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T
his ninth volume of the SIRC Review is the largest
and, I believe, the most ambitious one produced to
date. This issue is focused around a theme — the

mode of action of styrene, particularly the relevance of
lung tumors found in styrene-exposed mice to potential
human effects. Understanding the underlying mecha-
nism by which exposure to a chemical may, or may not,
result in a tumorigenic response is gaining increased
importance for carcinogen risk assessment. Indeed, the
U.S. Environmental Protection Agency’s (EPA’s) new
Draft Final Guidelines for Carcinogen Risk Assessment place
much greater weight on the evaluation of mechanistic
data as an interpretive tool. 

As reported in the two previous volumes of the SIRC
Review, state-of-the-art chronic “lifetime” inhalation studies
of styrene found lung tumors in mice but no tumors in
rats, even though the rats were exposed to much higher
levels. Additionally, a series of progressive non-tumorous
changes were found in the lungs of mice over shorter
time intervals, again with no effects in rats. Historically,
control (unexposed) mice have a high incidence of lung
tumors, whereas they are uncommon in rats. Extensive
human epidemiology data on workers exposed to inhaled
styrene do not indicate any increase in cancer (lung or
otherwise) from styrene exposure. Thus, it is difficult to
determine if, or how, the findings in mice might be relevant
to assessing the human carcinogenic potential of styrene. 

Since mouse lung tumors became apparent, SIRC and
SIRC’s European counterpart, the Styrenics Steering
Committee of CEFIC, have sponsored a significant
amount of research to better define the tumorigenic
process in the mouse and examine these same endpoints
in rats and humans. All articles in this volume are recent,
having been published since 1997, and all have been pub-
lished in scientific journals. SIRC is pleased to have per-
mission to reprint them, and hopes the compendium is
useful to readers. 

The lead article, by Cruzan et al, summarizes and
interprets the results of this research program, while the
remaining articles are key reports supporting this mode

of action. Cruzan et al conclude that styrene respiratory
tract toxicity in mice and rats — including lung tumors
and antecedent non-tumorous changes in mice and nasal
olfactory effects in both species — is mediated by
metabolites produced by specific cytochrome P-450
enzymes, the CYP2F family, found in cells at these sites.
Differences in response are correlated with differing lev-
els of enzyme activity. Based on physiologically based
pharmacokinetic modeling, the authors further postulate
that the mode of action for these effects indicates that res-
piratory tract effects in rodents are not relevant for
human risk assessment.

The remaining articles provide the basis for the first
article and, because of their substantive size, have been
organized into general themes under the subheadings:
metabolism of styrene in rats and mice, metabolism of
styrene in humans, metabolism-related toxicity, and
physiologically based pharmacokinetics. 

The two articles in the first section, from Dr. Gary P.
Carlson’s group at Purdue University, examine the
metabolism of styrene in rats and mice. Using chemicals
that can either induce or inhibit specific cytochrome P-450
metabolic enzymes, the first article examines the role of
several forms of these enzymes in mouse lung and liver
cell metabolism of styrene. In the next article, by Hynes et
al, lung cells from the mouse and rat are isolated and sep-
arated by cell type and the metabolism of styrene by sev-
eral of these enzyme types is quantified. This work indi-
cates the importance of a specific lung cell type, the Clara
cell, in styrene metabolism and suggests that species dif-
ferences in metabolism may be responsible for the greater
susceptibility of mice to styrene-induced toxicity. 

The next section examines styrene metabolism in
humans and compares that to rats and mice. Carlson et al
conclude that the human lung has very low styrene
metabolizing activity, and therefore may be much less of
a target organ than in the mouse. Companioned with
that, Johanson et al examined blood levels of styrene and
it’s major metabolite, styrene oxide, hemoglobin adducts,
and urinary metabolites in human volunteers exposed to

Introduction



styrene vapors. These data were compared to that
already available for rodents. Their work, which repre-
sents whole body metabolism and is largely due to the
liver, supports earlier data that humans metabolize
styrene to styrene oxide much less rapidly than either
rats or mice, and that styrene oxide is further metabolized
and excreted much more efficiently in humans. 

Using this background of species differences in metab-
olism, the next series of articles examined the role of
metabolism in producing toxic effects. Green et al found
that an early toxic effect of styrene, cell replication rate, in
the lungs of mice exposed to styrene was reduced to con-
trol levels by using a chemical inhibitor of CYP2F2. This
demonstrated that the pulmonary effects of styrene on
the mouse lung are caused by a metabolite of styrene pro-
duced by this specific form of cytochrome P-450. A sec-
ond article by Green et al found that this metabolic
inhibitor also blocked the toxicity of styrene to the nasal
olfactory epithelium of mice and rats. This report sug-
gests that styrene is unlikely to be toxic to the human
nasal epithelium based upon metabolic differences. Other
work related to mechanism of toxicity includes the article
by Boogaard et al, which quantified DNA adducts formed
in liver, lungs, and isolated lung cells of rats and mice
exposed to 14C-Styrene via inhalation. This article con-
cludes that DNA adduct formation does not play an
important role in styrene tumorigenicity in chronically
exposed mice. 

The final section moves into trying to place the species
differences in metabolism together with the toxicologic
responses to quantitatively define the probable human
response via physiologically based pharmacokinetic
(PBPK) modeling. Dr. Harvey Clewell of ENVIRON

Health Sciences Institute provides a brief introduction to
PBPK models and their use and value in risk assessment.
This is the only previously unpublished article in this
journal and is not specific for styrene. The last article in
this volume is a PBPK model for styrene and styrene
oxide respiratory tract dosimetry in rodents and humans
developed by Sarangapani et al. The model-based analy-
sis suggests that humans would be expected to be 100-
fold less sensitive to styrene-induced lung tumors than
mice, based on pharmacokinetic differences. 

While the articles in this volume represent our current
state of knowledge, SIRC and SSC continue to study the
mode of action. Ongoing projects will further evaluate
the role of other, minor, metabolites of styrene and
species differences in these metabolites. Validation of val-
ues from PBPK models is also an ongoing challenge.
SIRC hopes that this volume of the SIRC Review serves as
a useful compendium on styrene mode of action and con-
tributes to the broader understanding and application of
these kinds of data as a means to better refine the science
of health effect risk assessment – and in particular the
assessment of carcinogenic potential. Given, in particular,
that the U.S EPA is presently finalizing its Integrated Risk
Information System (IRIS) assessment of styrene, it is
hoped that this collective work will allow a more defini-
tive interpretation of the relevancy of the mouse lung
tumor endpoint, and place it in perspective as the Agency
works to determine an appropriate carcinogenicity classi-
fication for styrene.

Keith A. Johnson, DVM, Ph.D.
Editor
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Styrene Respiratory Tract Toxicity and
Mouse Lung Tumors are Mediated
by CYP2F-Generated Metabolites

George Cruzan1*, Gary P. Carlson2, Keith A. Johnson3, Larry S. Andrews4, Marcy I. Banton5,
Christopher Bevan6, and Janette R. Cushman7
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related to blood levels of styrene or styrene
oxide (SO) as measured in chronic studies.
Whole-body metabolism studies have indi-
cated major differences in styrene metabo-
lism between rats and mice. The major dif-
ferences are 4- to 10-fold more ring-oxidation
and phenylacetaldehyde pathways in mice
compared to rats. The data indicate that
local metabolism of styrene is responsible
for cytotoxicity in the respi ratory tract.
Cytotoxicity is seen in tissues that are high
in CYP2F P450 isoforms. These tissues
have been demonstrated to produce a high
ratio of R-SO com pared to  S-SO (at least
2.4:1). In other rat tissues the ra tio is less
than 1, while in mouse liver the ratio is
about 1.1. Inhibition of CYP2F with 5-
phenyl-1-pentyne pre vents the styrene-
induced cytotoxicity in mouse ter minal
bronchioles and nasal olfactory epithelium.
R- SO has been shown to be more toxic to
mouse terminal bronchioles than S-SO. In
addition, 4-vinylphenol (ring oxidation of
styrene) has been shown to be highly toxic to
mouse terminal bronchioles and is also
metabolized by CYP2F. In human nasal and
lung tissues, styrene metabolism to SO is
below the limit of detection in nearly all
samples, and the most active sample of
lung was approximately 100-fold less active
than mouse lung tissue. We conclude that
styrene respiratory tract toxicity in mice and
rats, including mouse lung tu mors, are
mediated by CYP2F-generated metabolites.
The PBPK model predicts that humans do not
gener ate sufficient levels of these metabo-
lites in the terminal bronchioles to reach a

Reprinted with permission from Journal of
Regulatory Toxicology and Pharmacology.
35, 308-319 (2002)

Mice are particularly sensitive to respiratory
tract toxicity following styrene exposure.
Inhalation of styrene by mice results in
cytotoxicity in terminal bronchioles, fol-
lowed by increased incidence of bron -
chioloalveolar tumors, as well as degenera-
tion and atrophy of nasal olfactory
epithelium. In rats, no ef fects on terminal
bronchioles are seen, but effects in the
nasal olfactory epithelium do occur,
although to a lesser degree and from high-
er exposure concentra tions. In addition,
cytotoxicity and tumor formation are not
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toxic level. Therefore, the pos tulated mode of action for
these effects indicates that respiratory tract effects in
rodents are not relevant for human risk assessment. 

IntRoduCtIon

Numerous studies have demonstrated marked differ ences
in toxicity between rats and mice to styrene ex posure,
especially by inhalation. Mice are particularly sensitive to
respiratory tract and hepatic toxicity from styrene. Both
species have a qualitatively similar re sponse of the nasal
olfactory mucosa, with the mouse being much more sen-
sitive. This paper lays out the tox icologic and metabolic
data that explain the nasal and lung differences and their
relevance for human risk assessment.

Inhalation of styrene at concentrations of 200 ppm or
higher resulted in death of some mice after one to three
exposures, with 30 to 50% lethality at about 250 ppm for 5
days (Morgan et al., 1993a,b,c, 1995; Cruzan et al., 1997;
Sumner et al., 1997). At these concentrations, mice devel-
oped severe liver toxicity, which probably contributed to
the cause of death. Mice that did not succumb to the ini-
tial styrene exposure survived con tinued exposure and
had little evidence of liver toxic ity after 13 weeks.
Exposure of mice to 20 to 160 ppm styrene for 1 day to 2
years also resulted in toxicity to lung Clara cells and
nasal olfactory cells (Cruzan et al., 1997, 2001). Evidence
of increased lung tumors (mostly adenomas) was seen at
concentrations of 40 to 160 ppm in an inhalation study
and only equivocal evidence of lung tumors in two of
four chronic toxicity/oncogenicity studies by  gavage in
mice (reviewed in Cruzan et al., 2001). No other tumor
types were increased in these studies in mice. Based on
the weight of the evidence, styrene induces lung tumors
in mice, lung Clara cell toxicity, and nasal olfactory lesions.

Eight chronic toxicity/oncogenicity studies of styrene
have been conducted in rats (see Cruzan et al., 1998, for
review), in addition to numerous shorter term studies. In
contrast to mice, rats can tolerate up to 1000 ppm via
inhalation for 2 years with decreases in body weight,
slight increases in liver weight, and nasal olfactory le -
sions. Nasal olfactory lesions were seen in a few rats
exposed to styrene at concentrations as low as 50 ppm for
24 months; more severe lesions and a greater per centage
of rats with olfactory lesions were seen at doses of 200 to
1000 ppm (Cruzan et al., 1998). By oral gavage, daily
doses of 500 mg/kg/day were tolerated without ef fect.
Daily doses of 1000 or 2000 mg/kg/day resulted in
increased mortality and mild liver toxicity (NCI, 1979a).
Nasal tissues were not examined, but olfactory lesions

might be expected due to the high levels of blood styrene
generated from these high doses. One study re ported
increased mammary tumors in females exposed by
inhalation to concentrations of 25 to 300 ppm styrene 4
h/day 5 days/week for 1 year (followed by an ad ditional
1 year of observation) without dose response (Conti et al.,
1988), while the most recent, and only GLP-compliant,
study found no difference from control at 50 or 200 ppm 6
h/day 5 days/week for 104 weeks and a dose-related
decrease at 500 and 1000 ppm (Cruzan et al., 1998). No
treatment-related effects on mammary tumors were
reported in the other six chronic studies. No other tumor
types were increased in rats in the chronic studies. Based
on the weight of the evidence, styrene does not induce
tumors in rats, but it does in duce olfactory lesions.

Reinforced plastics fabrication workers may be ex -
posed to 8-h time-weighted average styrene concentra -
tions up to 50 ppm. A number of health surveys pub -
lished in the 1960s and 1970s, when exposures were up to
100 ppm or higher, reported liver and lung function to be
normal except for a few equivocal differences found
inconsistently. A limited study of nasal histopathology
found no abnormalities in reinforced plastics workers
(Odkvist et al., 1985). In addition, no effect on olfac tory
function [based on standardized odor identifica tion test
and odor detection threshold for phenylethanol (rose)]
was found in a recent study of reinforced plas tics work-
ers exposed to 30-50 ppm styrene for at least 5 years
(Dalton et al., 2002). No styrene-related in creases in lung
tumors, or other tumor types, have been found in rein-
forced plastics workers (Wong et al., 1994; Kogevinas et
al., 1994). The lungs and olfactory tissue have not been
found to be targets of styrene toxicity in humans.

In order to understand the differences in toxicity be tween
rats and mice and the relevance of these find ings for
humans, a series of studies was conducted to understand the
mode of action in rats and mice. The differential metabo-
lism of styrene in rats, mice, and hu mans and the role of
metabolism in the differential tox icity among species were
studied. These studies demonstrate that tissues that are
high in CYP2F and produce predominantly R-styrene
oxide are most susceptible to styrene-induced toxicity.

taRget oRganS In laboRatoRy anIMalS 

Lung
Inhalation or oral exposure to styrene has been re ported
to produce lung toxicity in mice, but not in rats. Effects in
mice have been seen consistently in the termi nal bronchi-
oles, but no effects are reported in alveolar cells.

The SIRC Review November 20038
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Gadberry et al. (1996) and Carlson (1997a) reported
increased levels of the enzymes γ-glutamyltranspe ptidase
(GGT) and lactate dehydrogenase (LDH) in bronchoalve-
olar lavage fluid (BALF) obtained at necropsy 24 h after
the ip injection of 600 mg/kg or greater styrene in mice.
Histopathologic evaluation of the lungs did not demon-
strate which cells were dam aged. Ip injection of styrene
oxide (SO, an intermediary metabolite of styrene) caused
greater increases in GGT and LDH at lower doses (300
mg/kg) and after a shorter time period than did styrene.
R-SO was more toxic than S-SO (Gadberry et al., 1996). In
addition, 4-vinylphenol (4-VP), a ring-oxidized metabo-
lite of styrene, is about 10-fold more potent than SO at
inducing pneumotoxic ity in mice as measured by
increased lactate dehydroge nase and cells in bron-
choalveolar lavage fluid, following ip administration
(Carlson, 2001). Further, 4-VP caused extensive cellular
damage in the terminal bronchioles as evidenced by exfo-
liation of epithelial cells into the lumen of the bronchioles
leaving a very flattened bron chiolar surface (Carlson et
al., 2002), similar to that reported for naphthalene
(Plopper et al., 1992). While the greater toxic response
from 4-VP may be due to its inherent toxicity, there are
other potential explanations for the difference between 4-
VP and SO (rate of further metabolism, distribution) that
require further investi gation. Thus lung toxicity has been
demonstrated in mice from styrene, SO, and 4-VP, with 4-
VP being by far the most potent.

CD-1 mice examined immediately at the end of a 6-h
inhalation exposure to 40 or 160 ppm styrene had multi-
focal necrosis and cell loss in bronchiolar epithe lium,
which was not evident 18 h later (Green et al., 2001a).
Upon repeated exposures, there was decreased cytoplas-
mic staining of Clara cells and cell crowding in the termi-
nal bronchioles (Cruzan et al., 1997). With longer duration
of exposure, hyperplasia of the termi nal bronchioles,
sometimes extending into the alveo lar ducts, occurred.
With long-term (lifetime) exposure, lung tumors, primar-
ily benign, were also reported for mice. Lung histopatho-
logic effects have been reported for mice exposed to lev-
els as low as 20 ppm styrene for 2 years (Cruzan et al.,
2001). Effects in alveolar cells were not seen in any of
these studies (Cruzan et al., 1997, 2001; Green et al., 2001a).

CD-1 and B6C3F1 mice have been exposed to styrene
vapor in a series of studies at concentrations from 15 to
500 ppm, 6 h/day, from 1 to 14 days (Cruzan et al., 1997;
Green et al., 2001a). These experiments consistently
showed cell crowding, decreased staining, and increased
cell replication in the Clara cells of the mouse bronchiolar
epithelium. Increases in cell repli cation were seen at dose

levels of 40 ppm and above after 3 days (Green et al.,
2001a). In a 13-week sub chronic study, CD-1 mice
exposed to 0, 50, 100, 150, and 200 ppm styrene had
changes of the bronchiolar epithelium characterized by
decreased eosinophilia and focal crowding of nonciliated
cells in bronchioles of mice exposed to 100 ppm and
above. Increased labeling (by BrdU) of Clara, but not type
II, cells was present after 2 weeks and to a limited extent
after 5 weeks, but not at the end of 13 weeks (Cruzan et
al., 1997). Although cell proliferation was not measured,
similar histopatho logical findings were reported by
Roycroft et al. (1992) in B6C3F1 mice exposed to up to 500
ppm styrene for 13 weeks.

In a 2-year inhalation chronic toxicity/oncogenicity
study, groups of 70 CD-1 mice/sex were exposed to 0, 20,
40, 80, or 160 ppm styrene, 6 h/day, 5 days/week for up
to 2 years (Cruzan et al., 2001). Based on observa tions
from interim necropsies at 52 and 78 weeks and the ter-
minal necropsy at 104 weeks, the lung effects progressed
from decreased eosinophilia of the epithe lium of the ter-
minal bronchioles to hyperplasia of the terminal bronchi-
olar epithelium, and finally, to hyper plasia extending into
alveolar ducts. With increasing duration, the exposure
concentration at which effects were seen also decreased,
such that at 104 weeks, mice in all dose levels were affect-
ed (Table 1).

The cells comprising the areas of hyperplasia in the
terminal bronchioles stained immunohistochemically
with high intensity for CC10, a protein found in nor mal
Clara cells. Immunostaining for surfactant A, a protein
more characteristic of normal alveolar Type II cells, was
only rarely and faintly present (Cruzan et al., 2001).
Electron microscopy of hyperplastic epithelium of the ter-
minal bronchioles identified the predominant cell type as
the Clara cell (Mullins, 1998). Decreased numbers of
intracellular organelles, likely the secretory granules,
were apparent in some of the Clara cells and may corre-
late with the decreased eosinophilia noted in the terminal
bronchiolar cells.

Adverse effects in the lung were not reported in any of
four gavage oncogenicity studies in various strains of mice
(NCI, 1979a,b; Ponomarkov and Tomatis, 1978), although
two of the four studies reported equivocal in creases in
lung tumors. However, it is not clear how thoroughly the
lungs were examined since inhalation was not the route
of exposure. In a more recent study of lung effects, an
increase in mouse Clara cell prolifera tion was seen when
styrene was administered orally by gavage for 5 days at
doses of 100 or 200 mg/kg/day, but not at 10 mg/kg/day
(Green et al., 2001a). However, no morphological changes
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were seen in this study at any of the dose levels.
No morphologic or cell proliferation effects were seen

in the alveolar region in any of the mouse studies. Toxic
effects in Clara cells have been reported following oral
and inhalation exposure to styrene. Overall, these find -

ings indicate that the Clara cell is the target cell for the
toxic action of styrene in mouse lungs.

In contrast to the effects observed in mice, there were
no styrene-related effects in the lungs of Sprague -Dawley
rats (Cruzan et al., 1997) or F344 rats (Roycroft et al., 1992)

The SIRC Review November 200310

table 1

Nonneoplastic Lung Pathology in Mice Exposed to Styrene Vapor for up to 24 Months

Males Females

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

Number of mice examined
12 months 10 10 9 10 10 10 10 9 10 10
18 months 8 10 10 8 6 8 9 8 9 10
24 (22.5) months 50 50 50 50 50 50 50 50 50 50

Finding
Decreased eosinophilia of epithelial cells in terminal bronchioles
12 months 0 6 2 10 10 0 5 9 10 10
18 months 0 9 10 8 6 0 8 8 9 10 
24 (22.5) months 0 29 41 48 49 0 37 46 47 45

Bronchiolar epithelial hyperplasia
12 months 0 0 2 9 10 0 0 4 7 10
18 months 0 7 9 8 6 0 7 8 9 10 
24 (22.5) months 0 10 37 48 46 0 21 39 45 45

Bronchiolar epithelial hyperplasia extending into alveolar ducts
12 months 0 0 2 9 10 0 0 0 0 7
18 months 0 1 3 5 5 0 0 3 3 7 
24 (22.5) months 0 5 29 35 35 0 9 18 31 40

Bronchioloalveolar hyperplasia
12 months 2 0 0 0 1 2 0 1 0 1
18 months 1 3 3 3 1 1 3 3 1 2
24 (22.5) months 18 23 30 40 38 6 15 25 18 21

Number of rats examined
12 months 10 10 10 10 10 10 10 10 10 10
24 months 60 60 60 54 52 60 60 60 60 60 

Finding
Decreased eosinophilia of epithelial cells in terminal bronchioles:
12 months 0 0 0 0 0 0 0 0 0 0
24 months 0 0 0 0 0 0 0 0 0 0 
Bronchiolar epithelial hyperplasia
12 months 0 0 0 0 0 0 0 0 0 0
24 months 0 0 0 0 0 0 0 0 0 0
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at concentrations up to 1500 ppm for 3 months. Three
long-term chronic toxicity/oncogenicity inhalation stud-
ies of styrene have been conducted in Sprague-Dawley
rats without identifying the lung as a target organ. These
include 0, 600, or 1000 ppm 6 h/day, 5 days/week for
18.3 (males) or 20.7 (females) months (Jersey et al., 1978);
0, 25, 50, 100, 200, or 300 ppm, 4 h/day, 5 days/week for 1
year (Conti et al., 1988); and 0, 50, 200, 500, or 1000 ppm 6
h/day 5 days/week for 24 months (Cruzan et al., 1998). In
the most re cent study, pale foci were seen the lungs of a
few fe male rats exposed to 1000 ppm styrene for 2 years;
histopathologic evaluation identified these as foamy
alveolar macrophages and/or cholesterol cleft granulo -
mas. These were judged not to be treatment-related le -
sions of lung tissue (Cruzan et al., 1998) and are not simi-
lar to lesions seen in the terminal bronchioles of mice
(Cruzan et al., 2001).

Although rats have been given styrene orally in many
studies, lung lesions have not been reported. Gavage
studies were conducted at dose levels as high as 2000 mg
styrene/kg (NCI, 1979a); 700 (males) or 350 (females)
mg/kg styrene (NCI, 1979b); 5 days/week, for 78 or 79
weeks followed by 27-29 weeks with out dosing prior to
termination; and up to 250 mg/kg, 4-5 days/week, for 52
weeks followed by 52 weeks of observation (Conti et al.,
1988). No lung effects were associated with 2 years of
ingestion of styrene in the drinking water at 250 ppm (14
mg/kg/day for males and 21 mg/kg/day for females,
dose limited by styrene solu bility in water) in Sprague-
Dawley rats (Beliles et al., 1985).

The terminal bronchiolar and type II alveolar cells
from Sprague-Dawley rats exposed to levels up to 1500
ppm styrene for 2, 5, or 13 weeks (Cruzan et al., 1997) or
500 ppm for 1, 5, 6, or 10 exposures (Green et al., 2001a)
have also been examined for cell prolifer ation. There
were no effects present on labeling indices for either
bronchiolar cells or alveolar type II cells of rats at any
exposure level or time point.

Although multiple studies discussed above found no
styrene-related effects in the lungs of rats, Coccini et al.
(1997) reported thickened alveolar septae in rats ex posed
to 300 ppm styrene, 6 h/day, 5 days/week, for 2 weeks.
Electron microscopic evaluation detected a few alveolar
type II cells or bronchiolar cells with di lated endoplasmic
reticulum. Increased thickness of the alveolar septae was
reported to be due to the presence of collagen fibrils. The
ultrastructural effects were re ported to be almost com-
pletely reversed 3 weeks af ter cessation of exposure with
only mild alterations in the cytoplasm of some bronchio-
lar or type II cells still present. Similar effects were report-

ed from intraperi toneal injection of 40 or 400 mg
styrene/kg for 3 days, but not at 4 mg/kg/day (Coccini
et al., 1997). The rea son for these findings by Coccini and
co-workers is un known, but the numerous studies with
much greater exposure concentrations and longer dura-
tions suggest that these effects, if present, did not
progress, but regressed.

Thus in contrast to mice, lung toxicity in rats from
styrene exposure is either nonexistent, or very subtle,
compared to the overt toxicity in mice. In addition, in rats
styrene does not induce progressive lesions based on
histopathologic evaluation of eight long-term stud ies.
Furthermore, lung toxicity has not been reported in humans.

Nasal Olfactory Epithelium
A single exposure of CD-1 mice to 80 ppm, but not 40
ppm, styrene resulted in early atrophy/degeneration of
olfactory epithelial cells with dilatation of Bowman’s
glands. Continued exposure resulted in replacement of
olfactory cells by ciliated columnar cells (respiratory-
 like), Bowman’s gland hyperplasia, and debris (Cruzan et
al., 2001). After 13 weeks of exposure at 100-200 ppm
nearly all CD-1 mice had atrophy of olfactory epithe lium
and dilatation of Bowman’s glands (Cruzan et al., 1997).
At 50 ppm, approximately half of the mice were similarly
affected. Fewer mice at each dose level also had atrophy
of olfactory nerve fiber and replacement of olfactory cells
with respiratory cells. After 2 years of exposure at 20, 40,
80, or 160 ppm, treatment-related changes were also pre-
sent in the nasal passages in male and female mice
(Cruzan et al., 2001). The major findings were respiratory
metaplasia of the olfactory epithe lium and changes of the
underlying Bowman’s glands, including dilatation, respi-
ratory metaplasia, epithe lial hyperplasia, eosinophilic
material/debris, cholesterol clefts, atrophy of nerve
fibers, and turbinate bone changes. The lesions showed
progression with time.

Styrene-related histopathological changes were seen
in the nasal olfactory epithelium of male and female CD
(Sprague-Dawley) rats exposed to 1000 or 1500 ppm for
13 weeks (Cruzan et al., 1997). At 500 ppm two of 20 rats
were affected; no differences from control were seen at
200 ppm. After 2 years of exposure, olfactory lesions
(atrophy/degeneration in epithelium, prominent
Bowman’s glands, atrophy/dilatation/hypertrophy/
hyperplasia of Bowman’s glands) were present at expo-
sure concentrations of 50 to 1000 ppm in CD rats (Cruzan
et al., 1998).

Based on these findings, the nasal olfactory effects in
mice occurred at lower concentration levels and were
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more severe than in rats. In humans, a limited study
found no increase in nasal symptoms or histology scores
in 11 reinforced plastics workers exposed to 47-59 ppm
styrene for 1 to 16 years (Odkvist et al., 1985). In ad dition,
olfactory function was not decreased in a group of 52
reinforced plastics workers exposed to 30-60 ppm styrene
for at least 4 years (Dalton et al., 2002).

MetabolISM and bIokInetICS: dIffeRenCeS

aMong MouSe, Rat, and HuMan

Urinary Metabolites
The major metabolic pathways of styrene in mouse, rat,
and human are shown in Fig. 1. In mice there are four
metabolic pathways for styrene:

1. Oxidation of the side chain of styrene by P450s to
SO, which is further converted by an epoxide hydro lase
(EH) to the styrene glycol, with subsequent conver sion to
acidic metabolites, such as mandelic, phenylgly oxylic,
and hippuric acids.

2. Oxidation of the side chain of styrene by P450s to
SO which is further converted by glutathione trans ferase
(GST) to GSH adducts which are eventually ex creted as
mercapturic acids in the urine.

3. Formation of phenylacetaldehyde either by rear -
rangement of SO or P450 conversion of styrene to

phenylethanol, which is followed by conversion to phe -
nylacetic and phenylaceturic acids.

4. Oxidation of the benzene ring of styrene (possibly
leading to the formation of 4-vinylphenol and possibly
additional oxidation of the side chain). These interme -
diates may result in ring opening which can lead to fur -
ther oxidation to acids or conjugation with GSH.

Differences in styrene metabolism among humans,
rats, and mice have been studied by examining differ -
ences in patterns of urinary metabolites. These differ -
ences are summarized in Table 2 and reflect data from
rats and mice exposed to 125, 250, or 500 ppm styrene for
6 h (Sumner et al., 1995) and humans exposed to 50 ppm
styrene for 2 h (Johanson et al., 2000).

The urinary metabolite data indicate important qual -
itative differences in metabolism among the species. The
epoxide hydrolase pathway accounts for the great est per-
centage removal of SO in rats and mice, but the use of
GSH conjugation is also an important metabolic pathway
for removal of styrene oxide for them. The ma jor differ-
ences between rats and mice are in the pro portion of
styrene metabolism through the PAA (~4 vs ~20%) and
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fIguRe 1

Metabolic scheme for styrene (taken from Sumner et al.
2001, which is generalized from Sumner and Fennell, 1994).

Styrene

Styrene 7,8 
oxide

Ring-Opened
products 

(RO)

Mandelic acid
Phenylglyxolic acid

Hippuric acid &
futher metabolites

(Hyd-SO)

Mercapturic acids
(GSH-SO)

Phenylacetaldehyde
& further

metabolites
(PAA/PAA’)

Ring-oxidation

Ring-
oxidation

7,8 oxidation

Epoxide
hydrolase GSH transferase

table 2

Species Differences in Styrene Metabolism as Indicated
by Urinary Metabolites Metabolic Pathway

Species SO-EH (%) SO-GSH (%) PAA (%) Ring (%)

B6C3FI mouse 49-52 33-35 12-17 4-8

CD-1 mouse  51-59 20-27 21-22 4-8

F344 rat 68-72 23-26 3-5 <1

Human (2-4 h) 95 NDa 5 ND

Human (4-9 h) 100 NDa ND ND

Note. SO-EH, styrene oxide and epoxide hydrolase to
mandelic acid, etc.; SO-GSH, glutathione conjugates;
PAA, products derived from phenylacetaldehyde, such
as phenylacetic and phenylaceturic acids, Ring, ring-
opened compounds with or without GSH conjugation.
ND, not detected.

a Other authors have reported trace amount of GSH
conjugates in human urine, which were below the limits
of detection in this study; see Manini et al. (2000), Maestri
et al. (1997), and Ghittori et al. (1997).
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ring-opened (<1 vs ~6%) pathways. Based on urinary
metabolites, humans metabolize styrene al most exclu-
sively via the epoxide hydrolase pathway, with less
metabolized via the PAA pathway than in ei ther rats or
mice. No more than trace amounts of GSH conjugates or
ring-opened metabolites occur in humans exposed to
styrene. Thus the ring oxidation and PAA pathways are
used much more in the metabolism of styrene in mice
than in rats; these pathways play very small roles in
styrene metabolism in humans. These data demonstrate
that there are major species differ ences, both qualitative
and quantitative, in the overall metabolism of styrene,
which leads us to ask if there are target organ differences
in styrene metabolism that might explain differences in
toxic response.

Hepatic Metabolism of Styrene
Based on physiologically based pharmacokinetic (PBPK)
models (Csanady et al, 1994; Sarangapani et al., 2002),
metabolism of styrene by liver is probably the most
important for removing styrene from an exposed animal
and is largely responsible for the body burden/blood
level of SO. However, blood levels of SO were much
higher in rats at nontumorigenic concentrations (1000
ppm) than in mice at levels (40-160 ppm) that caused
increased lung tumors (Cruzan et al., 2001). Since blood
levels of SO do not correlate with increased incidence of
lung tumors, it would appear that toxic ef fects of styrene
in mouse lung tissue are likely the result of localized tis-
sue metabolism of styrene and/or that SO is not the prox-
imate toxicant.

Pulmonary Metabolism of Styrene
Various studies have shown that microsomal prepa -
rations from mouse lung can metabolize styrene to
styrene oxide (Carlson 1997a,b; Carlson et al., 2000; Green
et al., 2001a). When isolated rat and mouse Clara-cell-
enriched fractions were compared for styrene-metaboliz-
ing activity, the total amount of SO (pmol/10

6

cells/min)
formed was about fivefold higher in Clara cells from mice
than from rats (Hynes et al., 1999). Furthermore a com-
parison of the ratio of the formation of R-SO to S-SO
shows that the mouse Clara cells produces about 3 times
more of the R-enantiomer than the S-enantiomer, while
rat produces more of the S-enantiomer (Hynes et al.,
1999). This species differ ence in production of the styrene
oxide enantiomers means that mouse Clara cells produce
about 15 times more R-SO enantiomer than rat Clara
cells. This is important because Gadberry et al. (1996)
demonstrated that the R-enantiomer is a more potent

pneumotoxicant and hepatotoxicant than the S-enantiomer.
Of the various cytochrome P450 isozymes present in

mouse lung tissue, CYP2F2 and CYP2E1 have been iden-
tified as being the most important in the pulmonary
metabolism of styrene to SO (Carlson, 1997b; Green et al.,
2001a). Other cytochromes, notably CYP1A and CYP2B,
appear to play little or no role in the biotrans formation of
styrene in mouse lung (Carlson et al., 1998; Hynes et al., 1999).

Incubation of hepatic microsomes from CD-1 mice
with styrene resulted in the formation of SO, but the for -
mation of 4-VP was not detected (Carlson et al., 2001).
The authors concluded that this could be because it was
not formed or because it was rapidly metabolized to fur-
ther metabolic products. They reported that 4-VP readily
disappeared when incubated with microsomes from rat
and mouse liver and lung in the presence of NADPH,
indicating oxidative metabolism. Mouse liver was about
three times as active as rat liver and mouse lung about
eight times as active as rat lung. Further studies indicated
that CYP2E1 and CYP2F2 were im portant in the metabo-
lism of 4-VP in mouse liver and that CYP2F2 was more
important in the metabolism of 4-VP in mouse lung than
was CYP2E1, similar to the metabolism of styrene to SO.
They were not able to identify the metabolite(s) formed,
but lack of UV ab sorbance suggests the metabolites are
not aromatic; i.e., they may be ring opened.

The relationship between P450-mediated styrene
metabolism and pulmonary toxicity in the mouse has
been demonstrated by Green et al. (2001a). Using bron -
chiolar cell replication as a marker of toxicity, mice treat-
ed with 5-phenyl-1-pentyne, an inhibitor primar ily of
CYP2F2 and to a lesser extent of CYP2E1, showed no evi-
dence of lung cytotoxicity or increased cell repli cation
when exposed to styrene at 160 ppm 6 h/day for 4 days.
In comparison, mice not treated with 5-phenyl- 1-pentyne
showed evidence of cell necrosis and loss of cells,
believed to be Clara cells, with subsequent in creases in
cell replication. The results demonstrate that Clara cell
toxicity and cell replication seen in mice fol lowing treat-
ment with styrene are associated with the metabolism of
styrene by CYP2F2 and/or CYP2E1. It has been postulat-
ed (Green et al., 2001b) that styrene is oxidized primarily
by CYP2F2 in tissues that produce high R:S-SO ratios
because: (1) inhibition by 5-phenyl -1-pentyne (more
potent inhibitor of 2F2 than 2E1) pre vents a toxic
response and (2) purified human CYP2E1 (expressed by
Escherichia coli) generated an R:S-SO ratio of 0.48. The
most recent data also indicate that styrene toxicity could be
mediated through 4-VP (or a further metabolite), which is
also metabolized primar ily by CYP2F2 in mouse lung.
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Although there are only limited published data, hu -
man pulmonary tissue does not appear to be particularly
effective in metabolizing styrene to SO. Nakajima et al.
(1994) estimated styrene metabolism in human lung
microsomes of 0.0065 nmol/min/mg pro tein, which is
about 100-fold lower than the activity of rat microsomes.
Carlson et al. (2000), using mi crosomes from eight human
samples, found only one sample expressing any styrene-
metabolizing activity (0.088 nmol/min/mg protein)
while the other seven sam ples were devoid of styrene-
metabolizing activity. All eight human lung samples did
however possess P450- metabolizing activity as indicated
by their ability to me tabolize benzene, which is metabo-
lized in mouse lung by CYP2E1 and CYP2F2. In a similar
investigation, Filser et al. (2002) failed to find any styrene
metabolism in human lung homogenates even though
P450 activity was detected using ethoxycoumarin as a
substrate. Us ing human lymphoblastoid cell cultures that
express CYP2F1, no conversion of styrene to SO could be
mea sured, although these cells do metabolize naphtha-
lene (Yost and Carlson, personal communication).

We note that the CYP2F family contains similar

enzymes from different species, but the studies out lined
above suggests they may have somewhat different abili-
ties to metabolize styrene. CYP2F1 is found in human tis-
sues, but it does not appear to metabolize styrene.
CYP2F2 is found in mice; it readily metabolizes styrene.
CYP2F4 is found in rats (particularly nasal tis sue); it read-
ily metabolizes styrene.

To determine which pulmonary cells are responsible
for the metabolism of styrene, Hynes et al. (1999) and
Carlson et al. (2000) used enriched fractions of Clara cells
and type II pneumocytes. Data from these stud ies
showed that essentially all of the metabolic activ ity was
associated with Clara cells with little or none being found
in the type II cells in either rats or mice (Hynes et al.,
1999). The data showing that styrene was metabolized by
Clara cells but not type II pneumo cytes is consistent with
the cytochrome P450 isozyme pattern in the cells; i.e.,
Clara cells contain CYP2E1 and CYP2F2 while type II
cells do not (Forkert, 1995; Buckpitt et al., 1995). A com-
parison of the isozyme pat tern in mouse and rat lung
indicates the levels of both isozymes CYP2E1 and
CYP2F2 are higher in the mouse Clara cell compared to
the rat. These metabolic differ ences are consistent with
toxicity differences in that styrene exposure results in tox-
icity to mouse Clara cells but not type II cells or rat lung cells. 

Using PBPK modeling, Sarangapani et al. (2002) con -
cluded that the target tissue concentration of SO is pri-
marily due to local metabolism of styrene (Fig. 2). Based
on metabolic data from isolated Clara cells (Hynes et al.,
1999) the PBPK model predicts that the concentra tion of
R-SO predominates in the terminal bronchioles of mice,
while S-SO predominates in rats (Table 3). The model
predicts a maximum level of 2 µM R-SO in the terminal
bronchioles of rats due to saturation of styrene metabo-
lism at 500-600 ppm. This is only one- half the level of R-
SO achieved in the terminal bron chioles of mice exposed
to 20 ppm styrene (Table 3). The fact that 20-40 ppm
styrene caused an increase in lung tumors in mice, while
500 and 1000 ppm did not cause increased lung tumors in
rats may be ex plained by the lack of sufficient R-SO in rat
terminal bronchioles. Other factors, such as greater
suscepti bility in mice, or effects from a different metabo-
lite, such as 4-VP, may also be involved. The Sarangapani
et al. model predicts that at a given airborne concen -
tration, the level of total SO in the terminal bronchi oles of
mice is approximately 10-fold higher than in the terminal
bronchioles of rats and 100-fold higher than in humans
(Fig. 3). In humans, the maximum concen tration of SO in
the terminal bronchioles (~0.09 µM) is reached at an air-
borne concentration of 200 ppm; this is the concentration
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fIguRe 2

Model simulations comparing steady state SO concentra -
tion in the terminal bronchioles with (solid line) and with-
out (dotted line) accounting for systemic metabolism
(i.e., P450 activity in the liver) in both mice and rats.
Target tissue concentration of SO is pri marily due to
local metabolism, rather than systemic delivery (from
Sarangapani et al., 2002).
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found in the lungs of mice exposed to 0.1 ppm.
The model predictions demonstrate that SO con -

centrations in terminal bronchioles of rats and mice are
largely determined by local tissue metabolism of styrene.
They predict that R-SO levels in the termi nal bronchioles
of rats do not exceed the minimally tumorigenic concen-
tration in mice. Their model also predicts that humans
cannot be exposed to a level of styrene that produces this
level of SO in the terminal bronchioles.

The pulmonary metabolism studies and PBPK model
of styrene led to the following conclusions:

1. Styrene metabolism is highest in mouse lung tis sue,
at a lower level in rat lung tissue, and barely de tectable in
human lung tissue.

2. R-Styrene oxide, the more toxic enantiomer, is pref-
erentially formed in mouse lung, while S-SO is pref -
erentially formed in rat lung.

3. Metabolism of styrene to SO is carried out primarily,
if not exclusively, by Clara cells; no styrene metabolism
has been detected in type II pneumocytes.

4. Pulmonary toxicity seen in the mouse is caused by
metabolite(s) of styrene formed primarily by CYP2F2.

5. PBPK modeling indicates that the maximal con -
centration of SO in human terminal bronchioles at any
exposure level is less than that present in the terminal
bronchioles of mice exposed to 0.1 ppm styrene.

Nasal Metabolism of Styrene
In rats and mice, the uptake of styrene in the up per respi-
ratory tract is partly dependent on metabolism of styrene
(Morris, 2000). When present in the air at 5 ppm, up to
40% of styrene was taken up in the isolated upper respi-
ratory tract of normal rats and mice. The percentage
absorbed decreased with increasing concen tration,
demonstrating saturation of metabolism. Satu ration of
uptake occurred at a lower airborne concentra tion of
styrene in rats than in mice, indicating a greater metabol-
ic capacity in mice than in rats. In rats and mice pretreat-
ed with metyrapone (a P450 inhibitor), uptake of styrene
was about 10% of the airborne amount, regardless of con-
centration, between 5 and 200 ppm.

Nasal olfactory epithelium in both rats and mice pro -
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table 3

Steady-State Concentrations of R-SO and S-SO in the
Terminal Bronchioles in Mice and Rates for Ex posure
Concentrations Used in the Respective Rodent Chronic
Bioassays

R-SO S-SO R/S Ratio

(nmol/ml) (nmol/ml)

Mouse exposure (ppm)

20 4.3 1.5 2.87

40 5.3 2.0 2.65

80 6.2 2.5 2.48

160 7.2 3.3 2.2

Rat exposure (ppm)

50 0.65 0.93 0.7

200 1.6 2.2 0.73

500 1.98 2.7 0.73

1000 2.0 2.75 0.73

fIguRe 3

Model simulation of steady-state SO concentration in the
terminal bronchioles in mouse (solid line), rat (dashed
line) and hu man (dotted line) for a wide range of inhaled
ST concentration. Tissue SO concentration is
approximately 10-fold lower in the rat terminal
bronchioles compared to the mouse and a 100-fold lower
in the human target tissue compared to the mouse. The
tissue concentrations reflect P450 activity in the Clara cell
rich terminal/transitional bronchioles in all three species
(from Sarangapani et al., 2002).
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duce SO from styrene at about the same rate with an R:S
ratio of about 3, indicating the primary role of CYP2F2 in
mice and 2F4 in rats. Nasal respiratory ep ithelium from
rats and mice produced SO at about half the rate of olfac-
tory epithelium. In contrast, produc tion of SO was not
detected in nine human nasal sam ples (Green et al.,
2001b). Olfactory epithelium from rat was more efficient
at removing SO via epoxide hy drolase than from mice
(Vmax ratio about 10x; Green et al., 2001b). In both rats and
mice, the Km for epox ide hydrolase was much lower in
respiratory epithelium than in olfactory epithelium, espe-
cially for R-SO. Hu man nasal tissues possessed epoxide
hydrolase and GSH transferase activity for both R- and S-
SO (Green et al., 2001b). The authors concluded that the
differ ential nasal toxicity between rats and mice could be
explained by extensive metabolism of styrene in both
species, but a more effective removal of SO in rats than in
mice. They further concluded that styrene is unlikely to
be toxic to human nasal epithelium.

Prior administration of 5-phenyl-1-pentyne, a cy -
tochrome P450 inhibitor, to mice exposed by inhalation to
40 and 160 ppm styrene, 6 h/day, for 3 days pro tected
against cellular damage in the nasal olfactory epithelium,
demonstrating that the toxic entity is de rived from the
cytochrome P450 metabolism of styrene (Green et al., 2001b).

Evaluation of Metabolic and Biokinetic Data
The metabolic and biokinetic data led to the following
conclusions:

1. There are significant species differences in the ac -
tivities of styrene- and SO-metabolizing enzymes. In
those tissues with high levels of CYP2F2 (mouse lung
Clara cells, rat and mouse nasal olfactory epithelium), R-
SO is the main first metabolite from styrene and tis sue
damage is found.

2. The toxicity of styrene in lung and nasal tissues is
caused by one or more metabolites derived from oxida-
tion of styrene by CYP2F2 which include R-SO and 4-VP
or derivatives from 4-VP.

3. The concentration of SO in lung and nasal tissue is
mainly due to the local metabolism of styrene. Expo sure due
to the presence of SO in the blood is of little importance.

4. Differences in nasal toxicity from styrene in rats and
mice are consistent with a greater ability of rat nasal tis-
sue to remove SO, especially R-SO, by epoxide hydrolase.

5. Little if any SO is formed in human lung or nasal tis-
sue, but epoxide hydrolase is very active in both hu man
lung and nasal tissue to remove any small amounts
formed or that migrates into the cell from the blood.
Human lung is incapable of producing sufficient SO to

achieve the bronchiolar concentration produced in mice
at 0.1 ppm. Thus no lung or nasal toxicity is expected in
humans from styrene exposure.

dna adduCt foRMatIon IN VIVO afteR

StyRene InHalatIon exPoSuRe In tHe

MouSe and Rat

Styrene is metabolized to SO, a biologically reactive
metabolite. A number of in vitro and in vivo studies have
demonstrated SO adducts to proteins and DNA (IARC,
1994a,b). Therefore, it is important to determine if styrene
exposure results in an increased target or gan burden of
DNA adducts. Low levels of N7- and O6 -guanine DNA
adducts were reported in mice exposed to styrene by ip
injections of 29 to 450 mg/kg (Pauwels et al., 1996). The
authors reported adduct levels cor responding to approxi-
mately 15 per 108 nucleotides in liver and lung using a 32P-
postlabeling technique. Otteneder et al. (1999) comment-
ed that this method was not as sensitive as claimed by the
authors and results less than 30 adducts per 10

8

nucleotides by this method should be viewed with cau-
tion. Otteneder et al. (1999) reported that no adducts of
O6-hydroxyethylphenyl guanine were detected (limit of
detection 30 per 108 nucleotides) using this same 32P-post-
labeling assay in mice which had received 1, 5, 6, or 10
six-hour in halation exposures to 160 ppm styrene (5
days/week). In addition, Otteneder et al. (1999) reported
70 O6 guanine adducts per 108 nucleotides in livers of
female Sprague-Dawley rats exposed to 1000 ppm
styrene for 2 years.

In the most recent experiment using [ring-U-
 14C]styrene, mice were exposed by inhalation to 160 ppm
and rats to 500 ppm for 6 h (Boogaard et al., 2000). DNA
adducts were determined both at the end of the exposure
or 42 h later. A high-specific-activity styrene (52
mCi/mmol) was used so that chromato graphic analysis
would reveal the presence of any adducts present at lev-
els greater than 0.1 adducts per 108 nucleotides. The N

7

-
guanine adduct was the most prevalent in rat liver; it was
present at 3.2 adducts per 108 nucleotides at the end of the
6-h exposure and at 2.1 adducts per 108 nucleotides 42 h
later. Other adducts had likewise diminished and some
were not detectable at 42 h. In rat lung, adduct levels
were lower than in rat liver; the N 7-guanine adduct was
present at 1 adduct per 108 nucleotides at the end of the 6-
h expo sure and at 0.5 adducts per 108 nucleotides 42 h
later. In mouse liver, the N 7-guanine adduct was present
at <1 adduct per 108 nucleotides at the end of the 6-h ex -
posure and at 3 adducts per 10

8

nucleotides 42 h later. In
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mouse lung, the N7-guanine adduct was present at 1
adduct per 108 nucleotides at the end of the 6-h expo sure
and at 0.5 adducts per 108 nucleotides 42 h later, the same
as in rats. Three unidentified adducts were present in
mouse liver at levels up to 4.7 adducts per 108 nucleotides
at the end of the exposure; the one present in greatest
concentration increased to 12 adducts per 108 nucleotides
42 h later. No increase in adducts was found in mouse
lung compared to rat lung. These data indicate that
increased lung tumors in mice are not accompanied by an
increase in DNA adducts in mouse lung cells. In addition,
the authors reported that DNA adducts were not higher
in mouse lymphocytes than in lung cells, implying that
SO migrating from blood was not the major cause of
DNA adducts in lung cells.

The covalent binding index (CBI) as defined by Lutz
(1979) was found to be similar for both species and or -
gans: approximately 0.3 in liver and lung of rats and
mice; at 42 h CBI values in liver were 0.14 and 0.44 for
rats and mice, respectively. These values confirm the ear-
lier estimates made by Cantoreggi and Lutz (1993) that
styrene (and its metabolites) reactions with DNA in vivo
are very limited.

In summary, all DNA-binding studies with styrene in
rats and mice have shown no increase in adducts in mice
compared to rats or in mouse lung (tumor re sponse) com-
pared to liver (no tumor response). Thus, the DNA
adduct data suggest that lung tumors in mice are not due
to increased DNA adduct formation in the target cells.
Moreover, the very low CBI values calcu lated in these
studies are consistent with the hypoth esis that tumor for-
mation in mice exposed to styrene is unlikely to be associ-
ated with a primary genotoxic event.

eValuatIon of PoSSIble ModeS of aCtIon

ReSPonSIble foR tHe lung tuMoR

foRMatIon In tHe MouSe

This section evaluates the available scientific evi dence for
genotoxic and nongenotoxic modes of action for the
development of lung tumors in mice.

Genotoxic Mode of Action
The genotoxicity data on styrene are equivocal. Most
studies of styrene do not report increased mutations.
Chromosomal aberrations and micronuclei were not seen in
most animal studies, but several studies indi cated a weak
induction of sister chromatid exchange. The frequency of
alkali labile sites/DNA strand breaks is increased in

some studies. A minority of reinforced plastics worker
studies indicate increased chromosomal aberrations,
micronuclei, or sister chromatid exchange (IARC, 1994a).

Styrene is metabolized, at least in part, to SO, which is
mutagenic in several in vitro systems (IARC, 1994b).
Exposure of humans or animals to styrene results in
increased levels of hemoglobin and DNA adducts de rived
from SO. The R-enantiomer of SO has been shown to be
slightly more reactive than the S-enantiomer in the Ames
assay (Pagano et al., 1992; Seiler, 1990; Sinsheimer et al.,
1993), although Watabe et al. (1978) did not find a differ-
ence. Chromosome aberrations were induced in mouse
bone marrow cells in one study by the (S)-enantiomer of
SO, but not with the (R)-enantiomer (Sinsheimer et al.,
1993). These data indicate that sty rene is capable of inter-
acting with DNA in animals and humans.

Two studies suggest a lack of styrene-related geno -
toxic response in mouse lung cells. Inhalation of styrene
at 125, 250, or 500 ppm for 14 days by B6C3F1 mice did
not result in increased chromosomal aberrations in lung
(Kligerman et al., 1992). No increase in lung tu mors
occurred in a lung tumor initiation assay in A/J mice
(Brunnemann et al., 1992).

Nongenotoxic Mode of Action
The styrene tumor profile suggests a nongenotoxic mode
of action by EPA evaluation criteria (EPA, 1996). An
increased tumor incidence has been reported in only one
species at only one site, and the tumor type is a com mon
one. The increase in tumor incidence was seen only at
study termination (24 months) and not at interim sacri-
fices. The tumors did not result in early mortal ity in the
styrene-exposed mice. Furthermore, the tu mor response
was accompanied by organ toxicity and persistent cell
turnover. In addition, a screening assay for genotoxic car-
cinogens in A/J mice was negative for styrene
(Brunnemann et al., 1992). All these aspects of the styrene
database support a nongenotoxic mode of action.

