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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.

aluminum smelting industry, have been reported at about 11
wg/m® (210 ppb) (Bjorsethet al., 1978). Potential chronic
human exposure can occur through contaminated ground w
ter, direct exposure from wastes sites, mobile source emissio
use of mothballs in the house, and cigarette smoking. Nap
thalene has been found to cause cataracts and hemolytic a
mia in humans (ATSDR, 1990).

The National Institute of Occupational Safety and Health
the Occupational Safety and Health Administration, and th
United States Environmental Protection Agency nominate
naphthalene for carcinogenicity testing by the National Toxi
cology Program (NTP) because of the potential chronic hums
exposure and the lack of adequate carcinogenicity studies
the literature to reach a regulatory decision. A positive carc
nogenic response (increased incidences of lung neoplasm
exposed female mice) was found in the NTP mouse inhalatic
study (NTP, 1992). However, lack of studies with naphthalen
in rats via the inhalation route (the major route for humai
exposure) led the NTP to conduct a carcinogenicity inhalatic
study in this species (NTP, 2000).

Naphthalene toxicity is highly species, tissue, and cell s
lective (Mahviet al., 1977; Ploppeeet al., 1992; Tonget al.,
1981). An oral dose of 50 mg/kg naphthalene induced Clal
cell toxicity in mice. Doses that are 8 or 32 times higher do nc
affect the terminal airways in hamsters or rats, respective
(Plopperet al., 1992). Differences are also observed in the
cytotoxicity of naphthalene in the epithelium of the nasa
cavity, where the mice and hamsters showed necrosis at higt
concentrations (400 mg/kg ip) than rats (200 mg/kg ip) (Plof
per et al., 1992). The olfactory region was affected in mice,

Naphthalene, a volatile aromatic hydrocarbon, is widelkats, and hamsters.

used in mothballs and toilet bowl deodorants, in the productionThe metabolic pathway for naphthalene in mammals he
of dyes and lubricants (Sittig, 1980), and in veterinary medbpeen determined. The first step is the formation of two napt
cine to control lice on livestock and poultry (ATSDR, 1990thalene 1,2-oxide enantiomersR.12S-naphthalene 1,2-oxide
Schmeltzet al., 1976). Naphthalene is a natural constituent @ind 1S, 2R-naphthalene 1,2-oxide) by the cytochrome P45
coal tar and crude oil and has been identified in cigarette smokenooxygenase system. Those intermediates may undergo
and emissions from fossil fuel combustion. Former coal and diler metabolism to dihydrodiols by epoxide hydrolase er
gasification plants generated large amounts of tar and sludggnes, nonenzymatic rearrangement to 1-naphthol, covale
which contained substantial amounts of naphthalene and bé&ding to macromolecules, or formation of glutathione (GSH
lated hydrocarbons. Occupational exposures, including in tbenjugates by glutathion®transferase (Kanekat al.,1991).

;
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Physiologically based pharmacokinetic (PBPK) models cafar space, and tissue and capillary spaces for the lung, liver, kidney, fat, a
provide insight into an organism’s physiological mechanisnéher organs. Diffusion limitation was added to the model to adequately fit tt
of response to a chemical (D’'Souza and Boxenbaum 198§zod time-course data; a flow-limited model failed to reach the necessa

; St

. o . . . ady-state concentrations of naphthalene in the blood at the end of
They can be helpful in describing the absorption, d|Str'bUt'Oprosure period. The compartment for “other” organs represents both slow

excretion, and biotransformation of the chemical and its Mgnq rapidly perfused tissues (e.g., skin, muscle, bone marrow, heart, and bra
tabolites (Hoang, 1995) and can form a basis for extrapolatiescause of the possibility of some minor metabolic action in the kidney, thi
of toxicological effects from high doses to low doses anifsue was not included with the “other” organs. Even though it was later four
across species. A large amount of animal- and chemical-sﬁ@l there was no need for this separation, as the data could be explained v

cific data is required for development of PBPK models Whlcrﬁetabolism in the lung and liver only, the kidney was modeled as a separ:
’ tfissue. Inhalation of naphthalene from the exposure chamber atmosphere ta

consist of Slmpllfled mathematical equations that account fﬂgce through the alveolar space into the lung. Uptake is modeled as bei

the complex physiological and biochemical processes that g@épendent on the ventilation rate of the animal, permeability of the tissue, a

fect the behavior of the chemical in a particular species. blood flow through the lung. Exchange of naphthalene between the Iur
Based on both rat and mouse blood time-course data freapillary blood and the alveolar air is flow limited.

