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Numerous inhalation studies have demonstrated that exposure
to high concentrations of a wide range of volatile acids and esters
results in cytotoxicity to the nasal olfactory epithelium. Previously,
a hybrid computational fluid dynamics (CFD) and physiologically
based pharmacokinetic (PBPK) dosimetry model was constructed
to estimate the regional tissue dose of organic acids in the rodent
and human nasal cavity. This study extends this methodology to a
representative volatile organic ester, ethyl acrylate (EA). An in
vitro exposure of explants of rat olfactory epithelium to EA with
and without an esterase inhibitor demonstrated that the organic
acid, acrylic acid, released by nasal esterases is primarily respon-
sible for the olfactory cytotoxicity. Estimates of the steady-state
concentration of acrylic acid in olfactory tissue were made for the
rat nasal cavity by using data from a series of short-term in vivo
studies and from the results of CFD–PBPK computer modeling.
Appropriate parameterization of the CFD–PBPK model for the
human nasal cavity and to accommodate human systemic anat-
omy, metabolism, and physiology allowed interspecies dose com-
parisons. The CFD–PBPK model simulations indicate that the
olfactory epithelium of the human nasal cavity is exposed to at
least 18-fold lower tissue concentrations of acid released from EA
than the olfactory epithelium of the rat nasal cavity under the
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same exposure conditions. The magnitude of this difference varies
with the specific exposure scenario that is simulated and with the
specific dataset of human esterase activity used for the simula-
tions. The increased olfactory tissue dose in rats relative to hu-
mans may be attributed to both the vulnerable location of the
rodent olfactory tissue (comprising greater than 50% of the nasal
cavity) and the high concentration of rat olfactory esterase activity
(comparable to liver esterase activity) relative to human olfactory
tissue. These studies suggest that the human olfactory epithelium
is protected from vapors of organic esters significantly better than
rat olfactory epithelium due to substantive differences in nasal
anatomy, nasal and systemic metabolism, systemic physiology,
and air flow. Although the accumulation of acrylic acid in the
nasal tissues may be a primary concern for nasal irritation and
human risk assessment, acute animal inhalation studies to evalu-
ate lethality (LD50-type studies) conducted at very high vapor
concentrations of ethyl acrylate indicated that a different mecha-
nism is primarily responsible for mortality. The rodent studies
demonstrated that systemic tissue nonprotein sulfhydryl depletion
is a primary cause of death at exposure concentrations more than
two orders of magnitude above the concentrations that induce
nasal irritation. The CFD–PBPK model adequately simulated the
severe depletion of glutathione in systemic tissues (e.g., liver and
lung) associated with acute inhalation exposures in the 500-1000
ppm range. These results indicate that the CFD–PBPK model can
simulate both the low-dose nasal tissue dosimetry associated with
irritation and the high-dose systemic tissue dosimetry associated
with mortality. In addition, the comparison of simulation results
for ethyl acetate and acetone to nasal deposition data suggests that
the CFD–PBPK model has general utility as a tool for dosimetry
estimates for a wide range of other esters and slowly metabolized
vapors. © 2002 Elsevier Science (USA)
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Many volatile organic acids and esters have been demon-
strated to induce histopathological damage in the olfactory
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epithelium in the nasal cavity of rodents in acute, subchronic,
and chronic inhalation studies (e.g., Miller et al., 1981, 1985;
Keenan et al., 1990; Trela and Bogdanffy, 1991; Hext et al.,
2001). Rarely does this olfactory damage extend to the adja-
cent respiratory epithelium (only with very strong acids such as
formic acid; National Toxicology Program, 1992), even though
the respiratory tissue lies closer to the nares and would be
expected to receive a higher concentration of an inhaled vapor.
Although this difference in tissue susceptibility is important for
organic acids and esters, for inhaled vapors, the regional dis-
tribution of toxic effects generally has been correlated with the
nasal air flow patterns. Typically, regions of high air flow
exhibit a higher incidence and greater severity of toxic effects
than regions of low air flow (Morgan and Monticello, 1990;
Kimbell et al., 1993, 1997; Mery et al., 1994). Consequently,
to provide a scientific basis for interspecies extrapolation and
risk assessment for nasal toxicants, it is necessary to integrate
the relevant data on species-specific anatomy, metabolism,
air-flow patterns, and tissue susceptibility.

A prior study investigated the interspecies dosimetry of an
organic acid vapor in the olfactory epithelium (Frederick et al.,
1998) by incorporating the development and use of a hybrid
computational fluid dynamics (CFD) and physiologically
based pharmacokinetic (PBPK) dosimetry model to estimate
the regional tissue dose of organic acids in the rodent and
human nasal cavity. Volatile organic acids are generally very
water soluble and are typically metabolized relatively slowly
by tissues in the respiratory tract. In contrast, organic esters are
generally relatively poorly water soluble and are rapidly me-
tabolized by esterases in respiratory tissues to release acids and
alcohols (e.g., Bogdanffy et al., 1987; Dahl et al., 1987;
Frederick et al., 1992, 1994b; Mainwaring et al., 2001). This
study includes modification of the previously developed CFD–
PBPK model to incorporate the metabolism of a representative
organic ester, ethyl acrylate (EA), by nasal and systemic es-
terases. In addition, an in vitro study was conducted with
explants of nasal tissue to determine whether it was the ester or
its acid metabolite, acrylic acid, that was responsible for in-
ducing the cytotoxicity that was observed in the sustentacular
cells of the olfactory tissue.

The design criteria for the CFD–PBPK model used in this
study were based on the observations from numerous labora-
tories on the parameters that generally determine regional and
whole-nose nasal tissue dose (summarized in Frederick et al.,
1994a). These criteria specify a model that will provide sim-
ulation results such as a decreased fractional deposition of a
vapor in the overall nasal cavity with an increase in inhalation
flow rate, a decrease in the fractional nasal deposition of a
vapor when the rate of nasal metabolism of the vapor is
inhibited, and a decrease in the rate of nasal uptake of a poorly
metabolized inhaled vapor as a function of time in extended
exposure scenarios as the arterial blood concentration increases
due to systemic loading of the vapor. To meet these design
criteria, the structure of the hybrid CFD–PBPK model links the

data from CFD simulations of air flow in the upper respiratory
tract with a compartmental PBPK model. The PBPK part of the
model has the the capacity to describe systemic distribution,
metabolism, and excretion as well as systemic target tissue
dose. The PBPK simulation of systemic metabolism and blood
concentration is an important feature that allows the simulation
of “back pressure” of poorly metabolized vapors that accumu-
late in the blood and inhibit the flux into the nasal tissue. In
addition, the modeling of the circulatory system allows esti-
mation of the accumulation and recirculation of metabolites of
toxicological interest in the blood. Notably, as described be-
low, the incorporation of systemic metabolism and the descrip-
tion of the systemic blood concentration of both the inhaled
vapor and its major metabolite are critical features of this
hybrid CFD–PBPK model for interspecies dose comparisons in
both nasal and systemic tissues. This general model structure
appears to be useful for tissue dose estimates and interspecies
extrapolation for a wide range of inhaled vapors and for mul-
tiple toxicological endpoints, and it provides a scientific basis
for tissue dose comparisons, interspecies extrapolation, and
risk assessment. In keeping with the design philosophy used
for the prior acid vapor model, the ester CFD–PBPK model is
constructed and used with direct input of experimental data for
the model parameters and without “fitting” or optimization of
the parameters.

MATERIALS AND METHODS

Chemicals. Ethyl acrylate (CAS 140–88-5; Rohm and Haas Co., Bristol,
PA) with a purity of �99.9% with 15 ppm 4-methoxyphenol to prevent
polymerization was used for the study.

Acute inhalation exposure of rats. Male F344/N rats (approximately 60 to
75 days old upon arrival; weight range of 160 to 175 g 1 day prior to exposure)
were obtained from Charles River Laboratories (Wilmington, MA). Food and
filtered tap water were supplied ad libitum, except during inhalation exposure,
when food and water were withheld. The animals (five per group for immediate
histopathological evaluation, five per group for histopathological evaluation
after a 6-week recovery period, and five per group for immediate analysis of
tissue nonprotein sulfhydryl concentration) were administered a single, nose-
only inhalation exposure of 0, 5, 25, or 75 ppm EA vapor for 1, 3, or 6 h
(exposure concentrations based on subchronic and chronic bioassay histopa-
thology reported by Miller et al., 1985). Immediately following exposure, the
animals were removed from the inhalation apparatus, anesthetized with sodium
pentobarbital, and then killed by exsanguination by cutting the abdominal
aorta. The nasal cavity of each animal designated for histopathological eval-
uation was infused with 10% neutral-buffered formalin via the pharyngeal duct
and the head was then immersed and fixed in formalin, decalcified, and
sectioned transversely at Levels I through IV (Young, 1981). The tissue
sections were processed, microtomed at 4 to 6 �m, stained with hematoxylin
and eosin, and evaluated for histopathology. Lesions were characterized ac-
cording to the scheme used previously (Lomax et al., 1994), and their locations
were mapped according to the scheme described by Mery et al. (1994). A
composite regional map was also constructed for each group. The recording of
lesions was designed to qualitatively assess the extent, nasal region affected,
and type of histologic lesions within the nasal cavity. In addition to the animals
evaluated for histopathology immediately following inhalation exposure, ad-
ditional groups of rats (five per group) were allowed to recover for 6 weeks
prior to histopathological evaluation as described above.