The metabolic profile of styrene helps explain species
differences in response and supports a nongenotoxic mode
of action. The metabolism of styrene in mouse lung Clara
cells produces high levels of styrene metabolites which
cause Clara cell toxicity. The cellular dam age results in
reparative responses including increased Clara cell prolif-
eration and hyperplasia of Clara cells. No increased fre-
quency of DNA adducts was found in lung Clara cells of
mice exposed to styrene. Rats and hu mans have a lower
metabolism of styrene in lung and more rapid removal of
metabolites; thus they do not de velop toxicity, increased
cell proliferation, hyperplasia, or lung tumors.
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Styrene is metabolized to SO, which is genotoxic in in
vitro experiments and is classified as a proba ble human
carcinogen by IARC (1994b). It should be noted, however,
that increased tumors were produced in both rats and
mice only at the site of contact with SO (forestomach fol-
lowing gavage administration) and that considerable tis-
sue damage preceded tumor for mation. Skin application
of SO did not result in in creased incidence of tumors in
the skin or any other site. The lack of systemic tumors
from administration of SO supports a nongenotoxic
mode of action for SO even though it has been found to
be genotoxic. This premise is consistent with the styrene
database, which indicates a nongenotoxic mode of action
at the site of bioactivation.

ConCluSIonS

In mouse lung Clara cells and nasal olfactory epithe lium,
styrene is metabolized primarily by CYP2F2 to produce
R-SO. These tissues are also highly sensitive to cytotoxici-
ty following styrene exposure. Inhibition of CYP2F2 elim-
inates the styrene-induced cytotoxicity. In mouse lung, a
regenerative hyperplasia results from the cytotoxicity,
and increased incidences of lung tumors were found only
after more than 18 months of repeated exposures.

In rats CYP2F4 is much less prevalent in lung tissue;
rat lung produces primarily S-SO and cytotoxicity is not
seen. No increases in lung tumors have been reported in
any of the eight chronic rat studies of styrene. In rat nasal
tissue, CYP2F4 is present to a large extent and a high
level of R-SO is produced. Epoxide hydrolase in rat tissue
is more active than in mouse nasal tissue, re sulting in a
more efficient removal of SO and less nasal toxicity in rats
than in mice.

In humans very limited metabolism of styrene occurs
in the lung or nasal tissue. Both lung and nasal tissue pos-
sess epoxide hydrolase activity and, thus, should be able
to rapidly remove any SO either formed in the tis sue or
which might have migrated from the blood.

Lung tumors in mice most likely result from a
nongenotoxic mode of action as a result of cytotoxic ity
leading to hyperplasia. No lung tumors are seen in rats
exposed to styrene, where there is no evidence of cytotox-
icity. No styrene-induced lung tumors would be expected
in humans, which possess even less abil ity to metabolize
styrene in lungs than rats. Indeed, no styrene-related
increase in lung tumors have been re ported in human
cohort mortality studies.

Nasal olfactory lesions in rats and mice are the result
of local metabolism of styrene. Differences in toxicity

among species are explained by metabolic differences.
Olfactory lesions are not expected in humans exposed to
styrene because no styrene metabolism was detected in
human nasal tissue. Loss of olfactory function was not
found in a study of workers exposed to styrene for at
least 5 years.

We conclude that styrene respiratory tract toxicity in
mice and rats, including mouse lung tumors, is me diated
by CYP2F-generated metabolites. The PBPK model pre-
dicts that humans do not generate sufficient levels of
these metabolites in the terminal bronchioles to reach a
toxic level. Therefore, the postulated mode of action for
these effects indicates that respiratory tract effects in
rodents are not relevant for human risk assessment.
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is more toxic than the S-SO enantiomer. No
strain differences in rates of styrene metab-
olism or enantiomeric ratio were observed
in control mice or mice treated with induc-
ers. Pyridine, an inducer of CYP2E1,
increased S-S0 but not R-SO formation in
liver. Phenobarbital, an inducer of CYP2B,
increased the production of both enan-
tiomers. β-Naphthoflavone, an inducer of
CYP1A, had no effect. None of the inducers
had any effect in lung. Addition of the
CYP2E1 inhibitor diethyldithiocarbamate
decreased the for mation of both enan-
tiomers in both tissues from control mice,
whereas 5-phenyl-1-pen tyne (an inhibitor
of CYP2F2) inhibited metabolism primarily
in lung. In both control and phenobarbital-
treated mice, SKF525A inhibited both R-SO
and S-SO in liver but only S-SO in lung.
Thus there are tissue differences in metabo-
lism and susceptibility to induction and
inhibition but no strain differences in
metabolism to explain differences in sus-
ceptibility to styrene-induced toxicity.

Exposure of humans to styrene occurs
in a number of occupational settings, par-
ticularly in the reinforced plastics industry
(Miller et al., 1994). In experimental ani-
mals, styrene has been shown to be both
hepatotoxic and pneumotoxic (Morgan et
al., 1993a, 1993b; Gadberry et al., 1996).
Strain differences in susceptibility in mice
to hepatotoxic ity and mortality were in the
order B6C3F1 and C57BL/6 > Swiss >
DBA/2 (Morgan et al., 1993b). Similarly,
Swiss mice (CD-1) were found to be less
susceptible not only to the hepatotoxicity

Reprinted with permission from Journal of
Toxicology and Environmental Health,
51:477-488 (1997)

Styrene is both hepatotoxic and pneumo-
toxic in mice, with non-Swiss albino (NSA)
mice being more sensitive than Swiss (CD-
1) mice. The toxicity of styrene is potentiat-
ed by treatment with phenobarbital,β-
naphthoflavone, or pyridine. Since the
toxicity of styrene is generally associated
with its metabolism to styrene oxide (SO),
the formation of SO by hepatic and pul-
monary microsomes of NSA and CD-1
mice was measured to examine correla-
tions with toxicity. Both enantiomers of SO
were quantified since the R-SO enan tiomer
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of styrene than non-Swiss albino (NSA) mice but also to
the pneumotoxicity (Carlson, 1996). However, styrene
oxide, which is generally regarded as the active metabo-
lite of styrene formed by cytochromes P-450 (Bond, 1989),
was equally toxic in both NSA and CD-1 mice (Carlson,
1996). Furthermore, styrene toxicity was increased in
both strains by pyridine, an inducer of CYP2E1. These
data suggested that differences in styrene metabolism
may be involved in strain differences in suscepti bility to
styrene-induced toxicity, but hepatic and pulmonary
microsomal preparations from both strains metabolized
styrene to styrene oxide at similar rates, suggesting this
was not the case in naive mice.

A number of cytochrome P-450 isozymes have been
implicated in the bioactivation of styrene to styrene
oxide, including CYP2E1, CYP2B1, CYP1A1/2, and
CYP2C11 in rat lung and liver (Nakajima et al., 1994a)
and CYP2E1, CYP2B6, and CYP2F1 in human lung
(Nakajima et al., 1994b). Since a number of inducers of
cytochromes P-450 including pyridine, phenobarbital,
and β-naphthoflavone, inducers of CYP2E1, CYP2B, and
CYP1A, respectively, have all been shown to increase the
toxicity of styrene in mice (Gadberry et al., 1996), it was
of interest to examine their effects on the bioactivation of
styrene to styrene oxide in the susceptible (NSA) and
resistant (CD-1) mouse strains. Furthermore, because it
has been shown that the R-enantiomer of styrene oxide is
more toxic than the S-enantiomer and the R-enan tiomer
is preferentially produced in control mouse liver (R to S
ratio in NSA mice of 1.62) and lung (R to S ratio of 2.60;
Carlson, 1996), it was important to determine if this ratio
was altered by inducers in mice. In rats formation of the
S-enantiomer is favored in naive ani mals (Watabe et al.,
1981; Foureman et al., 1989), but there is con troversy
regarding the effects of inducers. Watabe et al. (1983)
induced rats with phenobarbital, 3-methylcholanthrene,
and PCBs and found an increase in the overall metabo-
lism of styrene but no change in the ratio of R to S. In con-
trast, Foureman et al. (1989) reported that phenobarbital
treatment did not increase styrene metabolism on a per
nanomole of cytochrome P-450 basis (although it did on a
per milligram of microsomal protein basis) and β-naph-
thoflavone decreased activity but that in both cases there
was a preference toward the for mation of the R-enan-
tiomer in the treated groups.

The purposes of the present study were to correlate
the effects of inducers on styrene toxicity as previously
observed in mice (Gadberry et al , 1996) with changes in
styrene oxidation, compare mouse strains (CD-1 and
NSA) for responsiveness to the inducers, and compare

the effects of induction of styrene metabolism in mice
with results previ ously demonstrated in rats.

MateRIalS and MetHodS 

Animals and Reagents
NSA mice were obtained from Harlan Sprague-Dawley
(Indianapolis, IN) and the CD-1 [Crl:CD-1 (ICR) BR] mice
from Charles River Laboratories (Wilmington, MA). They
were housed in group cages in environmentally con-
trolled rooms on a 12-h light:dark cycle. Rodent laborato-
ry chow (5001, Purina Mills, Inc., St. Louis, MO) and tap
water were allowed ad libitum. All animals were allowed
a minimum of 1 wk to adapt to the animal facilities and
diet before being used in any experiment.

Styrene, styrene oxide and 3,3,3-trichloropropene
oxide were obtained from Aldrich Chemical Co.
(Milwaukee, WI). NADPH, diethyldithiocarbamate, and
HEPES buffer were from Sigma Chemical Co. (St. Louis,
MO). Pyridine was from J. T Baker (Phillipsburg, PA).
Diethyl ether was from Mallinckrodt (Paris, KY). 5-
Phenyl-1-pentyne was obtained from Lancaster Synthesis
(Windham, NH). Other chemi cals were reagent grade or
better.

Study Design
Male mice were used in this and our previous studies
(Gadberry et al., 1996; Carlson, 1996) because of being
more susceptible than females to styrene-induced toxicity
(Morgan et al., 1993a). In the cytochrome P-450 induction
studies, pyridine (200 mg/kg, ip) was dis solved in saline
and administered 18 h before the animals were killed.
Phenobarbital was dissolved in saline and given at a dose
of 80 mg/kg, ip x 4 d. β-Naphthoflavone was dissolved in
corn oil and administered at a dose of 40 mg/kg, ip x 3 d.
Mice were killed 24 h after the last dose of phenobarbital
or β-naphthoflavone.

Metabolism of Styrene to Styrene Oxide
The metabolism of styrene to styrene oxide was deter-
mined as previously described (Carlson, 1996).
Microsomes (approximately 0.2- 0.3 mg protein) from the
livers or lungs of mice were incubated for 20 min in an
incubation mixture containing 2 mM styrene, 5 mM
MgCl2, 2 mM NADPH, and 1 mM trichloropropene oxide
to inhibit epoxide hydrolase in 0.1 M HEPES buffer (pH
7.4) with a total vol ume of 1.0 ml. Incubations were car-
ried out at 37°C in 25-ml vials with caps with
rubber/Teflon septa (Pierce, Rockford, IL) in a Dubnoff
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metabolic shaker. The reaction was terminated by the
addition of 2 ml of cold heptane. After vortexing to
extract the styrene and styrene oxide, heptane fractions
were analyzed using a Chiralpak AS (Chiral
Technologies, Exton, PA) guard column (4.6 x 50 mm)
and analytical column (4.6 x 250 mm) on a Shimadzu
high-performance liquid chromatograph (HPLC). The
mobile phase was heptane/isopropanol (99:1) at a rate of
1 ml/min. Ultraviolet (UV) detection was at 219 nm,
which gave a good response for the styrene oxide.
Standards were prepared from styrene oxide in heptane.
Protein concentrations were determined by the bicin-
choninic acid method (Pierce, Rockford, IL).

Statistical Analysis
Values are expressed as means ± standard errors for
groups of three to five mice (usually five). When two
groups were compared, Student’s t-test was utilized.
When multiple groups were compared, an analysis of
variance (ANOVA) was used followed by the Student-
 Newman-Keuls test for significance at a selected level of
p < .05.

ReSultS

As previously reported (Carlson, 1996), the metabolism
of styrene to styrene oxide was greater in liver than in
lung, was similar in con trol NSA and CD-1 mice, and led
preferentially to the formation of the more toxic R-enan-
tiomer in both tissues (Table 1). The ratio of R to S was
greater in lung than in liver. When pyridine, an inducer
of CYP2E1 that enhances the hepatotoxicity of styrene in
NSA (Gadberry et al., 1996) and CD-1 (Carlson, 1996)
mice, was administered there was a significant increase
only in the formation of S-styrene oxide by hepatic micro-
somes. This caused a decrease in the R to S ratio. In pul-
monary microsomes, a decrease in styrene metabolism
was found in the NSA mice.

When mice were treated with phenobarbital, an
inducer of CYP2B that has been shown to greatly increase
the lethality associated with styrene, there was an
increase in the metabolism of styrene to styrene oxide in
both strains of mice with no change in the R to S ratio
(Table 2). Not surprisingly, the metabolism of styrene by
pulmonary microsomes was unaffected by phenobarbital
treatment. β-Naphtho flavone, an inducer of CYP1A that
also has been shown to increase the toxicity of styrene,
caused no significant changes in the metabo lism of
styrene to styrene oxide in either lung or liver with the
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table 1

Effect of pyridine on styrene metabolism in mice

Strain 
and Liver Lung
treatment R S R/S R S R/S

NSA
Control 4.32 ± 0.38 2.69 ± 0.27 1.62 ± 0.03 1.47 ±  0.07 0.76 ± 0.05 1 .93 ± 0.04c

Pyridinea 5.03 ± 0.24 3.55 ±  0.17b 1.42 ± 0.01d 0.90 ± 0.06b 0.55 ± 0.04b 1 .65 ± 0.05c,d

CD-1
Control 4.83 ± 0.14 2.73 ± 0.11 1.78 ± 0.03 1.40 ± 0.12 0.65 ± 0.06 2.17 ± 0.06c

Pyridinea 4.55 ±  0.13 3.34 ± 0.10b 1.36 ± 0.02d 1.20 ± 0.05 0.69 ± 0.03 1.73 ± 0.02c,d

Note. Values are mean ± SE for five animals per group and units are nmol styrene oxide formed/mg protein/min. 
a At 200 mg/kg ip 18 h before sacrifice.
b Significantly different from control (p < .05) for particular strain, tissue and enantiomer. 
c Ratio is significantly different from liver (p < .05).
d Ratio is significantly different from control for same strain and tissue (p < .05).
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exception of a decrease in R-SO formation in lung of NSA
mice (Table 3).

The effects of inhibitors of cytochromes P-450 were
also examined. Diethyldithiocarbamate, which is consid-
ered to be a relatively specific inhibitor of CYP2E1 (Ono
et al., 1996), inhibited the metabolism of styrene by both

tissues in control NSA mice (Table 4). On the other hand,
5-phenyl-1-pentyne, which is an inhibitor of CYP2F2
(Chang et al., 1996), inhibited activity primarily in the
lung and caused only a slight decrease in the formation of
S-styrene oxide in hepatic micro somes.

SKF525A, which inhibits the activity of a number of
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table 2

Metabolism of styrene to styrene oxide in phenobarbital-treated mice

Strain 
and Liver Lung
treatment R S R/S R S R/S

NSA
Control 1.12 ± 0.13 0.79 ± 0.11 1.44 ± 0.06 0.30 ± 0.06 0.1 6 ± 0.03 1 .90 ± 0.08c

PBa 2.40 ± 0.10b 1.87 ± 0.09b 1.29 ± 0.03 0.29 ± 0.02 0.15 ± 0.01 1 .91 ± 0.02c

CD-1

Control 1.19 ± 0.07 0.75 ± 0.03 1.59 ± 0.07 0.18 ± 0.02 0.13 ± 0.01 1.47 ± 0.19

PBa 2.17 ± 0.06b 1 .61 ± 0.05b 1.35 ± 0.01 0.20 ± 0.01 0.13 ± 0.01 1.51 ± 0.09

Note. Values are mean ± SE for three to five animals per group, and units are nmol styrene oxide formed/mg
protein/min. 
a At 80 mg/kg/d for 4 d ip.
b Significantly different from control (p < .05) for particular strain, tissue, and enantiomer.
c Ratio is significantly different from liver (p < .05). No significant differences were due to phenobarbital in either tissue or
strain.

table 3

Metabolism of styrene to styrene oxide in β-naphthoflavone-treated mice

Strain 
and Liver Lung
treatment R S R/S R S R/S

NSA
Control 1.07 ± 0.06 0.81 ± 0.05 1.30 ± 0.05 0.45 ± 0.02 0.28 ± 0.05 1.71 ± 0.26

βNFa 0.98 ± 0.06 0.77 ± 0.04 1.27 ± 0.01 0.31 ± 0.04 b 0.20 ± 0.02 1.52 ± 0.04c

CD-1
Control 1.43 ± 0.12 0.90 ± 0.10 1.62 ± 0.10 0.28 ± 0.02 0.22 ± 0.05 1.39 ± 0.19

βNFa 1.41 ± 0.12 1 .02 ± 0.06 1.29 ± 0.14 0.30 ± 0.03 0.18 ± 0.03 1.84 ± 0.24

Note. Values are mean ± SE for three to five animals per group, and units are nmol styrene oxide formed/mg
protein/min. 
a At 40 mg/kg/d for 3 ip.
b Significantly different from control (p < .05) for particular strain, tissue, and enantiomer.
c Ratio is significantly different from liver (p < .05). No significant different for any tissue for β-naphthoflavone effect.
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cytochromes P-450 (Ono et al., 1996), was an effective
inhibitor of the production of both enantiomers of styrene
oxide in hepatic microsomes from both control and phe-
nobarbital-induced mice (Table 5). Interestingly, it was very
selective in inhibiting, in microsomal preparations from
some ani mals completely, the production of S-styrene
oxide in pulmonary microsomes and had no effect in this
tissue on the production of the R-enantiomer.

dISCuSSIon

All three inducers used in these studies have been found
to increase the toxicity, especially the hepatotoxicity, of
styrene in NSA mice (Gadberry et al., 1996). Pyridine has
also been shown to increase the toxicity of styrene in CD-
1 mice (Carlson, 1996). It was important, therefore, to
determine how well these effects correlated with the
induction of cytochromes P-450 by these specific agents
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table 4

Effect of inhibitors on styrene metabolism in NSA mice

Liver Lung
Treatment R S R/S R S R/S

Controla 1.49 ± 0.08 0.83 ± 0.04 1.79 ± 0.04 0.89 ± 0.09 0.28 ± 0.04 3.24 ± 0.14e

DDTCb 0.89 ± 0.05d 0.38 ± 0.01d 2.32 ± 0.09 0.40 ± 0.04d 0.14 ± 0.02d 2.92 ± 0.49

5P1 Pc 1.26 ± 0.07d 0.78 ± 0.05 1.62 ± 0.06 0.34 ± 0.05d 0.10 ± 0.01d 3.39 ± 0.13e

Note. Values are mean ± SE for four animals per group, and units are nmol styrene oxide formed/mg protein/min. 
a Methanol (10µ l) as solvent control.
b 300 µM diethyldithiocarbamate.
c 5 mµ 5-phenyl-l-pentyne.
d Significantly different from control for particular tissue and enantiomer (p < .05).
e Ratio is significantly different from liver (p < .05). No significant differences from control for same tissue for either treatment.

table 5 

Effect of SKF525A on styrene metabolism in NSA mice

Liver Lung
Treatment R S R/S R S R/S

Controla 1.20 ± 0.07 0.81 ± 0.04 1.49 ± 0.01 0.84 ± 0.09 0.28 ± 0.04 3.01 ± 0.08e

Control + SKF525Ab 0.61 ± 0.07d 0.23 ± 0.04d 2.78 ± 0.18f 0.74 ± 0.04 0.02 ± 0.02d g

Phenobarbitalc 4.11 ± 0.84 3.06 ± 0.66 1.35 ± 0.02 0.86 ± 0.09 0.36 ± 0.05 2.43 ± 0.12e

Phenobarbitalc + SKF525Ab 1.46 ± 0.19d 0.70 ± 0.13d 2.16 ± 0.15f 0.81 ± 0.06 0.10 ± 0.02d 9.10 ± 1.93e,f

Note. Values are mean ± SE for four animals per group, and units are nmol styrene oxide formed/mg protein/min. 
a Methanol (10 µl) as solvent control.
b 1 mM.
c 80 mg/kg/d ip for 4 d.
d Significantly different from control or phenobarbital-induced for same tissue and enantiomer (p< .05). 
e Significantly different from liver (p < .05).
f Significant effect of SKF525A (p < .05).
g Not calculable from individual values since two of four values for S enantiomer were zeros.



EFFECTS OF INDUCERS AND INHIBITORS ON THE MICROSOMAL METABOLISM OF
STYRENE TO STYRENE OxIDE IN MICE

and the subsequent metabolism of styrene to styrene oxide.
Pyridine induces primarily CYP2E1 (Kaul & Novak,

1987; Carlson & Day, 1992; Kim et al., 1993), although it
has also been reported to induce other cytochromes P-
450, notably CYP4B (Kim et al., 1991), CYP 2B1/2 (Kim et
al., 1993), and CYP1A1 and 1A2 (Iba et al., 1993). In the
current studies it was found to increase the production of
only the S-enantiomer of styrene oxide in the liver. This
resulted in a decrease in the R to S ratio. In lung, pyridine
did not increase the metabolism of styrene. This corre-
lates with the lack of effect of pyri dine in altering the
pneumotoxicity of styrene.

The effect of phenobarbital, increasing the production
of both enantiomers of styrene oxide by hepatic micro-
somes, correlated with the enhanced toxicity of styrene in
the induced animals. Phenobarbital had no significant
effect on the R to S ratio, which is in agreement with the
findings of Watabe et al. (1983) in studies using rats. The
lack of effect in pulmonary microsomes is not surprising
in view of the results of most (Lister & Virgo, 1982;
Forkert et al., 1986), but not all (Paolini et al., 1995), stud-
ies regarding the refractory nature of the lung to induc-
tion by phenobarbital. It again correlates with the lack of
influence of phenobarbital treatment on the pneumotoxi-
city associated with styrene. The results with β-naph-
thoflavone are some what surprising. This inducer of
CYP1A has been shown to increase both the hepatotoxici-
ty and the pneumotoxicity of styrene in NSA mice
(Gadberry et al., 1996). While generally the hepatotoxicity
of styrene is thought to be related to the production of the
more reac tive styrene oxide (Bond, 1989), one explanation
for the lack of corre lation between effects of β-naph-
thoflavone on styrene toxicity and its metabolism to
styrene oxide is that other toxic metabolites are being
produced in liver and/or lung. Another possibility is that
the detoxica tion of the styrene oxide is being altered by
β−naphthoflavone.

The role of CYP2E1 in the bioactivation of styrene was
clearly shown for both liver and lung through inhibition
by diethyldithiocar bamate. This compound had no effect
on the R to S ratio. The predominant effect of 5-phenyl-1-
pentyne was on the lung. This is not unexpected since the
isozyme that it inhibits is CYP2F2. Interestingly, Chang et
al. (1996) found that in mice it was a very effective and
potent inhibitor of naphthalene metabolism by pul-
monary microsomes, with substantially less effect on
hepatic microsomes. They did find a stereochemical
effect, which was not found with styrene. The occur rence
of two CYP2F mRNAs has been previously reported in
lung from untreated rats with only traces being found in

liver (Nhamburo et al., 1990).
SKF525A inhibits a number of cytochromes P-450 in

liver includ ing 1A, 2A, 3A, 2B, 2C, 2C19, 2D, and 2E to
varying degrees (Ono et al., 1996) and inhibits the metab-
olism of a variety of substrates in lung as well as liver
(Litterst et al., 1977). It is not surprising, there fore, that it
greatly inhibited styrene metabolism in both control and
phenobarbital-induced mouse liver. It had a much greater
effect on the formation of the S-enantiomer and thus
increased the R to S ratio. In pulmonary microsomes, the
stereochemical effect was even more dra matic since the
formation of R-styrene oxide was not affected at all and
the formation of S-styrene oxide was greatly, and in some
cases completely, inhibited. The reason for this is
unknown. The effect appears to be unusual, although the
differential effect of SKF525A on the metabolism of enan-
tiomers is well known (Miyano et al., 1980).

In summary, the inducibility of styrene metabolism by
pyridine and phenobarbital correlated with their effects
on styrene-induced hepato toxicity whereas that of β-
naphthoflavone did not. The role of multiple
cytochromes P-450 in styrene metabolism was also
demonstrated by the inhibitor studies with a large role in
noninduced animals for CYP2E1 and, in lung, CYP2F2.
The induction studies still suggest though that the strain
differences in susceptibility to styrene-induced toxicity
may not be explainable on the basis of the conversion of
styrene to styrene oxide (Morgan et al., 1993b; Carlson, 1996).
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SO. Diethyldi thiocarbamate, a CYP2E1
inhibitor, caused less inhibition of SO for-
mation in Clara cells isolated from mice
than previously found with pulmonary
microsomes. As in microsomes, 5-phenyl-l-
pen tyne, a CYP2F2 inhibitor, inhibited the
formation of both enanti omers. α -
Naphthoflavone, a CYP1A inhibitor, did
not inhibit SO formation in Clara cells. α-
Methylbenzylaminobenzotriazole, a
CYP2B inhibitor, exhibited minimal inhibi-
tion of SO production at 10 µM and less at 1
µM. The microsomal and isolated cell stud-
ies indicate that CYP2E1 and CYP2F2 are
the primary cyto chromes P450 involved in
pulmonary styrene metabolism. Styrene
metabolizing activity was much greater in
Clara cells than in type II pneumocytes,
which demonstrated essentially no activity.
Sty rene-metabolizing activity was several-
fold higher in the mouse than in rat Clara
cells. The more pneumotoxic and genotoxic
form, R-SO, was preferentially formed in
mice, and S-SO was preferen tially formed
in rats. These findings indicate the impor-
tance of Clara cells in styrene metabolism
and suggest that differences in metabolism
may be responsible for the greater suscepti-
bility of the mouse to styrene-induced toxi-
city.

KEY WORDS

Styrene; lung; Clara cells; Type II cells;
mouse; rat.
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Styrene is pneumotoxic in mice. It is
metabolized by pulmonary microsomes of
both mouse and rat to styrene oxide (SO),
presumed to be the toxic metabolite of
styrene, and known to be genotoxic. To
determine which pulmonary cell types are
responsible for styrene metabolism, and
which cytochromes P450 are associated
with the bioactivation of styrene, we isolat-
ed enriched fractions of mouse and rat
Clara and type II cells in order to deter-
mine the rate of styrene metabolism, with
and without chemical inhibitors. Mouse
Clara cells readily metabolized styrene to
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Human exposure to styrene occurs in a number of
occupa tional settings, particularly in the reinforced plas-
tics industry (Miller et al., 1994). Styrene is both pneumo-
toxic and hepato toxic in mice (Gadberry et al., 1996;
Morgan et al., 1993a,b). This is related to its bioactivation
to enantiomeric styrene oxide, which is toxic to mice,
with the (R) enantiomer being more acutely pneumotoxic
than the (S) enantiomer (Gadberry et al., 1996). The (R)
enantiomer is preferentially formed in mice, especially in
the lung (Carlson, 1997a). In rats, which are less suscepti-
ble to styrene toxicity (Roycroft et al., 1992), the (S) enan-
tiomer is preferentially formed (Foureman et al., 1989;
Watabe et al., 1981). Pagano et al. (1982) and Sinsheimer et
al. (1993) have shown that the (R) enantiomer of styrene
oxide is more mutagenic in Salmonella.

The identification of which cytochromes P450 are
responsi ble for the pulmonary metabolism of styrene is
important in establishing species and target organ speci-
ficities. Studies on styrene metabolism in rat lung and
liver implicate CYP2C11, CYP2B1, CYP1A1/2, and
CYP2E1 (Nakajima et al., 1994a). Studies with cDNA-
expressed human forms of cytochromes P450 indicate
CYP2B6 and CYP2F1 may also be involved (Nakajima et
al., 1994b). The distribution of specific cyto chromes P450
in styrene metabolism is related to lung cell type.
xenobiotic metabolizing enzyme activity has been asso -
ciated with type II and Clara cells with emphasis placed
on their possible role in either pulmonary or systemic
toxicity of chemicals (Cho et al., 1995; Dormans and
VanBree, 1995; Nemery and Hoet, 1993). CYP2B has been
identified in both Clara and type II cells (Lacy et al., 1992;
Lee and Dinsdale, 1995) with similar amounts reported in
both cell types (Voigt et al., 1990) or in some cases higher
amounts in Clara cells (Lag et al., 1993; Martin et al., 1993).
CYP1A has been identified in both cell types (Reitjiens et
al., 1988) but is generally found to a greater extent in type
II cells in rats (Voigt et al., 1990). Chichester et al. (1991)
reported that it is absent from mouse Clara cells. CYP1A
is inducible in type II cells in rats (Lacy et al., 1992;
Rabovsky et al., 1990) and in Clara cells (Lacy et al., 1992).

The location of CYP2E1 is unclear since Lag et al.
(1993) identified the apoprotein in both Clara and type II
cells in rats, but Forkert (1995) using in situ hybridization
and immunohis tochemical methods to localize CYP2E1
concluded that it is preferentially expressed in Clara cells
in mice. Interestingly, the Clara cell and the type II alveo-
lar cell are the ones asso ciated with lung tumors in A/J
mice following the administra tion of ethyl carbamate
(urethane), which is dependent upon CYP2E1 for bioacti-
vation (Damak et al., 1996). CYP2F1, which is expressed

in human lung and CYP2F2, which is expressed in mouse
lung and liver, are in the same gene subfamily
(Nhamburo et al., 1990).

In view of the potential contributions of multiple
cytochromes P450 to styrene metabolism, effects of
inhibitors of specific cytochrome P450 isozymes have
been examined in mouse hepatic and pulmonary micro-
somal preparations (Carl son, 1997b; Carlson et al., 1998).
Diethyldithiocarbamate (DDTC), considered a relatively
specific inhibitor of CYP2E1 (Ono et al., 1996), inhibited
the formation of both enantiomers of styrene oxide in
lung and liver. 5-Phenyl-l-pentyne (5P1P), an inhibitor of
CYP2F2 (Chang et al., 1996), showed a high degree of
inhibition in pulmonary microsomes, but caused only a
small decrease in hepatic microsomes. SKF-525A, a non -
specific cytochrome P450 inhibitor (Ono et al., 1996),
effec tively inhibited the formation of both enantiomers of
styrene oxide in hepatic microsomes, and the S-enan-
tiomer in pulmo nary microsomes (Carlson 1997b). α-
Naphthoflavone, an in hibitor of CYP1A, had little effect
on styrene metabolism (Carlson et al., 1998). α -
Methylbenzylaminobenzotriazole (MBA), which has
been shown to be a potent and isozyme selective
inhibitor of CYP2B (Mathews and Bend, 1986) caused
only a 16 to 19% inhibition of styrene oxide formation at a
concentration (1 µM) which caused substantial (87%)
inhibition of benzyloxyresorufin metabolism (Carlson et
al., 1998).

The current study had several objectives. One was to
iden tify the primary cell types involved in pulmonary
styrene metabolism. A second goal was to determine con-
tributions of specific cytochromes P450 involved in
metabolism of styrene to styrene oxide by isolated cells. A
third aim was to compare mice with rats in an attempt to
identify metabolic differences that could account for the
mouse being more susceptible to styrene induced toxicity.
The final objective was to synthesize this information on
cell and species differences, with respect to the rates of
formation of styrene oxide enantiomers as dictated by the
presence of the specific cytochromes P450 in these cells. If
the cell types and cytochrome P450 isozymes involved in
styrene metabolism could be identified, it would be valu-
able progress towards better understanding of potential
risks asso ciated with styrene exposure in humans.

MateRIalS and MetHodS

Animals. 
Adult male CD-1 [Crl:CD-1 (ICR) BR] mice were obtained
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from Charles River Laboratories (Wilmington, MA).
Adult male Sprague-Dawley rats were obtained from
Harlan Sprague-Dawley (Indianapolis, IN). They were
housed in group cages in environmentally controlled
rooms on a 12-h light: dark cycle. Rodent laboratory
chow (No. 5001, Purina Mills Inc., St. Louis, MO) and tap
water were allowed ad libitum. All animals were allowed
a minimum of 1 week to adapt to the animal facilities and
diet before being used in any experiment.

Chemicals. 
Styrene, racemic styrene oxide, (R) and (S)-styrene oxide,
and l,2-epoxy-3,3,3-trichloropropane (TCPO) were
obtained from Aldrich Chem ical Co. (Milwaukee, WI).
NADPH, α-naphthoflavone, HEPES, Trizma base, pro-
tease (type I bovine pancreas), mouse IgG, rat IgG,
DNase I, soybean trypsin inhibitor, DDTC, bovine serum
albumin, gentamicin solution, EGTA, penicillin/strepto-
mycin solution, nitro blue tetrazolium, hematoxylin solu-
tion (Harris modified), lithium carbonate, and methylene
green were obtained from Sigma Chemical Co. (St. Louis,
MO). Porcine elastase was obtained from Worthington
Biochemical Corp. (Freehold, NJ). Calf serum, Dulbecco’s
mod ified Eagle medium, and F-12-K Kaighn’s modifica-
tion nutrient mixture were obtained from Gibco BRL
Products (Grand Island, NY). Nylon mesh (40 and 165
µm) was obtained from Small Parts, Inc. (Miami Lakes,
FL). Sodium pentobarbital (Nembutal) was obtained
from Abbott Laboratories (North Chi cago, IL). Heparin
(1000 U/ ml) was obtained from Elkins-Sinn Inc. (Cherry
Hill, NJ). α-Methylbenzylaminobenzotriazole (MBA) was
obtained from James Mathews (Research Triangle
Institute, Durham, NC). 5-Phenyl-1-pen tyne was
obtained from Lancaster Synthesis (Windham, NH). All
other chem icals used were reagent grade or better.

Clara cells isolation procedure. 
Two procedures were used for the isola tion of enriched
cell fractions. When only Clara cells were isolated, the
procedure used was an adaptation of that of Malkinson et
al. (1993). Buffer A, used for perfusion, storage of lungs
prior to digestion and to make the lavage solution, con-
tained 133 mM NaCl, 5 mM KCI, 2.7 mM sodium phos-
phate buffer, 10 mM HEPES, 5.6 mM glucose, and gen-
tamicin (0.10 µg/ml of solution). The lavage solution was
made by adding 3 ml 0.1 M EGTA to 146 ml Buffer A.
Buffer B, used for making the digestion solution and rins-
ing during the filtering process, contained 129 mM NaCl,
5 mM KC1, 2.6 mM sodium phosphate buffer, 10 mM
HEPES, 1.9 mM CaCl2, 1.3 mM MgSO4, 5.6 mM glucose,

and gentamicin (0.10 µg/ml solution). Kreb’s/Ringer/
HEPES (KRH) Buffer (pH 7.4), used for rinsing cells off
the IgG plate and suspending the cells, contained 145
mM NaCl, 5.4 mM KC1, 1.4 mM CaCl2, 29 mM HEPES,
2.8 mM MgSO4, 1.1 mM K2HPO4, 6.35 mM glucose, and
1.15 mM sodium ascorbate.

Four to 6 mice or 3 or 4 rats were anesthetized with
pentobarbital and heparin in saline. The trachea was
exposed and cannulated with a stainless steel feeding
tube tied in place. The lungs were perfused with gravity-
fed buffer A via the right ventricle into the pulmonary
artery. The lungs and heart were removed en bloc. The
lungs were lavaged with buffer A/ EGTA eight times,
and digested at 37°C with warm elastase solution (4.3
U/ml Buffer B, 4 infusions of 5 min each for a total of 20
min). Following digestion, the lobes were cut away from
the trachea and heart, pooled and minced to approxi-
mately 1-mm3 pieces. The minced lungs were placed in 8
ml of calf serum in an Erlenmeyer flask, for neutraliza-
tion of the elastase. The mixture was filtered through cot-
ton gauze, and then 40-µm nylon mesh. The resulting
solution was layered on top of 8 ml of calf serum in a 50-
ml conical centrifuge tube and centrifuged at 90 x g for 20
min. Macrophages were removed by panning, using a
plastic petri dish coated with IgG. Following incubation
for one h, the dish was rinsed thoroughly with KRH
buffer to transfer the cells to a 50-ml conical centrifuge
tube, which was centrifuged for 20 min at 90 x g. The
supernatant was discarded, and the cell pellet was resus-
pended in 0.1 M HEPES buffer for use in the styrene
metabolism assays.

Cell counting was accomplished with crystal violet
and a hemocytometer. All nucleated cells were counted.
For enrichment determination, nitro blue tetrazolium
(NBT) staining (Devereux and Fouts, 1980) was per-
formed for identification of Clara cells. For identification
of type II cell populations, the modified Pap staining pro-
cedure was used. Cell viability was determined with try-
pan blue exclusion.

Elutriation procedure for type II alveolar and Clara cell isolation. 
When both Clara and type II cells were prepared, the pro-
cedure followed was an adaptation of that of Belinsky et
al. (1995). HEPES BS buffer, pH 7.4 (HPBS) was used for
perfusion, lavage, and as a large portion of the elutriation
buffer. HPBS contained 150 mM NaCl, 6 mM KCl, 3.9 mM
KH2PO4, 0.5 mM glucose, and 25 mM HEPES in sterile
water. The elutriation buffer was 2 parts HPBS:l part
F12K (Gibco: Kaighn’s modified nutrient mix).

The DNase solution (0.05% in HPBS:F12K) was used
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to dissociate the clumped material just prior to elutria-
tion. Digestion neutralizing solution was 75 ml
HPBS:F12K with 1.0% bovine serum albumin (BSA) and
100 mg soybean trypsin inhibitor. Digestion solution was
0.25% protease in HPBS.

Lungs from male CD-1 mice (usually 10) or Sprague-
Dawley rats (usually 5) were surgically removed as previ-
ously described and lavaged 5 times with 1 ml (mice) or 5
times with 8 ml (rats) via the tracheal cannula using
HPBS. Digestion was accomplished by instilling a 0.25%
solution of protease (1 ml for mice and 8 ml for rats) into
the lungs. The trachea was tightly clamped, and the lungs
were incubated in sterile saline at 37°C, for 3 min, fol-
lowed by room temperature for 7 min. Following diges-
tion, the trachea and heart were re moved, and the lungs
were minced to approximately 1 mm3 pieces. The minced
lungs were transferred to an Erlenmeyer flask with a vac-
uum sidearm containing 75 ml cold HPBS:FI2K buffer
solution containing bovine serum albumin and soybean
trypsin inhibitor. This solution was degassed for 1 min
and stirred vigorously at 0°C for 10 min to dissociate cell
clumps and neutralize the digestion solution. The result-
ing solution was filtered succes sively through 2 layers of
cheesecloth, followed by 165-µm then 40-µm nylon mesh.
This cell suspension was layered onto 8 ml of calf serum
in 50-ml plastic conical centrifuge tubes and centrifuged
at 200xg for 12 min. The cell pellet was resuspended in 3
ml modified DMEM and incubated with IgG for one
hour. Cells were removed using HPBS:F12K (3 times with
3 ml). This suspension was added to 8 ml of HPBS:Fl2K
containing 0.05% DNase I and shaken by hand.
Centrifugal elutriation using a Sanderson chamber in a
Beckman J-6M/E centrifuge was performed as outlined
in Table 1.

The elutriation fractions, collected in 50 ml sterile con-
ical centrifuge tubes, were then centrifuged at 1000 rpm
for 10 min. The cell pellets were re suspended. Fractions 2
and 3 were combined for the Type II enriched fraction.
Fraction 5 is the enriched Clara cell fraction. After cen-
trifugation the cell pellets were resuspended in 0.1 M
HEPES and used for the styrene metabolism assays.

Styrene metabolism assays. 
The metabolism of styrene to styrene oxide was deter-
mined as previously described (Carlson, 1997a). When
pulmonary and hepatic microsomes were used, the tis-
sues were homogenized in 0.5 M Tris-HCl buffer (pH 7.4)
containing 1.15% KCl. Microsomes were prepared by dif-
ferential centrifugation with the first centrifugation at
9000 x g for 20 min followed by centrifugation of this
supernatant at 105,000 x g for 60 min. A minimum of 0.2
to 0.3 mg protein was used per assay. For the isolated
lung epithelial cells, approximately 3 x 10

5

to 1.5 x 10
6

cells were used per assay. The microsomes or cells were
incubated for 20 min in an incubation mixture containing
2 mM styrene, 5 mM MgCl2, 2 mM NADPH, and 1 mM
trichlo ropropene oxide to inhibit epoxide hydrolase in 0.1
M HEPES buffer (pH 7.4), with a total volume of 1.0 ml.
Incubations were carried out at 37°C in 25-ml vials with
caps with rubber/teflon septa (Pierce, Rockford, IL) in a
Dubnoff metabolic shaker. The reaction was terminated
after 20 min by the addition of 1 ml cold heptane. After
vortexing to extract the styrene and styrene oxide, sam-
ples were frozen to remove the aqueous layer.
Metabolites in the organic layer were then analyzed
using a Chiralpak AS (Chiral Technologies, Exton, PA)
guard column (4.6 x 50 mm) and analytical column (4.6 x
250 mm) on a Shimadzu HPLC. The mobile phase was

heptane/isopropanol
(99:1) at a rate of 1 ml/min.
UV detection was at 219
nm. Styrene to styrene
oxide metabolism was
assayed with and without:
(a) diethyldithiocarba-
mate (DDTC), a CYP2E1
inhibitor at 300 µM; (b) α-
phenyl-α -propylbenz -
eneacetic acid 2-[diethy   -
lami no]ethyl ester
(SKF-525A), a nonspecific
inhibitor at 1 mM; (c) 5-
phenyl-l -pentyne (5P1P),
a CYP2F inhibitor at 5
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table 1

Elutriation Procedure for the Preparation of Clara Cells and Type II Cells

Flow rate Rotor speed Collection
Fraction (ml/min) (rpm) volume (ml) Time (min)

Fl-cellular debris 9 2000 150 16 min 40 sec

F2-Type II 16 2000 100 6 min 15 sec

F3-Type II 25 2000 100 4 min

F4-Mix 32 2000 100 3 min 8 sec

F5-Clara 45 1500�stop rotor 150 3 min 20 sec

Note. Total volume, 600 ml; total time, 33 min 23 s.
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µM; (d) α-naphthoflavone (α-NF), a CYP1A inhibitor at
10 µM; and (e) α-methylbenzylaminobenzotriazole
(MBA), a CYP2B inhibitor at 1 and 10 µM.

Statistical analysis. 
Each assay was carried out 3 or 4 times as indicated in the
individual tables. Values for the styrene to styrene oxide
metabolism are expressed as mean ± SE. In comparing
the inhibitor value with control value, a paired Student t-
test was used. The level of significance selected was p < 0.05.

ReSultS

Initial studies were carried out using microsomal
prepara tions prepared from rat and mouse liver and lung
in order to verify the reported species differences in activ-
ities and the ratio of (R) to (S) styrene oxide formed. In
the rat, more (S)-styrene oxide was formed than (R)- for
both liver and lung (Table 2). In the mouse, the opposite
was true, especially for lung.

In the studies focusing on the identification of the specific
cytochromes P450 involved in the metabolism of styrene by
Clara cells, these cells were isolated from mice using the
procedure of Malkinson et al. (1993) as detailed in
Materials and Methods. The percentages of Clara cells were
determined using the NBT stain and the Wright stain. With
the Wright stain, the distinguishing features of the Clara cell
are the nucleus, the lack of cilia, and the absence of granules.
The identification of the Clara cell was confirmed with the
NBT stain, with the cells staining dark blue considered posi-
tive. The cells were also viewed using electron microscopy
and the characteristics of the cell type confirmed.

The ratio of R-styrene oxide to S-styrene oxide was
deter mined for each preparation, and means and stan-
dard errors were determined. As in the microsomal
experiments, the for mation of the R-enantiomer by Clara
cells was favored over the formation of the S-enantiomer
in mice (Table 3). In fact, the ratio appeared to be some-
what greater in the isolated cell experiments than in the
microsomal experiments. 5P1P was a good inhibitor of
the production of both styrene oxide enanti omers, yield-
ing approximately 34% inhibition of activity. In view of
the microsomal studies (Carlson et al., 1998), the results
with DDTC are surprising in that they did not show inhi-
bition. A possible reason for this result could be that cel-
lular uptake of DDTC is minimal.

SKF525A inhibited the production of both styrene
oxide enantiomers, but it is not a specific inhibitor (Table
3). In view of this, the effects of additional, more selective
inhibitors were determined. α-Naphthoflavone, a selec-
tive inhibitor of CYP1A, had no inhibitory effect on the
metabolism of styrene by isolated Clara cells to either
enantiomer of styrene oxide (Table 3). α -
Methylbenzylaminobenzotriazole, a selective in hibitor of
CYP2B, had a minimal inhibitory effect on styrene metab-
olism by isolated Clara cells even at the higher concen -
tration of 10 µM.

Using the centrifugal elutriation procedure adapted
from Belinsky et al. (1995), as described in Materials and
Methods, enrichments of both Clara and type II cells
were obtained from mice and rats. In determining the
percentages in each experi ment, the differential counting
techniques used a combination of the Wright, NBT, and
Pap stains. In Clara cell-enriched fractions, the identifica-

tion of Clara cells using
the NBT stain was con-
firmed with low numbers
of Pap-positive cells. The
NBT stain alone could
not be used for differen-
tial counting of Clara
cells because non-Clara
cells do not stain suffi-
ciently to count; therefore,
presented Clara cell per-
centages are conser vative
estimates. Confirmation
of the type II cell was
accom plished by electron
microscopy. Cell viability
was high, at approximate-
ly 95% or more. The pro-

The SIRC Review November 2003 33

table 2

Metabolism of Styrene to Styrene Oxide by Rat and Mouse Hepatic and Pulmonary
Microsomes

Species and tissue R enantiomer S enantiomer R/S

Rat liver 1.72 ± 0.10 a 3.04 ± 0.21a 0.57 ± 0.01a

Rat lung 0.49 ± 0.09 a 0.95 ± 0.18a 0.52 ± 0.01a

Mouse liver 1.58 ± 0.63 b 1.23 ± 0.16 b 1.18 ± 0.39b

Mouse lung 1.50 ± 0.23 b 0.63 ± 0.06 b 2.40 ± 0.36b

Note. R and S enantiomer values in nmols/mg protein/min.
a Mean ± SE for 5 Sprague-Dawley rats.
b Mean ±  SE for 4 pairs of CD-1 mice from previous experiment (Carlson et al., 1998).
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duction of the enanti omers of styrene oxide is presented as
pmols/10

6

nucleated cells/min. Since the number of cells
used for this calculation was the total number of nucleat-
ed cells and was not corrected for the enrichment of any
particular cell type, the
percentages of enriched
cell types are presented
in Table 4.

As expected, the pro-
duction of the R-enan-
tiomer of styrene oxide
was favored over that of
the S-enantiomer in both
frac tions enriched for
Clara and for type II cells
(Table 4). Styrene metab-
olism was greater in the
fractions that were
enriched for Clara cells
than in the fractions
enriched for type II alve-
olar cells. When compar-
ing metabolism of Clara
cell-enriched frac tions

obtained with elutriation
with metabolism by Clara
cells isolated using the less
complex method (Table 3),
the activities are similar.

In studies on isolat-
ed rat lung cells, as with
the mice, the higher
styrene-metabolizing
activity within each
experiment was associat-
ed with the Clara cell-
enriched fraction rather
than the type II alveolar
cell-enriched fraction
(Table 4). However, it is
interesting to note that in
the preparations enriched
for type II cells, the ratio of
R- to S-styrene oxide was
less than one; approxi-
mately 0.5. While this is
the opposite of what we
have observed in mice, it
agrees with our limited
studies on rat pulmonary

microsomal preparations (Table 2) and what has been
reported in the literature (Watabe et al., 1981; Foureman et
al., 1989). In the preparations enriched for Clara cells, the
ratio was very close to one.
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table 3

Effect of Selected Inhibitors on Styrene Metabolism in Isolated Mouse Clara Cells

Treatment % Clara % Type II R enantiomer S enantiomer R/S

Control 64 ± 8 ND 95 ± 20 23 ± 5 4.2 ± 0.2
5P1Pa 64 ± 8 ND 63 ±  20 b 14 ± 6b 4.8 ±  0.4
DDTCc 64 ± 8 ND 91 ± 28 20 ± 6 4.9 ± 0.6
SKF-525Ad 64 ± 8 ND 65 ± 17 b 16 ± 1 4.1 ± 1.1
Control 43.3 ± 4.3 14.3 ± 7.9 71 ± 18 17 ± 2 4.0 ± 0.5
NFe 43.3 ± 4.3 14.3 ± 7.9 76 ± 24 16 ± 2 4.5 ± 1.0
MBAf 43.3 ± 4.3 14.3 ± 7.9 65 ± 13 15 ± 2 4.5 ± 1.1
MBAg 43.3 ± 4.3 14.3 ± 7.9 65 ± 14 12 ± 1 5.5 ± 1.3

Note. R and S enantiomer values in pmols/10
6

cells/min. Values are mean ± SE for 3 repli-
cates. ND, not determined.
a 5-Phenyl-l-pentyne, 5 µM.
b Significantly different from control (p < 0.05) using paired Student’s t-test.
c Diethyldithiocarbamate, 300 µM.
d 
∝-Phenyl-∝-propylbenzeneacetic acid 2-[diethylamino]ethyl ester, 1 mM.

e 
∝-Naphthoflavone, 10 µM.

f 
∝-Methylbenzylaminobenzotriazole, 1 µM.

g 
∝-Methylbenzylaminobenzotriazole, 10 µM.

table 4

Metabolism of Styrene to Styrene Oxide by Mouse and Rat Isolated Lung Cells

% Clara % Type II R enantiomera S enantiomera R/S

Mouse

18.3 ±  3.5 b 33.5 ± 4.9 b 19.4 ± 4.1 6.9 ± 2.2 3.62 ± 1.09

55.8 ± 8.0 b 6.5 ± 2.5 b 83.3 ± 27.7 23.0 ±  8.2 3.98 ± 0.75

Rat

12.8 ± 3.2 c 42.3 ± 4.1 c 3.7 ± 1.1 8.0 ± 2.6 0.47 ± 0.01

37.3 ± 9.0 c 4.0 ± 1.0 c 11.2 ±  3.6 11.0 ± 3.2 1.02 ± 0.09

Note. R and S enantiomer values in pmols/106 cells/min. 
a Calculated on basis of total number of nucleated cells. 
b Percent is mean ± SE for 4 experiments.
c Percent is mean ± SE for 3 experiments.
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dISCuSSIon

The lung has been identified as a target site for the
acute toxicity of styrene in mice (Gadberry et al., 1996).
Using pulmonary microsomal preparations from mice,
the lung has been identified as a location for biotransfor-
mation of styrene to styrene oxide (Carlson, 1997a), con-
sidered to be the active metabolite (Bond, 1989) due to its
chemical structure. There is limited evidence that styrene
is associated with pulmonary tumors in mice but not rats
(IARC, 1994). The basic objective of this study was to
determine which types of cells in the lung are responsible
for metabolism of styrene. This is an important question,
particularly as it may relate the metabolism of styrene to
its tumorigenicity in mouse lung. The focus was on the
Clara cell and the type II alveolar cell, as these cell types
have generally been identified as the most active xenobi-
otic metab olizing cells in lung.

