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Styrene (ST) is widely used to manufacture resins, glass-reinforced plastics, and a number
of commercially important polymers (Miller et al., 1994) . Chronic ST inhalation studies in
rodents have demonstrated unique species specificity in the resulting pulmonary toxicity
and carcinogenicity. Increased incidences of pulmonary bronchioloalveolar tumors have
been observed in mice, but not in rats. No other tumor type was increased significantly 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 distribution 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 respiratory-tract tissues, particularly in terminal bron-
chioles ( target tisue) , in order to conduct interspecies extrapolations and determine the
extent to which there is a pharmacokinetic basis for the observed species specificity. This
PBPK model has a multicompartment 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 incidences in mice correlated well with model-esti-
mated SO concentration in the terminal bronchioles. The PBPK model predicts a 10-fold
lower SO concentration in the terminal bronchioles in rats compared to mice, which is
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consistent with the observed 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 pharmacokinetic differ-
ences. Pharmacodynamic 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 substantial 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
hepatotoxicity (only at high dose) in rats have been observed in studies using
rodents (Bond, 1989; SIRC, 1999). Recently the Styrene Information and Re-
search Center (SIRC) conducted subchronic and chronic inhalation studies
exposing 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 bronchioloalveolar 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 carcinogenic, with the R-enantiomer being somewhat more
cytotoxic than the S-enantiomer (Gadberry et al., 1996). SO is believed to
be the proximal toxicant responsible for toxicity and carcinogenicity ob-
served following exposure to ST (Bond, 1989; Carlson, 1998; Sumner &
Fennell, 1994). SO is cleared (detoxified) by microsomal epoxide hydrolase
(EH)-mediated hydrolysis and glutathione (GSH) conjugation by cytosolic
glutathione S-transferases (GSTs). These enzyme systems are present in sev-
eral tissues, 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 differences 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 anatomical, physiological, and
metabolic parameters on SO target tissue dose using a physiologically based
pharmacokinetic (PBPK) model.
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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 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. Additional objectives were to conduct 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 exposure 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 concentration 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 clearance 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 multicompartment description of the respiratory
tract with a compartment specific to the terminal bronchiolar region, where
ST-mediated toxicity is observed.

Respiratory-Tract Anatomy and Cell Composition
Based on its anatomical location and function, the respiratory 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  anterior  respiratory  tract  not
involved in gas exchange. In rodents, the most distal conducting airways
are the terminal bronchioles, which abruptly open into the alveoli (Parent,
1992). In humans, the transition between the conducting and gas-ex-
change region is formed by the respiratory bronchioles (ICRP, 1994). The
respiratory bronchioles 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.
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The most common cell types of the conducting airways 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 significantly 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 ×
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 conducting 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 including 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 bronchioles but are confined primarily to
the respiratory bronchioles (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 × 109 Clara
cells in the human lung, with 85% confined to the respiratory bronchioles.
The fractional volume 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 precursor 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 conclusively identify one of these cell
types as the target cell for carcinogenesis .
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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 sequentially 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/carcinomas of the bronchioloalveolar region, which
stain immunohistochemically for surfactant produced by normal 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.

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 substantiated
by the observation that unlike ST, genotoxic compounds 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 historical 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 excluded, the available data supports the hypothesis
that the MOA of ST carcinogenicity contains a strong nongenotoxic 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 promotional stimulus caused by the observed Clara cell cytotoxicity
following chronic exposure to ST, some bronchioloalveolar hyperplasias
develop into bronchioloalveolar adenomas, a small fraction of which pro-
gress into bronchioloalveolar carcinomas. Accumulation of specific genetic
lesions required for malignant conversion is dominated by replicative errors
during sustained regenerative proliferation rather than the weak genotoxic
activity of ST.
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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 bronchioles. 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
governed 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 alveolar 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 predominantly 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 representative of the SO concentration in a mixed cell population, 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 containing 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 previous section are modeled as separate com-
partments, with special emphasis on the characterization of the transitional
bronchiolar compartment, the primary target site for ST-induced lung
tumors and the region richest in the metabolically active Clara cell. The
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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 compartmentalization that includes a four-
compartment respiratory tract and tissues important for systemic clearance
and storage. The systemic tissues in the body are grouped into four com-
partments: liver, fat, richly perfused tissue, and poorly perfused tissue.
Metabolic activation of ST by cytochrome P-450-catalyzed epoxidation and

PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 795

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 corresponding tissue compartment in the SO submodel for further transport and metabolism.
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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 irreversible, and SO formed in the parent model in any given tissue
compartment 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 variable structure comprising a
lumen for air passage that is surrounded by epithelium and submucosa tis-
sue layers. To reflect the architecture of the respiratory tract tissue, the tis-
sue compartments representing the nasal cavity, conducting airways, and
transitional airways are divided into a three-layered substructure consisting
of a lumen, epithelium, and a submucosal tissue layer (Figure 2). Although
the epithelium and the submucosa are composed of a number of morpho-
logically distinct cell types, these multiple cell types are represented by 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 biotransformation of ST and SO.

