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A Toxicokinetic Study of Inhaled Ethylene Glycol Ethyl Ether
Acetate and Validation of a Physiologically Based Pharmacoki-
netic Model for Rat and Human. Gargas, M. L., Tyler, T. R.,
Sweeney, L. M., Corley, R. A., Weitz, K. K., Mast, T. J., Pausten-
bach, D. J., and Hays, S. M. (2000). Toxicol. Appl. Pharmacol. 165,
3–73.

The solvents ethylene glycol monoethyl ether acetate (EGEEA)
nd ethylene glycol monoethyl ether (EGEE), at sufficiently high
oses, are known to be rodent developmental toxicants, exerting
heir toxic effects through the action of their metabolite 2-ethoxy-
cetic acid (2-EAA). Thus risks associated with exposure to these
ompounds are best evaluated based on a measure of the internal
ose of 2-EAA. The goals of the work reported here were to
evelop physiologically based pharmacokinetic (PBPK) models of
GEEA and EGEE for pregnant rats and humans. These models
ere used to identify human exposure levels (ppm in air) equiva-

ent to the rat no observed effect level (NOEL) and lowest observed
ffect level (LOEL) for developmental effects (Hanley et al., 1984).

We exposed pregnant Sprague–Dawley rats to concentrations of
EGEEA corresponding to the NOEL and LOEL. Maternal blood,
urine, and fetal tissue concentrations of EGEE and 2-EAA mea-
sured in these experiments were used to validate the rat EGEEA
and EGEE models. Data collected by other researchers were used
to validate the capabilities of the rodent EGEEA and EGEE
models to predict the kinetics in humans. The models for estimat-
ing circulating blood concentrations of 2-EAA were considered
valid based on the ability of the model to accurately predict 2-EAA
concentrations in rat blood, urine, and fetal tissue. The human
inhaled concentration equivalent to the rat NOEL for EGEEA (50
ppm) was predicted to be 25 ppm using the maternal blood
average daily area under the curve (AUC) and 40 ppm using the
maximum concentration achieved in maternal blood (Cmax). The
human inhaled concentration equivalent to the rat LOEL for
EGEEA (100 ppm) was determined to be 55 ppm using the
maternal blood average daily AUC and 80 ppm using the maternal
blood Cmax. © 2000 Academic Press

1 Current address: The Sapphire Group, Twinsburg, Ohio.
2 Current affiliation: Exponent, Inc., Boulder, Colorado.
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Ethylene glycol monoethyl ether (EGEE) and ethylene
col monoethyl ether acetate (EGEEA) have been used
variety of solvent applications. EGEE has been used
solvent for nitrocellulose and for natural and synthetic re
as well as a component in lacquers and varnish remo
EGEEA has been used as a blush retardant in lacquers
solvent for nitrocellulose, oils, and resin; in wood stains
varnish removers; and in products for the treatment of tex
and leathers. Occupational exposures to EGEE and EGEE
primarily via inhalation (OSHA, 1993), but the glycol eth
are also known to be readily absorbed dermally (Guestet al.,
1984; Sabourinet al., 1992; Kezicet al., 1997).

The current permissible exposure limits (PELs) for occ
ional exposure, established by the OSHA in 1977, are
pm EGEE and 100 ppm EGEEA, 8-h time-weighted ave
TWA8) (NIOSH, 1997) with skin notations. These standa

were established on the basis of blood, kidney, liver,
central nervous system toxicity. OSHA has proposed PE
0.5 ppm (TWA8) for EGEE and EGEEA based on reproduc
and developmental toxicity (OSHA, 1993). The threshold l
value (TLV) established for EGEE by the American Con
ence of Governmental Industrial Hygienists (ACGIH) is 5 p
(TWA8) (ACGIH, 1999) and was based on “analogy” to e
ylene glycol monomethyl ether (EGME), which also ha
TLV of 5 ppm, and evidence that EGEE is less poten
animals than EGME. The TLV for EGEEA is also 5 pp
based on testicular toxicity to rats and analogy to the E
TLV (ACGIH, 1991).

EGEE and EGEEA are known to be developmentally t
in rodents (Hardinet al.,1982; Andrew and Hardin, 1984; Do
1984; Nelsonet al., 1984; Kalf et al., 1987; Union Carbide
1984; Paustenbach, 1988), produce testicular toxicity in
rodents (Cheeveret al., 1984; Fosteret al., 1984; Kalf et al.,
0041-008X/00 $35.00
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64 GARGAS ET AL.
1987; Naganoet al., 1979), and also produce hematolog
ffects (Barbeeet al., 1984; Naganoet al., 1979; Union Car
ide, 1984). The acid metabolite, 2-ethoxyacetic acid (2-E
esulting from metabolism of both EGEE and EGEEA,
een identified as the putative toxicant (Cheeveret al., 1984;

Foster et al., 1984; Groesenekenet al., 1988). Therefore
assessment of potential risks posed by exposure to EG
EGEEA should include evaluation of an internal dose
2-EAA, using measures such as maximum concentration
blood (Cmax) and the integrated area under the blood con-
tration vs time curve (AUC). These internal dose meas
have been used for assessing the dose response of EGM
its metabolite, 2-methoxyacetic acid (MAA) (Gargaset al.,
2000; Welschet al., 1995; Clarkeet al., 1993; Terryet al.,
1995).

