of excess GSH to
trap the reactive downstream metabolites of 4-VP, the epoxide and the hydroquinone
derivatives of 4-VP were isolated. However, these represented only 1.5-5% of the
concentrations determined in mouse lung. Human microsomes also had a substantially
higher EH activity than rodents, indicating that any SO produced in situ or migrated from the
blood would be rapidly hydrolysed.

In addition to differences in the extent and rate of production of SO, there are also clear
differences in the ratio of R- and S-SO formed. Mouse Clara cells produce approximately 2-4
times more R-SO than S-SO, whilst rats produce a more equal ratio or preferentially S-SO.
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Using PBPK modelling, it has been shown that R-SO predominates in the terminal
bronchioles of mice, while S-SO predominates in rats. The Sarangapani model predicts a
maximum level of 2 uM R-SO in the terminal bronchioles of rats due to saturation of styrene
metabolism at 500-600 ppm. This is only half the level of R-SO achieved in the terminal
bronchioles of mice exposed to 20 ppm styrene. The model also predicts that at a given
airborne concentration, the level of total SO in the terminal bronchioles of mice is
approximately 100-fold higher than in the terminal bronchioles of humans. In humans, the
maximum concentration of SO in the terminal bronchioles (approx. 0.09 uM) is reached at an
airborne concentration of 200 ppm; this same concentration is found in the lungs of mice
exposed only to 0.1 ppm styrene. Similarly, the Csanady model predicts that the pulmonary
SO burden in humans exposed to 20 ppm of styrene for 8-hours is 17- and 50- fold lesser
than the corresponding values in rats and mice. This model also predicts that glutathione
depletion occurs in the lungs of mice exposed to styrene concentrations as low as 30 ppm;
in contrast, rats are predicted to have less glutathione depletion while no glutathione
depletion is estimated to occur in human lungs at styrene concentrations of up to 200 ppm.

Nasal tissues

In rats and mice, the uptake of styrene in the upper respiratory tract is partly dependent on
its metabolism. The percentage of styrene absorbed decreased with increasing airborne
concentration, demonstrating saturation of metabolism. Saturation of uptake occurred at a
lower airborne concentration of styrene in rats than in mice, indicating a greater metabolic
capacity in mice than in rats. From investigations conducted on microsomes from olfactory
and respiratory nasal tissue, it has been found that nasal olfactory epithelium produces SO
from styrene at about the same rate in both rats and mice with an R:S ratio of about 3. There
is approximately twice as much metabolism occurring in the olfactory cells compared to the
respiratory region. However, there is a signficant difference in the activity of EH, with rats
having up to 10-fold higher activity than mice. The K, for EH was much lower in both
species in respiratory epithelium than in olfactory epithelium, especially for R-SO. In
contrast, human microsomes did not appear to have any ability to produce SO, even though
2E1 and 2F2 were found at low levels in some specific regions of the human nasal region.
Human microsomes had around 3-times higher EH activity than mice.

There were some differences in the distribution of 2E1 and 2F2 within the nasal region in
mice and rats. Mice generally had higher levels in the olfactory apical cytoplasm and basal
cells.

Overall

These data indicate significant differences in the metabolism of styrene between species
and between tissues. It should be noted that, although these data arise from in vitro studies
and PBPK modelling, they clearly mirror the toxicodynamic picture of styrene obtained in
vivo. The tissue-specific metabolism of styrene suggests that in situ metabolism within each
tissue may be a more important determinant of toxicity than the overall systemic metabolism
and blood levels of styrene metabolites. The implication of this is that the specifics of the
local metabolism in a target tissue must be considered when extrapolating findings in
animals to assess the likely hazard and risks in the equivalent human tissues.

A general observation is that the human tissues investigated — apart from the liver - produce
very little SO, if any, and have a greater capacity to hydrolyse SO with EH than rodents. This
difference is most pronounced in human nasal and lung tissues where production of SO is
minimal or undetectable, and is also associated with a greater capacity to hydrolyse SO by
EH. The mouse lung and nasal tissues produce the greatest amount of SO among the
species tested, and, in general, have less EH activity, suggesting that significantly high local
concentrations of SO will be present in these tissues. It is also evident that other toxic
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metabolites, particularly 4-VP and its reactive downstream products, are produced to a far
higher extent in mouse lung than in rat (14-79% of the mouse concentrations) or human lung
(1.5-5% of the mouse concentrations). Although it cannot be ascertained whether or not
these species differences in the formation of 4-VP metabolites in the lung may be a
reflection of the different numbers of Clara cells (the metabolically active lung cells) present
in the different species, since 4-VP metabolites are produced by the same cytochrome P450
enzymes involved in the production of SO, it is most likely that the species differences in the
formation of 4-VP metabolites observed reflect species differences in metabolic capability.

41.2.2 Acute toxicity
41.2.2.1 Studies in animals
Inhalation

Styrene is of moderate toxicity to rats and guinea pigs via single inhalation exposure. An
inhalation LCsy value for styrene vapour of 2770 ppm (11.8 mg/1) in the rat (4-hour
exposure) has been reported (Shugaev and Yaroslavi, 1969). The situation in mice is
somewhat different (see below).

In a study by Spencer et al (1942), groups of rats and guinea-pigs were exposed to styrene
at concentrations from 1449 to 10 672 ppm for up to 40 hours. Signs of clinical toxicity
observed immediately from the onset of exposure in all animals were marked signs of
irritation of the eyes and nasal mucosa (lachrymation, salivation, nasal discharge, violent
scratching and rubbing). The severity of response increased with increasing exposure
concentration. No other signs of toxicity were observed in any animals exposed to 1449 ppm
for up to 30 hours. In animals exposed to 2139 ppm and above, general signs of CNS
depression (weakness and unsteadiness) were observed in both rats and guinea-pigs. The
onset of effects was more rapid and the severity of response increased (including deaths)
with increasing exposure concentration. Necropsy of animals from exposure groups in which
/some/ deaths occurred (2139 ppm and above), revealed changes in the lungs of both
species. The changes varied from “slight” congestion to “total” congestion, hamorrhage,
oedema, exudation and leukocyte infiltration. Effects were more severe in guinea pigs than
in rats at equivalent exposure concentrations and durations of exposure.

In a study to investigate effects on the vestibulo- and opto-oculo motor system in the rat,
nystagmus (eye movement) parameters were examined with exposure to styrene (Niklasson
et al, 1993). Thirty-three pigmented rats (18 females and 15 males) were used in an initial
control test without styrene exposure and then for 1-2 subsequent tests with 1 or 2
concentrations of styrene. Exposures were separated by intervals of at least 1 week. The
concentrations used were 857-5190 ppm for exposure durations of up to 60 minutes. Testing
began 10 minutes after initiation of exposure. The results from exposure were presented
graphically only and no control data were presented. Nystagmus was elicited by vestibular
stimulation in conflict with a visual input; there was an exposure-related decrease in the
ability to cancel this effect. Saccades (quick eye movements) were elicited by touching the
tail of the rat. During exposure to styrene, the eyes immediately started a slow drift after a
saccade, in contrast to controls. These results are consistent with CNS depression at
relatively high concentrations of styrene.

A study by Fechter (1993) explored the potential for a single exposure to styrene to affect
auditory function in guinea pigs as the model system. These were exposed to either noise or
styrene alone or the two insults combined. Exposure to styrene was to a single seven hour
exposure to either 500 or 1200 ppm. Noise exposure was to 95 dB(A) white noise, which
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results in a mild temporary auditory threshold shift for approximately one day post-exposure.
The A weighting scale (dB9A)) maximises sound energy in the human auditory range.

Auditory function was assessed using electrophysiological techniques. Measurements were
made at the round window of compound action potential and cochlear microphonic following
stimulation by tone pips at selected frequencies. Compound action potential assesses inner
hair cell, Type 1 spiral ganglion and outer hair cell function. The cochlear microphonic is
primarily generated by the outer hair cell. Thus various components of the auditory
sensorineuronal system were assessed.

Groups (n=5) of guinea pigs received either 500 ppm or styrene alone for seven hours, 95
dB(A) alone also for seven hours, or both the styrene and noise concomitantly for seven
hours. Control animals underwent the same procedures but remained untreated. Auditory
function was assessed at one day post-treatment. In those animals which received noise
alone or noise and styrene together, an increase was observed in the auditory threshold for
the induction of the compound action potential at 8, 12 and 16 kHz. This increase was of the
same magnitude in both of these groups. Styrene exposure alone had no effect on auditory
function as measured. Only a slight, non statistically significant increase in choclear
microphonic was observed in these groups at lower frequencies, the biological significance
of which was considered to be doubtful since it may have been an artefact of the technique
employed. Overall, since styrene alone did not produce any effects and the combined
exposure did not result in any auditory impairment over and above that induced by noise
alone this part of the study provided no evidence for any interaction.

The next part of the study was similar in design to the previous part with groups receiving
either 500 or 1200 ppm styrene simultaneously with noise for seven hours, noise alone or no
treatment; there was no styrene only group. Auditory function was assessed at one week
post-exposure. Again, there was no indication that styrene combined with noise produced
any enhancement of effects compared to noise alone.

The acute inhalation toxicity of styrene in the mouse is more variable than in other rodent
species. An inhalation LCsy value of 4930 ppm for a 2-hour exposure has been reported in
an unnamed mouse strain (Shugaev and Yaroslavi, 1969). However, in B6C3F,; mice,
deaths occurred about 12 hours after one 6-hour exposure to 500 ppm or 2 exposures to
250 ppm (Morgan et al, 1993a). In male B6C3F, mice, 8 of 27 died at 500 ppm and 11 of 25
died at 250 ppm. Fewer deaths occurred in female B6C3F, mice. Centrilobular coagulative
necrosis of the liver was found in the decedents. There were no deaths or effects on the liver
at 125 ppm. These data are in contrast to results indicating little hepatic toxicity in the rat and
guinea pig studies. An acute inhalation study comparing the extent of depletion of hepatic
GSH levels following exposure to styrene produced results indicating much more
pronounced depletion in mice, compared with rats (Filser et al, 1999). It is attractive to link
the relative sensitivity of mouse to the greater capacity in the mouse to generate styrene
oxide at high exposure levels. However, in one study in different strains of mice, blood levels
of this metabolite did not correlate with the extent of hepatotoxicity (changes in liver weight)
in different strains of mice (Morgan et al, 1993c).

A series of studies has been conducted in the B6C3F; mouse investigating potential
hepatotoxicity following single and repeated exposures to styrene (Mahler et al, 1999). The
repeated exposure data are reported in section 4.1.2.6.1. In animals exposed to a single
exposure of 500 ppm styrene for 6 hours clear signs of liver damage (liver weights increased
by 26%, centrilobular hepatocellular necrosis, increased hepatocyte cell proliferation) and
associated deaths due to liver damage were observed at day 5 post-exposure. At day 14
post-exposure all parameters were similar to controls.

In a recent study investigating the pulmonary toxicity of styrene in mice, groups of 10 male
CD-1 mice were exposed whole-body to 0,40 or 160 ppm styrene (99% purity) for 2, 4 or 6
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hours (Green, 2000b). Animals were killed immediately post-exposure. Additional groups of
animals were maintained and sacrificed 18 hours after the 6 hour exposure period. The
lungs were excised and examined macro and microscopically. No clinical signs of toxicity
were observed in any of the animals during exposure or during the 18-hour recovery period.
At microscopy, a dose-related and treatment-related increase in the incidence of loss of
apical cytoplasm from the non-ciliated cells of the bronchioles (Clara cells) was observed in
animals exposed for 4 and 6 hours to 40 ppm (1/10 and 4/10, respectively) and 160 ppm
(7/10 and 8/10, respectively). Following the 18-hour recovery period this finding was absent
in animals at both exposure levels. No findings of this type were observed in control animals
or in animals exposed for 2 hours only. No adverse findings in the bronchi or alveoli of any
animal were observed.

Oral

Oral styrene is of low acute oral toxicity to rats and hamsters following single oral dosing. A
total of 59 Wistar rats (number of animals/group not specified) were administered different
single doses of styrene (range not specified in olive oil by oral gavage (Spencer et al, 1942
and Wolf et al, 1956). All animals administered 160 mg/kg survived for the 2-week
observation period post-dosing, whereas al animals administered 8000 mg/kg died within the
observation period. No details of signs of toxicity or histopathological findings were reported.
An oral LDsy value in the rat was determined from this study to be approximately 5000
mg/kg.

A study is available which investigates the hepatotoxicity of styrene in hamsters (Parkki,
1978). Groups of 23 male Syrian hamsters were administered 0, 450 or 600 mg/kg styrene
in corn oil by oral gavage. At 24 hours post-exposure animals were sacrificed and serum
alkaline phosphatase (AP), alanine aminotransferase (ALT) and epoxide hydrolase activity
were measured. Livers were removed and the glutathione (GSH) content was determined.
No treatment-related effects on the parameters investigated were observed in animals
receiving 450 mg/kg compared with controls. In animals administered 600 mg/kg, 3/23
animals died within 24 hours of dosing. The GSH content of the livers of animals receiving
600 mg/kg was statistically significantly decreased to 15% of control levels and serum ALT
levels were statistically significantly increased by 10-fold compared with controls.

Dermal

No studies on acute dermal toxicity have been reported. Based on the available
toxicokinetic, toxicodynamic and physiocochemical data it is predicted that systemic toxicity
via this route of exposure would be low.

41.2.2.2 Studies in humans
Studies in volunteers

Two volunteers exposed to 800 ppm styrene for up to 3 hours experienced irritation of the
eyes and nose immediately after the start of the exposure period (Carpenter et al, 1944).
This was followed by symptoms of listlessness, sleepiness, lack of muscular coordination,
weakness, disturbances in equilibrium and depression. These symptoms indicate the CNS
depressant or pre-narcotic effect of styrene. No unexposed control individuals were
assessed in the study.
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Six studies are available in which naive volunteers were given a single inhalation exposure
to styrene and subjected to neurobehavioural (psychological) tests. These tests were
generally not specific but rather addressed mixed nervous system functions.

In one study 1-5 subjects were exposed to 50, 117, 216 and 376 ppm styrene for one hour
(or 2 hours in the case of 117 ppm in an exposure chamber (Stewart et al, 1968). During the
exposure period they were subjected to a range of neurobehavioural tests designed to
measure manual dexterity (Crawford tests) and coordination (Flannagan test). Impaired
performance, 10-30% below pre-exposure values, was noted in all the psychomotor tests at
376 ppm but no significant effects were observed at 216 ppm or below. In the same series of
studies, 6 volunteers were exposed to 100 ppm of styrene for 7 hours, with a 30-minute
break half-way through the exposure period. These individuals were subjected to the same
range of neurobehavioural tests as before, at various times during the exposure period. No
significant effects were reported.

Other workers have reported mild impairment in neurobehavioural test performance in
volunteers exposed to similar styrene levels. In one study, 12 volunteers were exposed to
50, 150, 250 and 350 ppm styrene for 30 minutes, the exposures running consecutively
(Gamberale and Hultegren, 1974). Exposure was by way of a mouthpiece, so as to prevent
symptoms of eye and nose irritation, but was not possible to prevent the subjects being
aware of exposure to styrene at the higher concentrations, due to the strong metallic taste of
the vapour. The men were subjected to a range of neurobehavioural tests during the
exposure period: these were broadly designed to measure perceptual speed, reaction time,
manual dexterity and psychological state. The only significant effect noted was a slight
statistically significant impairment in reaction time at 350 ppm only.

In another study, 2-3 volunteers were subjected to neurobehavioural tests whilst exposed to
50, 100 or 200 ppm styrene for 1.5 hours (Oltramare et al, 1974). The tests consisted of
reaction time to a simple visual stimulus, reaction time to visual and acoustic stimuli and
reaction time to multiple stimuli (test of diffuse attention). Some slight reduction (20-30%) in
response to visual stimuli, and also to visual/acoustic stimuli was noted at all concentrations
investigated. However, there was no dose-response trend, suggesting that these changes
were perhaps not related to styrene exposure. Slight reduction in performance (10%) was
noted in the diffuse attention test, at 200 ppm only.

Pierce et al. (1998) investigated the effects of 4 different styrene exposure regimes on
neuro-physiological and neuro-behavioural tests in normal, healthy volunteers. Four male
individuals aged 26-30 with no history of exposure to solvents were selected. These were
non-smokers, were not on medication and did not drink more than 18 g of alcohol per day.
Subjects were exposed to styrene in a 13.8 m® chamber. Four exposure regimes were used:
day 1 - three sequential 100-minute periods of 15, 32.5 and 50 ppm; day2 (next day) — three
sequential 100-minute periods of 50, 75 and 99 ppm; day 3 (several weeks later) —
fluctuating exposure levels between 10 and 150 ppm for 4 hours; day 4 (next day) — a
constant exposure of about 10 ppm followed by a highly variable auto-correlated exposure of
5-200 ppm for 4 hours. Three subjects (A, B and C) participated in the day 1/day 2
exposures, and two subjects (A and D) participated in the day 3/day 4 exposures. Blood
styrene levels were measured once before, six times during, and four times after each
exposure regimen. The ‘2’ and ‘7’ digit recognition test, which consists of identifying 2s and
7s from a series of random digits, was performed on each subject on days 1 and 2 of
exposure to styrene prior to exposure and after 35 minutes of exposure. The latency and
amplitude of a P300 auditory evoked potential (an event-related brain wave with a latency of
approximately 300 ms in normal subjects considered to be an indicator of subtle cognitive
effects) was measured using scalp electrodes following an auditory stimulus. The latency
was measured as the time between tone and peak of the P300 wave, and the amplitude was
measured from the preceding negative peak to the P300 peak. The P300 potential test was
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administered on each subject on days 1 and 2 of exposure to styrene prior to exposure and
at the end of each 100-minute exposure periods.

No changes in the P300 test amplitude or latency were observed with exposure to styrene
when comparing the post-exposure values with the pre-exposure values. Scores for the 2’
and ‘7’ digit recognition test improved between days 1 and 2, but were considered to be due
to increased familiarity with the test. These experimental data obtained from four volunteers
provide no evidence that short exposures to concentrations up to 150 ppm styrene have
adverse effects on the nervous system.

Nine groups of 4-5 healthy male volunteers for a total of 42 subjects, aged 20-50 years, with
no previous exposure to styrene or other neurotoxic agents (although 5 had had occasional
exposure to paint solvents) were exposed in a 18 m® chamber to 5 different styrene
exposure regimes to investigate potential acute neurotoxic effects (Ska et al., 2003). All
subjects were self-reported ‘social’ consumers of alcohol. Exposure sessions (a total of 6
hours per day) took place once every 2 weeks for each group. Each volunteer was
successively exposed to 5 exposure regimes each of 6 hours duration: a) constant at 106
mg/m?* (25 ppm); b) variable with a mean concentration of 106 mg/m® but with four 15-min
peaks up to 213 mg/m® (50 ppm); c) constant at 213 mg/m?® d) variable with a mean
concentration of 213 mg/m?® but with peaks up to 426 mg/m> (100 ppm); e) constant at the
low level of 5 mg/m® — this was used as a ‘null exposure’ for physio-neurological effects but
still with a detectable odour. On each experimental day the subjects were tested pre- and
post-exposure. Three kinds of tests were used: sensory tests (colour vision assessed by a
Lanthony D-15 desaturated panel, a vision contrast test, and an olfactory threshold test);
neurobehavioural tests (simple reaction time, colour-word stress test, symbol digit matching
test, digit span memory test, and continuous tracking test); and a questionnaire to assess
mood and symptoms (local irritation or CNS effects).

Only the results obtained from those subjects completing all exposures (24 of the initial 42)
were included in the statistical analysis. No significant effect of exposure on the sensory
tests was noted. In the neurobehavioural tests subjects had a faster reaction time on the
colour-word stress test post-exposure compared to the pre-exposure values regardless of
exposure, although accuracy remained unchanged; subjects had a faster response time on
the symbol digit matching test after exposure compared with before, and as they progressed
through sessions; and subjects remembered a higher number of digits on the digit span
memory test as they progressed through sessions. These results are considered to be an
expression of the increased familiarity of the volunteers with the tests administered. No other
significant effect was noted. No significant effect of exposure on mood or symptoms was
reported. It can be concluded that short-term exposures up to 50 ppm for 6 hours with peaks
up to 100 ppm did not induce acute neurotoxic effects in 24 volunteers.

Groups of 8 healthy male volunteers (aged 22-36 years) without previous occupational
exposure to solvents were exposed, in a blinded manner, to 0.5 or 20 ppm styrene in a
chamber for 3 hours (Seeber et al, 2004). A second investigation involved additional groups
of 12 male volunteers exposed to 0.5 or 20 ppm at a constant level for 4 hours and to an
additional changing exposure between 0.5 and 40 ppm (mean 14 ppm) for other 4 hours. To
achieve a mean concentration of 14 ppm there were two peak exposures of 40 ppm lasting
30 minutes each and two periods of 50 and 70 minutes at 0.5 ppm as well as the transition
times between peaks and troughs. Investigations included simple visuomotor reaction time,
choice reaction, cancellation test d2 (for attention), Sternberg memory scanning (for short-
term memory) and changes in the state of well-being. The acute symptoms (“discomfort”,
“irritation”, “tiredness”, “breathing problems”) were scored on a scale of 0-5 (“not at all” to
“very strong”). Other ratings of well-being (“tension”, “tiredness”, “complaints”, “annoyance”)
were scored on a score of 1-7 (“not annoying “ to “very annoying”). Before styrene exposure
was administered, these tests were assayed for validity and reliability. Also before exposure,
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volunteers were screened to exclude those with a pre-existing medical condition that may
have influenced results. Those left in the study were trained in each of the tests.

The authors indicated that the mean simple reaction time and choice reaction time improved
markedly when exposure and testing were conducted in the afternoon; this was taken to be
an effect related to the time of day rather than a substance-related effect. There were no
meaningful differences in the mean scores for acute symptoms obtained for groups of
people exposed to 0.5 ppm or 20 ppm for 4 hours or for those exposed also to two peaks of
up to 40 ppm. Overall, there were no exposure-related changes in any of the performance
tests, symptoms or changes in the state of well-being amongst these volunteers exposed to
up to 20 ppm continuously for 4 hours and amongst those additionally exposed to two peaks
of up to 40 ppm during an additional 4-hour period (average 14 ppm).

Overall, considering the six neurobehavioural testing studies together, the results have been
variable. There has been no convincing evidence of an effect on test performance with
exposures in the range 0.5 — 150 ppm.

The potential for a single exposure to styrene to produce vestibulo-oculomotor disturbances
was investigated in a group of 5 male and 5 female volunteers (Odkvist et al, 1982). There
were no relevant disease in the medical histories and alcohol was not ingested in the 24
hours before exposure. All individuals were non-smokers and had no history of eye or
auditory disease. Exposure was for one hour and was to a concentration of between 87 and
139 ppm styrene (concentrations brethed in were constantly monitored). During exposure,
the subjects performed “slight” physical work on a bicycle. Individuals underwent a
sinusoidal swing test, an optovestibular test and tests for visual suppression and
optokinetics, as well as a slow pursuit movement test. For comparison purposes the tests
were repeated on the individuals one week prior to and one week after styrene exposure,
during which time the individuals inhaled clean air. No abnormalities were detected on
electronystagmographic examination before exposure. The only effects of exposure on test
results were disturbance of the visual suppression system and enhanced speed of the
saccade (quick movement of the eye in response to a light source), in 3/10 exposed
individuals compared with when these individuals breathed clean air only. No clear
interpretation can be placed on these results.

A case study has been reported of a 36-year old man who twice developed neurological
symptoms after using a home canoe construction kit (MacFarlane et al, 1984). Styrene
vapour exposure was known to be associated with use of the kit and in this case work had
been carried out in an enclosed space for 4-5 hours. The man became dizzy and lost
consciousness on standing. Also, conjunctivitis, slurred speech, lateral and upward gaze
nystagmus and limb ataxia were noted. The styrene exposures associated with this case are
not known. Also, it is not reported what other constituents were present in the kit. Hence a
possible contribution from other substances cannot be dismissed.

41223 Summary of acute toxicity

In humans there is some acute inhalation toxicity information available indicating effects of
styrene on the central nervous system (CNS) function. From the studies that have been
reported there has been no convincing evidence of an effect on neurobehavioural test
performance with exposures in the range 0.5 — 150 ppm. However, some impairment in test
performance (reaction time, manual dexterity and coordination) appeared with exposures of
200, 350 and 376 ppm for periods of 30 — 90 minutes. Higher concentrations (800 ppm in
one study) have produced signs and symptoms of pronounced CNS depression. No other
acute toxicity information is available from human studies.
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In rats and guinea pigs styrene is of moderate-low acute toxicity via the inhalation and oral
routes. Two inhalation studies in rats have reported a 4-hour LCs, of 2770 ppm (11.8 mg/l)
and “some deaths” at 2149 ppm (9.1mg/l) for up to 40 hours. An oral LDs, of approximately
5000 mg/kg has been reported in the rats. In contrast, mice (at least some strains of mice)
are much more sensitive to a single exposure to styrene, with cellular damage in the
respiratory epithelium at 40 ppm (the lowest concentration tested) and fatal hepatocellular
damage at 250 ppm and above in acute inhalation studies. The most likely explanation for
this species difference is the greater potential for build-up of the reactive styrene oxide
metabolite in mouse, compared to rat or human. An acute oral study in hamsters also
indicates styrene-induced hepatoxicity at 600 mg/kg (but not at 450 mg/kg). No acute dermal
toxicity studies have been performed in experimental animals, but one would predict low
acute toxicity.

In view of the fact that humans (volunteers and workers) have been exposed without serious
effects to acute exposure conditions that have proved toxic and even lethal to more sensitive
mouse strains, and considering the known toxicokinetic difference between the mouse and
the human in the activation/deactivation of styrene, the mouse is considered to be a poor
and unreliable model for the acute toxicity of styrene in humans.

Therefore, for the purposes of risk characterization, information from the human volunteer
studies will be used. The most useful reference point in relation to short-term single
exposure is the observation that no CNS depression was seen in humans exposed to 100
ppm for 7 hours and that some minor impairment in neurobehavioural test performance was
observed at about 200 ppm for 1 hour.

41.2.3 Irritation

41.2.3.1 Skin irritation

Studies in animals

No conventional skin irritation studies using a single application of styrene liquid are
available.