796 R. SARANGAPANI ET AL.

FIGURE 2. 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 metabolized 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 tis-
sue. 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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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 transitional 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 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.
The model incorporates a mass transfer coefficient at the lumen–tissue in-
terface that governs 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 resistance term. Ventilation is assumed to be unidirectional in
this model. Air flow rate in the upper and conducting airways 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 transport of an inhaled chemical across the lumen and tis-
sue subcompartments in the upper, conducting, and transitional 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
considered in this model because of their low metabolic capacity (Bond,
1989; SIRC, 1999), which will not contribute significantly 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 cardiac output.

The kinetics of the biotransformation of ST in the liver 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

PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 797
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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 reticulum before it diffuses into the cytosol. To capture
this first-pass effect, the epithelial cell layer is further partitioned into a
cytoplasmic subcompartment and a microsomal subcompartment. The flux
of SO from the endoplasmic reticulum to the cytosol is characterized by the
product of the intercompartmental concentration gradient and a diffusional

798 R. SARANGAPANI ET AL.

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

___ = V·m(Cin – Cl) – KatSAx(Cl –
___)dt Ht:a

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

___ = KatSAx(Cl – 
___) – KtbSAx( ___ – ___) – _____________dt Ht:a Ht:b Ht:b Kml + Ct / Ht:b

Submucosa [ST] dCx Ct Cx
Vx

___ = KtbSAx( ___ – ___) – Q· x(Cart – Cx / Ht:b)dt Ht:b Ht:b

Liver [ST] dCli VmlCli / Ht:b
Vli

____ = Qli(Cart Cli / Ht:b) – 
_____________

dt Kml + Cli / Ht:b

Governing mass balance equations for epoxide in liver and respiratory tract

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

Vli
____ = _____________ – Kec(____ – ____) – ______________dt Kml + Cli / Ht:b H SO

t:b H SO
t:b Km2 + Eer / H

SO
t:b

CY [SO] dEcy Eer Ecy Ecy Vm3EcyGSH li
Vli

____ = Kec( ____ – ____) – Q· x(Eart – _____) – __________________________________dt H SO
t:b HSO

t:b HSO
t:b KmEcy + KmEcy + Km3GSH li + EcyGSH li

[GSH] dGSH li Vm3EcyGSHli
Vli

______ = KGSH(GSHB – GSH li) – 
___________________________

dt KmEcy + Km3GSHli + EcyGSHli

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

Blood [ST] Q· cCven = Q
·
liCli + Q

·
fCf + Q

·
rtCrt + Q

·
ptCpt + Q

·
xCx

Blood [SO] Q· cEven = Q
·
liEcy + Q

·
fEf + Q

·
rtErt + Q

·
ptEpt + Q

·
xEx

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. V· m, Q

·
c—minute ventila-

tion and cardiac output, respectively. Q· li, Q
·
x, Q

·
f, Q

·
rt/pt—blood flow rate to liver, lung, fat, richly and

poorly perfused tissues, respectively. Vl, Vt, Vx, Vlirespiratory tract lumen, tissue, and submucosa, and
liver volumes, respectively. Kat, Ktb, Kec—intercompartmental transfer coefficients. Ht:a, Ht:b, H

so
t:b —

issue: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, re-
spectively.
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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 catalyzed 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, background zero-order
production rate, a conjugation-dependent 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 tissue: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 appropriate 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, re-
spectively.

The surface area of the conducting and transitional airway in rodents
and humans was estimated using standard 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
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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 comprise the conducting airway. The respira-
tory bronchioles, spanning 17th through the 19th generation, were assumed

800 R. SARANGAPANI ET AL.

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 (ml/min) V· m 24 150 15,000 (Brown et al., 1997; 

Morris 2000)
Pulmonary ventilation (ml/min) V· m 12–1a 75–110a 10,500 (Brown et al., 1997)
Cardiac output (ml/min) Q· c 14 110 5200 Same

Tissue blood flow as fraction 
of cardiac output
Liver blood flow Q· li 15–30 15–30a 22.7 Same
Richly perfused blood flow Q· rp 48 28.7 43 Same
Fat blood flow Q· f 5.9 7 5.2 Same
UA blood flow Q· x 1.0 1.0 0.25 (Paulsson et al., 1985; 