A useful approach to evaluate relationships between
the metabolism of a chemical and its toxicity is the use of
specific inhibitors of cytochrome P450 isozymes.
Diethyldithiocarbam ate, which is a relatively specific
inhibitor of CYP2E1 (Ono et al., 1996), inhibits the forma-
tion of both enantiomers of sty rene in both liver and lung
microsomal preparations (Carlson, 1997b). 5-Phenyl-l-
pentyne inhibits styrene metabolism pri marily in the
lung (Carlson, 1997b), indicating the importance of
CYP2F2 in this tissue, similar to what has been observed
for naphthalene (Chang et al., 1996). With both DDTC and
5PIP, there is no change in the ratio of the enantiomers
formed when compared to the ratio of the controls.
Inhibition by SKF-525A occurs in both liver and lung
microsomal preparations, but the formation of R-styrene
oxide is much less affected than that of the S-enantiomer.
This is especially so in the lung where there is no effect on
R-styrene oxide formation and nearly complete suppres-
sion of S-styrene oxide production (Carlson, 1997b).

In the isolated Clara cell preparations, the R/S enan-
tiomeric ratio appeared to be even greater than in the
microsomal preparations. 5P1P, a CYP2F2 inhibitor, effec-
tively inhibited the production of both styrene oxide
enantiomers, yielding a 30 to 50% inhibition of activity.
DDTC, a relatively selective inhibitor of CYP2E1, did not
show as much inhibition as in the microsomal studies,
and the results were not consistent. It is possible that the
DDTC may not be taken up readily by the intact cells.
Increasing the concentration of DDTC was not feasible
since at high concentrations it becomes nonselective.
SKF-525A, a non-specific cytochrome P450 isozyme
inhibitor, produced inhibition of both styrene oxide enan-
tiomers. In the isolated cell experiments, the enantiomeric

ratios were not greatly affected by 5P1P, DDTC, or SKF-
525A when com pared to their respective controls.

To understand the roles of CYP1A and CYP2B in
styrene metabolism better than could be determined from
the results obtained with SKF-525A, more selective
inhibitors were used. ∝NF, a selective inhibitor of
CYP1A, had no inhibi tory effect on the metabolism of
styrene to either styrene oxide enantiomer by isolated
mouse Clara cells. This is not unexpected since
Chichester et al. (1991) reported that CYP1A is absent
from mouse Clara cells. MBA, used to selectively inhibit
CYP2B, exhibited a minimal inhibitory effect on styrene
metabolism by isolated mouse Clara cells at the higher
concentration of 10 µM.

Forkert et al. (1989) reported that CYP2E1 is found in
the Clara cells. Buckpitt and coworkers (Buckpitt et al.,
1995; Chichester et al., 1994) reported that naphthalene
was metab olized to 1R,2S-oxide by CYP2F2 in Clara cells
from mouse lung resulting in its bioactivation to a toxic
metabolite. DDTC, a CYP2E1 inhibitor, inhibited both
styrene oxide enantiomers in microsomal studies, but as
noted above, did not show as much inhibition in isolated
cells. 5P1P, a CYP2F2 inhibitor, showed a high degree of
inhibition in both the pulmonary microsomal studies
(Carlson, 1998) and the Clara cell prepa rations. Thus,
based on the combined data on inhibitors from the micro-
somal and isolated cell studies, CYP2E1 and CYP2F2 are
believed to be the principal cytochromes P450 involved
in the pulmonary metabolism of styrene (Carlson, 1997a).

Upon examining the results from the isolated cell
studies with separate fractions enriched for type II alveo-
lar cells and Clara cells obtained from mouse lung,
important conclusions can be drawn. One is that the pro-
duction of the R-enantiomer remains dominant over the
S-enantiomer in both Clara and type II alveolar cell
preparations. The R-enantiomer of styrene oxide is more
genotoxic (Pagano et al., 1982; Sinsheimer et al., 1993), and
this finding could be related to the increased tu morigenic
effects of styrene in mouse lung when compared to the
effect of styrene in rat lung. Another conclusion to be
drawn is that styrene metabolism is several-fold greater
in fractions enriched for Clara cells than in fractions
enriched for type II cells. When the percentage enrich-
ments for each frac tion are considered, and the activities
for the two fractions (Table 4) are solved as simultaneous
equations, the values obtained for the R-styrene oxide are
152 pmols/10

6

Clara cells/min and -25 pmols/10
6

type II
cells/min. Similarly, for the S-styrene oxide the values are
41.5 pmols/10

6

Clara cells/ min and -1.9 pmols/10
6

type
II cells/min. These data then indicate that the type II cells
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have essentially no styrene me tabolizing activity.
In isolated cell studies with the rat, there are some im -

portant similarities and differences to note. The ratio of
R/S styrene oxides formed is somewhere between 0.5
and 1.0, much less than that observed in mice. This agrees
with our limited studies on rat microsomal preparations
(Table 2) and what has been reported in the literature
(Foureman et al., 1989; Watabe et al., 1981). However, as in
mice, the higher styrene metabolizing activity within
each experiment is associated with the fractions enriched
for Clara cells rather than the fractions enriched for type
II alveolar cells. Using the data from Table 4 and solving
as simultaneous equa tions, gives the activity for the for-
mation of the R-styrene oxide as 30.1 pmols/10

6

Clara
cells/min and -0.4 pmols/10

6

type II cells/min and for
the S-styrene oxide as 29 pmols/10

6

Clara cells/min and
10 pmols/10

6

type II cells/min. This again shows that the
activity, although several-fold lower in the rat isolated
cells than in the mouse isolated cells, is primarily, if not
exclusively, associated with the Clara cells.

In summary, in all the isolated Clara cell studies with
mice, the R-styrene oxide was preferentially formed over
the S -styrene oxide. Studies on isolated lung cells
revealed that the styrene oxide R/S ratio is much smaller
in isolated cells from rats than in isolated cells from mice.
The reason for the difference is unclear. The data using
selected inhibitors indi cate that CYP1A plays little or no
role in the metabolism of styrene to styrene oxide and
that CYP2B makes only a minor contribution in naive
animals. This is in contrast to the greater involvement of
CYP2E1 and CYP2F2 (especially in lung) as demonstrat-
ed by previous studies using selective inhibitors of these
cytochrome P450 isozymes (Carlson, 1997b). The data
from the isolated cell studies are consistent with the
microso mal work, with the exception of the DDTC
results. Finally, all the oxidative metabolism of styrene
appears to occur in the Clara cells of mice with none in
the type II cells, in accord with the reported distribution
of CYP2E1.
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microsomal preparations. Hepatic micro-
somes metabolized styrene to styrene
oxide, but lung microsomes had essentially
no activity. However, microsomes from
both tissues metabolized benzene to phe-
nol. The data suggest that human lung has
low styrene metabolizing activity and may
be much less of a target organ than in mouse.

The exposure of humans to styrene
occurs in a variety of occupational settings
but is especially high in the reinforced plas-
tics industry (Miller et al., 1994). Styrene is
both pneumotoxic and hepatotoxic in mice
(Morgan et al., 1993; Gadberry et al., 1996).
The toxicity of styrene is associated with its
bioactivation to enantiomeric styrene oxide
(SO). R-SO is more toxic to mice than is S-
SO (Gadberry et al., 1996). R-SO is also
more mutagenic in Salmonella (Pagano et
al., 1982). R-SO is preferentially formed in
mice, especially in lung (Carlson, 1997a). In
rats, which are less susceptible to styrene
toxicity (Roycroft et al., 1992), the less toxic
and less mutagenic S-SO is preferentially
formed (Watabe et al., 1981; Foureman et
al., 1989; Hynes et al., 1999).

Which cytochromes P-450 (CYP) are
responsible for styrene metabolism deter-
mine species and target organ specificities.
Studies on styrene metab olism in rat lung
and liver implicate CYP2C11, CYP2B1, and
CYP1A1/2, as well as CYP2E1 (Nakajima et
al., 1994b). Studies with cDNA-expressed
human forms of cytochrome suggest that
multiple cytochromes P-450, not only
CYP2E1 but also CYP2B6 and CYP2F1, are
responsible for styrene metabolism

Reprinted with permission from Journal of
Toxicology and Environmental Health,
Part A, 59:591-592 (2000)

In mice, styrene is pneumotoxic, and there
is some evidence of tumorigenicity. This
toxic ity is thought to be related to its bioac-
tivation to styrene oxide in lung. To deter-
mine if human tissues have this capacity,
the metabolism of styrene to styrene oxide
was mea sured in human liver and lung
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(Nakajima et al., 1994a). CYP2E1 has been identified in
human lung (Wheeler et al., 1992). CYP2F1, which is
expressed in human lung, and CYP2F2, which is
expressed in mouse lung, are in the same gene subfamily
(Nhamburo et al., 1990). CYP2E1 and CYP2F2 have been
iden tified as being the most important cytochrome P-450s
involved in styrene metabolism in mice, with the latter
being particularly important in lung (Carlson, 1997b;
Carlson et al., 1998). Styrene has been associated with
lung tumors in mice (IARC, 1994) but not in rats (Cruzan
et al., 1998). The purpose of these studies was to deter-
mine the ability of human liver and lung to metabolize
styrene in comparison to mouse tissues (Carlson, 1997a,
1997b; Carlson et al., 1998).

MetHodS

Chemicals and Tissue Samples
Styrene, styrene oxide, and 3,3,3-trichloropropene oxide
were from Aldrich Chemical Co. (Milwaukee, WI).
NADPH, NADH, L-ascorbic acid, butylated hydroxy-
toluene, and HEPES buffer were from Sigma Chemical
Co. (St. Louis, MO). All other chemicals were of reagent
grade or better. Bi cinchoninic acid (BCA) protein assay
kits were from Pierce (Rockford, IL). [14C]Benzene (specif-
ic activity = 52 mCi/mmol) was from American Radio-
 labeled Chemicals (St. Louis, MO).

Samples of normal human tissues, collected during
surgical proce dures or at autopsy, were obtained from the
Cooperative Human Tissue Net work at Ohio State
University. Age, sex, and race of the tissue donors are
presented in Table 1. The samples were frozen shortly
after removal and stored until use. Tissues were homoge-
nized in 0.5 M Tris buffer (pH 7.4) containing 1.15% KCl.
This homogenate was centrifuged at 9000 x g for 20 min,
and the supernatant was centrifuged at 105,000 x g for 1 h
to obtain the microsomal fraction. The pellet was resus-
pended in 0.1 M HEPES (pH 7.4). Protein concentrations
were determined using the bicinchoninic acid (BCA) assay

Enzyme Assays
The metabolism of styrene to SO was determined as pre-
viously de scribed (Carlson, 1997a, 1997b). Microsomes
were incubated for 20 min in an incubation mixture con-
taining 2 mM styrene, 5 mM MgCl2, 2 mM NADPH, and 1
mM trichloropropene oxide, to inhibit epoxide hydrolase,
in 0.1 M HEPES buffer (pH 7.4) with a total volume of 1
ml. Incubations were carried out at 37°C in 25-ml vials
with caps with rubber/Teflon septa (Pierce, Rockford, IL)
in a Dubnoff metabolic shaker. The reaction was termi-

nated by the addition of 2 ml cold heptane. After vortex-
ing to extract the styrene and SO, samples were analyzed
using a Chiralpak AS (Chiral Technologies, Exton, PA)
guard column (4.6 x 50 mm) and analyt ical column (4.6 x
250 mm) on a Shimadzu high-performance liquid chro-
matograph (HPLC). The mobile phase was heptane/iso-
propanol (99:1) at a rate of 1 ml/min. Ultraviolet (UV)
detection was at 219 nm.

Benzene metabolism was measured as previously
described (Chaney & Carlson, 1995; Powley & Carlson,
1999). An incubation mixture containing microsomes, 0.1
M potassium phosphate buffer (pH 7.4), 0.007 M ascor-
bate, 2 mM MgCl2, and 1 mM [14C]benzene was placed in
a 3-ml Pierce (Rockland, IL) Reacti-vial with resealable
Teflon septa and incubated at 37°C for 10 min. The reac-
tion was started with 1 mM NADPH and 1 mM NADH
and was incubated for 45 min. The reaction was stopped
by adding 0.5 ml of cold internal standard containing
0.114 M benzene, 0.007 M phenol, 0.014 M catechol, 0.026
M hydroquinone, 0.01 M 1,2,4-trihydroxybenzene, and
0.091 M butylated hydroxytoluene in ethyl acetate.
Metabolites were extracted by vortexing and centrifuga-
tion and separated using a Beckman model 332 HPLC
system with a Beckman Ultrasphere octadecyl dodecyl
sulfate (ODS) guard column (5 µm; 4.6 mm x 4.5 cm) and
a Beckman ODS analytical column (5 µm; 4.6 mm x 25
cm). The mobile phases were deion ized water (A) and
HPLC-grade methanol (B). Flow composition was: 0-5
min, 100% A; 5-10 min, 80% A; 15-20 min, 50% A; 30-36
min, 100% B; 45-50, 100% A. The flow rate was 1 ml/min.
Radioactivity was analyzed using a Packard 505TR flow
scintillation analyzer. Each milliliter of HPLC eluent
mixed with 3 ml of Ultima Flo AP scintillation cocktail
(Packard In strument Co., Inc., Meriden, CT). Metabolites
were identified by the time of their elution compared to
the UV peaks of the internal standard.

ReSultS and dISCuSSIon

Human hepatic microsomes were able to metabolize
styrene to SO (Table 1). Overall activity was about one-
third that previously measured in mouse hepatic micro-
somes (Carlson, 1997a, 1997b; Carlson et al., 1998). In con-
trast to what has been observed in mice, the ratio of R- to
S-SO was generally less than 1, which is what has been
observed in rat liver (Watabe et al., 1981; Foureman et al.,
1989; Hynes et al., 1999). These same sam ples metabo-
lized benzene to multiple metabolites, and the activities
were similar to those previously obtained (Powley &
Carlson, 1999). Only the production of phenol, the princi-
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pal metabolite, is reported. The rank order for total SO
formed (H28 > H23 > H26 > H30 > H24) is similar to that
for phenol production (H28 > H30 > H23 > H26 > H24).

Microsomes obtained from human lung showed
essentially no ability to metabolize styrene to SO, with
only one sample demonstrating an extremely low level of
activity (Table 1). This is in sharp contrast to mouse lung,
where the activity is very similar to liver (Carlson 1997a,
1997b; Carlson et al., 1998). These same samples did pos-
sess metabolizing ability as shown by the biotransforma-
tion of benzene to phenol. The one lung sample that
demonstrated styrene metabolizing ability also displayed
the highest ben zene metabolizing activity.

The reason for the lack of metabolism of styrene by
human lung, in contrast to reasonably high activity in
liver, is not entirely clear. However, since studies in mice
suggest that CYP2E1 may be more important in the
hepatic metabolism of styrene and CYP2F2 in pulmonary
metabolism (Carlson, 1997b; Carlson et al., 1998; Hynes et
al., 1999), it may be a similar case in humans. CYP2F1 in
human lung may not be a very effi cient cytochrome P-450
in styrene metabolism. Whatever the reason, this would

suggest that human lung has little ability to bioactivate
styrene to SO and would thus be less susceptible to its toxicity
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table 1 

Metabolism of Styrene and Benzene by Human Hepatic and Pulmonary Microsomes

R-Styrene S-Styrene
Tissue Sample Age Sex Race oxidea oxidea R/S Phenolb

Liver H-22 77 Female NA c 0.532 0.583 0.91 NDd

H-23 78 Male White 0.371 0.742 0.50 23.2

H-24 47 Female White 0 0.021 - 20.6

H-26 30 Female White 0.369 0.377 0.98 22.7

H-28 37 Female White 0.695 0.648 1.07 26.0

H-30 81 Male White 0.076 0.597 0.13 25.2

Lung H-19 68 Female White 0 0 - 0.73

H-20 73 Male NA 0 0 - 0.92

H-21 64 Female White 0 0 - ND

H-25 57 Female White 0 0 - 1.16

H-27 71 Male NA 0 0 - 0.71

H-29 67 Female Black 0.047 0.041 1.15 1.64
a In nmol/mg microsomal protein/min. 
b In nmol/mg microsomal protein/45 min. 
c NA, information not available.
d Not determined.
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compare these results with data previously
obtained for rodents. Four healthy male
volunteers were exposed for 2 h during
light physical exercise to 50 ppm 

13
C8-

styrene vapor via a face mask. Levels and
time profiles of styrene in exhaled air,
blood, and urine (analyzed by GC) and uri-
nary excretion patterns of mandelic acid
and phenylglyoxylic acid in urine (ana-
lyzed by HPLC) were comparable to previ-
ously published volunteer studies.
Maximum levels of SO in blood (mea sured
by GC-MS) of 2.5-12.2 (average 6.7) nM
were seen after 2 h, i.e., in the first sample
collected after exposure had ended. The
styrene blood level in humans was about
1.5 to 2 times higher than in rats and 4
times higher than in mice for equivalent
styrene exposures. In contrast the SO levels
in human blood was approx imately four-
fold lower than in mice. The level of
hydroxyphen ethylvaline (determined by
GC-MS-MS) in pooled blood collected after
exposure was estimated as 0.3 pmol/g glo-
bin corresponding to a SO-Hb adduct incre-
ment of about 0.003 pmol/g and ppmh.
NMR analyses of urine showed that a
major portion (>95%) of the excreted 

13
C-

derived metabolites was derived from
hydrolysis of SO, while only a small per-
centage of the excreted metabolites (<5%)
was derived from metabolism via pheny-
lacetaldehyde. Sig nals consistent with
metabolites derived from other pathways
of styrene metabolism in rodents (such as
glutathione conjugation with SO or ring
epoxidation) were not detected. 

Styrene is used in the manufacture of plas-
tics and polymers and in the boat-building
industry. The major metabolic route for
sty rene in rats, mice, and humans involves
conversion to styrene-7,8 -oxide (SO). The
purpose of this study was to evaluate
blood SO, SO-hemoglobin (SO-Hb)
adducts, and urinary metabolites in sty -
rene-exposed human volunteers and to
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Styrene is widely used in the production of plastics,
syn thetic rubbers, and polyester resin. Styrene is also a
component in cigarette smoke and automobile exhaust
and it may occur naturally at low levels in foods. The
most extensive occupa tional exposure to styrene occurs
at work places where fiber glass-reinforced plastic prod-
ucts are manufactured. The gen eral public is exposed to
very low levels of styrene via ambient and indoor air,
food, and drinking water (IARC, 1994a; Miller et al.,
1994). Animal studies have implicated styrene as toxic to
the nervous system and its active metabolite styrene-7,8-
oxide (SO)1 as a carcinogen. Therefore, the risks associat-
ed with human exposures have come in question.

The first step in the major metabolic pathway of
styrene is formation of SO (Scheme 1). This fairly reactive
metabolite binds covalently to macromolecules (IARC,
1994a; Phillips and Farmer, 1994). SO is further metabo-
lized by hydrolysis to styrene glycol or by conjugation
with glutathione to produce mercapturic acids. Styrene
glycol is oxidized to mandelic acid (MA) and phenyl gly-
oxylic acid (PGA), the main urinary metabolites of
styrene in man. SO is also conjugated with glutathione
and forms various N-acetylcysteine metabolites. This
pathway has been demonstrated in rodents and recently
also in man (Ghittori et al., 1997). The vinyl group of
styrene may be oxidized in several steps, forming
phenylethanol, phe nylacetaldehyde, phenylacetic acid,
and, following glycine conjugation, phenylaceturic acid.
Styrene-3,4-oxide and sty rene-1,2-oxide have been pro-
posed as intermediates based on detection of urinary 4-
vinylphenol in exposed workers or in styrene-exposed
rats. More complete descriptions of styrene metabolism
may be found elsewhere (IARC, 1994a; Sumner and
Fennell, 1994).

Several studies on chromosomal aberrations, micronu-
clei, and sister chromatid exchanges have been per-
formed in sty rene-exposed workers and laboratory ani-
mals. These studies have provided variable results
regarding exposure-effect and with no clear dose-
response association (IARC, 1994a). A recent meta-analy-

sis of 25 biomonitoring studies suggested an increased
frequency of chromosomal aberrations in workers with
“high level” exposure to styrene, whereas inconclusive
data were obtained for micronuclei and sister chromatid
ex changes (Bonassi et al., 1996). In one field study, an
increase in single-strand breaks and/or alkaline-labile
sites in DNA was seen in fiberglass laminators exposed to
less than 20 ppm styrene (Walles et al., 1993).

Long-term studies of styrene in animals, despite some
being positive, do not show convincing evidence of car-
cinogenic activity. In contrast, SO given by gavage
induced forestomach tumors in rats and mice of both
sexes and liver neoplasms (low dose only) in male mice
in one study (IARC, 1994b; McCon nell and Swenberg,
1994). In a 2-year bioassay, CD-1 mice exposed to styrene
(20 to 160 ppm) had an increase in the frequency of
benign lung tumors, and females exposed to 160 ppm
styrene also had increased malignant tumors; no increas-
es in lung tumors were seen at 12 or 18 months (manu-
script submitted for publication and cited with permis-
sion from the Styrene Information and Research Center).
None of the studies are suitable for extrapolating the can-
cer risk to humans. Sev eral cohort studies have suggested
an increased risk of lym phatic and hematopoietic system
malignancies in workers in volved in the manufacture of
styrene or styrene derivatives; for review, see e.g., IARC
(1994a) and Coggon (1994). However, these findings have
not been consistent and may have been confounded by coex-
posure to other chemicals such as benzene and butadiene.
At present, the data are inadequate to establish a direct
cause and effect relationship between styrene exposure
and cancer in humans. IARC has classified styrene as
possibly carcinogenic to humans (2B) (IARC, 1994a).

The aim of the present study was to elucidate the
toxicoki netics of inhaled styrene in human volunteers,
with particular emphasis on the quantification of SO in
blood, and using a nonselective NMR method for analy-
sis of urinary metabolites. The study was undertaken in
order to allow quantitative com parisons between rodents
and man with respect to SO blood levels and metabolite
profiles. Such comparisons are poten tially very useful
when using animal experimental toxicoki netic and tumor
data in human cancer risk assessment for styrene

MATERIALS AND METHODS

Subjects
Four male volunteers participated in the study. The expo-
sures were carried out after medical examination and
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informed consent by the volunteers. The medical exami-
nation included a health questionnaire, a general physical
ex amination, and standard clinical blood and urine
analyses. The volunteer was included in the study only if
considered healthy. The study was approved by the
Regional Ethical Committee at the Karolinska Institute,
Stockholm.

Chemicals
The13C8-labeled styrene (stabilized with hydroquinone,
chemical purity 98.5%, >99 atom% 13C) was purchased
from Isotec. Creatinine (>99%), dichloromethane (p.a.),
dimethylsulfoxide (99.8%, for spectroscopy), metha nol
(Licrosolv), n-hexane (>97%, Licrosolv), potassium dihy-
drogenphosphate (extra pure), sodium carbonate (p.a.),
sodium hydroxide (p.a.), sodium acetate trihydrate (p.a.),
and toluene (p.a.) were obtained from Merck, Germany.
Mandelic acid (DL-, 99%), styrene (nonlabeled, 99%), and
styrene oxide (SO, 98+%) were from Lancaster, UK. 1-
Decanesulfonic acid (sodium salt, 98%), 1-phenylpropy-
lene oxide (PPO, 97%), and sodium 1-decanesulfonate
(98%) were from Aldrich. Phenylglyoxylic acid (PGA,
>99%), pentafluorophenyl isothiocyanate (PFPITC,
>97%), and m-chlorobenzoic acid were from Fluka,
Switzerland. PFPITC was purified on a Sep-Pak silica car-
tridge before use (Törnqvist et al., 1988). Other chemicals
used were acetonitrile (HPLC Ultra) from JT Baker (The
Netherlands); ethanol (95%, Finsprit) from Kemetyl
(Sweden); β -glucuronidase (type H1, from Helix
Pomatia), hippuric acid (HA, 99%), and triethylamine
(>99%) from Sigma; and ortho-methylhippuric acid (98%)
from Tokyo Chemical Industry. MA, PGA, HA, pheny-
laceturic acid (PAA), and deuterium oxide (D20), used in
the NMR analyses, were obtained from Aldrich.

Exposure Conditions
Styrene exposures were carried out inside a 20-m3 stain-
less-steel exposure chamber with 18 to 20 air changes per
hour. Ambient air temperature was maintained at 18°C
and relative humidity was maintained at 40%.
Temperature and humidity were continuously recorded
(Vaisala HMP 36) and logged (Squirrel Meter Logger 1200
Series, Grant) on a personal computer in 1-min intervals.
During exposure, the volunteer performed light physical
exercise at a workload of 50 W on a bicycle ergometer
(Monark ergomedic 829E). Heart rate was recorded by
means of automatic electrocardiographic telemetry (Polar
PE 3000). Physical data, including pedalling frequency,
actual workload, and heart rate, were continuously
recorded (Squirrel Meter Logger) in 1-min intervals on a

personal computer.
Exposures were carried out with 13C -styrene labeled

in all eight positions. Such substitution is advantageous
in the identification of styrene-derived metabolites by
nuclear magnetic resonance (NMR) spectroscopy. An
addi tional advantage is that the preexposure levels of
13C8-SO and 13C8-SO-Hb adducts will be essentially zero,
even if the subjects were inadvertently exposed to styrene
before being recruited for the experiment.

Styrene vapors at a target concentration of 50 ppm
(220 mg/m3) were prepared in polyester-laminated alu-
minum bags. The bags were filled with 130-160 L of clean
air and 31-38 μL 13C8-styrene depending on the volume of
air in the bag. Prior to use the actual styrene concentra-
tion in each bag was measured by gas chromatography as
described below.

During exposure the volunteer inspired at a voluntary
rate via a face-tight silicone rubber mask (Hans Rudolph
Inc., 8930 Series) connected to the styrene-containing bag
via a unidirectional valve. Exhaled air was transferred
from the face mask via a second valve and a heated
(40°C) hose to a 7-L heated (40°C) glass mixing chamber.
Exhaled air was further directed from the mixing cham-
ber either to a gas loop for immediate GC analysis or to
an absorption tube for later automated thermal desorp-
tion GC analysis. Sampling was per formed every 30 min
during exposure and at eight occasions after exposure.
Pulmonary ventilation was continuously monitored by a
respiratory meter (K.L. Engineering Haeger
Gasanalysator AB, Model S-340) attached prior to the
inhalatory valve. The respiratory data were logged on a
personal computer at 1-min intervals.

Styrene in Air
Air from the inhalatory bags and expired air was sucked
via Teflon tubes to the GC injector loop by means of an air
pump (Gast DDA-P101-BN, 15 L/min). The GC analyses
of styrene in air were carried out on a Perkin Elmer Auto
System Gas Chromatograph equipped with a 0.5-m1 gas
loop injector, a capillary column (Chrompack CP-Sil
52CB, 25 m, id 0.53 mm, coating 2 µm), a flame ionization
detector, and a GC integrator (Perkin Elmer Turbochrom
v. 4. 1), Nitrogen was used as carrier gas at a column pres-
sure of 7.5 psi, The gas loop was kept at 180°C, the col-
umn oven was kept at 180°C (isothermal), and the detec-
tor was kept at 250°C.

To achieve higher analytical sensitivity, exhaled air
was also adsorbed on stainless-steel adsorption tubes
filled with 20/40 Mesh Tenax (Supelco) by means of an
air pump (Aircheck 224-PCxR8, SKC). On each occasion,
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sampling was performed for 2.00 min at a flow rate of
about 280-400 ml/min depending on the inner flow resis-
tance of the adsorption tubes. The actual flow of each
tube was determined with a mass flow meter (GFM 17,
Aalborg Instrument & Control, Orangeburg, NY).
Duplicate samples were collected and the tubes were ana-
lyzed in the afternoon after the end of exposure. Samples
were desorbed (Perkin Elmer Automated Thermal
Desorption system ATD-400) and analyzed using the
same GC system as described above. The thermal desorp-
tion temperature settings were as follows: desorption
oven 250°C, desorb time 2 min, valve 225°C, trap -30°C,
high 300°C, hold 2.0 min, line 200°C. The pressure was
9.6 psi, the desorb flow was 55.6 ml/min, and the outlet
split was 9.3 ml/min.

In the GC analysis, a Chrompack capillary column
(CP-Sil 8CB, 25 m, id 0.32 mm, coating 2 µm) was used.
Nitrogen was used as carrier gas at a column pressure of
6.0 psi. The injector and detector temperatures were 200
and 250°C, respectively. The column was kept isothermal
at 80°C for 5 min, and then was heated by 25°C/min to
250°C, and finally was kept isothermal for 10 min.

For air analyses, daily standards were prepared by
injecting known volumes of styrene and SO with appro-
priate Hamilton syringes or air-tight glass syringes in 5-
or 10-L Tedlar bags (SKC 232-series) filled with known
volumes of clean air by means of a calibrated air pump
(Aircheck 224-PCxR8, SKC).

Molecular Weight Correction
Nonlabeled material was used in the preparation of all
standards. It was assumed that, on a molar basis, 13C -
labeled and nonlabeled substances have the same detec-
tor response and that the densities of 13C -labeled and
non-labelled styrene were proportional to their molecular
weights. Calculations of styrene amount, in mg, and con-
centration, in mg/m3, were based on the molecular
weight of non-labelled material.

Sampling of Blood and Urine
Venous blood was collected in heparinized tubes
(Venoject VT-100H) from the brachial vein before the
styrene exposure, to confirm the absence of styrene and
SO and to prepare analytical calibration standards.
Venous blood was also sampled at the average times 2.3,
3.9, 6.0, and 23.2 h after the exposure start (actual sam-
pling times differed between subjects). The blood was
immediately prepared for SO analysis, as described later.

Capillary blood was sampled for analysis of styrene
during exposure (at 5, 15, 30, 44, 60, 75, 91, 106, and 117

min, averages, actual sampling times differed between
individuals) and after exposure (at 126, 130, 139, 146, 158,
176, 209, 233, and 270 min, and 5.1, 5.6, 6.1, 9, 13.2, 22.2,
and 23.6 h). Prior to sampling, the volunteer immersed
his hand in warm water (38-40°C) for 1 min. Pricking on
digit 3 or 4 was done with blood lancets (Minilancet, CCS
Clean Chemical Sweden AB). Blood was collected in a
100-µL heparinized glass capillary (Kebo AB) and imme-
diately transferred to a 20-ml glass headspace vial con-
taining 10 µL DMSO. The vial was immediately sealed
with a Teflon-lined rubber septum and analyzed by head-
space gas chromatog raphy the same day.

Urine was sampled prior to the exposure start and at
2.2, 4.0, 6.1, 8.5, 13.3, 21.9, 23.5, 36.9, and 46.3 h (averages,
actual sampling times differed between subjects). The
volunteer was instructed to completely void the bladder
on each occasion. Urine was collected in 500-ml glass bot-
tles, which were immediately capped with polyethylene
screw caps. Samples were processed within 5 min (except
home samples taken at 9, 13, and 22 h, which were
processed the following morning) and analyzed later the
same day. Some of the urine was also stored in glass vials
at -20°C for later analysis of styrene metabolites.

Styrene in Blood and Urine
Styrene in blood and urine was analyzed by headspace
GC using a Carlo Erba Fractovap 2350 equipped with an
automatic headspace sampler (Hewlett Packard 7694), a
capillary column (Chrompack WCOT, CP-Sil 8, 50 m, id
0.53 mm, coating 2 µm), and a flame ionization detector.
Prior to injection the vials were thermostatted at 50°C for
20 min. Nitrogen at a pressure of 9.7 psi was used to pres-
surize the vials for 0.2 min, thereafter the injection valve
was open for 1 min. The injection loop and transfer line
were maintained at 65°C, and the injector and the column
at 50°C. Nitrogen was used as carrier gas at a column
pressure of 8.6 psi.

Individual, daily standard curves were prepared by
adding known amounts of styrene in 10 µL DMSO to 100
µL preexposure blood or 2 ml preexposure urine in glass
headspace vials. The standard samples were prepared
and analyzed in duplicate.

Styrene Oxide in Blood
Venous blood was sampled from the brachial vein prior
to exposure and at the average times 2.3, 3.9, 6.0, and 23.2
h after the exposure start (actual sampling times differed
between subjects). The blood was collected in three or
four heparinized tubes (Venoject VT-100H) per sampling
occasion. For deter mination of SO, 2 ml venous blood
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was immediately (within seconds) pipetted with a glass
syringe to a glass vial standing in ice and containing 50
µL internal standard (1 µg/ml PPO in ethanol). Three
milliliters of n-hexane was added within a few minutes
and the vial was sealed with a Teflon-lined screw cap.
The vial was vigorously shaken (Vortex mixer) for about
30 s and then centrifuged at 2400g for 3 min. The hexane
phase was transferred with a glass Pasteur pipette to a
second screw-cap glass vial and the extraction procedure
was repeated with 3 ml n-hexane. The combined hexane
extracts were concentrated to approximately 250 µL by
evaporation under nitrogen at room temperature.
Duplicate blood samples were prepared, one of which
was stored at -70°C for later analysis. SO in the n-hexane
blood extracts was determined by gas chromatography
on a Hewlett Packard GC (HP-6890) equipped with an
autosampler, an on-column injector, a capillary column
(HP5 19091J-433, ChromTech, 5% phenyl methyl siloxane,
30 m, id 0.25 mm, coating 0.25 µm), a mass selective
detector (HP-5973), and integrator and mass spectrome-
try analysis software (HP Chem Station). The tempera-
tures used were as follows: on column injector 70°C ini-
tially, then 20°C/min to 200°C, oven 50°C isothermal for
10 min, then 10°C/min to 180°C, then isothermal again
for 4 min, then 20°C/min to 220°C, then postrun 240°C
isothermal for 5 min. Helium was used as carrier gas at a
pressure of 82.5 kPa, corresponding to a column flow 1.5
ml/min. Electron ionization was performed at 70 eV. The
retention times were 14.7 min for 13C8-labelled and non-
labelled SO and 15.8 min for PPO.

Standard curves were prepared by adding known
amounts of non-labelled SO in ethanol to glass vials con-
taining blood sampled prior to styrene expo sure.
Additions were made with Hamilton syringes of appro-
priate sizes. Quantification of SO in blood was performed
by comparing the sample with the standard curve with
respect to SO/PPO peak height ratios in the single ion
monitoring mode. Monitoring was made at m/z 128.1
(13C8-labelled SO), 120.1 (non-labelled SO), and 134.1
(PPO). The standard curve was fit by linear regression.

Hemoglobin Adducts
A standard derivative of hydroxy-13C8-phenethylvaline
was prepared in the following way. m-Chloroperbenzoic
acid (2.9 mmol) was added to a solution of 0.15 ml (1.3
mmol) 13C8-styrene in 2.5 ml dichloromethane. The reac-
tion mixture was stirred for 5 h at room temperature, dur-
ing which time a precip itate formed. After cooling to 0°C,
the reaction mixture was kept at this temperature for 2 h.
The precipitate was filtered off using a 0.8-cm2 DynaGard

syringe filter (Microgon Inc., Laguna Hills, CA). A 0.5-ml
portion of the filtrate was reacted overnight with 1 ml 0.1
M 14C-L-valine (1 µCi/mmol) in the presence of triethy-
lamine at 50°C and with continuous shaking. n-Propanol
(0.5 ml) and 15 µl PFPITC were added to the water phase
for preparation of pentafluorophenyl thiohydantoin
(PFPTH) derivatives (see below). The deriv atives were
purified by HPLC using a C18 column (Kromasil 100-
5C18, 250 x 4.6 mm, Berks, UK). A 30-min gradient from
acetonitrile:water (50:50) to 100% acetonitrile was used
and 1 ml fractions were collected. The fractions contain-
ing radioactivity were pooled, the eluent was evaporated
under nitrogen, and the PFPTH derivatives were extract-
ed into toluene. The product was characterized by GC-
MS and GC tandem mass spectrometry (GC-MS-MS) as
described below.

For the analysis of SO-Hb adducts, globin was precipi-
tated according to Mowrer et al. (1986). The derivatiza-
tions were carried out essentially as described by
Törnqvist et al. (1988) with some modifications. Two sam-
ples (before and 1 day after exposure) of 300 mg globin
per individual were dissolved in 5 ml formamide in 10-
ml test tubes with Teflon-lined caps, and then 160 µl 1 M
sodium hydroxide and 60 µl pentafluorophenyl isothio-
cyanate were added to each sample. The reactions were
carried out at room temperature overnight and then com-
pleted at 45°C for 1.5 h. The PFPTH derivative of hydrox-
yphenethyl-2H8-valine (3.9 pmol) was added as internal
standard (Pérez et al., 1997). PFPTH derivatives of
hydroxyphenethylvaline were extracted with 4 x 3 ml of
diethyl ether. The combined ether extracts were evaporat-
ed under nitrogen. The samples were dissolved in 2 ml
toluene and were washed twice with water, twice with
freshly prepared 0.1 M sodium carbonate, and twice
again with water. After evaporation of the toluene, the
residues were dissolved in 2 ml methanol/water (60:40)
and extracted with 2 ml n-hexane. The hexane phase was
transferred to a new test tube and was evaporated under
nitrogen. The sample was dissolved in 50 µl toluene for
analysis by GC-MS-MS.

The GC-MS-MS analyses were carried out using a
Finnigan TSQ-700 instrument in the negative ions chemi-
cal ionization mode. The technical details for GC were as
follows: column, DB5-MS (30 m 0.32 mm id l.0-µm phase
thickness); retention gap, methyl deactivated fused silica
(Chrompack; 2 m, 0.53 mm id). Helium was used as carri-
er gas at constant gas pressure 5.6 psi; column oven tem-
perature program, 1 min at 100°C, 20°C/min to 240°C,
10°C/min to 320°C, and finally isothermal at 320°C for 5
min; injector, Varian 1093 SPI (septum-equipped pro-
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grammable); injector temperature program, 100-320°C,
157°C/min for 1.4 min and then isothermal at 320°C for
16 min. The operating procedures for the mass spectrom-
eter were as follows: methane as reagent gas; ion source
pressure 4.8 torr (640 Pa); ion source temperature, 120°C:
ionization energy, 70 eV. Argon was used as collision gas;
pressure, 1 mTorr (0.14 Pa); collision energy, 15 eV.
Samples of 2 µL were injected on column. The retention
times of the two peaks of the internal standard were 15.22
and 15.48 min, respectively; whereas the retention times
of the PFPTH derivatives of the analytes were 15.25 and
15.53 min, respectively.

The fragments 432 ([M-HF]-) of the analyte and 431
([M-DF]-) of the internal standard, respectively, were cho-
sen as parent ions in the MS-MS analysis. The daughter
ions m/z 140, 319, and 390 of the parent ion 432 of the
analyte and 147, 325, and 384 of the parent ion 431 of the
internal standard, respectively, were recorded. The quan-
tification was based on peak areas and assuming equal
response of the analyte and the internal standard.

Urinary Metabolites
HPLC analysis. MA and PGA were also analyzed by
HPLC according to Ogata and Taguchi (1987) with minor
modifications. Ortho-methylhippuric acid (1 mg/ml) was
used as internal standard. Urine standards were prepared
using urine collected prior to exposure.

The HPLC instrument (Hewlett Packard 1050) was
equipped with an au tosampler, an ODS column
(Hichrom, Chrompack, 4.6 x 150 mm), a diode array
detector, and an integrator (HP Chemstation v. 5.02). Peak
identification was made by comparison of retention times
and UV-VIS spectra (190-600 nm) against spiked samples.
In the analysis of MA, isocratic elution at a flow rate of
0.75 ml/min was applied. The mobile phase was a 85:15
mixture of potassium dihydrogenphosphate (20 mM)
with sodium 1-decanesulfonate (3 mM, pH 3.3) and ace-
tonitrile (85:15). Quantification was done by determining
the peak area at 210 nm. In the analysis of PGA, the
mobile phase was a 90:10 mixture of potassium dihydro-
genphosphate (5 mM, pH 2.5) and acetonitrile. Elution
was isocratic at a flow rate of 0.8 ml/min. The wave-
lengths 254 and 225 nm were used for quantification.

In addition, PGA was analyzed after incubating 0.1 ml
urine, 0.8 ml acetate buffer (0.2 M sodium acetate adjust-
ed to pH 5.0), and 0.1 ml β-glucuronidase in acetate
buffer (approximately 10,000 IU) overnight (approxi-
mately 16 h) at 37°C in a shaking water bath (RCS 20,
Lauda, Germany).

The detection limits of the acid metabolites depended

on the presence of interfering peaks and varied between
urine samples. In most cases, no inter fering peaks were
present. The detection limit was then determined by the
minimum detectable peak area of 10 units, corresponding
to approximately 0.1 and 0.03 mM for MA and PGA,
respectively.

NMR analysis. Urine samples were prepared for NMR
analysis by adding 100 µl D2O to 400 µl  urine, for each
time point for two subjects and for selected time points
(prior to exposure and at ~4 and 13 h after exposure initi-
ation) for the other subjects. Concentrated samples were
prepared for selected time points (prior to and at ~4, 9,
and 24 h after exposure initiation) by adding methanol to
urine, vortexing, centrifuging, and evaporating the trans-
ferred supernatant with nitrogen. Dioxane was added as
an internal reference (66.6 ppm) and for quantitation.

NMR spectra were acquired with a 5-mm dual-proton-
multinuclear probe on a Varian VxR-300 spectrometer
(Palo Alto, CA). Proton decoupled car bon-l3 NMR spec-
tra were acquired in the double precision mode with a
relaxation delay of 10 s and a 60° pulse width. Spectra
were referenced to urea at 162.5 ppm. Spectra were
acquired using a similar number of transients so that
comparisons of metabolite concentration (between time
points) could be made based on signal-to-noise ratio
(with consideration of total urine volume).

The concentrations of MA and PAA (or PAA’) were
calculated based on integration of the methine carbon
signal against dioxane:

[MA or PAA] = { [dioxane] x (integral MA or PAA)

x (1.1/99) }/(integral dioxane/4).

The dioxane integral was divided by 4 since it arises
from four equivalent carbons, and the ratio of 1.1/99
accounts for the 99% 

13
C-label on MA relative to the nat-

ural abundant (1.1%) 
13
C carbons in dioxane. The concen-

trations of PGA and HA were based on comparison of the
relative integral for the carbonyl carbons to that of the
MA carbonyl carbon:

[PGA or HA] = {[MA] x (integral MAco) }/

{integral PGAco or HAco}
The validity of this procedure was verified by compar-

ison of quantitative results obtained for MA and PGA via
NMR with those obtained by HPLC as described below.
Overall, quantitative results by NMR and HPLC were
similar. The NMR parameters used for this study enabled
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quantitation of styrene- derived metabolites to ~0.1 mM
and detection of metabolites as low as ~0.07 mM.

Calculations
Half times of styrene metabolites were calculated from
the slope (Ke) of the monoexponential decay function Cobs

= CO
. e-Ke . t. The slope and intercept (CO) of the function

were obtained by least square fitting to observed concen -
trations or urinary excretion rates (Cobs) using the Solver
add-in macro in Microsoft Excel (v. 97) on a personal
computer.

The area under the concentration-time curve (AUC) of
SO in blood was calculated with the trapezoidal method
from 0 to 6 h plus a residual term (concentration at 6 h
divided by the slope constant).

ReSultS

Physiological conditions were similar during the four
indi vidual exposures. The actually performed average
bicycle work ranged between 44.6 and 51.7 W, with an
average of 48.1 W. The heart rate was recorded to 72-95
(average 82) beats/min during exposure. The average
pulmonary ventilation ex posure ranged between 19.2
and 23.4 (average 21.2) L/min. The breathing frequencies
were 18.5-20.9 (average 19.2) breaths/min.

Styrene Toxicokinetics

The total amount of inhaled 
13
C8-styrene was 4.7-5.8 mmol

(520-650 mg). The amount retained was 2.7-4.0 mmol
(300- 470 mg), corresponding to 60-73% of the inhaled
amount. After exposure, 0.7-2.2% of the retained dose
was exhaled as unchanged 

13
C8-styrene in breath (Table 1).

Styrene in blood (Fig. 1) increased rapidly during the
first 30 min and then leveled off toward the end of expo-
sure at an average concentration of 8.0 µM (range 7.0-8.6
µM). Due to a leak on the inhalation side, subject 2 was
not properly exposed in the beginning of the experiment.
This resulted in lower styrene levels in the first four
blood samples, which is reflected in Fig. 1.

Styrene levels in urine paralleled those in blood (Fig.
2), the former being about one order of magnitude lower.
The highest concentrations (range 0.24-0.37, average 0.28
µM) were seen in the urine collected immediately after
the end of exposure.

Styrene Oxide in Blood
Results of the GC-MS measurements of SO in venous
blood are presented in Fig. 3. Maximum SO levels of 2.5-
12.2 (average 6.7) nM were seen at approximately 2 h, i.e.,
in the first sample collected after exposure had ceased.
SO was no longer detected in the samples collected next
morning (23.5 h). The half-time of SO in blood at 2-6 h
was estimated to 1.6, 1.6, 2.1, and 1.8 h, respectively, in
the four subjects, with an average of 1.8 h. The AUCs of
SO in blood were estimated as 43, 28, 14, and 16 (average
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table 18

Uptake and Disposition of Inhaled 13C8-Styrene in Four Male Subjects Exposed to 50 ppm for 2 h during Light Physical
Exercise at 50 W

Subject 1 Subject 2 Subject 3 Subject 4 Mean

Styrene uptake (mmol) 4.01 4.16 3.52 2.71 3.90

Styrene uptake (% of inhaled) 68.1 73.2 65.3 59.5 66.5

Styrene exhaled postexposure (µmol) 30 28 64 61 46

Styrene exhaled postexposure (% of inhaled) 0.7 0.7 1.8 2.2 1.4

MA excreted in urine (µmol) a 1180 266 461 277 546

MA excreted in urine (% of uptake) 29.4 6.4 13.1 10.2 14.0

Half-time of MA excretion (h) 3.5 2.2 4.2 2.6 3.1

PGA excreted in urine (µmot) a 178 154 206 106 160

PGA excreted in urine (% of uptake) 4.4 3.7 5.8 3.8 4.1

Half-time of PGA excretion (h) 13.9 11.1 8.2 3.5 9.2
a Mandelic acid (MA) and phenylglyoxylic acid (PGA) were determined by HPLC.
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25) nM • h.

Hemoglobin Adducts
Pre- and postexposure samples from each individual
were analyzed for Hb adducts. No hydroxy-13C8-
phenethylvaline- PFPTH was detected in the preexposure
samples and only trace amounts were found in the post-
exposure samples. Therefore, blood from all four individ-
uals was pooled in order to increase the amount of glo-
bin, and thus the analytical sensitivity. The adduct level
in the pooled sample was estimated as 0.3 pmol/g glo-
bin, corresponding to an adduct increment of 0.003
pmol/g globin per ppmh.

Urinary Metabolites
HPLC analysis. The urinary excretion of MA (Fig. 4) and
PGA (Fig. 5) peaked at 4 h, i.e., 2 h after exposure ended.
MA was not detected in any subject, and PGA was detect-
ed only in one, in urine samples collected beyond 21.9 h.
Therefore, only observations up to 24 h are plotted.
Individually estimated half-times of MA excretion rate
ranged from 2.2 to 4.2 h for MA and from 3.5 to 13.9 for
PGA. Due to the irregular time course in excretion rates
of PGA (Fig. 5), too much emphasis should not be put on
the individual half-time values. The extrapolated cumu-

lative excretion of MA accounted for 6-29% of the estimat-
ed retained dose. The corresponding figures for PGA were
4-6%. Treatment of the urine samples with β -glu-
curonidase overnight did not increase the yield of PGA (data
not shown). This suggests that conjugation of PGA is of
negligible importance in the overall metabolism. In total,
11-35% of the absorbed amount of styrene was recovered
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fIguRe 2

Semilogarithmic presentation of the time course of
styrene in urine (styrene exposure as described in Fig. 1).
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fIguRe 1

Semilogarithmic presentation of the time course of
styrene in fingertip capillary blood from four male
volunteers exposed to 50 ppm 13C8- styrene for 2 h during
50-W workload. Each individual is represented by a sep-
arate curve.
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fIguRe 3

Time course of styrene oxide (SO) in brachial venous
blood (styrene exposure as described in Fig. 1).
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as styrene in exhaled air and MA and PGA in urine.
NMR analysis. Signals detected in the 13C-NMR spectra

of urine from humans exposed to uniformly labelled 13C8-
styrene were assigned to the 13C-labelled carbons of
styrene-derived metabolites based on expected chemical
shifts for previously identified metabolites (Scheme 1) in
urine of styrene-exposed rats, mice, or humans (reviewed
by Sumner and Fennell, 1994). In addition, the chemical
shift positions were compared with those reported for
metabolites in urine from rats and mice exposed to (7,8-
13C)styrene (Sumner et al., 2000).

The 13C-NMR spectra of control urine collected from
hu mans prior to exposure (Fig. 6, control) contain signals
from endogenous compounds that are assigned to urea,
HA, and creatinine. Signals from endogenous com-
pounds appear as singlets in the NMR spectra, since they
arise for molecules that contain natural abundant (1.1%)
13C-nuclei.

Signals in the 13C-NMR spectra of urine (nonconcen-
trated, directly in urine) from a human exposed to uni-
formly labelled 13C8-styrene (Fig. 6, 2-9 h) are recognized
as metabolites of 13C8-styrene due to multiplet patterns
that arise from carbon- carbon coupling between enriched
13C-nuclei. The coupling patterns do not appear for
endogenous compounds that contain natural abundant
(1.1%) 13C-nuclei. The chemical shifts (center of multiplet
pattern) and coupling constants (Jcc) for styrene -derived
metabolites in urine from exposed humans are sum -

marized in Table 2.
13C8-Styrene—derived signals labelled MA (Fig. 6) had

the greatest intensity (i.e., highest concentration) for
urine samples collected at early time points (4 h follow-
ing exposure initia tion, each subject). Less intense peaks
were seen in samples collected at 6 h and later time
points. The chemical shift positions for the C7 and C8 car-
bons (75 and 179 ppm; Table 2) were consistent with
those assigned to MA in urine from [7,8-13C]styrene-
exposed rats and mice (Sumner, et al., 2000), and the car-
bon—carbon coupling constants (Jcc) were consis tent with
multiple splitting from uniformly labelled 13C-sty rene. A
multiplet at 140 ppm was assigned to the C1 carbon of
MA, and a group of peaks near 126-128 ppm was consis-
tent with the other ring carbons of MA. The presence of
MA was further confirmed by comparison to shifts
obtained for a stan dard of MA spiked in control (preex-
posure) urine.