A single application of undiluted styrene to the rabbit ear is reported to have caused no
appreciable reaction whereas two occlusive applications of undiluted styrene to the
abdomen of the rabbit are reported to have produced signs of a “marked irritation” reaction
with denaturation (Spencer et al, 1942). In a study reported by the same authors, the
repeated application of undiluted styrene to rabbit ears, 20 times over four weeks, produced
“‘moderate irritation”, with blistering and hair loss. Wolf et al (1956) reported moderate
“definite erythema” with “slight necrosis” (development of a thin layer of devitalised tissue
which resulted in exfoliation) on the surface skin of albino rabbits following repeated
occlusive skin application of 10-20 doses of undiluted styrene over 2-4 weeks to the ear and
abdomen. No other details are available.

Studies in humans
No reports of skin irritation observed in humans exposed to styrene are available. In a study

in which 9 volunteers immersed a hand into undiluted styrene for up to 30 minutes there is
no mention of any signs of skin irritation (Berode et al, 1985).
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Overall, the quality of information on the skin irritation potential of liquid styrene is poor,
particularly in relation to the consequences of a single application. The available data
suggest that a single exposure is not significantly irritating, but that repeated exposure does
cause irritation.

4.1.2.3.2 Eye irritation

Studies in animals

In a study by Wolf et al (1956), two drops of undiluted liquid styrene were applied to the right
eye of an unspecified number of albino rabbits. Visual inspection for irritation and corneal
injury (both internal and external) was made on the treated eyes at 3 minutes, 1 hour, and 1,
2 and 7 days post-instillation. Moderate conjunctival irritation (inflammation and slight
swelling of the eyelids) and slight, transient corneal injury (perceptible superficial necrosis
involving <50% of the lens) were reported.

In an acute inhalation exposure study (see section 4.1.2.2.1) evidence of eye irritation,
described as lachrymation with rubbing and scratching of the eyes, was reported in rats and
guinea pigs immediately following the onset of exposure to 1449 ppm styrene and above
(Spencer et al, 1942). The severity of the response increased with higher exposure
concentrations.

Some ocular irritation potential for styrene has also been demonstrated in an in vitro assay
using bovine lens cultures (Herbet and Sivak, 1996).

Studies in humans

In a volunteer study 9 subjects were exposed to 50-375 ppm styrene for one hour (Stewart
et al, 1969). Nine laboratory personnel served as control subjects. At 375 ppm, 4 exposed
subjects reported “mild eye irritation” and all reported “nasal irritation”; one subject
experienced a burning sensation on the face. No subjective reports of eye irritation were
reported at any of the lower exposure concentrations (50, 100 or 216 ppm) or by controls. In
the same series of studies, 6 volunteers were exposed to 100 ppm styrene for 7 hours, with
a 30 minute break half-way through the exposure period: following exposure all reported
very mild and transient eye “irritation”. Eye irritation was reported in volunteers immediately
following exposure to 800 ppm styrene. In all of the above studies no clinical examinations
were reported and the subjective assessments were made by the volunteers themselves.

In a study by Wolf et al (1956), a group of human volunteers (number not specified) was
exposed to a wide range of styrene concentrations. Reactions with respect to odour, eye
irritation and nasal irritation were noted by the individuals themselves from the onset of
exposure. “Strong” eye irritation was reported at exposure concentrations of > 600 ppm.
Odour but not irritation was reported at 60 ppm and no odour or irritation was reported at
concentrations of < 10 ppm.

Eye irritation was reported in 2 volunteers immediately upon the onset of exposure to 800
ppm styrene (Carpenter et al, 1944).

Overall, the available evidence suggests that liquid styrene can produce eye irritation.

Exposure to airborne styrene vapour can also cause eye irritation. Concentrations of 375
ppm and above are clearly irritating. Exposures of up to approximately 216 ppm for one hour
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were without effect. Although slight “irritation” was reported by subjects following exposure to
100 ppm styrene for 7 hours, absence of effects in the same study at 216 ppm for 1 hour
exposure suggests that the effect with longer exposure was not primary irritation, but
perhaps eye dryness or some similar sensation.

4.1.2.3.3 Respiratory tract irritation

Studies in animals

An acute inhalation toxicity study reported signs of marked irritation of the nasal mucosa
(nasal discharge and nasal scratching) in rats and guinea pigs immediately following onset
of exposure to 1449 ppm (the lowest concentration tested) (Spencer et al, 1942, see section
4.1.2.2.2). The severity of effects increased with higher exposure concentrations.

In a review by Bos et al (1992), 3 studies reporting RD50 values for styrene are cited. The
studies were all Alarie assays conducted in Swiss mice. In one (Alarie, 1973), an RDs, value
of 157 ppm (95% CI 135-178) was reported following an exposure time of 3 minutes. In
another (Alarie, 1981), an RDs, value of 980 ppm (95% CIl 826-1297) was reported following
an exposure time of 10 minutes, and in the third study (De Ceaurriz et al, 1981) and RDsg
value of 586 ppm (95% CI not presented) was reported following an exposure time of 5
minutes.

Studies in humans

In a volunteer study 9 subjects were exposed to 50-375 ppm for one hour (Stewart et al,
1968). Nine laboratory personnel served as controls. One exposed subject reported “nasal
irritation” after 20 minutes exposure to 216 ppm. At 375 ppm, 4 exposed subjects reported
“nasal irritation”; one subject experienced a burning sensation on the face. There were no
subjective reports of nasal irritation at any of the other exposure concentrations or in
controls. In the same study no adverse effects were reported by 10 subjects exposed to up
to 100 ppm styrene for 1 hour or for 2 x 3.5 hours (with a 30 minute interval between
exposures).

In a study by Wolf et al (1956), a group of human volunteers (number not specified) was
exposed to a wide range of styrene concentrations (exact range not reported). Reactions
with respect to odour perception, eye irritation and nasal irritation were noted by the
individuals from the onset of exposure. “Severe” nasal irritation was reported at exposure
concentrations of > 600 ppm. Odour but no irritation was reported at 60 ppm and no odour
was reported at concentrations of < 10 ppm.

In another study 2 volunteers exposed to 800 ppm for up to 4 hours experienced irritation of
the nose with increased nasal mucous secretion immediately after the start of the exposure
period (Carpenter et al, 1944).

Overall, it is clear that exposures to airborne styrene can cause respiratory tract (nasal)
irritation. No effects were seen at 100 ppm for 1 hour or 7 hours and only one subject out of
nine reported nasal irritation at 216 ppm for 1 hour, suggestting little or no significant
irritation at this concentration. Nasal irritation was more evident at 375 ppm for 1 hour and
above, in several studies.
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4.1.2.3.4 Summary of irritation

The quality of information on the skin irritation potential of liquid styrene is poor, particularly
in relation to the consequences of a single application. The available data suggest that a
single exposure is not significantly irritating, but that repeated exposure does cause irritation.

The available evidence suggests that liquid styrene can produce eye irritation. Exposure to
airborne styrene vapour can also cause eye irritation. Concentrations of 375 ppm and above
are clearly irritating. Exposures of up to approximately 216 ppm for one hour were without
effect. Although slight eye “irritation” was reported by subjects following exposure to 100
ppm styrene for 7 hours, absence of effects in the same study at 200 ppm for 1 hour
exposure suggests that the effect with longer exposure was not primary irritation, but
perhaps eye dryness or some similar sensation. NOAEC values of 216 ppm for 1 hour and
of 100 ppm for 7 hours are therefore identified for risk characterisation purposes.

It is clear that exposures to airborne styrene can cause respiratory tract (nasal) irritation. No
effects were seen at 100 ppm for 1 hour or 7 hours and only one subject out of nine reported
nasal irritation at 216 ppm for 1 hour, suggesting little or no significant irritation at this
concentration. Nasal irritation was more evident at 375 ppm for 1 hour and above, in several
studies. NOAEC values of 216 ppm for 1 hour and of 100 ppm for 7 hours are therefore
identified for risk characterisation purposes.

4124 Corrosivity

The studies in animals and humans reported in 4.1.2.3 indicate that styrene is not corrosive.

41.2.5 Sensitisation

41.25.1 Skin sensitisation

Studies in animals

Two reports of guinea pig maximization tests are available. However, unfortunately neither is
well reported. In one study, 15 animals were exposed to styrene intradermally (a 10%
concentration) and topically (a 20% concentration) at induction and topically to 2% at
challenge (Sjoborg et al, 1982). Apparently no animals were sensitised.

In the second study, a number of chemicals including styrene were tested using the protocol
of Magnusson and Kligman (1969) (Senma et al, 1978). Induction concentrations were 5%
by both topical and intradermal routes and the topical challenge concentration was 1%.
There is a contradiction in the reporting of the results; the incidence of skin reactions was
either 11% (1/9) or 33% (3/9) in the 9 animals scored. Because of this ambiguity, no
conclusions can be drawn from this particular study, when considered in isolation.

Studies in humans
There is vast human experience of skin contact with styrene over many years but only one

case of skin sensitisation has been claimed. It is reported that a patient developed dermatitis
after exposure to styrene in the use of a plastic repair kit for a second time (Sjoborg et al,
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1982). The plastic was unsaturated polyester with styrene and benzoyl peroxide hardener.
Patch testing with an internationally agreed series and with polymerisation inhibitors which
are added to styrene gave negative reactions. However, there was a positive reaction with
styrene.

Overall, in light of the extensive potential for exposure and the widespread use of styrene the
absence of reports of styrene-induced skin sensitisation indicates that styrene has no
significant potential to cause this effect.

41252 Respiratory tract sensitisation

Studies in animals

There is no information available in animals relating to respiratory sensitization.

Studies in humans

There is a vast amount of data pertaining to human occupational, and some consumer,
inhalation exposure to styrene. Against this background, only two cases of asthma allegedly
associated with styrene exposure have been recorded.

One case of asthma associated with occupational exposure to styrene during figreglass
mould work has been reported (Hayes, 1991). The polyester resin was mixed with an
accelerator containing cobalt octoate and organic peroxide catalyst. The individual had no
previous history of asthma or hayfever. The patient was tested in several single blind
inhalation tests on separate days using a styrene brush painting task with and without cobalt
octoate. A dual asthmatic response and increased responsiveness to inhaled histamine were
observed in both instances, although the reaction was more severe when cobalt octoate was
present. Self-recorded peak expiratory flow deteriorated in work periods and improved away
from work. The presence of cobalt, a known respiratory sensitizer, confounds interpretation
of this case.

Another case of a person occupationally exposed to styrene (job description not reported)
and assessed using bronchial challenge was reported in abstract form only (Moscato et al,
1990). Symptoms of cough, breathlessness and wheezing were experienced, which
disappeared when the patient was away from styrene exposure at work. The person had no
history of atopy. Bronchial challenge with a concentration of 15 ppm styrene apparently
provoked a dual asthmatic reaction assessed by measuring FEV4. No further details were
available in the abstract. The lack of detail surrounding this case prevents any definite
conclusions being drawn.

Overall, considering the vast amount of human occupational and some consumer inhalation
exposure to styrene, the fact that the literature contains only two case reports of asthma,
each of which have unconvincing aspects to it, suggests that styrene does not possess
significant potential to cause respiratory sensitization.

4,1.2.5.3 Summary of sensitisation

The reporting of the available animal skin sensitization data is inadequate, precluding a clear
conclusion being drawn from the studies themselves. However, given that widespread

105



R034_0806_hh_publication

exposure to styrene has led to only one reported possible case of skin sensitization, this
extensive human experience indicates that styrene is not a significant skin sensitizer and
negates the need for any further animal testing with respect to this endpoint. Similarly, there
has been extensive inhalation exposure in humans which has resulted in only two case
reports of asthma, each of which has unconvincing aspects to it. This suggests that styrene
has no significant asthmagenic potential.

4.1.2.6 Repeated dose toxicity.
41.2.6.1 Studies in animals

The repeated exposure toxicity of styrene in animals has been extensively investigated,
although some of the available studies have been limited to an investigation of certain
aspects of toxicity such as the effects on the liver or nervous system. This section is
organised firstly in terms of exposure route, and then subdivided in relation to the species
and nature of the study.

Inhalation

Rats

General studies in rats investigating a range of toxicological endpoints

In a well conducted combined chronic toxicity/carcinogenicity study, groups of 70 male and
70 female Sprague Dawley rats were exposed whole-body to 0, 50, 200, 500 or 1000 ppm
styrene monomer vapour (97.7 to 99.5% purity) for 6 hours/day, 5 days/week for 104 weeks
(Hardy et al, 1996 and Cruzan et al, 1998). Ten animals per sex per group were sacrificed at
week 52 for interim analyses. The remaining 60 animals/sex/group were maintained for the
remainder of the study duration (see section 4.1.2.8.1 fo study details).

The only clinical sign of toxicity observed was increased salivation with restlessness,
followed by hunched posture, in animals exposed to 500 and 1000 ppm, from week 19 and
1, respectively, for the initial 10 — 30 minutes post-exposure.

Relative to controls, body weight gain was unchanged in males and females at 50 and 200
ppm. In males at 500 and 1000 ppm, body weight gain was reduced by 12 and 15%,
respectively between weeks 0 and 53, and by 3 and 11% at week 104. In females at 500
and 1000 ppm, body weight gain was reduced by 22 and 25% respectively between weeks 0
and 53, and by 34 and 23% at week 104. Food consumption was similar across all groups.
Water consumption was increased in a dose-responsive manner in all animals by 6 to 60%
compared with controls, with females consuming more water than males.

Haematological, clinical chemistry and urine analyses revealed no treatment-related
changes in any of the animals examined. Ophthalmoscopic examination did not reveal any
treatment-related changes in any of the groups.

At both the 52 and 104 week necropsies, absolute and relative organ weights of treated
animals were comparable with controls and no adverse macroscopic pathological findings
were observed. Microscopic examination at weeks 52 and 104 revealed treatment-related
changes in the nasal passages of exposed animals from all styrene-exposed groups. The
changes were confined to the olfactory epithelium and included focal disorganization with
rosette formation, focal hyperplasia of the basal cells, atrophy/degeneration/erosion and
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prominent Bowman’s glandular elements. In all groups the lesions were focal and of
“‘minimal” severity but there was a dose-related increase in the incidence and distribution of
these changes, with incidences in males of 31, 48, 62 and 73% at 50, 200, 500 and 1000
ppm, respectively, compared with 0 in controls, and incidences in females of 10, 24, 37 and
48% at 50, 200, 500 and 1000 ppm, respectively, again compared with 0 in controls.

No treatment-related thyroid effects were observed in animals in exposed to 50, 200 or 500
ppm at week 52 or any animals at week 104. However at week 52, in both males and
females exposed to 1000 ppm, minimal follicular epithelial hypertrophy of the thyroids was
observed. No thyroid changes were observed in controls. In the absence of effects at 104
weeks, it is probable that these thyroid effects were not treatment-related. No other non-
neoplastic effects were observed. Neoplastic changes are reported in section 4.1.2.8.1.

Overall, these data indicate that in the rat the nasal passages are a principal target tissue for
styrene toxicity following exposure via the inhalation route under the conditions of this study,
with mild inflammatory effects being observed in animals from all exposure groups (= 50
ppm) at both 52 and 104 weeks. Based on the histopathological changes in the nasal
passages a LOAEC for local effects of 50 ppm is evident from this study. No signs of
systematic toxicity were observed at exposure concentrations up to 200 ppm, above which
various clinical signs and reduced body weight gain were reported.

In a carcinogenicity study, groups of 85 male and 85 female Sprague Dawley rats, were
exposed whole-body to 0, 600 or 1000/1200 ppm styrene for 6 hours/day, 5 days/week
(Jersey et al, 1978). The high exposure group was exposed to 1200 ppm for the first two
months but this produced marked signs of toxicity (narcosis, anaesthesia and death in three
animals), and was reduced to about 1000 ppm for the remainder of the study. The males
were exposed for about 18 months and the females for about 21 months. The study was
terminated at 24 months (see section 4.1.2.8.1 for further study details). At necropsy, relative
to the control group, the amount of adipose tissue was decreased and liver, kidney and heart
organ weights were reduced in the 1000 ppm group. Microscopically, “very slight”
histopathological changes in the liver (decreased amount of micro-vesiculature or
vacuolation of hepatocytes), suggestive of decreased glycogen and fat, were observed at
600 and 1000 ppm. There were no treatment-related effects on the testes or other organs
examined. It is not stated whether or not the nasal passages and the upper respiratory tract
were examined in this study, but it appears unlikely, given the findings at this site in other
repeated inhalation studies in rats.

A well-conducted 13-week rat study is available (Hardy et al, 1993 and Cruzan et al, 1997).
Ten male and 10 female Sprague-Dawley rats were exposed to 0, 200, 500, 1000 or 1500
ppm styrene vapour for 6 hours/day, 5 days/week for 13 weeks. Bodyweight, food and water
consumption, clinical chemistry and haematology were evaluated at 4 and 13 weeks. Organ
weights, and macroscopic and microscopic pathology in a wide range of organs and tissues
were assessed at 13 weeks. A satellite group of 15 males was exposed using the same
regimen for 2, 5 or 13 weeks, at which time lung and liver cell proliferation was determined
by 5-bromo-deoxyuridine (BrdU) labelling.

No treatment-related deaths occurred. Signs of slight local irritation such as closing of the
eyes were noted at 200 ppm during exposure; signs at higher concentrations indicated dose-
related increasing severity of irritation. Body weight gain was reduced to 81% of control
values in males at 1500 ppm and food consumption was also reduced in this group. There
were dose-related increases in water consumption in groups exposed to 1000 and 1500
ppm. The only other exposure-related effects were histopathological changes in the olfactory
epithelium; focal disorganisation or hyperplasia of basal cells, single cell necrosis or cell loss
were recorded. These changes were observed at 500 -1500 ppm, the incidence and severity
of the microscopic effects being dose-related. BrdU labelling showed no evidence of
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increased cell proliferation in the rat liver cells or in the cells of the bronchiolar or alveolar
regions of the rat lung, at any time point investigated.

The effect of repeated inhalation exposure to styrene on Wistar rats was investigated in an
early study by Spencer et al, (1942). Groups of 28 and 50 rats, respectively, were exposed
to 0, 1449 or 2139 ppm styrene for 7-8 hours/day 5 days/week for 21 weeks. During
exposure, regular body weight checks and observations of clinical toxicity were made.
Frequent blood samples from representative animals were also taken for haematological
analysis (timings of sampling not reported). At the end of the exposure period gross and
microscopic examination of an extensive range of tissues and organs was conducted.

No treatment-related deaths occurred in any animals. In animals exposed to 1449 ppm
styrene, no changes in body weight gain compared with controls were observed. However
body weight gains were reportedly reduced in animals at 2139 ppm styrene compared with
controls (not quantified). Signs of eye and nasal irritation were observed in animals of both
exposure groups. Animals exposed to 2139 ppm styrene also appeared listless, dirty and
unkempt. No changes in haematology, organ weights, gross or microscopic pathology were
observed in animals of either exposure group. However, it would appear that the nasal
tissues were not examined.

In a briefly reported study (abstract only available), groups of F344 rats (number per group
not specified) were exposed to 0, or 125 to 1500 ppm styrene for 90 days (exposure regimen
not detailed) (Roycroft et al, 1992). No treatment-related deaths were reported and no
clinical signs of toxicity were observed. Body weight gain was reportedly reduced (not
quantified) in rats at 1500 ppm. Relative liver weights were apparently increased (not
quantified) in rats at the two exposures. Haematological and biochemical analysis apparently
revealed no treatment-related variations in rats of either sex in any of the exposure groups.
Histopathology revealed degeneration and necrosis of the nasal olfactory epithelium and
goblet cell hypertrophy of the nasopharyngeal duct, apparently observed in animals of all
styrene-exposed groups. No information on the incidence of severity of these findings was
reported.

A study by Ohashi et al, (1985), investigating the respiratory toxicity of styrene, is cited in the
review by Bond (1989). In the study, groups of rats (strain and number not specified) were
exposed to up to 800 ppm styrene for 4 hours/day for 8 weeks. Animals were sacrificed and
examined histopathologically 3 weeks after the last exposure. It is reported that changes in
the nasal mucosa occurred at 50 ppm and above, including vacuolation of epithelial cells,
nuclear pyknosis, and ‘fall-off’ of epithelial cells. The incidence and severity of the findings is
not given. It is reported that in all cases damage was more severe in the upper respiratory
tract compared with the lower respiratory tract.

In a follow-up study by the same workers, Ohashi et al, (1986), also cited in the review by
Bond (1989), rats (strain and number not specified) were exposed to 150 or 1000 ppm
styrene for 4 hours/day, 5 days/week for 3 weeks. Animals were sacrificed and examined
histopathologically at up to 12 weeks after the last exposure. At day 1 after the end of the
exposure period it is reported that there was a dose-dependent decrease in tracheal and
nasal ciliary activity, and that ciliastasis was observed in animals exposed to 1000 ppm. At
week 12 post-exposure, in animals exposed to 150 ppm, ciliary activity and nasal tracheal
mucosal morphology were comparable with controls. In animals exposed to 1000 ppm,
ciliary activity was only 50 to 75% of that of control values, and nasal mucosal morphology
remained abnormal, whereas tracheal mucosal morphology was comparable with controls.

In one investigation in which rats were exposed to 300 ppm styrene for 6 hours/day, 5

days/week for 2 weeks or more, histological evidence of hepatotoxicity (hydropic
degeneration, steatosis and congestion) was claimed (Vainio et al, 1979). However, these
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results are unlikely to represent styrene-related liver toxicity, as there are other studies in
which no or very mild effects on liver histopathology were observed at higher exposure
concentrations (200-1500 ppm) — see above. No evidence of any lung or kidney lesions was
noted after up to 11 weeks, when the experiment was terminated. The activity of certain
enzyme systems involved in xenobiotic metabolism was increased in the liver and kidneys,
but not in the lungs. Other studies have also shown increases in the activity of these enzyme
systems in the liver and kidneys, but not the lungs, following exposure of rats to 450 ppm 8
hours/day for 7 days (Sandell et al, 1978).

An inhalation study specifically designed to investigate mechanistically the putative styrene-
induced reproductive impairment has been reported (Jarry et al., 2004). The study looked for
any potential correlations between the lutenizing hormone (LH) and testosterone (T) serum
levels in styrene-exposed rats with the brain concentrations of the neurotransmitters gamma-
amino butyric acid (GABA) and glutamate (GLU), which control the release of
gonadotrophin-releasing hormone (GnRH) from the mediobasal hypothalamus (MBH), which
in turn controls the release of LH and T. Groups of ten male Wistar rats were exposed to 0,
150, 500 and 1500 ppm (0, 645, 2150 and 6450 mg/m®) of styrene for 6h/day for 5
consecutive days. Animals were observed daily and body weights recorded before and
during the exposure period. The animals were then sacrificed either immediately on the last
day of exposure or after a 24-hr recovery period.

Styrene did not have marked toxic effects at the exposure levels tested; however, the
animals in the high-exposure group showed signs of irritation (salivation) and of CNS
depression (reduced attention) at the beginning of the exposure period. A statistically
significant 2-fold increase in serum LH level was noted in the mid- and high- dose group of
animals sacrificed immediately after exposure with consequential 2-fold increase in
testosterone concentrations in these groups compared to controls. However, the effects
were completely resolved within 24h because the observation was not seen in the respective
recovery groups sacrificed 24h after. The concentrations of GABA and GLU in the
mediobasal hypothalamus and GLU concentration in the striatum were unaffected by styrene
exposure although a significant increase (by 47% and 41%) in striatal GABA concentration
was observed in the recovery group animals exposed to 500 and 1500 ppm of styrene but
not in the 500 and 1500 ppm animals sacrificed immediately after the end of exposure.
Although the biological plausibility of this latter finding cannot be entirely dismissed, the
toxicological significance of an increase in GABA levels in the striatum but not in the
hypothalamus with no effects on levels of GLU in either the hypothalamus or the striatum
24h after the end of exposure is rather doubtful.

In summary, a transient increase in serum LH and T levels was seen in male rats exposed
for 5 days to 500 and 1500 ppm (= 300 and 900 mg/kg/day) styrene. However, no related
changes were observed in the concentrations of GABA and GLU in the hypothalamus or
striatum. It is noted that, in contrast to this finding, a decrease in plasma T levels was
observed in mice given a low oral dose of 12 mg/kg/day styrene in drinking water for 4
weeks (Takao et al., 2000; see mice section). Overall, in view of inconsistent results
between studies, this isolated finding cannot be considered suffcient evidence of styrene-
induced reproductive impairment.

Studies in rats investigating specific organ toxicity: kidney

A study specifically designed to investigate the nephrotoxic potential of styrene exposure in
Sprague Dawley rats is available (Mutti et al, 1999). A group of 10 female rats was exposed
whole-body to styrene vapour (99/9% purity) at 300 ppm, for 6 hours/day, 5 days/week for
12 weeks. A second group of animals was administered 2mg/kg of the known nephrotoxicant
adriamycin (ADR) by intravenous injection on day 1 and 15 of the study, with no exposure to
styrene. A third group of animals received both the styrene and ADR treatments. Finally a
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fourth group of animals served as controls. Body weights and any clinical signs of toxicity
were noted throughout the study. The urinary excretion of total protein and individual
proteins (albumin, fibronectin, retinol-binding protein and 16Kd Clara cell protein) was
measured for each group of animals monthly. At the end of the 12-week exposure period
extensive kidney histopathology (including examinations for glomerular sclerosis, interstitial
fibrosis, interstitial cellular infiltrate hyalinosis and the distribution and density of proliferating
cells) was conducted and any tissue alterations graded according to the arbitary scale. Only
the consequences of styrene exposure alone are reported here.

No deaths were reported in styrene-exposed animals and no reports of body weight changes
or clinical observations were presented. In styrene-exposed animals some urinary indicators
of kidney function were “slightly” but statistically significantly elevated, compared with
untreated controls. Kidney weights in styrene-exposed animals were comparable with
controls. At histopathological examination the scores for kidney interstitial fibrosis, cystic
dilatations and hyaline were all statistically significantly elevated in styrene-exposed animals
compared with controls. Scores for cellular infiltrates in styrene-exposed animals were
comparable with controls. Overall, in itself the study suggests that repeated exposure of
female SD rats to 300 ppm styrene for 12 weeks resulted in increases in the urinary
excretion of proteins and histopathological changes in the kidney. However, the absence of
similar findings in the rat in other repeated exposure studies of longer duration and at higher
exposure concentrations indicates that these results are probably unreliable.