In addition to the animals evaluated for nasal histopathology, additional
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animals were evaluated for regional nasal tissue nonprotein sulfhydryl (NPSH)
concentration. Following scheduled euthanasia as described above, the rat
skull was carefully opened along the midline and the following nasal cavity
tissues were collected, weighed in tared containers, and immediately frozen
with dry ice for subsequent NPSH analysis: respiratory epithelium of the
septum, respiratory epithelium of the lateral walls, olfactory epithelium of the
dorsal meatus region, olfactory epithelium of the septum, and olfactory epi-
thelium of the ethmoid turbinates. The collected tissues were stored at less than
�50oC until NPSH analysis with Ellman’s reagent using a microplate reader
as previously described (Potter et al., 1995).

In vitro incubation of nasal explants with ethyl acrylate. Nasal septa
were carefully collected from female F344/N rats (weight range of 150 to
225 g) and incubated for 2 h in DMEM/F12 media supplemented with
antibiotics (penicillin, streptomycin, and nystatin), insulin, transferrin, sele-
nium, hydrocortisone, and epidermal growth factor under an atmosphere of
95% O2 and 5% CO2 at 37oC. For treated tissues, 0.06–3.6 mM EA was added
to the medium prior to the addition of the tissues, and the treated medium was
adjusted to pH 7.3 with 1 N sodium hydroxide. After incubation, the tissues
were fixed with formalin, decalcified, imbedded in glycol methacrylate, mic-
rotomed at 2 to 3 �m, stained with hematoxylin and eosin, and evaluated for
histopathology. An experiment was also conducted with 25 �M paraoxon in
the culture medium to investigate the effects of inhibiting tissue esterase
activity on the histopathological effects.

Human and monkey esterase activity. Human tissues were obtained from
the International Institute for the Advancement of Medicine (IIAM). The
tissues were obtained from IIAM on the same day as tissue collection using a
quick courier service for transport and delivery. The tissues obtained from
IIAM were normal tissues (e.g., excess surgical tissues or brain dead cadaver
tissues) that were snap frozen in liquid nitrogen as soon as possible after
collection. The tissues were packed in dry ice prior to shipping. Upon receipt,
the samples were inventoried, transferred, and stored in a freezer maintained at
less than or equal to �70oC, and ultimately thawed, homogenized, dialyzed,
and used for determination of esterase activity (method described by Frederick
et al., 1992) and analysis of tissue glutathione concentration (microtiter plate
Ellman’s assay described by Potter et al., 1995). Age and personal information
were not available for the tissue donors. Sufficient tissue for determination of
Michaelis–Menten parameters varied for each tissue, with tissues and kinetic
determinations given in parentheses: liver (n � 5), lung (n � 5), kidney (n �
2), nasal respiratory epithelium (n � 5), nasal olfactory epithelium (n � 4),
esophagus (n � 3), stomach (n � 2), and blood (n � 3). In addition to the
human tissue samples, tissues were collected immediately following euthana-
siz (phenobarbital overdose followed by exsanguination) from three cynomol-
gus monkeys. All tissues were wrapped in aluminum foil and snap frozen in
liquid nitrogen immediately after collection, shipped on dry ice, and stored at
less than or equal to �70oC until esterase determination and glutathione
analysis was conducted by the same methods used for the human tissues.

Evaluation of glutathione transferase activity in nasal tissues. The en-
zymatic augmentation of the rate of conjugation of ethyl acrylate with gluta-
thione by glutathione transferases in olfactory and respiratory epithelium was
evaluated based on the method of Aceto et al. (1993). The reactions were
conducted in 1.5-ml septum-sealed HPLC autoinjector vials in a total volume
of 1.0 ml. The incubation mixtures contained 0.1 M sodium phosphate buffer
(pH 7.3), with or without 25 mg protein from male Fisher F344/N rat nasal
mucosa tissue homogenate (either olfactory homogenate or respiratory homog-
enate), 10 mM glutathione, 9 mM paraoxon (to inhibit esterase activity), and
either 0.5 or 5.0 mM [1-14C] ethyl acrylate (specific activity � 41.5 dpm/
nmol). Reactions were initiated by the addition of substrate, incubated at 37oC
for either 2.5, 5.0, 7.5, or 10 min, and then terminated by the addition of 100
�l of 10% phosphoric acid. Following centrifugation, the amount of radiola-
beled glutathione–ethyl acrylate conjugate was quantified by HPLC with a
flow radiation monitor. The amount of conjugate formed in the presence of
enzyme was compared to the amount formed in the absence of enzyme as a
measure of the enzymatic augmentation of the reaction rate.

Structure of the CFD–PBPK inhalation model. The CFD–PBPK model
used for this study was composed of a whole-body compartmental physiolog-
ically based inhalation model that was constructed with the simulation lan-
guage ACSL (Aegis Technologies Group, Inc., Huntsville, AL), with a nasal
cavity as a port of entry for inhaled vapors. The basic structure of the
CFD–PBPK model has been described in detail (Bush et al., 1998; Frederick
et al., 1998). As previously described, the model recreates the CFD simulations
used to parameterize it for both the rat and human nasal cavity when used to
simulate “concentration � 0” boundary conditions for the nasal mucosa. For
the ester model, the ionization components of the acid model were deleted and
the model was modified to include the chemical-specific parameters for EA, a
Michaelis–Menten description of tissue esterase activity for both rat and
human, a description of steady-state tissue glutathione concentration and the
second-order conjugation of the unsaturated ester by glutathione, a kidney
compartment to describe renal metabolism and urinary excretion of released
acrylic acid, and a description of oral breathing that bypasses the nasal cavity
to simulate the breathing pattern of high work loads. The ester model includes
a “nested” PBPK description of the metabolic formation of the acid released by
the esterase, diffusion and distribution of the acid, and metabolism of the acid
(cf. the PBPK model described for acrylic acid by Frederick et al., 1998,
except that systemic acrylic acid exposure is described by metabolic release
rather than inhalation exposure; similar nested acid metabolite models have
been described by Gargas et al., 2000a,b and Hays et al., 2000). The CFD–
PBPK ester model is described in more detail in the Appendix, with a listing
of model parameters and their sources. Cyclic flow simulations of breathing
were conducted by alternately reversing air flow to simulate inhaling and
exhaling. The regional distribution of air flow on exhalation was modeled by
reversing the air flow determined by the CFD simulations of unidirectional
flow of inhaled air. Although this assumption may introduce an error into
cyclic flow simulations, the magnitude of this error is unknown. When addi-
tional CFD data become available, the model is structured so that it may be
easily modified to incorporate regional differences in air flow patterns and
gas-phase mass transfer between inhalation and exhalation.

Conceptually, the model could be constructed with any number of luminal/
regional compartments. For this study, the interspecies comparisons were
conducted with a relatively simple anatomically based compartmental model
defined primarily by the epithelial types lining various regions of the nasal
cavity and by the air flow patterns in the nasal cavity defined by the results of
CFD simulations (Figs. 1 and 2). The flow of inhaled air across these regions
is described in detail by Kimbell et al. (1993, 1997) for the rat nasal cavity and
by Keyhani et al. (1995) and Subramaniam et al. (1998) for the human nasal
cavity. Deposition of an inhaled vapor was governed by inhaled air flowing
across the nasal vestibule, a dorsal medial airstream flowing over respiratory
epithelium and then olfactory epithelium, and a second composite ventral and
lateral air stream flowing over the remaining respiratory epithelium in the nasal
cavity (divided into anterior and posterior compartments). All air from the
nasal cavity then passes over a pharynx compartment before entering a com-
posite lower respiratory tract compartment (which could be further subdivided
into additional compartments for regional dose estimates, if necessary). Oral
breathing is described by deposition of the fraction of air entering the oral
cavity (along with any inhaled vapor) into the air space of the pharynx and by
mixing of the fractions of orally and nasally inspired air in this region. The
model does not currently subdivide the pharynx into regions (e.g., nasophar-
ynx, oropharynx, and laryngopharynx) or describe the conducting airways,
although these regions could be added after suitable CFD modeling.

The large olfactory region of rodents was divided into two compartments (Figs.
1 and 2): a small dorsal anterior compartment (13% of the olfactory epithelium and
7% of the total nasal surface area) and a large compartment representing the
remaining olfactory epithelium on the septum and ethmoid turbinates (data from
nasal CFD mesh and Gross et al., 1982). The human nasal cavity (Figs. 1 and 2)
does not have an anatomical equivalent for the rat ethmoid turbinates that are
covered primarily with olfactory epithelium; consequently, the small human ol-
factory epithelium was described by one compartment comprising approximately
4% of the total nasal surface area (Lang, 1989).
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The anatomical description of the epithelial tissue lining the nasal lumen in each
region is the same as previously described (Frederick et al., 1998; Fig. 3).
Respiratory epithelium is described by two epithelial cell layers and the thicker
olfactory epithelium is described by four cell layers. Nasal esterase activity
(Frederick et al., 1994b) was allocated to the appropriate cell layers according to
the histochemistry and immunohistochemistry that has previously been reported
(Bogdanffy et al., 1987; Olson et al., 1993; Lewis et al., 1994; Mainwaring et al.,
2001). An adjustment in the Vmax used in the Michaelis–Menten description of
esterase activity used in the model was made to accommodate dilution of the
enzymatically rich cell layers with cell layers deficient in esterase activity based
on concerns raised by Bogdanffy et al. (1998). The dilution factors (four for
respiratory epithelium and two for olfactory epithelium) were estimated based on
microscopic evaluation of representative nasal epithelial tissue samples that had
been collected as if they were to be homogenized and also by comparison with
published photomicrographs (particularly, Olson et al., 1993 and Mainwaring et
al., 2001). Esterase activity for the nasal cavity and systemic tissues was param-
eterized appropriately for each species based on previously published enzyme
kinetic data (Frederick et al., 1992, 1994b) and from kinetic data on tissues
collected for this study. Systemic tissues were modeled as well-mixed compart-
ments with uniform enzyme activity.

