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A Physiologically Based Pharmacokinetic Model for Inhalation
and Intravenous Administration of Naphthalene in Rats and
Mice. Willems, B. A. T., Melnick, R. L., Kohn, M. C., and Portier,
C. J. (2001). Toxicol. Appl. Pharmacol. 176, 81–91.

A diffusion limited physiologically based pharmacokinetic
model for rats and mice was developed to characterize the absorp-
tion, distribution, metabolism, and elimination of naphthalene
after inhalation exposure. This model includes compartments for
arterial and venous blood, lung, liver, kidney, fat, and other
organs. Primary sites for naphthalene metabolism to naphthalene
oxide are the lung and the liver. The data used to create this model
were generated from National Toxicology Program inhalation and
iv studies on naphthalene and consisted of blood time-course data
of the parent compound in both rats and mice. To examine the
basis for possible interspecies differences in response to naphtha-
lene, the model was extended to describe the distribution and
metabolism of naphthalene oxide and the depletion and resynthe-
sis of glutathione. After testing several alternative models, the one
presented in this paper shows the best fit to the data with the
fewest assumptions possible. The model indicates that tissue do-
simetry of the parent compound alone does not explain why this
chemical was carcinogenic to the female mouse lung but not to the
rat lung. The species difference may be due to a combination of
higher levels of naphthalene oxide in the mouse lung and a greater
susceptibility of the mouse lung to epoxide-induced carcinogene-
sis. However, conclusions regarding which metabolite(s) may be
responsible for the lung toxicity could not be reached.

Key Words: PBPK; mathematical modeling; naphthalene; car-
cinogenicity; glutathione.

Naphthalene, a volatile aromatic hydrocarbon, is wi
used in mothballs and toilet bowl deodorants, in the produ
of dyes and lubricants (Sittig, 1980), and in veterinary m
cine to control lice on livestock and poultry (ATSDR, 19
Schmeltzet al.,1976). Naphthalene is a natural constituen
coal tar and crude oil and has been identified in cigarette s
and emissions from fossil fuel combustion. Former coal an
gasification plants generated large amounts of tar and sl
which contained substantial amounts of naphthalene an
lated hydrocarbons. Occupational exposures, including i
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aluminum smelting industry, have been reported at about
mg/m3 (210 ppb) (Bjorsethet al., 1978). Potential chron

uman exposure can occur through contaminated groun
er, direct exposure from wastes sites, mobile source emis
se of mothballs in the house, and cigarette smoking. N

halene has been found to cause cataracts and hemolyti
ia in humans (ATSDR, 1990).
The National Institute of Occupational Safety and Hea

he Occupational Safety and Health Administration, and
nited States Environmental Protection Agency nomin
aphthalene for carcinogenicity testing by the National T
ology Program (NTP) because of the potential chronic hu
xposure and the lack of adequate carcinogenicity stud

he literature to reach a regulatory decision. A positive c
ogenic response (increased incidences of lung neopla
xposed female mice) was found in the NTP mouse inhal
tudy (NTP, 1992). However, lack of studies with naphtha
n rats via the inhalation route (the major route for hum
xposure) led the NTP to conduct a carcinogenicity inhala
tudy in this species (NTP, 2000).
Naphthalene toxicity is highly species, tissue, and cel

ective (Mahviet al., 1977; Plopperet al., 1992; Tonget al.,
981). An oral dose of 50 mg/kg naphthalene induced C
ell toxicity in mice. Doses that are 8 or 32 times higher do
ffect the terminal airways in hamsters or rats, respect
Plopperet al., 1992). Differences are also observed in

cytotoxicity of naphthalene in the epithelium of the na
cavity, where the mice and hamsters showed necrosis at h
concentrations (400 mg/kg ip) than rats (200 mg/kg ip) (P
per et al., 1992). The olfactory region was affected in m
rats, and hamsters.

The metabolic pathway for naphthalene in mammals
been determined. The first step is the formation of two n
thalene 1,2-oxide enantiomers (1R, 2S-naphthalene 1,2-oxid
and 1S, 2R-naphthalene 1,2-oxide) by the cytochrome P
monooxygenase system. Those intermediates may underg
ther metabolism to dihydrodiols by epoxide hydrolase
zymes, nonenzymatic rearrangement to 1-naphthol, cov
binding to macromolecules, or formation of glutathione (G

conjugates by glutathioneS-transferase (Kanekalet al.,1991).
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82 WILLEMS ET AL.
Physiologically based pharmacokinetic (PBPK) models
provide insight into an organism’s physiological mechani
of response to a chemical (D’Souza and Boxenbaum, 1
They can be helpful in describing the absorption, distribu
excretion, and biotransformation of the chemical and its
tabolites (Hoang, 1995) and can form a basis for extrapol
of toxicological effects from high doses to low doses
across species. A large amount of animal- and chemica
cific data is required for development of PBPK models, w
consist of simplified mathematical equations that accoun
the complex physiological and biochemical processes th
fect the behavior of the chemical in a particular species.

Based on both rat and mouse blood time-course data
the NTP inhalation studies on naphthalene, a PBPK mode
developed to investigate the absorption, distribution, me
lism, and elimination of naphthalene in these two species
data are available on GSH levels in animals exposed to n
thalene or tissue partition coefficients for naphthalene an
metabolites. Therefore, the current model is partly base
previously published work. Former PBPK models for naph
lene and naphthalene oxide were developed usingin vitro data
olely; these models did not investigate absorption or m
olic elimination resulting from inhalation exposure (Ghan
nd Shuler, 2000; Quick and Shuler, 1999; Sweeneyet al.,
996).