In a briefly-reported study, 10 male and 10 female Sprague Dawley rats were exposed to O
or 135 ppm styrene, for 7 hours/day, 5 days/week for 13 weeks (Viau et al, 1987). Only the
kidney (weight, function (glomerular filtration rate, urinary concentration ability) and
histopathology) was investigated. No adverse effects on the kidney were observed in this
study.

Studies in rats investigating specific organ toxicity: lungs

In an unpublished study specifically designed to investigate the effects of styrene exposure
on the lungs, groups of male and female CD rats (5/sex/group) were exposed whole-body to
styrene vapour (99.9% purity) at 0 or 500 ppm, for 6 hours/day, 5 days/week for up to 2
weeks (Green, 1999a). Groups of 5 animals were sacrificed at 17 hours after the 1%, 5", 6™
and 10" exposure, and the lungs removed for histopathological examination and quantitation
of cell division rates (3 days prior to sacrifice each animal was fitted with a BrdU mini-pump).
No treatment-related macroscopic or microscopic findings were observed in the lungs of any
of the exposed animals. No increases in the labelling indices or in cell division were
observed in any region of the lungs of treated animals at any time point.

A mechanistic study investigating the in vivo lung effects of styrene in rats and mice exposed
by whole body inhalation is available (Gamer et al., 2004). Only the rat findings are reported
here; the mouse findings are described under the “mice” heading of this section. Female CD
rats (10/group) were exposed to 0, 688 or 2150 mg/m?® (0, 160, 500 ppm) styrene for 6h/day
for 1 or 5 exposures and sacrificed immediately at the end of the exposure period. Lung
lavage was performed on 5 animals per group for each exposure duration. Cytological and
humoral analyses were conducted together with the measurement of levels of proteins and
CC16 (Clara cell specific protein), lactate dehyrogenase, alkaline phosphatase, y-
glutamyltransferase, N-acetyl-B-D-glucosaminidase and catalase activities. The blood of the
remaining animals was sampled and the lungs, together with the trachea and larynx were
removed for histopathological examination.

Statistically significant reduction in body weights was observed in the 160 and 500 ppm
group. The CC16 level and the measured enzyme activities were unaffected by styrene
exposure. No exposure-related histopathological findings were seen in the respiratory tract
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and lungs of any of the exposed animals at the end of the exposure periods. Overall, this
study showed that inhalation exposure up to 500 ppm styrene did not induce any Clara cell
toxicity in rats.

Studies in rats investigating specific organ toxicity: nervous system

In a study of neurotoxicity parameters only, groups of 8 male Wister-derived rats were
exposed to 0, 350, 700 or 1400 ppm styrene for 16 hours/day, 5 days/week for 18 weeks
(Kulig, 1989). There was a recovery period of 6 weeks. Automated assessment of
coordinated hindlimb movement and tests for grip strength, spontaneous activity, peripheral
nerve conduction time and visual discrimination performance learning test were carried out
at 3-week intervals during exposure and the recovery period (animals were trained on the
apparatus for each test prior to exposure). Hearing was not investigated. No significant
effects on coordinated hindlimb movement were detected in any exposure groups. A small
decrease in forelimb grip strength was observed in animals exposed to 700 and 1400 ppm,
from week 9, but the difference was not statistically significant. When the results from
individual test days were analysed, a decrease in hindlimb grip strength of statistically
significance was apparent in animals exposed to 700 and 1400 ppm at weeks 12 and 15;
however no significance was attained when the date were analysed across exposure days
and no such effects were noted any animals at week 18, nor in the post-exposure recovery
period (at weeks 21 or 24). A decrease in response time in the visual discrimination
performance learning test was noted in week 1 only, particularly at the highest concentration
on day 1. Overall, the results of this study suggest that at exposure concentrations of up to
1400 ppm for 18 weeks, styrene did not express significant neurotoxicity; the delayed visual
learning observed in animals exposed to 1400 ppm for the first week of exposure only (at
later times, the 1400 ppm group was comparable with controls) may be indicative of a
transient reversible CNS depressive effect.

A 13-week rat study was conducted in order to assess the neurotoxic potential of styrene
(Albee et al, 1992). Groups of 14 male Fischer 344 rats were exposed to 0, 50, 200 or 800
ppm styrene for 6 hours/day, 5 days/week. Animals were observed daily and bodyweight
measured weekly. A functional observational battery (including observations of salivation,
abnormal movements or behaviour) and hind limb grip strength performance test were
conducted monthly. Evoked potential tests (12 rats per group) were included after 13 weeks.
Neuropathology at terminal necropsy was performed on 8 rats per group after
electrophysiological tests were carried out. There were no exposure-related effects on
mortality, bodyweight, functional observations, or grip strength and no treatment-related
alterations in histopathological lesions in nerve tissues or limb muscles, other than in the
auditory system (see later section).

Yamamoto et al (1997) studied the effects of styrene on nerve conduction velocity in rats;
this study is also reported in Teramoto et al (1993). Groups of 8 Wistar rats aged either 4 or
8 weeks old at the start of the experiment were exposed whole-body to airborne
concentrations of 0, 200 or 2000 ppm styrene for 8 hours/day, 5 days/week for 32 weeks.
Nerve-conduction velocity of the tail nerve (using three sampling points between the base
and end of tail) was assessed every two weeks from age 8 weeks (i.e. from the start of the
experiment for older rats and after 4 weeks of exposure for young rats) until 16 weeks after
the end of exposure. The following measurements were made at each of these times: motor
nerve conduction velocity (MCV), distal latency (DL) and sensory nerve conduction velocity
(SCV); the latter was determined for distal, proximal and whole tail areas. Body weight was
slightly reduced (~5%) at 200 ppm compared to controls from week 18 in younger rats (but
not older) and recovered after the end of exposure. Body weight was reduced by 15-30% in
both ages of animals at 2000 ppm. No differences between treated and controls groups were
observed in either MCV or DL at any time. Slight differences in distal, proximal and whole-
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body SCV between the 200 ppm group and controls were occasionally observed (i.e. in one
or two weeks out of the study) but these were not consistent and in some cases the values
were slightly lower and in others, slightly higher. In contrast, although not seen at all weeks,
in general the SCV of all three types were lower at 2000 ppm compared to controls over
most of the exposure period, and in some cases after, in both ages of animals. The data
were presented graphically but it would appear that the reductions in SCV seen at 2000 ppm
were by around 5-10% compared to controls. Overall, in this study no effects were seen on
tail nerve conduction velocity after exposure of rats to 200 ppm styrene with slight but
consistent reductions in SCV at 2000 ppm.

In a similar study, exposure of rats to 300 ppm styrene for 6 hours/day, 5 days/week for 11
weeks resulted in an increase in tail motor nerve conduction velocity after 6 weeks, but no
difference between control and exposed groups at 8 and 11 weeks (Seppalainen et al,
1978). This result is in contrast to the findings of the study summarised above. No other
parameters were measured and the experiment was only reported in brief.

The effects of styrene on operant behaviour in rats has been investigated (Fumiko,1988).
Groups of 6-7 (13 for controls) male JCL:SD rats were exposed whole-body to 0, 50, 150,
500 or 1000 ppm for 4 hours/day, 5 days/week for 3 weeks. For the study of Fixed Ratio
Food Reinforcement schedule 30 (FR30) this exposure pattern was repeated three times
with two week intervals between exposures. For the Low Response Ratio Differential
Reinforcement Schedule 20 seconds (DRL20) only a single three week exposure pattern
was employed. In the FR30, rats were trained prior to exposure to press a lever 30 times in
order to obtain a food pellet. After the end of each four hour exposure period, FR30 was
measured for a 20 minute period and the number of lever presses and amount of food
acquired recorded. In the DRL20 rats were trained to obtain food by pressing a lever but with
at least 20 seconds between each operation. The number of times the lever was pressed,
the number of food pellets delivered and the ratio of leverpress/pellets delivered was
recorded.

Exposure to styrene had no effect on body weight. FR30 was essentially unaffected
compared to control at 50 or 150 ppm (a small non-statistically significant reduction in the
number of lever presses was observed). The number of lever presses was reduced
compared to controls at 500 (by 20%) and 1000 ppm (by ~35-50%). However, there was
recovery during each two-week exposure-free period and after the end of the exposures,
suggesting that the effects may reflect an acute response immediately following exposure.
For DRL20, data were only presented for 50 and 1000 ppm. No difference in the number of
lever presses, food acquired for the ratio of the two was observed between the 50 ppm and
control groups. At 1000 ppm the number of lever presses was increased and good
acquisition and ratio was reduced compared to controls. These differences were observed
during the first half week and the end of the exposure period but thereafter showed a trend
to recovery and from the second week returned to pre-exposure levels. This study
demonstrated that exposure to styrene at 500 ppm and above affected the operant
behaviour of rats but no significant effects were seen at 50 or 150 ppm.

Several studies have explored the effects of styrene inhalation on brain biochemistry in rats.
In one, groups of 8 male rats inhaled a control atmosphere or styrene for 12 hours/day (Mutti
et al, 1984). The control group was exposed for 7 days and styrene-exposed groups inhaled
750 or 1500 ppm for 3 days or 1500 ppm for 7 days. Additional animals (20/group) were
included for the turnover experiment. Animals were sacrificed 8 hours after the end of the
exposure period. Brains were removed immediately and tissue from the hypothalamus,
median eminence (tubero-infundibular), striatum, cerebellum, hippocampus, and cortex
areas was dissected and frozen. Catecholamine and homovanillic acid levels were
assessed. Dopamine and homovanillic acid were measured in the striatum and tubero-
infundibular areas and norepinephrine levels were reported for all regions sampled. In
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samples from the groups exposed for 7 days, the turnover of dopamine are norepinephrine
was determined by measuring catecholamine levels after intraperitoneal administration of a-
methyl-p-tyrosine, which inhibits the synthesis of catechols via inhibition of tyrosine
hydroxylase activity. Relative to controls, there was a marked dose-dependent decrease in
dopamine in the striatum of animals exposed to 750 and 1500 ppm styrene and in tubero-
infundibular areas at 1500ppm, accompanied by an increase in homovanillic acid in the
same regions. Norepinephrine levels were not altered. The dopamine turnover rates were
similar in control and exposed groups, suggesting that no increase in the activity of
monoamine oxidase (MAQ) could be detected in this study.

The effects of styrene inhalation on brain MAO-A and B activities have been investigated in
another study (Coccini et al, 1999). Groups of 7-8 male Sprague Dawley rats were exposed
whole-body to atmospheric concentrations of either 50 ppm styrene for 6 hours/day, 5
days/week for 13 weeks or 300 ppm for 6 hours/day, 5 days/week for 4 weeks; controls were
sham-exposed under similar conditions. Further groups of 4 or 5 rats received daily i.p.
injections of 100 or 400mg/kg/day styrene for 14 days, controls receiving corn oil. The rats
were killed immediately after the last exposure, the brain dissected into the cerebral cortex,
cerebellum striatum, hippocampus, brainstem and remaining brain. MAO-A and B activities
were then determined in these brain regions. Comparative studies on MAO activities in vitro
using untreated brain tissues exposed to styrene, styrene oxide, madelic acid,
phenylglyoxylic acid and styrene glycol were also performed.

Inhalation exposure to both 50 or 300 ppm was stated to induce signs at lethargy during
exposure but no changes in body weight, brain weight or brain protein content were
observed. MAO-A activity was unaffected by treatment with styrene. MAO-B activity was
reduced across all brain regions by exposure to both 50 ppm (38-50% across all regions
studied) and 300 ppm (20-34% reductions across the regions). Following i.p. dosing, MAO-A
activity was unchanged and MAO-B activity was only reduced statistically significantly in the
brainstem (by about 45% for both doses). No effects were seen on either MAO-A or B
activities in the studies performed in vitro. Overall, changes were seen in MAO-B activities in
this study but their toxicological significance is unknown.

The effect of styrene, with and without alcohol, on brain and hepatic non-protein sulfhydryls
(NPS), lipid peroxidation and enzymes has been investigated in rats (Coccini et al, 1996).
Groups of five male Sprague-Dawley rats received either a liquid alcohol (5% w/v; 36% daily
caloric intake) or isocaloric liquid (alcohol replaced buy dextrine/maltose) diet for three
weeks. During the second and third weeks groups on each diet were exposed whole-body to
either 0 or approximately 325 ppm of styrene for 6 hours/day, 5 days/week. Animals were
killed immediately after the last exposure, the brains and liver removed and the following
assessed in each tissue: NPS (as a measure of GHS), lipid peroxidation, protein content,
hepatic aniline hydoxylase and aminopurine N-demethylase and the content of cytochrome
P450 and Cyt bs. Styrene blood levels were also measured.

Rats exposed to styrene, or alcohol or both combined had lower body weights than controls
(by 15-20%) at the end of exposure. No changes were seen in brain or hepatic lipid
peroxidation or protein content. NPS levels were reduced in the brain (by 30%) and liver (by
50%) following exposure of rats to styrene on isocaloric diet and on alcohol diet (brain by
60%, liver 50%). Styrene alone was found to increase hepatic enzyme activities and the
content of cytochrome P450 and Cyt bs.

Another inhalation study was designed to assess potential effects on behaviour and changes
to the brain following exposure of rats to styrene (Savolainen et al, 1980). Groups of 26 male
Wistar rats were exposed to 0 or 300 ppm styrene for 6 hours/day, 5 days/week for 4-17
weeks. Six rats from each group were withdrawn from exposure after 8 weeks and sacrificed
in groups of 3 after one or two weeks free of exposure. The remaining rats were Kkilled in
groups of 5 after 4, 8, 13 and 17 weeks of exposure. Cerebral samples taken were used to
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isolate glial cells. The glial glutathione (GSH) concentration and activity of acid proteinase
and NADPH-diaphorase were determined. Brain samples were taken from the animals that
had been withdrawn from exposure at 8 weeks and RNA content and activity of acid
proteinase and NADPH-diaphorase analysed. Behaviour was analysed in an open field
situation after 4, 9 and 13 weeks of exposure. Body weight was unchanged relative to the
control group. Generally the analyses indicated no consistent pattern of differences in
styrene-exposed animals when compared with the control group. There were also no
significant changes in behavioural parameters in styrene-exposed animals.

In an earlier study by the same group, the effects of styrene on brain proteins and brain and
serum enzyme activities were investigated in rats exposed by inhalation (Savolainen and
Pfaffli, 1977). Groups of 40 adult male Wistar rats were exposed to either 0 or 300 ppm
styrene by whole body-exposure for 6 hours/day, 5 days/week for between 2 and 11 weeks.
Five rats from each of the exposed and control groups were killed at 2 weeks and then at
weekly intervals from weeks 4-11 from the beginning of exposure. Brain, spinal cord, blood
and perirenal fat were taken. The right hemisphere of the brain and perirenal fat were
assessed for the styrene content. The left hemisphere of the brain was assessed for protein
and RNA content and for acid proteinase (AP), acetyl cholinesterase (ACh) and creatine
kinase (CK) activities. A water-soluble brain fraction and spinal cord axonal fraction were
analysed for protein profile by polyacrylamide gel electrophoresis (PAGEP). Serum non-
specific cholinesterase and CK activities were also measured.

Animals were stated to be “somnolent” during exposure in the early stages of the study with
this effect “levelling out” (it is unclear whether this meant signs were less prominent or were
seen to be at the same degree) towards the end of the experiment. No other clinical signs of
altered neurological function were observed. Styrene levels in brain and perirenal fat
increased during the first four weeks of exposure but subsequently dropped to between one-
half (fat) and one-fifth (brain) of these levels by the 11" week of exposure. Occasional small
(5-10%) statistically significant differences between exposed and control groups were seen
in brain protein and RNA content, and AP, ACh and CK activities. These were seen
generally towards the end of the exposure period when brain styrene levels were lower,
were inconsistent (i.e. would be different from concurrent controls at one time point but not
the next) and generally fell within the range of control values seen throughout the whole
experiment. Serum non-specific cholinesterase activity was lower by 25-30% after 2-4 weeks
of exposure to styrene but was subsequently similar in both exposed and control groups. No
changes in protein profile were observed in PAGE analysis of the water-soluble brain
fraction. The expression of one protein near the cathode in the axonal spinal cord
preparation was reduced from week 9 of exposure but major protein bands remained
unchanged. Overall, no consistent effects were seen in the brain biochemistry endpoints
measured in this study in rats exposed to 300 ppm styrene for up to 11 weeks. An early
reduction in serum non-specific cholinesterase activity was seen but subsequent adaptation
appears to have accommodated for this reduction.

Rosengren and Haglid, (1989) studied brain protein in rats exposed continuously to styrene
for 90 days. Groups of 8 (exposed) or 16 (control) Sprague Dawley rats inhaled 0, 90, 320
ppm. Animals were then kept for 4 months free of exposure, sacrificed, the brains removed,
and various regions of the brain isolated by dissection. Tissue samples were homogenised
and the astrological markers S-100 and glial fibrillary acidic proteins (GFAP) measured.
Body and brain weights and S-100 were not significantly different between control and
exposed groups. Relative to the controls, GFAP concentrations in the 320 ppm group were
significantly increased in the sensory motor cortex and in the hippocampus. The appropriate
toxicological interpretation of this finding is unclear.
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Studies in rats investigating specific organ toxicity: auditory systems

A 13-week rat inhalation study explored the ototoxic potential of styrene (Albee et al, 1992).
Groups of 14 male Fischer 344 rats were exposed to 0, 50, 200 or 800 ppm styrene for 6
hours/day, 5 days/week. Animals were observed daily and bodyweight measured weekly.
Evoked potential tests (12 rats per group) were included after 13 weeks. Cochleas were
removed from 4 rats in the control and 200 ppm groups and 3 rats from the 800 ppm group
and sections specially processed for pathology. There were no exposure-related effects on
mortality or bodyweight. Histopathological investigations revealed lesions in the organ of
Corti of animals exposed to 800 ppm styrene (two tissue samples were examined). These
lesions were characterised as the loss of two outer hair cells per cross section from the
upper basal turn, and the occasional absence of an outer hair cell from the lower middle
turn. There were no alterations involving the inner hair cells, the Deiters’ cells or the pilar
cells. The organ of Corti was not affected in animals exposed to 0 or 200 ppm styrene (no
tissues were examined at 50 ppm). There were no treatment-related alterations in
somatosensory evoked potential from the sensory cortex or the cerebellum. However in the
800 ppm group, auditory brainstem response (ABR) thresholds were elevated by
approximately 40 dB at 16, 25 and 30 kHz. Hair cell loss at 800 ppm occurred in the cochlea
in areas that relate to mid — high frequency (15-30 kHz) hearing. In this study, the NOAEL for
ototoxicity was 200 ppm, with evidence of damage and impairment in the auditory system at
the next highest dose of 800 ppm.

A further investigation of ototoxicity involved groups of 12 male Fischer 344 rats exposed to
0 or 800 ppm styrene for 14 hours/day, 5 days/week for 3 weeks (Yano et al, 1992). In
styrene-exposed animals brainstem auditory evoked potentials were “slightly” affected at 4
kHz and moderately-severely altered at 8, 16, 30 kHz. Following testing and sacrifice,
cochleas were removed from 4 controls and 4 of the styrene-exposed animals with the
largest changes in auditory evoked potentials. In the styrene-treated rats, outer hair cell loss
was observed in the organ of Corti which corresponded with the hearing effects at mid
frequencies. Where damage to the cochlea was severe, occasionally inner hair cells (IHC)
were missing. In another study, brainstem auditory evoked response thresholds were
elevated at all frequencies tested, [4, 8 and 16 kHz], in male Fischer 344 rats exposed to
styrene at 800 ppm or above for 14 hours/day daily for 3 weeks (Pryor et al, 1987). The
response was greater at 8 and 16 kHz (humans can hear in this range). Neither study
explored the effects of styrene exposure at concentrations lower than 800 ppm.

Rebert et al (1993) exposed groups of 6 rats to 0, 500, 1000, 1500, 2000 or 2500 ppm
styrene as part of an experiment to determine the effect of co-exposure to styrene and
trichloroethylene on the auditory system. Animals were exposed for 8 hours/day for 5 days.
The amplitude of the brainstem auditory evoked response (BAER) at 16 kHz was measured
on the 10™ day after the end of exposure at all concentrations and latency was determined at
1000 ppm only. In the animals exposed to styrene only, there was no change in amplitude at
500 ppm but significant decreases in amplitude occurred at 1000 ppm and above when
compared with the control group. Latency was significantly decreased at 1000 ppm.

The ototoxic potential of styrene in rats following inhalation exposure either alone or in
combination with noise has been studied in detail by Makitie (1997). In a series of
experiments, groups (10-12/group) of male Wistar rats were exposed whole-body to styrene
alone, noise alone pr the two agents combined. Exposure conditions for styrene were 100,
300 or 600 ppm for 12 hours/day, 5 days/week for 4 weeks. Noise exposure conditions were
broad-band non impulse noise in the frequency range 31.5-10 kHz with a sound pressure of
100-105 dB for 12 hours/day, 5 days/week for 4 weeks. Combined exposures were to the
same noise conditions together with each of the three styrene exposure conditions. Controls
were exposed to filtered air and normal noise levels. Because of the design of the study in
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some cases (controls, noise alone and 600 ppm styrene alone) more than one group was
included overall.

Ototoxicity was assessed electrophysiologically by auditory brainstem response (ABR) and
morphologically using light and electron microscopy (LM and EM) ABR was assessed using
cutaneously applied electrodes, with testing being carried out prior to exposure, immediately
after exposure and then at specified intervals after exposure (generally about 3-6 weeks
later). Auditory stimulus for ABR consisted of clicks with alternating polarity and tone bursts
of 4 ms duration at 16 deliveries/second. The response to stimulus was assessed at
frequencies of 1, 2, 4 and 8 kHz with testing being carried out on the right ear. ABR
thresholds were defined as the lowest level giving reproducible responses in the system.
Hearing loss for each rat was assessed by comparison of pre and post exposure thresholds
as well as comparison against controls ABR latencies (as a measure of cochlear nerve
conduction) were also measured in some rats and was defined as the time between stimulus
onset to the peak occurrence of the first and fifth waves of the ABR. After the
electrophysiological studies had been completed a number of morphological studies were
carried out with both LM and EM. Both set of analyses were essentially designed to
investigate the morphology of the organ of Corti, in particular effects of treatment on the
inner and outer half cells (IHC and OHC).

No general signs of toxicity were observed during or after treatment. Body weight gain was
reduced at all styrene exposure concentrations compared to controls when administered
alone but was increased in noise exposed animals. No effect was seen on ABR latencies
with any treatment. Styrene alone at 100 and 300 ppm had no effect on BAR thresholds
compared to either pre-exposure or controls, did not increase loss of IHC or OHC and did
not induce any increases in subcellular pathology examined by EM. Exposure to styrene at
600 ppm produced mild increases in both temporary and permanent threshold shifts (TTS
and PTS) of about 1-3 dB compared to pre-exposure and control values. This
electrophysiological difference was accompanied by severe OHC loss in the third row of
cells with less loss seen in the second and first rows respectively: no loss in IHC was seen.
EM studies showed subcellular changes in OHC including increased vacuolation in the
cytoplasm, formation of vesicles and alteration of mitochondria (disruption of cristae and
formation of membrane-bound spherical bodies). Noise alone caused a mean threshold shift
ranging from 1.8 dB (at 8 kHz) to 9.3 dB (at 2 kHz), with effects most marked at the lower
frequencies (1-4 kHz). Morphological analysis by LM did not reveal any increased loss of
OHC or IHC compared to controls, although EM studies revealed some stereocilia
irregularity and apparent loss of stiffness in hair cells. The combination of noise with 100 or
300 ppm styrene caused a flat increase in PTS of around 5-10 dB across the whole
frequency range studied but this increase was about the same as for noise alone. No
increase in IHC or PHC loss was seen under these combined conditions of exposure. The
combination of noise with 600 ppm styrene, however, produced a much greater increase in
PTS, which was greater than the simple summation of the response to noise and 600 ppm
styrene alone, indicating a potentiation of effect. This electrophysiological change was
accompanied by a loss of OHC, which was more severe than that seen with 600 ppm alone
and there was also some loss if IHC. EM studies revealed structural changes such as
increased vesiculation and vacuolisation of OHC cytoplasm and many cells looked to be in
stages of degeneration. Overall, this study demonstrated that in rats ototoxicity assessed by
electrophysiological and morphological techniques was induced by exposure to 600 ppm
styrene but not at 300 ppm or less, indicating a threshold in this species somewhere
between 300 and 600 ppm. The combination of noise and styrene exposure was found to
potentiate the effect of styrene alone but only at a level where both agents were found to be
ototoxic. Where styrene was administered at non-ototoxic concentrations with noise the
severity of effects seen was only equivalent to those produced by noise alone.

In a further study, groups of eight male Long-Evans rats were exposed whole body to 0, 500,
650, 850, 1000 and 1500 ppm styrene for 6 hours/day, five days/week for four week (Loquet
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et al, 1999). Prior to exposure rats were implanted with brain electrodes in order to record
auditory stimulus evoked potentials. Audiometric testing (noise intensity thresholds for
evoked potential across a range of frequencies from 2-32 kHz) was performed one month
after implant at two days prior to styrene exposure and then at six weeks after the exposure
period. Permanent threshold shifts (PTS) were calculated as the difference in sound intensity
required to induce an evoked response between the pre and post exposure measured
thresholds. Following audiometry testing histopathological and scanning electron
microscopic (SEM) examination was used to assess damage to the inner and outer hair cells
(IHC and OHC) of the organ of Corti. Counts of surviving hair cells were used to
quantitatively assess the damage; no attempt was made to judge the condition of surviving
hair cells.

PTS was elevated at exposure levels of 850 ppm and above. At 850 ppm there was a large
PTS over the frequency range 16-20 kHz but no hearing loss at lower or higher exposure
concentrations. At higher exposure levels hearing loss was measured across the frequency
range with the effect increasing with airborne exposure concentration. Slight effects were
seen at 650 ppm but no change in PTS compared to controls was seen at 500 ppm.
Histopathology and SEM revealed no effects on IHC in treated or control animals and a
background loss of OHC in controls. In contrast animals treated with 650 ppm and above
styrene showed loss of OHC in all three rows with most loss seen at positions which are
believed to correspond to the 4 and 20 kHz detection frequencies. The effects were most
marked across the exposure range in the third row of OHC with progressively less damage
in the second and first rows. This study demonstrates that styrene is ototoxic in rats following
inhalation exposure at concentrations of 650 ppm and above, with a clear NOAEL being
identified at 500 ppm. The effects measured by audiometry were accompanied by damage
to the OHC in the affected groups.