Second-order conjugation with glutathione was modeled in each nasal
epithelial layer with steady-state glutathione synthesis based on previously
published studies (Potter and Tran, 1993; Potter et al., 1995). The rate of
glutathione conjugation was increased 15-fold in the liver compartment to
accommodate the augmentation of the reaction rate in this tissue by glutathione
transferases (Potter and Tran, 1993). Otherwise, the available data indicate that
glutathione transferases do not significantly enhance the rate of conjugation of
ethyl acrylate with glutathione in most other tissues under physiological
conditions (Potter and Tran, 1993). The data generated in this study (see
below) indicated that nasal glutathione transferases do not contribute signifi-
cantly to the ambient conjugation rate of ethyl acrylate with glutathione in

nasal tissues. Initial tissue glutathione concentrations (which approximate
tissue nonprotein sulfhydryl concentrations) were based on previously pub-
lished data for rat tissues studies (Potter and Tran, 1993; Potter et al., 1995).
Additional data were collected on nonprotein sulfhydryl concentrations for
selected human and monkey tissues.

Conduct of simulations with the CFD–PBPK inhalation model. The
CFD–PBPK model simulates both unidirectional flow and cyclic breathing
conditions. A prior study has evaluated the relationship between using the
related acid CFD–PBPK model in unidirectional flow mode relative to cyclic
flow mode (Andersen et al., 2000). The problem with exercising the model in
cyclic flow mode to simulate rat breathing is that it is very computationally
intensive. For example, the average breathing time of a rat is approximately
0.4 s per breath, so a 4-h simulation of cyclic breathing involves modeling
36,000 inhalation and 36,000 exhalation events. Andersen et al. (2000) dem-
onstrated that modeling extended exposures with unidirectional flow at a flow
rate equal to the minute volume (effectively the time-weighted average inspi-
ration flow rate) provided dosimetry estimates that were sufficiently accurate
for interspecies dose comparisons. Based on these considerations, the long-
term simulations of in vivo exposures to estimate systemic tissue concentra-
tions were conducted under unidirectional flow conditions at an inspiration
flow rate equal to the minute volume with the appropriate air flow distribution
and mass transport coefficients for cyclic flow. However, estimates of nasal
tissue concentrations were based on 1-h cyclic flow simulations since trial
cyclic flow simulations up to 6 h indicated that steady-state conditions had
been reached prior to 1 h.

To model human physiology in the workplace, CFD simulations were
conducted as previously described (Frederick et al., 1998; Subramaniam et al.,
1998) to derive the appropriate mass transport coefficients for the CFD–PBPK
model. The CFD simulations were conducted at a flow rate of 35 L/min, which
approximates the inspiratory flow rate associated with a work load of 50 W
(Chadha et al., 1987). The data for the compartmental air flow distribution and
gas phase mass transport coefficients calculated from the 35 l/min CFD
simulations are listed in the Appendix. In addition, the switch of humans from
nasal breathing to oronasal breathing as a function of increasing work load has
been evaluated in several laboratories (e.g., Niinimaa et al., 1980, 1981;
Chadha et al., 1987; Wheatley et al., 1991; Fregosi and Lansing, 1995; James
et al., 1997). To accommodate the results of these studies, an oral shunt of air
flow into the pharynx was included in the model, assuming negligible absorp-
tion in the oral cavity. The parameters used for the switch from nasal to a
combination of oral and nasal breathing were derived from Chadha et al.
(1987), since this study reports the most detailed data on the relationship of
workload to minute volume to the percentage of nasal breathing. Simulations
of light working conditions were conducted both with and without an oral
breathing component.

RESULTS

Nasal Histopathology Following Acute Inhalation Exposure
of Rats to Ethyl Acrylate

An acute nose-only inhalation study (single exposure for 1,
3, or 6 h) was conducted at vapor concentrations with 0, 5, 25,
and 75 ppm ethyl acrylate to evaluate the initial regional
distribution of cytotoxic lesions induced in the rat nasal cavity.
The olfactory epithelium was the only tissue in the nasal cavity
that was affected by inhalation exposure to EA at 25 or 75 ppm
for 3 or 6 h (Table 1). No effects were observed following 1 h
of exposure at any of the tested exposure concentrations or at
0 or 5 ppm for any of the exposure periods. After 3 h of
exposure to 25 ppm EA, two-fifth of rats had unilateral sus-
tentacular cell necrosis and olfactory neuron degeneration and
desquamation located on the lateral wall of the dorsal meatus

FIG. 1. Rat and human nasal anatomy divided into compartments corre-
sponding to the epithelium lining the lumen. These compartments provide the
basis for the CFD–PBPK model described in Fig. 2. The figure of the human
nasal cavity was modified from Lang (1989) and the figure of the rat nasal
cavity was modified from Miller et al. (1993).
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in section III (Young, 1981). The histopathology of the lesions
was essentially identical to that previously reported in a similar
acute inhalation study with acrylic acid (Frederick et al., 1998).
No lesions were observed in sections IV and V. Exposure to 75
ppm EA for 3 h or to either 25 or 75 ppm for 6 h extended the
distribution and severity of the olfactory lesions in the nasal
cavity (Table 1). Bilateral sustentacular cell necrosis and ol-
factory neuron degeneration and desquamation extended into
sections IV and V, and lesions were located across the majority
of the dorsal meatus, in the dorsal regions of the septum, and
on the lamellae of endoturbinate I. Affected animals in the
25-and 75-ppm exposure groups demonstrated almost com-
plete recovery of normal olfactory tissue following a 6-week
recovery period. Some animals exhibited occasional neuroep-
ithelial rosette-like structures in areas that had previously been
demonstrated to have histopathological damage. These struc-
tures were interpreted as evidence for ongoing regeneration of
the olfactory neuroepithelium.

Regional Nonprotein Sulfhydryl Depletion in the Nasal
Cavity Following Acute Inhalation Exposure of Rats to
Ethyl Acrylate

Additional rats acutely exposed to ethyl acrylate vapor as
described above were evaluated for the depletion of NPSH

(primarily glutathione) in the nasal cavity. Epithelium was
collected from the following regions of the nasal cavity (cf.
Fig. 1): respiratory epithelium from the septum, respiratory
epithelium from the lateral walls of the nasal lumen, olfactory
epithelium lining the anterior dorsal meatus, olfactory epithe-
lium from the septum, and olfactory epithelium from the eth-
moid turbinates. The data (Table 2) indicate that inhalation
exposure to ethyl acrylate can deplete NPSH content in both
respiratory and olfactory epithelium. The magnitude of the
response increased with exposure time and concentration.
More extensive depletion was observed in the olfactory epi-
thelium lining the dorsal meatus and the ethmoid turbinates
than other regions of the nasal cavity, but the concurrent
cytotoxicity observed in these regions may have been respon-
sible for the loss of NPSH. Given extensive NPSH depletion in
the respiratory epithelium in the absence of histopathological
effects, it may be inferred that that NPSH depletion in the
range observed is not sufficient to induce histopathological
effects in this tissue.

In Vitro Incubation of Nasal Explants with Ethyl Acrylate

Short-term organ culture of nasal explants with media con-
taining ethyl acrylate resulted in histopathological lesions very
similar to those observed in vivo and to those previously

FIG. 2. Diagram of the CFD–PBPK model constructed to comprehensively describe the disposition of inhaled ethyl acrylate vapors. The rodent model
divides the extensive olfactory region into two compartments. The anterior compartment describes the olfactory epithelium in the projection along the dorsal
meatus. This is typically the initial target site for histopathological effects with increasing dose and/or exposure time of organic acids and esters. The human
model uses one olfactory compartment since the human nasal cavity lacks a counterpart for the rodent ethmoid olfactory region.
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reported for a similar study with acrylic acid (Frederick et al.,
1998). The histopathological indications of cytotoxicity in-
creased with increasing EA concentration (Table 3) and were
first manifest as vacuolation and nuclear swelling of the sus-
tentacular cells (Fig. 4) followed by sloughing of sustentacular
and neuronal cells at higher concentrations. As a first-order
approximation, the concentration of ethyl acrylate in the tissue
explants may be estimated from the exposure concentration of
ethyl acrylate in the medium (an upper bound estimate due to
metabolism of the ester by the tissue). This would suggest that
the steady-state tissue concentration of ethyl acrylate required
to induce sustentacular cell cytotoxicity and subsequent loss of
neuronal cells was �0.3 mM, with more severe toxicity char-
acterized by the acute loss of sustentacular and neuronal cells
observed at in vitro at tissue concentrations �3.6 mM. An
ethyl acrylate concentration of 0.06 mM in the medium (and
consequently an upper-bound concentration in the tissue) was
a no-observed-adverse-effect level in this assay. No cytotox-
icity was observed in the respiratory epithelium, suggesting
that the ethyl acrylate tissue concentration required to induce
cytotoxicity in respiratory epithelium in this assay was in
excess of 3.6 mM.