The distribution, metabolism, and elimination of EGE
following pulmonary uptake are the same as for EGEE. O
inhaled, EGEEA is rapidly metabolized to EGEE via carbo
lesterases in pulmonary mucosa (Stott and McKenna, 1
and by plasma esterases (Guestet al.,1984; Groesenekenet al.,
1987a,b). The metabolism is such that very little EGEE
present in the blood and distributed to the tissues. EGE
metabolized via alcohol dehydrogenase and aldehyde deh
genase to form 2-EAA and via microsomal oxidation to fo
EG (Fig. 1). 2-EAA is further metabolized to form a glyc
conjugate in rodents (N-ethoxyacetyl glycine; EAG) (Kenned
et al.,1993), however, the glycine conjugate of 2-EAA has
been reported in humans (Groesenekenet al.,1988). Both EG
and 2-EAA undergo further metabolism to form carbon d
ide. The major metabolites excreted in the urine following
exposure to EGEE are 2-EAA, EG, and EAG (Kennedyet al.,
1993).

Physiologically based pharmacokinetic (PBPK) models
scribing the kinetics of several glycol ethers in rodents
humans are available. Models for EGME have been desc
for mice (Clarkeet al.,1993; Terryet al.,1995; Welschet al.,
1995), rats (Hayset al.,2000; Gargaset al.,2000), and human
(Welschet al.,1995; Gargaset al.,2000). Welschet al. (1995)
and Gargaset al.(2000) have used these models to predict
metabolite concentrations in humans for comparison to
blood concentrations in rats and mice that have prod
various developmental effects. No such models currently
for EGEE or EGEEA. Biologically based risk assessment
these compounds should account for the production, dis
tion, and elimination of 2-EAA, all processes well suited
evaluation and prediction by pharmacokinetic modeling.

The objectives of the work described here were to cond
pharmacokinetic study in the rat that provides data sufficie
develop PBPK models for EGEEA and EGEE for pregnant
and humans and to use those models to estimate human
sures that were equivalent, based on internal 2-EAA dosim
to rat exposures resulting in a no observed effect level (NO
and a lowest observed effect level (LOEL) for developme
effects in rats. These models are intended to be used in fu
l
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evaluations to determine safe exposure concentrations
cupational and environmental settings.

METHODS

PBPK Models

The PBPK models developed for EGME kinetics in rats and humans
et al.,2000; Gargaset al.,2000) were used as the basis for the EGEEA/EG
2-EAA models used in this article. Briefly, a similar model structure was
and contained three submodels (one each for EGEEA, EGEE, and 2-
each with discrete compartments for the lung, liver, fat, and richly and s
perfused tissues (Fig. 1). All physiological and anatomical parameters, in
ing those that change due to pregnancy, were as described by Hayset al.
(2000) and Gargaset al. (2000). For simplifying purposes, the grow
fetus(es) were grouped into the richly perfused tissue compartment ba
the observation that rat maternal blood and rat fetal tissue concentrati
2-MAA were nearly identical (or proportional) following iv and oral exposu
to EGME (Clarkeet al., 1993; Welschet al., 1995). While it is preferable t
include a discrete description of the developing embryo/fetus and the
nancy-associated changes in the mother, the difficulty lies in devel

FIG. 1. Schematic of the physiologically based pharmacokinetic des
tion for ethylene glycol monoethyl ether acetate (EGEEA), ethylene g
monoethyl ether (EGEE), and 2-ethoxy acetic acid (EAA) dispositio
pregnant rats and humans. EGEEA is metabolized to EGEE in the bloo
EGEE is metabolized to 2-EAA and ethylene glycol in the liver. The feta
placental tissues were grouped with the richly perfused compartment a
mammary tissue is grouped with the fat compartment.
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65PBPK MODEL OF INHALED EGEEA
parameters for these complex models and how to validate them in hu
Therefore, the approach of grouping these tissues allows for extrapola
humans that requires fewer assumptions and uncertainties, qualities de
for risk assessment. The fetal disposition of EGEE and 2-EAA are expec
be similar to the disposition of EGME and 2-MAA.

The rat and human tissue:blood partition coefficients for EGEE and 2
were assumed to be the same as for EGME and 2-MAA and were
directly from Hayset al. (2000) (see Table 1). The human blood:air parti
coefficients for EGEE were from Johanson and Dynesius (1988). Johans
Dynesius (1988) were not able to measure a human blood:air coefficie
EGEEA due to the rapid hydrolysis of EGEEA to EGEE by blood ester
However, since the saline:air coefficients for EGME and EGEE (35,86
23,069, respectively) were very similar to the human blood:air for EGME
EGEE (32,836 and 22,093, respectively), we assumed the saline:air va
EGEEA (Johanson and Dynesius, 1988) was a suitable surrogate for a
blood:air partition coefficient.