Other signals derived from the labelled carbons of
styrene were apparent in spectra acquired without con-
centration (i.e., directly for urine). The presence of PGA
(Fig. 6) was apparent for the direct urine (4 h, each sub-
ject) based on signals located at 173 and 197 ppm (C8 and
C7 carbons, respectively), con sistent with those detected
in urine from rats and mice exposed to 13C-styrene
(Sumner et al., 2000). Multiplets were also present for the
labelled Cl carbon of PGA (~135 ppm) and for the other
labelled ring carbons (126-132 ppm). These chemi cal
shifts were consistent with those obtained for a synthetic

51

fIguRe 5

Urinary excretion of phenylglyoxylic acid (PGA) measured
by HPLC (styrene exposure as described in Fig. 1).
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fIguRe 4

Urinary excretion of mandelic acid (MA) measured by
HPLC (styrene exposure as described in Fig. 1).
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SCHeMe 1

Proposed metabolism of styrene. Adapted from Sumner and Fennell (1994).
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fIguRe 6

13
C-NMR spectra of urine collected from a subject prior to exposure (bottom trace) and at approximately 2, 4, 6, and 9 h

(bottom to top) following initiation of exposure (styrene exposure as described in Fig. 1).
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Additional low-intensity peaks (two subjects) arose
for urine analyzed prior to concentration near 42 ppm
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table 2

Chemical Shifts and Coupling Constants for Styrene-Derived Metabolites in Urine from Exposed Humans and
Comparison of Chemical Shifts with Those Obtained for Standards

Human subjectsa

Chemical shift Carbon-carbon coupling
Metabolite identification (ppm)b (Jcc)

c Predicted shiftd Standard shifte

Mandelic acid

C7 74.7 48, 52 (d,d,bl) 72 74.4

C8 179.2 54 (d, bl) 175 178.6

C1 140.3 m 138 139.8

C2-C6 126-128 m 127-128 127-129

Phenylglyoxylic acid

C7 196.8 ~66, 50 (d, d) 188 196.6

C8 172.7 ~66, 13 (d, l) 166 172.7

C 1 135.0 m 133 134.9

C2-C6 126-133 m 129-133 128-132

Hippuric acidf

C7 170.1 66 (d, bl) 168 170.2

Cl ov 134 131.9

C2-C6 ov 128-132 127-128

Phenylacetic acidg

C7 42.2 48, 49 (d, d, bl) 41-43 42.2

C8 173.9 49 (d, bl) 173-178 174.3

Cl ov 135 135.4

C2-C6 ov 127-129 126-129
a Subjects were exposed to uniformly labelled 

13
C8-styrene at 50 ppm for 2 h. Styrene-derived metabolites contain complex

splitting patterns from direct and long-range carbon—carbon coupling.
b Chemical shifts for the center of multiplet patterns.
c Carbon—carbon coupling constants measured in the 1D spectrum: d, doublet; d, d, doublet of doublets; s, singlet; b,
broad; l, long-range splitting; m, multiplet. 
d Shifts predicted through the STN International Data Base.
e Chemical shifts for standards spiked in preexposure control urine.
f Carbons C2-C6 overlap (ov) resonances from mandelic acid.
g These shifts are consistent with phenylacetic acid and phenylaceturic acid. Large doublets with resolved shoulder peaks
are present in the urine from exposed rats and mice, consistent with the presence of both compounds. This degree of res-
olution was not obtained in the 

13
C-NMR spectra of metabolites in human urine due to the multiple splitting patterns

derived from the uniformly labelled 
13
C-styrene.

standard of PGA in control urine (Table 2). Similar to MA,
the signals for PGA were more intense at the earlier time
points (4 h) compared with the later time points.
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(broad doublet of doublets, Jcc ~48,49 Hz with long-range
coupling) and 174 ppm (broad doublet Jcc ~49 Hz with
long-range coupling) that had patterns consistent with
derivation from the labelled car bons of styrene. These
shifts were consistent with (see below) the presence of
phenylacetic acid or phenylaceturic acid. Low intensity
peaks at 170 ppm (broad doublet Jcc ~66 Hz with long-
range coupling) were present in direct urine (two sub -
jects) and were consistent with (see below) assignment to
hippuric acid (HA).

13C-NMR spectra of concentrated urine (Fig. 7, lower
trace) clearly showed signals for both MA and PGA for
the 4-h spectra (each subject). The multiplets at 42 and
174 ppm were clearly resolved in concentrated urine
(each subject) and were consistent with shifts for a stan-
dard of PAA (Table 2, Fig. 7) in control urine. Large multi-
plets with resolved shoulder peaks are present in the
urine from (7,8-13C)styrene-exposed rats and mice, consis-
tent with the presence of both PAA and PAA’. This degree
of reso lution was not obtained in the 13C-NMR spectra of
metabolites in human urine due to the additional split-
ting patterns associated with the use of uniformly
labelled 13C-styrene.

13C-Styrene-derived carbons are also present (Fig. 7) in
spectra of concentrated urine at 170 ppm (4 h, each sub-
ject). The chemical shift is consistent with a signal detect-
ed in urine from (7,8-13C)styrene-exposed rats and mice
and assigned to HA, a further metabolic product of MA.
The direct coupling (Jcc = 66 Hz) is consistent with split-
ting from the Cl carbon and the broad peaks are consis-
tent with long-range splitting from other ring carbons. A
standard of HA spiked in control urine gave rise to shifts
for the CO carbon at 170 ppm (Table 2). A low-intensity
broad doublet was also detected (for a few samples) at
175 ppm with a direct coupling (Jcc = 66 Hz). The coupling
is consistent with splitting of a CO carbon by the C1 car-
bon, and the broad peaks are consistent with long-range
splitting from other ring carbons. An assignment was not
made for this metabolite but would most likely be an
structural analog of HA.

NMR spectra were evaluated for other known styrene
me tabolites excreted in urine from rats and mice (Scheme
1). However, other metabolites, such as derivatives of
glutathione conjugates of SO or products that could be
produced via ring epoxidation, could not be confirmed
either directly in urine or for concentrated urine samples.

Metabolite quantitation. The HA and PAA (or PAA’)
con centrations were determined in a similar manner
(Table 3). HA was quantitated in urine of each subject at 4
h (~0.11 mM), and was observed for three subjects in the

9-h urine sample. PAA (or PAA’) was quantitated for each
subject in the 4-h spectra (~0.1 mM) and was present for
three subjects in the 9-h spectra. For the two subjects in
which spectra for all time points were acquired, PAA (or
PAA’) and HA were observed in the direct urine only at 4 h.

MA was in highest concentration at 4 h following
exposure initiation and reduced by ~85% by the 23.5-h
time point. NMR spectra of concentrated urine for each
subject revealed the presence of MA up to 23.5 h after
exposure initiation. Overall, NMR quantitative results for
MA and PGA were in close agreement with those
obtained by HPLC (Table 3).

Pathways of metabolite formation in humans. MA, PGA,
and HA are derived from the same pathway of SO metab-
olism (after hydrolysis of SO) (Scheme 2). PAA and PAA’
are derived from a second pathway of metabolism (fol-
lowing conversion of styrene to phenylacetaldehyde).
Whether PAA and PAA’ are derived directly from styrene
or after conversion of styrene to styrene oxide is not
known. The metabolites produced following hydrolysis
of SO (MA, PGA, HA) ac counted for the major percent-
age (~95%) of the total assigned excreted metabolites of
styrene for the urine samples collected at 4 h. PAA (or
PAA’) accounted for only a small percentage (~5%) of the
described metabolites at 4 h.

dISCuSSIon

To our knowledge, this is the first report where details on
SO and SO-Hb levels in human blood are reported after
exposure to styrene under controlled conditions. Also, it
is the first report of styrene metabolism in humans using
C13 labels and NMR analysis.

Several toxicokinetic studies on styrene have been
reported over the years. In a similar study performed
with seven vol unteers in our laboratory, blood styrene
levels of about 20 (range 15-30) µM were seen during the
second hour of a 2-h exposure at 70 ppm during 50-W
work (Wigaeus et al., 1983). In a more recent study with
three subjects, we reached blood styrene levels of about 6-7
µM during a 2-h exposure at 26 ppm (Löf and Johanson,
1993). In another study with four volunteers, blood
styrene levels of about 0.8 µg/ml (or 8 µM) were reported
from a 6-h exposure at 80 ppm styrene during rest
(Ramsey and Young, 1978). Our present results of 7-10
µM with four volunteers exposed for 2 h at 50 ppm during
50-W exercise seem to be in reasonable agreement with,
albeit in the lower range of, previously reported data after
correction for differences in exposure level and work
load. In all studies, the relative respiratory uptake and
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the concentration-time pro files were essentially the same.
Considering styrene in urine, a level of 0.55 µM in

urine sampled immediately following a 2-h exposure to
50 ppm during light physical exercise can be deduced from
the work by Pezzagno et al. (1985). Our results of 0.3-0.4
µM urine are somewhat lower but in reasonable agreement.

In the present study about 10-34% of the absorbed
styrene was excreted as MA and PGA. Again, this is a low
percentage compared to previous studies, for example, the
one by Wigaeus et al. (1983), who reported a urinary recovery

of 58% within 28 h after exposure. Their average half-times
of 3.6 and 8.8 h for the elimination of MA and PGA were
close to the ones we report here (Wigaeus et al., 1983).

Gas chromatographic methods for the detection of SO
in blood have previously been reported by Löf et al.
(1984), using pentafluorobenzoyl derivatization and elec-
tron capture detec tion; by Kessler et al. (1990), using
flame ionization detection; and by Langvardt and Nolan
(1991), using cold on column injection and mass spectro-
metric detection. The latter method seemed most appro-
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13
C-NMR spectra of concentrated urine (4 h) and expanded regions showing the presence of phenylglyoxylic acid (PGA)

and hippuric acid (HA) (styrene exposure as described in Fig. 1).

176 175 174 173 172 171 170 169 PPM

PGA
(C7)

PGA
(C8)

PGA
(C8)

PGA
(C1)

PGA
(ring)

PAA
(C8) PAA

(C7)

HA
(C7)

MA
(C1)

MA
(C7)

Dioxane

MA
(C8)

Urea

PAA
(C7)

MA
(ring)

44 43 42 41 PPM

200 160 140180 100120 80 60 40 20 PPM 0



STYRENE OxIDE IN BLOOD, HEMOGLOBIN ADDUCTS, AND URINARY METABOLITES IN 
HUMAN VOLUNTEERS ExPOSED TO 13C8-STYRENE VAPORS

priate considering various aspects: sample preparation,
specificity, and sensitivity. We did not have access to the
cold on-column technique. However, by lowering the
injector temperature as much as possible (to 70°C), the
prob lem of degradation of SO to phenylacetaldehyde in
the gas chromatographic system (Langvardt and Nolan,
1991) was minimized. In addition, the sensitivity of the
method needed to be improved. This was achieved by
using carefully controlled n-hexane batches (the first
batches tested were contaminated with small amounts of
SO and/or phenylacetaldehyde), by concentrating the
blood hexane extracts by evaporation under nitrogen,
and by injecting a large volume (5 µL) on the column.
These measures enabled us to reduce the detection limit
to about 0.05 ng/ml blood compared to 10 ng/ml report-
ed by Langvardt and Nolan (1991).

Considering SO in blood, Korn et al. (1994) reported
SO levels of between 0.9 (detection limit) and 4.1 ng/ml
in male workers occupationally exposed to 10-73 ppm for
4-5.5 h. This is in good agreement with our value of 3-12
nM (equiv alent to 0.3-1.5 ng/ml) after exposure to 50
ppm styrene for 2 h, considering the differences in expo-
sure level and duration. Wigaeus et al. (1983) reported
considerably higher levels of 50 ± 30 nM in venous blood
samples collected after 5-30 min of exposure to 70 ppm
styrene. Similarly, high levels were reported by
Christakopoulos and coworkers (1993), who mea sured
SO levels of 40-130 nM in blood from seven workers.
Based on MA in urine and styrene glycol in blood,
styrene exposure was estimated to about 75 ppm
(Christakopoulos et al., 1993). In the two latter studies SO
was indirectly measured, as it was extracted by n-hexane
and then converted to styrene glycol prior to derivatiza-
tion and subsequent analysis.

Styrene and SO have been measured in blood from
rodents following inhalation exposure to styrene. Blood
collected from male F344 rats on week 95 immediately
following a 50-ppm exposure (6 h/day, 5 days/week)
had 430 ng styrene/ml blood, corresponding to about 9
ng/ml/ppm (Cruzan et al., 1998). Male F344 rats exposed
once for 6 h to styrene at 100 ppm had similar end-of-
exposure styrene levels (8.4 ng/ml/ppm) (Andersen et
al., 1984). The end-of-exposure blood styrene levels in
male Wistar rats exposed once for 5 h to 54 ppm styrene
were slightly higher (about 12 ng/ml/ppm) (Withey and
Collins, 1979). In male CD-1 mice exposed for 74 weeks to
40 ppm styrene (6 h/day, 5 days/week), the level imme-
diately following exposure was 177 ng/ml or 4.4
ng/ml/ppm (Cruzan et al., 2000). Male B6C3F1 mice
exposed once to 500 ppm styrene for 6 h had blood levels
of styrene near 12 ng/ml/ppm (Morgan et al., 1993).
However, saturation kinetics of styrene has been demon-
strated in both rodents (reviewed by Löf and Johanson,
1998) and humans (Löf and Johanson, 1993) from about
200 ppm. Thus, the data from Morgan et a!. (1993) cannot
be used for direct comparisons. In our present study
humans exposed to 50 ppm styrene for 2 h reached
styrene blood levels immediately following exposure of
18 ng/ml/ppm. This value is about 1.5- to 2-fold higher
than in rats exposed to 50-54 ppm styrene and 4-fold
higher than in mice exposed to 40 ppm styrene.

Considering SO levels in rodent blood, SO blood lev-
els near 0.06 ng/ml/ppm were seen immediately after
exposure to 40 ppm and 0.21 ng/ml/ppm after exposure
to 160 ppm styrene in the 74-week CD-1 mouse study
(Cruzan et al., 2000). Expo sure of male F344 rats to 200
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table 3

Metabolite Profiles in Urine as Determined by NMR and
HPLC in Urine Samples Collected at 4, 9, and 23 h after
Exposure Initiationa

NMR (mM)b HPLC (mM)c % of Totald

4.0 h

MA (n = 4) 1.4 ± 0.51 1.9 ± 1.1 73 ± 8.6

PGA (n = 4) 0.36 ± 0.24 0.36 ± 0.24 18 ± 7.6

PAA (n = 4) 0.09 ± 0.04 nd 4.5 ± 1.6

HA (n = 4) 0.11± 0.06 nd 5.7 ± 0.69

8.5 h

MA (n = 4) 0.28 ± 0.12 0.38 ± 0.22 68 ± 8.9

PGA (n = 4) 0.13 ± 0.05 0.13 ± 0.07 32 ± 8.9

PAA (n = 3) cd nd

HA (n = 3) cd nd

23.5 h

MA (n = 2) 0.19 ± 0.04 0.19
a MA, mandelic acid; PGA, phenylglyoxylic acid; PAA,
phenylaceturic acid; HA, hippuric acid. Values are means
± SD.
b Quantitation was performed for metabolites in concen-
trated urine samples. cd, signals were located at the
expected chemical shifts but were not integrated due to
low signal-to-noise ratio.
c nd, PAA and HA were not determined by HPLC. 
d Based on NMR results.
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ppm styrene for 95 weeks (6 h/day, 5 days/week) result-
ed in 0.33 ng/ml/ppm at end of exposure (Cruzan et al.,
1998). The male B6C3Fl mice ex posed once to 500 ppm
styrene for 6 h had blood levels of SO near 2.6
ng/ml/ppm (Morgan et al., 1993). Again, the higher
exposure levels do not permit direct species comparisons.
The SO level in human blood in our present study was
0.016 ng/ml/ppm, or approximately fourfold lower com-
pared with mice exposed to 40 ppm styrene.

Prolonged exposure to reactive chemicals results in
steady- state levels of Hb adducts. The steady state result-
ing from occupational exposure corresponds to about 9
weeks of expo sure during working hours, i.e., 360 hours
of exposure. Chris takopoulos et al. (1993) reported an
average Hb adduct level of about 28 pmol/g globin (cor-
rected for a methodological back ground) in reinforced
plastic workers exposed to an estimated average styrene
workplace concentration of 75 ppm. The ad duct incre-
ment per ppmh is 0.001 pmol/g globin as estimated from
their data. This figure is in reasonable agreement with the
0.003 pmol/g per ppmh obtained in the present study,
consid ering the uncertainties associated with the estima-
tion of cumu lative workplace exposure to styrene in the
Christakopoulos study and the small number of subjects
and apparently high interindividual SO blood levels in
our present study.

The internal dose (AUC) of SO in the erythrocytes can
be calculated according to the equation A = k • AUC,

where A is the adduct
level (0.3 • 10–12 mol/g
globin, from our present
study) and k the rate con-
stant for SO adduct for-
mation with N-terminal
valine in Hb (0.28 • 10–4 L
• g–1 • h–1) calculated from
Yeowell-O’Connell et al.
(1997). The internal dose
thus calculated, 11 nM •
h, is in reasonable agree-
ment with our measured
values of 14-43 nM • h.

Workers in the rein-
forced-plastics industry
are exposed not only to
styrene but also to SO. SO
may be formed by epoxi -
dation of styrene in the
air, by fragmentation of
polymeric styrene perox-

ide radicals, or may be of a nonstyrene origin (Nylander-
French et al., 1999; Pfäffli et al., 1979). In a recent field
study, SO in workplace air was approximately 1/1000 of
the styrene level (Nylander-French et al., 1999). However,
the correlation between styrene and SO was generally
low, sug gesting that the SO concentration in air cannot be
accurately estimated from the styrene level. Whatever the
origin of SO, this field survey implies that not only
styrene but also exog enously formed SO may contribute
substantially to the SO blood level during exposure.
Thus, the relationship between styrene in air and SO in
blood might be severely confounded depending of the
coexistence of environmental SO. Although we did not
specifically analyze for SO in our air samples, the condi-
tions used to prepare styrene for inhalation, evaporation
of styrene in polyethene lined, nontransparent aluminum
foil bags by gentle warming, presence of stabilizer, and
absence of polymerization initiators should disfavor
exogenous formation of SO. Thus, the contribution of
exogenous SO to the total amount of SO and SO metabo-
lites formed in the body is probably negligible in our pre-
sent study.

Csanády and coworkers (1994) have developed a
physiolog ically based pharmacokinetic (PBPK) model for
inhaled sty rene, including SO. Their predictions on
styrene and SO ki netics were based on a combination of
literature data on physiological and anatomical parame-
ters, in vitro measure ments of tissue:air partition coeffi-
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cients, and metabolic con stants obtained by best fit and
from in vitro metabolism data. Predicted human blood SO
levels were in good agreement with the levels measured
by Korn et al. (1994) in occupationally exposed workers.
Our present SO kinetic data were obtained under well-
controlled conditions and may serve to further improve
the PBPK model presented by Csanády et al. (1994).

Our study suggests that short-term exposure to 50
ppm styrene results in styrene levels of about 10 µM
blood, which in turn corresponds to SO levels of approxi-
mately 10 nM, or three orders of magnitude lower.
However, several factors obviously modify this crude
approximation, including duration of exposure and
physical exercise. Thus, judging by the slow postexpo-
sure decrease in blood SO with half-times of 1.6-2.1 h,
exposure of longer duration, e.g., a full work day of 8 h, is
expected to significantly increase the blood SO level,
while blood styrene has approached a plateau level
already after 2 h and will remain fairly constant during
prolonged exposure. Physical exercise is well known to
have a significant impact on uptake and blood levels of
organic solvent vapors, including styrene. In the case of
styrene, a solvent with relatively high blood solubility
and rapid metabolism, the influence of exer cise is marked
and mainly due to the increase in pulmonary ventilation
(Löf and Johanson, 1998). The impact of such modifying
factors may be conveniently studied by PBPK mod eling.

A major emphasis of this study was to use C13 labels
to gether with NMR spectroscopy to determine overall
pathways of styrene metabolism based on the presence of
styrene-derived urinary metabolites. General advantages of
this method for structure elucidation include the simultane-
ous detection di rectly in the urine of all excreted metabo-
lites, the distinction of endogenous from exogenous
metabolites based on coupling of the 13C-enriched carbons,
and the fact that considerable struc tural information can be
obtained from the spectral data with out the need for
metabolite standards. This method also avoids chromato-
graphic techniques that may alter metabolite struc ture. In
addition, C13 is a noninvasive label to use for the study of
metabolism in humans. A particular focus was to determine
the presence of metabolites excreted in urine that may be
formed following conversion of styrene (or styrene oxide) to
phenylacetaldehyde. This is the first study in which the
urinary disposition of styrene has been investigated in
humans follow ing exposure to 13C8-styrene. The quantita-
tive results of the NMR analysis were consistent with
those found by conven tional HPLC analysis of MA and
PGA (Table 3).

The use of multiple C13 labels together with NMR

enabled the nonselective detection of carbon signals for
other 13C- derived carbon signals. HA (0.11 mM) and PAA
(or PAA’) (0.09 mM) were quantitated in urine collected 4
h following exposure initiation and detected in urine col-
lected at 9 h (not quantitated). NMR spectra were evalu-
ated for the presence of signals that could be derived
from ring-open products of sty rene metabolism or for
mercapturic acids that could be derived from SO conju-
gation with glutathione. However, signals de rived from
13C-labelled carbons of styrene that could be attrib uted to
these pathways of metabolism were not located.

Previous investigators have predicted that workers
with MA excretion of 200 mg/L would excrete >2 mg/L
mercapturic acid (summarized in Ghittori et al., 1997).
Using this relation ship, SO-derived mercapturic acid lev-
els in our study could be as high as 2.2 mg/L (MA at 4 h
was about 1.4 mM, or 224 mg/L). A SO-derived mercap-
turic acid molecular weight of ~290 g/mol would equate
to >0.01 mM, lower than the detection limit in the present
study. Low levels of vinyl phenol (at ~0.3% of MA) have
been suggested as a metabolite of styrene in exposed
workers (Pfäffli et al., 1981). In our current study with
humans, this level would correspond to ~0.004 mM
vinylphenol (below the detection limit) for the time point
at which MA is at the highest concentration.

The metabolites MA, PGA, and HA are derived from
hy drolysis of SO, while the metabolites PAA/PAA’ are
derived from a second pathway of metabolism (presum-
ably via con version of styrene to phenylacetaldehyde).
Based on evaluation of urinary metabolites over the 46-h
collection, the majority of styrene metabolism in humans
occurs via hydrolysis to SO (>95%), while a smaller per-
centage of styrene metabolism (<5%) occurs via conver-
sion to phenylacetaldehyde. Studies with rodents
(Sumner et al., 2000) indicated a low level of conversion
of styrene to phenylacetaldehyde (<5%) in styrene-
 exposed rats (125-500 ppm, 6 h), in contrast to a greater
metabolism through this pathway (~15-25%) for styrene-
 exposed mice (125-500 ppm, 6 h).
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tion rates were seen in the terminal bron-
chioles in mice dosed with 100 and 200
mg/kg styrene, but not 10 mg/kg. Toxicity
was limited to 3 to 10 animals in the 200
mg/kg group. Neither morphological nor
cell proliferation effects were seen in the
alveolar region of the mouse lung in any of
these studies, nor were any effects
observed in the lungs of CD rats exposed to
500 ppm styrene for up to 10 days. The pul-
monary toxicity and increased cell division
seen in mice, but not rats, correlates with
the known species differences in pul-
monary carcinogenicity of styrene, sug-
gesting that the acute and chronic respons-
es are causally related. 5-Phenyl-l-pentyne
was shown to inhibit the pulmonary
cytochrome P-450 metabolism of styrene in
vivo. Cell replication rates in the lungs of
mice treated with this inhibitor and
exposed to styrene were comparable with
controls demonstrating that the pulmonary
effects of styrene on the mouse lung are
caused by a metabolite of styrene, probably
styrene oxide. The risks associated with
exposure to styrene appear to correlate
well with the metabolic capacity of
the lung. 

1. IntRoduCtIon

Styrene is used extensively in the produc-
tion of polymers, copolymers and rein-
forced plastics. It is pneumotoxic to CD-1
mice following sub-chronic inhalation
exposure (Cruzan et al., 1997) and is car-
cinogenic, causing an increase in lung

abStRaCt

Exposure of CD-1 mice to atmospheres of
40 and 160 ppm styrene, daily for up to 10
days, caused pulmonary toxicity charac-
terised by focal loss of cytoplasm and focal
crowding of non-ciliated Clara cells, partic-
ularly in the terminal bronchiolar region.
The toxicity was accompanied by an
increase in cell replication rates in terminal
and large bronchioles of mice exposed for 3
days or longer. The toxicity and increased
cell replication were no longer apparent
after a 2-day break in exposure, but re-
occurred when exposure was resumed.
Similar effects were seen in mice given oral
doses of 10, 100 or 200 mg/kg styrene,
daily for 5 days. Increases in cell replica-
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tumour incidences, following chronic exposure to 20, 40
or 160 ppm (Cruzan et al., 2001). In contrast, there was no
evidence of either toxicity or an increase in lung tumours
in rats exposed to dose levels as high as 1000 ppm
(Cruzan et al., 1997, 1998).

In view of these marked species differences it is
unlikely that styrene per se is responsible for the
observed pulmonary effects. Typically, such spe cies dif-
ferences arise as a result of differences in metabolism,
implying that styrene is metabolised to a biologically active
form and in far greater amounts in the mouse than the rat.
Styrene is known to be metabolised to two enantiomeric
forms of styrene oxide (R and S) by a number of
cytochromes P-450, the major isoforms being re ported to be
CYP2E1 and CYP2F2 (Guengerich et al., 1991; Nakajima
et al., 1994a,b; Carlson, 1997). These oxides are weak elec-
trophiles which are known to be reactive with biological
macromolecules (Bond, 1989; Sumner and Fennell, 1994;
Hemminki and Vodicka, 1995; Koskinen and Plna, 2000)
and may be responsible for the observed effects. If the
premise that styrene is toxic as a result of metabolism is
correct, inhibit ing the pulmonary cytochromes P-450
responsible should prevent or reduce the toxicity seen
after exposure to styrene. The metabolic capacity of the
lung could then be used, with confidence, as a measure of
the risks associated with exposure to styrene.

In this paper, the effects of styrene on cell replication
rates and on the morphology of the mouse and rat lung
have been characterised fol lowing inhalation exposures
of up to 10 days duration. Although exposures of humans
primar ily occur by inhalation during the manufacture of
styrene and its polymers, low levels of styrene may also
be ingested due to its migration from styrene based food
packaging (Tang et al., 2000). Consequently, the effects of
styrene on the mouse lung following oral dosing have
also been investi gated. Finally, an inhibitor of pulmonary
cy tochrome P-450 metabolism of styrene has been identi-
fied and used in vivo to determine the role of metabolism
in styrene induced toxicity in the mouse lung.

2. MateRIalS and MetHodS

2.1. Chemicals
Styrene (99%), stabilised with 10-15 ppm 4 -tert-
butylcatechol, was supplied by Sigma-Aldrich Co Ltd,
Poole, Dorset, UK. 5-Phenyl-l-pentyne was obtained from
Lancaster Chemical Co, UK. 5-Bromo-2’-deoxyuridine
(BrdU, 99%), di ethyldithiocarbamic acid disodium salt
and 1,1,1,-trichloropropene-2,3-oxide (TCPO) were
obtained from Sigma-Aldrich Co Ltd, Poole, Dorset, UK.

2.2. Animals
Male Sprague-Dawley CD rats (180-200 g) and male CD-1
mice (20-27 g) were obtained from Charles River UK Ltd,
Margate, Kent, UK. Prior to the study the animals were
housed in stock animal cages. The environment of the
ani mal room was controlled with the temperature being
maintained within a target range of 19 -23 °C, relative
humidity within a target range of 40-70%, an artificial
light cycle of 12-h light:12-h dark, and between 25 and 30
air changes per hour. The animals received certified diet
(CTI diet, Special Diet Services, Witham, Essex, UK) and
mains water ad libitum except during the exposure periods.

2.3. Acute toxicity of styrene
The animals were exposed in chambers of ap proximately
3.4 m3 capacity as described by Doe and Tinston (1981).
Conditioned air was supplied to the chambers at a flow
rate sufficient to give at least 12 changes per hour.
Temperature, relative humidity and air flow were mea-
sured in the cham bers every 30 min. The atmospheres
were gener ated by allowing styrene to evaporate at 55 °C
into a stream of air at a controlled rate. The concentration
of styrene in the chamber was mea sured by gas chro-
matography at hourly intervals throughout the experi-
ment. A Hewlett Packard HP5890 gas chromatograph fit-
ted with a CP- SIL5CB column (25 m x 530 µm operated at
120 °C) and flame ionisation detector was used. Nitrogen
was used as the carrier gas (10 ml/min). Under these con-
ditions the retention time of sty rene was 2.7 min and the
limit of detection 0.3 ppm. The response was linear over
the range 30-700 ppm.

Male and female mice were exposed whole body to 0,
40 or 160 ppm styrene, 6 h/day for 5 days. Following a 2-
day break, the mice were exposed for a further 5 days (6
h/day). Male and female rats were exposed to 0 or 500
ppm styrene using the same protocol. Groups of five
mice and five rats of both sexes were killed by
exsanguina tion (cardiac puncture) under terminal anaes-
thesia with halothane 18 h after 1, 5, 6 or 10 exposures.
Three days prior to sacrifice the animals were surgically
implanted with Alzet 7 day mini-pumps containing 200
µl 5-bromo-2-deoxyuridine (BrdU) at a concentration of
15 mg/ml in 0.9% saline. The animals were anaesthetised
with halothane, an incision made between the shoulders
and the pump implanted sub-cutaneously. The inci sion
was closed with metal clips and the animals allowed to
recover before being exposed to sty rene.

Groups of 10 male mice were given single oral doses
of 0, 10, 100 or 200 mg/kg styrene in corn oil (10 ml/kg),
daily, for 5 consecutive days. Con trol mice received the
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vehicle alone. BrdU minipumps were implanted 3 days
before sacrifice as described above. The mice were sacri-
ficed as described above, 24 h after the final dose.

Lungs from all animals were excised, infused and
fixed via the trachea with 10% neutral buffered formalin
and embedded in paraffin wax. Sections 5-7 µm were cut
and stained with haematoxylin and eosin. BrdU positive
nuclei were visualised using a histochemical technique
(Soames et al., 1994). Labelling indices were analysed in
the bronchiole around the region of branching from the
bronchi, in the terminal bron chiole, and in the acinar por-
tion of the alveolar region immediately adjacent to the
terminal bron chiole. In each region a population of at
least 500 epithelial cells were assessed for each animal.
The control and treatment groups were compared by a 2-
sided, heteroscedastic Student’s t-test.

2.4. Inhibition of pulmonary cytochrome P-450 mediated
metabolism of styrene
Two cytochrome P-450 inhibitors were used, 5-phenyl-l-
pentyne an inhibitor of CYP2F2, CYP2EI and a number of
other cytochromes P-450 (Carlson, 1997; Roberts et al.,
1998) and diethyldithiocarbamate an inhibitor of CYP2E1
(Guengerich et al., 1991).

Groups of three male mice were given single oral
doses of 100 or 200 mg/kg 5-phenyl-l-pen tyne as a solu-
tion in corn oil (10 ml/kg) and killed at intervals up to 48
h after dosing. Further groups of three male mice were
given single oral doses of 100 or 200 mg/kg 5-phenyl-l-
pentyne, daily for 3 days, and killed 24 h after the third
dose. In a separate experiment, groups of four male mice
were given single oral doses of 1 g/kg diethyldithiocar-
bamate (DEDTC) as a solution in corn oil (10 ml/kg) and
killed 24 or 72 h after dosing. Control mice were dosed
with corn oil (10 ml/kg).

At the end of each experiment the lungs were
removed, washed in 0.15% KCl, weighed and
homogenised in 9 volumes of sucrose (250 mm), EDTA
(5.3 mm), Tris-HCl (20 mm) buffer, pH 7.4 (SET). The
homogenate was centrifuged at 3000 x g for 10 min, the
pellet discarded, the supernatant further centrifuged at
12 500 x g for 15 min and the pellet again discarded. The
resul tant supernatant was centrifuged at 100 000 x g for
12 min. The pellet (microsomal fraction) was resuspend-
ed in 9 volumes of buffer and cen trifuged for a final time
at 100 000 x g for 12 min. The washed microsomal frac-
tion (pellet) was re suspended in SET buffer, at a concen-
tration of 1 mg original tissue per ml of buffer. Protein
con centrations were determined by the method des cribed
by Lowry et al. (1951).

The metabolism of styrene to R and S styrene oxides
was measured in septum sealed glass tubes containing
0.25 mg microsomal protein, 5 mM MgCl2, 2 mM NADPH
and 0.1 mM trichloropropene oxide (an inhibitor of epox-
ide hydrolase), in a final volume of 1 ml of 0.1 M potassi-
um phosphate buffer, pH 7.4. The tubes were allowed to
equilibrate at 37 °C for 2 min in a shaking water bath and
the reaction was started by the addition of 1 mM styrene
in 10 µl DMSO. The reaction was terminated after 10 min
by cooling to 0 °C and the addition of 2 ml ice cold n-
hexane. Styrene and styrene oxide were extracted from
the incubation into the hexane by rotary mixing. The mix-
ture was centrifuged at 814 x g for 10 min and the hexane
layer removed and analysed for R and S styrene oxides.
Styrene oxides were measured by high performance liq-
uid chromatography using a modification of the method
described by Carlson (1997). The R- and S-enantiomers of
styrene oxide were resolved on a Chirex®-l-naph 3, 5-din
column (250 x 4.6 mm) fitted with a Chirex®-naph guard
column (30 x 4.6 mm). The mobile phase was 0.02%
propan-2- ol in n-hexane at a flow rate of 0.5 ml/min. UV
detection was at 219 nm. The retention times of styrene
and R and S-styrene oxides were 6.5, 23.0 and 24.5 min,
respectively. Standards, over a lin ear range of 0-0.25
nmol/10 µl injection, were prepared from R and S-
styrene oxide in n-hexane. The limit of detection for
styrene oxides was 0.001 nmol/10 µl injection and the
recovery of styrene oxides from the incubation mixtures
was > 99%.

2.5. Inhibition of cytochromes P-450 and pulmonary cell repli-
cation rates
In order to determine the minimum exposure period
required to induce a significant increase in pulmonary
cell replication rates, male mice were exposed to 0, 40 or
160 ppm styrene 6 h/day for up to 4 days. Groups of 10
mice were killed immediately after the first exposure and
18 h following 1, 2, 3 or 4 exposures. BrdU minipumps
were implanted 3 days before sacrifice as de scribed
above. Lung sections were prepared and BrdU positive
nuclei quantified, also as described above.

Subsequently, groups of mice (20 per dose group)
were exposed to 0, 40 or 160 ppm styrene, 6 h/day, for 3
days. Twenty four hours before the start of the experi-
ment half of the mice in each group were given a single
oral dose of 200 mg/kg 5-phenyl-1-pentyne in corn oil
(10 ml/kg) and the remainder were given corn oil alone
(10 ml/kg). These doses were repeated immediately after
ex posure on each of the 3 days. Immediately after the first
exposure, all of the mice were fitted with BrdU
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minipumps as described above. The mice were killed 18 h
after the third exposure, the lungs removed and cell repli-
cation rates determined as above.

3. ReSultS

3.1. Inhalation exposure—pulmonary histopathology
The atmosphere concentrations measured over the dura-
tion of the 10-day study were 39.5 ± 1.8, 157 ± 9.7 and 490
± 33.6 ppm styrene and over the 4-day study were 38.0 ±
2.2 and 157 ± 7.2 ppm. Body weight gains and clinical
signs in animals exposed to styrene were normal and
comparable to those of the control group.

In the mice killed immediately after a single 6-h expo-
sure, there was evidence of necrosis and loss of cells,
believed to be Clara cells, from large bronchioles in the 40
ppm dose group. Clara cells in the terminal bronchioles
were not overtly af fected. Exposure of mice to 160 ppm
styrene had no significant effect on the lungs at this time
point. In mice killed 18 h after a single exposure, there
was a treatment-related focal loss of apical cytoplasm
from non-ciliated cells with the major affects being
localised to the terminal bronchiolar area. Necrosis and
sloughing of cells was minimal. The magnitude of the
effect varied between indi vidual animals but females
were slightly more severely affected than were male
mice. There was no obvious dose-response with similar
incidences and severities being found for the 40 and the
160 ppm groups.

In the lungs of mice exposed to styrene for 2, 3, 4, 5, 6
or 10 days there was focal crowding of non-ciliated cells
in the bronchiolar epithelium throughout the bronchiolar
tree but particularly in the terminal bronchiolar regions.
Once again there was little indication of a dose-response,
no progression in severity from the earlier time points,
and little difference between the sexes.

There were no treatment related effects in the lungs of
rats exposed to styrene and killed after 1, 5, 6 or 10 exposures.

3.2. Inhalation exposure—pulmonary cell replication
There was no evidence of an increase in cell replication
rates in either the alveoli, terminal bronchioles or large
bronchioles of the lungs of male or female mice killed
after a single exposure to either 40 or 160 ppm styrene.
There was how ever, a marked dose dependant increase
in the terminal bronchioles of male and female mice after
5 daily exposures to styrene. A weaker, although still sig-
nificant response, was seen in the large bronchioles at this
time point. Following the first exposure of the second
week (after a 2-day break), labelling indices had returned

to control levels in all regions of the lung. At the end of
the study, after 10 exposures, significant increases in
labelling indices were seen in the large bronchi oles, but
not in the terminal bronchioles, at the highest dose level.
The labelling indices (mean ± S.D.) for each region of the
mouse lung are given in Table 1. There were no increases
in the alveolar region of the lungs of male or female mice
at any of the dose levels or time points.

In the study in which male mice were exposed for 1, 2,
3 or 4 days in order to determine the minimum exposure
duration required to induce an increase in cell replication,
there were signifi cant increases after 3 or 4 days of expo-
sure to either 40 or 160 ppm. The increases were seen in
the epithelium of both terminal and large bronchi oles
(Fig. 1). In rats, the labelling indices were not increased in
any of the regions of the lungs, at any of the time points,
following exposure to 500 ppm styrene. In female rats,
labelling indices were sig nificantly reduced in large bron-
chioles and alveoli after 5 exposures and in the terminal
bronchioles and alveoli after 6 exposures (Table 2).

3.3. Oral dose—pulmonary histopathology
Since no major sex differences were seen in mice in the 10
day inhalation study, the oral study and cytochrome P-
450 inhibition studies used only male mice.

No morphological abnormalities were seen in the
lungs of male mice given 5 daily oral doses of 10 or 100
mg/kg styrene. In mice dosed with 200 mg/kg styrene,
3/10 animals exhibited slight focal crowding of non-cili-
ated cells in the epithelium of the terminal bronchiole.
There was no evidence of either cellular necrosis or damage.

3.4 Oral dose – cell replication
There was no evidence of an increase in cell replication in
either the large bronchioles or the alveolar region follow-
ing treatment of male mice with styrene at any of the
dose levels used in this study. There was, however, a
marked dose depen dent increase in the cell replication
rates in the terminal bronchioles at the 100 and 200
mg/kg dose levels. At 200 mg/kg, the labelling index
was 5-fold that measured in corn oil treated mice. A
weaker, although still significant response, was seen in
mice dosed with 100 mg/kg styrene, while 10 mg/kg
proved to be a no effect level (Table 3).

3.5. Inhibition of pulmonary styrene metabolism
The minimum exposure period required to cause a clear
increase in cell replication rates in male mice exposed to
styrene was found to be 3 days (above). Hence these
studies sought to iden tify a chemical inhibitor, and a dos-
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ing regime, which was not overtly toxic but would
signifi cantly inhibit styrene metabolism over that period.

5-Phenyl-l-pentyne was found to be an excel lent
inhibitor of the cytochrome P-450 catalysed metabolism
of styrene to styrene oxide. Twenty four hours after a sin-
gle dose of 100 mg/kg 5 -phenyl-1-pentyne, styrene
metabolism was re duced to 10% of control for the R iso-
mer and 28% for the S isomer. Activity recovered slowly
and was still reduced to 52 (R) and 74 (S)% of control 48 h
after dosing (Fig. 2). When mice were given oral doses of
200 mg/kg 5-phenyl-1-pentyne, daily for 3 days, styrene
metabolism in the lung was reduced to 5% (R) and 18%
(S) of control over the 3-day period. A single dose of 1
g/kg diethyldithiocarbamate also inhibited the pul -
monary metabolism of styrene at 24 h (16% for R and 23%

for S) and at 72 h (63% for R and 68% for S). Although
both inhibitors could potentially have been used for this
study, 5-phenyl-1-pentyne was selected based on the
lower dose levels re quired (200 mg/kg) and a lack of
overt toxicity over the study period.

3.6. Inhibition of cytochromes P-450 and pulmonary cell repli-
cation rates
The mean atmospheric concentrations of sty rene over the
3 day study were 38.0 ± 2.2 and 157 ± 7.2 ppm. In the
absence of 5-phenyl-1-pen tyne, exposure of male mice to
both 40 and 160 ppm styrene for 3 days caused an
increase in the labelling index of bronchiolar epithelium
with no effect in the alveolar region (Table 4). Treatment
of control mice with 5-phenyl-l-pentyne also caused a
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table 1

Labelling indices in the lungs of mice following exposure to 0, 40 or 160 ppm styrene for up to 10 days

Male Female

Large Terminal Large Terminal 
Dose (ppm) bronchioles bronchioles Alveoli bronchioles bronchioles Alveoli

Day 1

0 7.4±2.4 7.9±2.8 7.6±1.7 3.4±1.5 9.5±2.4 4.3±1.9

40 8.0±3.0 9.9±4.3 4.7±1.3 4.9±1.9 6.7±2.6 4.6±1.9

160 7.3 ± 2.3 8.3 ± 1.6 3.7 ± 1.6 6.1±3.0 10.1±4.3 3.4±1.3

Day 5

0 8.5±2.3 10.3±2.6 4.9±1.2 5.6±1.1 7.3±1.7 5.2±2.1

40 10.8 ± 3.7 22.0 t 5.3 b 5.4 ± 1.1 9.8±4.9 a 16.3±5.7 b 5.0±2.5

160 15.3±3.1 b 36.1±11.9 b 5.4±1.4 11.3±5.2 a 29.6±10.0 b 5.4±1.1

Day 6

0 5.6 ± 2.0 9.1 ± 2.4 3.7 ± 1.0 3.7±1.3 6.8±3.7 2.0±1.0

40 4.2 ±0.7 6.5 ± 3.2 2.6 ± 0.8 3.9±1.0 6.4±1.8 2.4±0.6

160 4.8±1.6 9.5±3.1 2.1±1.1 4.8±0.9 6.7±1.5 3.0±0.9

Day 10

0 6.2 ±2.2 8.1 ± 1.8 4.1 ± 1.1 3.8±1.1 8.3±1.9 3.0±0.6

40 6.3±2.0 8.8±3.0 2.5±1.1 6.3±3.9 7.5±1.8 2.5±0.9

160 9.8±2.5 a 10.9±3.8 2.3±0.9 11.1±3.5 b 8.8±2.8 3.0±1.6

Mice were exposed for 6 h/day for 5 days. Following a 2-day break, they were exposed for a further 5 days. Groups of
five mice were killed 18 h after 1, 5, 6 or 10 exposures.
a Statistical significance: P<0.01.
b Statistical significance: P<0.001.
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small increase in the labelling index in the absence of
styrene. Mice given 5-phenyl-l-pentyne and exposed to
styrene showed no in crease in labelling index over that
seen in unex posed mice dosed with 5-phenyl-l-pentyne
alone (Table 4). Thus, it was concluded that inhibiting the
cytochrome P-450 catalysed metabolism of styrene to
styrene oxide with 5-phenyl-l-pentyne also inhibited the
increases in pulmonary cell division rates seen in mice
exposed to styrene alone.

4. dISCuSSIon

Previous studies have demonstrated marked species dif-
ferences between mice and rats in their response to expo-
sure to styrene (Cruzan et al., 1997, 1998, 2001). Whereas
pulmonary toxicity and increased incidences of lung
tumours have been seen in mice, there has been a com-
plete lack of any similar responses in rats, even at signifi -
cantly higher dose levels. The same species differ ences
have been seen in the present study following acute
exposure. Styrene was toxic to the mouse lung following
a single exposure and caused an increase in cell replica-
tion rates following three or more consecutive exposures.
Again, no effects were seen in the rat lung, even at dose
levels more than an order of magnitude higher than the
lowest observed effect level in the mouse. This remark-
able species difference in both the toxicity and carcino-
genicity of styrene between rats and mice leads to consid-
erable uncertainty about the risks to humans from
exposure to sty rene. It does suggest that the acute effects
and the carcinogenicity are causally related. In order to
understand the hazard and potential risks to hu mans
exposed to styrene, it is necessary to first characterise the
effects in rats and mice and to understand the molecular
basis for the differences in response. With that knowl-
edge, relevant mark ers of risk can be assessed in humans
or in human tissues.

The morphological changes seen in the lungs of mice
exposed to styrene consisted of low inci dences of necro-
sis, focal loss of apical cytoplasm from non-ciliated cells
and focal crowding of non-ciliated cells. The magnitude
of the response varied between individual animals and
between time points, and showed either no dose
response or at times an inverse dose response relation-
ship. The variability prompted the use of larger group
sizes (10 mice per group) in the second shorter duration
study. However, increasing the group size served only to
confirm the inter-individual variation and absence of a
dose dependent re sponse seen in the 10-day study.
Similar variabil ity has been reported in previous styrene
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fIguRe 1

Pulmonary labelling indices in CD-1 mice exposed 0, 40
and 160 ppm styrene, 6 h/day, for up to 4 days.
(0 �, 40 �, 160 � ppm).
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studies (Cruzan et al., 1997).
The increases in cell labelling indices seen after three

or more exposures to styrene were confined to the bron-
chiolar epithelium and were not seen at all in the alveolar
region. The increases were dependant upon continued
exposure to styrene, having resolved after a 2 day break
in the middle of the study only to reoccur at the end of
the second week after a further 5 daily exposures. The
terminal bronchioles were the most sensitive re gion of
the lungs up to 5 exposures, whereas increased labelling
indices were only seen in the large bronchioles after 10
days exposure. Only the increases in cell replication rates
after 5 and 10 days showed a clear dose response.

The cellular origin of the toxicity and the in creases in
cell replication rates suggest that the initial lesion leading
to the lung tumours observed in mice exposed to styrene
occurs in the Clara cell population. The lack of either
morphological change or increases in labelling indices in
the alveolar region would appear to rule out a role for
alveolar type II cells. Typically Clara cell toxicants acti-
vated by cytochromes P-450 induce a consistent dose

The SIRC Review November 200368

table 2

Labelling indices in the lungs of rats following exposure to 0 or 500 ppm styrene for up to 10 days

Male Female

Large Terminal Large Terminal 
Dose (ppm) bronchioles bronchioles Alveoli bronchioles bronchioles Alveoli

Day 1

0 12.0 ± 6.7 11.0 ± 3.9 14.1 ± 3.2 7.0 ± 1.8 6.4 ± 3.8 9.4 ± 3.1

500 15.2 ± 6.0 14.3 ± 8.6 15.2 ± 9.6 8.2 ± 3.1 6.1 ± 2.8 8.5 ± 3.1

Day 5

0 10.1 ± 3.8 12.2 ± 3.0 8.6 ± 4.3 10.5 ± 4.8 9.1 ± 6.1 9.7 ± 5.3

500 10.2 ± 5.7 7.7 ± 4.9 6.9 ± 2.5 4.3 ± 1.5 a 4.7 ± 1.4 4.9 ± 1.6a

Day 6

0 11.2 ± 5.3 5.8 ± 1.6 6.9 ± 3.2 5.3 ± 2.1 7.7 ± 3.2 9.4 ± 5.0

500 13.4 ± 2.2 5.8 ± 1.9 7.7 ± 1.7 5.7 ± 3.0 4.3 ± 1.0 a 3.8 ± 0.9a

Day 10

0 14.0 ± 4.0 9.8 ± 4.0 8.2 ± 3.5 8.9 ± 5.3 6.9 ± 2.2 5.8 ± 3.2

500 9.9 ± 3.5 8.5 ± 3.5 7.6 ± 2.4 5.6 ± 1.9 6.5 ± 3.4 8.2 ± 2.5

Rats were exposed for 6 h/day for 5 days. Following a 2-day break, they were exposed for a further 5 days. Groups of five
rats were killed 18 h after 1, 5, 6 or 10 exposures.
a Statistical significance: P< 0.01.

table 3

Pulmonary labelling indices in male mice following oral
dosing of styrene, daily for 5 days

Terminal Large
Dose (mg/kg) Alveoli bronchiole bronchiole

0 2.8 ± 2.1 1.8 ± 0.9 1.2 ± 0.6
10 1.3 ± 0.6 1.1 ± 0.5 0.9 ± 0.4
100 1.3 ± 0.6 3.8 ± 12.5 a 0.8 ± 0.4
200 1.5 ± 0.6 9.9 ± 2.7 b 2.9 ± 2.1

Groups of 10 mice were given single oral doses of  0, 10,
100 or 200 mg/kg styrene in corn oil (10 ml/kg) daily for
5 consecu tive days. The mice were killed 24 h after the
final dose.
a Statistically significantly different from control values,
Stu dent’s t-test, 2-sided, P<0.05.
b Statistically significantly different from control values,
Stu dent’s t-test, 2-sided, P<0.01.
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dependant vacuolation and re pair (Foster et al., 1992;
Odum et al., 1992; Green, 2000). In the case of styrene,
although toxicity is seen in the lungs of mice, this does

not occur in a consistent dose or time dependant manner.
The response appears to be a hyperplas tic one, as
opposed to a reparative one, it being sustained over the
duration of the study.

Few studies have dealt with exposure to styrene via
the oral route in laboratory animals, since exposure via
this route was considered to be negligible when com-
pared with occupational ex posure by inhalation. In the
present study, mice dosed orally with styrene at dose lev-
els up to 200 mg/kg, daily for 5 consecutive days, exhib-
ited increases in cell division in the terminal bronchi oles
of the lung. There was a clear dose response at the 100
and 200 mg/kg dose levels and a clear no-effect at 10
mg/kg. Interestingly, the only re gion of the lung affected
when styrene is adminis tered orally was the terminal
bronchiole, whereas by inhalation, styrene also affected
the epithelium of the large bronchioles. This difference is
proba bly due to differences in the way styrene reaches
the pulmonary epithelium following inhalation ex posure
or oral dosing. Following inhalation expo sure all regions
of the airways will be exposed to the chemical. After an
oral dose very little styrene is exhaled in the mouse
(Csanady et al., 1994) and hence the lung tissues are
exposed to styrene primarily through the systemic circu-
lation. The most highly perfused regions of the lung are
the terminal bronchioles (Netter, 1980), which is con -
sistent with the observed response in this study. Overall,
it can be concluded that styrene has the potential to be
toxic to the lungs of CD-1 mice irrespective of whether
they are dosed by inhala tion or by the oral route.
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table 4

Pulmonary labelling indices in mice exposed to styrene and treated with 5-phenyl-l-pentyne

Styrene (ppm) Treatment Alveoli Terminal bronchiole Large bronchiole

0 Corn oil 2.9 ± 1.2 3.6 ± 2.1 1.7 ± 0.8

5-P-1-P 1.9 ± 0.5 4.8 ± 1.6 6.6 ± 2.4

40 Corn oil 1.8 ± 0.5 8.9 ± 5.7 a 27.5 ± 9.6 b

5-P-1-P 1.8 ± 0.9 7.3 ± 5.3 10.0 ± 5.9

160 Corn oil 1.4 ± 0.6 8.9 ± 3.4 b 16.3 ± 7.0 b

5-P-1-P 2.0 ± 0.6 3.1 ± 1.0 4.8 ± 3.5

Male CD-1 mice were exposed to 0, 40 and 160 ppm styrene, 6 h/day, for 3 days. 24 h before the start of the first exposure
and immediately after each exposure one group of mice at each dose level was given single oral doses of 200 mg/kg 5-
phenyl-1-pentyne (5-P-1-P).
a Statistically different from controls, Student’s t-test, 2-sided, P<0.05.
b Statistically significantly different from control values, Student’s t-test, 2-sided. P<0.01.

fIguRe 2

Inhibition of pulmonary styrene metabolism following a
single oral dose of 100 mg/kg 5-phenyl-1-pentyne (5-P-1-
P). Mice were given a single oral dose of 100 mg/kg 5-
phenyl-1-pentyne and killed at the intervals shown.
Styrene metabolism to styrene oxide was measured in
pulmonary microsomal fractions, containing 0.25 mg
protein, 5 mM MgCl2, 2 mM NADPH and 0.1 mM
trichloropropene oxide (an inhibitor of epoxide hydrolase).
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The major cytochrome P-450 isoforms responsi ble for
the metabolism of styrene to styrene oxide are CYP2E1
and CYP2F2 (Guengerich et al., 1991; Carlson, 1997). Both
are known to have high activity in the mouse lung and
both are involved in the metabolism of a number of other
mouse lung toxins and carcinogens (Guengerich et al.,
1991; Plopper et al., 1992; Foster et al., 1994; Buckpitt et
al., 1995; Carlson, 1997; Green et al., 1997). The link
between metabolism by these en zymes and increased cell
replication rates in mice exposed to styrene was estab-
lished by the study in which pulmonary metabolism of
styrene was in hibited in vivo with 5-phenyl-1-pentyne.
This chemical is a known inhibitor of CYP2F2 and also
has a significant inhibitory effect on CYP2E1 (Carlson,
1997; Roberts et al., 1998). The lack of increased cell repli-
cation in mice exposed to sty rene and 5-phenyl-l-pentyne
leads to the conclu sion that the increased cell division is
caused by a metabolite of styrene, probably styrene oxide.