MODEL DEVELOPMENT

Available data. Whole blood samples taken from groups of 9 male a
female F344/N rats exposed to 10, 30, or 60 ppm naphthalene by inhalat
5 days per week, 6 h per day were analyzed for naphthalene concentratio

weeks and at 3, 6, 12, and 18 months. Additional groups of 12 male a
emale rats and B6C3F1 mice were obtained from the same suppliers
nimals for the 2-year cancer study (NTP, 2000) (Taconic Laboratory,
antown, NY). Blood samples from rats were evaluated after a singl

nhalation exposure to 10, 30, or 60 ppm plus a 12-min delay for the
halene concentration in the chamber to decay to 10% of its target level;
amples from mice were evaluated after a single 7-h inhalation exposure
r 30 ppm plus the same 12-min delay. Blood was taken at eight time
ostexposure for the single-exposure groups (0, 30, 60, 90, 120, 240, 36
80 min) and at 6 time points for the multiple exposures (10 ppm: 0, 30
20, 300, and 480 min; 30 ppm: 0, 30, 90, 300, 480, and 720 min; 60 pp
0, 90, 360, 720, and 960 min). Each rat was bled twice. At each time
lood was taken from up to 3 animals per group, and naphthalene con

ions in whole blood were measured. For the iv study, 12 male and 12 f
344 rats (Taconic Laboratory) were implanted with jugular vein cann
fter administration of 1, 3, or 10 mg naphthalene/kg doses, blood
ollected at 10 time points postexposure for each dose group (1 and
aphthalene/kg: 2, 5, 10, 20, 40, 60, 120, 240, 360, and 480 min; 1
aphthalene/kg: 5, 10, 20, 40, 60, 120, 240, 360, 480, and 720 min
amples were analyzed by CEDRA Corporation (Austin, TX) using a p
usly validated high-performance liquid chromatography method with
iolet light detection (CEDRA, 1994).

Model structure. A physiologically based pharmacokinetic model re
enting the uptake, distribution, and metabolism of naphthalene in ra
ice was developed to describe the processes involved in naphthalen

okinetics. The model, developed in MATLAB (The Mathworks, 19
onsists of two parts (Fig. 1). The model for naphthalene is diffusion lim
Kohn, 1997) and contains compartments for arterial and venous blood
 f
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lar space, and tissue and capillary spaces for the lung, liver, kidney, fa
ther organs. Diffusion limitation was added to the model to adequately
lood time-course data; a flow-limited model failed to reach the nece
teady-state concentrations of naphthalene in the blood at the end
xposure period. The compartment for “other” organs represents both
nd rapidly perfused tissues (e.g., skin, muscle, bone marrow, heart, and
ecause of the possibility of some minor metabolic action in the kidney

issue was not included with the “other” organs. Even though it was later
hat there was no need for this separation, as the data could be explain
etabolism in the lung and liver only, the kidney was modeled as a se

issue. Inhalation of naphthalene from the exposure chamber atmospher
lace through the alveolar space into the lung. Uptake is modeled as
ependent on the ventilation rate of the animal, permeability of the tissu
lood flow through the lung. Exchange of naphthalene between the
apillary blood and the alveolar air is flow limited.
The primary sites for naphthalene metabolism to naphthalene oxide a

ung and liver (Buckpittet al., 1987). Several methods to match the bl
ime-course naphthalene data were explored (e.g., Michaelis–Menten k
n both lung and liver, noncompetitive inhibition, and competitive inhibiti
he best results were obtained by using Michaelis–Menten metabolic
ays in both the lung and liver. An assumption was that the same isofo

he P450 enzyme (presumably P450 2F2 (Buckpittet al.,1995)) is responsib
or the metabolism in the lung and liver. The difference in activity lies in
icrosomal protein content of these two tissues. A second assumption w
aphthalene only binds to one site on the P450 enzyme in one conform
o only two metabolic parameters had to be used in the model, oneVmax (for
oth the naphthalene oxide enantiomers,RS and SR) and oneKm. All the

physiological parameters (ventilation rate, cardiac output, tissue vol
capillary volumes, and blood flow rates to the tissues) used in this mode
based on values obtained from the literature (see Table 1 for reference
scaled to the body weights of core study rats (body weight in kilograms

As tissue partition coefficients were not measured in the experiment,
were predicted from the experimental equilibrium constant for the disso
of a chemical in solvent (K octanol:water) (Hanschet al., 1995) using a linear fre

nergy relationship for chemicals (Abrahamet al., 1985; Lymanet al., 1990)
and regression equations for the different tissues (Fiserova-Bergerovaet al.,
1984). The calculated partition coefficients listed in Table 1 are compara
the ones used by Quick and Shuler (1999) (except for the blood:air coeffi
Maximal metabolic rate constants and permeability constants were est
by fitting the naphthalene blood time-course data from the inhalation st
The relative rate of metabolism in the lung vs the liver was quantifie
multiplying the fittedVmax (per milligram microsomal protein) by the measu
microsomal protein content of the respective tissues. Goodness of fi
evaluated using a maximum-likelihood ratio test (Kotz and Johnson, 1
Equations and an explanation of the abbreviations used are shown
Appendix and Notations.

The second part of the model (Fig. 1), which includes the distribution
metabolism of naphthalene oxide, is an extension of an existing flow-lim
model by Quick and Shuler (1999) within vitro parameter values for epoxi
hydrolase and glutathioneS-transferase activities. Because there were no
available on naphthalene oxide distribution or metabolism from the
studies, it is not possible to verify predictions of naphthalene oxide t
dosimetry based on this model. All metabolic parameters used in the Qui
Shuler model (1999) were kept the same in the model for naphthalene
metabolism presented in this paper. In addition, glutathione metabolis
presented in Quick and Shuler (1999), was replaced by GSH synthesis
on Kohn and Melnick (2000). With this system, GSH production is limite
the activity of g-glutamyl-cysteine synthetase, which was modeled

ichaelis–Menten kinetics and noncompetitive inhibition by the GSH pro
Kohn and Melnick, 2000). All physiological parameters were the sam
hose used in the current naphthalene model. The kidney and “other ti
ompartment replaced the richly and poorly perfused tissue compart
rom Quick and Shuler (1999), respectively. All equations and parameter
s used
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83PBPK MODEL FOR NAPHTHALENE INHALATION
in the naphthalene oxide portion of the current model were the same as
of Quick and Shuler (1999) and Kohn and Melnick (2000).