Stott et al., 1983, 1986)
CA blood flow Q· x 0.5 2.1 0.75 (Brown et al., 1997)
TA blood flow Q· x 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 H SO

b:a 2000 2000 2000 Same
SO liver:blood H SO

l:b 1 1 1 Same
SO fat:blood H SO

t:b 14 14 14 Same
SO tissue:blood H SO

t:b 0.6 0.6 0.6 Same
ST/SO tissue-phase diffusivity Dt 0.0002 0.0002 0.0002 (Cussler, 1999)

(cm2/min)
ST/SO air-phase diffusivity Da 6 6 6 Same

(cm2/min)

Note. UA, upper airways; CA, conducting airways; TA, transitional airways.
aShows 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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to comprise the transitional bronchiolar compartment. Generations distal to
the transitional bronchioles were assumed to comprise the pulmonary region.
The surface area of this region was estimated using standard 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
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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 (cm2)
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 — 3.8 3.8 3.8 (Mendrala et al., 1993;

(mg/ml) Pacifici et al., 1988)
Liver microsomal protein — 13 11 23 Same

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

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

(mg/ml)

Note. UA, upper airways; CA, conducting airways; TA, transitional airways; PA, pulmonary airways.
aSee text for details on estimation of air-phase, liquid-phase, and composite MTC.
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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 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 contribute to the blood supply of the transitional bron-
chioles, it is perfused predominantly by the pulmonary circulation (Butler,
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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-450
d Vm1 200 50–150g 50 (Mendrala et al., 1993)

Vmax UA P-450d Vm1 183 98 50 Optimizeda

Vmax TA P-450
d 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 EH

d 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 EH
d 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., 1981, 
1987)

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.
aOptimized using published value as the initial guess.
bAssumed to be equal to Clara-cell values due to insufficient published data.
cVmax on Clara-cell volume basis in mice, rats and is 461, 141, and 23 nmol/min/ml, respectively.
dnmol/min/ml.
enmol/ml.
fPer minute.
gShows the parameter range to fit experimental data sets. Mean values are used for dose extrapolation.

Mean value for hepatic P-450 Vmax used in the model for the rat is 93 nmol/min/ml (Mendrala et al.,
1993).
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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. (1998). Under physiologically normal
breathing conditions the flow is laminar in the conducting and transitional
airways (Chang & Paiva, 1989). Theoretical formulation 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
conducting airways and an averaged values used for this compartment. The
gas-phase MTC in the transitional airway in the rodent was computed based
on airway dimension 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 liquid-phase chemical
diffusivity by half the mucus thickness (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 liquid-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 converted 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 similar 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 micro-

PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 803

*MTC = 1.62 (D2v/Ld)1/3 where D is the air-phase diffusivity 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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somal 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 presented the activity on a million cell basis. For its use in
the model, the total P-450 activity was first obtained by combining the activ-
ity for the R and the S form. This total P-450 activity on a million Clara cell
basis was then converted 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 volume to the total epithelial cell volume in the
terminal bronchioles as a correction factor, pulmonary P-450 activity 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 tissue in the terminal bronchioles in mice and rats, respectively, 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 tissue 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, expressing the P-450 activity on a per milligram
whole lung tissue 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 parameterization 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 activity 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 milligram 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 mea-
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sured 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.

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 activity 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 activity 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 alveolar 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 activity (Vmax) on
a milligram bronchiole tissue basis was comparable 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 affinity 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 typically described using a two-substrate (ping-pong) model,
characterized by three kinetic constants: maximum reaction 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 incubating 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 protein per milligram
liver tissue (Mendrala, personal communication). 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
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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 milligram tissue basis
based on the amount of cytosolic protein 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 compartment 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 predicted 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 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 reactive
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
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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 formulated 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
clearance 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 steady-state target tissue SO concentrations.
When hepatic 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 proceeded in
an enantiospecific manner when human liver microsomal preparations were
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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 Liver
a 108.3 91.7 33.8 59.2 (Hynes et al., 1999)

Vmax P-450 t. bronchioles
a 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)

anmol/min/ml.
bnmol/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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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 stereospecificit y, favoring clearance of
the R-SO compared 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 corresponding values for S-SO is 100 nmol/mg pro-
tein/min and 2 mM (Hiratsuka et al., 1989) (Table 5). The stereoselectivit y
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 multiple 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
validation 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 characterization of the extraction of inhaled va-
pors in the nasal cavity (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 portion of the respiratory tract
model. The model accurately predicted the experimentally observed nonlin-
ear behavior in nasal extraction as a function of flow rate and concentration
in both rodent species, with extraction decreasing 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 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 physiologi-
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cally 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

PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 809

FIGURE 3. Upper respiratory tract extraction of styrene in mice and rats as a function of (A) flow rate
and (B) inhaled ST concentration (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 concentrations (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 activity
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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PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 811

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 optimal model fit to
data, shown here, the mouse model simulations 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 parameters are as presented in Tables 2–4. The error bars on the data
points represent standard deviations.
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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.