A second experiment explored the effect of an esterase

inhibitor (paraoxon) on the histopathological effects observed
in the explants exposed to EA. These results (Table 4) indicate
that paraoxon significantly inhibits the histopathological ef-
fects induced by EA in the olfactory sustentacular cells. No
toxicity was seen in explants exposed to paraoxon alone. These
data indicate that the acrylic acid that is released upon hydro-
lysis of EA in explants is the dominant factor that is causally
related to the cytotoxic effects observed when olfactory tissue
is exposed to relatively high concentrations of EA in vitro.

Human and Monkey Tissue Esterase Activity

The Michaelis–Menten rate constants for the hydrolysis of
EA by homogenates of a range of human tissues were deter-
mined and compared to previously determined values for rat
tissues (methodology and results described in Frederick et al.,
1992, 1994) (Table 5). The collection of human olfactory tissue
is difficult due to its lack of availability and lack of accessi-
bility. To gain additional data on the rates of esterase-catalyzed
EA hydrolysis in primates, tissues were also collected from
Cynomolgous monkeys immediately following euthanasia and
evaluated for esterase activity. The monkey data were reason-
ably consistent with the limited human tissue data (Table 5).

Human and Monkey Nonprotein Sulfhydryl Concentration
and the Evaluation of Glutathione Transferase Activity in
Nasal Tissues

Data on the tissue concentrations of nonprotein sulfhydryl
concentrations were collected for selected tissues from humans
and monkeys (Table 6) and compared to previously collected
data from rats (Potter and Tran, 1993; Potter et al., 1995). The
determination of the NPSH concentration includes all of the
low-molecular-weight thiols in the tissue, but the major com-
ponents are glutathione (the predominant constituent) and cys-
teine (Potter and Tran, 1993). Reasonable consistency in NPSH
concentration was observed across species for the major or-
gans. An exception was the human nasal tissues, which had
relatively low concentrations of NPSH relative to rats. This
was attributed to the long lag time between tissue collection
and the conduct of the assay for the human tissues relative to
the rat tissues.

The enzymatic augmentation of the rate of glutathione con-
jugation of ethyl acrylate by rat nasal tissue (either olfactory or
respiratory) at pH 7.3 and 37oC was 10% or less. These results
were consistent with the results previously reported by Potter
and Tran (1993) for most epithelial tissues. Consequently,
enzymatic augmentation of the nonenzymatic conjugation rate
was not included in the model for the nasal tissues.

Comparison of the Output of the CFD–PBPK Rat Model to
Rat Nasal Deposition Data

The CFD–PBPK was used to simulate the fractional depo-
sition of ethyl acrylate in unidirectional flow experiments con-
ducted with the surgically isolated rat nasal cavity (fractional

FIG. 3. Description of the way that the CFD–PBPK model represents the
interaction of an unsaturated organic vapor with a region of epithelium lining
the nasal cavity. The acid released by the esterases is also modeled as diffusing
and being metabolized. The absorbed vapor that reaches the blood-exchange
region underlying the nasal epithelial layers may be metabolized or it may
partition into the venous blood and be transported systemically.
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deposition equal to 1.0 represents 100% deposition of the
vapor in the nasal cavity; Fig. 5). Fractional deposition data for
ethyl acrylate has been reported from two laboratories using a
similar experimental design (Stott and McKenna, 1984; Stott et
al., 1986; Morris and Frederick, 1994; Morris, 1999). Both
laboratories used pretreatment with an organophosphate ester-
ase inhibitor to demonstrate that approximately one-half the
deposition of the vapor in the nasal cavity was dependent on
nasal esterase activity. Estimates of the extent of enzyme

inhibition in vivo are problematic. The CFD–PBPK simula-
tions of enzyme inhibition of the Morris and Frederick study
and the Stotta and McKenna study used estimates of inhibition
of 80 and 95%, respectively. Variation in the results between
the two laboratories can be attributed to experimental differ-
ences in the strain of animal used and selection and dose of
esterase inhibitor that was used. In the comparisons to the
experimental data, the model predicted fractional deposition
within �0.09 of the experimental mean for all dose groups and

TABLE 1
Summary of Histopathology Findings by Nasal Cavity Regiona with Exposure Time and Vapor Concentration Following a Single

Nose-Only Inhalation Exposure to Ethyl Acrylate

0 ppm EA hours 5 ppm EA hours 25 ppm EA hours 75 ppm EA hours

1 3 6 1 3 6 1 3 6 1 3 6

Section I
Sustentacular cell necrosis —b — — — — — — — — — — —
Olfactory degeneration and desquamation — — — — — — — — — — — —
Epithelial folding — — — — — — — — — — — —

Section II
Sustentacular cell necrosis — — — — — — — — — — — —
Olfactory degeneration and desquamation — — — — — — — — — — — —
Epithelial folding — — — — — — — — — — — —

Section III
Sustentacular cell necrosis — — — — — — — 2/5 3/5 — 5/5 4/5
Olfactory degeneration and desquamation — — — — — — — 2/5 3/5 — 5/5 5/5
Epithelial folding — — — — — — — — — — — —

Section IV
Sustentacular cell necrosis — — — — — — — — 3/5 — 4/5 5/5
Olfactory degeneration and desquamation — — — — — — — — 3/5 — 4/5 5/5
Epithelial folding — — — — — — — — 3/5 — 4/5 5/5

Section V
Sustentacular cell necrosis — — — — — — — — 3/5 — 2/5 3/5
Olfactory degeneration and desquamation — — — — — — — — — — 2/5 2/5
Epithelial folding — — — — — — — — — — 1/5 2/5

a Anterior to posterior nasal sections I–V according to the criteria of Young, 1981. The lesions were observed only in the olfactory epithelium.
b No visible lesion on histopathological evaluation.

TABLE 2
Effects on Nonprotein Sulfhydryl Content in Various Regions of the Rat Nasal Cavity Following Acute Nose-Only

Inhalation Exposure to Ethyl Acrylate Vapors

Tissue

0 h 1 h 3 h 6 h

0 ppm 5 ppm 25 ppm 5 ppm 25 ppm 5 ppm 25 ppm

Respiratory epithelium on the septum 100 � 13a 103 � 22 100 � 40 92 � 13 75 � 8 85 � 42 60 � 30
Respiratory epithelium on the lateral walls of

the nasal lumen
100 � 4 94 � 11 72 � 4 88 � 10 70 � 11 88 � 13 61 � 8

Olfactory epithelium lining the dorsal meatus 100 � 3 96 � 8 65 � 7 86 � 5 54 � 15 75 � 20 41 � 3
Olfactory epithelium on the septum 100 � 8 98 � 7 75 � 4 94 � 5 71 � 14 82 � 15 58 � 10
Olfactory epithelium on the ethmoid turbinates 100 � 45 118 � 10 55 � 13 92 � 22 68 � 17 88 � 28 35b � 13

a Values are means � SD of tissues from five animals. Values are expressed as a percentage of the mean of the control values at “0 time.” Data from animals
exposed to a vapor concentration of 75 ppm were not used due to extensive histopathological damage to the olfactory tissue.

b Value is the mean of three samples. Remaining samples were lost due to experimental error.
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was within �0.03 of the experimental mean for six of eight
dose groups (Fig. 5). This comparison of the CFD–PBPK
model output to the available experimental data from two
independent laboratories indicates that the model provides a
reasonably good simulation of both normal and inhibited nasal
uptake of this ester in an in vivo model.

Comparison of the Output of the CFD–PBPK Rat Model to
in Vivo Data on Nonprotein Sulfhydryl Depletion

Data on variation in nonprotein sulfhydryl concentrations
(primarily glutathione) associated with inhalation exposure to
ethyl acrylate are available from three sources. In this study, a
comparison was made of the CFD–PBPK model output to the
NPSH concentration in various regions of the rat nasal cavity
following acute exposure to ethyl acrylate (Table 2). Although
the model predicts glutathione depletion that is time and dose
dependent, the in vivo data tend to be considerably lower than
that predicted by the model. For example, the NPSH concen-
tration in the olfactory epithelium lining the rat dorsal meatus
was decreased by 25% relative to the control tissue, but the
CFD–PBPK model predicted depletion by less than 5% based
solely on modeling conjugation of the unsaturated ester with
gluathione. This suggests that factors in addition to conjugation
of glutathione with ethyl acrylate may be influencing tissue
glutathione concentrations (e.g., cellular energy status or cel-
lular oxidation state).

In a previous study, the surgically isolated nasal cavity of
rats was exposed to ethyl acrylate vapors at concentrations of
5, 25, or 88 ppm for 1 h at a unidirectional flow rate of 200
ml/min (Morris and Frederick, 1994). At the end of the expo-
sure period, the entire nasal cavity (including all epithelial
tissues and underlying connective tissue) was collected and
total NPSH content measured. The mixture of tissues in the
homogenate makes a quantitative comparison of NPSH con-

centrations to the model output difficult, but the general trend
toward decreased NPSH content with increasing ethyl acrylate
vapor concentrations was evident and qualitatively correlated
with the model’s predictions. Also consistent with the model’s
predictions, inhibition of esterase activity by prior treatment
with an organophosphate increased the extent of NPSH deple-
tion relative to comparable control groups.