The clearance (hydrolysis) of EGEEA in blood to EGEE by blood este
was initially assumed to be arbitrarily large. However, the rate of decline
maternal rat blood EGEE concentrations after cessation of EGEEA exp
(collected as described below) was found to be sensitive to this para
Thus the clearance of EGEEA via hydrolysis in the rat was identified by fi
the postexposure rat blood EGEE data. For the human, this rate was sc
body weight to the 0.74 power (BW0.74) as is customary when extrapolat
learance across species (Dedrick, 1973; Krishnan and Andersen, 199
The first-order rate constants describing the metabolism of EGEE to 2
ere derived from Greenet al. (1996) and adjusted for differences betw

ate constants in hepatocyte suspensions (Greenet al., 1996) andin vivo
Corley et al., 1994) for conversion of ethylene glycol monobutyl et
EGBE) to 2-butoxyacetic acid (see Table 2). The rate of EG production
GEE was estimated at 30% and 54% of the rates of 2-EAA production i
nd humans, respectively, based on ratios found in rat and human hep

ncubations (Greenet al., 1996).
The blood concentration time-course data for EGEE and 2-EAA in

collected during and after inhalation exposure (as described below) wer
to estimate the rate of elimination of 2-EAA in the rat urine (K ex; h21) and as

means of model verification. The rate of urinary elimination of 2-EA
umans was estimated by comparing model predictions to the data
roesenekenet al. (1986b).
The fractional respiratory bioavailability (Kalv) was applied to the alveol

ventilation rate, and not pulmonary, as a result of the “wash in–wash
effect observed with many water-soluble organic vapors. It was not a c
tion for dead space or a conversion between pulmonary and alveolar v
tion. For highly water-soluble materials, the relative respiratory uptake te
be less than what would be attributable to alveolar ventilation. It has
suggested that, during inhalation, highly water-soluble solvent vapor
partially adsorbed by mucous membranes and the epithelial lining in the
and lower respiratory tract, trachea, and bronchiolar region, effectivel
creasing the concentration of vapor reaching the alveolar region. Upon
lation, the solvent vapor diffuses back into the exhaled air, thereby red
the net systemic bioavailability (Johanson, 1991; Medinskyet al., 1993).

Verification of the human PBPK model for EGEE and EGEEA kinetics
performed by comparing model output to various data from Groesenekenet al.
(1986a,b, 1987a,b). For these experiments male human volunteers w
posed to 10, 20, or 40 mg EGEE/m3 or 14, 28, or 50 mg EGEEA/m3 for 4 h
with a 50-min on, 10-min off exposure regimen for each h. A one-
breathing valve was used, which allowed measurements of inhaled and e
concentrations of EGEE (Groesenekenet al.,1986a) or EGEEA (Groesenek
et al.,1987b). Urine was collected for 48 h postexposure and 2-EAA con
trations were determined following EGEE (Groesenekenet al., 1986b) o
EGEEA (Groesenekenet al.,1987a) exposures. Experiment-specific value
body weight, pulmonary ventilation rate, and body fat percentage were
when available.

All modeling was performed using the Advanced Continuous Simul
Language (ACSL; MGA Associates, Inc., Cambridge, Massachusetts).
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Rat Data

Experimental design. We evaluated the pharmacokinetics of EGEEA
pregnant Sprague–Dawley rats following whole body vapor inhalation e
sures. The rats were exposed to two concentrations of EGEEA that
sponded to the NOEL, 50 ppm (Doe, 1984; OSHA, 1993), and LOEL, 100
(OSHA, 1993; Union Carbide, 1984), for developmental toxicity in rats.
animals were exposed for 6 h/day for 5 consecutive days on gestatio
(GD) 11–15. Subgroups of four rats/time period were euthanized durin
after the final exposure for the analysis of EGEEA and 2-EAA in blood, u
and fetal samples (each litter pooled and homogenized). Exposures
conducted at Battelle Pacific Northwest Laboratories (Richland, WA).

Due to the rapid hydrolysis of the acetate moieties of glycol ethers (Sto
McKenna, 1985; Groesenekenet al., 1987a,b), analytical methods were o
mized for the quantitation of the parent glycol ether, EGEE, and its metab
2-EAA, in all blood, urine, and fetal samples collected from animals exp
to EGEEA. Extracts from the blood samples collected from the hig
EGEEA exposure group (100 ppm) were analyzed for the presence of E
using the same GC method described below for EGEE and 2-EAA.

Chemicals. EGEEA was used as supplied by Union Carbide (Charle
WV). The purity of each test material reported by the supplier was$99.8%
with a water content of#0.02%. The test material was stored in its orig
container at room temperature under a nitrogen headspace until used.

Animals. Timed pregnant Sprague–Dawley Crl:CD rats were obta
from Charles River (Raleigh, NC). Animals were fed Purina 5002 cer
pelleted diet and municipal tap waterad libitumexcept during exposure, wh
only water was provided. All animals were housed individually in the Haz
2000 chambers (Hazelton, Aberdeen, MD) used for exposures. Each
was observed twice daily for moribundity and mortality and body weights
determined prior to the first and last day of exposure.

Exposure conditions and chamber monitoring.Animals were exposed
consecutive days (gestation days 11–15) to targeted concentrations of
100 ppm EGEEA in stainless steel and glass Hazelton 2000 inhalation
bers. Total daily exposure durations were 6 h plus the time to reach 90% of
target concentration (T90). T90s averaged 12 min for EGEEA. The airflo
temperature, and relative humidity of each chamber were maintained
proximately 425 liters/min, 75°F, and 55%, respectively.