812 R. SARANGAPANI ET AL.

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 simulations 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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Ramsey and Young (1978) measured blood ST concentration 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 ventilation 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 following a 6-h ex-
posure to 80 ppm ST. More recently, Johanson and coworkers measured the
human blood concentration of ST and SO following a 2-h exposure to 50
ppm ST under light activity, while simultaneously measuring the minute ven-
tilation in all the human volunteers (Johanson et al., 2000). Using these ex-
perimentally measured 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 measured 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 concentration 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 parameters in rodents used in the inhalation chronic bioassay.

Pharmacokinetic studies measuring ST and SO exposure–dose relation-
ships in the liver and the lung tissue provide useful data for direct validation
of model predicted tissue concentrations. Withey and Collins (1979) col-
lected exposure–concentration data in blood, liver, and lung tissue immedi-
ately following a 5-h inhalation exposure 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 than the lung
(Withey & Collins, 1979). The model provides a good fit to the exposure–
dose data for all three tissues without altering any of the measured tissue
metabolism 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
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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., 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 origin 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.
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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 activity 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.
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816 R. SARANGAPANI ET AL.

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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PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 817

FIGURE 10. Model fit to blood, liver, and lung (A) ST and (B) SO concentrations in mice 2 h after
intraperitoneal administration of various doses intraperitoneally administered 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.
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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 arterial 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 systemic
blood concentrations. Because adenomas are considered 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 bronchioles and in the sys-
temic blood (Figure 11). Similarly, the incidence of bronchioloalveolar focal
hyperplasia (preneoplastic 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 precursor
response is better correlated to predicted SO concentration 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 neoplstic 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 concentration in the terminal bron-
chioles maybe a more appropriate dose metric for conducting dose-re-
sponse assessment than systemic blood SO concentration.

Interspecies Tissue Dose Comparison
A comparison of the exposure–dose relationship for SO in the transi-

tional bronchioles (target tissue) in mouse (sensitive species), rats, and
human (target species) was conducted 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 representative 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 terminal 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.
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PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 819

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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Compared to the mouse, SO concentrations are approximately 10- and
100-fold lower in the rat and human transitional bronchioles, respectively.
These patterns in SO tissue dose metrics are predominantly 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
simulations also indicate that tissue doses of SO in human transitional
bronchioles, even at the highest exposure concentration used in the mouse
chronic bioassay, will remain well below the lowest tumorigenic dose in
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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.
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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 terminal bron-
chiolar compartment in mouse and rat are shown in Table 5b. These simu-
lations are based on the assumption 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 bronchioles. 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
concentration 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 stereospecific 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 extrapolation. 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 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 concentration in the terminal bronchiolar region is proportional 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 bronchiolar 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
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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 interspecies 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
submucosa 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 predicted 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 concentration in respiratory tract tissue

822 R. SARANGAPANI ET AL.

FIGURE 13. Plot comparing region-specific (SO concentration in terminal bronchioles) and cell-specific
(Clara cell SO concentration) dose metrics in rats and mice. The SO concentration 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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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 metabolism 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 dominated by local production of SO rather than delivery via the
arterial blood (Figure 14). In contrast, in rats, the relatively low Vmax for P-
450 metabolism in the terminal bronchioles, compared to the liver, results
in target tissue SO concentrations 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.

PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 823

FIGURE 14. Model simulations comparing steady state SO concentration 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 primarily 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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Sensitivity Analysis
The various model parameters are not known with absolute certainty. An

evaluation of the impact of uncertainty in the parameters on model esti-
mates of tissue dose metrics 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 parameter (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 indicates they
are inversely correlated.