In a third study, systemic depletion of NPSH content and
lethality were evaluated following 4-h inhalation exposures to
very high concentrations of ethyl acrylate (300, 500, 750, 1000,
and 1500 ppm) (Silver and Murphy, 1981). Dose-dependent
NPSH depletion was observed in the lungs, liver, and blood
with no significant effect on the kidneys. Mortality was ob-

FIG. 4. Histopathology observed in the olfactory epithelium of explants of
rat nasal tissue incubated with ethyl acrylate. (A) Olfactory epithelium incu-
bated in organ culture in the absence of test compound. (B) Olfactory epithe-
lium incubated in the presence of 0.25 mM ethyl acrylate for 2 h. Nuclear
swelling and vacuolation is evident in the apical layer of sustentacular cells
(top). Glycol methacrylate section with H & E staining. Magnification 400�.

TABLE 3
Exposure of Rat Nasal Epithelial Explants

to Ethyl Acrylate in Vitro

EA
concentration

(mM)

Histopathology observations

Respiratory
epithelium Olfactory epithelium

0 No visible lesions No visible lesions
0.06 No visible lesions No visible lesions
0.3 No visible lesions Vacuolation and nuclear swelling of

sustentacular cells (3/4)a

0.6 No visible lesions Vacuolation and nuclear swelling of
sustentacular cells (4/4)

1.8 No visible lesions Vacuolation and nuclear swelling of
sustentacular cells (4/4)

3.6 No visible lesions Sloughed sustentacular cells (4/4)

a The number of explants exhibiting the lesion out of the total examined at
this exposure concentration.
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served at 1500 ppm with no mortality at 1000 ppm. Both
NPSH depletion and mortality were greatly increased in ani-
mals that had been treated with an organophosphate esterase
inhibitor. A high incidence of mortality with quick onset was
observed at 750 ppm and no mortality was observed at 500
ppm in the inhibited animals. Comparable inhalation exposure
to acrylic acid at 1300 ppm resulted in no mortality and no
effect of the esterase inhibitor. Simulations of very high inha-
lation exposures of this type with the CFD–PBPK model are
challenging due to the anatomical and physiological changes
(including changes in respiration rate) that are induced during
near-lethal exposures. In particular, the model cannot simulate

severe tissue damage and its accompanying consequences on
nasal uptake. However, as a rough approximation, the CFD–
PBPK model did simulate significant NPSH depletion in the
lung and liver (Fig. 6) following simulated exposures in this
dose range. The simulations were conducted by decreasing the
simulated respiration rate by 50% from the ambient value to
accommodate the RD50 data for ethyl acrylate (DeCeaurriz et
al., 1981). The decreases in respiration rate and tidal volume
associated with inhalation exposure to high concentrations of
ethyl acrylate (100–500 ppm) were confirmed by Silver et al.
(1981), who also found that the effect was increased by prior
treatment with an organophosphate esterase inhibitor.

Comparison of the Output of the CFD–PBPK Rat Model to
the Histopathology Data from Nasal Explants

Histopathology data from nasal explant studies provided
useful information for validation of a CFD–PBPK model for
acrylic acid (Frederick et al., 1998). This comparison was
facilitated by the fact that acrylic acid was both causally
responsible for the olfactory lesions observed in the explants
as well as being the substance modeled. Dosimetry of the
acrylic acid in the nasal explants could be estimated based
on the concentration of the acid in the surrounding culture
medium. The situation with ethyl acrylate is more complex,
since acrylic acid released by metabolism of the parent ester
is responsible for the olfactory cytotoxicity observed (cf.
data on the nasal explant study above). Therefore, the rate of
release of the acid in the explant tissue and the rate that the
acid diffuses out of the explant into the surrounding culture
medium (offset by the continuing accumulation of acid in
the medium) will determine the steady-state concentration
of the acid in the tissue. Given the uncertainty associated
with the estimation of these rates, the use of the ethyl
acrylate explant data for validation of the ester model is
problematic. However, evaluation of the predicted acrylic
acid concentration in the sustentacular cell region of the

TABLE 4
Effect of an Esterase Inhibitor, Paraoxon, on the Induction

of Cytotoxicity in Rat Nasal Epithelial Explants by Ethyl Acrylate
in Vitro

EA
concentration

(mM) Paraoxona

Histopathology observations

Respiratory
epithelium Olfactory epithelium

0 � No visible lesions No visible lesions
0 � No visible lesions No visible lesions
0.1 � No visible lesions No visible lesions
0.1 � No visible lesions No visible lesions
0.25 � No visible lesions Vacuolation of sustentacular

cells (1/4)b

0.25 � No visible lesions No visible lesions
0.5 � No visible lesions Vacuolation of sustentacular

cells (4/4)
0.5 � No visible lesions No visible lesions
1.0 � No visible lesions Vacuolation of sustentacular

cells (4/4)
1.0 � No visible lesions No visible lesions

a �, Paraoxon concentration was 25 �M in the tissue culture media.
b The number of explants exhibiting the lesion out of the total examined at

this exposure concentration.

TABLE 5
Michaelis–Menten Parameters for the Esterase-Mediated Hydrolysis of Ethyl Acrylate in Human, Cynomolgous Monkey, and Rat Tissues

Tissue
No. of
tissues

Human

No. of
tissues

Monkey

No. of
tissues

Rat

Vmax

(�mol/ml tissue/h)
Km

(�mol/ml tissue)
Vmax

(�mol/ml tissue/h)
Km

(�mol/ml tissue)
Vmax

(�mol/ml tissue/h)
Km

(�mol/ml/tissue)

Liver 5 1070 (500–1520) 4.5 (3.2–6.0) 3 3790 (2350–5810) 3.32 (2.1–6.3) 3 1902 (1122–2838) 1.9 (1.2–2.3)
Lung 5 14.8 (5.5–29.2) 2.3 (1.3–3.3) 3 97 (58–131) 0.4 (0.3–0.5) 3 318 (306–336) 1.9 (1.2–2.6)
Kidney 2 30.9 (16.5–45.3) 5.4 (4.5–6.3) 3 127 (26–322) 1.3 (0.9–1.9) 3 210 (150–324) 15.2 (5.0–21.1)
Nasal (respiratory) 5 23.0 (18.2–25.6) 3.7 (1.9–5.2) 2 50.2 (39.0–61.4) 1.5 (1.1–1.9) 3 443 (360–500) 0.3 (0.3–0.4)
Nasal (olfactory) 4 18.1 (8.9–28.6) 2.1 (1.3–3.1) 2 66.4 (64.8–68.0) 2.4 (1.5–3.3) 3 1327 (1150–1510) 0.4 (0.3–0.5
Esophagus 3 4.6 (2.1–8.0) 10.0 (5.5–13.5) 3 109 (83–138) 3.2 (1.1–7.5) 3 15.6a (13.8–16.8) 3.2 (2.4–3.9)
Stomach 2 2.3 (2.2–2.4) 21.2 (14.2–28.1) 1 33.4 10.3 3 19.2b (18.6–19.8) 4.4 (4.0–4.8)
Blood 3 4.1 (2.2–5.9) 8.1 (3.2–12.4) 1 ND ND 3 12 (6–18) 4.6 (1.3–7.7)

Note. Values are means with range of values observed in parentheses. ND, no detectable esterase activity.
a Data are for the rat forestomach.
b Data are for the rat glandular stomach.
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most anterior olfactory compartment (the first region to
exhibit cytotoxicity in an inhalation dose–response study;
Table 1; also Lomax et al., 1994; Frederick et al., 1998)
during simulation of an in vivo inhalation exposure to ethyl
acrylate was informative. The predicted tissue concentration
of acrylic acid was compared to the acrylic acid concentra-
tion that induced a cytotoxic effect in nasal tissue explants
as previously described (Frederick et al., 1998). The pre-
dicted acrylic acid olfactory tissue concentrations associated
with breathing either 25 or 75 ppm ethyl acrylate by rats are

described in Fig. 7. Acute inhalation exposure of rats in this
concentration range (25–75 ppm) for 3 h induced olfactory
cytotoxicity (Table 1). The figure also notes the tissue
concentration of acrylic acid (0.6 mM) that resulted in a
cytotoxic effect in rat olfactory tissue explants by his-
topathological evaluation (Frederick et al., 1998). The com-
parison of the model predictions to the cytotoxic tissue
concentration of acrylic acid is reasonably good given the
approximations inherent in the model design and in the
experimental conduct of the nasal explant study.

TABLE 6
Nonprotein Sulfhydryl Concentration in Selected Human, Cynomolgous Monkey, and Rat Tissues

Tissue
No. of
tissues

Humana

No. of
tissues

Monkeya

No. of
tissues

Rat

NPSH (�mol/ml tissue) NPSH (�mol/ml tissue) NPSH (�mol/ml tissue)

Liver 5 5.9 (2.8–9.9) 3 6.4 (5.1–8.0) 32 5.7 � 0.8b

Lung 5 1.1 (0.4–2.1) 3 1.3 (0.6–1.9) 26 1.8 � 0.2
Kidney 2 3.4 (2.1–4.7) 3 4.2 (3.1–5.3) 32 3.8 � 1.3
Nasal (respiratory) 4 0.9 (0.6–1.0) — NDc 31 4.2 � 0.6
Nasal (olfactory) 4 0.8 (0.6–1.0) — ND 31 3.5 � 0.5
Esophagus — ND 1 0.8 26 1.5 � 0.1d

Stomach — ND 1 1.7 26 5.7 � 0.6e

Blood 2 3.5 (0.7–6.4) 1 0.4 26 1.1 � 0.2

a Values are means with range of values observed in parentheses.
b Values are means � SD.
c ND, no data because adequate tissue was not available.
d Tissue from the rat forestomach.
e Tissue from the rat glandular stomach.