A sensitivity analysis using Eq. (1) has been performed on the optim
parameters for both rats and mice

SYi,Pj~t i! 5
Yj~t i! 2 Y0~t i!

d j 3 Y0~t i!
, (1)

whereSP(t) is the relative sensitivity for parameterP at time t, Y0(t) is the
nominal value at timet when the model is run with the optimized param
alue, andYj(t) is the nominal value at timet when the model is run with a

increase or decrease of the optimized parameter value with incrementd.

RESULTS

The optimized parameters used in the naphthalene mod
listed in Table 2. The model predicts naphthalene to be ra
absorbed into the blood during inhalation exposure as a
of the high blood:air partition coefficient and unrestricted
meation. This uptake kinetics was determined by mode
blood time-course data of naphthalene beginning at 12
after 6 h of inhalation exposure. Metabolic capacity was s
lar in male and female rats. The metabolic saturation cap
s slightly lower in the female rats. The opposite situa
ccurs in the model optimizations for the mice in which theKm

in the female mouse is slightly higher than in the male mo

FIG. 1. Pharmacokinetic model for rats and mice exposed to nap
naphthalene oxide part is flow-limited (dashed lines indicate enzymatic
us
ose
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However, the metabolic capacity in the female mouse mod
higher compared to the male mouse. According to the m
the metabolic rate is approximately two- to threefold highe
mice than in rats. The interspecies differences in meta
capacity are significant and are in accordance with the li
ture (Buckpittet al., 1995, 1987).

Even though the current model does not distinguish bet
the Vmax andKm in lung and liver, as the difference in meta-
olism between the lung and the liver is based on their di
ence in microsomal protein level, a comparison can sti
made between the parameter values presented here andin
vitro numbers published in Quick and Shuler (1999). In rats
model shows a higher metabolic capacity compared to tin
vitro data but a lower saturation capacity. The metabolic
pacity in the model is higher compared to thein vitro data for
he mouse lung and liver. Saturation capacity in the mod
he Km found in vitro.

Using the model with a Michaelis–Menten-based metab
pathway for naphthalene metabolism in both the lung an
liver resulted in a fit to the inhalation data in both spec
Alternative models that were used to fit the data (i.e., fl
limited, Hill equations for metabolism, and competitive
noncompetitive inhibition) failed as they, either systematic
or alternatively, over- or underpredicted the observed

alene by inhalation. The naphthalene part of the model is diffusion l
ctions by P450 monooxygenase system).
hth
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84 WILLEMS ET AL.
Graphic representations of the fits of the model to male
female rat data are shown in Fig. 2A. The figure shows a
fit to the data with only a slight overprediction of the blo
naphthalene concentrations in male rats between 100 an
min postexposure for the 30- and 60-ppm doses. Pred
blood naphthalene time courses for the 2-week and 3-, 6-

TABLE 1
Physiological Parameters for the PBPK Model of Naphthalene

in both Male and Female Rats

Male
rat

Female
rat

Male
mouse

Female
mouse

Body weight (kg)a 0.125–0.504 0.1–0.306 0.030 0.0
Cardiac output (L/h/kg0.7) 14.7 14.7 11.9 11.9
Ventilation rate (L/h/kg0.7) 20 20 24.4 24.4
Tissue volumes

(% of body weight)
Arterial bloodb 1.8 1.8 2 2
Venous bloodb 3.6 3.6 4 4
Alveolar spacec 0.5 0.5 0.5 0.5
Lungd 0.52 0.52 0.6 0.6
Livere 3.7 3.7 5.5 5.5
Fate 7.0 7.0 6 6
Kidneyb 1.48 1.48 1.7 1.7
Otherf 81.4 81.4 79.7 79.7

Tissue capillary volumes
(% of tissue volume)b,g

Lung 18.0 18.0 11 11
Liver 13.8 13.8 11 11
Fat 2.0 2.0 3 3
Kidney 16.0 16.0 10.2 10.2
Other 4.5 4.5 4.2 4.2

Tissue blood flow
(% of cardiac output)b

Liver 17.4 17.4 16.2 16.2
Fat 7.0 7.0 5 5
Kidney 14.1 14.1 16.3 16.3
Otherf 61.5 61.5 62.5 62.5

Partition coefficienth

Blood:air 571 571 571 571
Lung 1.81 1.81 1.81 1.8
Fat 160 160 160 160
Kidney 4 4 4 4
Other 4 4 4 4
Liver 7 7 7 7

Microsomal protein
(mg/ml tissue)i

Lung 5.0
Liver 28

a Changing weights over time, based on weights from 2-year chronic
on naphthalene (NTP, 2000).

b Brown et al., 1997.
c Davies and Morris (1993).
d Schmidt-Nielson (1979).
e Average from several literature values.
f Calculated residual value.
g Altman et al. (1970).
h Calculated values (Abrahamet al.,1985; Fiserova-Bergerovaet al.,1984).
i Measured values (Quick and Shuler, 1999).
, 1
d
d

50
ed
2-,

and 18-month studies are equivalent (i.e., no apparent s
tivity to the body weight) and therefore data from these e
sure durations (which were not significantly different) w
combined and presented in single figures for both male
female rats (see Fig. 2B). Here there was a small underp
tion of the first four data points in the male rat at the 10-p
exposure concentration and a small overprediction of th
male naphthalene blood concentration at the 60-ppm
level. The fits of the model to the single-exposure mouse
are shown in Fig. 3. At the 10-ppm dose in male mice
model does not seem to drop fast enough and level off a
same time as the data implicate. However, it should be n
that several measurements of the male (and female) m
blood naphthalene concentrations were not available d
loss of some animals. As can be seen in Fig. 3, the spread
data for the female mice tends to be very large (100-fold
some time points. The iv data were not used to esti
parameter values but were used to validate the mode
naphthalene metabolism. Model predictions and the iv dat
shown in Fig. 4.