Atmospheres of each test material were produced using a Battelle-de
vapor generating system. The concentration of EGEEA in each chamb
controlled by adjusting the test material pump rate and dilution airflow.
distribution of material over 12 sampling sites within each chamber
verified to be#5% relative standard deviation.

Chamber concentrations were determined approximately 15 times/ex
period by gas chromatography/flame ionization detection (GC/FID) (He
Packard 5890; Palo Alto, CA) using a 30 m3 0.53 mm id, RTX-5, 5-mm film
capillary column (Restek Corp., Bellefonte, PA). Helium was used a
carrier gas at a head pressure of;6 psi. The column was maintained isoth
mally at 150°C. Under these conditions the retention time for EGEEA wa
min.

A VALCO stream select valve constructed of Hastelloy-C (VALCO Ins
ment Co. Inc., Houston, TX) provided the interface between the on-lin
chromatograph, the exposure chamber, and an on-line diffusion tube st
(Model 491; Kin-Tek Laboratories, Inc., La Marque, TX), which provide
constant vapor concentration EGEEA. This stream select valve direc
continuous stream of sampled atmosphere to a six-port, VALCO sam
valve (Hastelloy-C) with a 0.1-ml sample loop. Both valves were mount
a dedicated valve oven and heated to 150°C.

The operation of the exposure monitor was checked throughout th
against the on-line standard to check for drift in the on-line monitor calibra
Additional calibration checks (by grab sampling) were performed when
nificant drift of the on-line GC response factor was indicated by a shift i
on-line standard concentration. Precision of the on-line monitor was as
by taking five successive readings at each sample port. For EGEEA the
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TABLE 1
Parameters for EGEEA PBPK Models

Parameter

Value

Parameter estimationRat Human

Weights
Body weight - 50-ppm-exposed group bw5 0.3851 * T1 124.77 Measureda

Body weight - 100-ppm-exposed group bw5 0.2017 * T1 193.76 Measureda

Body weight (start and end of pregnancy) 58, 62 kg Fixedb

Percentage of body weight GD 13 Day 0

Liver 4.0 2.4 Measured
Fat 10.1 27.6 Measuredc

Slowly perfused 65.0 48.7 Measured
Richly perfused 6.1 3.7 Measuredd

Blood 5.9 5.9 Fixede

Flows
Cardiac output (liters/h/kg0.74) 14.0 19.2 Fixed
Alveolar ventilation (liters/h/kg0.74) 14.0 15.3 Fixed

Percentage of cardiac output (%) GD 13 Day 0

Liver 25.0 24.0 Fixed
Fat 14.2 9.5 Fixedf

Slowly perfused 15.0 19.0 Fixed
Richly perfused 45.8 47.5 Fixedg

Partition coefficients EGEEA EGEE EAA Parameter estimation

Blood:air 3822 22093 NA Measuredh

Liver:blood 1 1 1.1 Fixedi

Fat:blood 1.3 0.04 0.32 Measuredj

Slowly perfused:blood 0.94 0.94 0.5 Fixedi

Richly perfused:blood 1.1 1.1 1.05 Fixedi

Metabolic constants Rat Human Parameter estimation

K eec (L blood/h) EGEEA¡ EGEE 2.3 2.3 Fittedk

K eaac (L/h/kg liver) EGEE¡ EAA 223 76.6 Fixedl

K egc (L/h/kg liver) EGEE¡ EG 66.9 41.4 Fixedm

Urinary excretion
K ex (L/h) 0.015 0.4 Fittedn

Alveolar absorption factor
K alv (unitless) 0.65 0.65 Fixedo

a Body weight (g) as a function of time (hours).T 5 0 at the beginning of gestation. Equation used forT . 312 h.
b Increase is divided among liver, richly and slowly perfused tissues, and blood based on initial volume fraction. Does not include fetus, plad

mammary tissue (ICRP, 1975).
c Includes growing mammary tissue (Knightet al., 1984; Lueckeet al., 1994).
d Includes growing placenta and fetus(es) (Fisheret al., 1989; Hayset al., 2000; Lueckeet al., 1994).
e From Andersenet al. (1991).
f Includes increasing flow to mammary tissue (Fisheret al., 1989; Metcalfeet al., 1988).
g Includes flow to placenta and fetus, calculated as 100% flows to other tissues.
h Johanson and Dynesius (1988). Value for EGEEA is for saline:air. Value for EGEE is for blood:air (see text for explanation).
i The measured partition coefficients for EGME were used for EGEEA and EGEE and the partition coefficients for MAA were used for EAA (Haet al.,

2000).
j Johanson and Dynesius (1988). Value for EGEEA is value reported for oil:water and value for EGEE was value reported for oil:blood (se

xplanation).
k Optimized in rat by fit of postexposure blood EGEE concentration.
l Greenet al. (1996), adjusted forin vitro–in vivo differences in reaction rates (see text for explanation).
m Tysonet al. (1989), adjusted forin vitro–in vivo differences in reaction rates (see text for explanation).
n Optimized by fitting model output to blood concentrations or urinary output of EAA (see text for discussion).
o Groesenekenet al. (1987b).
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67PBPK MODEL OF INHALED EGEEA
relative standard deviation observed for successive readings at a sing
was 0.61%.