FIG. 5. Comparison of CFD–PBPK model predictions to the unidirectional rat nasal deposition data for ethyl acrylate vapor (Stott and McKenna, 1984; Stott
et al., 1986; Morris and Frederick, 1994) using the basic methodology described by Morris (1999). The bars represent the experimental data for the fraction of
the inhaled vapor that was deposited in the rat nasal cavity. The data from the Morris and Frederick study (M) was collected at 6, 24, and 88 ppm at a flow rate
of 200 ml/min with and without an organophosphate esterase inhibitor. The Stott and McKenna data (SM) were collected at 225 ppm at a flow rate of 105 ml/min.
The filled circles represent the predictions of the model under the relevant exposure conditions (vapor concentration, flow rate, and with or without esterase
inhibition).
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Interspecies Dose Comparisons from Simulations of the
CFD–PBPK Model

The CFD–PBPK model can be used to estimate the tissue
concentrations of acrylic acid and ethyl acrylate following a
variety of simulated in vivo inhalation exposures. In addition,
various parameter sets may be used to estimate the intraspecies
range of metabolism and associated tissue concentrations that
might be associated with inhalation exposure. For this discus-
sion, three esterase parameter sets were used to describe a
range of esterase activity in the human nasal cavity. One set
was derived from human olfactory tissues from freshly col-
lected autopsy samples that were evaluated for esterase activity
in our laboratory (Table 5). A second set of parameters was
based upon the data of Mainwaring et al. (2001) for human
nasal biopsy tissue using a similar ester (methyl methacrylate)
as a substrate (incorporated in the CFD–PBPK model as a Vmax

for respiratory and olfactory tissues that is 1
7 and 1

13, respec-
tively, of the value of the comparable rat nasal tissues with the
same Km as the primate nasal tissues). A third set of parameters
was based on nasal tissues collected from primates (Table 5).
These parameters should be viewed as being representative of
the currently available data, and additional data for the model’s
parameters may easily be incorporated as they become avail-
able. It should be noted that it is very difficult to obtain “good
quality” human olfactory tissue due to its relatively small size
and inaccessible location in the human nasal cavity.

Representative simulation results from the CFD–PBPK
model for the dose responses for the olfactory tissue concen-
tration of acrylic acid released by metabolism of ethyl acrylate
are provided in Figs. 8A and 8B. The predictions are based
upon simulated 1-h exposures under either resting (Fig. 8A) or
light activity/working conditions (Fig. 8B) for a representative
70-kg human. Comparable curves could be generated for other
exposure scenarios. Trial simulations up to 6 h indicated that

steady-state nasal tissue concentrations of both the ester and
acid were reached in less than 1 h. Evaluation of the simulation
data indicates that the nasal tissue concentration of acrylic acid
is based on the amount released from ethyl acrylate deposited
in the nasal cavity as well as acrylic acid that has partitioned
into nasal tissue from the blood vessels that perfuse the tissue
following systemic metabolism of ethyl acrylate. Prior simu-
lation results (Frederick et al., 1992) and experimental data
(Frederick et al., 1992; National Toxicology Program, 1986)
have indicated that ethyl acrylate has a very short half-life
systemically (on the order of seconds). Although acrylic acid is
also rapidly metabolized and eliminated (Black and Finch,
1995; Winter et al., 1992), its systemic half-life is somewhat
longer in rats (on the order of 1 h) and the model predicts
distribution and metabolism of released acrylic acid to sys-
temic tissues prior to metabolism and elimination (primarily as
carbon dioxide). Under the same exposure scenario, the simu-
lation data (Figs. 8A and 8B) indicate that human olfactory
tissue would be exposed to considerably less acrylic acid (18-
to 75-fold lower tissue concentrations) relative to comparable
rodent olfactory tissue. The magnitude of this difference de-
pended on the esterase dataset used for the human simulations
(the primary determinate) as well as the simulated respiration
rate. The model can incorporate oral breathing and greater
direct exposure of the lungs and systemic tissues under work-
ing conditions. As an example, simulations were also con-
ducted under the “light activity/working” conditions described

FIG. 7. A comparison of the predicted steady-state tissue concentrations
of acrylic acid released by the esterase catalyzed hydrolysis of ethyl acrylate in
the apical olfactory tissue layer lining the dorsal meatus. The cyclic flow
simulations were conducted with simulated exposures to 25 or 75 ppm ethyl
acrylate vapor for 1 h (hatched bars). A simulated 1 h exposure was sufficient
to establish steady-state tissue concentrations. The solid bar is the acrylic acid
concentration associated with cytotoxicity in explants of rat olfactory tissue
(Frederick et al., 1998).

FIG. 6. Dose response for the depletion of nonprotein sulfhydryl content in
the rat liver and lung following a 4-h inhalation exposure to very high concentra-
tions of ethyl acrylate vapor. The data are from Silver et al. (1981). The model
simulations were conducted with the minute volume decreased by 50% to accom-
modate respiratory depression reported at ethyl acrylate exposure concentrations in
excess of 100 ppm (Silver et al., 1981; DeCeaurriz et al., 1981).
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in the legend to Fig. 8B, with a fraction of oral breathing (40%)
based on the oronasal distribution data of Chadha et al. (1987).
Simulations involving oral breathing of a fraction of the in-

spired air used nasal mass transport coefficients for the inspired
vapor that were appropropriate for the velocity of the air
passing through the nasal cavity, and they resulted in nasal
olfactory tissue concentrations appropriate for the net air flow
flowing through the nasal cavity. Other activity and oronasal
breathing patterns can be easily accomodated. Although oral
breathing provides greater exposure of the pharynx and lower
respiratory tract to the inspired vapor, the available histopa-
thology data indicate that the epithelium lining these regions is
resistant to the toxic effects of acids and esters.

Applicability of the CFD–PBPK Model to Other Vapors and
Esters

The model can be easily modified to accommodate the
partitioning, distribution, and metabolism of other inhaled va-
pors. As an example, the model was parameterized to simulate
the unidirectional flow deposition in the rat nasal cavity of
ethyl acetate (a saturated ester) and acetone (a relatively slowly
metabolized ketone that is not an esterase substrate) based on
the data of Morris (1990) and Morris et al. (1993). The changes
made to the model to accommodate these vapors were simple,
i.e., set the glutathione conjugation rate to zero for the satu-
rated ester and also set the hydrolysis rate to zero for the
ketone. In both cases, the appropriate partition coefficients
were provided. In the case of ethyl acetate, as a rough estimate
the same Michaelis–Menten parameters as were used for ethyl
acrylate were used to describe enzymatic ester hydrolysis. The
comparison of the predictions of the model to the experimental
data on the fractional deposition of these compounds (Fig. 9)
indicates that the model structure has general applicability for
a range of metabolized and nonmetabolized (or slowly metab-
olized) vapors. The results suggest that the Vmax values used for
the hydrolysis of ethyl acetate are too high. Refinement of the
esterase parameters for ethyl acetate would probably improve
the correlation of the model output with the data. Since esterase
metabolism in the CFD–PBPK model is based upon Michae-
lis–Menten kinetics, the model can also be easily modified to
accommodate other metabolic pathways with similar kinetic
profiles (e.g., cytochrome P-450-mediated oxidation).

DISCUSSION

One of the most important uses of a PBPK model is to
quantitatively integrate mechanistic data to provide under-
standing of toxic responses. This role is particularly important
if the effect is based on the balance of competing rates (e.g.,
rate for formation of a toxic metabolite relative to the rate of its
detoxification and rate of absorption relative to elimination).
Obviously, many mechanistic toxicology issues are fundamen-
tally based on the balance of competing rates. Overlaid on
these kinetic processes are the underlying pharmacodynamic
issues associated with tissue susceptibility to potentially toxic
processes. The mechanistic toxicity issues addressed in this

FIG. 8. Interspecies dose–response comparisons of the steady-state tissue
concentration of acrylic acid that accumulates in the apical layer of olfactory tissue
following inhalation exposure to ethyl acrylate. Identical cyclic flow exposure
concentrations and duration (1 h) were used for the simulations for both species.
The rat simulations were conducted with a simulated minute volume of 250
ml/min (respiration rate of 150 breaths/min with a tidal volume of 1.67 ml per
breath). The human simulations were conducted with a simulated minute volume
of 9.45 L/min (A; respiration rate of 15 breaths/min with a tidal volume of 0.63 L
per breath) or 17.5 L/min (B; respiration rate of 20 breaths/min with a tidal volume
of 0.875 L per breath) to simulate respiration associated with either resting or light
activity, respectively. Three sets of nasal esterase Michaelis–Menten parameters
were used based on the data reported in this study for primates (M), in this study
for human tissues (R), and for human tissues evaluated for esterase activity with
a related ester (G) (Mainwaring et al., 2001).
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study incorporate all of these aspects, and the integration of
this mechanistic information into a comprehensive CFD–
PBPK model facilitates its use for risk assessment.