It is apparent from these studies that the risks of either a
toxic or carcinogenic response follow ing exposure to
styrene are strongly correlated with Clara cells and their
cytochrome P-450 con tent. The cytochrome P-450’s,
including CYP2E1 and CYP2F2 are concentrated in Clara
cells, and are particularly heavily expressed in the mouse
lung compared with other species (Buckpitt et al., 1995;
Green et al., 1997; Green, 2000). The CYP2E1 activity, for
example, has been reported to be 23-fold greater in
mouse lung than that in the rat lung (Green et al., 1997). In
comparison, the human lung contains very low levels of
cy tochromes P-450 (Buckpitt et al., 1995; Green et al.,
1997) and the total cytochrome P-450 content is reported to
be only 3.7% (27-fold lower) that of rat lung (Wheeler and
Guenthner, 1990; Wheeler et al., 1992; Willey et al., 1996;
Raunio et al., 1998). CYP2E1, one of the enzymes responsible
for the metabolism of styrene can be detected in human
lung, but only by using sensitive tech niques such as the
reverse transcriptase-poly merase chain reaction (Wheeler
et al., 1992; Willey et al., 1996; Raunio et al., 1998). The
detoxification of styrene oxide by epoxide hydro lases and
glutathione S-transferases is also known to be variable
between species but in this case the rat and human have
significantly higher detoxify ing capacity than the mouse
(Sumner and Fennell, 1994; Green et al., 2001).

The number and structure of Clara cells also differs
significantly between rodents and between rodents and
humans. In mice they are numerous and are spread
throughout the airways, whereas in rats they are signifi-
cantly fewer in number, particularly in the terminal bron-
chiolar region. In human lung, Clara cells are rare being
found in small numbers in the distal bronchioles. They also

differ morphologically, the mouse lung Clara cell being
packed with endoplasmic reticulum, the human Clara
cell apparently being largely devoid of these membranes
(Smith et al., 1979; Plopper et al., 1980a,b; Pinkerton et al.,
1997). This differ ence in morphology is consistent with
the ob served differences in cytochrome P-450 activity, the
endoplasmic reticulum being the membranes where the
cytochromes P-450 enzymes are heavily localised.

In conclusion, the metabolism of styrene by
cytochromes P-450 has been shown to be a critical event
which results in changes in the mouse lung which are
consistent with the subsequent development of cancer.
Based on these observations a plausible mode of action
for styrene induced mouse lung cancer can be proposed.
Exception ally high metabolic rates in mouse lung Clara
cells lead to high local concentrations of a toxic metabo-
lite which causes Clara cells to divide over a long period
of time, thus potentially increasing the risk of fixing
either pre-existing or styrene-in duced mutational events
occurring in the hyperplastic population. The stimulatory
effect, which results in cell division is not clear. Although
the cytochrome P-450 content of mouse, rat and hu man
lung has not been measured in this study, the reportedly
lower activity in the rat is consistent with the lack of an
effect in that species. The even lower activity in human
lung, together with the differences in Clara cell numbers
and morphology suggest that styrene will not be
metabolised to any measurable extent in human lung.
Thus, it seems unlikely, based on the known metabolic
capacities of the human lung relative to the mouse lung,
that styrene will be either toxic or carcino genic in the
human lung.
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lar organisation. Pretreat ment of mice with
5-phenyl-1-pentyne, an inhibitor of both
CYP2F2 and CYP2E1 com pletely prevented
the development of a nasal lesion on expo-
sure to styrene establishing that a metabo-
lite of styrene, probably styrene oxide, is
responsible for the observed nasal toxicity.
Comparisons of the cytochrome P-450
mediated metabolism of styrene to its
oxide, and subsequent metabolism of the
oxide by epoxide hydrolases and glu-
tathione S-transferases in nasal tissues in
vitro, have provided an explanation for the
increased sensitivity of the mouse to
styrene. Whereas cytochrome P-450 metab-
olism of styrene is similar in rats and mice,
the rat is able to metabolise styrene oxide at
higher rates than the mouse thus rapidly
detoxifying this electrophilic metabolite.
Metabolism of styrene to its oxide could
not be detected in human nasal tissues in
vitro, but the same tissues did have epox-
ide hydrolase and glutathione S-transferase
activities, and were able to metabolise
styrene oxide efficiently, indicating that
styrene is unlikely to be toxic to the human
nasal epithelium. 

1. IntRoduCtIon

Styrene is a major industrial chemical used
extensively in the production of plastics,
resins and synthetic rubbers. Occupational
exposure occurs mostly by inhalation of
styrene vapour during various manufac-
turing processes. It is of concern therefore,
that styrene, in common with a number of

Reprinted with permission from Chemico-
Biological Interactions 137, 185-202 (2001)

abStRaCt

Inhaled styrene is known to be toxic to the
nasal olfactory epithelium of both mice
and rats, although mice are markedly more
sensitive. In this study, the nasal tissues of
mice exposed to 40 and 160 ppm styrene 6
h/day for 3 days had a number of degener-
ative changes including atrophy of the
olfactory mucosa and loss of normal cellu-
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chemicals, is toxic to the nasal epithelium of rodents
when inhaled. Toxicity was seen in the nasal passages of
male and female CD-1 mice at all dose levels following
exposure by inhalation to 50, 100, 150 or 200 ppm styrene,
6 h/day, for 13 weeks [1]. The effects, which included
atrophy and respiratory metaplasia of the olfactory
mucosa, atrophy of the olfactory nerves and hypertrophy
and hyperplasia of Bowman’s glands, increased in severi-
ty with increasing dose. Rats (CD-Sprague Dawley) simi-
larly exposed were markedly less sensitive with changes
to the olfactory epithelium being seen after exposure to
1000 and 1500 ppm styrene, but not after exposure to 500
ppm. Although toxic to the nasal epithelium, exposure of
mice to 20, 40, 80 and 160 ppm styrene 6 h/day, 5
days/week for 104 weeks did not lead to the develop-
ment of nasal tumours [2,3]. Consistent with the effects
reported in these studies, radioactivity has been shown to
localise in the nasal passages following exposure of rats
and mice to atmospheres containing C-14 styrene [4,5].

The primary metabolic pathway for styrene involves
oxidation by cytochromes P-450, principally CYP2E1 and
CYP2F2 [6-9], to two enantiomeric forms of styrene oxide
(R and S), weak electrophiles which are reactive with bio-
logical molecules [10-12] and may be responsible for the
observed toxicities. Styrene oxides are further
metabolised by both epoxide hydrolases and by glu-
tathione S-transferases, these two metabolic transforma-
tions being detoxification reactions resulting in the deac-
tivation of a potentially reactive epoxide [13]. In vivo, the
potential of styrene oxide to react with the tissues in
which it is formed will be dependent upon the relative
rates of its formation from styrene and the rates of its
deactivation by these enzymes. Although the metabolism
of styrene and its oxide has been measured in a number
of tissues [6,13], their metabolism has not been deter-
mined in nasal tissues.

Rodent nasal tissues are known to have high concen-
trations of metabolising enzymes, including cytochromes
P-450, particularly in the olfactory epithelium [14-18],
which may explain the sensitivity of this tissue to styrene. In
humans, the levels of these enzymes appear to be greatly
reduced or even absent, suggesting that human nasal tis-
sue will be much less sensitive than rodents to chemicals
such as styrene [19]. However, there is a paucity of good
metabolic data in humans due to the difficulty in obtain-
ing fresh human nasal tissue, and hence the metabolism
of styrene in this tissue has not been studied previously.

The purpose of the present study was to understand
the role of styrene metabolism in the development of the
nasal toxicities seen in rats and mice exposed to this

chemical. Styrene metabolism in human nasal tissues has
also been com pared in vitro with that in rodents in order to
assess the potential toxicity of styrene to the nasal tissues of
humans exposed to styrene. A limited amount of hepatic
data have also been obtained for comparative purposes.  

2. MateRIalS and MetHodS

2.1. Chemicals and radiochemicals
Styrene (99%), R and S styrene oxide (R-SO, S-SO, both
98%) and R and S styrene glycol were obtained from
Sigma Chemical Company, Dorset, UK. [ring-U-

14

C]
Styrene (98.1% by radio-gas chromatography) was
obtained from Amersham Life Sciences, Buckinghamshire,
UK. It had a specific activity of 19 mCi/mmol and was
supplied as a solution in ethanol (5 mCi/mmol).
Glutathione conjugates were prepared from R and S
styrene oxides as described by Ryan and Bend [20] and
characterised by NMR as described by Watabe et al. [21].
5 Phenyl-1-pentyne (5P-1-P) was obtained from Lancaster
synthesis, Morecambe, UK. 1,1,1,-Trichloro propene-2,3-
oxide (TCPO) was obtained from Aldrich, Dorset, UK. All
other chemicals used were of the highest grade available.

2.2. Animals
Male Sprague-Dawley CD rats (180-200 g) and CD-1 mice
(20-25 g) were obtained from Charles River UK Ltd,
Margate, Kent, UK. The animals were housed in stock
animal cages. The environment of the animal room was
controlled with the temperature being maintained within a
target range of 19-23°C, relative humidity within a target
range of 40-70%, an artificial light cycle of 12 h light and 12
h darkness, and between 25 and 30 air changes per hour. The
animals received Rat and Mouse Number 1 (RM1) pellet-
ed diet from Special Diet Services, Witham, Essex, and fil-
tered mains water ad libitum except during exposure.

2.3. Human nasal tissues
Human nasal explants from nine individuals were
obtained from the Institute of Laryngology and Otology,
University College London, UK in compliance with local
ethical guidelines. The tissues, which were described by
the surgeon as morphologically normal, had been
removed to gain access during surgery and immediately
frozen in liquid nitrogen before being stored at - 70°C
until use. Both respiratory and olfactory epithelium were
present in the tissue samples in variable amounts. Total
tissue weights of individual samples were up to 1 g.
Some of the samples also contained bone which was
removed but no attempt was made to separate or quanti-
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fy the two types of epithelium. The donors had no recent
history of either drug or radiotherapy.

2.4. Preparation of tissue fractions
Rats and mice were sacrificed by asphyxiation with a ris-
ing concentration of carbon dioxide and nasal tissues dis-
sected from the heads as described by Hadley and Dahl
[22] except that the olfactory and respiratory epithelia
were collected separately. Respiratory tissue was collect-
ed from the naso and maxilloturbinates, lateral walls and
septum anterior to the olfactory epithelium. Olfactory
mucosa was dissected from the dorsal lining of the cavity
and the ethmoid turbinates. The tissues, pooled by tissue
type from either 50 rats or 100 mice, were thoroughly
washed in ice cold 10 mM potassium phosphate buffer,
pH 7.4 containing 1.15% w/v potassium chloride before
being filtered through a nylon mesh. A 30% w/v
homogenate was prepared in the same buffer using a
Potter Elvehjem homogenizer. The homogenates were
centrifuged at 9000 x g for 20 min, a portion of the super-
natant (S9) was stored at - 70°C and the remainder cen-
trifuged at 100 000 x g for 1 h. The supernatant (cytosol)
was removed, dialysed (10 000 molecular weight cut off)
overnight at 4°C against 0.1 M phosphate buffer, pH 7.4,
to remove glutathione, and stored at - 70°C. The microso-
mal pellet was resuspended in the same volume of buffer,
centrifuged at 100 000 x g for 1 h and the pellet resus-
pended in the phosphate/potassium chloride buffer (1:1
w/v original tissue wet weight to buffer). The micro-
somes were stored at - 70°C until required. Liver was also
removed from the animals and microsomes prepared in
the same way. Protein concentrations were determined
by the method described by Lowry et al. [23]. The protein
yields per gram of wet nasal tissue were as follows:
mouse olfactory microsomes, 1.0 mg; cytosol, 7.5 mg;
mouse respiratory microsomes, 0.9 mg; cytosol, 8.0 mg;
rat olfactory microsomes, 3.5 mg, cytosol, 10.0 mg; rat res-
piratory microsomes, 2.7 mg, cytosol, 10.0 mg.

Human nasal S9, microsomal and cytosolic fractions
were prepared using the method described above.

Human CYP2E1 was expressed and purified from two
plasmid Escherichia coli JM109 strains provided by the
Dundee LINK scheme, Ninewells Hospital, Dundee [24].
CYP2E1 with OmpA(+ 2) leader sequence together with
ampicillin resistance was expressed on one plasmid and
pelB-human P450 reductase (pJR4) together with chlo-
ramphenicol resistance on the second. E. coli were stored
at - 80°C in LB broth containing 15% v/v glycerol. Cells
were grown in Terrific broth containing 50 µg/ml ampi-
cillin and 25 µg/ml chloramphenicol. Expression was

induced by addi tion of 0.5 mM δ-ALA and 1 mM IPTG.
Cells were harvested by centrifugation and spheroplasts
produced by incubation with 0.25 mg/ml lysozyme and
further centrifugation. Membranes containing P450 were
produced by the sonication of the spheroplasts in the
presence of 1 µg/ml leupeptin, 1 µg/ml aprotinin and 1
mM PMSF. Sonicated suspensions were centrifuged in
spheroplast resuspension buffer at 180 000 x g for 1 h 10
min at 4°C. The supernatant was discarded, and the pel-
let resuspended in 1 ml ice cold TSE using a Dounce tis-
sue grinder. Total P450 was determined by CO difference
spectra and protein by the method of Bradford [25]. The
specific activity of CYP2E1 was 389 pmol/mg protein.
Membranes were stored at - 80°C.

2.5. Styrene metabolism to styrene oxide
The metabolism of styrene to styrene oxide was deter-
mined using methodology based on that described by
Carlson [6]. Tissue microsomal fractions containing the
following protein concentrations: rat, olfactory, 0.25 mg,
respiratory, 0.1 mg; mouse, olfactory, 0.055 mg, respirato-
ry, 0.046 mg; rat and mouse liver, 0.25 mg; human nasal
S9, 0.25 mg, microsomes, 0.20 mg, were placed in septum
sealed glass flasks on ice together with 5 mM magnesium
chloride and 1-2 mM styrene in 100 mM potassium phos-
phate buffer pH 7.4 (total volume of 1 ml). TCPO (0.025-
0.1 mM added in 10 µl DMSO) an inhibitor of epoxide
hydrolase activity was also added to the incubation mix-
ture. The flasks were then preincubated at 37°C for 5 min
before the reaction was started by the addition of
NADPH (2 mM) via a syringe through the septum.
Following incubation at 37°C for 12 min, the reaction was
stopped by cooling to 0°C and the addition of 2 ml ice
cold n-hexane.

Styrene and styrene oxide were extracted from the
incubation into hexane (2 ml) by rotary mixing. The mix-
ture was centrifuged and the hexane fraction analysed for
R and S styrene oxide using a Chirex 3007 (Phenomenex,
UK) guard (4.6 x 30 mm) and analytical column (4.6 x 250
mm) on a Shimadzu LC-10 system, with UV monitoring
at 219 nm. The column was eluted with 0.02% propan-2-
ol in n-hexane. The retention times of styrene and R and
S-styrene oxides were 6.5, 23.0 and 24.5 min, respectively.
Standards, over a linear range of 0-0.25 nmol/injection,
were prepared from R and S-styrene oxide in n-hexane.
The limit of detection for styrene oxides was 0.001
nmol/injection and the recovery of styrene oxides from
the incubation mixtures was > 99% 

In a second experiment, the tissue fraction was
replaced with 40 pmol (0.1 mg) of purified CYP2E1 protein.
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2.6. Styrene metabolism in the presence of cytochrome P-450
inhibitors
The experiments described above measuring the forma-
tion of styrene oxide in various rat and mouse nasal tis-
sue fractions and with purified human CYP2E1 were
repeated in the presence of two cytochrome P-450
inhibitors. Chlorzoxazone (0.1-1.0 mM), a CYP2E1
inhibitor [26], and 5-phenyl-1-pentyne (0.005-1.0 mM), a
CYP2F2 inhibitor [6], were added in DMSO (5 µl) at the
start of the experiment.

2.7. Styrene oxide metabolism by epoxide hydrolases
The incubation conditions for the assay were based on
those described by Oesch et al. [27].

Microsomal fractions (0.05 or 0.1 mg protein) were
incubated in 500 mM Trisma buffer pH 8.5 contained in
sealed glass tubes at 37°C. The flasks were preincubated
at 37°C for 4 min before R or S styrene oxide (0.0005-0.2
mM) in 10 µl DMSO were added, to a total volume of 0.5
ml, to start the reaction. The reaction was stopped after 4
min by the addition of 2 ml n-hexane. Residual styrene
oxide was extracted into the hexane by rotary mixing and
the hexane separated by centrifugation.

The aqueous fractions were analysed for styrene gly-
col using a 5 micron Hypersil ODS 4.6 x 250 mm analyti-
cal column with a 4.6 x 30 mm guard column (Hichrom
UK) on a Shimadzu LC-10 system, with UV monitoring at
209 nm. The styrene glycol was eluted in 10% acetonitrile
(0.025% TFA)/90% water (0.025% TFA) at 1  ml/min
using a gradient which was isocratic for 7.5 min before
rising to 100% acetonitrile over 20 min. The retention
time of styrene glycol was 12.7 min. Quantitation was
performed using authentic styrene glycol standards over
a linear range from 0 to 0.5 nmol/injection. The limit of
detection of styrene glycol was 0.001 nmol/injection.

2.8. Styrene oxide metabolism by glutathione S-transferases
Cytosolic fractions (0.05 mg protein) were incubated in
0.1 M potassium phos phate buffer pH 7.4 with 5 mM glu-
tathione in sealed glass tubes at 37°C. The flasks were
preincubated at 37°C for 4 min before various concentra-
tions of either R or S styrene oxide (0.0025-0.1 mM in 10 µl
DMSO) were added, to a total volume of 1.0 ml, to start
the reaction. The reaction was stopped after 5 min by the
addition of 2 ml n-hexane. Residual styrene oxide was
extracted into the hexane by rotary mixing and the hexa-
ne separated by centrifugation.

The aqueous fractions were analysed for the glu-
tathione conjugates of styrene oxide using a 5 micron
Hichrom RPB 4.6 x 150 mm analytical column with a 4.6 x

30 mm guard column (Hichrom UK) on a Shimadzu LC-
10 system, with UV monitoring at 219 nm. The conjugates
were eluted with methanol containing 0.50% glacial
acetic acid and water containing 0.05% acetic acid at 1.1
ml/min using a gradient which rose from 0 to 50%
methanol over 15 min before rising to 100% methanol by
17.5 min. The retention times of the glutathione conju-
gates were 13.4 and 14.2 min for the R and S diastereoiso-
mers, respectively. The chromatography system used for
this analysis did not resolve both forms of the R and S
diastereoiso mers. Quantitation was performed using
authentic R or S styrene oxide glutathione conjugates
over a linear range from 0 to 20 nmol/injection. The limit
of detection of the glutathione conjugates was 0.01
nmol/injection.

Glutathione S-transferase activity was also measured
in human nasal cytosol fractions with 1-chloro-2,4-dini-
trobenzene as the substrate. The method used was that
described by Habig et al. [28].

Estimates of the metabolic rate constants Km and Vmax

were calculated by non-linear regression of the initial
velocity on the substrate concentration using GraFit data
fitting software [29]. Initial estimates were derived from
Hofstee plots.

2.9. The effects of cytochrome P-450 inhibition on the nasal
toxicity of styrene
Mice were exposed in chambers of ~ 3.4 m3 capacity as
described by Doe and Tinston [30]. Atmospheres were
generated by allowing styrene to evaporate at 55°C into a
stream of air at a controlled rate. The concentration of
styrene in the chamber was measured by gas chromatog-
raphy at hourly intervals throughout the experiment. A
Hewlett Packard HP5890 gas chromatograph fitted with
a CP- SIL5CB column (25 m x 530 µm operated at 120°C)
and flame ionisation detector was used. Nitrogen was
used as the carrier gas (10 ml/min). Under these condi-
tions the retention time of styrene was 2.7 min and the
limit of detection 0.3 ppm. The response was linear over
the range 30-700 ppm.

Groups of mice (20 per dose group) were exposed to 0,
40 and 160 ppm styrene, 6 h/day, for 3 days. The dose
levels used were taken from those used in the 2 year car-
cinogenicity study [3]. Twenty four hours before the start
of the experiment, half of the mice in each group were
given a single oral dose of 200 mg/kg 5-phenyl-1-pen-
tyne in corn oil (10 ml/kg) and the remainder were given
corn oil alone (10 ml/kg). These doses were repeated
immediately after exposure on each of the 3 days. The
mice were killed 18 h after the third exposure with an
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overdose of halothane, exsanguinated by cardiac punc-
ture and nasal sections prepared as follows. The skin,
brain and lower jaw were removed from the head and the
nasal passages flushed in a retrograde direction through
the pharyngeal duct with 5 ml of 10% neutral buffered
formalin. The nasal passages were then immersed in the
same fixative for a further 24 h before being processed
further. After fixation, the heads were immersed in 20%
formic acid and decalcified for a minimum of 7 days
before being trimmed into four levels according to Young
[31]. The four levels were then dehydrated, embedded in
paraffin wax and sections (5-7 µm) cut and stained with
haematoxylin and eosin.

3. ReSultS

3.1. Styrene metabolism to styrene oxide
The rates of metabolism of styrene to the R and S enan-
tiomers of styrene oxide in microsomal fractions pre-
pared from rat, mouse and human nasal and liver tissues
are shown in Table 1 together with that measured using
purified CYP2E1. Styrene metabolism was linear with
time up to 30 min and with protein concentra tion over
the range 0.1-0.5 mg protein. The rates were comparable
in rat and mouse olfactory microsomes as were those in
respiratory microsomes although the rates in respiratory
fractions were approximately half of those seen in olfac-

tory fractions. Increasing the concentration of styrene
from 1 to 2 mM in these experiments gave no significant
increase in the rate of formation of styrene oxide, indicat-
ing that the rates obtained were maximal and approxi-
mated to Vmax. The data shown in Table 1 are at a substrate
concentration of 1 mM. TCPO, an inhibitor of epoxide
hydrolase activity, was added to the incubation mixture
to minimise loss of styrene oxide. Because this inhibitor is
also known to inhibit cytochrome P-450 at high concen-
trations [32], the amount added was chosen to optimise
styrene oxide formation. The optimum concentrations,
which varied by tissue type and species, were deter-
mined in a series of preliminary experiments in which a
range of concentrations were added to the incubation
mixtures (data not shown). The final concentrations used
in these experiments are shown in Table 1.

In both rats and mice, the rates of styrene metabolism
were higher in nasal olfactory tissues than those seen in
the liver (Table 1). In nasal tissues from both species, and
in mouse liver, the ratio of the R and S enantiomers was
~ 3:1. In contrast, the ratio in rat liver was 0.72 and that
found for purified CYP2E1 even lower at 0.48.

Nine human nasal samples were analysed, 8 as S9
fractions and one as a microsomal fraction. Styrene
metabolism could not be detected in any of the samples.
The limit of detection of the assay was 0.04
nmol/min/mg protein.
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table 1

The metabolism of styrene to styrene oxide by rat, mouse and human nasal and liver microsomal fractions

R-Styrene oxide S-Styrene oxide 
Species Tissue fraction TCPO (mM) (nmol/min/mg) (nmol/min/mg) R: S ratio

Rat Olfactory 0.05 7.46 2.51 2.97
Rat Respiratory 0.1 3.25 1.22 2.68
Rat Resp S9 0.05 0.32 0.12 2.68
Mouse Olfactory 0.05 6.59 2.24 2.97
Mouse Respiratory 0.025 3.64 1.25 2.92
Human S9 (n = 8) 0.05 ND b ND -
Human Microsomes (n = 1) 0.05 ND ND -
Rat Liver 1.00 1.12 1.56 0.72
Mouse Liver 0.25 3.05 1.13 2.70
CYP2E1 a 0.00 1.30 ± 0.12 2.85 ± 0.32 0.48
a Human CYP2E1 was expressed and purified from E. coli.
b N.D., not detected. Limit of detection 0.04 nmol/min/mg.
Metabolic rates were measured over 12 min at a styrene concentration of 1 mM in the presence of 0.025-1.0 mM TCPO
and NADPH (2 mM). Microsomal fractions were used unless otherwise stated.
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3.2. Cytochrome P-450 inhibitors
Both chlorzoxazone (CYP2E1) and 5-phenyl-1-pentyne
(CYP2F2) reduced the rate of metabolism of styrene in rat
and mouse nasal microsomal fractions, but by far the
most efficient was 5-phenyl-1-pentyne (Fig. 1). Using
purified CYP2E1 it was clear that 5-phenyl-1-pentyne
also inhibited this enzyme (to 65% of control at 0.05 mM).

3.3. Styrene oxide metabolism by epoxide hydrolases
Both R and S styrene oxides were metabolised by epoxide
hydrolases in nasal microsomal fractions from all three
species. Metabolism was linear up to 5 min and up to
protein concentrations of 100 µg/ml. The rates of metabo-
lism with increasing substrate concentrations are shown
in Fig. 2 and the derived rate constants in Table 2. Both
enantiomers were metabolised at similar rates in olfacto-
ry microsomal fractions. There was, however, a major dif-
ference between species with the rates in rat olfactory
microsomes being up to 10-fold higher than those in the
mouse. Similarly, in respiratory fractions the rates in the
rat were higher, in this case up to 3.5-fold (Table 2).

The quantity of human nasal tissue available from
each donor was insufficient to determine a Km and Vmax for
each sample. Consequently, initial rates (Vi) were mea-
sured at a substrate concentration approximating to the
Km (0.05 mM) found in rodent tissues (Table 2). Significant
rates, which were comparable with those measured in

mouse olfactory and mouse and rat respiratory tissues,
were found with both R and S enantiomers. With one
exception the rates with the R enantiomer were higher
than those with the S enantiomer. The variability between
individuals was up to six-fold for the S enantiomer and
four-fold for the R enantiomer. A comparison of rodent
and human metabolic rates at a single substrate concen-
tration (0.05 mM) is shown in Table 4.

3.4. Styrene oxide metabolism by glutathione S-transferases
Rodent nasal cytosol fractions were able to metabolise
styrene oxides by glu tathione conjugation at rates which
were significantly higher than those found for epoxide
hydrolases. Metabolism was linear for 10 min and up to
protein concentra tion of 500 µg/ml. The rates measured
with increasing substrate concentrations are shown in
Fig. 3 and the derived rate constants in Table 3. With the
exception of the rat respiratory tissues, the rates of
metabolism of the R enantiomer were greater than those
of the S enantiomer (1.5-2.0-fold). As with the epoxide
hydrolases, the rates of glutathione conjugation in olfac-
tory fractions were 3-4-fold greater in rats than mice.

In marked contrast to the high rates found in rodent
tissues, human nasal cytosol fractions were unable, with
a single exception, to metabolise styrene oxides by glu-
tathione conjugation (Table 3). A comparison of rodent
and human metabolic rates at a single substrate concen-
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fIguRe 1

The effect of cytochrome P-450 inhibitors on the metabolism of styrene to styrene oxide (SO; R and S isomers) in rat and
mouse olfactory microsomes. Styrene (1 mM) was incubated with microsomal fractions in the presence of chlorzoxazone
or 5-phenyl-1-pentyne, TCPO (0.05 mM) and NADPH (2 mM) for 12 min at 37°C.
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tration (0.05 mM) is shown in Table 4.
All of the human tissue fractions were able to

metabolise 1-chloro-2,4-dinitroben zene (CDNB), a broad
spectrum substrate for glutathione S-transferases, sug-
gesting that although human nasal tissues contain glu-
tathione S-transferases they are largely lacking in the iso-
form responsible for the metabolism of styrene oxides.
The rates found with CDNB as substrate ranged from
25.5 to 86.2 nmol/min/mg protein.

3.5. The effect of a cytochrome P-450 inhibitor on the nasal
toxicity of styrene

The mean atmospheric concentrations of styrene over the
duration of the study were 39.9 ± 1.3 and 161 ± 3.7 ppm.
Bodyweight gains and clinical signs in animals exposed to
styrene were normal and comparable to those in the con-
trol group. There were no treatment-related findings present
macroscopically following exposure of mice to styrene.

Mice killed 17 h after three exposures to 160 ppm
styrene showed a range of degenerative changes in levels
3 and 4 the olfactory tissue which were most commonly
focal in nature. The most obvious effect of exposure was
the presence of a mixed cellular and serious fluid exudate
in the airways of the nasal passages in the olfactory
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fIguRe 2 

The concentration dependant metabolism of styrene oxide by mouse and rat nasal epoxide hydrolase (EH) and
glutathione S-transferase (GST). A range of concentrations of styrene oxide (0-0.2 mM) were incubated with rat and
mouse olfactory and respiratory microsomal fractions for either 4 (EH) or 5 (GST) min. 5 mM glutathione was added to
the GST experiments.
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epithelium of the dorsal meatus. The olfactory mucosa
nearest to these exudates was often atrophied with a dis-
tinct loss of the normal cellular organisation present in
this tissue. The Bowman’s glands were also focally
decreased in a number in these areas (Fig. 3). All of these
changes were seen in varying degrees of severity in all
exposed mice, and in seven out of 10 animals the changes
were described as either moderate or marked. Tissues of
levels 1 and 2 of the nasal passages were not affected by
exposure to 160 ppm styrene. The nasal passages of all of
the mice given 5-phenyl-1-pentyne preceding exposure to
160 ppm were histologically normal (Fig. 3).
Administration of 5-phenyl-1-pentyne alone to control
mice did not induce any effects in the nasal passages.

Mice given 40 ppm styrene were largely unaffected by
exposure although one animal showed a minimal atrophy
of the olfactory mucosa in the level 4 section. The nasal
passages of mice given a combination of 5-phenyl-l-pen-
tyne followed by a 3 day exposure period to 40 ppm
styrene were normal in appearance.

4. dISCuSSIon

Styrene, in common with a significant number of chemi-
cals, is toxic to the nasal epithelium of rats and mice
when inhaled [19]. The nasal toxicity of chemicals in
rodents is usually attributed to the high concentrations of
metabolising enzymes, including cytochromes P-450,
found in this tissue, particularly in the olfactory region
[19]. The presence of these enzymes has been associated
with the highly developed olfactory sense of rodents
[33,34], a functionality which has, compara tively, been
largely lost in humans. Consistent with this, the metabol-
ic capacity of the human nasal tissues is generally signifi-
cantly less than that of rodents [35-37]. Other factors such
as air flow patterns in the nasal passages also differ
between species and may influence the toxicity of inhaled
chemicals [38]. However, although generalisations may
be made, there is little or no specific knowledge of the
risks to humans from exposure to industrial chemicals
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table 2

The metabolism of styrene oxide by epoxide hydrolases in rat, mouse and human nasal microsomal fractions

Species/tissue Styrene oxide isomer Km (mM) Vmax (nmol/min/mg protein)

A. Mouse and rat 

Mouse olfactory R 0.05 ± 0.01 2.02 ± 0.22

S 0.04 ± 0.01 2.17 ± 0.10

Mouse respiratory R 0.01 ± 0.00 0.81 ± 0.03

S 0.03 ± 0.01 1.76 ± 0.22

Rat olfactory R 0.04 ± 0.01 22.51 ± 1.97

S 0.04 ± 0.01 15.99 ± 1.77

Rat respiratory R 0.02 ± 0.01 2.81 ± 0.23

S 0.07 ± 0.01 5.49 ± 0.47

Human Vi (nmol/min/mg) a

Sample number R S

009 1.83 1.63

013 4.55 3.80

014 1.43 0.88

017 5.56 5.67

022 2.03 1.06

023 4.21 1.38
a Initial velocity measured at a substrate concentration of 0.05 mM. Estimates of Km and Vmax are mean ± standard error cal-
culated by non-linear regression analysis of the initial velocity on the substrate concentration.
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such as styrene. Partly, this is due to the availability and
difficulties of working with human nasal tissues. The
data obtained in this paper is relatively unique in that it
was obtained using fresh human nasal tissue, rather than
cadaver tissue or polyps.

A number of isoforms of cytochrome P-450 have been
shown to metabolise styrene including CYP2E1, CYP2B1,
CYP1A1/2, CYP2C11 and CYP2F2 in rodent tissues and
CYP2E1, CYP2B6 and CYP2F1 in human tissue [6-9]. Of
these, the two major isoforms responsible for the oxida-
tive metabolism of styrene to styrene oxide are reported
to be cytochromes P-450 CYP2E1 and CYP2F2 [6,7]. A
critical role for these two enzymes was confirmed in the
present study when inhibiting their activity prevented
the development of a lesion in the nasal tissues of mice
exposed to styrene. The metabolism of styrene in nasal
tissues gave a styrene oxide isomer ratio (R:S) approach-
ing 3:1. Using purified CYP2E1 the R:S ratio was <0.5:1,
suggesting that styrene is metabolised predominantly by
CYP2F2 to the R isomer in rodent nasal tissues. The rates
of metabolism in rat and mouse olfactory tissues were
similar, and higher than those seen in the liver, whereas
the rates in respiratory tissue were approximately half
those in the olfactory region and comparable to those in
the liver. Although the high metabolic activity explains
the sensitivity of the rat and mouse nasal epithelium to
styrene induced toxicity, the greater sensitivity of the
mouse [1] is not reflected by these metabolic rates. This
may be explained when the metabolism of styrene oxide
in the two species is considered. Styrene oxide is much
more efficiently metabolised (detoxified) by both epoxide
hydrolases and glutathione S-transferases in rat than
mouse nasal tissues. Both enzymes are highly expressed
in rat olfactory tissues compared to the respiratory region
or to either nasal region in the mouse. As a result, styrene
oxide will be cleared far quicker in rat nasal tissues than
in the mouse, thus reducing the toxicological conse-
quences of the formation of this reactive epoxide in the
rat. Increased expression of the epoxide hydrolases in rat
tissues compared to mouse is well established for a num-
ber of tissues and substrates [39,40].

Exposure of mice to styrene at 160 ppm induced
changes in the nasal passages which were specific for the
olfactory epithelium in the region of the dorsal meatus.
Although olfactory epithelium was present throughout
the dorsal and ventral parts of levels 3 and 4, with some
also being present in level 2, only specific regions of olfac-
tory tissue were targeted by exposure to the high level of
styrene. The olfactory mucosa was more sensitive to the
effects of styrene exposure than were the Bowman’s
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fIguRe 3 

The morphology of the mouse olfactory nasal epithelium
following exposure to styrene with and without prior treat-
ment with 5-phenyl-1-pentyne, a cytochrome P-450
inhibitor. (a) Control olfactory epithelial mucosa from the
tip of an endoturbinate at level 4 of mouse nasal tissue.
Haematoxylin and eosin stained section; x 400. (b)
Olfactory epithelial mucosa from the tip of an endoturbinate
at level 4 of mouse nasal tissue following exposure to 160
ppm styrene for 3 days. The mucosa is thin due to loss of
cells and an exudate composed of dead cells is present in
the airway adjacent to the mucosa. Haematoxylin and
eosin; x 400. (c) Olfactory epithelial mucosa from the tip
of an endoturbinate at level 4 of mouse nasal tissue
following dosing with 100 mg/kg 5P1P and exposure to
160 ppm styrene for 3 days. The mucosa has the same
appearance as that in the control mouse nasal passages.
Haematoxylin and eosin; x 400.

(a)

(b)

(c)
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glands although these too were affected where mucosal
effects were more severe. The cellular exudate, present in the
airways of the dorsal meatus, was considered, by virtue
of the evidence of olfactory mucosal atrophy, to represent
the desquamated remnants of damaged olfactory mucosa.
No obvious loss of nerve bundles was observed in the
sub-mucosal tissue in the regions of the olfactory dam-
age. The regional and tissue specific effects of styrene,
reported in this study, are similar to those reported previ-
ously for CD-1 mice and for CD and F344 rat [41,42].

5-phenyl-1-pentyne, although reported as an inhibitor
of CYP2F2, was also active against CYP2E1 and was
therefore the inhibitor of choice for the in vivo study. Pre-
dosing of mice with this inhibitor was effective in pre-
venting the nasal lesions induced by styrene. This is good
supporting evidence that a metabolite of styrene is
responsible for the nasal toxicity and supports the con-
cept that differ ences in metabolic rates between rodents
and humans should be taken into account when assess-
ing the potential toxicity of styrene to human nasal tissues.

Metabolism of styrene to its oxide could not be detect-
ed in human nasal tissue fractions. Similarly, glutathione
S-transferase metabolism of styrene oxide could not be

detected even though the same tissues were able to
metabolise 1-chloro-2,4- dinitrobenzene, a broad spec-
trum substrate for the glutathione S-transferases.
Epoxide hydrolase activity in human nasal tissue was,
however, high (0.881-5.667 nmol/min/mg) and compara-
ble to that in the mouse. Since the conversion of styrene
to its oxide did not exceed 0.04 nmol/min/mg protein,
the limit of detection of the assay, it seems probable that
any styrene oxide formed in humans would be rapidly
cleared by the comparatively high epoxide hydrolase
activity. Based on a comparison of the activation and
deactivation rates (of styrene and styrene oxide) humans
are similar to the rat where deactivation rates greatly
exceed activation rates. Since the NOEL for toxicity to the
rat nasal tissues was 500 ppm in the 13 week study of
Cruzan et al. [1], it is seems highly unlikely that styrene
will be cytotoxic to human nasal epithelium under occu-
pational exposure conditions.
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table 3

The metabolism of styrene oxide by glutathione S-transferases in rat, mouse and human nasal cytosol fractions

Species/tissue Styrene oxide isomer Km (mM) Vmax (nmol/min/mg protein)

Mouse olfactory R 0.05 ± 0.01 34.59 ± 3.68

S 0.06 ± 0.02 17.32 ± 2.99

Mouse respiratory R 0.03 ± 0.02 11.32 ± 2.56

S 0.04 ± 0.03 6.07 ± 1.60

Rat olfactory R 0.06 ± 0.02 109.25 ±  17.29

S 0.07 ± 0.01 70.41 ± 5.92

Rat respiratory R 0.06 ± 0.01 24.07 ± 2.18

S 0.07 ± 0.02 22.71 ± 3.45

Vi (nmol/min mg) a

Human-009 R — 0.37

S — 1.42

Human 013-023 b R and S 0.00 0.00

a Vi measured at a substrate concentration of 0.05 mM.
b No detectable rate in samples 013, 014, 017, 022, 023.
Estimates of Km and Vmax are mean (standard error calculated by non-linear regression analysis of the initial velocity on the
substrate concentration.
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form specific DNA adducts and induce the
tumors observed in mice. To determine
DNA adducts in specific tissues and cell
types, rats and mice were exposed to 160
ppm [ring-U-14C]styrene by nose-only
inhalation for 6 h in a recirculating expo-
sure system. Liver and lungs were isolated
0 and 42 h after exposure. Fractions
enriched in Type II cells and Clara cells
were isolated from rat and mouse lung,
respectively. DNA adduct profiles differed
quantitatively and qualitatively in liver,
total lung, and enriched lung cell fractions.
At 0 and 42 h after exposure, the two iso-
meric N7-guanine adducts of SO (mea-
sured together, HPEG) were present in
liver at 3.0 ± 0.2 and 1.9 ± 0.3 (rat) and 1.2 ±
0.2 and 3.2 ± 0.5 (mouse) per 108 bases.
Several other, unidentified adducts were
present at two to three times higher con-
centrations in mouse, but not in rat liver. In
both rat and mouse lung, HPEG was the
major adduct at ~1 per 108 bases at 0 h, and
these levels halved at 42 h. In both rat Type
II and non-Type II cells, HPEG was the
major adduct and was about three times
higher in Type II cells than in total lung.
For mice, DNA adduct levels in Clara cells
and non -Clara cells were similar to total
lung. The hepatic covalent binding index
(CBI) at 0 and 42 h was 0.19 ± 0.06 and 0.14
± 0.03 (rat) and 0.25 ± 0.11 and 0.44 ± 0.23
(mouse), respectively. The pulmonary
CBIs, based on tissues combined for 0 and
42 h, were 0.17 ± 0.04 (rat) and 0.24 ± 0.04
(mouse). Compared with CBIs for other
genotoxi cants, these values indicate that

Reprinted with permission from
Toxicological Sciences 57, 203-216 (2000)

Bronchiolo-alveolar tumors were observed
in mice exposed chron ically to 160 ppm
styrene, whereas no tumors were seen in
rats up to concentrations of 1000 ppm.
Clara cells, which are predominant in the
bronchiolo-alveolar region in mouse lungs
but less numerous in rat and human lung,
contain various cytochrome P450s, which
may oxidize styrene to the rodent carcino-
gen styrene-7,8-oxide (SO) and other reac-
tive metabolites. Reactive metabolites may
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styrene has only very weak adduct- forming potency. The
overall results of this study indicate that DNA adduct for-
mation does not play an important role in styrene tumori-
genicity in chronically exposed mice.

Styrene is an important industrial chemical used for the
production of reinforced plastics and various polymers.
Re view of 11 long-term toxicity studies to evaluate the
carcino genic potential of styrene led to the conclusion
that there was no convincing evidence of carcinogenic
activity of styrene in animals, although some of the studies
were considered inade quate (McConnell and Swenberg,
1994). Recent state-of-the -art carcinogenicity studies in
CD-1 mice and Sprague-Dawley rats exposed to styrene
for 2 years via inhalation
revealed an increased
incidence of masses in
the bronchiolo-alveolar
re gion in the lungs of
mice exposed to 160 ppm
styrene, but no increases
in tumor incidence in rats
exposed to up to 1000
ppm styrene (Cruzan et
al., 1998, in press).

In 1994, IARC con-
cluded that there was
inadequate evi dence in
humans and limited evi-
dence in experimental
animals for the carcino-
genicity of styrene.
Nevertheless, styrene was
classified as a Type 2B car-
cinogen, i.e., a possible
human carcinogen, because
it is extensively metabo-
lized in human and ani-
mal tissues to the geno-
toxic metabolite styrene-
7,8-oxide (SO) (IARC,
1994a,b). However, the
concentration of SO or
other reactive metabolites
available for macromole-
cular bind ing will be the
net result of formation
and subsequent detoxi -
fication reactions. SO is
rapidly detoxified to
more water soluble com-

pounds and excreted in the urine. In this study, approxi-
mately 95% and 85% of the styrene retained upon inhala-
tion was excreted as urinary metabolites by rats and
mice, respectively (Boogaard et al., 2000). As depicted in
Figure 1, important routes of detoxification of SO are
gluta thione conjugation, eventually leading to the uri-
nary excretion of the corresponding mercapturic acids,
and epoxide hydroly sis, eventually leading to the urinary
excretion of mandelic, phenylglyoxylic, and hippuric
acid. Quantitatively, the gluta thione pathway was equal-
ly important in rats and mice, ac counting for about a
quarter of the total urinary metabolites in the present
study (data not shown), whereas the EH pathway
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fIguRe 1

Proposed scheme for the metabolism of styrene.
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accounted for 63% and 31% of total urinary metabolites
in rats and mice, respectively. The excretion of phenylace-
turic acid, probably derived from phenylacetaldehyde,
was also an important pathway in mice, accounting for
22% of the total urinary metabolites, whereas in rats
phenylaceturic acid accounted for only 3% of the total
urinary metabolites.

In some cases lung selective injury is simply related to
the levels of toxicant reaching the respiratory tract. The
apparent levels of microsomal cytochrome P450
monooxygenases in both animal and human lungs are
less than 10% of those present in the liver (Bond, 1993).
Nevertheless, the highly focal localization of these
enzymes to only a few of the many cell types within the
lung predisposes these cells to a dispro portionate suscep-
tibility to chemicals that undergo metabolic activation.
This may also apply to styrene, as metabolic acti vation to
SO has often been considered to be responsible for its car-
cinogenic effects (Phillips and Farmer, 1994).
Alternatively, ringoxidation of styrene or SO (see Fig. 1),
catalyzed by specific isoforms of cytochrome P450, which
might subse quently lead to reactive ringopened prod-
ucts, might explain the susceptibility differences.
Evidence for pathways involving ringopening of styrene,
accounting for up to 10% of the me tabolism of styrene in
mice but almost absent in rats, has been reported
(Sumner et al., 1995).

Clara cells in mouse lung and Type II cells in rat lung
are considered to be responsible for a significant propor-
tion of the oxidative metabolizing capacity of this tissue
(Pinkerton et al., 1997). Clara cells, the target cells for
styrene-induced pneumotoxicity (Cruzan et al., 1997), are
a predominant cell type in mouse lung but not in rat
lung. In human lung, nonciliated cells are present in the
bronchiolar epithelium, but the morphology of these cells
differs significantly from the Clara cell morphol ogy seen
in rodents. The most striking difference is the low propor-
tion of agranular endoplasmatic reticulum, which ac -
counts for 55 ± 8% and 66 ± 10% of the cellular compo-
nents in mouse and rat Clara cells, but for only 3.1± 3.5%
in human nonciliated bronchiolar epithelial cells
(Pinkerton et al., 1997). Therefore, an important question
to answer is whether the effects of styrene observed in
mouse lungs are relevant for humans. In the mechanistic
studies described here, we inves tigated the covalent
binding of styrene metabolites to DNA in mouse Clara
cells and in rat Type II cells to provide informa tion to
assist in understanding the causes of the sensitivity of the
mouse to the effects of styrene and help determine the
relevance of the effects in mice for human risk assess-

ment. In the past, in vivo experiments with radiolabeled
styrene and SO demonstrated in rodents that both com-
pounds cause a low level of DNA binding (reviewed by
Phillips and Farmer, 1994). Following ip administration of
styrene, the two regio-isomers of the N7-guanine alkylation
product of SO, N7-(2-hydroxy- 1-phenylethyl)guanine
and N7-(2-hydroxy-2-phenylethyl)gua nine (HPEG), were
the main DNA adducts formed, whereas the correspond-
ing N2- and O6-guanine adducts were formed in much
lower concentrations (Byfält-Nordqvist et al., 1985; Pau -
wels et al., 1996). In vitro reactions of SO with DNA or
nucleosides also results in HPEG as the major adduct, but
several other minor adducts, such as the N2- and O6-gua-
nine and the N6-adenine adducts of SO, were also found
(reviewed by Phillips and Farmer, 1994, and Segerbäck,
1994). To the best of our knowledge, adducts from styrene
metabolites other than SO have never been reported. In
the present study, styrene with a high specific radioactivi-
ty was used, which enabled detection of DNA adducts
without any preselection at a level of approximately one
adduct per 108 nucleotides in a sample of 1 mg DNA.

MateRIalS and MetHodS

Safety
Styrene (CAS no. 100-42-5) is a flammable, toxic agent.
Ventilation, both local and general, must be utilized as
necessary to minimize exposure to styrene. Minimum
standard protective apparel and equipment for work
with styrene includes disposable, chemical-resistant
gloves, laboratory coats, and safety glasses with side
shields. Personnel transferring styrene must also wear a
respirator and must use containers that are electrically
grounded to transfer the styrene.

Chemicals
For the pilot studies, [ring-U-14C]-styrene with a specific
radioactivity of 55.2 Ci/mol (2.04 TBq/mol) and a
radiopurity of 96% (major contaminant 4% 14C-benzalde-
hyde) was prepared as described elsewhere (Boogaard et
al., 2000). For the inhalation studies [ring-U-

14

C]-styrene
with a specific radioactivity of 52 Ci/mol (1.92 TBq/mol)
was prepared in two batches as described elsewhere
(Boogaard et al., 2000). Chemical purity was > 96%.
Radiochem ical purities were 96.8 and 96.7%, the major
contaminant being 3.0 and 3.2% [ring-U-14C]-benzalde-
hyde for the first and second batch, respectively.

The diastereomers of N7-2-hydroxy-1-phenylethyl-2’-
deoxyguanosine 3’- monophosphate were a gift from Dr.
K. Hemminki (Finnish Institute of Occupational Health,
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Helsinki, Finland).  Guanidinium hydrochloride, N-[2-
hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]
(HEPES), 3-[N-morpholino]propanesulphonic acid
(MOPS), sodium chloride, sodium edetate dihy drate,
sodium hydroxide, TRIS base, Triton-x100, and Tween-20
were all molecular biology grade (DNase-free) and pur-
chased from Sigma (Sigma -Aldrich. Zwijndrecht, The
Netherlands). Acid phosphatase (Type I, from wheat
germ), adenosine, adenosine 5’-monophosphate mono-
hydrate (AMP), alkaline phosphatase (Type III, from
Escherichia coli), benzaldehyde (BA), calf thymus DNA
(Type I), corn oil, crystalline trypsin (Type I, from bovine
pancreas), guanosine, Harris hematotoxylin, HEPES and
phosphate-buffered saline (HEPES-PBS), methylene
green, N7-methylcytosine, N7-methylgua nine. Percoll,
reduced β-nicotinamide adenine dinucleotide phosphate
tetraso dium salt (NADPH), and venom phosphodi-
esterase I (Type VII, from Crotalus atrox), were purchased
from Sigma. Benzoic acid, mandelic acid, N3-methyl -
adenine, 1-phenylethanol, 2-phenylethanol, 1-phenyl-1,2-
ethanediol were from Aldrich (Sigma-Aldrich). Nuclease
P1 (from Penicillium citrinium) was purchased from ICN
Biomedicals (Zoetermeer, The Netherlands). Nitrotetra -
zolium blue and methanol (Lichrosorb, HPLC grade)
were obtained from Merck (Darmstadt, Germany),
deoxyribonuclease I (DNase I, Grade II, from bovine pan-
creas) was obtained from Boehringer Mannheim
(Mannheim, Germany), n-pentane (> 99.5%) and lithium
heparin were obtained from Fluka (Buchs, Switzerland)
and styrene oxide (SO, > 97%) was obtained from Riedel
de Haën (Seelze, Germany). All other chemicals were of
the highest purity available.

Adduct Syntheses
Reaction of styrene-7,8-oxide (SO) with guanosine  N7-(2-
hydroxy-1-phenylethyl)guanine and N7-(2-hydroxy-2-
phenylethyl)guanine were prepared as a mixture of two
regio-isomers (HPEG; see Fig. 2) from guanosine and SO
as described earlier (Pauwels and Veulemans, 1998).
HPLC analysis (System A) showed two adducts, with
retention times of 25.9 and 26.9 min, for which the UV
spectra were typical for N7-guanine adducts: λmax = 284
nm, λmin = 260 nm (first peak, diastereomeric N7-(2-
hydroxy-1-phenylethyl)guanines) and 262 nm (second
peak, diastereomeric N7-(2-hydroxy-2-phenylethyl)gua -
nines), λshoulder = 248 nm. The two diastereomeric adduct
pairs were isolated and purified by semipreparative
HPLC (System B). The UV spectra (Lambda 16, Perkin
Elmer, Norwalk, CT) showed λmax 280 nm, λmin 258 nm in
0.1 M NH4OH, λmax 282 nm, λmin 263 nm in 0.1 M
TRIS/HCl pH = 7.4, and λmax 251 nm, λmin 233 nm in 0.1 M
HCl, which are strongly indicative for HPEG (Byfält
Nordqvist et al., 1985; Savela et al., 1986). Further identifi-
cation was by LC-MS and 1H-NMR. LC-MS showed a
molecular ion peak at m/z 272 (MH+) for both adducts.
The spectrum for N7-(2-hydroxy-2-phenylethyl)guanine
showed one additional peak at m/z 152, corresponding
to protonated guanine. No further fragmentation details
were seen. The adducts were dissolved in perdeuterated
dimethylformamide for 1H-NMR: δ 8.09 (1H, s, N1-H),
7.95 (1H, s, C-8 H), 7.58, 7.40 (5H, m,C6H5), 6.69, (2H, br,
NH2), 5.21, 5.19 (1H, dd, CH), 4.62, 4.59 (1H, dd, CH2),
4.37, 4.30 (1H, dd, CH2). The observed splitting pattern at
δ 5.20, 4.60, and 4.32 ppm was typical for an ABx-system
(JAB = 13 Hz, JBx = 9 Hz, JAx = 3.5 Hz) corresponding to the
structure of a hydroxyethylphenyl adduct. N7-(2-
hydroxy-1-phenylethyl)guanine was also prepared by
neutral thermal hydrolysis (vide infra) of the two diastere-
omeric N7-(2-hydroxy-1-phenylethyl)-2’-deoxyguanine
3’-monophosphate adducts that were obtained from Dr.
Hemminki. Both diastereomers co-eluted with the syn-
thesized N7-(2-hydroxy-1-phenylethyl)guanine and
showed the same char acteristics in UV and MS as the
synthesized product. The diastereomeric mixtures of N7-
(2-hydroxy-1-phenylethyl)guanine and N7-(2-hydroxy-2-
phe nylethyl)guanine (HPEG) were used as nonlabeled
reference standards throughout the study.