Analytical methods for rat blood, urine, and fetuses.An analytica
method was developed to simultaneously quantitate EGEE and 2-EAA
blood, urine, and fetuses. The method involved acidification of 0.5 g of b
urine, or pooled (by litter) fetal homogenates with an equal volume of 0
sulfuric acid, addition of 0.25 g sodium sulfate (to improve extraction
ciencies), and extraction with 0.5 ml ethyl acetate. Separation and quant
was achieved using a 30 m3 0.32 mm id3 0.5-mm film thickness Stabilwa
DA capillary column (Restek) and a Hewlett Packard 6890 GC/FID. Spl
injections of ;1.5 mL of extract were made at an injector temperatur
200°C. The initial oven temperature was 70°C for 2.5 min and then
increased at 20°C/min to 240°C and held for 1 min. Hydrogen was used
carrier gas at 18 psi constant pressure. The FID detector temperatu
270°C.

To achieve the sensitivity and selectivity needed to simultaneously an
for EGEE and 2-EAA, two modifications to the standard capillary GC
system were required. First, a Cyclo double gooseneck injection liner (R
was used to concentrate the sample and provide an initial sample clean-
prior to chromatography. Second, a 25-cm section of deactivated 0.25
capillary column was connected to the Stabilwax-DA column prior to
detector to improve peak shape for quantitation. Methoxyethanol and me
acetic acid were used as internal standards for EGEE and 2-EAA acid an
All standard curves were generated using matrix-spiked standards to
for extraction efficiencies. Detection limits for the glycol ether and alk
acetic acid metabolite were approximately 0.012mg/g; the detection limit fo

GEEA was 0.018mg/g.

Blood sampling and analyses.Blood samples were collected via card
puncture from each rat under anesthesia (sodium pentobarbital) on the l
of five consecutive exposures (gestation day 15), immediately frozen
stored in borosilicate glass containers at270°C until analyzed. Blood sampl
were collected from four rats/sampling time at 1 and 3 h during the exposur
immediately post-exposure, and at 0.5, 1, 2, 4, 8, 18, 30, and 42 h pos
sure. Blood samples were collected from control animals, spiked with k
quantities of EGEE and 2-EAA, and stored frozen along with the sam
collected from the exposed animals to correct for potential losses of an
during storage. Blood samples were analyzed, in duplicate, for EGEE
2-EAA by GC/FID.

Urine sampling and analyses. Each rat scheduled for the 18-h postex
sure blood collection time point was placed in individual metabolism c
(Lab Products; Seaford, DE) for the 0–18-h postexposure urine colle

TAB
First Order Reaction Rate Constants for Co

Parent compound Species
Exp

s

Ethylene glycol
monobutyl ether (EGBE) Rat In vitro

Rat In vivo

Human In vitro
Human In vivo

EGEE Rat In vitro
Rat In vivo
Human In vitro
Human In vivo

a From Greenet al. (1996), converted from cell number to liver weight
b From Corleyet al. (1994), isolated perfused rat liver studies, scaled
c In vitro rate for EGEE multiplied byin vivo/in vitro ratio calculated for
ort

rat
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Each animal was provided access to water but not feed. Urine sample
collected over dry ice and stored at270°C until analyzed, in duplicate,
described above. Control urine samples were spiked with appropriate an
and stored frozen to correct for potential losses during storage.

Fetal sampling and analyses.The uterus was removed from each rat a
time of blood collection. Each fetus was removed, placed as a litter in a
container, weighed, and flash frozen in liquid nitrogen. As with blood, co
fetal samples were homogenized, spiked with appropriate analytes, and
frozen to correct for potential losses during storage. Only fetuses collec
0 and 8 h postexposure were analyzed for EGEE and 2-EAA as des
above.

Estimating Equivalent Internal Doses

The PBPK model for the rat was used to predict the expected peakCmax)
nd average area under the blood concentration curve (AUC) for 2-EAA
at under the conditions of the critical toxicology study (Doe, 1984). Th
he rats were exposed 6 h/day on GD 6–15.Cmax and the average daily blo
UC of 2-EAA during GD 13–15 were computed. The choice of GD 13
as based on analogy to 2-methoxyethanol; the occurrence of malform
nd number of live embryos/litter were maximized in rats dosed intraven
ith 500 mg 2-methoxyethanol/kg body weight on GD 13–15 (Sleetet al.,
996). These same values forCmax and average daily AUC in the rat were u

as the target values for predictions using the human pregnancy model. V
inhaled concentrations of EGEEA for 8-h periods were used as inputs
human model untilCmax and average daily AUC values for 2-EAA in blo
were determined to be equal to those determined for rats. The resulting i
EGEEA concentrations for humans were then considered to be equiva
the NOEL and LOEL in rats for developmental effects, based on the infe
that these are the most appropriate predictors of susceptibility, dos
toxicity across species.