Outcomes of model simulations with regard to tis
concentrations, metabolizing rates, and total metabolism
presented in Table 3. Two time points were chosen at w
to report these values; the end of the 6-h exposure p
and 24 h after the exposure was started. Modeled ste
state concentrations in the lung at the end of the 6-h e
sure period to naphthalene were between 0.2 and 12mg/ml
in the rat (0.5, 3.8, and 12.0mg/ml in male rat; 0.2, 1.8, an
10.7 mg/ml in female rat at the 10-, 30-, and 60-p
exposure levels, respectively) and between 0.1 and
mg/ml in the mouse (0.1 and 1.4mg/ml in male mouse; 0.
and 1.7 mg/ml in female mouse at the 10- and 30-p
exposure levels, respectively) (see Table 3).

As there were no data available on the concentrations o
different naphthalene metabolites in the blood, it was im
sible to create a reliable model describing the distributio
these metabolites to the various tissues. Therefore, a pre
model for naphthalene oxide metabolism and distribu
based onin vitro data for epoxide hydrolase and GST acti
(Quick and Shuler, 1999) was incorporated into the naph
lene model presented here. According to the model, liver
lung GSH levels drop substantially when exposed to 10, 3
60 ppm naphthalene and these changes are similar in ma
female rats. The decrease in GSH is larger in the lung th
the liver. The resynthesis of GSH is slower in the lung tha
the liver, resulting in incomplete recovery of the GSH conc
trations in the lung (see Fig. 5). GSH levels did not return to
initial concentrations after 2 days of no exposure to naph
lene; they remained between 5 and 60% of the initial con
tration for the highest and lowest doses, respectively (see
5, only data for females are shown). In contrast, the m
predicts that, in male and female rat liver, the GSH level
return to their initial levels after a significant decrease du
exposure to naphthalene, except for the highest dose exp

dy
osure,
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85PBPK MODEL FOR NAPHTHALENE INHALATION
which returns to about 98% of the initial GSH level (see
5, only data for females are shown). The male and fe
mouse also show large decreases in GSH in the lung
exposures to 10- or 30-ppm naphthalene; the decreases

TAB
Optimized Parameter Values for

Male rat (6SD) Femal

Metabolic parameters
Vmax (nmol/mg MP/min) 16.5 (0.12) 24.
Km (nmol/ml) 6.0 (0.13) 3.

Permeabilitya

Blood:fat 0.14 (3.4e23) 0.11
Blood:other tissues 0.15 (1.5e23) 0.11

a Permeability is shown as Perm in the equations.

FIG. 2. Blood concentration of naphthalene (mean6 SD, in mg/mL) in m
kg) immediately after (A) a single 6-h exposure or (B) after exposure for
.
le
ith
the

liver are much less (to only around 70 and 5% of the in
amount for the lowest and highest doses, respectively) (se
5, only data for females are shown). Similar to the rats, the
a full recovery of GSH levels in the mouse liver within 18

2
e PBPK Model of Naphthalene

t (6SD) Male mouse (6SD) Female mouse (6SD)

.5) 38.7 (1.5) 54.8 (2.4)
.17) 1.5 (0.13) 5.8 (0.40)

23) 0.20 (10e23) 0.11 (2e23)
23) 0.11 (2e23) 0.19 (10e23)

e rats (body weight 0.125–0.504 kg) and female rats (body weight 0.1–
eeks or 3, 6, 12, or 18 months (6 h/day, 5 days/week) to naphthalene bion.
LE
th

e ra

6 (0
2 (0

(4e
(2e
al
2 w
 y inhalat



s n
an
re

ou
an

sam
n th
ta

a f
od
he

-
m ith
r
o ity are
t

ped
htha-
e the
992)
of this

iately

alene (the

86 WILLEMS ET AL.
after the 6-h exposure. The recovery in the mouse lung i
complete (65 to 80% of the initial values for the highest
lowest dose, respectively, after 2 days with no exposu
naphthalene).

Predicted naphthalene oxide concentrations in the m
lung are 1.5-fold higher in the female mouse for the 10-
30-ppm exposures than in the female rat lung at the
exposure levels (see Fig. 6). This difference is similar whe
male mouse lung and the male rat lung are compared (da
shown).

The data in Fig. 7 (only data for females are shown, dat
males are similar) show the relative change in the m
prediction at the 0.25-, 0.5-, 0.75-, and 1-day time points w

FIG. 3. Blood concentration of naphthalene (mean6 SD, in mg/mL) in m
after a single 7-h exposure to naphthalene by inhalation.

FIG. 4. Blood concentration of naphthalene in male (body weight 0
data points in the graph at log[Naph] of23 are below limit of detection).
ot
d
to

se
d
e
e

not

or
el
n

the parameter in question is changed by610% from its opti
ized value. As shown in Fig. 7, the model is fairly stable w

egard to most of the parameters. The permeability fromblood:
ther tissues and, to a lesser extent, the blood:fat permeabil

he parameters of most influence in both rats and mice.

DISCUSSION

A physiologically based toxicokinetic model was develo
to characterize the disposition of inhaled and injected nap
lene in rats and mice. This model was used to estimat
amount of naphthalene inhaled by rats and mice (NTP, 1
at the exposure concentrations used in the 2-year studies

(body weight 0.03 kg) and female (body weight 0.024 kg) mice immed

kg) and female (body weight 0.156 kg) rats after an iv dose of naphth
ale
.255
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chemical, the amount of the inhaled dose that was metabo
during the 6-h exposures in rats and mice and during the
following exposure, the steady-state concentrations of n
thalene (reached during exposure) in the liver and lung o
and mice during chronic exposure, and the rate of naphth
metabolism in the liver and lung of rats and mice at th
steady-state concentrations (see Table 3). In addition, a m
that includes metabolism of naphthalene oxide by epo
hydrolase and glutathioneS-transferase was utilized to pred
lung concentrations of naphthalene oxide in rats and
exposed to naphthalene and changes in liver and lung co
trations of glutathione.