In a subsequent report, the same group of workers using essentially the same techniques
investigated the interaction between styrene and noise exposure in rats (Lataye et al, 2000).
Groups of 16 male Long-Evans rats received implants to measure auditory stimulus evoked
responses and were exposed to: noise alone (97 dB) octave noise centred at 8 kHz which
was chosen where auditory sensitivity was expected to be highest) for 6 hours/day, 5
days/week for 4 weeks; styrene alone, whole-body at 750 ppm for 6 hours/day, 5 days/week
for 4 weeks; styrene plus noise at these levels; air and normal noise levels. Audiometry was
performed prior to exposure, on the day following the end of exposure and after a six week
recovery period. Histopathology and SEM studies were performed as before, immediately
after the audiometry studies.

Noise alone was found to increase evoked potential thresholds (i.e. affect hearing) at both
time points after exposure over the frequency range 8-20 kHz, with peak effect seen at 12
kHz: some recovery was seen after the six week recovery period although shifts in evoked
potential thresholds were still observed. Styrene alone was found to affect hearing over the
range 16-20 kHz but the effects were not as great as noise alone, although subsequent
recovery was not observed. When styrene was combined with noise, the induced hearing
loss was observed over the frequency range 8-20 kHz (i.e. the same range as noise alone)
but was found to be greater than the arithmetical sum for the two agents alone over the
frequency range 6-12 kHz, indicating an interaction between the two agents.

Histopathological and SEM analysis showed a loss of OHC (about 17% loss) in the first row
at a position associated with 17 kHz hearing frequency; OHC rows 2 and 3 showed slight
losses in cells. Styrene induced large losses of OHC in row 3 at 20 kHz (86% loss) and 4
kHz (70% loss). OHC2 and OHC1 were less damaged than OHC3. Exposure to styrene and
noise together induced a loss of hair cells in a pattern similar to that for styrene alone but of
a more severe nature, with loss of 94% of cells in OHC3 at the 20 kHz position and 86% of
cells in OHC3 at the 4 kHz position. Overall, this study demonstrated that when rats were
exposed to the two agents, noise and styrene, each at ototoxic levels, the effects on auditory
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function and histopathological damage were more marked than might be expected if the
effects of the two were simply added, suggesting a positive interaction.

The ototoxic potential of styrene in rats and guinea pigs following inhalation exposure has
been studied by Lataye et al. (2003). The guinea pig investigations of this study are reported
under “Other species” and only the rat investigation is summarised here.

Groups of 5-6 male Long-Evans rats were exposed, whole-body, to 0 or 1000 ppm (4330
mg/m?®) styrene vapour, 6 hours/day for 5 days. At regular intervals during the exposure
period urine samples were taken for measurement of urinary metabolites of styrene.
Cochlear function was tested before, 20 minutes after the end of the 5 days of exposure, and
2 and 4 weeks post-exposure using cubic distortion product otoacoustic emissions (DPOAE)
recorded from the external ear canal in anaesthetized animals. A satellite group of animals
was anaesthetized immediately after the last styrene exposure, killed and subjected to blood
sampling for analysis of styrene levels. An additional group of 5-6 male Long-Evans rats
exposed, whole-body, to 1000 ppm styrene vapour, 6 hours/day for 5 days was sacrificed
four weeks after the last exposure for removal and analysis of the aural bones and tissues.

The bodyweights of animals were recorded weekly — no differences from controls were
noted during the course of this study. In styrene-exposed rats, DPOAE amplitudes were
statistically-significantly decreased at 2 and 4 weeks post-exposure, although the magnitude
of the effect was no greater at 4 weeks than at 2. Histologically, hair cell loss was observed.
Blood styrene levels on completion of 5 days of styrene exposure were 22.8 ug/g. Urinary
hippuric acid levels at 3 and 4 days post-exposure were around 4 g/g creatinine.

Overall, this study shows hearing loss in rats exposed to 1000 ppm (4330 mg/m?®) styrene for
5 days. Unfortunately, this study did not employ a range of different exposure levels to
explore the dose-response relationship.

As part of a study investigating the combined effects of styrene and ethanol, groups of 10-11
male Long-Evans rats were exposed, whole-body, to 0 or 750 ppm styrene vapour 6
hours/day, 5 days/week for 4 weeks (Loquet et al, 2000). Audiometric thresholds for each
animal were determined from 2 to 32 kHz using brainstem auditory evoked potentials before
the start of the study and 6 weeks post-exposure. Urine samples were collected every day
for the first week of styrene exposure and then on the 4™ day of each week for the remaining
3 weeks. Samples were analysed for mandelic acid (MA), phenylglyoxylic acid (PGA),
hippuric acid (HA), and also for N-acetyl-B-D-glucosaminidase (NAG), y-glutamyl-
transpeptidase, total urinary protein, and urea. At termination, blood samples were taken for
analysis of ALT and AST and glutamate dehydrogenase, and liver samples for analysis of
CYP2E1. Histology examinations included counting hair cells in the organ of Corti from 5
animals and focussed only on auditory tissues.

The audiometry examination showed evidence of hearing loss at high and low frequencies
(increased, permanent shifts in auditory threshold at 2, 16 and 20kHz). The cytocochleogram
showed outer hair cell loss of approximately 86% in regions corresponding to 8 and 22kHz.
There were no significant differences between styrene-exposed animals and controls in the
urinary biomarkers of liver or kidney toxicity. Styrene induced a significant increase in the
activity of CYP2E1 compared to controls. Overall, this study demonstrates hearing loss
accompanied by histological damage in rats exposed repeatedly to 750 ppm styrene for 4
weeks.

In a time course experiment, male Long-Evans rats were exposed to 0 (16 animals) or to
1000 ppm styrene for 6h/day, 5 days/week, for either 1 (16 animals), 2 (12 animals), 3 (12
animals) or 4 (12 animals) consecutive weeks (Campo et al., 2001). Following exposure,
groups of 4-8 animals were sacrificed for the histological analysis of the cochlea.
Audiometric thresholds were determined in 8 animals per group prior to exposure, the day
after exposure and after a 6-week recovery period. Surprisingly, hearing loss was similar
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despite the differences in duration of exposure, but worsened after the end of the exposure.
For example, the 16 kHz threshold shift was 20 dB at the end of the exposure period (for the
1-week exposure test) but increased up to 35 dB by 6 weeks post-exposure. The histological
damage in the cochlea (large losses in the third row of the outer hair cells -OCH3-, less
severe damage in the OCH2 and no lesions in OCH1 and IHC) was also similar for the
different durations of exposure. Analysis by electron microscopy showed damage and
disorganisation of the plasmalemma membrane. Overall, this study shows that ototoxicity
(hearing loss accompanied by histological damage) in rats exposed repeatedly to 1000 ppm
styrene does not worsen with duration of exposure (from 1 to 4 weeks). Hearing loss seems
to progress after the end of the exposure period reaching its maximum at around 6 weeks
post-exposure. This is likely to be the consequence of the damaged hair cells which are still
dying off after the end of the exposure. This study also shows that styrene and/or its
metabolites cause a serious disturbance of the membranous organisation.

Studies on other organic solvents such as toluene (Johnson and Nylen, 1995; Pryor et al.,
1984) show that ototoxicity appears after relatively short exposures and that continued
treatment does not enhance the intensity of the ototoxic response. A clear decrease in
auditory sensitivity was seen in rats exposed to 1000 ppm toluene (22h/day, 7 days/week)
for one month, but no hearing effects were found after 19 months of exposure with a shorter
daily duration (6h/day, 5 days/week) (Nylen et al., 1987). Although no histopathology was
conducted in this study, these findings show that the daily exposure concentration is the
important factor in determining hearing loss and not the total length of exposure.

Styrene-induced hearing loss did not appear to be counterbalanced by central compensation
(GABAergic adjustment in the inferior colliculs) in Long-Evans rats exposed to 700 ppm
styrene 6h/day, 5 days/week for 4 weeks, but hearing loss caused by noise (97 dB SPL
octave band noise centered at 8 kHz) did appear to be centrally compensated (Pouyatos et
al., 2004).

Styrene-induced hearing loss was greater in 3-month old Long-Evans rats compared to 4-
month old rats exposed to 700 ppm styrene 6h/day, 5 days/week for 4 weeks, but was not
body weight-sensitive. These data suggest that younger adult rats may be more susceptible
to styrene ototoxicity compared to older adult animals (Lataye et al., 2004).

Lataye et al (2005) compared styrene-induced ototoxicity in active rats and
sedentary/ordinary rats and investigated the combined effects of noise and styrene on
hearing. Groups of eight male Long-Evans rats were exposed whole body under
sedentary/ordinary conditions to 0, 500, 650, 850 or 1000 ppm styrene for 6 hours/day, five
days/week for four week. Additional groups of 4 male Long-Evans rats, forced to run (for 2
minutes every 3 minutes) in a special wheel during the exposure, were exposed whole body
to 0, 300, 400, 500 or 600 ppm styrene for the same exposure duration. Furthermore, groups
of 6 active male Long-Evans rats were exposed to 0, 400 ppm styrene alone, noise alone
(an octave band noise centered at 8 kHz) or styrene (400 ppm) and noise combined.
Audiometric testing was performed prior to styrene exposure and at six weeks after the
exposure period. Following audiometry testing histopathological and scanning electron
microscopic (SEM) examination was used to assess damage to the inner and outer hair cells
(IHC and OHC) of the organ of Corti.

In the sedentary animals, hearing loss and OHC cell damage were observed at 650 ppm and
above, but not at 500 ppm. In the active rats, functional and histological damage was
observed at 400 ppm and above, but not at 300 ppm. These results show that the ototoxic
potency of styrene exposure depends on the physical activity of the animals as this is related
to the ventilation rate and, in turn, to the uptake of the chemical via the lungs. Overall, based
on these findings, NOAEC values of 500 and 300 ppm can be identified in
sedentary/ordinary rats and active rats, respectively.
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In the experiment investigating the combined effects of noise and styrene, noise alone or
styrene alone were found without effect; however, both heraing loss and OHC cell damage
were observed in the animals exposed to noise and styrene combined. These results
suggest that styrene-induced ototoxicity can be potentiated by exposure to noise.

Campo et al. (1999) investigated whether styrene-induced ototoxicity is caused by “tissue
intoxication” or by “fluid contamination”. Long-Evans rats were exposed to styrene in air at a
concentration of 1750 ppm for 6 hours on the first day and a further 4 hours the following
day. Immediately after exposure, blood, brain, auditory nerves, the organ of Corti,
cerebrospinal fluid and inner ear fluid were sampled and the styrene concentration in each
tissue determined by gas chromatography. Styrene was found in the organ of Corti, the
nerves and the brain but not in the cerebrospinal and inner ear fluids. Based on these data
the authors proposed that styrene-induced ototoxicity is caused by “tissue intoxication”.
Styrene, transported by blood coming from the stria vascularis or the spiral prominence,
diffuses through the outer sulcus to reach the lipid-rich Hensen’s cells. These cells are in
close connection with the Deiters cells that are directly located under the outer hair cells
(OHC). Thus the target cells are reached by diffusion of styrene. This explains why the hair
cells are lost sequentially from OHC3 to OHC1 as diffusion continues.

Clear evidence of ototoxicity (both functional and histological) has been seen in
sedentary/ordinary rats repeatedly exposed to styrene by inhalation at concentrations of 600
ppm and above. In three different studies, no such effects were seen at 200 ppm (13
weeks), 300 ppm or 500 ppm, although in the latter two cases the studies were only of four
weeks’ duration. One study in active rats exposed to styrene for 4 weeks showed that
styrene-induced ototoxicity tend to occur at lower exposure concentrations than those at
which ototoxicity is observed if sedentary/ordinary rats are employed. This is considered to
be due to the increased styrene uptake, which is the consequence of the increased
ventilation rate and, in turn, of the increased physical activity. In this study ototoxic effects
were seen at 400 ppm and above, but not at 300 ppm. Ototoxicity has been seen at similar
exposure levels with other aromatic organic solvents, such as toluene and xylene. The
underlying toxicological mechanism has not been clearly elucidated. This effect should be
regarded as of potential relevance to human health. The histological damage consists of the
destruction of the outer hair cells (OHC; especially of row 3) of the cochlea. These changes
are accompanied by an elevation of the hearing thresholds in the mid-frequency range (10-
20 kHz). The destruction of the hair cells is irriversible and occurs at slightly lower exposure
concentrations than those producing the audiometric hearing threshold shifts. Mechanistic
investigations indicate that styrene reaches the sensory hair cells of the cochlea via the
blood stream and that styrene itself and/or its metabolites cause a serious disturbance of the
membranous organisation of these target cells. A number of studies suggest that styrene-
induced ototoxicity can be potentiated by exposure to noise. The available evidence also
shows that ototoxicity appears after relatively short exposures (1 week) and that continued
treatment (4 weeks up to 19 months) does not enhance the intensity of the ototoxic
response. On this basis, it is considered that the NOAEC values of 500 and 300 ppm for 4
weeks in sedentary/ordinary and active rats respectively are a more accurate starting point
for risk characterisation than the NOAEC of 200 ppm for 13 weeks.

Studies in rats investigating specific organ toxicity: Ocular system

Groups of 10 female Sprague-Dawley rats were exposed, whole-body, to 0 or 300 ppm
styrene 6 hours/day, 5 days/week for 12 weeks (Vettori et al, 2000). Retina were removed
post-mortem; the right retina was studied for tyroxine hydroxylase-immunoreactive (TH-IR)
amacrine cell count, and the left retina was analysed for dopamine (DA), catecholamine
(CA), tyrosine hydroxylase (TH), homovanillic acid (HVA), 3,4-dihydroxy-phenylacetic acid
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(DOPAC), and glutathione levels. Amacrine cells are neurons that produce dopamine, which
is assumed to modulate the retinal cone-horizontal cell transmission that is involved in colour
vision.

The number of large amacrine cells was reduced by around 30% in styrene-exposed rats
when compared to controls. The density of small amacrine cells was unaffected. Dopamine
and DOPAC content were lower than controls (22% and 17% respectively), as were
glutathione levels (28%). Overall, this study showsminor effects on the number of the large
amacrine cells and on the content of neuramines and glutathione of the retina of rats
exposed repeatedly to 300 ppm styrene for 12 weeks. However, it is considered that, in the
absence of any associated conventional histopathology and given the lack of information on
what are the ‘normal’ levels of dopamine and glutathione in the retinal cells of rats, the rather
minor morphometric and biochemical changes observed are unlikely to represent a toxic
response. It should also be noted that this was a non-standard test which did not involve the
use of positive and negative control substances; hence, this questions the reliability of the
reported findings which could just be an artefact of sample preparation/handling.

Summary of repeated inhalation exposure studies in rats

A variety of repeated inhalation exposure studies in rats have been conducted. Two well-
characterised target sites have been identified: the nasal epithelium and the ear. In relation
to nasal epithelium damage, a NOAEC has not been identified, with chronic inflammatory
changes (mild in degree and confined to the olfactory epithelium with no effects on
Bowman’s glands or olfactory nerve fibres), having been seen with long-term daily exposure
to 50 ppm styrene, the lowest concentration explored in a 2-year study. Nasal lesions have
also been oberved after 13 weeks of exposure at 500 ppm and above and in the high
exposure group (500 ppm) of the Fy and F; generations (treated approximately for 10 weeks)
in a recent 2-generation study (see section 4.1.2.9.2). It has been shown that the
cytochrome P450-mediated metabolism of styrene to the reactive metabolite styrene oxide
and to other reactive metabolites (e.g. the downstream metabolites of 4-vinylphenol) is a
crucial factor in the expression of nasal epithelium toxicity. It is important to consider that
cytochrome P450-catalysed metabolic activation of styrene to styrene oxide in human nasal
epithelial tissue appears to be negligible (see toxicokinetics section). In relation to 4-VP and
its downstream metabolites, studies with rat, mouse and human lung microsomes have
shown that the relative formation rates of these chemical species indicate that the mouse
ability to produce these metabolites is greater than in the rat (14-79% of the mouse
concentrations) and even greater than in humans (1.5-5% of the mouse concentrations)
(Bartels et al, unpublished, 2004). A similar toxification of styrene via 4-VP and its
downstream metabolites may also be presumed to be mediated by CYP2F2 in the nasal
tissue especially of mice. Hence, it can be concluded that the nasal epithelium damage
induced by styrene in rats is not of relevance in relation to the potential repeated dose
effects of styrene in humans at relevant levels of exposure.

In relation to effects on the ear, clear evidence of ototoxicity (both functional and histological)
has been seen in sedentary/ordinary rats repeatedly exposed to styrene by inhalation at
concentrations of 600 ppm and above. In three different studies, no such effects were seen
at 200 ppm (13 weeks), 300 ppm or 500 ppm, although in the latter two cases the studies
were only of four weeks’ duration. One study in active rats exposed to styrene for 4 weeks
showed that styrene-induced ototoxicity tend to occur at lower exposure concentrations than
those at which ototoxicity is observed if sedentary/ordinary rats are employed. This is
considered to be due to the increased styrene uptake, which is the consequence of the
increased ventilation rate and, in turn, of the increased physical activity. In this study ototoxic
effects were seen at 400 ppm and above, but not at 300 ppm. Ototoxicity has been seen at
similar exposure levels with other aromatic organic solvents, such as toluene and xylene.
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The underlying toxicological mechanism has not been clearly elucidated. This effect should
be therefore regarded as of potential relevance to human health. The histological damage
consists of the destruction of the outer hair cells (OHC; especially of row 3) of the cochlea.
These changes are accompanied by an elevation of the hearing thresholds in the mid-
frequency range (10-20 kHz). The destruction of the hair cells is irriversible and occurs at
slightly lower exposure concentrations than those producing the audiometric hearing
threshold shifts. Mechanistic investigations indicate that styrene reaches the sensory hair
cells of the cochlea via the blood stream and that styrene itself and/or its metabolites cause
a serious disturbance of the membranous organisation of these target cells. A number of
studies suggest that styrene-induced ototoxicity can be potentiated by exposure to noise.
The available evidence also shows that ototoxicity appears after relatively short exposures
(1 week) and that continued treatment (4 weeks up to 19 months) does not enhance the
intensity of the ototoxic response. On this basis, it is considered that the NOAEC values of
500 and 300 ppm for 4 weeks in sedentary/ordinary and active rats respectively are a more
accurate starting point for risk characterisation than the NOAEC of 200 ppm for 13 weeks.

There is no convincing evidence for repeated inhalation exposure to styrene producing
damage to, or dysfunction of the central nervous system in rats. CNS depression (narcosis)
has been observed, but this was a transient and reversible acute effect rather than the
consequence of repeated exposure. Variable results have been obtained in studies
investigating elements of brain biochemistry, but none of the differences detected between
styrene-exposed and control animals are interpretable within an established framework of
well-validated neurotoxicological criteria.

In one single non-standard investigation, rather minor effects on the number of the large
amacrine cells and on the content of neuramines and glutathione of the retina of rats
exposed repeatedly to 300 ppm styrene for 12 weeks have been reported. However, it is
considered that, in the absence of any associated conventional histopathology and given the
lack of information on what are the ‘normal’ levels of dopamine and glutathione in the retinal
cells of rats, the rather minor morphometric and biochemical changes observed are unlikely
to represent a toxic response.

Mice

General studies in mice investigating a range of toxicological endpoints

In a well conducted combined chronic toxicity/carcinogenicity study, groups of 70 male and
70 female CD-1 mice were exposed whole-body to 0, 20, 40, 80 or 160 ppm styrene
monomer vapour (98.8 to 99.5% purity) for 6 hours/day, 5 days/week for up to 104 weeks
(Cruzan et al, 1998). Ten animals per sex per group were sacrificed at weeks 52 and 79 for
interim analyses. The remaining 50 animals/sex/group were maintained for the remainder of
the study duration (see section 4.1.2.8.1 for study details). Two females at 160 ppm were
found dead or moribund during week 2 of exposure. Deaths were considered to be
treatment-related and as a consequence of the hepatocyte necrosis in these animals
observed at necropsy. In these decedents metaplasia of the olfactory epithelium of the nasal
passages was also observed. No other treatment-related deaths occurred. The only clinical
sign of toxicity observed was increased activity in animals at 160 ppm, for the first week of
exposure, compared to controls. Activity levels were comparable with controls throughout
the remainder of the study.

Relative to controls, body weight gain was unchanged in males and females at 20 ppm.
During the first 13 weeks of the study in both males and females at 40, 80 and 160 ppm,
body weight gain was statistically significantly reduced compared with controls, by 11, 11
and 33% in males and by 12, 12 and 25% in females. A reduced body weight gain was
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sustained in these animals throughout the remainder of the study, although statistical
significance was only maintained in males at 80 and 160 ppm (body weight gain reduced by
23 and 31%) and in females at 160 ppm (body weight gain reduced by 15%). Food
consumption in males at 80 ppm and in males and females at 160 ppm was statistically
significantly reduced during the first 13 weeks of the study compared with controls (by 8 to
10%), and this reduction was maintained throughout the duration of the study. Water
consumption was increased in a dose-responsive manner in animals at 40, 80 and 160 ppm
by 7 to 23%, compared with controls, during the first 4 weeks of the study. Thereafter until
week 79 of the study water consumption was slightly reduced in all exposed animals.
Immediately prior to study termination water consumption was comparable in all animals.
Haematological, clinical chemistry and urine analyses revealed no treatment-related
changes, in any of the animals examined. Opthalmoscopic examination did not reveal any
treatment-related changes in any of the exposed animals.

At weeks 53 and 79 for both sexes and weeks 98 for females and 104 for males, absolute
and relative organ weights of treated animals were comparable with controls. No adverse
macroscopic pathological findings were observed at week 53. At week 79 and 98 (females)
or 104 (males) there was an increase in the number of lung masses in exposed animals, but
this did not appear to be dose-related. Microscopic examination at weeks 53, 79 and 104
revealed treatment-related changes in the nasal passages of exposed animals. The changes
were predominantly located in the dorso-median airway but extended to the dorso-lateral
and medial median airways in the later examinations. Changes were observed in animals
exposed to 40, 80 and 160 ppm styrene at week 53 and in all exposed animals at weeks 79
and 98/104. The observed changes consisted of respiratory metaplasia of the olfactory
epithelium, dilatation of the Bowman’s gland and respiratory metaplasia in the Bowman’s
gland, and atrophy of the olfactory nerve fibres. In animals at weeks 79 and 98/104 at 80
and 160 ppm (but not at 20 or 40 ppm), in which there was marked metaplasia and loss of
nerve fibres, there was also a marked reduction in the depth of lamina propria (with loss of
Bowman'’s glands) and a focal loss of bone from the underlying turbinates. Other treatment-
related changes in these animals were focal degenerative lesions in the olfactory epithelium
(necrosis/degeneration/atrophy), the presence of rosettes or prominent Bowman’s glandular
elements, presence of eosinophilic inclusions and of inflammatory debris in the dorso-
median airway and an increased incidence of ductal ectasia with or without glandular
proliferation. In males at 104 weeks there was also and increased incidence of epithelial
hyperplasia in the nasolachrymal duct, compared with controls. The severity of all of these
changes was dose-related, being minimal at 20 ppm, moderate at 40 ppm and marked at 80
and 160 ppm.

Treatment-related changes were also found in the lungs of exposed animals (at 40, 80 or
160 ppm at week 53, and in all groups including 20 ppm, at weeks 79 and 98/104). These
comprised hyperplasia in the terminal bronchioles and focal bronchiolar-alveolar hyperplasia
and fibrosis extending to the alveolar ducts and extension of non-ciliated cells from the
terminal bronchiole to the alveolar duct. No other treatment-related non-neoplastic findings
were observed in exposed animals. Neoplastic changes are detailed in section 4.1.2.8.1.
Overall, these data indicate that in the mouse the nasal passages and lungs are the target
organs for styrene toxicity following exposure via the inhalation route under the conditions of
this study. A NOAEC cannot be determined from this study, chronic inflammatory changes
being observed at 20 ppm, the lowest exposure level tested.

Another study is available in which groups of 10 male and 10 female CD-1 mice were
exposed whole-body to 0, 50, 100, 150 or 200 ppm styrene for 6 hours/day for 13 weeks
(Cruzan et al, 1997). A satellite group of 30 males was exposed by the same regimen for 2,
5 or 13 weeks, at which time lung and liver cell proliferation was determined by BrdU
labelling. Animals were assessed during the study for deaths, body weight changes and
clinical signs of toxicity. Extensive analyses of haematological and clinical chemistry
parameters were conducted. Extensive gross pathological and histopathological examination
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was performed. Additional satellite groups of 5 mice/sex/group were examined at week 1
with respect to serum sorbitol dehydrogenase (SDH) and alanine transferase (ALT), bile and
acid levels and liver histopathology.

Two female mice exposed to 200 ppm died during the first week of the study. Evidence of
centrolobular necrosis and congestion was found in the livers of the decedents and was
reported as the cause of death. Abnormal histopathology of the nasal passages (atrophy of
the olfactory epithelium) was also observed in the decedents. In relation to the surviving
animals, (females at 200 ppm were cold to touch, lethargic and had slow respiration during
the first week of exposure. No other clinical signs of toxicity were observed. In males at 200
ppm body weights and food consumption were reduced (no quantitative data reported).
Organ weights, haematological and clinical chemistry parameters were comparable with
controls in all animals investigated at each time point.

Abnormalities in the nasal passages of animals in all exposure groups were observed. The
primary lesion reported was atrophy of the olfactory epithelium and of the olfactory nerve
fibres with or without focal respiratory metaplasia, and dilatation, hypertrophy and
hyperplasia of the Bowman’s gland. Abnormalities of the lungs were observed in the lungs of
the majority of animals at 100, 150 and 200 ppm. These findings included decreased
eosinophilia of the bronchial epithelium with focal crowding of non-ciliated cells in the
bronchioles. No abnormalities of the lungs were observed in animals at 50 ppm. No
abnormalities were observed in the livers of animals at 50 or 100 ppm. Abnormal liver
histopathology (inflammation, fibrosis and hepatocyte loss) was observed after 13 weeks in
2 males at 200 ppm and in 5 females at 150 ppm and all surviving females at 200 ppm. The
severity of these liver effects was more marked in females than in males.