A small portion of the reaction product of guanosine and
SO was not hydrolyzed with hydrochloric acid, but directly
analyzed by HPLC (System C). The UV trace showed sever-
al peaks at λ = 254 nm, representing the various diastere-
omers of the guanosine adducts of SO. Analysis of the
peaks with UV indicated that the peak with a retention
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Structure of HPEG, a mixture of N7-(2-hydroxy-1-
phenylethyl)  guanine and N7-(2-hydroxy-2-phenylethyl)
guanine, the two stereoisomers of the N7-guanine adduct
of styrene-7,8-oxide. *represents a chiral carbon atom.
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time of 30.2 min represented most likely the N2-hydrox-
yethylphenylguanosine isomers. The peak was isolated
and analyzed with UV and LC-MS. The UV spectra for
the adduct showed the following characteristics: in 0.1 M
NH40H λmax 257 nm and λmin 281 nm, in 0.1 M TRIS/HCl
(pH = 7.4) λmax 269 nm, and in 0.1 M HCl λmax 267 nm. LC-
MS analysis showed a single large peak at m/z 272
(MH+), confirming the attribution as the N2-guanine
adducts of SO to the isolated product.

Reaction of styrene-7,8-oxide (SO) with adenosine. Adenosine
was sus pended in water:ethanol (1:1). The mixture was
heated to 50°C; after addition of a 10-fold molar excess of
SO, the solution was stirred for 24 h at 50°C. After cooling
to room temperature, the solvent was evaporated. The
white residue was suspended in 0.1 M HCl and refluxed
for 1 h at 100°C. After cooling to room temperature, the
mixture was neutralized with 1M KOH and the solvent
evaporated. The resulting yellow solid was suspended in
acidified water and filtered over a P3 glass filter. The fil-
trate was applied to a Sep-PAK solid-phase extraction
cartridge (Baker, Phillipsburg, NJ), by-products were
removed by washing with 10% methanol, and the
adducts were eluted with 60% methanol. The solvent was
evaporated to give a white solid. HPLC analysis (System
C) of this solid showed two sharp peaks at λ = 254 nm,
with retention times of 33.0 and 34.6 min. Both adducts
were isolated and purified by semipreparative HPLC
(System B). Further identification was by LC-MS and UV
analysis (diode array spectrometer). The UV spectra for
the first peak showed λmax 268 nm, λmin 233 nm (in 0.1 M
NH4OH); λmax 275 nm, λmin 235 nm (in 0.1 M TRIS/HCl pH
= 7.4); λmax 269 nm, λmin 231 nm (in 0.1 M HCl). LC-MS
analysis showed the molecular ion peak at m/z 256
(MH+). Both adducts showed one additional fragment in
the spectrum at m/z 136, corresponding to the protonat-
ed adenine ion. Based on UV and LC-MS evidence, the
two adduct peaks were identified as N6-(2-hydroxy-1-
phenylethyl)adenine and N6-(2-hy droxy-2-phenylethyl)
adenine.

Reaction of SO with single-strand calf thymus DNA. Double-
strand calf thymus DNA was slowly heated in TRIS/HCl
buffer (pH 7.40) and then rapidly cooled to obtain single-
strand DNA, which was subsequently reacted with 10-
fold molar excess of SO at 37°C for 48 h. The DNA was
extracted, purified, and subjected to neutral thermal
hydrolysis. Depurination products were isolated by
ultrafiltration and analyzed by HPLC-UV and LC-MS.
The two major adducts (accounting for 90% of the total)

were the diastereomeric mixtures of N7-(2-hydroxy-1-
phenylethyl)guanine and N7-(2-hydroxy-2-phe -
nylethyl)guanine.

Reaction of benzaldehyde (BA) with calf thymus DNA.
Double-strand calf thymus DNA (90.7 mg) was dissolved
overnight in 25 ml 10 mM TRIS/HCl buffer (pH 7.40). A
10-fold molar excess of BA (281 µl) was added in 10 ml
ethanol, and the mixture was incubated at 37°C for 24 h.
The excess BA was extracted twice with 30 ml n-pentane
followed by a single extraction with 30 ml diethyl ether,
then with 30 ml n-pentane. The DNA was isolated from
an aliquot of the extracted reaction mixture by micro-
ultrafiltration through a filter with a molecular weight
cutoff of 10,000 daltons (Microcon-10, Amicon, Etten-
Leur, The Netherlands). The residual DNA was dissolved
in purified water and subjected to neutral thermal
hydrolysis (NTH) and subse quent micro-ultrafiltration
through a filter with a molecular weight cutoff of 3000
daltons (Centricon-3). The filtrate was analyzed by HPLC
(System C) and LC-MS.

Reaction of benzaldehyde (BA) with adenosine 5’-monophos-
phate (AMP). AMP (125 mg) was dissolved in 10 ml 10
mM TRIS/HCl buffer (pH 7.40) and 10 ml ethanol. A 10-
fold molar excess BA (367 µl) was added, and the mixture
was incubated for 24 h at 37°C. After the reaction was
completed, the mixture was extracted three times with 30
ml n-pentane to remove any remaining BA. The extracted
aqueous mixture was then subjected to NTH and subse-
quently analyzed by HPLC (System C) and LC-MS.

High-Performance Liquid Chromatography (HPLC)
System A.    Apparatus: HP1100 liquid chromatograph
with UV detection (λ = 254 nm) (Hewlett Packard,
Amstelveen, The Netherlands) and on-line UV scanning
over the range λ = 200-300 nm (Rapiscan SA 6508 multi-
ple wavelength detector, Severn Analytical, Shefford,
UK). Column: Beckman Ultrasphere (Fullerton, CA), 3
µm ODS, 250 x 4.6 mm. Eluent: purified water (A) and
methanol (B). Flow: 1.0 ml/min. Gradient: 0-30 min, lin-
ear increase from 6 to 50% B; 30-50 min 50% B.

System B.    Apparatus: HP1100 liquid chromatograph with
UV detection (λ = 254 nm) (Hewlett Packard,
Amstelveen, The Netherlands). Column: Macherey-Nagel
(Düren, Germany), 7 µm ODS, 250 x 10.0 mm. Eluent:
purified water (A) and methanol (B). Flow: 3.5 ml/min.
Gradient: 0-30 min, linear increase from 6 to 30% B; 30-50
min 30% B.
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System C.    Apparatus: Shimadzu Class VP liquid chro-
matograph equipped with SPD-10Avp variable wave-
length detector set at λ = 254 nm, FRC-l0A fraction collec-
tor (Shimadzu, Kyoto, Japan), and a Ramona 2000 on-line
radioactivity detector (Raytest, Straubenhardt,
Germany). Column: Beckman Ultrasphere, 3 µm ODS,
250 x 4.6 mm. Eluent: 50 mM ammonium formate pH 5.1
(A) and methanol (B). Flow: 1.0 ml/min. Gradient: 0-30
min, linear increase from 0 to 50% B; 30-40 min 50% B.

Liquid Chromatography-Mass Spectrometry (LC-MS)
LC-MS analyses were performed using a HP 1050 liquid
chromatograph with UV detection (λ = 254 nm) coupled
to a Micromass Quattro quadrupole mass spectrometer.
Electrospray was used as the LC-MS interfacing and ion-
ization technique (positive ions). The scan range was 100-
1500 Dalton with 0.5 scan/s. The chromatographic condi-
tions (column, eluent, flow, and gradient) were identical
to those of System C.

Liquid Scintillation Counting (LSC)
Radioactivity in solutions was measured using TriCarb
2200 CA liquid scintillation counters (Canberra Packard,
Groningen, The Netherlands) in antistatic scintillation
vials with 10 volumes of Ultima Gold scintillation cock-
tail (Canberra-Packard). The machine was calibrated
using a commercial 14C internal standard kit for organic
solvents (Wallac, Turku, Finland). The calibration was
checked daily by counting a set of quenched standards
com mercially prepared in sealed glass vials. Counting
efficiency was determined using the spectral index of the
internal standard (SIE), and cpm values were automati-
cally transformed to dpm. Samples were corrected for
background. Individual samples were counted for at least
60 min; samples with low activity were counted for up to
360 min each in order to obtain a relative standard devia-
tion of less than 0.05.

Animals
Pilot studies.    Male Sprague-Dawley rats and CD1 mice, 8
and 10 weeks of age, respectively, were purchased from
Harlan (Horst, The Netherlands) and acclimatized for at least
1 week. The animals were housed in macrolon cages with
hardwood bedding and had free access to food (MRH-B,
Hope Farms B.V., Woerden, The Netherlands) and tap water
in a climate-controlled room (relative humidity 55%, tem-
perature 21 ± 1°C) on a 12 h light-dark cycle. The pilot
studies were conducted according to the Dutch law on
Experimental Animals and were approved by the Ethical
Committee for Animal Studies (DEC) of Leiden University.

Inhalation studies. Male Sprague-Dawley rats and CD1
mice were pur chased at the age of 9-10 weeks from
Charles River Co. (Raleigh, NC). The animals were
housed according to standard animal care procedures
with free access to food (NIH-07, Zeigler Brothers,
Gardner, PA) and tap water in a climate-controlled room
(relative humidity 55%, temperature 22 ± 2°C) on a 12 h
light-dark cycle. This study was approved by the
Institutional Animal Care and Use Committee and was
performed in accordance with the declara tion of Helsinki
and the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the U.S.
National Institutes of Health. Following acclimatization,
the rats were used at an age of approximately 12 weeks (~
350 g) and the mice at the age of 10-12 weeks (~ 30 g). The
animals were exposed to a target concentration of 160
ppm 14C-styrene (0.34 Ci/m3; 12.6 GBq/m3) using a recir-
culating nose-only exposure system with concurrent col-
lection of 14C volatile organics and 14CO2 as described in a
companion paper (Boogaard et at., 2000). Twelve rats
were exposed. The actual exposure concentration was 159
± 3 ppm 14C-styrene for 6 h. Separate inhalation experi-
ments were conducted on each group of 30 mice. The
actual styrene concentrations were 160 ± 3 and 158 ± 5
ppm, respectively. In addition, two rats and five mice
served as controls and did not receive treatment. Six rats
were killed immediately after the exposure; the other six
rats were transferred to metabolism cages and were
killed 42 h later. Total lung was isolated from one rat from
each of those two groups. Specific lung cells were isolated
from the other animals. The two mouse exposure experi-
ments were identical. From each experiment 15 mice
were killed immediately after exposure; total lungs were
harvested from two animals, whereas specific lungs cells
were isolated from the other animals. The other 15 mice
were transferred to metabolism cages and killed 42 h
later. Total lung was taken from two mice, and specific
lung cells were prepared from the remaining animals.

Pilot Studies
The methods used for lung cell isolations were based on
published methods for Clara cell isolation from mouse
lungs (Oreffo et al., 1990) and Type II cells from rat lungs
(Clouter and Richards, 1997; Richards et al., 1987). A
series of pilot studies was carried out. The first pilot stud-
ies were aimed at optimization and simplification of the
mouse Clara cell isolation procedure and led to the proce-
dure described below. In a second set of pilot studies, we
investigated whether exposure to styrene affected the
results of the isolation procedures of Clara and Type II
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cells in terms of yield and purity. Styrene dissolved in
corn oil was administered to five rats (weights varied
from 310 to 375 g) and five mice at a concentration of 200
mg/kg body weight. Weights varied from 32 to 39 g.
Control animals received only the vehicle (2 and 5 ml
corn oil per kg body weight for rats and mice, respective-
ly). Lung cells were isolated 5-7 h after treatment using
the procedures described below. A third pilot study was
carried out to assess the sensitivity of the detection meth-
ods, i.e. to determine the number of animals needed in
the main study with respect to the specific radioactivity
of the styrene. Two male Sprague-Dawley rats (weight
250 g) and 10 male CD-1 mice (weights from 26-37 g)
were given [ring-14C]-styrene with a specific radioactivity
of 17.9 Ci/mol (0.66 TBq/mol), prepared from styrene
with a specific radioactivity of 55.2 Ci/mol by dilution
with nonlabeled styrene, dissolved in corn oil by ip injec-
tion. The styrene (150 mg) was dissolved in half a volume
DMSO (85 µl) and mixed with 2.75 ml corn oil (final con-
centration 50 mg styrene/ml). The doses were 120 and
200 mg/kg body weight for rats and mice, respectively,
the equivalent of the calculated theoretical uptake during
a 160-ppm inhalation exposure for 6 h assuming ventila-
tion rates of 250 and 45 ml/min for rats and mice, respec-
tively, and 50% retention. The animals were subsequently
housed in metabolism chambers for 48 h. Rats were
housed individually and mice in groups of five animals
per chamber. After 48 h the animals were anesthetized
with a lethal dose (1 ml/kg body weight) of pentobarbital
(60 mg/ml) in saline. Once under deep anesthe sia, the
abdominal cavity was opened, and the animals were bled
by collection of blood from the abdominal aorta. Livers
and lungs were harvested for DNA isolation, snap-frozen
in liquid N2, and stored at -80°C until analysis.

Necropsy and Lung Cell Isolation of Mice
Mice were anesthetized with a lethal dose (1 ml/kg body
weight) of a solution of pentobarbital (60 mg/ml) and
lithium heparin (300 IU/ml) in saline. Once under deep
anesthesia, the abdominal cavity was opened, and the
animals were bled. The liver and other abdominal organs
were removed without puncturing the diaphragm. The
liver was snap-frozen in liquid N2 and subse quently
stored at -80°C. The skin was removed from abdomen to
throat and the trachea exposed. A Luer cannula (no.
200/300/030, Portex Ltd., Hythe, UK) was tied into the
trachea through a small incision at its top. The
diaphragm was punctured carefully by means of a small
incision just below the xiphister num to deflate the lungs
and subsequently removed. The rib cage over the lungs

and heart was removed, and the lungs were perfused via
the pulmonary artery with PBS through the right ventri-
cle using a syringe. Excess fluid was allowed to flow out
through a cut in the left atrium. Perfusion of the lungs
was performed with concomitant ventilation through the
tracheal cannula using a syringe until they were fully
perfused from blood. The lungs and heart were then dis-
sected free from the cavity. The heart, esophagus, and
excess tissue were removed. The lungs were lavaged five
times with PBS to remove macrophages and secretions
and once with 0.25% crystalline trypsin in Solu tion I (133
mM NaCl, 10.3 mM HEPES, 5.6 mM glucose, 5.2 mM
KCl, 1.89 mM CaCl2, and 1.29 mM MgSO4 in 2.59 mM
phosphate buffer, adjusted to pH 7.40). The cells from the
combined lavage fluid fractions were collected by cen-
trifugation (2500 g for 10 min at 4°C), snap-frozen in liq-
uid N2, and stored at -80°C. Subsequently, a clean syringe
was attached to the trachea cannula, and the lungs were
filled completely with fresh 0.25% crystalline trypsin in
Solution I to expand all lobes fully. The lungs were sus-
pended in PBS kept at 37°C in a waterbath for about 20
min, during which time the trypsin solution was con-
stantly topped up. After 20 min, the lungs were trans-
ferred into a Petri dish, the trachea and main bronchi
were removed, and the parenchymal tissue was chopped
into 1- to 2-mm cubes in 1 ml fetal calf serum (FCS) and 3
ml of 0.025% (w/v) DNase I in Solution II (133 mM NaCl,
10.3 mM HEPES, 5.6 mM glucose, and 5.2 mM KCl in 2.59
mM phosphate buffer pH 7.40) per lung using two pairs
of scissors. The suspension was transferred using a serum
pipette to a 50-ml tube and inverted repeatedly for 2 min
by hand. The suspension was then sequentially filtered
through a 150-µm and a 30-µm nylon filter. Finally, the fil-
trate was centrifuged at 32 g for 6 min at 10°C to collect
Clara cells at the bottom of the tube. The supernatant was
centrifuged twice more at 32 g for 6 min at 10°C. The
three Clara cell-enriched fractions were combined,
washed with PBS, and snap-frozen in liquid N2 after tak-
ing a small sample for staining (Clara cells). The cells that
remained in the super natant were centrifuged at 1000 g
for 10 min at 4°C, washed with PBS, and snap-frozen in
liquid N2 (non-Clara cells). The frozen cells were stored at
-80°C until analysis.

Necropsy and Lung Cell Isolation of Rats
The first part of the procedure was identical to that
described for mice, except that a larger Luer cannula (no.
200/300/050) was tied in the trachea. Following lavage, a
clean syringe was attached to the trachea cannula, and
the lungs were filled completely with fresh 0.25% crys-
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talline trypsin in Solution I to expand all lobes fully. The
lungs were suspended in PBS kept at 37°C in a waterbath
for about 30 min, during which time the trypsin solution
was constantly topped up. After 30 min, the lungs were
transferred into a Petri dish, the trachea and main
bronchi were removed, and the parenchymal tissue was
chopped into 1- to 2-mm cubes in 5 ml fetal calf serum
and 15 ml 0.025% (w/v) DNase I in Solution II per lung
using two pair of scissors. The suspen sion was trans-
ferred using a serum pipette to a 50-ml tube and shaken
by hand for 4 min in a water bath at 37°C. The suspension
was subsequently filtered through a 150-µm and a 30-µm
nylon filter. Ten milliliters of a heavy Percoll solution
(1.089 g/l), prepared by mixing 1.0 ml of a 10x concen-
trated Solution I, 100 µl of fetal calf serum, 6.5 ml Percoll,
and 2.4 ml purified water, was brought into a 50-ml tube.
Ten ml of a light Percoll solution (1.040 g/l), prepared by
mixing 1.0 ml of a 10 times concentrated Solution I, 100 µl
of fetal calf serum, 2.7 ml Percoll, and 6.2 ml purified
water, was carefully layered on top. The crude cell sus-
pension was layered on top of the light Percoll solution
and centrifuged at 250 g for 20 min at 10°C. Type II cells
gathered at the intersection of the heavy and light Percoll
solution. The Type II cell-enriched fraction was collected,
washed with PBS, and snap-frozen in liquid N2 after tak-
ing a small sample for staining (Type II cells). The Percoll
solutions were diluted with an equal volume of PBS, and
the remaining cells, depleted from Type II cells, were cen-
trifuged at 1000 g for 10 min at 4°C, washed with PBS,
and snap-frozen in liquid N2 (non-Type II cells). The
frozen cells were stored at -80°C until analysis.

Staining
The mouse Clara cell or rat Type II cell fractions were
diluted with three volumes of a 4% (w/v) solution of
bovine serum albumin in PBS and centri fuged at 600 rpm
for 5 min against the surface of a glass slide using a
Cytospin (Shandon Instruments, Pittsburgh, PA). The
preparations of Clara cells were air fixed and incubated
at 37°C with a drop of a 0.1% (w/v) solution of nitrotetra-
zolium blue in HEPES-buffered PBS and a drop of 0.1%
(w/v) NADPH solution in HEPES-buffered PBS for 5
min. The slides were drained and counterstained with 1%
(w/v) aqueous methylene green, and blue-purple (for-
mazan) cells were scored as Clara cells (NTB+) (Devereux
and Fouts, 1980). The air-fixed preparations of Type II
cells were incubated with a drop of Harris hematoxylin
for 3 min. The slides were dipped in purified water, incu-
bated with a aqueous lithium carbonate solution (1 vol-
ume of a saturated Li2CO3 solution diluted with 84 vol-

umes of purified water) for 5 min, and washed with puri-
fied water again. Cells with dark-blue granules (lamellar
bodies) were scored as Type II cells (PAP+) (Kikkawa and
Yoneda, 1974).

DNA Isolation
Lungs were pulverized in liquid N2 using a hammer mill
(6700 Freezer/Mill, Glen Creston Inc., Stanmore, UK),
liver was minced with scissors, and cells were processed
as such. Tissue or cells were homogenized using a Braun
homogenizer with 20-25 strokes at 700 rpm in an aqueous
buffer of 0.8 M guanidinium hydrochloride with RNase A
(54 U/ml) and T1 (13.8 U/ml), 0.03 M TRIS base, 0.03 M
ethhylenediaminetetraacetic acid (EDTA), 5% (w/v)
Tween-20 and 0.5% (w/v) Triton-x100, adjusted with
NaOH to pH 8.0 (approximately 50 ml/g tissue). After
addition of 1 ml proteinase K solution (400 U/ml) per
gram of tissue, the homogenized suspension was incu-
bated for 5 h at 37°C in a shaking waterbath. Following
the incubation, the suspension was stored overnight at
-80°C. Anion exchange columns (Qiagen 500/G genomic
tip) were washed with 10 ml equilibration buffer [0.75 M
NaCl in 15% aqueous ethanol with 0.15 % (w/v) Triton-
x100, buffered with 50 mM MOPS, and adjusted to pH
7.0 with NaOH], and 20 ml of the suspension was eluted
through the column by gravity. The columns were subse-
quently washed twice with 15 ml wash buffer (1.0 M
NaCl in 15% aqueous ethanol, buffered with 50 mM
MOPS, adjusted to pH 7.0 with NaOH) at room tempera-
ture. Benzoic acid, phenyl ethanol (PE), styrene glycol,
and various other metabo lites of styrene were completely
eluted from the column using this procedure. Finally, the
DNA was eluted from the columns with 15 ml elution
buffer (1.25 M NaCl in 15% aqueous ethanol, buffered
with 50 mM TRIS/HCl adjusted to pH 8.5) at 37°C. The
DNA was then precipitated by addition of half a volume
of isopropanol and collected by centrifugation at 7800 g
and 4°C for 15 min. The pellet was washed with ice-cold
70% (w/v) ethanol and centrifuged once more at 7800 g
and 4°C for 15 min. The pellet was then lyophilized and
dissolved in a small volume of purified water. In contrast
to more common DNA isolation methods based on phe-
nol/chloroform extraction or hydroxyap atite column
chromatography, which both leave minor impurities in
the DNA, the anion exchange resin method used in this
study provides highly purified DNA preparations, with-
out any protein or metabolite contamination. DNA con-
centrations were determined in aqueous solution by UV
measurements at λ = 260 and 280 nm, assuming that A260 =
20.4 for a DNA solution of 1 mg/ml. An aliquot of the
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purified DNA solution was used to determine the total
radioactivity by LSC.

Analysis of DNA Adducts
DNA was prepared for analysis by NTH (Fig. 3). The
DNA solution was heated to 95-100°C for 1 h in a

Thermomixer 5437 (Eppendorf, Hamburg, Germany),
and the released adducts were isolated by micro-ultrafil-
tration through a filter with a molecular weight cutoff of
3000 daltons (Centricon-3, Amicon). The remaining
depurinated DNA was washed from the filter and
lyophilized (Modulyo, Edwards, Crawley, UK). The dry
residue was recon stituted in a small volume of purified
water (approximately 5 mg DNA/ml). The radioactivity
in an aliquot of this solution was determined by LSC. The
depurinated DNA was reconstituted with purified water
at a concentration of about 1 mg/ml and hydrolyzed
enzymatically by subsequent treatment with an equal
volume of nuclease P1 suspension (in 100 mM bis[2-
hydroxymeth yl)imino-tris[hydroxymethyl]methane (bis-
tris) buffer pH 6.5 with 0.25 mM ZnCl2 and 2 mM MgCl2

at a final concentration 50 U/ml) for 4 h at 37°C in a shak-
ing waterbath and a mixture and alkaline phosphatase
(final concentra tion 6.0 U/ml) and acid phosphatase
(final concentration 0.4 U/ml) overnight at 37°C. The
released nucleosides were separated from the enzymes
by micro-ultrafiltration (Centricon-3) (Fig. 3). The filtrates
with released adducts or nucleosides were lyophilized,
and the residue was dissolved in the HPLC buffer con-
taining the nonlabeled reference standards and analyzed
by HPLC (System C) with on-line UV and radioactivity
detection while fractions were collected for subsequent
LSC or with MS.

For further identification of adducts, a series of refer-
ence compounds was analyzed by the same HPLC sys-
tem (System C). The methylated base adducts and 1-
phenyl-1,2-ethanediol were dissolved in 0.1 N HCl at a
concentration of 1 mg/ml. The phenethyl alcohols were
dissolved in a 1:1 mixture of 0.1 N HCl and methanol.
The standards were analyzed as such and as a 1:1 dilu-
tion with a solution of HPEG in the HPLC buffer.

Statistics
Unless otherwise indicated, values are arithmetic mean ±
SE. Comparisons for between-time and across-species
differences were tested for statistical significance using
Student’s t-test. A probability of p < 0.05 was considered
significant.

ReSultS

Pilot Studies
Published procedures for Clara cell isolation aim at
obtain ing enriched Clara-cell fractions in which the num-
ber of fibro blasts is decreased and the viability increased
at the expense of yield. The method by Oreffo et al. (1990)
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Schematic representation of the isolation and purification
of DNA and the analysis of DNA adducts. Neutral
thermal hydrolysis (NTH) releases all adducts that have
a delocalized positive charge in the aromatic ring, such
as N7-guanine or N3-adenine adducts. The released
adducts are isolated by micro- ultrafiltration. Enzymatic
digestion using nuclease P1 and phosphatases releases
all remaining adducts from the DNA backbone, such as
N1- or N6-adenine adducts. These adducts are also
isolated by micro- ultrafiltration.
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was therefore adapted, with the most important alter-
ation being the omission of the differential attachment
procedure to reduce the number of contaminating fibrob-
lasts. This adaptation resulted in higher cell numbers (1.0
± 0.1 (SE) x 106 cells/lung) than those obtained with the
original method (0.6 ± 0.2 x 106 cells/lung) with similar
purity. The adapted procedure yielded 62 µg DNA/106

cells. Because styrene is pneumotoxic, there is a possibili-
ty that certain cell characteristics such as specific density
are altered due to the exposure to styrene. Such cell alter-
ations might seriously affect the cell isolation procedures,
as they are based on specific gravity and isopycnic
centrifuga tion. However, identical numbers of Clara cells
(1.0 x 106 cells/mouse) with similar purities (60% NTB+)
and Type II cells (2.4 x 106 cells/rat; 70% PAP+) were iso-
lated from control and styrene-treated animals, indicat-
ing that the expo sure to styrene did not affect the isola-
tion procedures. Normal amounts of DNA, 1.0 ± 0.1(SE)
mg and 2.3 ± 0.3 mg DNA/g  for liver and lung, respec-

tively, were isolated from rats and mice treated with 14C-
styrene by ip administration. For both rats and mice, the
total adduct level in liver was about an order of magni-
tude higher than in lungs. From the data it was con-
firmed that the sensitivity of the method allows detection
of adducts in a 1-mg sample of DNA at a concentration as
low as 1 adduct/108 nucleotides using 14C-styrene with a
specific radioactivity of 50 Ci/mol (1.85 TBq/mol).

Inhalation Studies

Hepatic DNA adducts. DNA was isolated from livers of
rats sacrificed immediately after inhalation exposure and
42 h after cessation of exposure. DNA was also isolated
from three of the liver pools (each from five animals)
from mice killed immediately after exposure and from
three of the liver pools from mice killed 42 h after expo-
sure. The radioactivity asso ciated with the hepatic DNA
from rats killed immediately after exposure was almost
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Adduct profile following neutral thermal hydrolysis of liver DNA isolated from animals exposed to 160 ppm [ring-U-
14

C]
styrene by nose-only inhalation during 6 h. See text for details. (A) Rats killed immediately after exposure. (B) Rats
killed 42 h after exposure. (C) Mice killed immediately after exposure. (D) Mice killed 42 h after exposure.
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completely released by NTH. The major adducts were the
N7-guanine adducts of SO (HPEG) at a concentration of
3.0 ± 0.2 adducts/108 nucleotides in five of the animals
(Fig. 4A). In one rat, a different adduct profile was found
with very little of HPEG. In the livers of the rats killed 42
h after exposure, HPEG was still the major adduct, but
the concentration was lower (1.9 ± 0.3 adducts/108

nucleotides); the other adducts that were observed earlier
had decreased to very low levels or were no longer
detectable (Fig. 4B). The profile of adducts in mice was
different, showing quantitative and qualitative differ-
ences from rats. In addition, the time course of the adduct
formation was different compared to rats: immediately
after exposure, total hepatic DNA adduct levels are high-
er than in rats (Fig. 4C); 42 h later, the adduct levels have
increased considerably (Fig. 4D), whereas in rats the
adducts almost disappeared in the same time span.
HPEG, the major adduct in rats, was only a minor adduct
in mice imme diately after exposure, although the concen-
tration 42 h after exposure (3.2 ± 0.5 adducts/108

nucleotides) was higher than in rats after 42 h. In mice,
there were two major unidentified adducts immediately
after exposure that eluted at ~31 and ~37 min at concen-
trations of 2.6 ± 1.5 and 3.8 ± 1.9 adducts/108 nucleotides,
respectively (Fig. 4C). HPEG represented only 1.2 ± 0.2
adducts/108 nucleotides. At 42 h, the adduct eluting at
~37 min had increased to 8 ± 7 adducts/108 nucleotides,
whereas the other major peak had decreased (Fig. 4D). In
addition, one of the minor unidentified early eluting
peaks had increased to about 11 ± 6 adducts/108

nucleotides. In both rats and mice the concentrations of
adducts released upon enzymatic hydrolysis of the recov-
ered depurinated DNA were about an order of magni-
tude lower than those released and measured upon NTH.
Again, the adduct profiles differed between mice and rats
both quantitatively and qualitatively. The adducts levels
in rats were too low for reliable quantification. The total
adduct levels in mice were higher: 2 ± 1 and 3 ± 1
adducts/108 nucleotides at 0 and 42 h after exposure,
respectively.

From the total amount of adducts in liver, i.e., the sum
of adducts released by NTH and enzymatic hydrolysis
(total ra dioactivity), the covalent binding index (CBI) was
calculated. For rats, the CBI was 0.19 ± 0.06 (SE) and 0.14
± 0.03 at 0 and 42 h after cessation of exposure, respec-
tively. For mice, the CBI was 0.25 ± 0.11 and 0.44 ± 0.23 at
0 and 42 h after exposure, respectively.

Pulmonary DNA adducts.  DNA from whole lung was iso -
lated from one rat killed immediately after exposure and

from one rat killed 42 h after exposure (yields 3.1 and 5.6
mg DNA, respectively). For mice, DNA was isolated from
the pooled lungs from two animals killed immediately
after exposure and from two animals killed at 42 h after
cessation of exposure in both inhalation experiments
with total yields of 1.67 and 1.76 mg DNA, respectively.
NTH of the DNA showed very low adduct levels for both
rats and mice (Fig. 5). For most peaks, the levels were too
low for reliable quantification. In both rat and mouse
lung, the major adduct peak corresponded to HPEG at a
concentration of about 1 adduct/108 nucleotides (Figs. 5A
and 5C). At 42 h after exposure, this level was halved
(Figs. 5B and 5D). Qualitatively, the adduct profiles in
lung DNA re sembled those for liver DNA. The adduct
concentrations in lung DNA that were released upon
NTH were low, and, from the results observed in liver, it
was expected that the levels detectable upon enzymatic
hydrolysis of the DNA backbone would be even lower.
Therefore, the recovered, depurinated DNA of both rats
and of all mice from the different time points were pooled
prior to enzymatic hydrolysis. Indeed, only very low con-
centrations of adducts were present in the depurinated
DNA. From the total amount of adducts in lungs, i.e., the
sum of adducts released by neutral thermal and enzy-
matic hydro lysis, the covalent binding index (CBI) was
calculated. Since the depurinated DNA was pooled for
both time points, the calculated CBIs are averages from 0
and 42 h after exposure. The CBIs for rat and mouse lung
were 0.17 ± 0.04 and 0.24 ± 0.04, respectively.

DNA adducts in pulmonary macrophages.  Only a rela tively
small number of macrophages was present in the pul -
monary lavage fluid from both rats and mice. As a conse -
quence, the amounts of extracted DNA were also small
(ranging from 6 to 14 µg per group), thus limiting the
sensi tivity of the adduct analysis. Although lymphocyte
DNA was pooled for rats and for mice to increase sensi-
tivity, the overall adduct level was low, and the profiles
give no indication for any specific adduct.

DNA adducts in rat lung cells. In the first isolation (im -
mediate sacrifice), 65 ± 6 (SE) % of the cells were PAP+,
and 0.93 mg DNA was isolated. In the second isolation
(42 h postexposure), 73 ± 4 (SE) % of the cells were PAP+,
and 1.11 mg DNA was isolated. HPEG was clearly pre-
sent in the Type II cell DNA at a concentration of about 1
adduct/108 nucleotides immediately after exposure (Fig.
6A) and at 2 adducts/108 nucleotides 42 h later (Fig. 6B).
The yield of non-Type II cells was much lower, and only
10 and 210 µg of DNA could be isolated from the rats sac-
rificed at 0 and 42 h following exposure, respectively. The
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low yield of DNA from non-Type II cells isolated from rat
lungs immediately after exposure made it impossible to
accurately determine the con centration of adducts. The
profile, however, suggests that HPEG was present (Fig.
6C). No distinct adduct pattern was discernible in the
non-Type II cells at 42 h (Fig. 6D).

DNA adducts in mouse lung cells.  Clara cell-enriched frac -
tions isolated immediately after exposure stained 57 ± 2
(SE) % and 61 ± 3% NTB+ for the first and second inhala-
tion experiment, respectively. Clara cell-enriched frac-
tions isolated 42 h postexposure stained 70 ± 3 (SE) % and
63 ± 2% NTB+, for the first and second exposures, respec-
tively. The Clara cell fractions as well as the non-Clara
cell fractions from the two inhalation experiments were
pooled. The DNA yield was 0.90 mg from the Clara cells
and 0.45 mg from the non-Clara cells isolated from the
mice killed immediately after exposure, and 1.12 and 0.17
mg from Clara and non-Clara cells isolated 42 h after

exposure, respectively. DNA adduct con centrations in the
Clara cell fractions were relatively low and comparable
with the DNA adduct levels in total mouse lungs (Fig.
7A). At 42 h after exposure, the concentration of adducts
was higher than immediately after exposure. The major
peak at 42 h, equivalent to a level of approximately 6
adducts/108 nucleotides, eluted at ~9 min (Fig. 7B). This
same peak was very prominent in the non-Clara cell frac-
tion at 42 h (Fig. 7D). Its concentration was measured at
approximately 80 adducts/ 108 nucleotides, but there is a
large relative error (approxi mately 30%) associated with
this value, as it was determined using a very small
amount of available DNA (170 µg).

Further identification of adducts. The retention time of the
compound eluting at ~9 min, observed in mouse non-
Clara cells and Clara cells, did not match with the reten-
tion times of depurinating methylated base adducts such
as N3-methylcy tosine, N3-methyladenine, or N7-methyl-
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fIguRe 5

Adduct profile following neutral thermal hydrolysis of lung DNA isolated from animals exposed to 160 ppm (ring-U-
14

C]sty rene by nose-only inhalation during 6 h. See text for details. (A) Rats killed immediately after exposure. (B) Rats
killed 42 h after exposure. (C) Mice killed immediately after exposure. (D) Mice killed 42 h after exposure.

ad
d

u
ct

s/
10

8
n

u
cl

eo
ti

d
es

2.0

1.5

1.0

0.5

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

time (min)

SG HPEG

ad
d

u
ct

s/
10

8
n

u
cl

eo
ti

d
es

2.0

1.5

1.0

0.5

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

time (min)

A B

ad
d

u
ct

s/
10

8
n

u
cl

eo
ti

d
es

2.0

1.5

1.0

0.5

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

time (min)

HPEG
PE

HPEG

PE

HPEG

ad
d

u
ct

s/
10

8
n

u
cl

eo
ti

d
es

2.0

1.5

1.0

0.5

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

time (min)

C D



QUANTIFICATION OF DNA ADDUCTS FORMED IN LIVER, LUNGS, AND ISOLATED LUNG CELLS OF 
RATS AND MICE ExPOSED TO 14C-STYRENE BY NOSE-ONLY INHALATION

guanine, nor with gua nine or adenine, nor did these com-
pounds co-elute with any of the other, minor peaks in the
chromatograms. A series of styrene metabolite standards
was also analyzed using the same HPLC system, and
benzoic acid appeared to co-elute with the unknown
compound. Large amounts of DNA were isolated from
the remaining liver tissue from mice. The DNA was
depurinated by NTH, and the adducts were collected by
ultra filtration and concentrated by lyophilization. The
concentrated adducts were analyzed by HPLC (System
C), and the fractions with the same retention time as the
unknown adduct from non-Clara cells were collected.
The combined fractions were concentrated by lyophiliza-

tion and analyzed by LC-MS. Mass fragments strongly
indicative for benzoic acid (m/z 121) were found.

Benzoic acid itself was not retained on the extraction
col umns during the DNA isolation and, if present in the
tissue, would not be isolated as an impurity along with
the DNA. The most likely source for the benzoic acid is
benzaldehyde (BA), which might form a reversible Schiff
base adduct with the exocyclic amino groups of the
purines in the DNA (Fig. 8). Therefore, we investigated
whether BA would form DNA adducts that would be sta-
ble enough to be isolated and labile enough to yield ben-
zoic acid during NTH. Calf thymus DNA was reacted
with BA. After removal of the unreacted BA, the DNA

The SIRC Review November 200398

fIguRe 6

Adduct profile following neutral thermal hydrolysis of specific lung cell DNA isolated from rats exposed to 160 ppm
(ring-U- 

14

C] styrene by nose-only inhalation during 6 h. (A) Type II cells isolated immediately after exposure. (B) Type II
cells isolated 42 h after exposure. (C) Non-Type II cells isolated immediately after exposure Note: y-axis label is not
quantitative, as the amount of DNA isolated was too small for a reliable determination of the number of adducts/10

8

nucleotides. (D) Non-Type II cells isolated 42 h after exposure.
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was isolated and purified using the standard method.
The precipitated DNA was lyophilized, dissolved in
water, and subjected to NTH. In addition, AMP was
reacted with BA. The reaction mixture was thoroughly
extracted to remove unreacted benzaldehyde and was
then subjected to NTH. From both the DNA and the AMP
that had reacted with BA, benzoic acid was released and
detected by HPLC-UV and LC-MS.

Interestingly, the co-elution experiments with metabo-
lite standards showed that two other unidentified peaks
had reten tion times identical to two of the standards.
First, in liver DNA from rats killed immediately after
exposure, the peak eluting at 19 min co-eluted with 1-
phenyl-1,2-ethanediol (styrene gly col). Second, the sec-

ond-largest peak in liver DNA from mice killed immedi-
ately after exposure co-eluted with the phe nylethanols
(~31 min). The formation of this compound seems specif-
ic to mouse, as it was also present in livers from mice
killed at 42 h and in mouse lungs (both at 0 and 42 h) but
completely absent in rat tissues.

dISCuSSIon

Several adverse effects have been observed in experimen-
tal animals following exposure to styrene, including
hepato-, pneumo-, neuro-, and reprotoxic effects (Bond,
1989; Gad berry et al., 1996; Sumner et al., 1997). The car-
cinogenicity of styrene is still under debate. Although the
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fIguRe 7

Adduct profile following neutral thermal hydrolysis of specific lung cell DNA isolated from mice exposed to 160 ppm
(ring-U- 

14

C] styrene by nose-only inhalation during 6 h. (A) Clara cells isolated immediately after exposure. (B) Clara
cells isolated 42 h after exposure. (C) Non- Clara cells isolated immediately after exposure. (D) Non-Clara cells isolated
42 h after exposure.
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evidence for carci nogenicity in humans was considered
inadequate and the evi dence in animals limited, IARC
classified styrene as a possible human carcinogen (2B),
considering that styrene is metabo lized in human and
animal tissues to SO, an established geno toxicant (IARC,
1994a, b). In a recent 2-year carcinogenicity study in
Sprague-Dawley rats and CD-1 mice exposed to styrene
by inhalation mice were more susceptible to styrene toxi-
city than rats. Mice, but not rats, developed bronchiolo -
alveolar adenomas (Cruzan et al., in press). In a subchron-
ic inhalation study of styrene in rats and mice, no
increase in cell proliferation was found in liver of rats or
mice or in rat lung cells. No increase in labeling index of
Type II cells in mouse lung was seen, but an increased cell
proliferation of Clara cells was observed after 2 weeks,
but not after 5 and 13 weeks, at concentrations of 150
ppm and higher (Cruzan et al., 1997). Phillips and Farmer
suggested that the adverse effects of styrene are mediated
through SO (Phillips and Farmer, 1994). Because SO con-
centrations in blood were lower in mice exposed to 160
ppm styrene than in rats exposed to 200-1000 ppm
styrene, it is unlikely that differences in hepatic conver-
sion of styrene to SO would be responsible for the
observed effects in mouse lungs. However, styrene is also

metabolized to SO in the lung. Clara cells and Type II
cells are responsible for a significant portion of the oxida-
tive metabo lizing capacity of the lung, with Clara cells
being the predominant cell type in mouse lung and Type
II cells in rat lung. Recently the styrene-metabolizing
capacity was shown to be much greater in Clara cells
than in Type II cells, which showed little activity towards
styrene (Hynes et al., 1999). The high rate of oxidation of
styrene to SO in Clara cells might explain the greater sus-
ceptibility of the mouse to styrene-induced tu -
morigenicity. Another explanation for the mouse-specific
ad verse effects might be given by alternative pathways in
the metabolism of styrene or SO, such as ringoxidation of
styrene or SO, catalyzed by specific isoforms of
cytochrome P450, which might subsequently lead to reac-
tive ringopened prod ucts. In the present study we want-
ed to detect and quantify DNA adducts of styrene in
mouse Clara cells and in rat Type II cells. To the best of
our knowledge, specific adducts have not previously
been identified in isolated lung cells.

The methods used for lung cell isolations in the cur-
rent study were based on published methods. The
methodology for the isolation of rat Type II alveolar cells
was applied as reported by Richards and coworkers, as it
was expected that sufficient DNA could be obtained from
the isolated cells. Indeed, the actual yield was similar to
that reported (Clouter and Richards, 1997; Richards et al.,
1987). The method for isolation of mouse Clara cells was
based on the method by Oreffo and coworkers (1990)
which was adapted to increase the yield of Clara cells
without compromising purity. Higher yields will result in
larger amounts of DNA that can be extracted and, conse-
quently, in an increased sensitivity of the analyses, as the
sensitivity is limited by the amount of DNA available for
analysis. A number of modifications to the original
method resulted in almost a doubling of the yield of
Clara cells com pared to the original method without a
significant deterioration of purity. The DNA yield from
the Clara-cell-enriched fractions in the actual inhalation
exposure studies, however, were significantly less than in
the pilot studies. These relatively low yields may partly
be explained by the observed toxicity in the mice exposed
to styrene by inhalation. In one of the pilot studies, the
effects of styrene on the isolation procedure were investi-
gated. This was deemed essential because the isolation
procedures are based on the specific density of the cells,
which might be affected by styrene, as it is a pneumotoxi-
cant. In the pilot studies, styrene was administered at rel-
atively high doses as an ip bolus. No obvious signs of tox-
icity were observed in the animals following the ip
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Possible formation of Schiff base adduct of benzaldehyde
with adenine residues in DNA (R = DNA backbone) or
with AMP (R = phosphate) and subsequent release of
benzaldehyde upon neutral thermal hydrolysis (NTH).
Benzaldehyde is unstable under the conditions of NTH
and will oxidize to benzoic acid.
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administration of styrene until necropsy 5 to 7 h later. In
contrast, some of the mice that had been exposed to
styrene by inhalation showed clear signs of toxicity
immediately after exposure, despite the fact that the actu-
al dose of styrene in the inhalation exposure was substan -
tially less than in the ip exposure study. Although the ani-
mals that were kept for an additional 42 h seemed to
recover, gross signs of toxicity such as dehydration were
observed during necropsy. Cell yields may have been
affected by toxicity, thus explaining the lower yields of DNA.

DNA adduct profiles in mice and rats differed, not
only quantitatively but also qualitatively, in both liver
and lung, suggesting that different reactive metabolites
are formed in rats and mice. In both liver and lung, and
in both rats and mice, most adducts were purine adducts
that could be released by NTH. Enzymatic hydrolysis
resulted in release of a few ad ducts at levels just above
the detection limit. HPEG was the major adduct in livers
of rats killed immediately after exposure. Reaction of
DNA with SO in vitro also resulted mainly in the forma-
tion of HPEG (~90% of all adducts), and the adduct pro-
file observed closely resembles that found in rat liver,
indicating that SO is the major DNA-reactive metabolite
of styrene in the rat. There were no indications for the for-
mation of the N2-guanine adduct of SO, which is the sec-
ond largest reaction product of SO with double-stranded
DNA in vitro (Savela et al., 1986). Formation of O6-guanine
or N6-adenine adducts of SO, both reported as minor
adducts in DNA treated with SO in vitro, was not
observed in rat or mouse liver. However, based on the
ratio of formation of these adducts compared to the for-
mation of HPEG in vitro (Phillips and Farmer, 1994) and
on the actual concentration of HPEG mea sured in the cur-
rent study, it is expected that even the concen tration of
the N2-guanine adduct of SO, the second largest adduct of
SO, would be around or just below the limit of detection.
In rats killed 42 h after exposure, the concentration of
HPEG had decreased, but HPEG was still the major
adduct. The major adduct in mouse liver was not HPEG,
although the levels were higher at 42 h than in rats, but
three unknown adducts, suggesting that SO itself is not
the major DNA- reactive metabolite from styrene in mice.
Preliminary results of studies on the excretion of urinary
metabolites by the animals of this study also point to a
significant qualitative difference in the metabolism of
styrene in rats and mice. Mice excrete at least four mouse-
specific metabolites, of which one accounts for 9% of the
total amount of radioactivity excreted (unpub lished
observation). The DNA adduct profiles in lung were sim-
ilar to those in liver, in both rats and mice, but the adduct

levels were significantly lower. An adduct level in lungs
that was approximately an order of magnitude lower
than in liver was also observed in rats and mice dosed
with 14C-styrene by ip injection, suggesting that the route
of exposure is not a major determinant of the generation
of DNA adduct forming metab olites in the lung.
Although many adducts involving alkylation of the N7
position of guanine cause destabilization of the glycosidic
bond and lead to depurination, it is not expected that
spontaneous depurination has influenced the results of
this study to a significant extent, as for the depurination
of HPEG a half-life of approximately 10 days was found
in double- strand DNA (Vodicka and Hemminki, 1988).

Significant amounts of adducts could not be measured
in the lymphocytes isolated from the lung lavage fluid.
Although the amount of DNA that could be isolated from
the lymphocytes was limited, adduct levels should have
been measurable if the reactive metabolites that formed
adducts in the specific lung cells had been present in the
general circulation. This suggests that if the DNA adducts
in the specific lung cells result from reactive metabolites,
they must have been generated in situ in these cell types.

The DNA adduct levels in rat Type II as well as non-
Type II cells were low. The amount of DNA that could be
isolated from the Type II cell-depleted fraction isolated
from rats killed immediately after exposure was too low
to allow quantification of the adducts. However, the
radioactivity profiles suggested that HPEG might be pre-
sent. HPEG was the major adduct in the Type II cells both
0 and 42 h after exposure, and the levels were a few times
higher than in total lung. This is in agreement with the
fact that Type II cells are capable of oxidation of styrene
to SO. In mouse Clara cells, a single unknown peak was
observed as a concentration of approximately 6 adducts
per 108 nucleotides at 42 h after exposure. Surprisingly,
the same peak was also observed in the non-Clara cell
fraction, but at a level of about 80 adducts per 108

nucleotides. Because the Clara cell fractions are not com-
pletely pure (about 63%), it cannot be ruled out that this
unknown adduct in the Clara cell fraction is due to conta-
mination by non-Clara cells. At a first consideration, it
seems surprising that this peak was not ob served in the
total lung. However, the lungs of only two mice were
used to prepare DNA to determine the adduct profile of
total lung, whereas lungs of 24 mice were used to prepare
DNA from the specific lung cell fractions. Preliminary
analysis of the urine of the mice indicates that there were
substantial quanti tative and some qualitative interindi-
vidual differences in uri nary metabolite patterns (unpub-
lished observation). Consider able variations in toxicoki-
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netics and susceptibility to styrene in mice has also been
observed by other investigators (Cruzan et al., 1997;
Sumner et al., 1995, 1997). It was therefore consid ered fea-
sible that the unknown peak is the result of metabolism
that occurred in some of the 24 mice used for preparation
of the specific lung cells, but not in the 4 mice used for
total lung. It should be noted that this unknown peak
was also present in the hepatic DNA from some of the
mice killed 42 h after exposure, albeit at much lower lev-
els. In calf thymus, DNA reacted with SO; however, this
peak was not detectable, indicating that it is not an
adduct directly formed from SO.

Several attempts were made to identify the unknown
com pound. Because some exhaled 14CO2 could be detect-
ed, we investigated whether the unknown peak might
represent a depurinating methylated base adduct, which
might have been formed through degradation of the 14C-
styrene and subsequent incorporation of the 14C through
the S-adenosylmethionine pathway. It was demonstrated
that the unknown peak did not represent a depurinating
methylated base. The relatively short retention time of
the unknown compound on reverse-phase HPLC sug-
gests that it is rather polar in nature. A series of styrene
metabolite standards was tested to see whether they had
the same relative retention time as the unknown adduct.
It appeared that the unknown compound exactly co-elut-
ed with benzoic acid. A large amount of hepatic DNA,
isolated from mice killed 42 h after exposure, was isolat-
ed and hydrolyzed. Following semipreparative HPLC
(System C) of the hydroly sate, mass fragments indicative
for benzoic acid (m/z 121), were identified by LC-MS
analysis in the pooled fractions corresponding to the
unknown peak. The most likely source for benzoic acid is
benzaldehyde (BA), as BA is rapidly oxidized to benzoic
acid, and we showed experimentally that BA forms a
thermolabile adduct with adenine that releases benzoic
acid during NTH. Most probably, BA forms a Schiff base
adduct with the exocyclic NH2 group of adenine. This
adduct was stable enough to be isolated during the DNA
extraction pro cedure, but so thermolabile that BA would
be released during NTH and rapidly converted to ben-
zoic acid (Fig. 8). BA is a putative intermediate in the
metabolism of styrene in the route from mandelic acid to
hippuric acid (Fig. 1). It would therefore be possible that
the adduct is formed from BA escaping the normal route
of metabolism to benzoic acid and derived me tabolites.
However, both mandelic acid and hippuric acid are com-
mon metabolites of styrene in rats as well as mice. Al -
though there are differences in metabolism between rats
and mice, with rats producing significantly more hip-

puric acid and mice significantly more of other metabo-
lites derived from benzoic acid, the overall flux from
mandelic acid via benzyl alcohol and BA to benzoic acid is
quantitatively similar (un published observations). It is
feasible that the local metabolism in the lung differs
between rats and mice, with mice either producing more
BA or being less efficient in the detoxification of BA than
rats. However, the BA adduct was not found after ip
administration of 14C-styrene in either rat or mouse lungs.
An alternative explanation for the presence in the mouse
lung cells is that the BA adduct is an artifact introduced
by the styrene used for exposure. [ring-U- 14C] -BA was
the immediate precursor in the synthesis of the [ring-U-
14C]-styrene used for the generation of the exposure
atmosphere, and about 3% of the precursor was still pre-
sent in the final product. The reason that the unknown
peak was not found in the pulmonary DNA of animals
from the pilot study, despite the fact that the styrene used
for the pilot study contained more BA (4%) than the
styrene used for the main studies, may be explained by ip
administration of the compound. Ip administration
ensures rapid hepatic detoxification of BA, either by
cytochrome P450 -mediated oxidation to benzoic acid or
by GSH conjugation, as the material is primarily distrib-
uted to the liver, where both the cytochrome P450 and
GSH concentrations are high. In mice, the presumed BA
adducts were observed in the specific lung cells fractions
but also in livers from mice killed 42 h after exposure at
low concentrations and only in the second expo sure
group. The most likely explanation is that the GSH in the
pulmonary tissue was depleted in the mice at the end of
the exposure period. Such a depletion would occur more
rapidly in mice, as the uptake in mice is larger than in
rats. Such a GSH depletion would also explain the gross
signs of toxicity ob served in some of the mice.