RESULTS

Animal Experiments

The average concentrations of EGEEA in the cham
over the 30 h of exposure (over 5 days) were 47.5 and 1
ppm for the target concentrations of 50 and 100 ppm, res
tively, as determined by GC-FID. The average daily cham

2
rsion of Glycol Ether to Alkoxyacetic Acid

ental
m

Rate constant
(L/h/kg of liver)

In vivo/in vitro
ratio

113a 7.57
rrogate) 856b

12.05a 10.2
rrogate) 124.1b

29.5a

dicted) 29.5 * 7.575 223c

7.5a

dicted) 7.5 * 10.25 76.6c

8106 cells/g of liver) (Seglen, 1976).
a 0.23-kg rat or 70-kg human and used as a surrogate forin vivo metabolism.
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68 GARGAS ET AL.
concentrations were within610% of target. The temperatu
nd relative humidity of the chamber during each experim
veraged 101 and 81–82% of target, respectively. There
o differences observed between exposure groups in
eights. In addition, no treatment-related clinical signs
hanges in general appearance or behavior were obser
he rats at any exposure. This finding was consistent
revious studies (Hanleyet al., 1984).

odel Predictions of Rat Data

Since the half-life of 2-EAA in urine is on the order of 9–
in rats (Cheeveret al., 1984; Medinskyet al., 1990), expo

sures to EGEEA were conducted over a 5-day period to a
near steady-state conditions to be achieved. Preliminary
eling indicated that five exposures of 6 h/day should be s
cient. An array of the measured exposure concentrations
used in the model to allow for different exposure concen
tions on each of the exposure days (since the actual co
trations of EGEEA in the inhalation chamber differed slig
from the targeted concentrations).

The body weights of the rats were increasing during
exposure period due to pregnancy. Therefore, the body we
measured at necropsy (after the 5 days of exposure) were
to derive a linear regression line describing the body weig
each exposure group (i.e., 50- and 100-ppm-exposed ani
The resulting regression lines for the two exposure group
provided in Table 1. The regression line was used to deriv
array of body weights as a function of time for mode
EGEEA and 2-EAA concentration time-courses in blood.
TABLE function of ACSL was used to interpolate and extr
olate body weights at all times of the simulation (MGA S
ware, 1995).

No EGEEA was detected in any rat blood sample follow
exposure to the highest concentration (100 ppm). The p
glycol ether formed by the hydrolysis of the acetate, EG
was detected in the blood of rats at all sampling times du
exposure. Although there was some variability in the expo
concentrations, steady-state blood concentrations appe
have been reached for both exposure concentrations.
EGEE blood concentrations of 0.7 and 2.3 mg/L (Fig.
were measured at the end of the final exposures on GD 1
the 50- and 100-ppm exposures, respectively. Model pr
tions of the rat data compared very well to measured E
maternal blood concentrations at both 50 and 100 ppm
2A). For the major metabolite, 2-EAA, peak blood concen
tions of 24.7 and 73.5 mg/L (Fig. 2B) were measured at the
of the 50- and 100-ppm exposures, respectively. The pred
maternal rat blood EGEE concentrations in the postexpo
period, but not during exposure, were found to be sensiti
clearance of EGEEA due to hydrolysis. This clearance
optimized based on the log likelihood function (Steineret al.,
1990) and a very good fit was achieved, especially for
50-ppm EGEEA exposure. The PBPK model provided rea
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able predictions of the 2-EAA concentration time-courses
both exposure concentrations in rats (Fig. 2B).

Concentrations of EGEE in the fetal samples collected a
end of the last exposure were higher (12–36%) than the
responding maternal blood sample concentrations (dat
shown). No EGEE was detected in rat fetuses 8 h postexposur
2-EAA concentrations in rat fetuses averaged 40% higher
the corresponding rat maternal blood concentrations at 0
8 h postexposure (Fig. 2B). As was found with EGME
2-MAA, this proportionality did not appear to be concentra
or time dependent (Gargaset al., 2000).

The excretion rate of 2-EAA in urine,K ex, was determine
by visual inspection, varying this parameter until an accep
fit to the measured maternal rat blood and fetal 2-EAA
centrations was produced. This value was confirmed as op
using a well-accepted optimization criterion, maximization
the log likelihood function (Steineret al., 1990).

The model predicts that 2.13 and 5.04 mg 2-EAA will
excreted in the urine after exposure to 50 and 100
EGEEA, respectively. Postexposure urinary excretion
2-EAA was measured to be 1.04 mg for the 50-ppm expos
and 2.83 mg for the 100-ppm exposures (no free EGE
EGEEA was detected in any urine sample). However,
model predictions would be expected to include all 2-E

FIG. 2. Concentrations in maternal venous blood and fetal tissue d
and following GD 15 (t 5 336 h) for pregnant rats exposed to 100 ppm (u
lines) or 50 ppm (lower lines) EGEEA on GD 11–15. Values are the me6
SD of up to four rats (or the fetuses from four rats)/sample time. The sm
curves are those predicted by the PBPK model. (A) Concentrations of E
(B) Concentrations of 2-EAA.
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69PBPK MODEL OF INHALED EGEEA
derived urinary metabolites, and the analytical method m
sures only 2-EAA. Experimental work (Cheeveret al., 1984;

roesenekenet al.,1988; Sabourinet al.,1992; Kennedyet al.,
1993) indicates that 2-EAA-derived urinary metabolites s
as glycine conjugates may contribute 14 to 74% more 2-E
derived urinary metabolites. The average in studies with
SD rats, the strain used in the study reported here, was
(Cheeveret al.,1984). It was therefore estimated that meas
amounts of urinary 2-EAA should be multiplied by a facto
1.7 to approximate the total flux through the 2-EAA pathw
(amount of unchanged 2-EAA plus glycine conjugates
other metabolites). The resulting estimates of 1.77-
4.81-mg 2-EAA-derived urinary metabolites were reason
close to model predictions.