BrdU labelling showed no increase in cell proliferation in the liver cells at any exposure level.
An increase in the labelling index of the respiratory epithelium Clara cells was observed at
weeks 2 and 5 in some animals at 150 and 200 ppm. No increase was observed at week 13.
No such effects were observed at 100 ppm. Cell proliferation in nasal tissue was not
investigated. Overall, a NOAEC was not evident from this study, with nasal epithelium
damage being seen at 50 ppm, the lowest exposure level used.

In a study for which only an abstract is available, groups of B6C3F, mice (humber per group
not specified) were exposed to 62.5 to 500 ppm styrene for 90 days (exposure regimen not
detailed) (Roycroft et al, 1992). The abstract reports the following observations (no further
details are available). No treatment-related deaths were reported in females but treatment-
related deaths were observed in males at 250 and 500 ppm (incidences got given). No
clinical signs of toxicity were observed at any exposure. Body weight gain was reduced in all
exposure groups. Relative liver weights were increased in mice at the two highest exposures
and relative lung weights were increased in all exposure groups. “Liver enzyme activities”
were increased in mice at 125 ppm and above. Other haematological and biochemical
analysis were unaffected. Exposure-related histopathological findings comprised
centrilobular necrosis/cytomegaly/karyomegaly in the liver; forestomach hyperplasia and
ulcer, mineralisation of the heart; degeneration of the larynx; bronchiolar regeneration and
inflammation; and cortical tubular necrosis in the kidney. An exposure-related increase in
oestrus cycle was also reported. It is not clear from the abstract whether or not all exposure
levels produced such effects.

In a short-term repeated exposure study, groups of CD-1 and B6C3F; mice (20 males and
20 females per strain) were exposed whole-body for 6 hours/day, 5 days/week for 2 weeks
to 0, 15, 60, 250 or 500 ppm styrene (Kenny, 1992 and Cruzan et al, 1997). Signs of toxicity
and bodyweight were recorded. A histopathological examination was performed on lungs,
liver, kidneys and any tissue found to be macroscopically abnormal. The nasal passages
were not examined. Toxic effects were noted in both strains, with many treatment-related
deaths at 250 and 500 ppm. During exposure signs of irritation (not specified) were observed
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in both strains at all exposure concentrations. Also during exposure, general signs of toxicity
(lethargy, prone posture) were observed in both strains at the highest concentration only.
Statistically significant increases in liver and kidney weights occurred at 500 ppm (quantified
data not reported). In groups of animals of both strains exposed to 250 and 500 ppm,
macroscopic liver changes in centrilobular hepatocyte necrosis were observed. Treatment-
related siderocytes and/or prominent mitotic figures were seen microscopically in the liver in
some animals from both strains at 60 ppm and above. Leucocytosis and single cell necrosis
in the bronchiolar epithelium were found in the lungs at 250 and 500 ppm. In B6C3F,; mice
there was an increased incidence of perivascular inflammatory cells in the lungs at 60 ppm
and above. The only microscopic findings in the kidney were minimal tubular necrosis,
swollen epithelial cells or eosinophilic granular contents of 500 ppm in CD-1 mice only.
There were no treatment-related findings in the organs examined in animals of either strain
at 15 ppm.

In a study specifically conducted to investigate the potential effects of styrene on sperm
morphology (Salomaa et al., 1985), groups of 9-14 mice were exposed whole body 6h/day
for 5 days to 0, 150 or 300 ppm styrene. Two additional groups of animals given
intraperitoneally 40 or 80 mg/kg/day cyclophosphamide, were used as positive control
animals. The mice (groups of 4-7 animals) were then sacrificed 3 and 5 weeks after the
beginning of the exposure to investigate potential effects on spermatids and on late
spermatogonia/early spermatocytes, respectively. Head-shape morphology was examined
for 500 sperms per mouse obtained from the cauda epididymides. No statistical significant
increase in the frequency of abnormal sperm heads was detected 3 or 5 weeks after the
beginning of the exposure. Cyclophosphamide induced, as expected, a positive response.
Negative results were also obtained in this study in groups of 9-14 mice given
intraperitoneally 175, 350 or 700 mg/kg/day styrene in olive oil for 5 days.

Studies in mice investigating specific organ toxicity: liver

Groups of at least 20 male and 20 female B6C3F mice were exposed whole-body to 0, 125,
250 or 500 ppm styrene for 6 hours/day for 14 days (Morgan et al, 1993a). Mortality data
were reported for the total mice exposed to styrene but only 10 per sex per group were
included in the main element of the study which concentrated on effects on the liver.
Remaining animals were included in a study of the immune system by Corsini et al (1994),
summarised below. Hepatotoxicity was assessed by liver weight and histopathology results.
Styrene-related deaths occurred in the 250 and 500 ppm groups, mainly after only 1or 2
exposures at about 12 hours post-exposure. In male mice, 8 or 27 died at 500 ppm and 11
of 25 died at 250 ppm. In female mice deaths (6 of 65) only occurred at 250 ppm. There was
no significant effect on bodyweight. Severe histopathological effects were found in the livers
of decedents. These included degeneration of necrosis of hepatocytes. In survivors,
necropsied at 14 days, hepatic lesions included pigmentation, focal necrosis and
inflammation. More severe histopathological changes were observed at 500 ppm than at 250
ppm; the main lesion was karyomegaly and cytoplasmic basophilia in  centrilobular
hepatocytes. No liver effects were seen at 125 ppm.

In a study comparing the hepatotoxicity of styrene in different strains of mice (DBA/2,
B6C3F,, C57BL/6 and Swiss strains), groups of 20 mice/sex/dose/strain were exposed to 0,
125, 250 or 500 ppm styrene for 6 hours/day for 4 days (Morgan et al, 1993c).
Histopathological changes and liver weights were evaluated as indicators of hepatotoxicity.
Styrene oxide levels in blood were measured as an indictor of styrene uptake and
metabolism. The results demonstrated that the DBA/2 strain of mouse was much less
susceptible to hepatotoxicity caused by styrene than the other strains tested, with no deaths
and only “slight” signs of hepatotoxicity being reported at exposure concentrations of up to
500 ppm. In the B6C3F, strain, deaths (14/20 male mice died at 250 ppm and 3/20 at 500

125



R034_0806_hh_publication

ppm) and hepatotoxicity (increased liver weight and necrosis) were observed at 250 and 500
ppm. Strain C57BL/6 showed a similar response to B6C3F; of which it is a parental strain.
Swiss mice exhibited a dose-dependent increase in mortality, liver weights and liver necrosis
from 250 ppm (0 males and 3 females died at 250 ppm and 10 males and 8 females died at
500 ppm). The severity of the increased liver weights and necrosis was intermediate to the
effects observed in B6C3F,/C57BL strains of mice and the DBA/2 strain. The relative levels
of blood styrene-7, 8-oxide metabolite did not follow the same order in the different strains
and therefore did not correlate with the strain differences in evident hepatotoxicity.

In a study designed to investigate mouse strain and gender difference in susceptibility to
hepatotoxicity following repeated exposure to styrene, groups of male and female B6C3F;
and Swiss mice (total numbers not reported) were exposed nose only to 0, 150 or 200 ppm
styrene vapour (99.9% purity) for 6 hours/day, 5 days/week for up to 2 weeks (Morgan et al,
1995). In the mouse, metabolism is not saturated at such concentrations (see section
4.1.2.1). Following the 2", 3™ 5™ and 10" exposures, changes in body weight, liver weight,
serum alanine transferase (ALT), sorbitol dehydrogenase (SDH), total liver glutathione
(GSH) and liver histopathology were determined in groups of 6 animals/sex/strain.

One female Swiss mouse was found dead after 4 exposures to 200 ppm. Necropsy revealed
evidence of centrolobular hepatocellular necrosis. No male Swiss mice or B6C3F; mice of
either sex died during treatment. Body weights and liver weights were similar in all animals.
ALT and SDH levels were massively increased in female B6C3F, mice after 3 exposures to
200 ppm. Levels were only “slightly” elevated after 5 exposures and had returned to control
levels after 10 exposures. Levels in all other test animals were comparable with controls
throughout the study period. A dose related decrease in hepatic GSH levels in both sexes of
both strains was observed at all time points in both exposure groups. The decrease was
greatest (60-70%) in female B6C3F, mice at 200 ppm at each time point. Histopathological
examination revealed a dose related increased incidence of degenerative and coagulative
necrosis of centrilobular hepatocytes in female B6C3F; mice after 2, 3 and 5 exposures.
Following 10 exposures the lesions were absent but inflammation was still present.
Degeneration was also observed in 1 male B6C3F; mouse after 3 exposures to 200 ppm but
not in any other male at other time points. Apart from in the decedent, no lesions were
observed in Swiss mice of either sex at any exposure concentration or time point.

The results of this study indicate that B6C3F; mice are more susceptible to styrene-induced
hepatoxicity than Swiss mice, and that female mice of this strain are more sensitive than the
males. The possible reason for these differences (intra-species and between sexes) is
probably a result of different rates of metabolism of styrene to styrene oxide, as indicated by
differences in GSH depletion rates.

As part of an excretion study (see section 4.1.2.1.2), increased mortality (25%), elevated
serum ALT levels (7-fold increase over controls) and evidence of hepatoxicity (severe
centrolobular congestion, followed by acute necrosis) were observed in B6C3F; mice
exposed to 250 ppm styrene via whole body exposures for 6 hours/day for 1-5 days (Sumner
et al, 1997). In CD-1 mice the liver effects observed were quantitatively similar to those
observed in B6C3F; mice but were of a less severe nature and did not appear until later in
the exposure period. In recovery animals of both strains, complete regeneration of the livers
was found on day 5 of recovery.

A series of studies has been conducted in the mouse investigating potential hepatoxicity
following single and repeated exposures to styrene (Mahler et al, 1999). Single exposure
data and further study details are reported in section 4.1.2.2.1. For the repeated exposure
study, groups of 20 animals were exposed to 500 ppm styrene for 6 hours per day for 14
days; some animals were then re-exposed 10 days later to the same concentration of
styrene. A satellite group of animals was sacrificed on day 5 of exposure and the liver
examined. On day 14 of exposure or immediately following the re-exposure blood enzyme
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levels were measured. Animals were sacrificed and microscopic examinations conducted on
days 14 and 22 post-exposure, or after the re-exposure.

Two animals were found dead on the day after receiving the second exposure to styrene. No
further deaths occurred throughout the remaining 12 days of exposure. No cause of death
was reported. In the exposed group examined on day 5 post-exposure, liver weights were
statistically significantly increased (by 26%) compared with controls and microscopic
analysis showed discrete areas of centrilobular hepatocellular necrosis with associated
borders of inflammatory cells (the severity and incidence of the findings was reported by the
authors to be greater than that observed in the single exposure study, see section 4.1.2.2.1).
Numerous hepatocytes in mitosis were also present. Also, at this time point there was a 15-
fold increase in the BrdU labelling index compared with control levels. Labelled hepatocytes
and inflammatory cells were numerous and randomly distributed. In the group examined at
day 14, liver weights and BrdU labelling indices remained statistically significantly increased
compared with controls (liver weight by 28% BrdU labelling index by 8-fold), whereas serum
enzyme levels were comparable with controls. Microscopic examination revealed complete
regeneration of necrotic centrolobular regions, with regenerated hepatocytes having
basophilic cytoplasm and enlarged nuclei. In the group examined on day 22, prior to re-
exposure, microscopic findings were similar to those reported above for day 14. After re-
exposure no animals died but microscopic examination revealed evidence of acute necrosis
of the centrolobular hepatocytes with enlarged nuclei and significantly elevated SDH and
ALT levels.

Studies in mice investigating specific organ toxicity: respiratory tract

In an unpublished study specifically designed to investigate the effects of styrene exposure
on the nasal tissue, groups of 10 male mice were exposed whole body to styrene vapour
(99.9% purity) concentrations of 0, 40 or 160 ppm for 6 hours/day for 3 days (Foster, 1999b).
Additional groups of males (10/group) were administered orally 200mg/kg of the cytochrome
P450 2F2 inhibitor 5-phenyl-1-pentyne (5-P-1-P) prior to styrene exposure. Body weights
and clinical signs of toxicity were apparently assessed throughout the study. Animals were
sacrificed 18 hours after the last styrene exposure and nasal passages removed for
histopathological examination.

Body weights were similar to controls throughout the study and no clinical signs of toxicity
were reported. No treatment related macroscopic findings were observed in any of the
exposed mice. No treatment related microscopic findings were observed in any of the control
animals (including those administered 5-P-1-P but not styrene) or any of those exposed to
40 ppm styrene (including those administered 5-P-1-P) or in animals administered 5-P-1-P
and exposed to 160 ppm styrene. In animals exposed to 160 ppm styrene alone, localized
atrophy of the olfactory epithelium in the dorsal regions of the nasal passages and focally
decreased numbers of Bowman’s glands in these regions was observed. No changes in
other parts of the nasal passages were apparent. The cytochrome P450 inhibition studies
here and those in Green (1999d) (see below) both demonstrate a necessity for cytochrome
P450-catalysed metabolism of styrene in the mouse respiratory tract before toxicity is
expressed.

In an unpublished study specifically designed to investigate the effects of styrene exposure
on the lungs, groups of male and female CD1 mice (5/sex/group) were exposed whole body
to styrene vapour (99.9% purity) concentrations of 0, 40 or 160 ppm, for 6 hours/day, 5
days/week for 2 weeks (Green, 1999a). Groups of 5 animals/sex were sacrificed 17 hours
after the 1%, 5™, 6™ and 10™ exposure(s), lungs removed for histopathological examination
and quantitation of cell division rates (3 days prior to sacrifice each animal was fitted with a
BrdU mini pump). Body weights and signs of toxicity were not reported. No treatment related
macroscopic findings were observed in any of the exposed mice. Following repeated
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exposure to styrene (both concentrations) treatment related focal loss of apical cytoplasm of
on ciliated cells, principally in the terminal bronchioles, was observed. The magnitude of this
finding varied between individual animals, with females appearing to be slightly more
sensitive than males. Crowding of non ciliated cells throughout the bronchiolar tree was
observed. There was no obvious dose related dependent increase in the cell labelling
indices of the terminal bronchioles of animals, with the largest increase (3-4 fold) being
reported in animals exposed to 160 ppm.

In another unpublished study by the same authors, again designed to investigate the effects
of styrene exposure on the lungs, groups of male CD1 mice (5/sex/group) were exposed
whole body to styrene vapour (99.9% purity) concentrations of 0, 40 or 160 ppm for 6
hours/day for 4 days (Green, 1999d). Body weights and clinical signs of toxicity were
monitored throughout the study. Groups of 10 animals/sex were sacrificed 17 hours after
each exposure and the lungs were removed for histopathological examination and
quantitation of cell division rates (3 days prior to sacrifice each animal was fitted with a BrdU
mini pump). In a second part to this study, as with that of Foster et al, (1999), additional
groups of 10 animals/sex were administered orally 0 or 200 mg/kg of the cytochrome P450
inhibitor 5-P-1-P.

Body weights and clinical signs for all styrene exposed animals were normal and
comparable with controls. On microscopic analysis, evidence of necrosis and loss of cells
from the large bronchioles (thought to be Clara cells by the authors) was observed in
animals examined after only one exposure to 40 ppm. At later time points (after 2 and 4
exposures), changes in the appearance of the Clara cells and of their organisation within the
epithelium remained prominent. No information was given on histopathological findings with
160 ppm. BrdU studies demonstrated a statistically significant increase in pulmonary cell
replication in the epithelium of the terminal and large bronchioles after 3 and 4 days of
exposure to both 40 and 160 ppm styrene. There was no evidence of increased cell
replication in the alveolar region. Pre-treatment with 5-P-1-P prevented the styrene induced
increases in bronchiolar epithelium cell replication, indicating the importance of P450-
catalysed metabolism of styrene to styrene oxide in the process by which styrene affects the
respiratory epithelium in mice.

In a study specifically designed to investigate the effects of styrene exposure on the
lungs,groups of female CD-1 mice (35/group) were exposed whole body to styrene vapour
(99.9% purity) concentrations of 0, 40 or 160 ppm (0, 172, 688 mg/m* ) for 6 hours/day, for 1
to 5 days or for 4 weeks (5 days/week) (BASF, 2001a; Gamer et al., 2004). Malondialdehyde
and 8-hydroxy guanosine (8-OHdG) levels and superoxide dismutase, catalase, glutathione
reductase and glutathione peroxidase activities were determined in the lung homogenates
from each group in order to assess the potential of styrene inhalation exposure to produce
oxidative stress in the lungs. Lung lavage was performed on a further 5 animals per group
from each exposure duration and cytological and humoral analyses conducted. The levels of
CC16 (clara cell specific protein) in the serum and lavage fluid were also measured.
Glutathione levels in homogenates and lavage fluid were determined after 20 exposures
only. At necropsy, the lungs, together with larnyx and trachea were removed and samples of
the lung tissues from the control and high dose groups were examined by electron
microscopy.

No consistent concentration- and time- related changes were observed in enzyme activity
(catalase, superoxide dismutase, GSH reductase and GSH peroxidase) in the lung
homogenates. The concentration of 8-OHdG was lowered in all the exposed groups except
for the 160 ppm animals after 20 exposures. Statistically significant increases in lung lavage
alkaline phosphatase (AP) were noted in the 160 ppm group at all exposure durations and in
lung lavage LDH levels after 1 and 5 exposures. In animals at 160 ppm only, increases in
malondialdehyde levels and in y-glutamyl transferase levels were also reported and the
glutathione concentration was significantly decreased in the homogenates. The serum levels
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of CC16 were significantly decreased in animals at 40 and 160 ppm; the effect was most
pronounced after 1 exposure. Similarly, a marked decrease in CC16 protein in lavage fluid
was observed at the same concentrations following 1 and 5 exposures. Histopathological
examination of the lungs showed epithelial desquamation, ballooning and vacuolation in the
terminal bronchioles, large and medium airways in animals at 160 ppm after 1 exposure.
Cellular crowding, expressed as an irregular epithelial lining (which is indicative of very early
hyperplasia), and a reduction of apical blebs and secretory granules in Clara cells were seen
at the same concentration (i.e. 160 ppm) after 5 and 20 exposures. Electron microscopy of
lung tissue further revealed degenerative lesions (vacuolar cell degeneration and cell
necrosis) or slightly different structures (absence of electron dense oval granules) in the
Clara cells of the 160 ppm animals.

The results of this study suggest that Clara cell destruction may be the underlying
mechanism for the pneumotoxic effects seen in mice exposed to styrene. Even though,
slight glutathione depletion was observed at 160 ppm after 20 exposures, the other
parameters did not indicate evidence of oxidative stress. Malondialdehyde (an indicator of
lipid peroxidation) was only slightly elevated after 1 exposure at 160 ppm but decreased
after 20 exposures at both 40 and 160 ppm. This lack of consistency in the observations for
the oxidative stress parameters did not support previous conclusions about the role of
oxidative stress in styrene-induced lung damage in mice. On the other hand, Clara cell
toxicity was indicated by marked decreases in CC16 protein concentrations in both lavage
fluid and blood serum, and by the microscopic observation of degenerative lesions. The
irregular epithelial lining observed after 5 or 20 exposures was considered to represent
regenerative hyperplasia. Clara cell toxicity and (regenerative) cell proliferation respectively
were also indicated by increased y-glutamyl transferase and AP activities noted at 40 ppm
after 5 or 20 exposures and at 160 ppm after 1, 5 or 20 exposures. Overall, the findings of
this study suggest that early biochemical changes in Clara cells (observed from 40 ppm),
sustained cell damage and regenerative cell proliferation may be the mode of action for the
carcinogenic effect of styrene in mice.

Studies investigating specific organ/tissue toxicity: haemopoietic stem cells

In a study designed to investigate the effects of styrene on haemopoietic stem cells, groups
of female C57BL/DBA mice (group size not specified) were exposed for 6 hours/day, 5
days/week to styrene vapour concentrations of 0, 200 or 440 ppm for 8 weeks (Seidel et al,
1990). It is not reported if exposures were nose only or whole body. Due to some deaths in
animals at 440 ppm by day 2 the exposure concentration was reduced to 330 ppm for the
remainder of the study. At 4 and 8 weeks, blood and bone marrow samples were analysed
for total erythrocyte, granulocyte, WBC, spleen colony forming units (CFU-S), erythroid burst
forming units (BFU-E), erthyroid colony forming units (CFU-E) and granulocyte committed
stem cells (CFU-C) numbers.

Results were not reported in detail. It was stated that no effects on red blood cell,
granulocyte, CFU-S or CFU-C numbers were observed. Lymphocyte, BFU-E and CFU-E
numbers varied considerably in all groups (including controls), but generally counts in cells
of treated animals (both exposure groups) were reduced by 40 to 80% compared with
controls. However, given the high variability in the colony numbers and the general lack of
information in the report, no conclusions regarding the toxicological significance of styrene
on the haematopoetic stem cells can be made from these study data.

Studies in mice investigating specific organ/tissue toxicity: immune system

As part of the Morgan et al (1993a) study described above, the same group of researchers
subsequently reported a study of immunotoxicity involving groups of female B6C3F, mice
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exposed to 0, 125, 250 or 500 ppm styrene for 6 hours/day for 14 days (Corsini et al, 1994).
Animals were sacrificed 24 hours later. Kidney, liver, thymus, spleen and lungs were
weighed and bone marrow cells obtained from the femurs. Results were presented for 6 or 7
animals per group. Mortality rates are reported above (Morgan et al, 1993a). The
concentrations of styrene inhaled were relatively high for this strain and sex; deaths and liver
toxicity were observed at 250 and 500 ppm in the related study. Body weight and relative
lung weight were not altered by treatment. Relative liver and kidney weights were increased
by 12-25% at 250 and 500 ppm. Relative thymus weight was decreased by 54% and spleen
weight by 14% at 500 ppm only. Spleen cellularity was decreased by 21%, 14% and 46% in
the 125, 250 and 500 ppm groups respectively. No significant effects were noted on relative
numbers of B and T lymphocytes and natural killer cell activity. There were no effects on
bone marrow cells.

Summary of repeated inhalation exposure studies in mice

As with acute toxicity, the mouse as a species is peculiarly sensitive to toxicity arising from
repeated inhalation exposure to styrene, although there is some variation between different
strains. Three well characterised traget sites have been identified: the lung, the nasal
epithelium and the liver.

In relation to the lung, a NOAEC has not been identified, with damage to the lung epithelium
(hyperplasia in the terminal bronchioles, focal bronchiolar-alveolar hyperplasia, fibrosis
extending to the alveolar ducts and extension of non-ciliated cells from the terminal
bronchiole to the alveolar duct) having been seen on long-term exposure of mice to 20 ppm,
the lowest exposure concentration tested. Nasal epithelium damage (respiratory metaplasia
of the olfactory epithelium, hyperplasia and hypertrophy of the Bowman’s gland, and atrophy
of the olfactory nerve fibres) also appeared at 20 ppm (the lowest exposure level tested) and
above. Work with the cytochrome P450 inhibitor 5-P-1-P has shown that metabolic activation
of styrene to styrene oxide and other reactive metabolites (e.g the downstream metabolites
of 4-vinylphenol) and subsequent detoxification of styrene oxide are crucial elements of the
mouse respiratory tract toxic response. In this context it is important to consider that
cytochrome P450-catalysed metabolic activation of styrene in human respiratory tract tissue
appears to be negligible (see toxicokinetic section). Besides these metabolic differences,
there are also significant anatomic and histological differences in the respiratory tract of mice
and humans. Hence, it can be concluded that these respiratory tract findings in mice reflect a
toxic process that will not occur to any significant extent in humans at relevant levels of
exposure.

Exposures in the range 150-250 ppm have also produced fatal hepatotoxicity in mice.
Again, it appears that the metabolic activation of styrene to styrene oxide is a crucial stage in
the hepatotoxic response. In this context, it is evident that the toxicokinetic information
available suggests that the mouse would be more susceptible than humans to styrene-
induced hepatotoxicity. This is borne out by the observation of mouse fatalities at exposure
levels to which humans have been regularly exposed in the past, with no reports of
hepatotoxicity or death.

Overall, the data suggests that the mouse is a poor model for predicting the effects of
repeated inhalation exposure to styrene in humans.

Other Species

As part of the above reported rat study the effects of repeated inhalation exposures to
styrene on guinea-pigs, albino rabbits and monkeys were also investigated by Spencer et al
(1942) and Wolf et al (1956). Groups of 24, 94 and 12 guinea pigs were exposed to 650,
1449 or 2139 ppm styrene, respectively for 7-8 hours/day 5 days/week for 21 weeks.
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Groups of 12 or 2 rabbits were exposed to 1449 or 2139 ppm styrene, respectively for 7-8
hours/day, 5 days/week for 25 weeks. A group of 4 monkeys (2 male and 2 female) was
exposed to 1449 ppm for 7-8 hours/day 5 days/week, males for 7 months and females for 12
months. During exposure regular body weight checks and observations of clinical toxicity
were made. Frequent blood samples from representative animals were also taken for
haematological analysis (timings of samplings not reported). At the end of the exposure
period gross and microscopic examinations of an extensive range of tissue and organs was
conducted.

No effects were noted in guinea pigs exposed to 650 ppm. At 1449 ppm 10% of the guinea
pigs died after the first few exposures. Necropsy of the decedents revealed pronounced
irritation of the lung (congestion, haemorrhage, oedema, exudation and inflammation). No
other treatment related deaths occurred. In surviving animals signs of irritant effects on the
eyes and nasal mucosa and reduced weight gain (not quantified) were noted at 1449 and
2139 ppm. Animals at these exposure concentrations also appeared dirty and unkempt. At
necropsy, no abnormal lesions, changes in organ weights or haematological changes were
noted at any dose level.

In rabbits and monkeys no treatment related deaths, no changes in body weight gain, no
adverse clinical observations, no signs of irritation, no adverse gross or histopathological
findings and no changes in haematology were observed in animals at the exposure
concentrations tested.