The model presented in this paper is fairly robust with re
to the optimized parameters (see Fig. 7), and the sens
analysis shows that the permeabilities indicating delivery o
parent compound to the tissues are the most important, a
ing a low sensitivity to the metabolic parametersVmax andKm.

Approximately 88 to 96% of the absorbed naphthalen
etabolized by rats and 96 to 98% of the inhaled naphth

s metabolized by mice (see Table 3). These values fo
ercentage of the inhaled parent compound that is metab
re greater than those reported for other volatile chem
Richardsonet al.,1999) and reflect the low vapor pressure
aphthalene and its very high estimated blood-to-air par
oefficient (Pblood:air 5 571). Thus, once naphthalene is-
orbed into the general circulation, very little parent compo
s eliminated by exhalation. Because essentially all of
aphthalene that is absorbed is metabolized, the values fo
umulative metabolism (presented as mg/kg body weig
able 3) represent the internalized dose of naphthalene i
nd mice resulting from 6-h exposures. Increased metab

TAB
Outcomes of M

Amounts of naphthalene

Male rat

10 ppm 30 ppm

At end of 6 h exposure to naphthalene
Concentration in lung (mg/ml) 0.5 3.8
Metabolic rate lung (mg/h/ml) 0.3 0.5
Cumulative metabolism in lung (mg/kg body wt) 6.9 15.1
Concentration in liver (mg/ml) 2e23 1e22 3
Metabolic rate in liver (mg/h/ml) 0.01 0.05
Cumulative metabolism in liver (mg/kg body wt) 1.9 7.9

At 18 h postexposure (524 h)
Cumulative metabolism in lung (mg/kg body wt) 8.5 21.7
Cumulative metabolism in liver (mg/kg body wt) 2.3 9.8

Total cumulative metabolism (mg/kg body wt) 10.9 31.5
Total inhaled (mg/kg body wt) 11.8 35.5
Total from blood to alveolar (mg/kg body wt) 0.3 1.1
Net inhaled (mg/kg body wt) 11.6 34.5
Total metabolism as % of total inhaled 91.9 88.6
Total metabolism as % of net inhaled 93.5 91.2

Note.Animal body weight: male rat, 125 g; female rat, 100 g; male mo
ml; male mouse, 0.18 ml; female mouse, 0.14 ml. Liver tissue volume:
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ed
h
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ne
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ill tend to increase the gradient in concentration of naph
ene in the alveolar space compared to the lung blood and
nhance further absorption of the compound. Total nap

ene metabolized (i.e., the internalized dose) was highe
ice exposed to 30 ppm than rats exposed to 60 ppm
able 3). This difference is due to the higher ventilation
etabolic rates per kg body weight in mice compared to
The data in Table 3 also show that the steady-state co

ration of naphthalene in the lung of rats is not very diffe
rom that of mice exposed to equivalent concentrations.
ulative metabolism of naphthalene in the lung was mark
reater in mice than in rats. Rates of naphthalene metab
id not increase proportionally with increasing exposure
entration, indicating metabolic saturation in this organ. M
bolic saturation was more evident in the rat lung than in
ouse lung. Naphthalene metabolism was practically the

n the mouse and rat livers. No metabolic saturation
pparent in the liver of rats or mice at the exposed doses
oth species, 65 to 75% of the 24-h metabolic clear
ccurred during the 6-h exposure period; only in male

emale rat lung in the 60-ppm group was metabolic clear
uring exposure reduced to about 50% of the total inhaled
see Table 3). This is due to metabolic saturation resultin
reater storage of parent compound in the fat at this exp
oncentration.
The single-dose intravenous (iv) injection study (NTP,

ublished data) was used as an independent data sou
alidate the naphthalene model described in this paper an
herefore not used to optimize the model parameters.
odel gave a good fit to the iv data. Quick and Shuler (1

howed a good fit to these same data, especially at th

3
el Simulations

Female rat Male mouse Female mou

ppm 10 ppm 30 ppm 60 ppm 10 ppm 30 ppm 10 ppm 30

.0 0.2 1.8 10.7 0.1 1.4 0.3 1.
0.6 0.3 0.8 0.9 0.5 1.3 0.5 1
17.9 8.3 22.1 27.8 15.3 43.2 17.5
2 1e23 2e23 8e23 2e24 7e24 6e24 2e23
0.1 0.01 0.03 0.1 0.008 0.03 0.01
20.4 1.6 5.7 16.9 2.4 7.9 3.1 1

33.3 10.0 28.3 45.9 20.9 60.7 22.7
26.9 1.9 6.9 21.3 3.2 11.1 3.9 1
60.2 11.9 35.2 67.2 24.2 71.8 26.6
1.1 12.7 38.1 76.3 25.9 77.6 27.6 8
2.9 0.3 0.9 0.3 0.7 2.5 0.6
8.2 12.4 37.2 76.0 25.1 75.1 27.1 8
84.7 93.6 92.4 88.1 93.5 92.5 96.3
88.3 95.9 94.7 88.4 96.3 95.6 98.3

, 30 g; female mouse, 24 g. Lung tissue volume: male rat, 0.65 ml; fema
le rat, 4.64 ml; female rat, 3.72 ml; male mouse, 1.65 ml; female mous
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mg/kg dose level at which the current model seems to not
fast enough metabolism in the middle range time points. H
ever, when the predictions of Quick and Shuler’s model
parameter values were compared to the inhalation data (w
is also the most predominant route of exposure to hum
from the NTP (2000) study, the naphthalene concentratio
the blood were overpredicted at all time points.