Model Predictions of Human Data

The first-order rate constant (K ex) that describes the urina
elimination of 2-EAA was varied until reasonable fits,

FIG. 3. The rate of urinary excretion of 2-EAA from human volunteen
for urine collection at the end of each 50-min exposure) (Groesenekenet al.,

ex until a reasonable fit was achieved (K ex 5 0.4 L/h). Average pulmonary
weight as fat (0.12) reported by Groesenekenet al. (1988) were used in mo

FIG. 4. The rate of urinary excretion of 2-EAA from human volunteern
or urine collection at the end of each 50-min exposure) (Groesenekenet al.
ulmonary ventilation rate (QPC5 36 L/h/kg0.74), body weight (68 kg), and
sed in model predictions.
a-

h
-
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f
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determined by visual inspection, were achieved to the
following EGEE exposures from Groesenekenet al. (1986b)
see Fig. 3; only 20 mg/m3 data shown, 10 and 40 mg/m3 data

were fit equally as well). This value was confirmed as opt
using the log likelihood function (Steineret al., 1990). This

arameter, as well as all others, were held constant (Tab
or the further model predictions of the urinary excretion
-EAA following EGEEA exposures. A reasonable fit (Fig
nly 28 mg/m3 data shown, 14 and 50 mg/m3 data were fi

equally as well) was achieved to the urinary excretion
2-EAA following EGEEA exposures to male human volunte
(Groesenekenet al., 1987a), indicating that the optimiz
value forK ex is reasonable.

Model predictions of exhaled breath concentrations
EGEE provided good fits to the data of Groesenekenet al.
(1986) (Fig. 5; data and fit shown for 20 mg/m3 exposure only
similar results were obtained for 10 and 40 mg/m3 exposures
The model did predict a more rapid decline of exhaled br

5) exposed to 20 mg EGEE/m3 (four 50-min exposures with a 10-min bre
8). The smooth curve was produced by the human PBPK model by ad
ntilation rate (QPC5 33 L/h/kg0.74), body weight (70 kg), and fraction of bo
l predictions.

5) exposed to 28 mg EGEEA/m3 (four 50-min exposures with a 10-min bre
87a). The smooth curve was produced by the human PBPK model. A
ction of body weight as fat (0.09) reported by Groesenekenet al. (1987b) were
rs (5
198
ve
de
s (5
, 19
fra
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70 GARGAS ET AL.
concentrations at the end of exposure than was observed
model was able to successfully predict the exhaled b
concentration data for EGEEA (Groesenekenet al., 1987b)

uring exposure and the model somewhat underpredicte
ostexposure exhaled breath concentration of EGEEA (F
ata and fit shown for 28 mg/m3 exposure only; similar resu

were obtained for 14 and 50 mg/m3 exposures). In addition, th
model underpredicted EGEE exhaled breath concentra
measured during EGEEA exposures by slightly more th
factor of 10 (data and predictions not shown). Although
absolute terms this is an appreciable difference, from a
balance standpoint less than 1% of the inhaled EGEE
eliminated as EGEE in exhaled breath; thus, the lack of fit
not reflect unfavorably on the ability of the model to desc
the kinetics in humans.

Equivalent Internal Dosimetry

The PBPK model for the pregnant rat was used to deter
venous bloodCmax and average AUC for 2-EAA under t

FIG. 5. Exhaled breath concentrations of EGEE from human volunte
or urine collection at the end of each 50-min exposure) (Groesenekenet al.,1
kg), and fraction of body weight as fat (0.12) reported by Groesenekenet al.

FIG. 6. Exhaled breath concentrations of EGEEA from human volu
break for urine collection at the end of each 50-min exposure) (Groese
weight (68 kg), and fraction of body weight as fat (0.09) reported by G
ur
th

the
6;

ns
a

n
ss
is
es
e

ne

experimental conditions described by Doe (1984) and U
Carbide (1984) that were used in the rat studies described
The model was considered reliable for estimating these v
based on the fits achieved for predicting rat 2-EAA blood
fetus concentrations (Fig. 2B). Maternal blood concentra
of 2-EAA were considered appropriate surrogates for
2-EAA concentrations since the concentrations appear
proportional, although not identical. The human pregna
model was used to predict these maternal bloodCmax and
average daily AUC for pregnant women exposed for 8 h/
5 days/week for 270 days at various inhaled concentratio
EGEEA. Our results indicate that if a pregnant woman w
exposed to 25 ppm EGEEA, this would produce circula
blood concentrations of 2-EAA that would yield a daily blo
AUC equal to the daily blood AUC for 2-EAA that occurr
when the rat was exposed to 50 ppm (the NOEL for deve
mental effects). Likewise our results indicate that if a preg
woman were exposed to 40 ppm EGEEA, then this w
result in the same peak blood concentration of 2-EAA as

(5) exposed to 20 mg EGEE/m3 (four 50-min exposures with a 10-min bre
). Average pulmonary ventilation rate (QPC5 33 L/h/kg0.74), body weight (70
88) were used in model predictions.

rs (5 5) exposed to 28 mg EGEEA/m3 (four 50-min exposures with a 10-m
enl., 1987b). Average pulmonary ventilation rate (QPC5 36 L/h/kg0.74), body
enekenet al. (1987b) were used in model predictions.
ersn 5
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71PBPK MODEL OF INHALED EGEEA
occurring in a rat exposed to 50 ppm. For the rat developm
toxicity LOEL (100 ppm), the human equivalent concen
tions are 55 ppm for average daily blood AUC and 80 ppm
peak blood concentration.