The effect of inhalation exposure of styrene on neurochemicals in the brain of rabbits has
been studied (Romanelli et al, 1986). Groups of eight New Zealand white rabbits were
exposed whole body to 750 ppm of styrene for 12 hours/day for 7 days. Controls were
exposed to clean air. Twelve hours after the final exposure the brains were dissected and
assessed for dopamine, homovanillic acid (HVA) and norepinephrine. Mean dopamine levels
were lower (by ~25-30%) and mean HVA levels were higher (by ~20-50%) in the striatum
and tuberoinfundibular system in styrene exposed compared to control animals; no
differences were observed in norepinephrine levels. The toxicological significance of these
findings is unknown.

Groups of 6 male guinea pigs were exposed, whole-body, to 0 or 1000 ppm (4330 mg/m®)
styrene vapour, 6 hours/day for 5 days (Lataye et al, 2003). At regular intervals during the
exposure period urine samples were taken for measurement of urinary metabolites of
styrene. Cochlear function was tested before, during the 5 days of exposure, and for up to 4
weeks post-exposure using cubic distortion product otoacoustic emissions (DPOAE)
recorded from the external ear canal in anaesthetized animals. A satellite group of animals
was anaesthetized immediately after the last styrene exposure, killed and subjected to blood
sampling for analysis of styrene levels. An additional group of 6 male guinea pigs exposed,
whole-body, to 1000 ppm styrene vapour, 6 hours/day for 5 days was sacrificed four weeks
after the last exposure for removal and analysis of the aural bones and tissues.

The bodyweights of animals were recorded weekly — no differences from controls were
noted during the course of this study. No significant changes in the cochlear function were
observed between styrene-exposed animals and the control animals. Blood styrene levels
on completion of 5 days of styrene exposure were 4.9 ug/g. Urinary hippuric acid levels at 3
and 4 days post-exposure were around 8 g/g creatinine.

Summary of Repeated Inhalation Exposures Studies in Animals
A variety of repeated inhalation exposure studies in different animal species are available.

However, among these species, the rat and mouse have been the most extensively
investigated. Four well characterised target sites of toxicity have been identified: the nasal
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epithelium (in rats and mice), the lung (in the mouse), the liver (in the mouse) and the ear (in
the rat).

In relation to nasal epithelium damage, a NOAEC has not been identified, with chronic
inflammatory changes (mild in degree and confined to the olfactory epithelium with no effects
on Bowman’s glands or olfactory nerve fibres), having been seen in the rat with long term
daily exposure to 50 ppm styrene, the lowest concentration explored in a 2-year study. Nasal
toxicity has also been reported in mice. In a similar 2-year study, respiratory metaplasia of
the olfactory epithelium, hyperplasia and hypertrophy of the Bowman’s gland and atrophy of
the olfactory nerve fibres were observed starting from 20 ppm, the lowest concentration
tested. It is clear that the nasal lesions induced by styrene exposure are much more severe
in the mouse compared to the rat. Over the years a number of investigative studies have
been undertaken to characterise and explain these species differences and to investigate
the relevance of these findings to humans. Results of these investigations have shown that:

1) Nasal toxicity in the mouse is reduced considerably by pre-treating the
animals with 5-phenyl-1-pentyne (5-P-1-P), a specific inhibitor of cytochrome P450 2F2
(Green, 1999c; Green et al., 2001b).

2) Metabolism of styrene to styrene oxide (to both R- and S-isomers) by olfactory and
respiratory microsomes is similar in the mouse and rat (approximately 7 nmol SO/min/mg
protein). Examination of nine human nasal samples (8 as S9 fractions and 1 as a
microsomal fraction) failed to detect metabolism to styrene oxide (detection limit 0.04 nmol
SO/min/mg protein which indicates a difference between rodents and humans in the
production of SO of at least 2 orders of magnitude) (Green, 1999c; Green et al., 2001b).

3) Detoxification of styrene oxide is more efficient in human and rat nasal tissues as
compared with mice. For example while human nasal tissue does not appear to possess any
or very little P450 (activation) capacity, it does possess epoxide hydrolase activity, which is
about 3-fold higher than that measured in mouse nasal tissues. The activity of epoxide
hydrolase for both of the isomers in rat nasal tissue is higher (by a factor of approximately
10) than in the mouse, especially in the olfactory epithelium. Thus while both mouse and rat
nasal tissues appear to be equally efficient at “activating” styrene to styrene oxide, the rat
nasal tissue is more efficient at deactivating/detoxifying styrene oxide. Glutathione
conjugation appears to be an important detoxification pathway in both rat and mouse nasal
tissue with glutathione-S-transferase activity in rat nasal tissue being about 3-fold higher
than the mouse (Green, 2000c; Green et al., 2001Db).

4) Differences in the distribution of CYP2F2 in mouse and rat nasal tissues explain the
histopathological differences seen in the mouse and rat. For example the mouse shows high
levels of CYP2F2 expression in the apical cytoplasm of the olfactory tissue with low to
moderate expression in some basal cells and in Bowman's glands. All of these cells show
histopathological damage in the mouse after styrene exposure. Conversely in the rat such
cells showed low expression of the metabolizing enzymes and no tissue damage (Green,
1999c, Green et al., 2001b).

5) 4-Vinylphenol (4-VP), a metabolite of styrene, that rapidly undergoes further metabolic
degradation, has been shown to be pneumotoxic to metabolically competent cells such as
Clara cells (Kaufmann et al, unpublished, 2004) and presumably to nasal epithelial cells
which also contain CYP2F2. As inhibition of CYP2F2 activity inhibits 4-VP toxicity in the lung
(Carlson, 2002b), it appears that downstream metabolites of 4-VP rather than 4-VP itself are
the cytotoxic species. Studies with rat, mouse and human lung microsomes have shown that
the oxidative metabolites of 4-VP are ring hydroxylated and side-chain epoxide products of
4-VP and that the relative formation rates of these chemical species indicate that the mouse
ability to produce these metabolites is greater than in the rat (14-79% of the mouse
concentrations) and even greater than in humans (1.5-5% of the mouse concentrations)
(Bartels et al, unpublished, 2004). A similar toxification of styrene via 4-VP and its
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downstream metabolites may also be presumed to be mediated by CYP2F2 in the nasal
tissue especially of mice.

6) Uptake of styrene by nasal tissue is enhanced by the ability of the tissue to metabolise
styrene (Morris, 2000). The lack of the primary step of styrene metabolism in human nasal
tissue serves as a further reason for dismissing the relevance to humans of these rodent
nasal lesions.

7) Besides these metabolic differences, anatomically, there are significant differences in the
nasal passages of rodents and humans, which result in significant different volumes and
airflow patterns. Thus, although inhaled styrene may be deposited in the nasal passages of
humans, it is likely that high levels will not be deposited in the olfactory area.

8) Human investigations have shown that exposure up to 77 ppm (8h TWA) styrene as
occurring in the UP-resin industry is not associated with impairment of olfactory function
(Dalton et al, 2003; see ‘studies in humans’, ‘studies on olfaction’).

Overall, it can be concluded that the differences in nasal toxicity between rat and mouse can
be explained by the greater ability of the rat nasal epithelium to detoxify reactive metabolites
of styrene formed via CYP2F2 metabolism. These reactive/toxic intermediates include
styrene oxide and most probably the downstream metabolites of 4-VP. Detoxification of toxic
species by epoxide hydrolase is 10-fold higher in the rat olfactory tissue as compared to the
mouse while glutathione S-transferase activity is approximately 3-fold higher in the rat nasal
tissue as compared to the mouse. It is important to consider that cytochrome P450-catalysed
metabolic activation of styrene to styrene oxide in human nasal epithelial tissue appears to
be negligible (see toxicokinetics section). Also, since uptake of styrene by nasal tissue is
enhanced by the ability of the tissue to metabolise styrene, the lack of the primary step of
styrene metabolism in human nasal tissue serves as a further reason for dismissing the
relevance to humans of these rodent nasal lesions. Besides these metabolic differences,
anatomically, there are significant differences in the nasal passages of rodents and humans,
which result in significant different volumes and airflow patterns. Thus, although inhaled
styrene may be deposited in the nasal passages of humans, it is likely that high levels will
not be deposited in the olfactory area. Furthermore, human investigations have shown that
exposure up to 77 ppm (8h TWA) styrene as occurring in the UP-resin industry is not
associated with impairment of olfactory function, and in several human health surveys of
workers repeatedly exposed to styrene up to approximately 700 ppm, no nasal lesions have
been described (see RDT, human studies section). Hence, it can be concluded that rodent
nasal epithelium damage induced by styrene is not of relevance in relation to the potential
repeated dose effects of styrene in humans at relevant levels of exposure.

In relation to the lung, again, a NOAEC has not been identified, with damage to the lung
epithelium (hyperplasia in the terminal bronchioles, focal bronchiolar-alveolar hyperplasia,
fibrosis extending to the alveolar ducts and extension of non-ciliated cells from the terminal
bronchiole to the alveolar duct) having been seen on long-term exposure of mice to 20 ppm,
the lowest exposure concentration tested in a 2-year study. Work with the cytochrome P450
inhibitor 5-P-1-P has shown that metabolic activation of styrene to styrene oxide and other
reactive metabolites (e.g the downstream metabolites of 4-vinylphenol) and the subsequent
detoxification of styrene oxide are crucial elements of this toxic response. This is supported
by the observation that it is the metabolically active Clara cells that are the initial focus of
damage. These non-ciliated bronchiolar epithelial cells are mainly involved in the metabolism
of xenobiotics, but also in the secretion of surfactants and in the renewal process of the
bronchiolar epithelium (Komaromy and Tigyi, 1988). Early biochemical changes, sustained
cell damage and regenerative cell proliferation were observed in lung Clara cells of mice
exposed to 40 and 160 ppm styrene for up to 4 weeks. In this context it is important to
consider that cytochrome P450-catalysed metabolic activation of styrene in human lung
tissue appears to be minimal (see toxicokinetic section) even though the two main P450
isoforms involved in styrene metabolism, CYP2E1 and CYP2F1, have been detected; that
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the number of Clara cells in human lung is very low; and that their most important functions
in human lung are shared by other cell types (e.g. the Type Il cells). Hence, it can be
concluded that these lung tissue findings in mice reflect a toxic response that will not occur
to any significant extent in humans at relevant levels of exposure.

In relation to the liver, exposures in the range 150-250 ppm have produced fatal
hepatotoxicity in mice. Again, it appears that the metabolic activation of styrene to styrene
oxide is a crucial stage in the hepatotoxicity process. In this content, it is evident that the
toxicokinetic information available suggests that the mouse would be more susceptible than
humans to styrene-induced hepatotoxicity. This is borne out by the observation of mouse
fatalities at exposure levels to which humans have been regularly exposed in the past, with
no reports of hepatotoxicity or death.

In relation to effects on the ear, clear evidence of ototoxicity (both functional and histological
has been seen in sedentary/ordinary rats repeatedly exposed to styrene by inhalation at
concentrations of 600 ppm and above. In three different studies, no such effects were seen
at 200 ppm (13 weeks), 300 ppm or 500 ppm, although in the latter two cases the studies
were only of four weeks’ duration. One study in active rats exposed to styrene for 4 weeks
showed that styrene-induced ototoxicity tend to occur at lower exposure concentrations than
those at which ototoxicity is observed if sedentary/ordinary rats are employed. This is
considered to be due to the increased styrene uptake, which is the consequence of the
increased ventilation rate and, in turn, of the increased physical activity. In this study ototoxic
effects were seen at 400 ppm and above, but not at 300 ppm. Comparative studies using
rats and guinea pigs exposed to 1000 ppm for 5 days indicate an obvious species difference
as similar findings were not observed in guinea pigs. Ototoxicity has been seen at similar
exposure levels with other aromatic organic solvents, such as toluene and xylene. The
underlying toxicological mechanism has not been clearly elucidated. This effect should be
therefore regarded as of potential relevance to human health. The histological damage
consists in the destruction of the outer hair cells (OHC; especially of row 3) of the cochlea.
These changes are accompanied by an elevation of the hearing thresholds in the mid-
frequency range (10-20 kHz). The destruction of the hair cells is irriversible and occurs at
slightly lower exposure concentrations than those producing the audiometric hearing
threshold shifts. Mechanistic investigations indicate that styrene reaches the sensory hair
cells of the cochlea via the blood stream and that styrene itself and/or its metabolites cause
a serious disturbance of the membranous organisation of these target cells. A number of
studies suggest that styrene-induced ototoxicity can be potentiated by exposure to noise.
The available evidence also shows that ototoxicity appears after relatively short exposures
(1 week) and that continued treatment (4 weeks up to 19 months) does not enhance the
intensity of the ototoxic response. On this basis, it is considered that the NOAEC values of
500 and 300 ppm for 4 weeks in sedentary/ordinary and active rats respectively are a more
accurate starting point for risk characterisation than the NOAEC of 200 ppm for 13 weeks.

In one single non-standard investigation, rather minor effects on the number of the large
amacrine cells and on the content of neuramines and glutathione of the retina of rats
exposed repeatedly to 300 ppm styrene for 12 weeks have been reported. However, it is
considered that, in the absence of any associated conventional histopathology and given the
lack of information on what are the ‘normal’ levels of dopamine and glutathione in the retinal
cells of rats, the rather minor morphometric and biochemical changes observed are unlikely
to represent a toxic response.

Little information is available on the effects of repeated inhalation exposure to styrene in
other experimental animal species. In relatively old studies, no significant toxicological
effects were reported in guinea pigs, rabbits and monkeys repeatedly exposed to styrene at
up to 650 ppm (in guinea pigs, toxicity was seen at 1449 ppm), 1449 ppm (in monkeys) or
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2139 ppm (in rabbits). However, these studies did not investigate nasal epithelial tissue in
detail.

Overall, the available inhalation repeated dose toxicity studies have identified ototoxicity as
the most sensitive and relevant effect of styrene repeated inhalation exposure with NOAEC
values of 500 and 300 ppm for 4 weeks in sedentary/ordinary and active rats respectively.

Oral

Rats

No deaths, clinical signs of toxicity or changes in body or liver weights were observed in
albino rats administered 0, 250, 450 or 900 mg/kg styrene orally by gavage for 7 consecutive
days, in a study designed primarily to investigate effects of MFOs and glutathione S-
transferase activities (Das et al, 1981). MFO activity was induced, but there was a decrease
in hepatic GSH and glutathione S-transferase activity.

In a study by Spencer et al (1942), 59 rats in total (numbers per group not specified) were
administered 0, 100, 500, 1000 or 2000 mg/kg/day styrene by oral gavage once daily, 5
days/week for 28 days. No further study protocol details were reported. No deaths and no
adverse toxicological changes (growth, pathological or haematological changes) were
observed in any of the animals administered 100 mg/kg/day styrene. Five animals
administered 500 mg/kg/day styrene survived to day 20. These animals had decreased
weight gain (not quantified) throughout the study. At the end of the study duration no
significant adverse pathological findings were noted in animals of this dose group, except for
“slight” signs of local irritation in the oesophagus and stomach. No adverse haematological
findings were observed in animals of this group.

A “few” doses of 1000 or 2000 mg/kg/day resulted in a pronounced irritation of the
oesophagus and stomach which quickly resulted in death. The number of decedents and the
timings of deaths were not reported.

In a study by Wolff et al (1956), groups of 10 female Wistar rats were administered 67, 133,
400 or 667 mg/kg/day styrene in olive oil by oral gavage, once daily for 5 days/week for 6
months. A group of 20 animals served as a control group and received vehicle only.
Haematological examinations (total erythrocyte and leukocyte counts, haemoglobin content
and differential white blood cell count) were made on selected animals after the 20, 40, 80
and 130™ doses. Animals were observed regularly for mortality and clinical signs of toxicity.
Surviving animals were sacrificed 18-22 hours after the last exposure. Gross pathological
examination was conducted on the lungs, heart, kidneys, liver, spleen and testes, but there
was no microscopic examination of tissues.

No deaths were reported. No adverse effects (clinical observations or haematology) were
observed in animals administered 67 or 133 mg/kg/day styrene. In animals administered 400
mg/kg/day a “slight” depression in growth and “slight” reductions in liver and kidney weights
compared with controls were reported (changes not quantified). In animals administered 667
mg/kg/day styrene, the same effects were observed but were more pronounced (again
changes not quantified). No abnormal gross pathological findings were observed in any of
the dose groups, but unfortunately histopathological observations were not made.

A 2 year continuous exposure study has been conducted in Sprague-Dawley derived rats
(Beliles et al, 1985). Styrene was administered in drinking water at 0, 125 or 250 ppm.
Consumption of styrene was only 14 (males) or 21 (females) mg/kg/day at the higher dose
level. Forty males and 50 females in each treated group and 66 male and 84 female control
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animals were examined twice weekly for signs of toxicity and body weight, food and water
consumption, haematology and clinical chemistry investigations. At necropsy at termination,
organ weights were determined and histopathology carried out on a large number of tissues.
The only finding was a slight but statistically significant reduction in bodyweight compared to
control, of 10% in females at 21mg/kg/day after 2 years. In the absence of other findings, it
appears that styrene did not produce any clear evidence of toxicity in this study.

Information is available from a cancer bioassay in which groups of 50 male and 50 female
Fischer 344 rats were treated with 1000 or 2000 mg/kg styrene by gavage for 5 days/week
for 78 weeks, and a third group was given 500 mg/kg for 5 days/week for 103 weeks (NCI,
1979). All doses were given as a solution in corn oil and a control group of 40 males and 40
females received vehicle only. The animals were observed until week 104 when the
experiment was terminated. All animals were subject to a full gross and microscopic
examination of a range of organs, including the reproductive organs. A marked reduction in
survival was noted at 2000 mg/kg, with only 6/5 (12%) of male rats surviving for 53 weeks
and 7/50 (14%) female rats surviving at week 70. No effects on survival were noted at the
other dose levels, with 88-94% of the animals surviving for at least 90 weeks. The only
compound related lesion noted at autopsy was hepatic necrosis in animals given 2000
mg/kg. Overall, a NOAEL of 1000 mg/kg can be identified from this study.

A series of studies has been conducted in order to measure the potential hepatic and
testicular toxicity of styrene in the Wistar rat (Srivastava et al, 1982 and 1989). In each study
groups of 6 adult male rats (age not further specified) received 0, 200 or 400 mg/kg/day
styrene (purity not specified) in groundnut oil by gavage for 6 days/week for 100 or 60 days,
respectively. In the study of hepatic effects, no clinical signs of toxicity were observed in
treated animals. Body weight gain and absolute and relative liver weights of treated animals
were comparable with controls. Indications of minor enzymatic changes were reported at
both dose levels. Histopathological examination revealed small areas of focal necrosis, with
a few degenerative hepatocytes and inflammatory cells, in top dose animals only.

In the study of potential testicular toxicity, at necropsy one testis/animal was examined
histopathologically and the other was homogenized for enzyme assays. No changes in
sperm count, histopathology or enzyme analysis were observed in animals receiving 200
mg/kg/day styrene. In animals at 400 mg/kg/day a statistically significant decrease in
epididymal sperm count (5.0 million spermatozoa compared with 8.0 million in controls) and
marked histopathological changes in the testes (shrunken seminiferous tubules with
damaged nuclei and an absence of sperm in the lumen of some tubules) were reported.
Also in top dose animals the activities of the marker enzyme activities for testicular function
(sorbitol dehydrogenase, acid phosphate) were statistically significantly decreased, but those
of lactate dehydrogenase, y-glutamyl transpeptidase, B-glucuronidase and glucose-6-
phosphate were statistically significantly increased. The relevance of these testicular
enzyme levels to testicular function is unclear. It is also unclear whether there were direct
testicular effects or whether the effects were secondary to testicular edema. It is noted that
the mesh-filtration of epididymal sperm was not an optimal method of specimen preparation
and that the testicular fixation method used was suboptimal and may have led to artifacts. It
is also noted that the finding of shrunken tubules without an effect on testis weight appears
inconsistent.

More recently, a similar investigation was conducted by the same authors (Srivastava et al.,
1992b). Groups of seven 1-day old male Wistar rats were orally dosed 0, 100 or 200
mg/kg/day styrene for 60 days. Throughout the dosing period there were no clinical signs of
toxicity. On completion of treatment (PND 61), 6 animals were randomly selected from each
group and killed. Testis and epididymides were removed and weighed; the activities of
testicular enzymes were measured and epididymal spermatozoa counts were performed. In
the 200 mg/kg group there was a statistically significant decrease in the absolute and
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relative weight of the testis, and a statistically significant decrease in spermatozoa counts.
Furthermore, in the 200 mg/kg group there were reductions in the activity of testicular
sorbital dehyrogenase and acid phosphatase, and increases in the activity of lactate
dehydrogenase, B-glucuronidase, glucose-6-phosphate dehydrogenase and y-glutamyl
transpeptidase; all results were statistically significant. There were no effects at 100
mg/kg/day. It is noted that the mesh-filtration of epididymal sperm was not an optimal
method of specimen preparation.

In view of the methodological weaknesses of these studies, little weight should be put on
their findings. It is also noted that in earlier repeated oral studies and in well conducted 2
year inhalation studies in rats at equivalent and higher doses than those used by Srivastava
et al, no testicular changes or indications of any testicular effects were observed. Also, no
effects on the testis and fertility parameters have been observed in a recent well-conducted
OECD- and GLP-compliant rat inhalation 2-generation study with exposures up to 500 ppm
(» 300 mg/kg/day) styrene. Therefore, despite these individual publications by the same
authors reporting testicular damage, the weight of evidence indicates that styrene is not a
testicular toxicant.

Several studies are available in which the effects of repeated oral administration of styrene
on central nervous systems parameters in rats have been investigated; one study also
incorporates an exploration of potential ototoxicity. A study is briefly described in which
groups of 12 male albino rats received vehicle (saline) or 906mg/kg/day styrene for 15 days
by gavage (Husain et al, 1980). Animals were killed on day 16 and brains removed and
homogenised. Samples from half of the animals in each group were analysed for levels of
dopamine, norepinephrine and serotonin; samples from the remaining 6 per group were
analysed for activity of monoamine oxidase (MAO) and acetylcholinesterase enzymes and
protein content. Relative to the control group, in the styrene-treated animals there was a
statistically significant increase in norepinephrine and serotonin and the activity of MAO
significantly decreased. No change in dopamine and acetylcholinesterase activity was
reported.

There is another limited report of the effects of styrene on MAO activity following oral dosing
in rats (Zaprianov and Bainova, 1979). Groups of six male rats (strain not indicated) received
either 1200 mg/kg/day (~25% of the LDs) styrene, 3200 mg/kg/day (again ~25% of the LDs)
ethanol in water or the two combined for 7 days; controls were stated to have been “non-
treated”. MAO activity was investigated in serum, liver and brain (homogenates for the latter
two) after treatment but the time of assessment is not clear. Three different substrates were
used to assess MAQO activity — dopamine, kynuramine and serotonin. No indication is given
in the report on whether or not any signs of toxicity were seen during the study as may have
been expected given the dose levels used. Brain MAO activity, assessed using dopamine
and kynuramine, was reduced by styrene treatment as was liver MAO activity when using
serotonin as substrate. When combined with ethanol, the reduction in MAO activity was
more pronounced in the brain but the change measured by serotonin in the liver was
reversed. However, there was appeared to be inconsistency between the levels of apparent
change in activity and the degree of statistical significance. Overall, given the deficiencies in
reporting and the high doses used no meaningful conclusions can be drawn from this report.

The effects of repeated oral administration of styrene on neurobehaviour and
neurochemistry have been studied (Husain et al, 1986). Groups of 15 male Wistar rats
received 100 or 200 mg/kg styrene in groundnut oil by oral gavage for 14 days. Controls
received an equal volume of groundnut oil. Twenty-four hours after the last treatment the
rats were monitored for spontaneous locomotor activity before and after an i.p. dose (2.5
mg/kg) of amphetamine. On days 2-4 after treatment the rats learning behaviour was
examined by conditioned avoidance response (CAR; using a sound stimulus and electric
shock). Following the CAR, the brains from six rats from each group were assessed for
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noradrenaline, dopamine and serotonin levels. No clinical signs of toxicity were observed
and there was no difference in spontaneous locomotor activity either with or without
amphetamine treatment. Treatment with styrene increased the mean percentage CAR on
the 3™ and 4™ days after treatment equally at both dose levels. There was no difference in
noradrenaline and dopamine levels between the treated and controls groups. No differences
were observed in mean serotonin levels at 100 mg/kg but levels were elevated in the mid
brain (50% greater than controls), hypothalamus (~80%) and hippocampus (60%) at 200
mg/kg. The changes in this study suggest that styrene induced a better avoidance response
in rats but the relationship, if any, to the differences in serotonin levels is unclear as these
were seen at only one dose level.

Wang (1998) and Wang et al (1998) studied the effect of orally administered styrene on
auditory response and brain immunohistochemical staining in rats. Groups of six adult male
Wistar rats were implanted with brain electrodes one week prior to styrene exposure. The
groups then received either 400 or 800 mg/kg/day styrene in olive oil by oral gavage for 5
days/week for two weeks; controls received saline. Further groups of rats (6/group) received
similar treatment but were used for immunohistochemical analysis. Audiometry was
performed prior to styrene exposure, twice during exposure (after the first and second week)
and then at 2, 4 and 6 weeks after the end of treatment. The evoked response measured
was “middle latency auditory evoked potentials” (MAEPs). Responses were stimulated by
exposure to 200 ms bursts of noise at 5Hz and an intensity of 90 dB SPL. The typical output
response for MAEP in the alert rat was described as a double sine-like waveform with two
“negative” troughs and two “positive” peaks. Measurements made were the latency (i.e. time
between stimulus and measurement) for each trough and peak, the peak to peak interval
and the amplitude. For immunohistochemistry, brains were taken from rats at the end of the
first, second, third and fourth months after treatment and sectioned sagittally.
Immunohistochemical staining for glial fibrillary acidic protein (GFAP) in the cerebral cortex
and hippocampus was performed using fluorescent probes and quantitation of fluorescent
intensity made using scanning confocal microscopy.