The results from the toxicokinetic model of naphthal
indicate that tissue dosimetry of parent compound alone
not explain why this chemical is carcinogenic to the fem
mouse lung but not to the rat lung. For example, female
exposed to 60 ppm naphthalene had a higher steady
concentration of naphthalene in the lung than did female
exposed to 30 ppm, yet only mice developed lung tum
(NTP, 2000). Although the rates of naphthalene metabolis
the mouse lung are higher than those in the rat lung, acco

FIG. 5. Model predictions for glutathione levels in the female rat (as
tissues as a percentage of the initial concentration (male levels are not
to the model, the detoxification of naphthalene oxide is fast
ve
-
d
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s)
in

e
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e
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ate
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in
ng

in mice than in rats. The net effect of activation and deto
cation was that higher levels of naphthalene oxide were
mated by the model in the lung of mice exposed to 30
naphthalene vs the lung of rats exposed to 60 ppm naphth
(see Fig. 6). This dosimetry difference may contribute in
to the species difference in lung tumor response to naphth
exposure, along with a higher sensitivity of the mouse lun
metabolically activated lung toxicants (Shultzet al., 2001).
There is also the suggestion that naphthoquinone, forme
P450 from naphthol, instead of naphthalene epoxide can
a toxicant by covalently binding to proteins (Ghanem
Shuler, 2000; Wilsonet al., 1996).

Naphthalene oxide is the primary metabolite formed
cytochrome P450-mediated oxidation of naphthalene.
appear to be more susceptible to lung neoplasm inductio
epoxide and epoxide-forming chemicals than are rats (Me

ed body weight 0.1–0.17 kg) and female mouse (assumed body weigh
wn but are similar to the female levels) (10 ppm, - - - 30 ppm, —— 60 ppm
sum
erand Huff, 1993). Most notable in this respect is the finding that
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inhalation exposure to ethylene oxide induced lung neopl
in mice (NTP, 1987) but not in rats (Lynchet al., 1984;

nellingset al.,1984). The NTP (1992) study found tumors
he female mouse lung after inhalation exposure to nap
ene. Seven percent of the animals in the control group, 3
he animals in the 10-ppm dose group, and 21% of the an
n the 30-ppm dose group developed lung tumors. There
o increase in lung tumors found in the rat after inhala
xposure to 10, 30, or 60 ppm naphthalene (NTP, 2000). T

FIG. 6. Model predictions for naphthalene oxide concentrations (in n
(assumed body weight 0.024 kg) (male levels are not shown but are si

FIG. 7. The relative sensitivity over time of modeled blood naphtha
concentrations with respect to variations in the optimized parameters in fem
and mouse models (male numbers are not shown but are similar to the
numbers). Perm is permeability blood:other tissues; PermFat is permeability bl
ood
s

a-
of
ls

as
n
s,

if naphthalene oxide is the intermediate responsible for
neoplasm induction in mice exposed to naphthalene, the
species difference in response at this site may be due
combination of higher levels of naphthalene oxide in the m
lung and a greater susceptibility of the mouse lung to epo
induced carcinogenesis.

There is evidence that cytochrome P450 and epoxide h
lase can form a transient complex whereby the formed ep
is transferred directly to epoxide hydrolase in competition
release into the cytoplasm. This phenomenon has bee
scribed for naphthalene (Oesch and Daly, 1972) and mo
for 1,3-butadiene (Kohn and Melnick, 2000). If sufficient d
(blood time-course data for naphthalene oxide) were ava
to introduce the functionality of such a privileged access m
into the current naphthalene model, the predictions for n
thalene oxide tissue levels in the rat and mouse lung w
likely decrease substantially. A certain amount of the epo
would be metabolized immediately instead of first being
leased into the cytoplasm and subsequently metabolize
epoxide hydrolase. Modeling the effectiveness of this p
leged access model in rats and mice could contribute to a
understanding of species differences in response to nap
lene exposure.

Another aspect of exposure to naphthalene is the occur
of nasal toxicity in rats and mice of both sexes. Rats dev
nasal tumors, but mice do not. However there are no
available from this study or in the literature on nasal depos
and epithelial absorption of naphthalene. This makes it im
sible to create a reliable model for nasal cavity absorption
tissue dosimetry at this time.

More information on time-dependent blood and tissue
centrations of naphthalene metabolites and tissue GSH co
trations would be helpful in identifying the source of

l/ml) in the female rat (assumed body weight 0.1–0.17 kg) and female m
r to the female levels) (10 ppm, - - - 30 ppm, —— 60 ppm).
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90 WILLEMS ET AL.
difference in toxicity of naphthalene in mice and rats. H
ever, conclusions regarding which metabolites may be res
sible for naphthalene toxicity could not be reached solely b
on the available blood time-course data. Finally, direct m
surements of partition coefficient constants might greatly
hance the validity of the naphthalene model.

APPENDIX 1: NOTATION

Concentration

Dose chamber concentration of naphthalene (nmol
(dose has been converted from ppm to nmol

AMTair amount in the air (nmol)
AMTalv amount in the alveolar space (nmol)
AMTart amount in the arterial blood (nmol)
AMTven amount in the venous blood (nmol)
AMTtissuecap amount in the tissue capillary blood (nmol)
AMTtissue amount in the tissue (nmol)
V volume of tissue or blood (ml)

Flow

Qvent ventilation rate (ml/min)
Qtotal total blood flow (ml/min)
Qtissue blood flow to the tissue (ml/min)

Partition Coefficient and Permeability Constant

Permi capillary permeability constant (unitless)5extraction
ratio/(12 extraction ratio) (i 5 fat, other tissues)

tissue tissue:blood partition coefficient
air blood:air partition coefficient

etabolism Rates

max maximum velocity of saturable metabolism (nmol/
MP/min)

Km Michaelis–Menten constant for metabolism (nmol/m
MPj amount of microsomal protein (mg/ml tissue) (j 5 lung,

liver)

APPENDIX 2: PBPK DIFFERENTIAL EQUATIONS

Chamber

dAMTair

dt
5 2Dose3 Qvent 1

AMTalv

Valv
3 Qvent

Alveolar Space

dAMTalv

dt
5 Dose3 Qvent 1

AMTlungcap

Vlungcap
3

Qvent

Pair

2
AMTalv

Valv
3 Qvent 2

AMTalv

Valv
3 Qvent
-
n-

ed
a-
n-

l)
l)