1-Phenyl-1,2-ethanediol and phenylethanols were also
among the metabolites tested to see whether they had the
same relative retention time as the unknown adduct, as
these com pounds might have been generated through
hydrolysis of a phosphate triester, formed from the attack
of SO on one of the phosphate groups in the DNA, dur-
ing NTH. However, 1- phenyl-1,2-ethanediol had a reten-
tion time of 18.3 min, and 1-phe nylethanol and 2-
phenylethanol had retention times of 29.4 and 29.7 min,
respectively. In some of the adduct profiles, peaks at the
same retention time were observed. Interestingly, the
phen ethyl alcohols co-eluted exactly with an adduct peak
(retention time in HPLC-LSC ~31 min), which was
observed only in mouse, and might be derived from
phenylacetaldehyde, a pro posed intermediate in the
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metabolism of styrene (Fig. 1).
From the total amount of radioactivity in the DNA iso-

lated from the whole liver and lungs, the covalent bind-
ing indices (CBIs), as defined by Lutz (1979), were calcu-
lated. For rat liver, the CBIs calculated at 0 and 42 h after
exposure were 0.19 ± 0.06 and 0.14 ± 0.03, respectively.
The corresponding values for mouse liver were 0.25 ±
0.11 and 0.44 ± 0.23. The CBIs for rat lungs, 0.17 ± 0.04,
and mouse lungs, 0.24 ± 0.04, were similar to the CBIs cal-
culated in the liver of both species. The values calculated
for lungs include the presumed DNA adduct of BA and
might thus be slightly overestimated. Our results for liver
corroborate the findings obtained with [7-3H] -styrene by
Cantoreggi and Lutz (1993), who found CBIs for rat and
mouse liver of < 0.1 (detection limit) and 0.05-0.18,
respectively. Compared to CBIs for other genotoxic com-
pounds (Lutz, 1979) and assuming that these binding val-
ues are due to monofunctional metabolites, the evidence
indicates that styrene has only very weak genotoxic car-
cinogenic potency.

In conclusion, DNA adducts were measured in whole
liver, whole lung, and specific lung cells of rats and mice
following nose-only exposure to 160 ppm 14C-styrene for
6 h. Qualitative differences between the nature of the
adducts were observed in lungs and liver for both mouse
and rats, which indicates that different reactive metabo-
lites are formed in the two tissues and species. CBIs for
rat and mouse liver and lung were similar and with val-
ues less than 1, which is similar to the CBIs of compounds
with only very weak genotoxic properties. In the Clara
cell-depleted fractions from mouse lungs, a single adduct
at relatively high concentration was measured, but there
are strong indications that this adduct is an artifact
caused by a radioactive impurity in the styrene exposure
atmosphere. The overall results of this study demonstrate
that DNA adduct formation does not play a significant
role in the formation of the lung tumors that were
observed in mice chronically ex posed to styrene. It is
more likely that a nongenotoxic or epigenetic mechanism,
possibly caused by a cytotoxic metab olite, is involved in
this process.
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An Introduction to Physiologically Based
Pharmacokinetic Modeling and its

Application to Risk Assessment

Harvey J. Clewell, III1

...PbPk modeling is an
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improving the accuracy

of human health risk
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industrial chemicals in

the environment. the
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currently exist in risk

assessment procedures
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extrapolations across

species and routes of

exposure, and from high

experimental doses to

potential environmental

exposures. 

rated into the model and the dose-depen-
dent behavior of the chemical in the biolog-
ical system can be predicted over a wide
range of conditions. Of particular importance
for risk assessment, the physiological and
biochemical parameters in the model can
be changed from those of the test species to
those which are appropriate for humans in
order to perform the animal-to-human
extrapolation. Because of its physiological
structure, the model also provides the nec-
essary elements to relate exposures con-
ducted via different routes, making it pos-
sible to account for differences in
bioavailability and pre-systemic clearance. 

The ultimate aim of using PBPK modeling
in risk assessment is to provide a measure of
dose which better represents the “biological-
ly effective dose” — the dose which causally
relates to the toxic outcome. The improved
dose metric can then be used in place of
traditional dose metrics (such as amount
administered or total amount absorbed) to
provide a more accurate extrapolation from
the exposures in the animal bioassays to
human exposure conditions. The specific
dose metric to be used is selected on the
basis of the toxic mode of action of the
chemical; that is, the key events leading to
toxicity. The use of chemical-specific mode-
of-action information together with PBPK-
based dosimetry makes it possible to
depart from generic default risk assess-
ment approaches and obtain a more accu-
rate assessment of human risk. 

Before the advent of PBPK models, sim-
pler pharmacokinetic approaches were

1 ENVIRON Health Sciences Institute
Ruston, Louisiana 71270

The process of assessing the risk associ-
ated with human exposure to environmen-
tal chemicals inevitably relies on a number
of assumptions, estimates, and rationaliza-
tions. Some of the greatest challenges
result from the necessity to extrapolate
outside the range of conditions found in
experimental studies. For risk assessments
based on animal data, the most obvious
extrapolation which must be performed is
from the tested animal species to humans;
however, other extrapolations may also be
required: from high dose to low dose, from
one exposure route to another, and from
one exposure time-frame to another. One
promising approach for conducting more
scientifically defensible extrapolations is
the use of physiologically-based pharma-
cokinetic (PBPK) modeling. 

In a PBPK model, the structure of the
model is based, to as large an extent as
practicable, on the actual physiological and
biochemical structure of the animal being
described. Equations used to define model
parameters can be based upon experimen-
tally measured values. Absorption, distrib-
ution, metabolism, and excretion of the
chemical are simulated with equations
describing actual physiological processes
such as transport in the blood, partitioning
into tissues, and enzymatic conversion.
Thus, saturable metabolism and other non-
linear biological processes can be incorpo-

An Introduction to Physiologically Based Pharmacokinetic Modeling and its Application to Risk Assessment



An Introduction to Physiologically Based Pharmacokinetic Modeling and its Application to Risk Assessment

occasionally used by regulatory agencies in cancer risk
assessment; for example, the U.S. Environmental
Protection Agency (EPA) used estimates of metabolized dose
in its published risk assessments for trichloroethylene and
perchloroethylene in the 1980’s. The first case in which an
agency used a full PBPK approach was the EPA’s revision of
its inhalation risk assessment for methylene chloride. The
decision process concerning this first use of the PBPK
approach included a workshop sponsored by the
National Academy of Sciences at which the usefulness of
PBPK modeling for chemical risk assessment was dis-
cussed. The report from the workshop concluded that
“relevant PBPK data can be used to reduce uncertainty in
extrapolation and risk assessment.” As a result, the EPA
revised the inhalation unit risk and risk specific air con-
centrations for methylene chloride in its Integrated Risk
Information System (IRIS) database using a PBPK model. The
resulting risk estimates were lower than those obtained
by the default approach by nearly a factor of ten. This dif-
ference was driven by the lower rate of metabolism in
humans, compared to mice, giving rise to the reactive
intermediate associated with the tumors. Subsequently, a
PBPK model was also used by the Occupational Safety
and Health Administration in their rulemaking for meth-
ylene chloride. More recently, the EPA has used PBPK
models in its IRIS risk assessment for vinyl chloride, as
well as in its ongoing assessment for trichloroethylene.

PBPK modeling also provides the potential to improve
risk assessment for toxic endpoints other than cancer.
Noncancer risk assessment is typically based on adminis-
tered dose, such as concentration in inhaled air or in
drinking water. Safety factors are then incorporated to
address the uncertainties associated with extrapolating
across species, dose levels, and routes of exposure, as
well as to account for the potential impact of variability
in human response. A more scientifically based approach
using a PBPK model relies on a measure of tissue dose
and applies known principles of pharmacokinetics to
relate different exposure scenarios. Calculations of inter-
nal dose at the no-effect and lowest-effect levels in ani-
mals can be compared with those calculated for potential
human exposure scenarios, regardless of whether the ani-
mal studies were conducted by the exposure route of
interest. Cases in which EPA has used a PBPK model to
perform noncancer risk assessments include the IRIS risk
assessments for 2-butoxyethanol and vinyl chloride, as
well as the ongoing assessments for isopropanol and
trichloroethylene. 

As the application of PBPK models has flourished,
more sophisticated models have been developed, driven
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by the need to quantitatively describe more complex
physiological processes associated with the toxic mode of
action of a chemical. For example, PBPK models have
now been developed that divide the respiratory tract into
multiple compartments to describe the exposure of the
tissue areas most vulnerable to chemical insult. The
recently published PBPK model for styrene provides an
example of the ability of these more sophisticated
descriptions to perform the internal dosimetry that can
increase the accuracy of risk assessments. In this case the
model is able to provide estimates of regional dosimetry
for styrene and its metabolite, styrene oxide, in two areas
of the respiratory tract: the Clara cells and the olfactory
epithelium. These two sites are target tissues for the
effects of inhaled styrene. In each case, the model is able
to describe the direct exposure of the tissues from the air-
way, the indirect exposure from the systemic circulation,
and the effect of in situ metabolism in the tissue. By prop-
erly incorporating physiological and biochemical infor-
mation into the risk assessment dosimetry, the use of the
styrene PBPK model results in exposures that are deemed
protective of human health, and which are considerably
higher (less conservative) than exposures obtained by the
standard default dosimetry approaches.

In summary, PBPK modeling is an important tool for
improving the accuracy of human health risk assessments
for industrial chemicals in the environment. The proper use
of PBPK modeling can reduce uncertainties that currently
exist in risk assessment procedures by providing more
scientifically credible extrapolations across species and
routes of exposure, and from high experimental doses to
potential environmental exposures. Current applications of
PBPK models range from relatively straightforward uses for
the extrapolation of chemical kinetics and metabolism
across species, route, and duration of exposure to much more
demanding chemical risk assessment applications requir-
ing information on how these chemcials and/or their
metabolites produce toxicity. PBPK modeling helps to
identify the factors that are most important in determin-
ing the health risks associated with exposure to a chemi-
cal, and provides a means for estimating the impact of
those factors both on the average risk to a population and
on the specific risk to an individual. The chief challenge
in the application of PBPK modeling in human health
risk assessment lies in the need to generate chemical-specific
data to support the development and validation of the
models.  Extensive use of rapidly developing  in vitro and
structure-activity relationship techniques is needed to
provide the data required for the large number of indus-
trial chemicals potentially impacting the environment. 
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Physiologically Based Pharmacokinetic
Modeling of Styrene and Styrene Oxide

Respiratory-Tract Dosimetry 
in Rodents and Humans

Ramesh Sarangapani1, Justin G. Teeguarden1, George Cruzan2*, Harvey J. Clewell3*, 
Melvin E. Andersen4

the principle objective

of this article was to

develop an Moa-based

PbPk model for inhaled

St [styrene] that

integrates relevant

mechanistic and

toxicokinetic

information and is

capable of describing

the relationship

between exposure and

target tissue dose of St

and its reactive

intermediate So in

rodents and humans...

these predictions

support a

pharmacokinetic basis

for species sensitivity in

rodents and indi cate

that humans will be

approximately 100-fold

less sensitive to the

induc tion of lung

tumors following St

exposure than are mice.

Styrene (ST) is widely used to manufacture
resins, glass-reinforced plastics, and a
number of commercially important poly-
mers (Miller et al., 1994). Chronic ST
inhalation studies in rodents have demon-
strated unique species specificity in the
resulting pulmonary toxicity and carcino-

genicity. Increased incidences of pul-
monary bronchioloalveolar tumors have
been observed in mice, but not in rats. No
other tumor type was increased significant-
ly in either species. Clara cells lining the
respiratory epithelium metabolize ST to
styrene 7,8- oxide (SO), which is cytotoxic
and weakly genotoxic. Rodent species
show marked differ ences in the distribu-
tion and regional density of Clara cells
within the respiratory tract, as well as in
their capacity to produce and eliminate SO.
A mode of action-based physiologi cally
based pharmacokinetic (PBPK) model was
developed to predict the concentration of
ST and SO in blood, liver, and the respira-
tory-tract tissues, particularly in terminal
bron chioles (target tisue), in order to con-
duct interspecies extrapolations and deter-
mine the extent to which there is a pharma-
cokinetic basis for the observed species
specificity. This PBPK model has a multi-
compartment description of the respiratory
tract and incorporates species-specific
quantitative information on respiratory-
tract physiology, cellular composi tion, and
metabolic capacity. The model is validated
against multiple data sets, including blood,
liver, and whole lung tissue concentration
of ST and SO following multiple routes of
exposure. The trend in neoplastic inci-
dences in mice correlated well with model-
estimated SO concentration in the terminal
bronchioles. The PBPK model predicts a
10-fold lower SO concentration in the ter-
minal bronchioles in rats compared to
mice, which is consistent with the observed
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species sensitivity to the development of respiratory-tract
neoplasms. The model-based analysis suggests that
humans would be expected to be 100 -fold less sensitive to
ST-inducted lung tumors than mice, based on pharmaco-
kinetic differ ences. Pharmaco dynamic factors are also
expected to contribute to species sensitivity, potentially
augmenting pharmacokinetics-based differences.

Styrene (ST) is widely used to manufacture resins,
glass-reinforced plas tics, and a number of commercially
important polymers (Miller et al., 1994). The most sub-
stantial human exposure to ST occurs via the inhalation
route in occupational settings. The database describing
the toxicity, metabolism, and toxicokinetics of styrene is
extensive (McConnell & Swenberg, 1994; Sumner &
Fennell, 1994). Epidemiologic studies of ST exposed
workers, recently reviewed, conclude there is inadequate
evidence of carcinogenicity of ST in humans (SIRC, 1999).
However, pneumotoxicity in mice and mild hepatotoxici-
ty (only at high dose) in rats have been observed in stud-
ies using rodents (Bond, 1989; SIRC, 1999). Recently the
Styrene Information and Re search Center (SIRC) con-
ducted subchronic and chronic inhalation studies expos-
ing both rats and mice to various concentrations of ST.
No evidence of treatment-related increases in any type of
tumor was observed in rats, com pared to controls, at the
end of the 2-yr inhalation study (Cruzan et al., 1998).
However, the chronic inhalation study with mice resulted
in statisti cally significantly increased incidences of bron-
chioloalveolar tumors in both male and female mice at
the end of 2 yr, but not after 12 or 18 mo (Cruzan et al.,
2001). Decreased eosinophilia in terminal bronchioles,
focal crowd ing, and bronchiolar hyperplasia, eventually
extending into alveolar ducts, were seen at progressively
lower exposure concentrations in mice sacrificed at 12, 18,
and 24 mo (Cruzan et al., 2001).

Metabolic activation of ST to styrene 7,8-oxide (SO) is
carried out by microsomal P-450s and produces both an R
and an S enantiomer. SO is both cytotoxic and carcino-
genic, with the R-enantiomer being somewhat more cyto-
toxic than the S-enantiomer (Gadberry et al., 1996). SO is
believed to be the proximal toxicant responsible for toxic-
ity and carcinogenicity ob served following exposure to
ST (Bond, 1989; Carlson, 1998; Sumner & Fennell, 1994).
SO is cleared (detoxified) by microsomal epoxide hydro-
lase (EH)-mediated hydrolysis and glutathione (GSH)
conjugation by cytosolic glutathione S-transferases
(GSTs). These enzyme systems are present in sev eral tis-
sues, including the liver and lungs of rats, mice, and
humans (Baron & Voigt, 1990; Mace et al., 1998; Mendrala
et al., 1993; Pacifici et al., 1987; Schladt et al., 1988;

Waechter et al., 1988). Species differences in the meta bolic
activity and stereospecificity of these enzymes has been
demonstrated (Bond, 1989; Sumner & Fennell, 1994) and
has led to the hypothesis that the observed species differ-
ences in toxicity can be attributed to species differ ences in
toxicokinetics of ST and SO. This hypothesis can be tested
by eval uating the effect of species differences in anatomi-
cal, physiological, and metabolic parameters on SO target
tissue dose using a physiologically based pharmacokinet-
ic (PBPK) model.

The U.S. EPA proposed guidelines for carcinogen risk
assessment pro mote the incorporation of mode of action
(MOA) information and the use of physiologically based
pharmacokinetic (PBPK) models when conducting high-
dose to low-dose and interspecies extrapolation (U.S.
EPA, 1996, 1999). A significant amount of mechanistic
and toxicokinetic information has been collected on ST
and its metabolites in rodents and humans. The principle
objective of this article was to develop an MOA-based
PBPK model for inhaled ST that integrates relevant mech-
anistic and toxicokinetic information and is capable of
describing the relationship between exposure and target
tissue dose of ST and its reactive intermediate SO in
rodents and humans. Additional objectives were to con-
duct an analysis of R-SO and S -SO target tissue dose
using the PBPK model and evaluate the extent to which
there is a pharmacokinetic basis for the species-specific
carcino genic response following chronic inhalation expo-
sure to ST.

MetHodS

A number of models have been developed to describe the
disposition and metabolism of inhaled ST. Ramsey and
Andersen (1984) developed a physiologically based
description of the inhalation pharmacokinetics of ST in
rats to explain the relationship between its blood concen-
tration and in haled air concentration. More recently,
Csanady et al. (1994) developed a PBPK model to
describe the blood/tissue concentration time course of ST
and SO in the rat, mouse, and human following multiple
routes of adminis tration. However, neither model was
designed to incorporate metabolic production and clear-
ance of SO in the respiratory tract or to treat the respi -
ratory tract as a target organ. Here, we have extended this
previous work by incorporating a detailed multicompart-
ment description of the respiratory tract with a compart-
ment specific to the terminal bronchiolar region, where
ST-mediated toxicity is observed.
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Respiratory-Tract Anatomy and Cell Composition
Based on its anatomical location and function, the respi-
ratory tract can be broadly divided into four regions: the
upper airways, the conducting air ways, the transitional
airways, and the pulmonary airways (i.e., gas ex change
region). The upper airways consist of the nasal cavity,
and the con ducting airways comprise the rest of the ante-
rior respiratory tract not involved in gas exchange. In
rodents, the most distal conducting airways are the termi-
nal bronchioles, which abruptly open into the alveoli
(Parent, 1992). In humans, the transition between the con-
ducting and gas-ex change region is formed by the respi-
ratory bronchioles (ICRP, 1994). The respiratory bronchi-
oles in humans span two to four generations, contain ing
a variable number of alveolar sacs, and form a gradual
transition between the conducting and gas-exchange
region. In this report the term transitional bronchioles
refers to the terminal bronchiolar region in rodents and
the respiratory bronchiolar region in humans.

The most common cell types of the conducting air-
ways are the ciliated and basal cells, while the nonciliated
Clara cells dominate the transitional airways. In mouse,
rat, and human the surface of the pulmonary airways
(alveoli) is lined by a single-cell-thick continuous layer of
Type I and Type II alveolar epithelial cells. The regional
distribution and fractional density of Clara cells is signifi-
cantly different between mice, rats, and humans. The
number and size of Clara cells in the rat lung have been
determined by quantitative morphometric analysis, and
these studies report a total of 17.3 x 106 Clara cells in the
rat lung, with approximately 42% of the total Clara cells
confined to the terminal bronchioles (Mercer et al., 1994).
In the mouse, Clara cells are found throughout the con-
ducting airways, with the highest density in the terminal
bronchioles (Pack et al., 1981; Plopper et al., 1980b, 1992).
Values of the Clara cell fractional density have been
reported in different regions of the mouse airway includ-
ing trachea (36%), primary bronchi (47%), lobar bronchi
(61%), axial bronchi (36%), and terminal bronchioles
(average, 78.5%) (Pack et al., 1981; Parent, 1992; Plopper
et al., 1980b,1992).

In contrast to the mouse and rat, Clara cells in the
human are not pre sent in the bronchi and terminal bron-
chioles but are confined primarily to the respiratory bron-
chioles (Parent, 1992), which comprise approximately
three generations immediately distal to the terminal
bronchioles (ICRP, 1994). The number and size (height,
volume) of Clara cells in the human bronchioles have
been determined by quantitative morphometric analysis
(Mercer et al., 1994), and these reports indicate a total of

1.38 x 109 Clara cells in the human lung, with 85% con-
fined to the respiratory bronchioles. The fractional vol-
ume density of Clara cells in the human respiratory bron -
chioles, based on the ratio of Clara cell volume to total
epithelial cell vol ume in this region, is approximately
7.5% (Mercer et al., 1994).

Mode of Action
The construction of the respiratory-tract compartments in
the PBPK model was guided by a mode of action for ST
induced pulmonary carcino genicity. A substantial
amount of evidence has been collected that charac terizes
the metabolic basis of cell- and species-specific toxicity of
ST in the lung, the relative genotoxic potential of ST, and
the incidence, regional localization, and cell type of pre-
cursor lesions and neoplasms observed in mice after
short-term and chronic exposure to ST. In the rodent
lung, tumors typically arise from one of two cell types:
either the nonciliated bronchiolar (Clara) cell or the Type
II cells (Boorman et al., 1990; Stoner, 1998). Human and
rodent lungs contain both these cell types, with unique
species-related differences in the density and distribution
of Clara cells (Plopper et al., 1980a). Damage to both cell
types has been observed after exposure to pulmonary
toxicants (Boorman et al., 1990). The pathobiology of ST-
induced bronchioloaveolar tumors constructed from
bioassay and other mechanistic studies does not conclu-
sively identify one of these cell types as the target cell for
carcinogenesis.

The time course of pulmonary effects observed in
Clara cells from the chronic ST inhalation study in mice
supports a progression of events in the development of
bronchioloalveolar carcinomas that is consistent with de -
scriptions of multistage lung carcinogenesis (Boorman et
al., 1990; Stoner, 1998) and dominated by a nongenotoxic
MOA (Green, 1999): Clara-cell toxicity (decreased
eosinophilia of cells in the terminal bronchiole, focal
crowding, loss of apical cytoplasm), followed sequential-
ly by increased cell proliferation, focal crowding (Clara
cell), and bronchiolar epithelial hyper plasia (Clara cell). 

A similar, parallel time course of cellular events cannot
be constructed for Type II cells directly from experimental
data. However, hyperplastic lesions and adenomas/car-
cinomas of the bronchioloalveolar region, which stain
immunohistochemically for surfactant produced by nor-
mal type II cells, but not normal Clara cells, occur at a
greater incidence in ST exposed mice than in controls
(Cruzan et al., 2001). Thus, ST appears to exacerbate the
development of spontaneous hyperplastic lesions and
tumors in CD-1 mice.
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The equivocal genotoxic potential of ST and weak
genotoxic potential of its more reactive metabolite SO do
not support a genotoxicity dominated MOA for ST-
induced tumors (Bond, 1989; SIRC, 1999). This is substan-
tiated by the observation that unlike ST, genotoxic com-
pounds frequently give rise to tumors at multiples sites in
more than one test species (U.S. EPA 1996, 1999). Tumors
restricted to single species and/or late onset of tumors
that are primarily benign and at sites with a high histori-
cal background inci dence point to a growth-related MOA
(U.S. EPA 1996, 1999). The inci dence of ST carcinogenicity
(nontumorigenic in rats, and tumorigenic for a single site
in mice at the end of a 2-yr study) is consistent with this
pattern produced by nongenotoxic compounds. While a
genotoxic contribution to the ST MOA cannot be exclud-
ed, the available data supports the hypothesis that the
MOA of ST carcinogenicity contains a strong nongeno-
toxic compo nent.

Although toxicological data are not definitive with
regard to a target cell, they are sufficient to support a
strong hypothesis regarding the MOA for ST-induced
lung tumors in mice, which can be applied similarly to
the two potential target cells: Clara cells and Type II cells.
The proposed MOA for ST-induced bronchioloalveolar
tumors is that SO binds to non-DNA nucleophiles (SIRC,
1999), and only weakly to DNA, causing cytotoxicity and
sustained regenerative proliferation of Clara cells
(Cruzan et al., 2001), which precedes development of
focal hyperplasias. In response to the con tinued promo-
tional stimulus caused by the observed Clara cell cytotox-
icity following chronic exposure to ST, some bronchi-
oloalveolar hyperplasias develop into bronchioloalveolar
adenomas, a small fraction of which pro gress into bron-
chioloalveolar carcinomas. Accumulation of specific
genetic lesions required for malignant conversion is dom-
inated by replicative errors during sustained regenerative
proliferation rather than the weak genotoxic activity of ST.

taRget tISSue doSIMetRy

Based on the proposed MOA, two tissue dose metrics can
be explored as candidates for interspecies and high-to-
low dose extrapolations of target tissue concentrations
using the PBPK model; one is cell specific and the other
region specific. The use of a cell-specific dose metric is
based on the assumption that the bronchioloalveolar
tumors arise from the Clara cells in the terminal bronchi-
oles. This dose metric is cell specific, and best reflects
MOA considerations if Clara cells are established as the
cell of origin for the pulmonary tumors. The cell-specific
dose metric is representative of SO concentration in Clara

cells within a homogeneous cell population, and is gov-
erned by enzyme activity in the Clara cells. This dose
metric does not apply to individual Clara cells that exist
in a heterogeneous cell population, since it does not
account for lateral transport of SO to neighboring non-
 Clara cells.

Pulmonary metabolism of ST to SO is limited to Clara
cells (Hynes et al., 1999). Clara cells are concentrated in
the terminal bronchioles of the lung, which are the most
distal branches of the conducting airways that open into
the alveolar region. The alveoli are lined by Type I and
Type II alveolar epithelial cells (Boorman et al., 1990).
This junction between the terminal bronchioles and alve-
olar ducts is a region where Clara cells are in the closest
proximity to alveolar Type II cells, although normally
separated by a few Type I cells. It is possible that the
proximity of Clara cells and Type II cells in this region
could facilitate the lateral transport of SO pro duced pre-
dominantly in the Clara cells to the alveolar Type II cells.

The use of region-specific dose metric is based on the
assumption that the bronchioloalveolar tumors arise at
the distal end of the terminal bron chioles, but that the cell
of origin is either Clara or Type II. This dose metric is rep-
resentative of the SO concentration in a mixed cell popu-
lation, and is governed by the average enzyme activity in
the terminal bronchioles. The concentration of total SO
and R/S SO will be estimated in this tissue vol ume con-
taining a species-specific density of Clara cells in close
proximity to Type II cells. The region-specific dose metric
provides an averaged con centration in the region where
Clara cell metabolism may contribute signifi cantly to
Type II cell SO exposure and is roughly consistent with
the loca tion of the observed tumors.
PBPK Model Structure
Previous PBPK models for ST have described the lung
compartment as a single uniform tissue and described
gas-exchange dynamics at the portal of entry using
closed-form equilibrium relationships (Csanady et al.,
1994; Ramsey & Andersen, 1984). In the current PBPK
model, the four regions of the lung described in the previ-
ous section are modeled as separate com partments, with
special emphasis on the characterization of the transition-
al bronchiolar compartment, the primary target site for
ST-induced lung tumors and the region richest in the
metabolically active Clara cell. The overall PBPK model
has a nested architecture with a model for the parent
chemical and a linked submodel for the metabolite SO
(Figure 1). Both models have a similar tissue compart-
mentalization that includes a four -compartment respira-
tory tract and tissues important for systemic clearance
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and storage. The sys-
temic tissues in the body
are grouped into four
com partments: liver, fat,
richly perfused tissue,
and poorly perfused tis-
sue. Metabolic activation
of ST by cytochrome P-
450-catalyzed epoxida-
tion and the detoxication
of  SO by EH and GST are
modeled as occurring in
the liver and selected
regions of the lung. All
the metabolic steps are
assumed to be irre-
versible, and SO formed
in the parent model in
any given tissue com-
partment is passed to the
corresponding tissue
compartment in the
metabolite submodel for
further transport and
metabolism (Figure 1).

The respiratory tract
has a complex and vari-
able structure comprising
a lumen for air passage
that is surrounded by
epithelium and submu-
cosa tis sue layers. To
reflect the architecture of
the respiratory tract tis-
sue, the tis sue compart-
ments representing the
nasal cavity, conducting
airways, and transitional
airways are divided into
a three-layered substruc-
ture consisting of a
lumen, epithelium, and a
submucosal tissue layer
(Figure 2). Although the
epithelium and the sub-
mucosa are composed of
a number of morpho -
logically distinct cell
types, these multiple cell
types are represented by
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fIguRe 1

Schematic of the PBPK model used to study absorption, distribution, and metabolism of
ST and SO via the inhalation route. The PBPK model for ST and its metabolite, SO, has a
nested architec ture with a model for the parent chemical and a linked submodel for the
metabolite SO. Both PBPK models have a similar tissue compartmentalization that include
the respiratory-tract tissue, liver, fat, richly perfused tissue, and poorly perfused tissue.
Metabolic activation of ST by cytochrome P-450-cat alyzed epoxidation and the detoxication
of SO by EH and GST are modeled as occurring in the liver and selected regions of the
lung. SO formed in any given tissue compartment in the ST model is passed to the corre-
sponding tissue compartment in the SO submodel for further transport and metabolism.
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T. Bronchioles T. Bronchioles

Conducting Airways PulmonaryPulmonary

Conducting Airways Poorly PerfusedPoorly Perfused

Conducting Airways Richly PerfusedRichly Perfused

Conducting Airways FatFat

Liver Liver

Vm

Vm

Vm Vm–Va

Va

P450

P450

EH+GST

P450 EH+GST

EH+GST

The SIRC Review November 2003



PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING OF STYRENE AND STYRENE OxIDE
RESPIRATORY-TRACT DOSIMETRY IN RODENTS AND HUMANS

a single composite epithelial and submucosal tissue layer
in the PBPK model (Figure 2). In each of the respiratory-
tract compartments, the lumen is venti lated by the
inhaled air delivered from the previous compartment
and only the submucosal tissue layer is assumed to have
blood perfusion that clears ST and SO. The epithelium
forms the target tissue and contains the en zymes for bio-
transformation of ST and SO.

A fraction of the ST in the inhaled airstream is
absorbed in the anterior regions of the respiratory tract,
namely, the nasal cavity, conducting airways, and transi-
tional airways (Morris, 2000). Inhaled ST is absorbed at
the lumen- tissue interface and then diffuses into the

epithelial cell layer, where it is metabolized to SO,
depending on the P-450 activity. SO is further metabo -
lized in the epithelial tissue by EH and GST. The remain-
ing ST and SO in the epithelial tissue diffuses into the
submucosal tissue.  ST and SO diffusing into the submu-
cosal tissue are assumed to equilibrate rapidly with capil-
lary blood and are cleared by the venous flow to the gen-
eral blood circulation. The model incorporates a mass
transfer coefficient at the lumen-tissue in terface that gov-
erns the net flux of ST from the lumen into the epithelial
tis sue by diffusional transport. The diffusional flux of ST
and SO across the epithelial and submucosal layers is
characterized by an intercompartmental diffusional resis-
tance term. Ventilation is assumed to be unidirectional in
this model. Air flow rate in the upper and conducting air-
ways is assumed equal to the minute ventilation, and the
flow rate in the transitional and pulmonary airways is
assumed equal to the alveolar ventilation. A portion of
the volumetric flow, equivalent to dead-space ventilation,
exits the respi ratory tract from the conducting airways
(Figure 1). Analytical expressions that describe the trans-
port of an inhaled chemical across the lumen and tis sue
subcompartments in the upper, conducting, and transi-
tional airways have been derived elsewhere (Andersen et
al., 1999; Bogdanffy et al., 1999) and are only summarized
here (Table 1).

ST that penetrates into the gas-exchange region is
assumed to equili brate rapidly with arterial blood exiting
the lung. Arterial blood leaving the lung is distributed to
seven main tissue groups: fat, liver, anterior lung tis sues
(i.e., upper, conducting, and transitional airways), richly
perfused tis sues, and poorly perfused tissues. The liver,
nasal cavity, and transitional bronchioles are the primary
tissues involved in the biotransformation of ST and SO,
and the remaining tissues act as storage depots for ST
and its metabolites depending on their respective
blood:tissue partition coeffi cient and perfusion rate.
Metabolism of ST and SO in other tissues is not consid-
ered in this model because of their low metabolic capaci-
ty (Bond, 1989; SIRC, 1999), which will not contribute sig-
nificantly to blood, or tar get tissue concentrations of SO.
The concentration of ST and SO exiting any given tissue
compartment is determined by the compartment-specific
clear ance kinetics and tissue:blood partition coefficient.
The mixed mean ST and SO concentrations in the venous
blood are determined as the flow averaged concentration
exiting all the tissue compartments. The mixed venous
blood returns to the lung at a flow rate equal to the car-
diac output.

The kinetics of the biotransformation of ST in the liver
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Schematic of an airway tissue compartment showing the
three-layered substructure in the respiratory tract, with
the various transport and metabolic pathways for ST.
Inhaled ST is absorbed at the lumen-tissue interface and
then diffuses into the epithelial cell layer where it is metabo-
lized to SO, depending on the activity of the P-450 enzyme
system. The SO is further metabolized in the epithelial
tissue by EH and GST. The remaining ST and SO in the
epithelial tissue diffuses into the submucosal tissue. ST
and SO diffusing into the submucosal tissue are assumed
to equilibrate rapidly with capillary blood and are cleared
by the venous flow to the general blood circulation.
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table 1

Mass Balance Equations in the Styrene Model for the Respiratory-Tract Tissues and Hepatic Tissue and the Overall Mass
Balance in the Blood Compartment.

Governing mass balance equations for parent species in liver and respiratory-tract compartments

RT lumen [ST] dCl . Ct
Vl

dt 
=Vm (Cin – Cl) – KatSAx(Cl –

Ht:a

)

Epithelium [ST] dCt Ct Ct Cx VmlCt / Ht:b
Vt

dt 
=KatSAx (Cl –

Ht:a

) – KtbSAx (
Ht:b    

–
Ht:b

) –  
Kml + Ct +/Ht:b

Submucosa [ST] dCx Ct Cx
.

Vx
dt 

=KtbSAx(
Ht:b

–
Ht:b

) – Qx(Cart – Cx / Ht:b)

Liver [ST] dCli VmlCli / Ht:b
Vli

dt 
=Qli(Cart – Cli / Ht:b) – 

Kml + Cli +/Ht:b

Governing mass balance equations for epoxide in liver and respiratory tract

ER [SO] dEer VmlCli / Ht:b Eer Ecy Vm2Eer / Ht:b
Vli

dt 
= 

Kml + Cli +/Ht:b     

– Kec(
H t:b

–
H t:b  

) – 
Km2 + Eer / H t:b

CY [SO] dEcy Eer Ecy
. Ecy Vm3EcyGSHli

Vli
dt 

= Kec(
H t:b

–
H t:b  

) – Qx(Eart –
Ht:b 

) – 
KmEcy + KmEcy + Km3GSHli + EcyGSHli

[GSH] dGSHli Vm3EcyGSHli
Vli

dt 
= KGSH(GSHB – GSHli) – 

KmEcy + Km3GSHli + EcyGSHli

Overall mass balance equation for parent species and epoxide in blood compartment

Blood [ST] QcCven = QliCli + QfCf + QrtCrt + QptCpt + QxCx

Blood [SO] QcEven = QliEcy + QfEf + QrtErt + QptEpt + QxEx

Note.
Cl, Ct, Cx—styrene concentration in respiratory tract lumen, tissue, and submucosa, respectively.
Cli, Cf, Crt/pt—styrene concentration in liver, fat, richly and poorly perfused tissues, respectively. 
Eer, Ecy—epoxide concentration in liver endoplasmic reticulum and cytosolic fraction, respectively. 
EfErtEpt —epoxide concentration in fat, richly and poorly perfused tissues, respectively. 
Vm, Qc—minute ventilation and cardiac output, respectively. 
Qli, Qx, Qf, Qrt/pt, —blood flow rate to liver, lung, fat, richly and poorly perfused tissues, respectively. 
Vl, Vt, Vx, Vli—respiratory tract lumen, tissue, and submucosa, and liver volumes, respectively. 
Kat, Ktb, Kec —intercompartmental transfer coefficients. 
Ht:a, Ht:b, H

S
t:
O
b—tissue:air and tissue:blood partition coefficients for styrene and epoxide. 

Vm1, Vm2, Vm3—total metabolic capacity for P-450, EH, and GST activity, respectively. 
Km1, Km2, Km3—affinity for P450, EH, and GST, respectively.
KGSH, GSHB, GSHli—GSH production rate, basal GSH and liver GSH concentration, respectively.

SO SO SO

SOSOSO

. . . . . .

. . . . . .
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and the respira tory tract tissues are modeled according to
the previously published works of Johanson and Filser
(1993) and Csanady et al. (1994). The oxidation of ST by
P-450 and the hydrolysis of  SO by EH are represented by
a saturable process with Michaelis-Menten kinetics. The
cytochrome  P-450 enzymes and EH are located within
the endoplasmic reticulum and GST is present in the
cytosol. The presence of the former two enzyme systems
in close prox imity within the microsomes results in first-
pass metabolism of  SO within the endoplasmic reticu-
lum before it diffuses into the cytosol. To capture this
first-pass effect, the epithelial cell layer is further parti-
tioned into a cytoplasmic subcompartment and a micro-
somal subcompartment. The flux of SO from the endo-
plasmic reticulum to the cytosol is characterized by the
product of the intercompartmental concentration gradi-
ent and a diffusional clearance term. The diffusional
clearance term was estimated by fitting the model to
blood SO concentration following inhalation exposure to
ST in rodents (Cruzan et al., 1998, 2001) and humans
(Johanson et al., 2000). The conjugation of cytosolic SO
with GSH is described by an ordered se quential “ping-
pong” mechanism between GSH, SO, and GST, consistent
with previous model formulations (Johanson & Filser,
1993). Because of its role as a cofactor in the reaction cat-
alyzed by GST, GSH is depleted in liver and lung. In the
model, the rate of change of amount of cytosolic GSH in
the liver is described by a physiologically normal, back-
ground zero-order production rate, a conjugation-depen-
dent depletion rate of GSH, and a first -order elimination
rate reflecting the normal background degradation. Mass
balance equations that describe the rate of production of
SO from ST, elimi nation of  SO, and kinetics of cytosolic
GSH in the liver are derived else where (Csanady et al.,
1994) and are only summarized here (Table 1). A similar
set of mass-balance equations is used in the lung tissue
compart ments. The model was coded using ACSL
(Advanced Continuous Simulation Language, Aegis, Inc.,
Huntsville, AL). The model code will be made avail able
upon request.

Model Parameterization of Physiological Constants
The various model parameters were obtained from the
literature or in ferred by fitting the model to PK data
when direct measures where unavail able (Tables 2-4).
Tissue volumes and blood perfusion rates to the various
systemic organs (i.e., liver, fat, richly perfused, poorly
perfused tissue), in all three species, were obtained from
Brown et al. (1997). The blood:air parti tion coefficients for
ST in rodents and humans were obtained from Gargas et

al. (1989) and Sato and Nakajima (1979), and all the tis-
sue:blood parti tion coefficients for ST and SO in rats were
obtained from Csanady et al. (1994) and assumed to be
the same in mice and humans. All the physico chemical
and flow parameters are summarized in Table 2.
Physiological parameters specific to the respiratory tract
are summarized in Table 3.

Tissue volumes for the three anterior respiratory-tract
compartments were estimated by multiplying the appro-
priate surface area with the tissue thickness. Nasal cavity
surface area in laboratory animals and humans was
obtained from Menache et al. (1997). Epithelial thickness
in the nasal mu cosa was obtained from Bogdanffy et al.
(1998). The submucosal thickness was assumed to be
approximately twice the epithelium thickness, based on
histological sectioning (Matthew Bogdanffy, personal
communication). Published data on the cardiac output to
the nasal cavity in anesthetized rats and mice (Stott et al.,
1983, 1986) and in resting human subjects (Paulsson et al.,
1985) was used to parameterize the rodent and human
models, respectively.

The surface area of the conducting and transitional
airway in rodents and humans was estimated using stan-
dard lung models (ICRP, 1994; Old ham et al., 1994; Yeh et
al., 1979) that quantify airway length and diameter on a
generation-by-generation basis. In rodents, trachea
through the 15th generation was assumed to comprise
the conducting airway, and the 16th airway generation
was modeled as the terminal bronchiolar compartment.
In humans, trachea through the 16th generation (i.e.,
including the terminal bronchioles) was assumed to com-
prise the conducting airway. The respira tory bronchioles,
spanning 17th through the 19th generation, were
assumed to comprise the transitional bronchiolar com-
partment. Generations distal to the transitional bronchi-
oles were assumed to comprise the pulmonary region.
The surface area of this region was estimated using stan-
dard lung models, which compare closely to the values
summarized in the U.S. EPA RfC docu ment (U.S. EPA 1994).

Since epithelial thickness in the conducting airways
varies as a function of generation in both rodents and
humans, average values as summarized in textbooks on
pulmonary physiology (Massaro, 1997; Parent, 1992)
were used in the model. The epithelial thickness in the
transitional airways mea sured in rats and humans by
Mercer et al. (1994) was used in the model and the tissue
thickness in the pulmonary region was computed as a
ratio of lung weight to surface area. The systemic
bronchial circulation, supply ing blood to the conducting
airways, has been quantified in a number of species and
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table 2

List of Physiological and Flow Parameters Used in the Styrene Model for Mouse, Rat, and Human

Parameter Symbol Mouse Rat Human Reference

Body weight (g) — 25 250 70,000 (Brown et al. 1997)

Tissue volume as fraction of body weight

Liver volume Vli 5.5 3.66 2.6 Same

Richly perfused volume Vrp 10 12.34 8.5 Same

Poorly perfused volume Vpp 70 70 60 Same

Fat volume Vf 7 6.5 21.4 Same

Blood volume Vb 7.5 7.5 7.5 Same

Minute ventilation Vm 24 150 15,000 (Brown et al. 1997; Morris 2000)

Pulmonary ventilation (ml/min) Vm 12-1a 75-110a 10,500 (Brown et al. 1997)

Cardiac output (ml/min) Qc 14 110 5200 Same

Tissue blood flow as fraction of cardiac output

Liver blood flow Qli 15-30 15-30 22.7 Same

Richly perfused blood flow Qrp 48 28.7 43 Same

Fat blood flow Qp 5.9 7 5.2 Same

UA blood flow Qx 1.0 1.0 0.25 (Paulsson et al. 1985; Stott et al. 1983; 

Stott et al. 1986)

CA blood flow Qx 0.5 2.1 0.75 (Brown et al. 1997)

TA blood flow Qx 0.1 0.15 0.67 (Butler 1992)

Partition coefficient

ST blood:air Hb:a 40 40 48 (Csanady et al. 1994; Gargas et al. 1989; 

Sato & Nakajima 1979)

ST liver:blood Hl:b 2 2 2 (Csanady et al. 1994; Ramsey & 

Andersen 1984)

ST fat:blood Hf:b 87 87 50 Same

ST tissue:blood Ht:b 1.3 1.3 1.3 Same

SO blood:air HS
b:

O
a 2000 2000 2000 Same

SO liver:blood HS
l:
O
b 1 1 1 Same

SO fat:blood HS
t:

O
b 14 14 14 Same

SO tissue:blood HS
t:

O
b 0.6 0.6 0.6 Same

ST/SO tissue-phase diffusivity    

(cm2/min) Dt 0.0002 0.0002 0.0002 (Cussler 1999)

ST/SO air-phase diffusivity 

(cm2/min) Da 6 6 6 Same

Note. UA, upper airways; CA, conducting airways; TA, transitional airways.
a Shows the parameter range to fit all experimental datasets. Mean values are used for dose extrapolation. Mean value
for alveolar ventilation rate in mice and rats is 18 and 110 ml/min, respectively. Mean values for hepatic blood perfusion
in mice and rats is 16.1 and 18.3 ml/min, respectively (Brown et al., 1997).
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is reviewed in Brown et al. (1997). These values were
used in the model for both rodents and humans.
Although pulmonary and bron chial circulation both con-
tribute to the blood supply of the transitional bron chioles,
it is perfused predominantly by the pulmonary circula-
tion (Butler, 1992). Hence, blood perfusion to this region
was estimated as a fraction of the cardiac output, scaled
based on the ratio of transitional bronchioles sur face area

to pulmonary surface area. The remaining venous return
from the body was assumed to perfuse the pulmonary region.

The diffusivity of small organic molecules at 37°C in
air, based on Chap man-Enskog theory, was estimated to
be approximately 6 cm2/min (Cussler 1999). The air-
phase mass transfer coefficient (MTC) in the nasal cavity,
which determines the chemical flux from the lumen to
the tissue interface, was obtained from Frederick et al.
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table 3

List of Respiratory Tract-Specific Physiological Parameters Used in the Styrene Model for Mouse, Rat, and Human

Parameter Symbol Mouse Rat Human Reference

Tissue Thickness (cm)

UA epithelium — 0.005 0.005 0.005 (Bogdanffy et al., 1998)

CA epithelium — 0.0025 0.0025 0.0025 (Parent, 1992)

TA epithelium — 0.001 0.001 0.001 (Mercer et al., 1994)

PA epithelium — 0.0003 0.00025 0.0005 (Parent, 1992)

Mucus — 0.0005 0.001 0.001 Bogdanffy, personal communication

UA submucosa — 0.01 0.01 0.01 Same

CA submucosa — 0.005 0.005 0.005 Estimate

TA submucosa — 0.002 0.002 0.002 Same

Surface Area (cm
2

)

UA compartment SAx 2.7 13.2 138 (Menache et al. 1997)

CA compartment SAx 8.87 48.3 2000 (ICRP, 1994; Oldham et al., 1994; Yeh et al.,

1979)

TA compartment SAx 0.48 5.5 6220 Same

PA compartment SAx 500 3400 540,000 (U.S. EPA, 1994)

Mass Transfer Coefficient (cm/min)

UA air-phase ka 7200 7200 1980 (Frederick et al., 1998)

CA air-phase ka 312 228 181 Estimatea

TA air-phase ka 1136 481 158 Same

Tissue liquid-phase kl 32 16 19.2 Same

Intracompartment clearance Kec 10 40 400 Optimized

(cm3/min)

Lung microsomal protein (mg/ml) — 3.8 3.8 3.8 (Mendrala et al., 1993; Pacifici et al., 1988)

Liver microsomal protein (mg/ml) — 13 11 23 Same

Lung cytosolic protein (mg/ml) — 68 60 43 Same

Liver cytosolic protein (mg/ml) — 94 90 45 Same

Note. UA, upper airways; CA, conducting airways; TA, transitonal airways; PA, pulmonary airways. 
a See text for details on estimation or air-phase, liquid-phase, and composite MTC.
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(1998). Under physiologically normal breathing condi-
tions the flow is laminar in the conducting and transition-
al airways (Chang & Paiva, 1989). Theoretical formula-
tion for the convective MTC under laminar flow
conditions in a circular pipe has been derived and is
shown to be a function of flow rate, air-phase diffusivity,
and the pipe di mensions* (Cussler, 1999). Based on this
theoretical formulation, the air phase MTC was estimated

in rodents and humans for each generation in the con-
ducting airways and an averaged values used for this
compartment. The gas-phase MTC in the transitional air-
way in the rodent was computed based on airway dimen-

table 4

List of Kinetic Parameters Used in the Styrene Model for Mouse, Rat, and Human

Parameter Symbol Mouse Rat Human Reference

Vmax Liver P-450d Vm1 200 50-150g 50 (Mendrala et al., 1993)

Vmax UA P-450d Vm1 183 98 50 Optimizeda

Vmax TA P-450d Vm1 362c 46.4c 1.7c (Hynes et al., 1999; Nakajima et al., 1994)

Km P-450e Km1 10 10 10 (Csanady et al., 1994; Mendrala et al., 1993)

Vmax Liver EHd Vm2 200 250 900 (Carlson, 1998; Mendrala et al., 1993; Oesch et 

al., 1983; Schladt et al., 1988)

Vmax UA EHd Vm2 250 250 500 Estimateb

Vmax TA EHd Vm2 250 250 500 (Birnbaum & Baird, 1979; Pacifici et al., 1981; 

Seidegard et al., 1977)

Km EH Km2 100 100 100 (Csanady et al., 1994; Mendrala et al., 1993)

Vmax Liver GST Vm3 11,000 6300 1400 (Griffeth et al., 1987; Mendrala et al., 1993; 

Pacifici et al., 1987; Pacifici et al., 1981)

Vmax UA GST Vm3 1000 1000 300 Estimateb

Vmax TA GSTd Vm3 1000 1000 300 (Pacifici et al., 1981; Smith et al., 1978)

KmGST
GSTe Km 2500 2500 2500 (Csanady et al., 1994)

KmSO
GST Km3 700 700 500 (Hiratsuka et al., 1989; Pacifici et al., 1987)

Liver GSH basal conc.e GSHB 8300 6300 6000 (Deutschmann & Laib, 1989; Lu, 1999)

UA basal GSH conc.e GSHB 1000 2500 1000 (Potter, 1995 #5469; estimate)

TA basal GSH conc.e GSHB 1000 1000 1000 (Cook et al., 1991; Deutschmann & Laib, 1989)

GSH production ratef KGSH 0.012 0.012 0.012 (Potter & Tran, 1993)

Note. UA, upper airways; TA, transitional airways.
a Optimized using published value as the initial guess.
b Assumed to be equal to Clara-cell values due to insufficient published data.
c Vmax on Clara-cell volume basis in mice, rats and is 461, 141, and 23 nmol/min/ml, respectively.
d nmol/mim/ml.
e nmol/ml.
f Per minute
g Shows the parameter range to fit experimental data sets. Mean values are used for dose extrapolation. Mean value for

heptic P-450 Vmax used in the model for the rat is 93 nmol/min/ml (Mendrala et al., 1993).
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*MTC = 1.62 (D2v/Ld)1/3 where D is the air-phase diffu-
sivity in cm2/min, v is the average fluid velocity in
cm/min, L is the airway length, and d is the airway diameter.
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sion in the 16th generation, and in human was computed
based on airway dimension in the 18th generation. The
air-phase MTC was assumed to be the same for ST and
SO in all the respiratory tract compart ments. The liquid-
phase MTC, which determines the chemical flux from the
interface into the tissue, was estimated as a ratio of liq-
uid-phase chemical diffusivity by half the mucus thick-
ness (i.e., diffusion length). The composite air-to-tissue
MTC, which determines the net chemical flux from the
lumen into the tissue, was calculated as a function of the
air-phase MTC, liquid phase MTC, and the corresponding
tissue:air partition coefficient (U.S. EPA, 1994). The liq-
uid-phase diffusivity of ST and SO was estimated to be
0.0002 cm2/min, approximately equal to the diffusivity of
benzene in water (Cussler, 1999).

Model Parameterization of Kinetic Constants

P-450 Activity  The kinetic constants (Vmax, Km) for hepatic
P-450 activ ity toward ST have been reported by Mendrala
et al. (1993) in B6C3F1 mice, F344 rats, and human liver
tissue microsomal fraction (Table 4). The Vmax values were
reported on a per milligram microsomal protein basis.
For its use in the model, the liver P-450 activity was con-
verted to a per mil ligram tissue basis based on the
amount of microsomal protein per mil ligram liver tissue
(Mendrala, personal communication) (Table 4). These
results showed that the affinity of hepatic P-450 was simi-
lar in all three species, and the capacity to form SO from
ST was greatest in mice and low est in humans, on a per
gram tissue basis (Table 4).