It was stated that no effects on body weight gain were seen in treated animals compared to
controls. Audiometry revealed no differences in any parameter prior to treatment with
styrene. Following treatment with styrene at 800 mg/kg/day, in general, latency times for all
MAEP troughs and peaks were increased compared to controls with increases beginning to
appear towards the end of treatment and during the post-exposure period. Some increases
in latency times were seen also at 400 mg/kg/day but these tended to be less than at 800
mg/kg/day and were more inconsistent, being seen at some time points but not other ones
with no apparent pattern. Peak to peak intervals (a reflection of delays between the
stimulated waveforms) were increased compared to control only at 800 mg/kg/day. No
difference in amplitude of the response was seen between controls and either treated group.
Immunofluorescent staining of GFAP was increased in intensity at 800 mg/kg/day compared
to controls at all time points measured in the cerebral cortex and at 1, 2 and 3 months post-
exposure in the hippocampus. Fluorescent intensity was also increased at 400 mg/kg/day,
but less than at 800 mg/kg/day, at 2 and 4 months in the cerebral cortex and at 2 and 3
months in the hippocampus. Overall, effects on auditory evoked potentials were seen in this
study, reflecting styrene ototoxicity. This was accompanied by increases in fluorescent
staining of GFAP in selected areas of the rat brain. The functional significance of these latter
changes, though, is uncertain.

The behavioural characteristics of young rats fed normal and low protein diets and treated
with styrene have been investigated by Khanna et al (1994). Groups of 50 immature (21
days old) male Wistar rats were fed normal or low protein diets for 15 days. When the rats
were 36 days old, each of the dietary groups was split into two, one group receiving 250
mg/kg/day of styrene in groundnut oil by oral gavage or oil alone until 51 days of age. On the
day after the last styrene treatment (52 days old) the rats underwent behavioural studies.
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Groups were investigated for foot shock induced aggressive (fighting) behaviour,
amphetamine induced locomotor activity and brain biochemistry (measurement of
norepinephrin, dopamine and serotonin); dopamine receptors in the corpus striatum and
serotonin receptors in the frontal cortex were also measured. Styrene alone (with normal
diet) produced a slight but non statistically significant reduction in mean body weight gain
compared to controls but treatment in combination with low protein diet enhanced the
reduction in body weight gain induced by the low protein diet. The mean incidence of
aggressive behaviour was slightly increased by styrene alone compared to controls and
significantly increased when styrene was administered to the low protein group.
Amphetamine induced locomotor behaviour was unaffected by styrene treatment under
either dietary conditions. Dopamine, but not norepinephrin or serotonin levels were
decreased (by about 50%) by styrene treatment in normal dietary rats compared to controls
but all three were reduced in the low protein group. Dopamine and serotonin receptor levels
were the same in styrene only and control rats but both were elevated in the rats treated
with styrene on low protein diets. Overall, no significant effects, apart from a reduction in
brain dopamine levels, were seen in this study in immature rats treated with styrene and fed
on a normal diet.

Impairment of serial spatial reversal learning has been observed in adult male Long-Evans
rats which received 500 mg/kg/day styrene for 1, 3, 5 or 8 weeks (Bushnell, 1994). Reversal
training began at 8, 10 or 32 weeks after treatment and involved learning to receive a food
reward following stimulus and the pressing of levers. A reversal involved switching reward
values between levers. The significance of these findings is unclear.

Agrawal et al (1982) administered styrene by gavage in peanut oil at 0, 200, 400 mg/kg/day
for 90 days to groups of 6 male albino rats. The study was reported only in brief. Animals
were killed and membrane preparations from brain corpus striata were used to test for
dopamine receptor binding 24 hours after the last dose was administered. Relative to the
controls, there was a significant increase in specific binding of *H-spiroperidol to dopamine
receptors reported at both dose levels of styrene.

Mice

In a study designed to investigate the effects of styrene on the mouse lung following oral
dosing, groups of 10 male CD-1 mice per group were orally administered doses of 0, 10, 100
or 200 mg/kg/day styrene (99% purity) in corn oil, daily for 5 consecutive days (Green,
1999b). Body weight and clinical observations were made throughout the study. Animals
were sacrificed 24 hours after the last dose and the lungs removed for histopathological
examination and quantitation of cell division rates (3 days prior to sacrifice each animal was
fitted with a BrdU mini pump). No animals died during the study, body weights in treated
animals were comparable with controls and no clinical signs of toxicity were observed in any
animals. There were no treatment related macroscopic findings in the lungs of animals at
any dose level. No microscopic findings were made in animals administered 10 or 100
mg/kg/day styrene. However 3/10 animals at 200 mg/kg/day presented signs or ‘minimal’ to
‘slight’ focal crowding of non-ciliated cells in the epithelium of the terminal bronchiole. There
was no evidence of cellular necrosis or damage. There was no evidence of an increase in
cell replication in the large bronchioles or alveolar regions of animals at any dose level, nor
in the terminal bronchiole of animals administered 10 mg/kg/day styrene. However, in
animals administered 100 or 200 mg/kg/day styrene there was a statistically significant and
dose dependent increase in the frequency of S-phase cells in the terminal bronchioles, with
levels being increased up to 5 fold in top dose animals compared with controls. The
significance of this study is that it demonstrates that systematically available styrene can
produce respiratory tract effect in mice.In a study designed to investigate the potential
immunotoxicity of styrene, groups of 30 Swiss mice were administered very large doses of 0,
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1000, 1500 or 2500 mg/kg/day styrene (20, 30 or 50 mg per animal and assuming an animal
weighs 20g), by oral gavage, daily for 5 consecutive days (Dogra et al, 1989). A fourth group
of animals was employed as a positive control group and was administered 75 mg/kg
cyclophophamide via the intraperitoneal route. At day 2 post exposure 8 animals per group
were sacrificed and haematological analyses and histopathological examinations (spleen,
thymus, liver, kidney, adrenal glands, portal and regional lymph nodes and Peyers patches)
conducted. The remaining animals (6/group) were employed in different assays of
immunological function. However, from the results obtained and given the extremely high
doses used in the study, no meaningful conclusions can be drawn from the results reported
in this part of the study. Spleen weights were decreased in a dose responsive manner in all
styrene treated animals by 34, 37 and 73% of controls, respectively. Non-dose related
fluctuations in other organ weights were reported. No overt signs of toxicity were observed in
the lymphoid organs at gross pathological examination or in any of the haematological
parameters investigated. Histopathological examination on top dose animals only revealed
evidence of depletion in the cellular population of the periarteriolar lymphoid sheath and of
the peripheral lymphoid follicles of the spleen, without affecting the red pulp areas. No other
treatment related adverse histopathological findings were observed.

In a study designed to investigate the effects of styrene on the testes and on sex hormone
levels, groups of 7 prepubertal male C57/BL6 mice received 0, 5 or 50 pg/ml styrene
dissolved in 0.005% aqueous ethanol as drinking water for 4 weeks (Takao et al, 2000).
These styrene concentrations are estimated to be equivalent to exposures of around 1.2 and
12 mg/kg/day respectively (based on bodyweight and water consumption data provided in
the study report). Vehicle controls as well as water-only controls were used. Animals were
estimated to be 5 weeks old at the start of this study. Blood samples were taken at terminal
kill for measurement of free testosterone, corticosterone and luteinizing hormone levels. The
only organs taken for histological examination were the spleen and one testis from each
animal. There were no further investigations. There were no significant differences in water
consumption, bodyweight gain, testis or spleen weight between styrene-exposed and control
animals. On completion of the 4 weeks of exposure, plasma levels of free testosterone were
markedly decreased in the high exposure group compared to controls (from around 50 pg/ml
in controls to around 5 pg/ml at 12 mg/kg/day styrene). No clear differences emerged in
levels of corticosterone or luteinizing hormones. No macroscopic or microscopic alterations
were observed in the organs investigated. Reduced levels of testosterone have been
observed in animals exposed to 12 mg/kg/day styrene for 4 weeks in this study, but the full
toxicological significance of this finding is unclear given the absence of histopathological
findings in the testes. Interpretation is also made difficult by the limited range of
examinations (observations were made at one single point), the absence of background
information on the possible normal range of testosterone levels that might be expected in
these young mice and the absence of such effects at such low dose levels in other well
documented studies.

In early studies, deaths have been reported in mice following repeated oral administration of
215 mg/kg/day or above for up to 7 weeks (Stewart et al, 1968). One of 10 mice died at 215
mg/kg/day, increasing to 8/10 at 681 mg/kg/day.

As part of the NCI (1979) study reported in the carcinogenicity section, groups of 50 B6C3F;
mice per sex were administered 150 or 300 mg/kg of styrene by gavage, as a solution in
corn oil, five days a week for 78 weeks (NCI, 1979). The animals were then observed for a
further 13 weeks. A control group of 20 males and 20 females was administered vehicle
only. All animals were subject to a full gross and microscopic examination of a range of
organs, including the reproductive organs.

A significant decrease in survival was noted in the male mice at 300 mg/kg, with 78%
surviving the experimental period, as compared to 92% and 100% of the animals at 150
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mg/kg and in the control group respectively. A slight but not statistically significant decrease
in survival was noted in the female mice, with 76% and 80% of animals of the 300 and 150
mg/kg groups respectively surviving the experimental period, compared to 90% of the
controls. A “slight” but dose related decrease in bodyweight gain was noted in the female
animals. No other clinical signs were reported. At necropsy, hepatic necrosis was found in
4/49 high dose males and in 6/48 high dose females. . Based on increased mortality and
hepatic necrosis at the top dose (300 mg/kg), a NOAEL of 150 mg/kg can be identified from
this 78 week study.

Other species

A repeat dose study in dogs is available, in which groups of 4 Beagle dogs per sex were
administered styrene in peanut oil by oral gavage at dose of 0, 200, 400 or 600 mg/kg/day, 7
days per week for up to 561 days; dogs in the 600 mg/kg group received peanut oil only on
treatment days 318-469, after which they were returned to styrene dosing for the remainder
of the study (Quast et al, 1979). Animals were observed daily for clinical signs of toxicity.
Body weight and food consumption was monitored throughout the study. Haematological
analyses, urinalyses and clinical chemistry parameters were evaluated prior the start of
treatment and at intervals throughout the test period. Ophthalmogical evaluation and gross
microscopic examination of a range of tissues was performed.

No deaths occurred and no treatment related clinical signs or effects on body weight were
observed. The only treatment related effect reported was a dose related increased incidence
of Heinz bodies and associated changes in red blood cells in male and females at 400
and/or 600 mg/kg/day, and sporadically in low dose females. Other haematological effects in
both sexes at 600 mg/kg/day were statistically significant decreases, or a trend towards a
decrease, in packed cell volume, red blood cell count, haemoglobin level and erythrocyte
sedimentation rate; an increased incidence of anisocytosis and hypochromasia of the red
blood cells was also seen in males only at 600 mg/kg. Associated minor liver changes were
also seen: an increased amount of hemosiderin pigment in the reticuloendothelial cells in
both sexes at 400 and 600 mg/kg and in a single female at 200 mg/kg, and increased
numbers of hepatocellular intranuclear acidophilic crystalline inclusions in both sexes at 600
mg/kg. Upon cessation of treatment, the haematological effects in the 600 mg/kg group were
reported to be rapidly cleared and blood parameters returned to normal. It is reported that
there was no indication of any increase in red blood cell turnover or of bone marrow
hyperplasia.

Overall, this study suggests that the only effects of repeated styrene exposure are on
haematological parameters. Although a clear NOAEL cannot be identified, the effects seen
at 200 mg/kg are minimal.

Summary of Repeated Oral Exposure Studies in Animals

Most of the available repeated oral exposure studies have been performed in rats. Few of
these are of the quality, breadth and thoroughness required in standard regulatory test
guidelines. Hence, most of the data do not facilitate the derivation of an overall NOAEL of
the type normally sought in relation to a 90 day (or longer) exposure period. However, there
is reliable information from a carcinogenicity bioassay in the rat, in which there was no
evidence of treatment related toxicity in animals administered 1000 mg/kg/day for two years;
a marked increase in mortality was evident at 2000 mg/kg/day. In another 2 year study,
styrene did not produce any clear evidence of toxicity when administered in drinking water at
a dose of 21 mg/kg/day, the highest dose level used. However it is noted that potential
effects on the ear were not investigated in these studies. Ototoxicity, a clearly established
effect of styrene in the rat, was seen in one study at 800 mg/kg/day (and perhaps, although
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less convincingly, at 400 mg/kg/day), for 2 weeks. A range of different CNS related
observations have also been made with repeated oral dosing in this range, but unfortunately
each one stands in isolation and lacks a surrounding, well established and validated
framework within which the results can be interpreted, and in some cases contradictory
results have been reported in different studies. Overall, there is no convincing evidence of
clear, styrene induced neurological lesions induced by repeated oral dosing in rats. Two
studies by the same authors (Srivastava et al) have reported testicular damage in rats at 200
and 400 mg/kg/day styrene. It is noted that in earlier repeated oral studies and in well
conducted 2 year inhalation studies in rats at equivalent and higher doses than those used
by Srivastava et al, no testicular changes or indications of any testicular effects were
observed. Also, no effects on the testis and fertility parameters have been observed in a
recent well-conducted OECD- and GLP-compliant rat inhalation 2-generation study with
exposures up to 500 ppm (= 300 mg/kg/day) styrene. Therefore, despite these individual
publications by the same authors reporting testicular damage, the weight of evidence
indicates that styrene is not a testicular toxicant.

In mice, the most reliable information comes from a cancer bioassay, in which increased
mortality and hepatic necrosis were observed at the highest dose of 300 mg/kg/day, and a
NOAEL of 150 mg/kg/day was identified. The one significant observation from the remaining
studies is that of toxicity towards the lung epithelium, adding further support to the concept
that the lung toxicity of styrene in mice, following oral and inhalation exposure, results from
local metabolism of styrene to styrene oxide and other reactive metabolites (e.g. the
downstream metabolites of 4-vinylphenol). The one report of styrene induced decrease in
serum testosterone levels in young mice dosed with 12 mg/kg/day for 4 weeks is likely to be
a chance finding.

A repeated oral study in dogs detected Heinz bodies in circulating erythrocytes (suggesting
oxidative damage) at doses of 400 and 600 mg/kg/day, with minimal effects in females at
200 mg/kg.

Overall, in relation to repeated oral exposure, the NOAEL of 150 mg/kg/day identified from a
2 year cancer bioassay in the mouse should also be considered. But in extrapolation to
humans careful consideration has to be taken of the specifics of mouse metabolism and the
high sensitivity of this species for liver toxicity as compared to e.g. the rat.

Dermal

No studies are available, although low systematic toxicity would be predicted in most
conventional experimental species with the possible exception of some strains of the mouse.

Summary of Repeated Dose Toxicity Studies in Animals

A variety of repeated inhalation exposure studies in different animal species are available.
However, among these species, the rat and mouse have been the most extensively
investigated. Four well characterised target sites of toxicity have been identified: the nasal
epithelium (in rats and mice), the lung (in the mouse), the liver (in the mouse) and the ear (in
the rat).

In relation to nasal epithelium damage, a NOAEC has not been identified, with chronic
inflammatory changes (mild in degree and confined to the olfactory epithelium with no effects
on Bowman’s glands or olfactory nerve fibres), having been seen in the rat with long term
daily exposure to 50 ppm styrene, the lowest concentration explored in a 2-year study. Nasal
toxicity has also been reported in mice. In a similar 2-year study, respiratory metaplasia of
the olfactory epithelium, hyperplasia and hypertrophy of the Bowman’s gland and atrophy of
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the olfactory nerve fibres were observed starting from 20 ppm, the lowest concentration
tested. It is clear that the nasal lesions induced by styrene exposure are a lot more severe in
the mouse compared to the rat. Over the years a number of investigative studies have been
undertaken to characterise and explain these species differences and to investiagte the
relevance of these findings to humans. The results of these investigations have shown that
the differences in nasal toxicity between rat and mouse can be explained by the greater
ability of the rat nasal epithelium to detoxify reactive metabolites of styrene formed via
CYP2F2 metabolism. These reactive/toxic intermediates include styrene oxide and most
probably the downstream metabolites of 4-VP. Detoxification of toxic species by epoxide
hydrolase is 10-fold higher in the rat olfactory tissue as compared to the mouse while
glutathione S-transferase activity is approximately 3-fold higher in the rat nasal tissue as
compared to the mouse. It is important to consider that cytochrome P450-catalysed
metabolic activation of styrene to styrene oxide in human nasal epithelial tissue appears to
be negligible (see toxicokinetics section). Also, since uptake of styrene by nasal tissue is
enhanced by the ability of the tissue to metabolize styrene, the lack of the primary step of
styrene metabolism in human nasal tissue serves as a further reason for dismissing the
relevance to humans of these rodent nasal lesions. Besides these metabolic differences,
anatomically, there are significant differences in the nasal passages of rodents and humans,
which result in significant different volumes and airflow patterns. Thus, although inhaled
styrene may be deposited in the nasal passages of humans, it is likely that high levels will
not be deposited in the olfactory area. Furthermore, human investigations have shown that
exposure up to 77 ppm (8h TWA) styrene as occurring in the UP-resin industry is not
associated with impairment of olfactory function, and in several human health surveys of
workers repeatedly exposed to styrene up to approximately 700 ppm, no nasal lesions have
been described (see RDT, human studies section). Hence, it can be concluded that rodent
nasal epithelium damage induced by styrene is not of relevance in relation to the potential
repeated dose effects of styrene in humans at relevant levels of exposure.

In relation to the lung, no effects were seen in rats exposed up to 1000 ppm, but in mice a
NOAEC was not identified, with damage to the lung epithelium (hyperplasia in the terminal
bronchioles, focal bronchiolar-alveolar hyperplasia, fibrosis extending to the alveolar ducts
and extension of non-ciliated cells from the terminal bronchiole to the alveolar duct) having
been seen from 20 ppm, the lowest exposure concentration tested in a 2-year study. Work
with the cytochrome P450 inhibitor 5-P-1-P has shown that metabolic activation of styrene to
styrene oxide and other reactive metabolites (e.g the downstream metabolites of 4-
vinylphenol) and the subsequent detoxification of styrene oxide are crucial elements of this
toxic response. This is supported by the observation that it is the metabolically active Clara
cells that are the initial focus of damage. These non-ciliated bronchiolar epithelial cells are
mainly involved in the metabolism of xenobiotics, but also in the secretion of surfactants and
in the renewal process of the bronchiolar epithelium (Komaromy and Tigyi, 1988). Early
biochemical changes, sustained cell damage and regenerative cell proliferation were
observed in lung Clara cells of mice exposed to 40 and 160 ppm styrene for up to 4 weeks.
In this context it is important to consider that cytochrome P450-catalysed metabolic
activation of styrene in human lung tissue appears to be minimal (see toxicokinetic section)
even though the two main P450 isoforms involved in styrene metabolism, CYP2E1 and
CYP2F1, have been detected; that the number of Clara cells in human lung is very low; and
that their most important fucntions in human lung are shared by other cell types (e.g. Type |l
cells). Hence, it can be concluded that these lung tissue findings in mice reflect a toxic
response that will not occur to any significant extent in humans at relevant levels of
exposure.

In relation to the liver, exposures in the range 150-350 ppm have produced fatal
hepatotoxicity in mice. Again, it appears that the metabolic activation of styrene to styrene
oxide is a crucial stage in the hepatotoxicity process. In this context, it is evident that the
toxicokinetic information available suggests that the mouse would be more susceptible than
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humans to styrene induced hepatotoxicity. This is borne out by the observation of mouse
fatalities at exposure levels to which humans have been regularly exposed in the past, with
no reports of hepatotoxicity or death.

In relation to effects on the ear, clear evidence of ototoxicity (both functional and histological
has been seen in sedentary/ordinary rats repeatedly exposed to styrene by inhalation at
concentrations of 600 ppm and above. In three different studies, no such effects were seen
at 200 ppm (13 weeks), 300 ppm or 500 ppm, although in the latter two cases the studies
were only of four weeks’ duration. One study in active rats exposed to styrene for 4 weeks
showed that styrene-induced ototoxicity tend to occur at lower exposure concentrations than
those at which ototoxicity is observed if sedentary/ordinary rats are employed. This is
considered to be due to the increased styrene uptake, which is the consequence of the
increased ventilation rate and, in turn, of the increased physical activity. In this study ototoxic
effects were seen at 400 ppm and above, but not at 300 ppm.Comparative studies using rats
and guinea pigs exposed to 1000 ppm for 5 days indicate an obvious species-difference, as
similar findings were not observed in guinea pigs. Ototoxicity has been seen at similar
exposure levels with other aromatic organic solvents, such as toluene and xylene. The
underlying toxicological mechanism has not been clearly elucidated. This effect should be
regarded as of potential relevance to human health. The histological damage consists in the
destruction of the outer hair cells (OHC; especially of row 3) of the cochlea. These changes
are accompanied by an elevation of the hearing thresholds in the mid-frequency range (10-
20 kHz). The destruction of the hair cells is irriversible and occurs at slightly lower exposure
concentrations than those producing the audiometric hearing threshold shifts. Mechanistic
investigations indicate that styrene reaches the sensory hair cells of the cochlea via the
blood stream and that styrene itself and/or its metabolites cause a serious disturbance of the
membranous organisation of these target cells. A number of studies suggest that styrene-
induced ototoxicity can be potentiated by exposure to noise. The available evidence also
shows that ototoxicity appears after relatively short exposures (1 week) and that continued
treatment (4 weeks up to 19 months) does not enhance the intensity of the ototoxic
response. On this basis, it is considered that the NOAEC values of 500 and 300 ppm for 4
weeks in sedentary/ordinary and active rats respectively are a more accurate starting point
for risk characterisation than the NOAEC of 200 ppm for 13 weeks.In one single non-
standard investigation, rather minor effects on the number of the large amacrine cells and on
the content of neuramines and glutathione of the retina of rats exposed repeatedly to 300
ppm styrene for 12 weeks have been reported. However, it is considered that, in the
absence of any associated conventional histopathology and given the lack of of information
on what are the ‘normal’ levels of dopamine and glutathione in the retinal cells of rats, the
rather minor morphometric and biochemical changes observed are unlikely to represent a
toxic response.

Overall, the available inhalation repeated dose toxicity studies have identified ototoxicity as
the most sensitive and relevant effect of styrene repeated inhalation exposure with NOAEC
values of 500 ppm (2165 mg/m® and 300 ppm (1300 mg/m®) for 4 weeks in
sedentary/ordinary and active rats respectively.

Most of the available repeated oral exposure studies have been performed in rats and mice.
Information from a carcinogenicity bioassay in the rat has shown no evidence of treatment
related toxicity in animals administered 1000 mg/kg/day for two years; a marked increase in
mortality was evident at 2000 mg/kg/day. In another 2-year study, styrene did not produce
any clear evidence of toxicity when administered in drinking water at a dose of 21
mg/kg/day, the highest dose level tested. However it is noted that potential effects on the ear
were not investigated in these studies. Ototoxicity, a clearly established effect of styrene in
the rat, was seen in one study at 800 mg/kg/day (and perhaps, although less convincingly, at
400 mg/kg/day) for 2 weeks.
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In mice, the most reliable information comes from a cancer bioassay, in which increased
mortality and hepatic necrosis were observed at the highest dose of 300 mg/kg/day; a
NOAEL of 150 mg/kg/day was identified from this study. The one significant observation
from the remaining studies is that of toxicity towards the lung epithelium, adding further
support to the concept that the lung toxicity of styrene in mice, following oral and inhalation
exposure, results from local metabolism of styrene to styrene oxide and to other reactive
metabolites (e.g. the downstream metabolites of 4-vinylphenol).

Overall, in relation to repeated oral exposure, the NOAEL of 150 mg/kg/day identified from a
2-year cancer bioassay in the mouse should also be considered. But in extrapolation to
humans careful consideration has to be taken of the specifics of mouse metabolism and the
high sensitivity of this species for liver toxicity as compared to e.g. the rat. No repeated
dermal studies are available, although low systemic toxicity would be predicted in most
conventional experimental species with the possible exception of some strains of the mouse.

41.2.6.2 Studies in humans

The effects of repeated styrene exposure in humans have been studied extensively but the
value of many of the studies, for regulatory purposes, is limited by a lack of precision
regarding the styrene exposures of experienced by affected individuals or the failure to
compare the exposed subjects with a suitable control group. As styrene is known to have
some potential to affect the CNS (producing mild narcotic symptoms) following single
exposures, there has been particular emphasis on investigating its potential to produce other
neurological and psychological (neurobehavioural) effects on long term exposure. For clarity
of presentation this section of the review has been divided into sub-sections.

Mortality studies

Based on the data obtained by Wong (1990) and Wong et al (1994) (see section 4.1.2.8.3),
from the investigation of cancer mortality in workers employed in the U.S. reinforced plastics
and composites industry and exposed to styrene, the cohort has been further analysed with
respect to mortality from non malignant diseases of the respiratory, genitourinary and
nervous systems (Wong and Trent 1999). For all workers the incidences of deaths from all
diseases of the nervous system (observed 14 deaths) and of genitourinary diseases
(observed 13 deaths) were lower than that expected from U.S. national rates (24.7 nervous
system deaths and 14.8 genitourinary deaths, respectively). Increased rates were observed
with respect to non-malignant respiratory disease (97 deaths observed compared with 80.2
expected). Twenty three (23) of these deaths were due to pneumonia (expected 24.9), 23
were classified as being due to ‘bronchitis, emphysema or asthma’ (expected 18) and 51
were reported as being due to other non-malignant respiratory diseases (expected 36.3).
Thirty six (36) of these latter deaths were reported as being due to “chronic airway
obstruction, not otherwise specified” which included chronic non-specific lung disease,
chronic obstructive lung disease and chronic pulmonary disease, not otherwise specified.
Mortality analysis by duration of exposure and/or employment indicated that there was no
pattern evident with respect to mortality incidences for any of the disease types investigated.
Short term workers (<1 year exposure) had the highest mortality from non malignant
respiratory disease (SMR 1.41), whereas there was no increased mortality from non
malignant respiratory disease in those workers with >10 years exposure to styrene. Overall,
in this study there was no evidence of a relationship between styrene exposure and any
increase in worker mortality due to diseases of the nervous system, non-malignant
respiratory, or other diseases.
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Another study investigating mortality from non-malignant respiratory disease in workers with
styrene exposure is available (Welp et al, 1996a). A cohort previously used by Kogevinas et
al (1994) to investigate possible cancer risk (see section 4.1.2.8.2) was assessed,
comprising 34560 men and 6128 women employed in 660 European factories manufacturing
reinforced plastic products. Individuals unexposed to styrene or with unknown styrene
exposure (n=5245) were excluded from the study. The remaining 35443 known styrene
exposed individuals remained in the cohort for comparisons with national reference rates.
The criteria for the selection of individuals into the cohort, the follow up period, individual loss
rates and the determination of styrene exposure levels are reported in section 4.1.2.8.2.