Arterial Blood

dAMTart

dt
5

AMTlungcap

Vlungcap
3 Qtotal 2

AMTart

Vart
3 Qtotal

Lung

dAMTlungcap

dt
5

AMTven

Vven
3 Qtotal 1

AMTalv

Valv
3 Qvent

1
AMTlung

Vlung
3

Qtotal

Plung
3 Permi 2

AMTlungcap

Vlungcap
3 Qtotal

2
AMTlungcap

Vlungcap
3 Qtotal 3 Permi 2

AMTlungcap

Vlungcap
3

Qvent

Pair

dAMTlung

dt
5

AMTlungcap

Vlungcap
3 Qtotal 3 Permi 2

AMTlung

Vlung
3

Qtotal

Plung

3 Permi 2
Vmax 3 Vlung 3 AMTlung

Km 3 Vlung 1 AMTlung
3 MPj

Venous Blood

dAMTven

dt
5 O AMTtissuecap

Vtissuecap
3 Qtissue2

AMTven

Vven
3 Qtotal

Liver

dAMTlivercap

dt
5

AMTart

Vart
3 Qliver 1

AMTliver

Vliver
3

Qliver

Pliver
3 Permi

2
AMTlivercap

Vlivercap
3 Qliver 2

AMTlivercap

Vlivercap
3 Qliver 3 Permi

dAMTliver

dt
5

AMTlivercap

Vlivercap
3 Qliver 3 Permi 2

AMTliver

Vliver
3

Qliver

Pliver

3 Permi 2
Vmax 3 Vliver 3 AMTliver

Km 3 Vliver 1 AMTliver
3 MPj

Fat, Kidney, and Other (Nonmetabolizing Tissues)

dAMTtissuecap

dt
5

AMTart

Vart
3 Qtissue1

AMTtissue

Vtissue
3

Qtissue

Ptissue
3 Permi

2
AMTtissuecap

Vtissuecap
3 Qtissue2

AMTtissuecap

Vtissuecap
3 Qtissue3 Permi

dAMTtissue

dt
5

AMTtissuecap

Vtissuecap
3 Qtissue

3 Permi 2
AMTtissue

Vtissue
3

Qtissue

Ptissue
3 Permi

REFERENCES

Abraham, M. H., Kamlet, M. J., Taft, R. W., Doherty, R. M., and Weather
P. K. (1985). Solubility properties in polymers and biological media. 2.



ica

A pe

iol-

A ha-

B at
inu

B R. P
arm

B R.,
Cla
e i

B nso
t, a

.

C tha

D ato

D inet

F s o
rs

G ogu
hal

H an
col-

H ema

K an
lun

K n o
.

K l o
–

K es.

L f
y,

L an
ico

rats.

M ene-

M er in
s per

N (CAS
d
, Re-

N S No.
d
, Re-

N en-
lation
vice,

O e
nase-
s.

P 92).
. I.
ham-
.

Q n of
ts and

R urg,
tson,
nces
ncer

S ation

S nt.

S lic
ative

S .

S ear
cher

S ). A
alene

T

T we,
n of
-

W M.,
) of

91PBPK MODEL FOR NAPHTHALENE INHALATION
correlation and prediction of the solubilities of nonelectrolytes in biolog
tissues and fluids.J. Med. Chem.28, 865–870.

ltman, P. L., Katz, D. D., and Federation of American Societies for Ex
imental Biology. Committee on Biological Handbooks (1970).Respiration
and Circulation.Federation of American Societies for Experimental B
ogy Committee on Biological Handbooks, Bethesda, MD.

TSDR (1990).Toxicological Profile for Naphthalene and 2-Methylnapht
lene.U.S. Agency for Toxic Substances and Disease, Atlanta, GA.

jorseth, A., Bjorseth, O., and Fjeldstad, P. E. (1978). Polycyclic arom
hydrocarbons in the work atmosphere. I. Determination in an alum
reduction plant.Scand. J. Work Environ. Health4, 212–223.

rown, R. P., Delp, M. D., Lindstedt, S. L., Rhomberg, L. R., and Beliles,
(1997). Physiological parameter values for physiologically based ph
cokinetic models.Toxicol. Ind. Health13, 407–484.

uckpitt, A., Chang, A. M., Weir, A., Van Winkle, L., Duan, X., Philpot,
and Plopper, C. (1995). Relationship of cytochrome P450 activity to
cell cytotoxicity. IV. Metabolism of naphthalene and naphthalene oxid
microdissected airways from mice, rats, and hamsters.Mol. Pharmacol.47,
74–81.

uckpitt, A. R., Castagnoli, N., Jr., Nelson, S. D., Jones, A. D., and Bah
L. S. (1987). Stereoselectivity of naphthalene epoxidation by mouse, ra
hamster pulmonary, hepatic, and renal microsomal enzymes.Drug Metab
Dispos.15, 491–498.

EDRA (1994).Biological Sample Method Development Report for Naph
lene in Rodent Blood.CEDRA DCN, Austin, TX.

avies, B., and Morris, T. (1993). Physiological parameters in labor
animals and humans [editorial].Pharm. Res.10, 1093–1095.

’Souza, R. W., and Boxenbaum, H. (1988). Physiological pharmacok
models: Some aspects of theory, practice and potential.Toxicol. Ind. Health
4, 151–171.

iserova-Bergerova, V., Tichy, M., and Di Carlo, F. J. (1984). Effect
biosolubility on pulmonary uptake and disposition of gases and vapo
lipophilic chemicals.Drug Metab. Rev.15, 1033–1070.

hanem, A., and Shuler, M. L. (2000). Combining cell culture anal
reactor designs and PBPK models to probe mechanisms of napht
toxicity. Biotechnol. Prog.16, 334–345.

ansch, C., Hoekman, D., Leo, A., Zhang, L., and Li, P. (1995). The exp
ing role of quantitative structure–activity relationships (QSAR) in toxi
ogy. Toxicol. Lett.79, 45–53.

oang, K. (1995). Physiologically based pharmacokinetic models: Math
ical fundamentals and simulation implementations.Toxicol. Lett.79, 99–
106.