The sensitivity coefficients (SC) for the mouse and human model, as
described in Table 6, were calculated at an exposure concentration of 1
ppm using 2 relevant dose metrics: blood SO concentration and transitional
bronchiolar SO concentration. The SCs for the two species are qualitatively
similar. The SCs for the bronchiolar SO concentration show a high sensitivity
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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 — — — —

aSO concentration in the transitional bronchiolar compartment.
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for the local P-450, EH, and GST activity in the lung tissue compartment,
while the blood SO concentration is more sensitive 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 influence the delivery and clearance of ST
and SO from the target site. Furthermore, target tissue 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  coefficients  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 computational 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 related to air-
phase MTC and EH affinity do not have a significant 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 intermediates 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
toxicity 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 models 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 differences in
the metabolic constants for production (toxication) and clearance (detoxica-
tion) of metabolites by Clara cells, and regional Clara-cell density. Lacking
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representations of these characteristics, these PBPK models are limited 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 respiratory tract, is a significant advancement
over previous ST models 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 particularly important because of the extensive litera-
ture describing cell-specific metabolism and toxicity in the transitional 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 multicompartment 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 parameters some of which can impact the tis-
sue dose predictions. The sensitive model parameters are also the most
important entities for further research designed to reduce uncertainty in
their estimates. Among the relatively sensitive 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 reconstruction 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 associated 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 cannot be verified due
to lack of direct experimental measurements, the physiological and kinetic
parameters used to develop model-based estimates are known with reason-
able certainty. However, direct experimental measurement 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 tar-
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get tissues will help model validation and greatly improve the confidence in
the model-based target tissue dose predictions.

The need to account for uncertainty in the cell of origin 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
simulations 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 transitional 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 concentrations as high as 1000 ppm. Fur-
ther, the ratio of the slightly 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 differences 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 bronchioloalveolar 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 assumptions assure that virtually safe dose estimates
are protective in the presence of substantial uncertainties and limitations 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 utilize 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
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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 tissues 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
multiple 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 revisited 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 incorporates local metabolism and gas-phase
delivery to respiratory-tract epithelium.

Conclusion

We have developed a PBPK model with a multicompartment descrip-
tion of the respiratory tract with a compartment specific to the target tissue
for ST toxicity and carcinogenicity, 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 bronchioles and their respective metabolic activity. The
model is validated against in vivo pharmacokinetic data, and used to derive
quantitative relationships between exposure 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 exposure in rats and
mice using the PBPK model. Compared with the mouse, model-based pre-
dictions of SO concentrations are approximately 10- and 100-fold lower in
the rat and human transitional bronchioles, respectively. 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.
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APPENDIX

P-450 Activity in Transition (T.) Bronchioles 
(Clara-Cell-Rich Region of the Lung) in Mice

1. Data from Hynes et al. (1999) on mouse P-450 activity:

R-SO Activity S-SO Activity Total lung activity
(pmol/min/106 (pmol/min/106 (pmol/min/106

Species Clara cells) Clara cells) Clara cells)

Mouse 152 41.5 193.5

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

3. Total P-450 activity on a per ml Clara cell basis = (193.5 × 10–12 mol/
min)/(106 cells × 420 × 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.

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:

R-SO Activity S-SO Activity Total lung activity
(pmol/min/106 (pmol/min/106 (pmol/min/106

Species Clara cells) Clara cells) Clara cells)

Rat 30.1 29 59.1

2. Average volume of Clara cell in rat = 420 × 10–12 ml (Mercer et al.,
1994).

3. Total P-450 activity on a per ml Clara cell basis = (59.1 × 10–12 mol/
min)/(106 cells × 420 × 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 ×
140.7 = 46.4 nmol/min/ml tissue.

PBPK MODEL FOR STYRENE RESPIRATORY-TRACT DOSIMETRY 833

In
ha

la
tio

n 
T

ox
ic

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
C

D
C

 I
nf

or
m

at
io

n 
C

en
te

r 
on

 0
7/

11
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



P-450 Activity in Transitional (T.) Bronchioles 
(Clara-Cell-Rich Region of the Lung) in Humans

1. Data from Nakajima et al. (1994):

P-450 Activity Protein contenta Lung P-450 activity
Species (nmol/min/mg protein) (mg protein/ml tissue) (nmol/min/ml lung tissue)

Human 6.5 × 10–3 3.8 24.7 × 10–3

aPacifici et al. (1988).

2. Total Clara cells in human lung = 1380 × 106 cells/lung (Mercer et al.,
1994). Total Clara cells in Bronchi = 230 × 106. Total Clara cells in T.
bronchioles = 1150 × 106. Average volume of human Clara cell = 400 ×
10–12 ml/cell (Mercer et al., 1994).

3. Total Clara cell volume = (1380 × 106 cells/lung) (400 × 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 × 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 × 10 µm = 6.2 ml.

10. Average volume of Clara cells in R. bronchioles = (1150 × 106 cells)
(400 × 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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