DISCUSSION

The model predictions of the rat data for EGEE and 2-E
in maternal blood and 2-EAA in fetal tissue after exposur
EGEEA were very good for both inhaled concentrations (
2). This accomplishment is significant because the only
justed parameters were the urinary excretion rate of 2-EAA
clearance of EGEEA via hydrolysis. It is also noteworthy
the model was predictive of EGEEA disposition after repe
exposure (5 days), given the potential for alteration of me
olism during such an exposure.

The basis of the concentration differences seen bet
maternal blood 2-EAA and fetal homogenate 2-EAA have
yet been elucidated. It is possible that solubility differen
play a role, but partition coefficients were not directly m
sured in this work. It is important to note, however, that
maternal blood and fetal homogenate 2-EAA concentra
were proportional and did not appear to be concentratio
time dependent, adding confidence to our use of 2-EAA
metrics for determining equivalent human exposure conce
tions at the rat NOEL and LOEL.

The clearance of EGEEA in rat blood was determined
optimization when it was found that postexposure rat b
EGEE concentrations were quite sensitive to this param
EGEEA was not detected in the blood of rats exposed to
ppm EGEEA, even though the model predicts it should h
been present at concentrations above the limit of detection
possible that a portion of the EGEE measured in rat blood
have been produced by hydrolysis of EGEEA during the
interval between when inhalation ended and the plasma
ases were inactivated in the freezing process thus overes
ing the amount present during exposure (2 min would
sufficient to reduce EGEEA concentrations below the lim
detection). While this may decrease confidence in the u
EGEEA component as a “stand alone” model, it does
impact the predictions of 2-EAA kinetics and thus does
effect the utility of the EGEEA/EGEE/2-EAA model for ri
assessment.

The human model predictions were also quite succes
Again, no adjustments were made to any metabolic param
and the value for the urinary excretion rate (K ex) developed b
fitting urinary excretion of 2-EAA after EGEE exposure (F
3) worked very well at predicting 2-EAA excretion af
EGEEA exposure (Fig. 4). Exhaled breath concentratio
EGEE during EGEE exposure was accurately modeled
postexposure breath concentrations were predicted with
sonable accuracy, although the initial rate of decline
somewhat overpredicted (Fig. 5). Predictions of EGEEA
exhaled breath were good during exposure but were som
tal
-
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underpredicted in the postexposure period (Fig. 6). There
number of reasons why the prediction of the concentratio
EGEE (and EGEEA, postexposure) in exhaled breath wa
than optimal. First, it is difficult to accurately measure s
low concentrations of EGEEA and EGEE. Second, the w
air partition coefficient for EGEEA was used in place o
blood:air partition coefficient. Third, the “wash in–wash o
effect may be significant. This phenomenon has been obs
by several others (Gerde and Dahl, 1991; Johanson,
Medinsky et al., 1993). They found that, after inhalation e
posure to a water-soluble compound like EGEEA, the mu
membranes release (due to diffusion) some of the chemica
has been absorbed by the cells during the exposure period
produces a “tail” in the exhaled breath concentration vs
curve. It is important to note, however, that data involving
presumed developmentally toxic form of the chemical, 2-E
were all well fit by both the rodent and human models.

The Greenet al. (1996) in vitro hepatocyte metabolis
study provided a direct comparison of rat and human
abolic rates for both EGBE and EGEE using intact hep
cytes. As a first approximation for estimatingin vivo rat and
human metabolic rate constants for EGEE, we assume
the ratio (not absolute levels) ofin vivo to in vitro clearance
(Vmax/K m ratios) for EGBE metabolism to butoxyacetic a
would be equivalent to metabolism of EGEE to ethoxyac
acid, since they are metabolized via the same enz
(alcohol and aldehyde dehydrogenases). The altern
simply scaling up directly from thein vitro to in vivo based

n hepatocyte numbers, resulted in overprediction of b
GEE concentrations (data not shown). This approach
onsidered reasonable since noin vivo parameters wer
vailable and it minimized the numbers of parameters
equired adjusting to fitin vivo data.In vivo human data fo

estimating model parameters or for model validation
usually quite scarce, and thus the development ofin vitro
techniques that support the modeling ofin vivo observation
in humans will become increasingly important.

The use of internal dose in risk assessment is prefera
administered dose because the internal measures provide
indicators of toxicity for effects occurring away from the site
entry. So far, however, this approach has had limited app
tion to development of regulatory toxicity criteria (Hayset al.,
1998). The accuracy of the rat and human PBPK mode
predicting internal dose of EGEEA metabolites lends a de
of confidence to use model-estimated internal doses to d
human-equivalent concentrations for NOEL and LOEL ex
sures in the rat. Lacking information as to whether blood A
or peak concentration is a more appropriate dose metri
developmental effects of EGEEA in rodents, it would be
dent at this time to consider 25 and 55 ppm as being
human-equivalent NOEL and LOEL concentrations
EGEEA.
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