anekal, S., Plopper, C., Morin, D., and Buckpitt, A. (1991). Metabolism
cytotoxicity of naphthalene oxide in the isolated perfused mouse
J. Pharmacol. Exp. Ther.256,391–401.

ohn, M. C. (1997). The importance of anatomical realism for validatio
physiological models of disposition of inhaled toxicants.Toxicol. Appl
Pharmacol.147,448–458.

ohn, M. C., and Melnick, R. L. (2000). The privileged access mode
1,3-butadiene disposition.Environ. Health Perspect.108(Suppl. 5), 911
917.

otz, S., and Johnson, N. L. (1983).Encyclopedia of Statistical Scienc
Wiley, New York.

yman, W. J., Reehl, W. F., and Rosenblatt, D. H. (1990).Handbook o
Chemical Property Estimation Methods.American Chemical Societ
Washington, DC.

ynch, D. W., Lewis, T. R., Moorman, W. J., Burg, J. R., Groth, D. H., Kh
A., Ackerman, L. J., and Cockrell, B. Y. (1984). Carcinogenic and tox
l

r-

ic
m

.
a-

ra
n

n,
nd

-

ry

ic

f
of

e
ene

d-

t-

d
g.

f

f

,
-

logic effects of inhaled ethylene oxide and propylene oxide in F344
Toxicol. Appl. Pharmacol.76, 69–84.

ahvi, D., Bank, H., and Harley, R. (1977). Morphology of a naphthal
induced bronchiolar lesion.Am. J. Pathol.86, 558–572.

elnick, R. L., and Huff, J. E. (1993). 1,3-Butadiene induces canc
experimental animals at all concentrations from 6.25 to 8000 part
million. IARC Sci. Publ.127,309–322.

TP (1987).Toxicology and Carcinogenesis Studies of Ethylene Oxide
No. 75-21-8) in B6C3F1 Mice (Inhalation Studies).U.S. Dept. Health an
Human Services, Public Health Service, National Institutes of Health
search Triangle Park, NC.

TP (1992).Toxicology and Carcinogenesis Studies of Naphthalene (CA
91-20-3) in B6C3F1 Mice (Inhalation Studies).U.S. Dept. Health an
Human Services, Public Health Service, National Institutes of Health
search Triangle Park, NC.

TP (2000).Draft NTP Technical Report on the Toxicology and Carcinog
esis Studies of Naphthalene (CAS No. 91-20-3) in F344/N Rats (Inha
Studies).U.S. Dept. Health and Human Services, Public Health Ser
National Institutes of Health, Research Triangle Park, NC.

esch, F., and Daly, J. (1972). Conversion of naphthalene totrans-naphthalen
dihydrodiol: Evidence for the presence of a coupled aryl monooxyge
epoxide hydrase system in hepatic microsomes.Biochem. Biophys. Re
Commun.46, 1713–1720.

lopper, C. G., Suverkropp, C., Morin, D., Nishio, S., and Buckpitt, A. (19
Relationship of cytochrome P-450 activity to Clara cell cytotoxicity
Histopathologic comparison of the respiratory tract of mice, rats and
sters after parenteral administration of naphthalene.J. Pharmacol. Exp
Ther.261,353–363.

uick, D. J., and Shuler, M. L. (1999). Use of in vitro data for constructio
a physiologically based pharmacokinetic model for naphthalene in ra
mice to probe species differences.Biotechnol. Prog.15, 540–555.

ichardson, K. A., Peters, M. M., Wong, B. A., Megens, R. H., van Elb
P. A., Booth, E. D., Boogaard, P. J., Bond, J. A., Medinsky, M. A., Wa
W. P., and van Sittert, N. J. (1999). Quantitative and qualitative differe
in the metabolism of14C-1,3-butadiene in rats and mice: Relevance to ca
susceptibility.Toxicol. Sci.49, 186–201.

chmeltz, I., Tosk, J., and Hoffmann, D. (1976). Formation and determin
of naphthalenes in cigarette smoke.Anal. Chem.48, 645–650.

chmidt-Nielson, K. (1979).Animal Physiology: Adaptation and Environme
Cambridge Univ. Press, New York.

hultz, M. A., Morin, D., Chang, A. M., and Buckpitt, A. (2001). Metabo
capabilities of CYP2F2 with various pulmonary toxicants and its rel
abundance in mouse lung subcompartments.J. Pharmacol. Exp. Ther.296,
510–519.

ittig, M. (1980). Naphthalene. InPriority Pollutants (M. Sittig, ed.), pp
273–276. Noyes Data Corporation, Park Ridge, NJ.

nellings, W. M., Weil, C. S., and Maronpot, R. R. (1984). A two-y
inhalation study of the carcinogenic potential of ethylene oxide in Fis
344 rats.Toxicol. Appl. Pharmacol.75, 105–117.

weeney, L. M., Shuler, M. L., Quick, D. J., and Babish, J. G. (1996
preliminary physiologically based pharmacokinetic model for naphth
and naphthalene oxide in mice and rats.Ann. Biomed. Eng.24, 305–320.

he Mathworks (1999). MATLAB. The Mathworks, Natick, MA.

ong, S. S., Hirokata, Y., Trush, M. A., Mimnaugh, E. G., Ginsburg, E., Lo
M. C., and Gram, T. E. (1981). Clara cell damage and inhibitio
pulmonary mixed-function oxidase activity by naphthalene.Biochem. Bio
phys. Res. Commun.100,944–950.

ilson, A. S., Davis, C. D., Williams, D. P., Buckpitt, A. R., Pirmohamed,
and Park, B. K. (1996). Characterisation of the toxic metabolite(s
naphthalene.Toxicology114,233–242.


	MODEL DEVELOPMENT
	FIG. 1

	RESULTS
	TABLE 1
	TABLE 2
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	TABLE 3
	FIG. 5
	FIG. 6
	FIG. 7

	APPENDIX 1: NOTATION
	APPENDIX 2: PBPK DIFFERENTIAL EQUATIONS
	REFERENCES