Overall mortality from “all causes” amongst the exposed workers was lower than expected
from national rates (2714 deaths, SMR 0.92). Mortality deficits were found for “all non-
malignant respiratory diseases” (118 deaths, SMR 0.81), pneumonia (27 deaths, SMR 0.62)
and bronchitis, emphysema & asthma (63 deaths, SMR 0.86). The only trend identified in
connection with styrene exposure was that mortality from all non-malignant respiratory
diseases showed an increase with increasing time since first exposure (<10 years SMR
0.58; 10-19 years SMR 0.89; >20 years SMR 0.92). However, all SMR values remained
below 1 and there was no relationship with other indicators of styrene exposure. Mortality
from pneumonia also increased with time since first exposure, and with average exposure to
styrene, but not with cumulative exposure or duration of exposure. The authors reached the
balanced conclusion that, in the absence of verification in other studies, the finding might
represent a true casual effect of styrene but might also be a chance finding.

Using the same cohort, the same workers have investigated possible relationships between
styrene exposure and mortality from non-malignant diseases of the genitourinary system,
(Welp et al, 1996b). There was no elevation in the number of deaths from non-malignant
diseases of the genitourinary system in exposed workers compared with national rates (SMR
0.94). There was a correlation of the mortality rate with increasing styrene exposure.
However of the 20 worker deaths in this general category, 5 were from nephritis and
nephrosis, 3 from renal failure, 10 from other diseases of the urinary system, 1 from a
prostrate disorder and 1 from an ovarian/fallopian tube disorder. Such a varied pattern of
diseases would not have a common etiology. Although the authors suggest that the potential
association with styrene is worthy of further exploration, there was no convincing evidence of
an effect of styrene exposure on diseases of the genitourinary system in this study.

Mortality from non-malignant disease has been investigated in a cohort of 36610 styrene
exposed workers employed between 1964 and 1988 at 386 facilities in Denmark (Kolstad et
al, 1995). A reference population of 14293 non exposed workers, in the same plants, was
also investigated. No details of medical histories or smoking habits were reported. No
information regarding potential exposures to other chemicals was reported. No data on
individual exposures or job titles were available. Employees of a company with <50% of the
workforce involved in work with reinforced plastics were classified as having “probable low
styrene exposure”, whereas employees of companies with <50% of the workforce working
with reinforced plastics were classified as having “probable high styrene exposures”. This is
a very crude means of exposure discrimination. Duration of employment was determined
from payment records. Overall mortality was slightly increased compared against Danish
national rates, with a total of 3031 deaths, in the cohort (expected 2754.1 SMR 1.10, 95% CI
1.06-1.14). However, there were no notable elevations in mortality for any particular non-
malignant diseases. For degenerative disorders of the nervous system and cardiomyopathy,
workers in the “high exposure” group had a higher mortality rate than in the “low exposure”
group. However, the differences were not statistically significant. Overall, the study presents
no convincing evidence of an association between styrene exposure and elevated mortality
from non-malignant disease.
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In addition to the analysis of death due to cancer, Ruder et al 2004 (see also Section
4.1.2.7.4, Carcinogenicity) investigated other causes of mortality. There were no statistically
significant or consistent increases in SMRs for non-cancer deaths in this follow-on study.

A case-cohort study examined the relative risks of death due to ischaemic heart disease
(IHD) from two styrene-butadiene polymer-manufacturing plants in USA (Matanoski and Tao,
2003). The target population was male workers (n=6587) employed between the start of the
industry in 1943 until 1982. Females were excluded because of a lack of information about
job history. There were 498 cases where IHD was the underlying cause of death or
diagnosed as being contributory. Non-cases were a 15% random sample of the 6587
workers (n=997, including 71 who eventually died of IHD — these were included as referents
in the study up to the point of death). Exposure information on styrene and butadiene was
either from measurements or estimation based on job history. Smoking status (an obvious
potential confounding factor) was determined from a sample of 424 questionnaires that had
been returned from cases and controls. However, as smoking was not correlated with
styrene exposure it was concluded not to be a confounding factor and was not corrected for
in the analysis. One weakness of the study is that the respondents to the smoking survey
were a relatively small fraction of the total workforce which may not be truly representative. A
proportional hazards model was used to analyse results, and age was used as a matched
variable. The model also corrected for race and considered the number of cases and non-
cases amongst current workers, those who had left 10 or more years previously and those
who had left less than 10 years previously. Workers were grouped into those who had been
‘ever-employed’, employed for 2 or more years, and employed for 5 or more years — these
groups were inclusive of each other.

Amongst active workers there was a slight increase in risk of death due to acute IHD once
butadiene exposure had been taken into account suggesting an association of cumulative
exposure to styrene with acute IHD (a relative hazard, RH = 1.04, 95% CI 1.00-1.09
amongst those employed for 2 or more years and RH = 1.04, 95% CI 1.00-1.08 amongst
those employed for 5 or more years). Curiously, and in contrast to this, a more pronounced
and apparently dose-related effect was noted when the intensity of styrene exposure was
estimated by job category. If the exposure modelling was accurate both methods should
result in similar risk estimates; the inconsistency raises some doubts about the association
of styrene exposure with IHD. Overall, the authors describe the apparent increase in risk of
IHD as of “borderline significance”. Amongst former workers there was no association
between butadiene or styrene exposure and acute or chronic IHD.

In a further analysis of information obtained from the cohort mortality studies in the styrene-
butadiene rubber (SBR) industry Delzell (2004, unpublished) also reports on the risk of acute
and chronic ischaemic heart disease (IHD). From a cohort of 16759 men who had been
employed for at least one year at any of 6 SBR plants previously described by this author
and her team, 14006 were identified as potentially exposed to styrene. Between 1944 and
the end of 1998, 5703 men died; of these, the cause of death was ascribed to IHD in 1684
cases (1021 with acute IHD and 663 with chronic IHD). Of these 1684 cases 1412 had been
exposed to styrene. SMRs for IHD were calculated against the general population for the
locality in which the factory was based (at US State or Canadian Province level) and were
controlled for age, race and time period of death. The median number of years worked was
11.8, and median intensity of styrene exposure was 12.7 ppm-years (overall median styrene
concentration 1.6 ppm).

From the 1412 deaths due to acute and chronic IHD amongst the styrene-exposed workers
an overall SMR of 0.9 (95% CI = 85-95) was calculated; there were no significant differences
according to race, age, locality, years since hire. For employees that had ceased working
with styrene, there was marginal increase in SMR for IHD, 1.29 (95% CI = 0.93-1.75) but
only for the first year since leaving styrene-related work. For subsequent years there was no
increase in SMR for IHD. Also, there was no consistent trend with increasing styrene
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exposure (as ppm-years or overall intensity). During that first year after styrene-related work,
increased mortality was also observed for other major causes of death. Thus, the author
suggests that there is a tendency for employees to stop work as they experience a serious,
life-threatening illness.

Overall, therefore, the marginally increased SMR for IHD reported by Matanoski and Tao
(2003) should not be considered to be styrene-related as no evidence emerges from a much
larger study (Delzell, 2004) for a concern over death due to acute or chronic IHD associated
with styrene exposure.

Summary of mortality studies (non-malignant disease)

In the few studies that have reported on patterns of mortality from non-malignant disease in
occupational groups exposed to styrene the authors of these studies have signalled findings
that have been proposed to be worthy of further exploration. However, a critical appraisal of
the studies, taken together, suggests that they present no convincing evidence that styrene
exposure has enhanced the incidence of mortality from any particular disease.

Worker health surveys

The results of a health survey of 488 workers at a factory in the USA where styrene was
manufactured and polymerised have been reported (Lorimer et al, 1976; Lilis et al, 1978;
Lorimer et al, 1978). The average age of the workers was about 45 years, and their duration
of exposure varied from 0.1 year to over 20 years. These workers were divided into two
subgroups: 288 workers in jobs classified as involving appreciable exposure to styrene and
200 men in low exposure or unexposed jobs. The latter included 41 workers who had been
transferred to other areas in the site, or who had retired. No information was given as to the
relative ages of the two subgroups, or their comparability with regard to other possible
confounding or matching factors. Styrene exposure levels and duration of exposure for each
worker were obtained from occupational histories and spot air sampling. Workers in the low
exposure group (n=200) were reported to be exposed to <1 ppm as a TWA (duration not
stated), whereas those in the high exposure (n=288) group were reportedly exposed to 5-20
ppm as a TWA. Group classification was confirmed from the results of mandelic acid and
phenylglyoxylic acid analysis in urine samples. It was also stated that men from the “high”
exposure group were sometimes exposed to levels of “hundreds of ppm”.

Each person was subjected to clinical examination, which included assessment of
symptoms, haematology, liver function tests, lung function tests (spirometry), chest X-ray
and ophthalmic examination. Nerve conduction velocity was also measured (see section on
nerve conduction studies). No control groups were used except for the liver function tests.
Symptoms described as “pre-narcotic” (lightheadedness, drunkenness, dizziness,
headaches, nausea, loss of balance and un-coordination) were self reported by individuals in
both exposed subgroups, the incidence being 19% in those exposed to the higher styrene
levels as compared to 10% of the other group. This increase was statistically significant.
Irritant effects on the eyes and nasal mucosa were noted to a similar extent in both groups.
Evidence of lower respiratory tract irritation, consisting of episodes of wheezing or tightness
in the chest, was reported in 19% of the former and 7% of the latter group; recurrent
symptoms were noted in 12% and 5% respectively. In contrast, chronic bronchitis was less
prevalent in the men exposed to the higher styrene levels (2% as compared to 8% in the
lower exposure group). Lung function tests on the non smokers in both groups also indicated
less impairment in those exposed to the higher styrene levels, with some evidence of
airways’ obstruction (defined as FEV./FEV<75%) in 25% of the high exposure group as
compared to 36% of the low group. No evidence of any radiological changes in the lungs
was noted in either group. The liver function tests consisted of measurement of serum
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bilirubin, alkaline phosphatase, alanine aminotransferase and gamma-glutamyl transferase.
The results from each sub group of styrene exposed workers were compared to those
obtained from 993 men (not hospital patients) tested at the same laboratory; the average
age of the latter group was about 42 years. The only significant difference noted was in the
distribution of workers with ‘abnormal’ gamma-glutamyl transferase levels (defined as above
the 96" percentile of the control group) after exclusion of subjects with elevated levels of
alcohol consumption. The overall proportion in the exposed workers was 5% but seven per
cent of the subgroup or workers exposed to the higher styrene levels had elevated levels as
compared to 3% in the workers exposed to the lower styrene levels. The increased enzyme
levels were also related to duration of exposure but no attempt was made to control for the
increasing age of the exposed workers. No consistent pattern was seen for any other liver
function tests. No significant differences were noted regarding the haematological
parameters of the two groups. Ophthalmic examination revealed no evidence of optic
neuritis, or any abnormality of the optic fundus in any of the workers examined.

Overall, the only effects noted in this study that appeared to be related to exposure to
styrene were an increased incidence of pre-narcotic symptoms and also some symptoms of
irritant effects on the lower respiratory tract, although limited lung function tests did not
reveal any impairment. The small increase in the percentage of unusually high results for
serum gamma-glutamyl transferase levels in those with high styrene exposures is not
considered to be significant, particularly as no other markers of liver dysfunction were
affected.

Styrene and polystyrene manufacture workers were compared with reference workers in a
morbidity study by Theiss and Friedheim (1978). Eighty four workers employed in a styrene
plant (exposure duration ranged from 1 to 36 years), and 93 workers employed in a
polystyrene plant (exposure duration ranged from 1 to 38 years) were investigated. A
reference group of 62 unexposed workers of similar “living” conditions was used. No further
details of any matching are reported. All workers were questioned regarding their
occupational and medical histories, and underwent physical examinations (height, weight,
blood pressure, pulse rate, vital capacity, electrocardiograms and radiological examination of
the thoracic organs) and provided blood and urine samples for laboratory testing (blood
counts, thrombocyte counts, SGOT, SGPT, gamma-GT, lactate dehydrogenase, alkaline
phosphatase, bilirubin, albumin, thymol test, urea and creatinine levels). Worker
absenteeism and accident rates were also assessed. Atmospheric concentrations of styrene
were measured at various parts of the exposure area, at the time of the investigation. In the
styrene plant no exposures exceeded 10 ppm (further details not stated) and most were less
than 1 ppm. In the polystyrene plant generally exposures did not exceed 8 ppm and most
were less than 1 ppm, with one or two high exceptions. These were no increases in the
occurrence of abnormalities in relation to any of the above parameters in the styrene
exposed workers, relative to the control group.

Pulmonary function (vital capacity or forced expiratory volume) and liver function (serum
ASAT, ALAT, ALP) were assessed in a small group of 17 GRP workers and compared with a
group of age matched referents (Axelson and Gustavson, 1978). Eight hour TWA levels of
100-200 ppm styrene were measured in the breathing zone of the workers. Peaks of >1000
ppm were measured in the breathing zones of sprayers, who were said to be able to
withstand the irritant effects of styrene vapour without the use of PPE. There were no
significant differences between the two groups in any of the parameters assessed.

The results of a health survey of 98 men exposed to styrene at 24 different factories
manufacturing polyester plastic products in Finland have been reported (Seppalainen and
Harkonen, 1974 and Seppalainen and Harkonen, 1976). Urinary mandelic acid levels were
monitored in each worker at the end of the work shift, once a week (on different days) for five
weeks. The mean urinary mandelic acid concentration in the exposed workers was 808 mg/l
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with the range observed being 7-4715 mg/l. Studies by the same group of workers indicated
that this average madelic acid level was equivalent to an 8 hour TWA styrene exposure of
the order of 35 ppm but exposures must obviously have been considerably higher in some
workers, given the range of mandelic acid concentrations reported. Each worker was
examined physically, and blood samples were taken for haematology and clinical chemistry.
Urine samples were analysed for glucose and albumin, and in addition, were subjected to
cytological investigation to determine whether any atypical epithelial cells were present.
Lung function tests were also performed. An assessment of symptoms of toxicity
experienced by the workers was also made using a questionnaire and the results compared
to those obtained with a similarly sized control group; this consisted of local men, of
comparable age, who were employed as postal workers or electricity workers, and were not
exposed to styrene.

No significant difference was noted between the exposed and control workers, with respect
to physical examination, haematology, clinical chemistry, urinalysis and lung function tests.
Symptoms of fatigue and difficulty in concentrating were reported in a significantly greater
proportion of the styrene workers as compared to the controls; 41% of the exposed workers
felt excessively tired at the end of the work shift, and 24% stated that they frequently forgot
things, as compared to 8% for both symptoms in the control group. Complaints of headaches
and feelings of dizziness were also more frequent in the exposed group, as were irritant
effects (itching and redness of the eyes). However, there was no correlation between any of
the symptoms and urinary mandelic acid levels. One possible explanation is that the effects
were due to short term peak exposures to styrene rather than average exposure levels.
Overall, the effects noted in this study were an increased incidence of subjective symptoms
of tiredness, memory loss, mild central nervous system effects and irritancy. The tiredness
might possibly have been related to physical activity; the report does not include a
comparison of physical workload in control and exposed workers. Other symptoms might
well have been caused by styrene, but it is not possible to associate them with the precise
exposure conditions responsible.

Medical examination of a group of 33 workers from 3 Swedish GRP factories revealed signs
of eye and throat irritation amongst the workers (Rosen et al, 1978). Although some data is
given in the report on mean atmospheric styrene levels, it is impossible to relate such data to
the specific cases of eye or throat irritation.

A health survey has been carried out on a small group of workers exposed to styrene at
three separate Dutch factories involved in the processing of reinforced plastic, mainly in boat
making (Zielhuis et al, 1963). Average exposure over the work shift was estimated to be in
the range of 24-94 ppm, but it is considered that the men would have been exposed to mean
concentrations in the range 106-209 ppm while working in closed or partially closed boats;
peak concentrations during such periods were estimated to be 235-705 ppm. The numbers
involved were small, consisting of 5, 16 and 6 men from the separate factories. In addition a
further group of 28 men exposed to styrene during processing of reinforced plastics was
examined. These men were exposed to lower styrene levels (average airborne
concentrations estimated to be about 7 ppm but with maximum concentrations in the range
14-74 ppm). The health survey results were compared with those obtained in a control group
consisting of 5, 21 and 5 workers from each of the 3 factories; these controls were involved
in jobs that were unlikely to result in any exposure to styrene. All of the workers in the study
had been employed for less than § years but no further details were given regarding their
age, or the comparability of the exposed and control groups.

Each worker was subjected to a physical examination, blood tests (including haematology,
blood bilirubin and protein determinations) and urine analysis. In addition symptoms were
assessed using a questionnaire. The only differences noted between the exposed and
control workers were in the results of the questionnaire. These indicated an increased
incidence of irritation of the eyes and nasal mucosa, and also increased drowsiness,
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anorexia and dizziness reported by the workers exposed to styrene. The increase was most
marked in those exposed to the higher levels of styrene, but some symptoms were also
reported in those exposed to the lower levels (maxima estimated to be 14-74 ppm). In all
cases the symptoms only occurred during the work shift, and quickly disappeared after
leaving the work area. No increase in absenteeism was noted in any of the exposed groups.

Results of medical examinations of a group of 50 workers exposed to styrene at two
factories in the USA have been reported (Zielhuis et al, 1961). No data were available on the
atmospheric styrene levels present. In addition to styrene these workers were known to be
exposed to epoxy resins and volatile polyamine hardeners (mainly triethylenetetramine) and
the contact dermatitis reported in 9 of the men was thought to be due to these other
chemicals. The medical examination included haematology, blood biochemistry, liver
function tests, and urinalysis. The only adverse effects noted were in a few subjects who
reported subjective symptoms of drowsiness and “slight tremor”. This study contains no
information on the styrene levels present and is very limited in its scope and value.

A group of 68 workers in the glass reinforced plastics (GRP) the Netherlands was asked 13
questions about health complaints at work (Geuskens et al, 1992). A control group of 111
workers exposed to organic solvents and paint dust at a paint manufacturer had also
answered the same questions in another unpublished study. Factors such as smoking and
drinking, work hygiene and conditions were said not to have been different between the two
groups. Mean styrene exposure levels were 23-51 ppm, 8 hour TWA (geometric mean). The
number of subjective symptoms reported (irritation e.g. headache, burning eyes, itching skin
and pre-narcosis e.g. nausea, dizziness) was statistically significantly increased in the
styrene exposed group, although the actual differences in questionnaire scores between the
groups was small. It was felt by the workers that styrene and methylene chloride were
frequently the cause of the complaints. Given the confounding presence of methylene
chloride the small increase in the symptoms experienced by the GRP workers cannot be
reliably attributed to styrene.

The health of workers at two Polish GRP factories has been investigated (Chmielewski et al,
1973). In the initial study 48 workers from one factory and 53 from the second were
subjected to medical examination, including limited haematology and blood biochemistry
(serum protein and lipid levels and liver function tests). Only very brief details were given
regarding the atmospheric styrene levels; these were stated to be 2-6 times the stated MAC
value, which would therefore equate to 25-70 ppm. No details were given on the maximum
styrene levels present. There was no control group. Symptoms were reported by 26% of
these workers, including excitability, perspiration, hypoaesthesia, whitening of the fingers
and trembling. No adverse effects were noted on any of the blood parameters measured, nor
on the liver function tests. In the absence of a control group, no reliable conclusion can be
drawn from this study.

In a separate study glucose tolerance tests were carried out on 61 of these workers. These
were divided into two groups on the basis of their length of exposure to styrene. These
subgroups consisted of 40 workers with average exposure of about one year and 21 with
average exposure of ten years or more. The results were compared with those obtained in a
control group of 18 persons; no further details were given regarding the composition of this
group, or the age of the subjects in any of the groups. The pattern of results obtained were
unexpected. Markedly higher glucose tolerance, relative to controls, was noted in those
workers with the shorter exposure to styrene. However, an appreciably lesser elevation,
relative to controls, was noted in those workers with an average of ten years exposure to
styrene. This study report is deficient in important details, particularly regarding matching of
the groups involved. There is also no plausible explanation offered to the potential
underlying mechanism and the pattern of the results. Overall, this study is considered to be
unreliable.
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A small group of GRP workers at 4 Czechoslovakian factories underwent medical tests (Huzl
et al, 1967). Average atmospheric styrene levels were believed to be about 47 — 94 ppm.
The numbers of workers involved at the 3 factories were 13 (including 3 women), 7 and 20
(including 7 women) respectively. At the fourth factory the laminates were handled
mechanically, and ventilation was much better; average airborne styrene levels were below
6 ppm; fourteen workers (including 7 women) were investigated from this plant. Each worker
was subjected to medical examination including haematology tests, test for liver function,
neurological examination and electroencephalography. No control group was used. The
results for the styrene exposed workers included headaches, exhaustion or drowsiness and
dyspeptic disturbances. The highest incidence was stated to be in the group from the third
factory, comprising mainly women. No abnormalities were noted in haematology. In relation
to the assessment of liver function, “elevated” serum bilirubin levels, presumably above a
reference value for the investigators’ laboratory, were noted in 17% of the exposed workers
and a “prolonged” Weltman reaction occurred in 48%. These effects were stated to occur
more frequently in the workers exposed to the higher styrene levels. However, there were no
effects on serum aspartate or alanine aminotransferase levels and in view of this, and the
absence of a control group, these results do not present convincing evidence of liver
dysfunction. In the absence of a control group, this study does not present reliable
information on the effects of styrene exposure. A limited health survey of workers exposed to
styrene at a Russian factory has been reported (Kats, 1962). No information was given on
the atmospheric styrene levels. A total of 526 workers (250 men, 276 women) was studied
but not all tests were performed on all subjects and it is unclear on what basis the various
subgroups involved were selected; in some cases they appear to comprise those workers
who attended the factory clinic for particular treatments. The study does not appear to have
any rational overall strategy. Symptoms reported included headaches, nausea, heartburn,
and heavy sensation or pain in the right subcostal region. Physical examination was said to
have revealed liver enlargement in 159 workers. Biochemical studies were performed on
various subgroups, the size and nature of which are unclear. Blood bilirubin levels were
slightly higher than expected values in 19 subjects. In 63 selected subjects presupposed to
have “styrene-induced hepatic pathology” there was a reduction in blood albumin and a rise
in beta-globulin and, to a lesser extent, gamma-globulin as compared to the results from
blood samples taken from “healthy” volunteers. Haematology, presumably on this subgroup,
revealed a tendency forwards leucopenia (in 31% of the group) and reticulocytosis (in 59%).
the quality of the methodology and reporting is too poor to permit any useful conclusions to
be drawn. There is also no information given on possible confounding factors, such as the
alcohol consumption of the subjects or the very probable co-exposure to butadiene and
other chemicals.

Summary of worker health surveys

In the available worker health survey studies, consistent evidence of an increase in the self-
reporting of symptoms of eye and nasal irritation and CNS disturbance (drowsiness,
headache, light-headedness) comes through. Unfortunately, the quality of the exposure data
means that it is not possible to relate these effects to reliable levels of styrene exposure,
particularly as it is possible that these effects are related more to short-term peaks in
exposure, rather than to workshift averages. No reliable evidence for any other effects of
styrene is indicated by these studies.

Studies focussed on haematological, hormonal or renal endpoints
Workers (221) exposed to styrene in the GRP industry were examined in a haematological

survey and compared with a group of 104 controls (Stengel et al, 1990). Age, sex and
smoking habits were similar in each group. The majority of major haematological parameters
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did not differ between styrene-exposed and all control workers. There were statistically
significantly lower mean values of neutrophils and mean corpuscular haemoglobin
concentration (MCHC), and statistically significantly higher mean values for monocytes and
mean corpuscular volume, in the exposed group relative to controls, although these
differences were very small. There was a dose-response trend in MCHC with values
decreasing as urinary styrene metabolite concentration increased. Regression models were
applied to the data. The above results remained significant for an association with styrene
after adjustment for age, sex, tobacco and alcohol consumption and place of residence, with
the exception of neutrophil changes, which appear to be accounted for by smoking habit.
Nevertheless, the differences seen between the styrene-exposed and control workers were
minor, and of no clinical significance. They have not been reproduced in other studies
involving haematological investigations.

In another study, more detailed haematological investigations were carried out on 122 men
from the two Czechoslovakian factories in the worker health survey by Huzl et al, described
above (Chmielewski and Renke, 1976). The workers were divided into two groups on the
basis of their length of exposure of styrene. These consisted of 101 workers with an average
exposure of about one year and 21 with an average exposure of about ten years. Blood cell
counts were in the normal range for all workers. A statistically significant but small difference
in mean platelet levels was evident, being lower in those with longer exposures. The
observation of a slight reduction in mean platelet levels in these workers prompted an
investigation into the coagulation/fibrinolysis system in the group of workers with longer
exposure to styrene. The results were compared to those obtained in a control group of 20
persons, but no further details were given regarding this group. No difference was noted in
bleeding time. Coagulation time was statistically significantly longer in the styrene-exposed
workers, compared with controls. Other differences noted included a lower prothrombin ratio
and a shorter time for blood euglobulin fibrinolysis (both statistically significant) in the
styrene-exposed group compared with the controls. However, although mean platelet
numbers were lower in the longer exposed workers, their adhesiveness was statistically
significantly higher than in the controls. Overall, the results appear to reflect small
differences on blood clotting parameters that would operate in opposing biological directions.
The findings also stand in isolation. Hence, it is considered that they should not be regarded
as reliable findings.

A haematology survey was carried out at a styrene-butadiene manufacturing plant
(Checkoway and Williams, 1982). A group of 154 workers gave blood samples. The mean 8-
hour TWA concentrations were highest (14 ppm styrene and 20 ppm butadiene) in one area
of the plant known as the tank farm. In tank farm workers, red blood cell count was slightly
lower than in other workers, but the difference was clinically insignificant. The contribution
from styrene exposure was analysed by multiple regression analysis; little effect of styrene
was found using this method. Overall, in this limited study there was no evidence of an effect
of styrene on haematological parameters.

Georgieva et al (1998), have reported that in a cohort of 110 women occupationally exposed
to benzene, toluene, xylene and styrene, mean RBC and haemoglobin levels were
significantly lower than in a control group of 45 unexposed women from the same plant.
However, given the mixed ex