An unsaturated ester such as ethyl acrylate is typically
metabolized by two major pathways: esterase-mediated hydro-
lysis of the ester moiety and conjugation with glutathione
(which may or may not be enzyme catalyzed). Each pathway
has the potential for inducing a toxic response in a susceptible
tissue either from the esterase-mediated release of a toxic acid
or alcohol or from depletion of tissue glutathione. The toxic
responses addressed in this study are mediated by both path-
ways. The olfactory cytotoxicity induced in the rat nasal cavity
following inhalation exposure to ethyl acrylate in the 25- to
75-ppm concentration range was mediated by release of acrylic
acid based upon the nasal explant studies reported above. At
much higher inhalation exposures (500–1500 ppm), lethality
that was associated with severe nonprotein sulfhydryl depletion
in multiple systemic tissues was observed (Silver et al., 1981).
Previous studies have also associated gavage dosing of high
concentrations of ethyl acrylate with severe glutathione deple-
tion and toxicity in the rat forestomach (the contact site for
gavage dosing) without the significant glutathione depletion or
toxicity in systemic tissues (e.g., Ghanayem 1985a,b; Frederick
et al., 1992).

The CFD–PBPK model described in this study uses the
mechanistic information that is available from a variety of

studies directly without fitting of model parameters (e.g., the
metabolic data from tissue homogenates in Tables 5 and 6 is
used directly). Consequently, all of the issues associated with
the conduct of a study in the laboratory that provides the
parameters (e.g., animal husbandry, tissue collection, and
methodology for conducting in vitro studies) can contribute to
the quality of the model’s output. Similarly, a variety of
assumptions are inherent in the model design that can influence
the behavior of the model (e.g., the use of well-stirred air and
tissue compartments, estimates of tissue blood flow, and esti-
mates of enzyme inhibition in vivo in inhibitor studies; dis-
cussed in detail in Bush et al., 1998 and Frederick et al., 1998).
As previously elaborated (e.g., Conolly and Andersen, 1991),
the use of a biologically based model allows an explicit eval-
uation of the sensitivity of the model output relative to varia-
tion in model parameters, and an extensive sensitivity analysis
was conducted for the CFD–PBPK for acrylic acid that formed
the basis for the ester model (Andersen et al., 2000). In this
study, the comparison of the model output to experimental data
requires an evaluation of the uncertainty associated with the
model design relative to the variability of the experimental data
from multiple laboratories for several vapors. For example, is
a discrepancy in the range of 0.07–0.09 in the model’s predic-
tion of the fractional deposition of ethyl acrylate relative to
experimental data in three of eight comparisons significant
(Fig. 5; deposition data from two laboratories)? Or is this much

FIG. 9. Comparison of the fraction of inhaled ethyl acetate (EtAc) or acetone that is deposited in the rat nasal cavity under unidirectional flow conditions
according to the methodology of Morris (1999) with the prediction of the CFD–PBPK model (round dots). The data were collected at three flow rates (50, 100,
and 300 ml/min) and either with or without esterase inhibition in the case of ethyl acetate. Model simulations were conducted under the same conditions using
an estimate of 80% enzyme inhibition for the inhibitor studies with ethyl acetate. For the ethyl acetate simulations, the Michaelis–Menten parameters for the
esterase hydrolysis of ethyl acrylate by rat tissues were used as a rough estimate.
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variation inherent in the experimental variability and in unex-
plained differences between laboratories? In our opinion, given
the fact that the model’s parameters were gathered in many
laboratories and used without fitting, and the experimental data
used to evaluate the model output also came from several
laboratories at different times, it is remarkable that the model’s
output is as accurate as it is in correlating with the experimental
observations. The consistency and adequacy of this correlation
provides confidence that the model structure is robust and
suitable as a useful tool for risk assessment and the establish-
ment of human exposure limits.

Additional confidence is provided by the fact that the model
is based upon the structure of an acid inhalation model that was
also extensively evaluated (Bush et al., 1998; Frederick et al.,
1998). The acid inhalation model was subjected to extensive
sensitivity and uncertainty analysis and found to be a robust
and useful tool for risk assessment and for the establishment of
human inhalation exposure limits (Andersen et al., 2000). To
modify the acid inhalation model to describe inhalation expo-
sure to an ester, the description of acid-specific processes (e.g.,
a description of ionization of the acid, and pH and buffer
capacity of mucus and tissue) was deleted. Instead, simulation
language was added to describe the second-order rate of con-
jugation of an unsaturated ester with glutathione and to de-
scribe the normal rate of glutathione synthesis and turnover in
tissues. In addition, simulation language was added to describe
the Michaelis–Menten hydrolysis of esters by tissue esterases,
and a nested metabolite model describing the Michaelis–Men-
ten metabolism of the released acid metabolite was added. The
nested acid PBPK metabolite model was constructed similarly
to previous PBPK models that have described the metabolic
release of other acidic metabolites (e.g., Gargas et al., 2000a,b;
Hays et al., 2000). The descriptions of the glutathione conju-
gation, synthesis, and turnover and the description of metabo-
lism by tissue esterases were derived from a previously pub-
lished and extensively evaluated oral PBPK model for ethyl
acrylate (Frederick et al., 1992). The consistent use of the same
model components with good correlations to the available
experimental data across multiple studies suggests that the
basic structure of the model is sound. In addition, the obser-
vation that the rat nasal deposition data for a saturated ester,
ethyl acetate, could be replicated by simply “turning off” the
rate of glutathione conjugation is supportive. The general util-
ity of the model for other vapors is demonstrated by its rea-
sonable performance in replicating both the ethyl acetate and
the acetone nasal deposition data by simply substituting the
appropriate substance-specific partition coefficients and mak-
ing the appropriate changes for the rates of glutathione conju-
gation and esterase activity for each substance. The use of
Michaelis–Menten kinetics to describe tissue esterase activity
means that the substitution of the appropriate constants and
enzyme distributions for other metabolic activities (e.g., cyto-
chrome P450-mediated oxidations) would be straightforward.
Furthermore, the incorporation of systemic circulation in the

nasal model allows the evaluation of metabolism and tissue
dosimetry of substances that induce nasal toxicity following
oral dosing (e.g., Wetmore et al., 1999 and references cited
therein).

The tissue dose predictions of the CFD–PBPK ester model
provide an interesting comparison to the tissue dose predictions
of the previously published CFD–PBPK acid model (Bush et
al., 1998; Frederick et al., 1998). Notably, the acid model
predicts very high uptake in the rat nasal cavity (nearly 100%)
that would only be diminished somewhat by accumulation of
acid in the mucus layer with an accompanying significant
decrease in the mucus pH. The model predictions were sup-
ported by unidirectional flow nasal uptake data in the rat
(Morris and Frederick, 1994). The limited perfusion of the
nasal cavity slows the distribution of deposited vapors system-
ically and effectively limits the systemic dose during relatively
short exposure periods. In contrast, the CFD–PBPK ester
model predicts much lower uptake in the rat nasal cavity
(approximately 20% of the inhaled vapor in unidirectional flow
simulations), which is consistent with the experimental data
(Morris and Frederick, 1994). The fact that the nasal fractional
deposition of the ester is much lower means that the entire
nasal cavity is exposed to a much more uniform concentration
of the vapor in the gas phase and much more of the vapor
penetrates the nasal cavity to expose the conducting airways
and tissue of the lower respiratory tract. Under these circum-
stances, local metabolism of the absorbed vapor by tissue
esterases and glutathione conjugation becomes more important
in determining the local steady-state tissue concentration than
the distribution of nasal air flow. Similarly, the penetration of
the vapor to the conducting airways and lower respiratory tract
facilitates the systemic distribution and metabolism of the
vapor and its metabolites and increases systemic exposure. The
increased systemic exposure also facilitates increases in nasal
tissue concentrations of the vapor and its metabolites via re-
circulation and partitioning from the blood perfusing the nasal
cavity. Although this increase in systemic exposure could be
viewed as adverse from a risk assessment perspective, the
chronic inhalation studies that have been conducted with ethyl
acrylate provide confidence that no toxic effects are induced in
systemic organs during inhalation exposure (Miller et al.,
1985). The chronic bioassay did provide evidence of olfactory
cytotoxicity and replacement of damaged olfactory epithelium
with resistant respiratory epithelium in the nasal cavity at high
vapor concentrations of ethyl acrylate.

The most practical application of a PBPK model is to use the
model for interspecies dose extrapolation. In this case, the
CFD–PBPK model predicts that the steady-state released acid
concentration in the most susceptible region of the rat nasal
cavity is at least 18 times higher than in the most comparable
region of the human nasal cavity under the same exposure
conditions. Although nasal tissue dosimetry is based on spe-
cies-specific air patterns, mass transfer coefficients, and me-
tabolism, evaluation of the model performance indicates that
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the primary basis for this difference is that the human nasal
cavity has much less esterase activity than the rat nasal cavity.
The confidence in the human esterase data is increased by the
fact that the hydrolysis rates for tissues in the monkey nasal
cavity were not significantly higher than the human values.
This conclusion has important ramifications, because it sug-
gests that interindividual differences in air flow patterns based
on differences in nasal anatomy may have relatively little
impact on the accumulation of the toxic acid in nasal tissues
relative to the large interspecies differences in nasal esterase
activity.

Given the lack of systemic toxicity for ethyl acrylate in the
inhalation chronic bioassay (Miller et al., 1985), the focus of
the interspecies dose comparison for the most susceptible tis-
sue is the olfactory region of the nasal cavity. Olfactory tissue
in rodents and humans is similar in structure and there is no
evidence available that indicates that there is a significant
difference between species in tissue susceptibility to acids or
esters. Since the chronic inhalation study provided no evidence
of toxicity in the rat or mouse nasal cavity (or any systemic
tissue) following chronic exposure to 5 ppm ethyl acrylate
vapor, and the CFD–PBPK modeling exercises indicate that
human nasal tissue dosimetry is at least 18-fold lower than
comparable animal tissue, it may be concluded that human
inhalation exposure in the the dose range of current occupa-
tional exposure limts (2–5 ppm) does not appear to have a
significant risk of inducing toxicity.