Metabolic constants for pulmonary cytochrome P-450
activity toward ST are available from two principle
sources, in vitro measurements using microsomal protein
from whole lung, or whole-cell preparations enriched for
Clara cells or Type II cells. Hynes et al. (1999) measured
R-SO and S-SO production in isolated enriched fractions
of mouse and rat Clara cells and Type II cells and present-
ed the activity on a million cell basis. For its use in the
model, the total P-450 activity was first obtained by com-
bining the activ ity for the R and the S form. This total P-
450 activity on a million Clara cell basis was then con-
verted to activity per milliliter Clara cell basis using
infor mation on the Clara-cell volume in rodent lungs
(Mercer et al., 1994). Using the ratio of the Clara-cell vol-
ume to the total epithelial cell volume in the terminal
bronchioles as a correction factor, pulmonary P-450 activ-
ity on a milligram bronchioles tissue basis was computed
in rodents (Appendix). The resulting P-450 activity (Vmax)
of 362 nmol/min/ml tissue and 46.4 nmol/min/ml tis-

sue in the terminal bronchioles in mice and rats, respec-
tively, is within a factor of 2 of hepatic P-450 activity in
the respective species.

Nakajima et al. (1994) reported lung P-450s activity in
humans by de termining the rate of formation of styrene
glycol from ST in human lung microsomes using tissue
samples from nonsmokers (Table 4). Their activity,
reported on a per milligram microsomal protein basis,
was converted to a per milligram lung tissue basis after
accounting for milligram protein per milligram lung tis-
sue in humans (Pacifici et al., 1988). Since P-450 activity
in the lung is limited to Clara cells (Hynes et al., 1999),
which form a small fraction of the lung volume, express-
ing the P-450 activity on a per milligram whole lung tis-
sue basis will dilute the Clara-cell-specific metabolism,
and is thus an inappropriate measure of the regional P-
450 activity in the Clara -cell-rich compartment of the
lung. Consistent with our MOA, the primary focus of this
modeling effort was to characterize the concentration of
ST and SO in the transitional bronchioles (i.e., the Clara-
cell-rich region that forms the target site in mice for ST-
induced toxicity). Approximately 85% of the total Clara
cells in the lung are present in the transitional bronchioles
in humans (Parent, 1992). Hence, to construct the para-
meterization for the transitional bronchiolar region based
on the total lung activity the following procedure was
adopted (Appendix). First, the P-450 activity on a per mil -
ligram lung tissue basis was corrected by the ratio of the
lung volume to the Clara cell volume, to reflect the activi-
ty in the relevant cell type. Subse quently, the ratio of the
Clara cell volume in the transitional bronchioles to the
total epithelial cell volume in the transitional bronchioles
was used as the correction factor to obtain the pulmonary
P-450 activity on a milligram bronchioles tissue basis,
resulting in a P-450 activity of 1.7 nmol/min/ml tis sue.

Epoxide Hydrolase  The kinetic constants (Vmax, Km) for
hepatic EH activity toward SO have been reported by
Mendrala et al. (1993) in B6C3F1 mice, F344 rats, and
human liver tissue samples on a per milligram micro -
somal protein basis. This activity was converted to a mil-
ligram whole liver tissue basis after correcting for the
amount of microsomal protein per mil ligram whole liver
tissue (Table 4). Various other studies have also measured
EH activity using liver microsomal fraction in mice
(Carlson, 1998), rat (Griffeth et al., 1987; Oesch et al., 1983;
Seidegard et al., 1977), and human (Schladt et al., 1988).
These studies show that the EH activity is approximately
fourfold higher in humans compared to rodents, while
the affinity is comparable in all three species.

The SIRC Review November 2003118



PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING OF STYRENE AND STYRENE OxIDE
RESPIRATORY-TRACT DOSIMETRY IN RODENTS AND HUMANS

Pulmonary EH activity toward SO has also been
demonstrated in micro somal fractions from rat (Oesch et
al., 1983; Seidegard et al., 1977; Smith et al., 1978), mouse,
and human lung tissue (Birnbaum & Baird, 1979; Pacifici
et al., 1981). Similar to pulmonary P-450 activity, EH
activity is also present in only specific cell types such as
the Clara cells, bronchial epithelial cells, and alveolar
Type II cells (Baron & Voigt, 1990). Since these cell types
form only a small fraction of the lung volume, EH activi-
ty expressed on a per mil ligram whole lung tissue basis
needs to be corrected to reflect the activity in the relevant
cell types. Volume of Type II cells is 10- to 100-fold higher
than Clara cells or bronchial epithelial cells in both
rodents and humans (Stone et al., 1992). Hence, EH activ-
ity on a per milligram lung tissue basis was first corrected
based on the ratio of the lung volume to the Type II cell
volume, to estimate EH activity in Type II cells.

Immunohistochemical staining data in rats (Baron &
Voigt, 1990; Jones et al., 1983) show EH activity in the
Clara cells is approximately three times that in the alveo-
lar Type II cells. Assuming a similar relationship in
mouse and human, Clara-cell EH activity was set to three
times the EH activity in Type II cells and EH activity in
the transitional airway compartment obtained based on
the fractional Clara-cell volume. The resulting EH activi-
ty (Vmax) on a milligram bronchiole tissue basis was com-
parable to hepatic EH activity, and the human pulmonary
EH activity was approximately twice that of ro dents. The
pulmonary EH affinity (Km) in rats was estimated to be
0.25 mM, comparable to rat hepatic EH affinity
(Seidegard et al., 1977). Since inde pendent measures of
pulmonary EH affinity in mice and humans were not
available, EH affinity in mouse and human was assumed
to be similar to rat in the model because hepatic EH affin-
ity is similar across the three species (Mendrala et al.,
1993; Pacifici et al., 1988).

Glutathione-S-Transferase  The GSTs are a family of
enzymes that cat alyze the conjugation of SO with GSH.
The GST-catalyzed reaction between GSH and SO is typi-
cally described using a two-substrate (ping-pong) model,
characterized by three kinetic constants: maximum reac-
tion velocity (Vmax), GST affinity for GSH (KmGSH), and GST
affinity for SO (KmSO). Mendrala et al. (1993) measured
hepatic GST activity and affinity toward SO in B6C3F1
mice, F344 rats, and human liver tissue samples by incu-
bating 14C-SO with cytosolic protein in an excess of GSH
(10 mM). They reported a GST Vmax on a per milligram
cytosolic protein basis, which was converted to a per mil -
ligram tissue basis based on the amount of cytosolic pro-

tein per milligram liver tissue (Mendrala, personal com-
munication). Pacifici et al. (1987) stud ied detoxication of
SO by human liver cytosolic fraction and have charac -
terized GST activity and affinity toward GSH by varying
the concentration of GSH (0.5-25 mM) and keeping the
concentration of SO relatively high (6 mM).

Pacifici et al. (1981) measured cytosolic GST activity
using human, rat, and mouse lung samples and observed
the activity in humans to be twice that of mice and rats
(Table 4). They reported GST activity on a per milligram
cytosolic protein basis, which was converted to a per mil-
ligram tissue basis based on the amount of cytosolic pro-
tein per milligram lung tissue. Compar able GST activity
is found in most lung cell types in all three species
(Anttila et al., 1993; Coursin et al., 1992; Mace et al., 1998).
Hence the GST activity in the terminal bronchiole com-
partment was assumed to be the same as the measured
GST activity in the whole lung. A summary of P-450, EH,
and GST activity in the liver and lung in all three species
is provided in Table 4.

Glutathione  Hepatic and pulmonary GSH levels in rats
and mice have been measured in various studies
(Deutschmann & Laib, 1989; Potter & Tran, 1993) and are
summarized in Table 4 based on average values from
these individual studies. Based on the published data,
intracellular GSH in the lung is approximately one-sixth
of that in the liver, on a unit mass basis. Measurements
show a similar relationship for GSH content between
human liver and lung tissue (Cook et al., 1991; Lu, 1999).
The apparent first-order rate constant for GSH turnover
was estimated in different rat tissues, includ ing the liver
and the lung, by monitoring the decrease in GSH specific
activity following an iv injection of [35S]cysteine (Potter &
Tran, 1993). A rate constant of 0.142/h and 0.011/h was
estimated for the liver and the lung tissue, respectively.
Although similar measurements are not available in
mouse and humans, this physiological constant is predict-
ed to be com parable across species (D’Souza et al., 1988).

Stereospecific Metabolism of ST and SO
Species differences in the stereospecific metabolism of ST
to R-SO and S-SO have been demonstrated in both the
liver and the lung of rats and mice (Hynes et al., 1999).
The R-enantiomer is preferentially formed in the mice,
with a R:S ratio of 1.18 in the liver microsomes and 2.4 in
the lung microsomes (Table 5). In the rat, more S-SO was
formed than R-SO in both the liver and lung, with a R:S
ratio of 0.57 in the liver and 0.52 in the lung (Table 5).
Similar studies using human lung and liver tissue are
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quite limited. Carlson
showed that 7 human
liver samples produced
R:S ratios less than 1,
while this ratio was near
1 in 1 of 7 human lung
samples that metabo lized
ST enough to detect SO.
No metabolism of styrene
to SO was detected in the
other six samples.

EH activity toward SO
is also stereospecific,
favoring the more reac-
tive R-enantiomer over
the S-enantiomer in both
the lung and liver of mice
(Carlson, 1998; Carlson et
al., 1998; Linhart et al.,
2000). A kinetic study of
EH reaction in rat liver microsomes showed a marked
difference in affinity and activity of EH between S-SO
and R-SO, with a Km of 0.155 mM and a Vmax of 44.1
nmol/mg protein/min for the S-SO and a Km of 0.029 mM
and Vmax of 11.6 nmol/mg protein/min for the R-SO
(Watabe et al., 1983) (Table 5). Thus, at concentrations
below both Kms, S-SO may be expected to be hydrolyzed

1.4 times faster than the R-SO, if metabolism is formulat-
ed sep arately for R- and S-SO. However, in a racemic
mixture of SO, R-SO, with a smaller Km, may inhibit the
enzymatic hydrolysis of S-SO, resulting in larger clear-
ance of R-SO. Preliminary analysis implementing EH
metabolism as competitive inhibition of S-SO hydrolysis
by R-SO in the model had in significant (<1%) effect on
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table 5a

Stereospecific Kinetic Parameters for ST and SO Metabolism in Rodents

Mouse Rat
Parameter R S R S Reference 

Vmax P-450 Livera 108.3 91.7 33.8 59.2 (Hynes et al., 1999)

Vmax P-450 t. bronchiolesa 211.8 88.2 130 250 (Hynes et al., 1999)

Km P-450b 10 10 10 10 (Csanady et al., 1994)

Vmax EH livera 66.7 133.3 570 151 (Carlson, 1998; Watabe et al., 1983)

Vmax EH t. bronchiolesa 125 125 200 50 (Carlson, 1998)

Km EHb 29 155 29 155 (Watabe et al., 1983)

Vmax GST livera 4400 6600 2400 3600 (Hiratsuka et al, 1989)

Vmax GST t. bronchiolesa 400 600 400 600 Estimate

KmSO
GSTb 700 2000 700 2000 (Hiratsuka et al., 1989)

KmGSH
GSTb 2500 2500 2500 2500 (Csanady et al., 1994)

a nmol/min/ml.
b nmol/ml.

table 5b

Steady-State Concentrations of R-SO and S-SO in the Terminal Bronchioles in Mice and
Rats for Exposure Concentrations Used in the Respective Rodent Chronic Bioassays

Mouse Exposure (ppm) R-SO (nmol/ml) S-SO (nmol/ml) R/S Ratio

20 4.3 1.5 2.87
40 5.3 2.0 2.65
80 6.2 2.5 2.48

160 7.2 3.3 2.2

Rat Exposure (ppm) R-SO (nmol/ml) S-SO (nmol/ml) R/S Ratio

50 0.65 0.93 0.7
200 1.6 2.2 0.73
500 1.98 2.7 0.73

1000 2.0 2.75 0.73
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steady-state target tissue SO concentrations. When hepat-
ic and pulmonary microsomal preparations from CD-1
mice were compared for their ability to metabolize
racemic SO, R-styrene glycol formation was favored over
S-styrene glycol by a ratio of 2.6 in the liver and a ratio of
5.6 in the lung (Carlson, 1998). The hydrolysis of SO pro-
ceeded in an enantiospecific manner when human liver
microsomal preparations were incubated with R-SO and
S-SO separately, with S-SO having approximately six
times higher Km and five times higher Vmax than R-SO
(Wenker et al., 2000).

A kinetic study to quantify GSH conjugation of SO
enantiomers by GST in SD rat liver cytosol also showed
stereospecificity, favoring clearance of the R-SO com-
pared to S-SO (Hiratsuka et al., 1989). The apparent Vmax

and Km for rat hepatic GSH conjugation with R-SO is 66.7
nmol/mg protein/min and 0.7 mM, while the corre-
sponding values for S-SO is 100 nmol/mg pro tein/min
and 2 mM (Hiratsuka et al., 1989) (Table 5). The stereose-
lectivity of GSH conjugation in the mouse has not been
determined and has been assumed to be similar to rats in
the current PBPK model.

ReSultS

Model Validation
Ten independent data sets, ranging from closed-chamber
data to con centration measurements of ST and SO in mul-
tiple tissues following multiple routes of exposure, were
used to validate various dose metrics in the mouse, rat,
and human. The results of these modeling efforts are
described next to illustrate the extent and success of the
validation of model-predicted con centrations of ST and
SO in the blood and other tissues. This multi-data-set val-
idation was conducted using the average values for the
physiological and kinetic parameters presented in Tables
2-4, with only minimal modification to a few metabolic
and flow parameters on a case-by-case basis (as noted in
the figure legends).

Delivered dose to the lower airways and available
dose for systemic extraction require accurate characteri-
zation of the extraction of inhaled va pors in the nasal cav-
ity (Barton et al., 2000). Morris and coworkers mea sured
extraction of ST in surgically isolated upper respiratory
tract of anes thetized CD mice and SD rats at multiple
flow rates and concentrations to examine the effect of
flow rate and concentration on nasal extraction (Morris,
2000). These data sets on nasal extraction of ST in both
rats and mice were used to validate the nasal cavity por-
tion of the respiratory tract model. The model accurately
predicted the experimentally observed nonlin ear behav-

ior in nasal extraction as a function of flow rate and con-
centration in both rodent species, with extraction decreas-
ing with increases in flow rate and concentration (Figure
3). Model fit to the nasal extraction data is a vali dation of
metabolism and flow parameters in rat and mouse upper
airway compartment.

Closed-chamber experimental data (Filser et al., 1993)
came from ex posing 2 SD rats for 12 h to 780-3800 ppm
ST or 5 B6C3F1 mice for 10 h to 550-5000 ppm ST
(Csanady et al., 1994; Ramsey & Andersen, 1984). The rat
and mouse PBPK models were used to simulate this data
set. Model simulated chamber concentrations closely
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fIguRe 3

Upper respiratory tract extraction of styrene in mice and
rats as a function of (A) flow rate and (B) inhaled ST con-
centration (Morris et al., 2000). The error bars on the data
points represent stan dard deviations.
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fIguRe 4

Model fit to closed chamber inhalation data set exposing
(A) 5 mice or (B) 2 rats for 12 h to a wide range of ST con-
centrations (Filser et al., 1993). Average model parameters
presented in Tables 2-4 provide adequate fit to data.
However, to obtain optimal model fit to data the mouse
model, simu lations were conducted using an alveolar
ventilation of 13 ml/min and a hepatic blood flow rate
equal to 30% of cardiac output. Similarly, rat model
simulations were conducted using a hepatic P-450 activi-
ty of 50 nmol/min/ml tissue and a hepatic blood flow
rate equal to 15% of cardiac output. Brown et al. (1997)
report a wide range for alveolar ventilation rate and total
hepatic blood perfusion rate in rodents. The remaining
model parameters are as presented in Tables 2-4.
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fIguRe 5

Model fit to blood ST concentration time course in (A)
mice and (B) rats, following 6 h of inhalation exposure to
a wide range of ST concentration (Ramsey & Young,
1978). Average model para meters presented in Tables 2-4
provide adequate fit to data. However, to obtain the opti-
mal model fit to data, shown here, the mouse model sim-
ulations were conducted using an alveolar ventilation
rate of 12 ml/min and fat and liver blood flow rates of
1% and 30% of cardiac output, respectively. Similarly, rat
model simulations were conducted using an alveolar
ventilation rate of 75 ml/min and fat and liver blood
flow rates of 2% and 30% of cardiac output, respectively.
The alveolar ventilation rates used for these simulations
are identical to the values used by Ramsey and Andersen
(1984) to fit the same dataset. The remaining model para-
meters are as presented in Tables 2-4. The error bars on
the data points represent standard deviations.
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matched the measured chamber concentration time
course (Figure 4). Liver metabolic capacity was reduced
by 40% of the measured in vitro value to fit the rat closed-
chamber data. In contrast, alveolar ventilation rates were
reduced by 30% of the physiologically normal value to fit
the mouse closed-chamber data. Mendrala et al. (1993)
report a wide range for in vitro measurements of hepatic
P-450 activ ity in rats (7.9 ± 2.4 nmol/min/mg protein in
SD rats and 14 ± 8.6 nmol/min/mg protein in F344 rats).
Reductions in ventilation rates have been ob served in
closed-chamber experiments (Johanson & Filser, 1992),
and have been applied in PK models to fit the closed-
chamber data in previous studies (Johanson & Filser,
1993). Since concentration changes from closed -chamber
experiments are a reflection of systemic clearance in the
experi mental animals, model fit to the closed chamber
data is a validation of sys temic metabolism parameters in
rats and mice.

Ramsey and Young (1978) measured blood ST concen-
tration time course in rats and mice following a 6-h
inhalation exposure to a wide range of ST concentrations
(80-1200 ppm). A gradual increase in the ST blood
concen tration during exposure, followed by a biphasic
drop in the venous con centration postexposure, was
observed (Ramsey & Young, 1978). The PBPK model was
validated against this data set. Using in vitro measures of
hepatic enzyme activity and an alveolar ventilation rate
30% lower than the physio logically normal values, the
rodent PBPK model predictions matched the measured
blood concentration data in both rats and mice (Figure 5).
Brown et al. (1997) report a wide range for alveolar venti-
lation rates in rats (63-275 ml/min) and mice (16-29
ml/min). Ramsey and Young (1978) also measured blood
ST concentration time course in human volunteers fol-
lowing a 6-h ex posure to 80 ppm ST. More recently,
Johanson and coworkers measured the human blood con-
centration of ST and SO following a 2-h exposure to 50
ppm ST under light activity, while simultaneously mea-
suring the minute ven tilation in all the human volunteers
(Johanson et al., 2000). Using these ex perimentally mea-
sured ventilation rates and in vitro measures of hepatic
enzyme activity in humans, the PBPK model simulations
of blood ST and SO were in close agreement with mea-
sured values in humans (Figure 6). Model fit to the blood
concentration data is a validation of systemic metabolism
and flow parameters in rodents and humans.

During a chronic inhalation bioassay, Cruzan and
coworkers analyzed levels of ST and SO in the blood of rats
and mice immediately after a 6-h in halation exposure
(Cruzan et al., 1998, 2001). The measurements were con -

ducted on rodents from the 5 dose groups used in the
chronic study during wk 95 in rats and wk 74 in mice. The
blood concentration of SO tended to ward saturation at the
highest exposure in rats, whereas the blood SO con -
centration increased in proportion to ST exposure con-
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fIguRe 6

Model fit to blood (A) ST and (B) SO concentrations in
human volunteers following a 6-h inhalation exposure to
80 ppm ST (Ramsey & Young, 1978) and a 2-h inhalation
exposure to 50 ppm ST Johanson et al., 2000). Model sim-
ulations were conducted using the experimentally
measured venti lation rates and in vitro measures of
hepatic enzyme activity in humans. The remaining
model parame ters are as presented in Tables 2-4. The
error bars on the data points represent standard
deviations.
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centration in mice with no evidence of saturation of
metabolism. The PBPK model simulations were able to
reproduce these results without altering model parameters
(Fig ure 7), except for the measured increased body
weight and fractional fat vol ume. Model fit to this data set
is a validation of the systemic phase I and II metabolism para-
meters in rodents used in the inhalation chronic bioassay.

Pharmacokinetic studies measuring ST and SO expo-

sure-dose relation ships in the liver and the lung tissue
provide useful data for direct validation of model pre-
dicted tissue concentrations. (Withey and Collins 1979)
col lected exposure-concentration data in blood, liver, and
lung tissue immedi ately following a 5-h inhalation expo-
sure to ST at multiple concentrations (50-2000 ppm) in
Wistar rats. The distribution pattern of ST is dose depen -
dent, but the liver consistently has a higher concentration
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fIguRe 7

Model fit to blood concentration of (A) ST in rat, (B) SO in rat, (C) ST in mouse, and (D) SO in mouse, measured immedi-
ately after a 6-h inhalation exposure to ST. These measurements were made during wk 95 in a chronic inhalation
bioassay in rats and during wk 74 in mice (Cruzan et al., 1998, 1999). Model simulations were conducted using
measured body weights of 42 g in mice and 725 g in rat and an estimated fat volume of 20% of body weight in both
rodent species. The remaining model parameters are as presented in Tables 2-4. The error bars on the data points
represent standard deviations.
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than the lung (Withey & Collins, 1979). The model pro-
vides a good fit to the exposure -dose data for all three tis-
sues without altering any of the measured tissue metabo-
lism or partition coefficient parameters (Figure 8).

Löf et al. (1984) studied the concentration time-course
and exposure- dose relationship for ST and SO in mouse
tissues after intraperitoneal admin istration of 14C-ST.
They measured the blood ST and SO concentration time
course following an ip dose of 3.8 mmol/kg 14C-ST in
mice. After estimating the first-order uptake rate into the
liver using the ST concentration time -course data, the
model was able to simulate the blood SO concentration
time course (Figure 9). The jump in the measured blood
SO concentration, resulting from depletion of hepatic
GSH, is captured in model predictions. Significant dose-
related reduction in hepatic GSH has been observed in
mice following inhalation exposure to styrene (Morgan et
al., 1993). Löf et al. (1984) also analyzed blood and tissue
samples from the liver and the whole lung for ST and SO
in mice, 2 h after ip dose of 1.1, 2.3, 3.4, and 5.1 mmol/kg
14C-ST, and determined the exposure-dose relationship
for ST and SO in the liver and lung tissues (Lof et al.,
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fIguRe 8

Model fit to blood, liver, and lung ST concentration in
rats immediately after a 5-h inhala tion exposure to a
wide range of ST concentrations (Withey & Collins,
1979). To obtain optimal model fit to data, the rat model
simulations were conducted using a hepatic P-450 activi-
ty of 150 nmol/min/ml tissue. The remaining model
parameters are as presented in Tables 2-4. The error bars
on the data points represent standard deviations.

fIguRe 9

Model fit to (A) blood ST and (B) blood SO and hepatic
GSH concentration time course in mice following an
intraperitoneal administration of 3.8 mmol/kg 14C-ST
(Löf et al., 1984). Model -derived ST blood concentration-
time profile was visually fit to measured data by
adjusting Kip (first-order uptake rate from the
intraperitoneal cavity ~0.011/min), and the model
simulation for SO blood con centration profile was
conducted using the same Kip value. The remaining
model parameters are as pre sented in Tables 2-4. The
error bars on the data points represent standard
deviations.
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1984). The PBPK model sim ulations predict a similar
trend and provide a good fit to the data (Figure 10). The
model predictions for ST and SO concentration in the
whole lung are based on an average value from the three
lower lung compartments, weighted according to the
respective volumes. A lack of experimentally measured
tissue concentrations of ST and its metabolic products in
the mouse transitional bronchioles (presumed site of ori-

gin for the mice lung tumors) prevents direct validation
of the model predicted target tissue con centrations of the
active moiety. All these data sets taken together provide a
robust validation of the PBPK model across species and
at multiple target sites, including the whole lung but not
the terminal bronchioles, for both ST and SO, and thus
provide a high level of confidence in the model predicted
tissue concentrations at these sites

Evaluation of Internal Dose Metrics
PBPK model-based quantitative dose-response assessments
are usually conducted using an internal (i.e., tissue level)
dose metric that has a direct mechanistic link to the
response. If information on target tissue concentra tions of the
putative toxicant is lacking, systemic blood concentrations
are often used as a surrogate dose metric under the
assumption that tissue con centrations correlate with blood
concentrations. However, exposure-dose relationships for
inhaled metabolized vapors are different between the por tal
of entry tissues and systemic tissues. The PBPK model was
used to simu late steady-state SO concentrations in arteri-
al blood and the terminal bron chioles in mice to discern if the
tissue concentrations of SO correlate better with both the
tumor response and precursor events compared to sys-
temic blood concentrations. Because adenomas are con-
sidered precursors to the observed carcinomas, the
benign and malignant neoplasms in males, the most sensitive
sex, were combined to give the total neoplastic response
and compared to SO concentration in the terminal bron-
chioles and in the sys temic blood (Figure 11). Similarly, the
incidence of bronchioloalveolar focal hyperplasia (pre-
neoplastic event) in male mice was combined with the
neoplastic response to give the total incidence of precursor
lesions and compared to SO concentration in the terminal
bronchioles and in the sys temic blood (Figure 11). Visual
inspection of Figure 11 suggests that the trend in the percent
increased incidence of total neoplastic lesions and precur-
sor response is better correlated to predicted SO concen-
tration in the terminal bronchioles, which tends toward a
saturation with exposure, rather than the systemic (as
measured by blood) SO concentrations, which increase
linearly with exposure. The correlation coefficient for the
transitional bronchiolar tissue SO concentrations with the
neoplastic response (.89) and precursor response (.99) are
higher than the correlation coefficient for blood SO con -
centrations with the neoplastic lesions (.78) and precursor
response (.70). This suggests that the target tissue SO con-
centration in the terminal bron chioles maybe a more
appropriate dose metric for conducting dose-re sponse
assessment than systemic blood SO concentration.
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fIguRe 10

Model fit to blood, liver, and lung (A) ST and (B) SO con-
centrations in mice 2 h after intraperitoneal
administration of various doses intraperitoneally admin-
istered ST (Löf et al., 1984). Model simulations conducted
assuming a first order uptake rate (Kip) of 0.011/min.
The error bars on the data points represent standard
deviations.

A

B

St
y

re
n

e 
C

o
n

ce
n

tr
at

io
n

 (
n

m
o

l/
m

l)

500

400

300

200

100

0

0 1 2 3 4 5

Styrene Dose (mmol/kg)

St
y

re
n

e-
O

xi
d

e 
C

o
n

ce
n

tr
at

io
n

 (
n

m
o

l/
m

l) 20

15

10

5

0

0 1 2 3 4 5

Styrene Dose (mmol/kg)

blood-simulation
blood-measured
liver-simulation
liver-measured
lung-simulation
lung-measured

blood-simulated
blood-measured
liver-simulatied
liver-measured
lung-simulated
lung-measured



PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING OF STYRENE AND STYRENE OxIDE
RESPIRATORY-TRACT DOSIMETRY IN RODENTS AND HUMANS

Interspecies Tissue Dose Comparison
A comparison of the exposure-dose relationship for SO in
the transi tional bronchioles (target tissue) in mouse (sen-
sitive species), rats, and human (target species) was con-
ducted using the ST PBPK model. Given the uncertainty
in the cell of origin for the tumors, region-specific dose
was considered the most appropriate metric for making
these comparisons. This dose metric is expected to be rep-
resentative of the average SO concentra tion in the tissue
volume that is populated by Clara cells and other neigh -
boring cell types (including Type II cells that could be in
close proximity to Clara cells at the distal end of the ter-
minal bronchioles). Figure 12 shows model-simulated
steady-state SO concentrations in the transitional
bronchi oles in the mouse, rat, and human at the end of a
continuous exposure. Compared to the mouse, SO con-

centrations are approximately 10- and 100-fold lower in
the rat and human transitional bronchioles, respectively.
These patterns in SO tissue dose metrics are predomi-
nantly a reflection of the transitional bronchiolar P-450
activity in the three species (Table 4). Most importantly,
model-predicted SO concentration in the rat terminal
bronchioles at the highest exposure concentration used in
the rat bioassay (1000 ppm) is more than twofold below
corresponding mouse target tissue concentration at the
lowest tumorigenic exposure in the mouse bioassay (20
ppm). This suggests a pharmacokinetic limitation in the
rat that results in tissue doses that are below the lowest
tumorigenic dose in the mouse. This is consistent with
the observed species sensitivity to inhaled ST. Model sim-
ulations also indicate that tissue doses of SO in human
transitional bronchioles, even at the highest exposure
concentration used in the mouse chronic bioassay, will
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fIguRe 11

Plot comparing model derived steady-state concentration of SO in (top) terminal bronchi oles and (bottom) arterial blood
in mice following continuous exposure to ST with increased (over back ground) incidence of neoplastic lesions (adenomas
and carcinomas combined) and presursor lesions (neoplastic and preneoplastic combined) in the bronchioloalveolar region
in the four ST-exposed groups of males mice (Cruzan et al., 2001). The ST chronic inhalation bioassay results show that
the number of male mice at extra risk of developing neoplastic lesions (solid square) in the bronchioloalve olar region is
0%, 21%, 57.6%, 39.4%, and 57.6% and precursor lesions (hollow square) in the bron chioloalveolar region are 0%, 80%,
100%, 100%, and 100% in the control, 20 ppm, 40 ppm, 80 ppm, and 160 ppm dose groups, respectively (Cruzan et al.,
2001). Predicted bronchiolar tissue SO concen tration shows a better correlation with the tumor incidence compared to
systemic SO concentration.
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remain well below the lowest tumorigenic dose in the
mouse. To the extent that the species sensitivity can be
attributed solely to pharmacokinetic differences and to
tissue dosimetry, humans would be expected to be 100-
fold less sensitive to the induction of lung tumors fol -
lowing ST exposure than mice.

R/S SO Tissue Dose Comparison in Rodents
Species differences in susceptibility to ST toxicity have
been attributed to quantitative differences in the amount
of R-SO and S-SO in the target tis sue following inhalation
of ST (Bond, 1989; SIRC, 1999). The simulated steady-
state tissue concentrations of R-SO and S-SO in the termi-
nal bron chiolar compartment in mouse and rat are shown
in Table 5b. These simu lations are based on the assump-
tion that the stereoselective GST activity in mice lung is
same as that measured in rats (see Methods). Model
predic tions indicate that the concentrations of R-SO, the

slightly more mutagenic and cytotoxic SO enantiomer,
are 2.5-fold higher than S-SO in the mouse terminal bron-
chioles. This trend is reversed in rat terminal bronchioles,
where R-SO concentrations are approximately 30% lower
than S-SO con centrations. Furthermore, the maximum R-
SO concentration attained in rats at the highest exposure
concentration (1000 ppm) is less than the R-SO concentra-
tion in mice at 20 ppm (lowest tumorigenic dose), similar
to the trend in total SO tissue dose in the two rodent
species. These model simu lations indicate that the stere-
ospecific metabolic activation and detoxica tion of SO
may also contribute to the large differences in species
sensitivity to ST toxicity.

Alternate Tissue Dose Metrics
SO concentration in the Clara cells is an alternative to
region-specific average SO concentration in the terminal
bronchioles as a dose metric for interspecies extrapola-
tion. Model-based cell-specific estimates are valid for a
homogenous cell population and can be considered as
the higher limit for SO concentration in the Clara cells.
Model-simulated SO concentrations in rat Clara cells are
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fIguRe 12

Model simulation of steady-state SO concentrations in the
terminal bronchioles in mouse (solid line), rat (dashed
line), and human (dotted line) for a wide range of inhaled
ST concentrations. Tissue SO concentration are predicted
to be approximately 10-fold lower in the rat terminal
bronchioles compared to the mouse, and 100-fold lower
in human transitional bronchioles compared to the mouse.
The tissue concentrations reflect P-450 activity in the
Clara-cell-rich terminal/transitional bronchioles in all
three species.

fIguRe 13

Plot comparing region-specific (SO concentration in
terminal bronchioles) and cell-specific (Clara cell SO con-
centration) dose metrics in rats and mice. The SO concen-
tration is approximately 30% higher in Clara cells (dotted
line) than the average terminal bronchioles concentration
(solid line) in mice, while this difference is about
threefold in rats.
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three times lower than the mouse (Figure 13). SO con -
centrations are higher in Clara cells than the transitional
bronchioles only marginally (25%) in mice and by a much
larger percent (300%) in rats (Fig ure 13). The higher SO
concentration in the Clara cell relative to the aver age con-
centration in the terminal bronchiolar region is propor-
tional to the difference in P-450 activity in the Clara cells
and the terminal/transitional bronchioles. The change in
P-450 activity is in turn reflective of the frac tional Clara
cell volume in the transitional bronchioles in the three
species. In mice, approximately 80% of the terminal bron-
chiolar tissue is Clara cells, resulting in a tissue P-450
activity that is about 25% lower than that in the Clara
cells. In rat and human, only 35% and 7.5% of the tissue
volume in the transitional bronchioles are due to Clara
cells, respectively, resulting in tissue P-450 activity that is
approximately 3-fold and 13-fold lower than Clara-cell
activity in the respective species. The predicted difference
in tis sue dose between the mouse and human, based on
pharmacokinetic con siderations, will be approximately
10-fold if a Clara cell-specific dose met ric is considered
for dose extrapolation and 100 if a region-specific dose
metric is assumed for dose extrapolation. Hence, the
assumption regarding the target cell for carcinogenesis
will have a direct and significant impact on the inter-
species dose extrapolation.

Determinants of Target Tissue Dose
SO shows significant accumulation in the arterial blood
at steady-state. SO concentration in the respiratory-tract
compartments is controlled both by local metabolism in
the epithelial tissue and by transport of SO into the sub-
mucosa from the arterial blood. The impact of systemic
delivery of SO on transitional bronchiolar tissue dose can
be determined by simulating ST exposures in the absence
of hepatic metabolism of styrene (Figure 14). Elimination
of hepatic metabolism does not alter the model-based
expo sure-dose predictions in mouse, but changes the pre-
dicted exposure-dose relationship in rat, only at high
exposure concentrations.

When similar Km values are used for P-450-mediated
ST metabolism in lung and liver, the predicted SO con-
centration in respiratory tract tissue reaches a plateau at
lower exposures than the exposures required to cause a
plateau in blood SO concentrations. This is because direct
air-phase delivery of ST to the lung tissues results in a
higher concentration of ST in the respira tory-tract tissues
compared to systemic ST concentration. Under this
condi tion of comparable Kms for P-450 activity in the lung
and liver in mice, the relatively high Vmax for P-450 metab-

olism in the terminal bronchioles, com pared to the liver,
results in SO concentrations in the target tissue that are
approximately 50-fold higher than blood concentrations
for the whole range of tested exposures. Hence, in mice,
the respiratory-tract tissue SO concen tration is dominat-
ed by local production of SO rather than delivery via the
arterial blood (Figure 14). In contrast, in rats, the relative-
ly low Vmax for P- 450 metabolism in the terminal bronchi-
oles, compared to the liver, results in target tissue SO con-
centrations that are higher than blood SO concentra tions
only for exposures below 50 ppm (Figure 14). Above 50
ppm, hepatic production of SO eventually results in high
enough SO blood concentra tions leading to increased
delivery of SO to the target tissue. Hence, in rats hepatic
production of SO can increase respiratory tract tissue
concentration at higher exposure concentrations.

Sensitivity Analysis
The various model parameters are not known with
absolute certainty. An evaluation of the impact of uncertainty
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fIguRe 14

Model simulations comparing steady state SO concentra-
tion in the terminal bronchioles with (solid line) and
without (dotted line) accounting for systemic metabolism
(i.e., P-450 activity in the liver) in both mice and rats. In
mice, target tissue concentration of SO is determined pri-
marily by air phase delivery of ST and local metabolism,
rather than systemic delivery of ST and SO. In rats,
hepatic production of SO can increase respiratory-tract
tissue dose at higher exposure concentrations.
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in the parameters on model esti mates of tissue dose met-
rics was obtained by conducting a sensitivity analy sis. The
analysis was conducted by measuring the change in the
tissue dose metric for a pre-specified change in a particular
model parameter when all the other parameters were held
fixed. The sensitivity coefficients represent the percent
change in the venous blood SO concentration or bronchiolar
tis sue SO concentration for a 1% change in the listed para-
meter (Table 6). A sensitivity coefficient of 1 indicates that
there is a one-to-one correlation between change in the
parameter and model output. A positive value for the
sensitivity coefficient indicates that the dose metric and the
corresponding model parameter are directly correlated, and

a negative value indi-
cates they are inversely
correlated.

The sensitivity coef-
ficients (SC) for the
mouse and human
model, as described in
Table 6, were calculated
at an exposure concentra-
tion of 1 ppm using 2 rel-
evant dose metrics: blood
SO concentration and
transitional bronchiolar
SO concentration. The
SCs for the two species
are qualitatively similar.
The SCs for the bronchio-
lar SO concentration
show a high sensitivity
for the local P-450, EH,
and GST activity in the
lung tissue compartment,
while the blood SO con-
centration is more sensi-
tive to the corresponding
parameters in the liver.
Apart from enzyme
activity, flow parameters
such as cardiac output,
ventilation rate, and local
blood perfusion rate to
the target tissue have a
high SC since they influ-
ence the delivery and
clearance of ST and SO
from the target site.
Furthermore, target tis-

sue thickness and surface area also show a high SC
because they determine the transport coefficient of ST and
SO across the epithelial tissue into the blood exchange
layer. ST blood:air partition coefficient has a high SC since
it determines the equilib rium tissue ST concentration for
any given inhaled air-phase ST concentra tion. The
remaining model parameters including hepatic activity of
phase I and phase II enzymes show negligible sensitivity
on the tissue dose metric, reinforcing the conclusion that
respiratory-tract tissue concentrations are predominantly
shaped by local enzyme activity and flow dynamics.

Due to lack of data, the following assumptions were
made in this PBPK model: (1) Tissue:blood partition coef-
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table 6

Sensitivity Analysis in Mice and Human at the Mice LOAEL Concentration (20 ppm) for
Two Different Dose Metrics (Blood SO Concentration and Transitional Bronchioles SO
Concentration)

Mouse Human

Parameter [Blood SO] [Lung  SO] a [Blood SO] [Lung SO] a

Cardiac output -0.35 -0.8 -0.26 -0.73

Liver blood flow 0.22 — 0.28 —

T. bronchioles blood flow — -0.72 — -0.65

Ventilation rate 0.32 0.22 0.39 0.17

ST blood:air partition coefficient 0.42 0.6 0.47 0.62

SO blood:air partition coefficient — — — —

Gas-phase MTC — — — —

Liquid-phase MTC 0.23 -0.16 0.18 -0.06

T. airway tissue thickness — 0.85 — 0.57

T. airway surface area — 0.68 — 0.53

Vmax P-450 liver — — — —

Vmax P-450 t. bronchioles — 0.93 — 0.98

Km P-450 -0.39 -0.71 -0.44 -0.84

Vmax EH liver -0.09 — -0.46 —

Vmax EH t. bronchioles — -0.09 — -0.37

Km EH 0.38 0.09 0.85 0.39

Vmax GST Liver -0.27 — -0.38 —

Vmax GST t. bronchioles — -0.05 — —

KmSO GST 0.53 0.06 0.43 0.06

KmGSH GST — — — —

GSH production rate — — — —
a SO concentration in the transitional bronchiolar compartment.
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ficients in mice and humans were assumed to be the same
as in rats, and (2) air-phase MTC of ST and SO was
assumed to be equal to the MTC computed using compu-
tational fluid dynamics models by Frederick et al. (1998)
using acrylic acid, and tar get-tissue EH affinity (Km) in
mice and humans were assumed to be same as in rats.
The sensitivity analysis shows that the assumptions relat-
ed to air phase MTC and EH affinity do not have a signifi-
cant impact on the target- tissue dose metric, whereas the
assumption on the tissue:air partition coeffi cient may
result in significant model uncertainty.

dISCuSSIon

A number of volatile organic compounds (e.g., butadiene,
methylene chloride, trichloroethylene, naphthalene,
styrene, etc.) that are metabolized to their reactive inter-
mediates by P-450s in the lung (Clara cells) cause tumors
specific to the bronchioloalveolar region in rodents
(Cruzan et al., 2001; Green, 2000; Maltoni et al., 1988;
Melnick et al., 1993). Most of these compounds also show
species-specific differences in the magnitude of the toxici-
ty preceding carcinogenicity or in the incidence of tumors
(Cruzan et al., 1998; Maltoni et al., 1988). In the past,
PBPK models have been de veloped to estimate the tissue
dose for these inhaled vapors and their me tabolites
(Andersen et al., 1987; Clewell et al., 2000; Csanady et al.,
1994; Sweeney et al., 1996a, 1996b). However, these mod-
els have treated the lung as a single homogeneous tissue
in equilibrium with arterial blood, and, as a consequence,
do not reflect some of the important characteristics of the
res piratory tract that control target-tissue dose metrics.
These include air-phase delivery of the inhaled volatile to
the target tissues, enormous diversity in cell composition
and function within the respiratory tract, species differ-
ences in the metabolic constants for production (toxica-
tion) and clearance (detoxica tion) of metabolites by Clara
cells, and regional Clara-cell density. Lacking representa-
tions of these characteristics, these PBPK models are lim-
ited in their ability to predict dosimetry at the target site
within the respiratory tract.

The MOA-based PBPK model developed in this report,
which has a multi compartment description of the respirato-
ry tract, is a significant advancement over previous ST mod-
els This model explicitly incorporates a Clara-cell-rich
transitional bronchiolar compartment within the respiratory
tract, reflecting the involvement of this specific region of the
lung in ST-induced toxicity, as the target tissue. This is par-
ticularly important because of the extensive litera ture
describing cell-specific metabolism and toxicity in the tran-

sitional bron chioles of the lung for a variety of organics
(Green, 1995; Green et al., 1997). Further, this PBPK model
accounts for both air-phase and blood-phase deliv ery of
ST and SO to the target tissue. The current multicompart-
ment respira tory-tract model structure can be applied to a
whole class of P-450-activated volatiles that elicit a toxic
response in the Clara-cell-rich regions of the lung.

Model Uncertainties
The addition and parameterization of the transitional
bronchiolar com partment reduce uncertainties implicit in
whole-lung models, which ignore large differences in
delivery and metabolism of ST/SO at the target region.
However, as with most data-intensive PBPK models,
there are uncertainties associated with most model para-
meters some of which can impact the tis sue dose predic-
tions. The sensitive model parameters are also the most
important entities for further research designed to reduce
uncertainty in their estimates. Among the relatively sen-
sitive parameters (sensitivity coeffi cient > 0.5) in the ST
model (Table 6), blood perfusion rate to the target tis sue
and the target tissue thickness and surface area were
parameterized based on available data in the literature
and are therefore known with rea sonable certainty. The
uncertainty associated with these parameters is due to
the errors inherent in the measurement process and/or a
consequence of intraindividual variations.

Additional uncertainties are attributed to using in
vitro measures to make in vivo predictions and the recon-
struction of the metabolic parameters from Clara-cell or
whole-lung data in the development of the target-tissue
specific kinetic constants. The uncertainties for the latter
are primarily a result of the uncertainties in the associat-
ed data on the cell density. Reported data on Clara-cell
density in rat terminal bronchioles range from 25% to
70% (Plopper et al., 1991), and the distribution of Clara
cell fraction in mouse conducting airways ranges from
40% to 80% (Parent 1992), indicating an uncertainty of ~2-
fold in these parameters. While model estimates of SO
concentration in the transitional bronchiolar region can-
not be verified due to lack of direct experimental mea-
surements, the physiological and kinetic parameters used
to develop model-based estimates are known with
reason able certainty. However, direct experimental mea-
surement of ST and SO concentrations in the Clara-cell-
rich regions of the lung and/or indirect mea sures such as
regional ST extraction in the lung or GSH depletion in the
target tissues will help model validation and greatly
improve the confidence in the model-based target tissue
dose predictions.
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The need to account for uncertainty in the cell of ori-
gin for the ob served tumors created the need to develop
the two dose metrics, one that is Clara-cell specific and
one that is region specific, to account for the possi bility
that either Type II cells or Clara cells as the cell of origin
for these tumors. This uncertainty directly impacts
dosimetry because the predicted dose metrics can vary
by 10-fold depending on the cell of origin. Model simula-
tions indicate that Clara-cell SO concentration can be
potentially higher than the average tissue concentration
in the transitional bronchioles. The benefit of treating this
uncertainty explicitly in the model is that the results of
additional experimental work on the cell of origin of ST
induced bronchiolar alveolar tumors can be used directly
to reduce model uncer tainty.

Inferences on Species Sensitivity
A principle conclusion of the pharmacokinetic analysis
presented here is that integration of available data on the
metabolic production and clear ance of SO in the transi-
tional bronchioles of rats and mice results in predic tions
of SO concentrations in rats (insensitive) that cannot
reach concentra tions equivalent to those in the mouse
(sensitive) at the lowest tumorigenic exposure (20 ppm).
This pharmacokinetic limitation on tissue dose in the rat
is consistent with the observed species sensitivity. Rats do
not display toxicity or carcinogenicity at ST concentra-
tions as high as 1000 ppm. Fur ther, the ratio of the slight-
ly more potent enantiomer, R-SO, to S-SO is lower in the
rat than the mouse. This presents a strong case for a
pharmaco kinetic basis for the observed species differ-
ences in ST toxicity. However, it is not possible to
attribute the observed species differences in ST-induced
lung tumors solely to pharmacokinetics because of the
relatively high back ground incidence of bronchioloalveo-
lar tumors in control mice, which may indicate other
pharmacodynamics differences between rats and mice.
Both pharmacokinetics and pharmacodynamics should
be considered when evaluating the relevance of the
mouse results to human risk assessment.

Model Application in Risk Assessment
Default approaches for conducting animal to human dose
extrapola tions in support of a carcinogen risk assessment
tend to be highly conserva tive. The conservative assump-
tions assure that virtually safe dose estimates are protec-
tive in the presence of substantial uncertainties and limi-
tations in the approaches. These simple empirical
approaches are appropriate when insufficient data is
available to conduct biologically motivated extrapola -

tions. Mode-of-action-based dosimetry models that uti-
lize anatomical, physiological, and chemical-specific
pharmacokinetic data reduce uncer tainties associated
with extrapolation from high to low dose and from ex -
perimental animals to humans. This PBPK model for
evaluating respiratory tract concentration of ST and SO
provides a strong foundation for the devel opment of both
cancer and noncancer risk assessment for inhaled ST.
These modeling results also suggest a pharmacokinetic
explanation for species sen sitivity from ST-induced toxicity.

As shown in our analysis, local metabolism and direct
equilibration of airborne vapors with respiratory-tract tis-
sues are dominant factors control ling tissue doses of
metabolites in the mouse at ST exposure levels that lead
to bronchioloalveolar carcinogenic. Earlier models for
volatile organics, such as the PBPK model for methylene
chloride and trichloroethylene (Andersen et al., 1987;
Clewell et al., 2000), did not partition the lung into multi-
ple segments based on cell composition to account for
local metabo lism or provide for airway equilibration and
arterial blood delivery of reac tive metabolites. These
models have guided various risk assessments. These
model-based dose-response assessments should be revis-
ited with a more accurate description of respiratory tract
structure and metabolism. For volatile toxicants with
effects in the respiratory tract, PBPK models intended to
support human health risk assessments should use a
multicompartment description of the lung that incorpo-
rates local metabolism and gas-phase delivery to respira-
tory-tract epithelium.

Conclusion
We have developed a PBPK model with a multicompart-
ment descrip tion of the respiratory tract with a compart-
ment specific to the target tissue for ST toxicity and car-
cinogenicity, the terminal bronchioles. Parameteriza tion
of Phase I and II metabolism in the terminal bronchiolar
compartment was derived based on species-specific data
on regional distribution of cells in the transitional bron-
chioles and their respective metabolic activity. The model
is validated against in vivo pharmacokinetic data, and
used to derive quantitative relationships between expo-
sure concentration of ST and inter nal tissue dose of SO in
mice, rats, and humans. We have also conducted an
analysis of R/S-SO target-tissue dose following ST expo-
sure in rats and mice using the PBPK model. Compared
with the mouse, model-based pre dictions of SO concen-
trations are approximately 10- and 100-fold lower in the
rat and human transitional bronchioles, respectively.
These predictions support a pharmacokinetic basis for
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species sensitivity in rodents and indi cate that humans
will be approximately 100-fold less sensitive to the induc -
tion of lung tumors following ST exposure than are mice.
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6 

Clara cells) (pmol/min/10
6

Clara cells)

Mouse 152 41.5 193.5

2. Average volume of Clara cell in mice = 420 μm3 = 420 x 10-12 ml (Mercer et al., 1994).

3. Total P-450 activity on a per ml Clara cell basis = (193.5 x 10-12 mol/min)/(106 cells x 420 x 10-12 ml/cell) = 460.7
nmol/min/ml Clara cell.

4. Fraction of Clara cells in T. bronchioles based on cell population density = 78.5% (Plopper & Hyde, 1992).

5. Total P-450 activity on a per ml T. bronchioles tissue basis = 0.785 x 460.7 = 362 nmol/min/ml tissue.
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PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING OF STYRENE AND STYRENE OxIDE
RESPIRATORY-TRACT DOSIMETRY IN RODENTS AND HUMANS

P-450 Activity in Transitional (T.) Bronchioles (Clara-Cell-Rich Region of the Lung) in Rats

1. Data from Hynes et al. (1999) on rat P-450 activity:

Species R-SO Activity S-SO Activity Total lung activity
(pmol/min/10

6

Clara cells) (pmol/min/10
6 

Clara cells) (pmol/min/10
6

Clara cells)

Rat 30.1 29 59.1

2. Average volume of Clara cell in rat = 420 x 10-12 ml (Mercer et al., 1994).

3. Total P-450 activity on a per ml Clara cell basis = (59.1 x 10-12 mol/min)/(106 cells x 420 x 10-12 ml/cell) = 140.7
nmol/min/ml Clara cell.

4. Fraction of Clara cells in T. bronchioles based on cell population density = 33.0% (Jeffery & Reid, 1975).

5. Total P-450 activity on a per ml T. bronchioles tissue basis = 0.33 x 140.7 = 46.4 nmol/min/ml tissue.

P-450 Activity in Transitional (T.) Bronchioles (Clara-Cell-Rich Region of the Lung) in Humans

1. Data from Nakajima et al. (1994):

Species P-450 Activity Protein content a Lung P-450 activity
(nmol/min/mg protein) (mg protein/ml tissue) (nmol/min/ml lung tissue)

Human 6.5 x 10
-3

3.8 24.7 x 10
-3

a Pacifici et al. (1988).

2. Total Clara cells in human lung = 1380 x 106 cells/lung (Mercer et al., 1994). Total Clara cells in Bronchi = 230 x 106. Total
Clara cells in T. bronchioles = 1150 x 106. Average volume of human Clara cell = 400 x 10-12 ml/cell (Mercer et al., 1994).

3. Total Clara cell volume = (1380 x 106 cells/lung) (400 x 10-12 ml/cell) = 0.55 ml.

4. Lung weight (as fraction of body weight) = 0.73% (Brown et al., 1997). 

5. Average lung weight in humans (adult) = (0.0073) (70000 g) = 511 g.

6. P-450 activity on ml Clara cell basis = (24.7 x 10-12 mol/min/ml lung tissue) (511 ml/lung)/(0.55 ml) = 22.95
nmol/min/ml Clara cell.

7. Clara cells are present in respiratory bronchioles in humans (i.e., gener ations 16, 17, and 18): total surface area of R.
bronchioles in humans = 6220 cm2 (Yeh & Schum, 1980).

8. Average cell height in R. bronchioles = 10 μm (Mercer et al., 1994).

9. Average volume of R. bronchioles = 6220 cm2 x 10 µm = 6.2 ml.

10. Average volume of Clara cells in R. bronchioles = (1150 x 106 cells) (400 x 10-12 ml/cell).

11. P-450 activity on ml R. bronchioles tissue basis = 22.95 nmol/min/ml Clara cells (0.46 ml)/(6.2 ml) = 1.7
nmol/min/ml tissue.
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