APPENDIX

As described under Materials and Methods, the model was
based upon the basic model structure of a previously published
CFD–PBPK model for acrylic acid (Frederick et al., 1998).
The description of gas phase mass transport and the rate
equations describing mass transport within tissues are the
same. The anatomical and physiological parameters are un-
changed. Appropriate changes were made to accommodate a
description of metabolism for an unsaturated organic ester. For
the ester model, the ionization components of the acid model
were deleted and the following components were added: par-
tition coefficients for ethyl acrylate, a Michaelis–Menten de-
scription of tissue esterase activity for both the rat and human,
a description of steady-state tissue glutathione concentration
and the second-order conjugation of the unsaturated ester by
glutathione, a nested PBPK description of the metabolism and
distribution of the acid released by the esterase, a kidney
compartment to describe renal metabolism of the released acid
since the kidneys are the dominant metabolism site (Black and
Finch, 1995), and a description of oral breathing that bypasses
the nasal cavity to simulate the human breathing pattern for
simulations of working conditions (Chadha et al., 1987). The
rate equations describing esterase metabolism, glutathione con-
jugation, and tissue glutathione concentration (based on the
relative rates of glutathione synthesis and turnover) are de-

scribed in Appendix I of Frederick et al. (1992). Esterase
activity in the respiratory epithelium of the dorsal meatus (a
nontarget tissue) was modeled based on first-order kinetics to
accommodate aberrant model performance traced to a problem
in the underlying simulation language. This use of this approx-
imation was supported by predicted tissue concentrations,
which were much less than the Km in the exposure range of
concern for risk assessment. A description of glutathione
“overshoot” following severe glutathione depletion as was
previously described for gastric tissues following gavage dos-
ing (Frederick et al., 1992) was not included in this model.
Metabolism of the released acrylic acid was described by
Michaelis–Menten kinetics in the nasal epithelial tissue layers
and in systemic organs with metabolic constants based on
Finch and Frederick (1992) and Black and Finch (1995). The
structure of the nested acid metabolite PBPK model was based
on the structures of prior PBPK models that described the
metabolic release of toxicologically significant metabolites
(e.g., Gargas et al., 2000a,b; Hays et al., 2000 for acid metab-
olite examples) and on the prior CFD–PBPK model for acrylic
acid (Frederick et al., 1998; substituting metabolic release in
tissues for inhalation exposure). The rate equations and model
parameters that are specific to the ethyl acrylate CFD–PBPK
model are listed below.

Nasal epithelial phases. The description of diffusion of the
vapor in the nasal epithelial layers differs from the previous
acrylic acid model by substituting a description of esterase
activity and glutathione conjugation for the previous descrip-
tion of acid metabolism. For Fick’s Law diffusion between
adjacent tissue compartments with a partition coefficient ap-
proximately equal to unity between compartments:

VidCi/dt � Depi/li–i�1Sc�Ci–i�1 � Ci� � Depi/li–i�1Sc�Ci

� Ci–i�1� � ViVmaxtCi/�Kmt � Ci� � ViKgshtCiGi (1)

where

V i � volume of the ith tissue compartment (cm3); assume 1
ml � 1 cm3

Ci, Ci–i�1, Ci–i�1 � vapor concentrations in the ith tissue
compartment and the compartments above and below it (�mol/
cm3)

Depi � diffusivity of the compound in the epithelial phase
(cm2/h)

li–i�1, lI–i�1 � lengths of the diffusion paths between mid-
points of epithelial layers (cm)

Vmaxt � Michaelis–Menten Vmax parameter for tissue esterase
metabolism (�mol ml�1 h�1)

Kmt � Michaelis–Menten km parameter for tissue esterase
metabolism (�mol/cm3)

Kgsht � second-order rate constant for conjugation with glu-
tathione (cm3 h�1 �mol�1)

Gi � glutathione concentration (�mol/cm3)
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Similarly, for the formation, metabolism, and transport of
acrylic acid in a tissue layer:

VidCai/dt � Depi/li–i�1Sc�Cai–ai�1 � Cai� � Depi/li–i�1Sc�Cai

� Cai–ai�1� � ViVamaxtCai/�Kamt � Cai� (2)

where

Cai, Cai–ai�1, Cai–ai�1 � acid concentration in the ith tissue
compartment and the compartments above and below it (�mol/
cm3)

Vamaxt � Michaelis–Menten Vmax parameter for tissue acid
metabolism (�mol ml�1 h�1)

Kamt � Michaelis–Menten km parameter for tissue acid me-
tabolism (�mol/cm3)

Nasal blood-exchange region. Assuming approximately
equal diffusion coefficients in the epithelial layer adjacent to
the blood exchange region and in the blood exchange region
and a partition coefficient between these regions of approxi-
mately one:

VexdCex/dt � Depi/lepi– exSc�Cepi � Cex� � Qblood�Cart � Cex�

� VexVmaxtCexi/�Kmt � Cex� � VexKgshtCexGex (3)

where

Vex � volume of tissue compartment in blood exchange
region (cm3)

Cepi � concentration in the tissue compartment above the
blood-exchange region (�mol/cm3)

Cex � concentration in the blood exchange region (�mol/
cm3)

Cart � concentration in the arterial blood entering the blood-
exchange region (�mol/cm3)

lepi–ex � length of the diffusion path from midpoint of epi-
thelial layer adjacent to the blood exchange region to the
midpoint of the blood exchange region (cm)

Vmaxt � Michaelis–Menten Vmax parameter for tissue esterase
metabolism (�mol ml�1 h�1)

Kmt � Michaelis–Menten km parameter for tissue esterase
metabolism (�mol/cm3)

Kgsht � second-order rate constant for conjugation with glu-
tathione (cm3 h�1 �mol�1)

Gex � glutathione concentration (�mol/cm3)

In addition to the parameter values listed in Tables 4 and 5
and those cited from the previously published oral PBPK for
model for ethyl acrylate (Frederick et al., 1992) and the CFD–
PBPK model for acrylic acid (Bush et al., 1998; Frederick et
al., 1998; Andersen et al., 2000), the remaining model param-
eters that were used and their source is cited below.

The tissue:blood partition coefficients for ethyl acrylate that
were used in the CFD–PBPK model were different from those
originally reported in Frederick et al. (1992), since residual
blood esterase activity was subsequently detected using the
methodology that was used for the original determinations of
the blood:air partition coefficient (see corrective note in Fred-
erick et al., 1994a). The revised blood:air partition coefficient
for ethyl acrylate that was determined with effective blood
esterase inhibition and cited in Frederick et al. (1994a) was
86 � 21. Recalculation of the remaining tissue:blood partition
coefficients from Frederick et al. (1992) based on the revised
value for the blood gave the following parameter values that
were used in the CFD–PBPK model:

Lung:blood partition coefficient � 1.2
Liver:blood partition coefficient � 1.7
Kidney:blood partition coefficient � 1.1
Poorly perfused:blood partition coefficient � 2.0 (based on

the determination for muscle)
Richly perfused:blood partition coefficient � 1.7
Nasal tissue:blood partition coefficient � 1.7 (value for

richly perfused tissue)
Mucus:air partition coefficient � 86.0 (estimate based on

blood:air)
Blood:air partition coefficient � 86.0
Mucus:epithelium partition coefficient � 1.0 (estimate)

The partition coefficients used for the acrylic acid released
by esterase activity in the nested metabolite model were the
same as those published in Frederick et al. (1998).

The Michaelis–Menten constants used for the metabolism of
acrylic acid were based on in vitro assays with rat tissues
conducted by Finch and Frederick (1992) and Black and Finch
(1995):

Km for all tissues � 0.5 �mol/ml
Vmax for respiratory epithelium � 4.0 �mol/ml/h
Vmax for olfactory epithelium � 4.0 �mol/ml/h
Vmax for liver � 16.9 �mol/ml/h
Vmax for kidney � 31.3 �mol/ml/h
Vmax for lung � 4.0 �mol/ml/h
Vmax for richly perfused tissues � 4.0 �mol/ml/h
Vmax for poorly perfused tissues � 1.0 �mol/ml/h

Additional CFD simulations were conducted on the CFD
model of the human nasal cavity at a flow rate of 35 L/min to
approximate the nasal flow dynamics of a human in a light
activity work pattern with a 50-W work load (Chadha et al.,
1987). These mass transport values were used for simulations
of an adult human under a light activity work load. The
simulations were conducted with a gas phase diffusivity of 0.1
cm2/s. Regional flow is the fraction of total air flow entering
each region of the nasal cavity (dimensionless). In the olfactory
region, there was a significant loss of air flow between the
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anterior and posterior faces of the region. This loss of air flow
is accounted for in the posterior ventral respiratory region of
the model. Regional flow (dimensionless) Vestibule 1.0 DM
respiratory entering region � 0.06 DM olfactory entering
region � 0.08 DM olfactory exiting region � 0.03 Anterior
ventral respiratory entering region � 0.94 Posterior ventral
respiratory entering region � 0.92 Posterior ventral respiratory
exiting region � 0.97 Pharynx 1.0 Regional gas phase mass
transport coefficients (cm/s) Vestibule 4.35 DM respiratory
1.26 DM olfactory 11.52 Anterior ventral respiratory 5.32
Posterior ventral respiratory 4.66 Pharynx 3.23
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