the NTP inhalation studies on naphthalene, a PBPK model washe primary sites fo.r naphthalene metabolism to naphthalene oxide are t

developed to investigate the absorption, distribution, metadbr]g and liver (Buckpittet al., 1987). Several methods to match the blood

i d elimi . ; hthal in th . time-course naphthalene data were explored (e.g., Michaelis—Menten kinet
Ism, and elimination of naphthalene in these two species. Mboth lung and liver, noncompetitive inhibition, and competitive inhibition).

data are available on GSH levels in animals exposed to Naghe best results were obtained by using Michaelis-Menten metabolic pat
thalene or tissue partition coefficients for naphthalene and isys in both the lung and liver. An assumption was that the same isoform
metabolites. Therefore, the current model is partly based ta P450 enzyme (presumably P450 2F2 (Buclatitil., 1995)) is responsible

previously published work. Former PBPK models for naphth&l_f the metabolism in the lung and liver. The difference in activity Iies in the
lene and naphthalene oxide were developed LI'SI'MjIrO data microsomal protein content of these two tissues. A second assumption was t

lelv: th dels did . . b - naphthalene only binds to one site on the P450 enzyme in one conformatic
solely; these models did not investigate absorption or me@o' only two metabolic parameters had to be used in the modely gnéfor

bO“C e||m|na'[|0n I’eSU|tIng from Inha|atI0n EXpOSLII'e (Ghane%th the naphtha|ene oxide enantiom% and SR and OneKm‘ All the
and Shuler, 2000; Quick and Shuler, 1999; Sweeeewl., physiological parameters (ventilation rate, cardiac output, tissue volume
1996)_ capillary volumes, and blood flow rates to the tissues) used in this model we
based on values obtained from the literature (see Table 1 for references)
scaled to the body weights of core study rats (body weight in kilograms).

As tissue partition coefficients were not measured in the experiment, the
) were predicted from the experimental equilibrium constant for the dissolutio

Available data. Whole blood samples taken from groups of 9 r_nale apd f a chemical in SOIVENt sunomee) (Hanschet al., 1995) using a linear free
female F344/N rats exposed to 10, 30, or 60 ppm naphthalene by |nhalgt|0ne(%rgy relationship for chemicals (Abrahamal., 1985: Lymanet al., 1990)
5 days per week6 h per day were analyzed for naphthalene concentrations atd regression equations for the different tissues (Fiserova-Bergetaia
2 weeks and at 3, 6, 12, and 18 months. Additional groups of 12 male and?&Ei

h

) . ) 4). The calculated partition coefficients listed in Table 1 are comparable
female rats and B6C3Fmice were obtained from the same suppliers o e ones used by Quick and Shuler (1999) (except for the blood:air coefficien
animals for the 2-year cancer study (NTP, 2000) (Taconic Laboratory, G%E Y P '

MODEL DEVELOPMENT

. aximal metabolic rate constants and permeability constants were estimat
mantown, NY). Blood samples from rats were evaluated after a single fitting th hthal blood ti data f the inhalati tudi
inhalation exposure to 10, 30, or 60 ppm plus a 12-min delay for the naph- ting the naphthalene blood ime-course data from the inhalation studie

thalene concentration in the chamber to decay to 10% of its target level, blo-BlaF_reI?t'Ve rat_e of metabohs.nl in the .Iung vs the Ilvgr was quantified b
samples from mice were evaluated after a single 7-h inhalation exposure tonifﬂllt'plymg the f'tt‘?dvmax (per milligram m|cro§om§| protein) by the measu‘red
or 30 ppm plus the same 12-min delay. Blood was taken at eight time poifirosomal protein content of the respective fissues. Goodness of fit w
postexposure for the single-exposure groups (0, 30, 60, 90, 120, 240, 360, §¥uated using a maximum-likelihood ratio test (Kotz and Johnson, 1982
480 min) and at 6 time points for the multiple exposures (10 ppm: 0, 30, gpduations and an explanation of the abbreviations used are shown in
120, 300, and 480 min; 30 ppm: 0, 30, 90, 300, 480, and 720 min; 60 ppm:ARPendix and Notations.
30, 90, 360, 720, and 960 min). Each rat was bled twice. At each time point,The second part of the model (Fig. 1), which includes the distribution an
blood was taken from up to 3 animals per group, and naphthalene concenfigtabolism of naphthalene oxide, is an extension of an existing flow-limite
tions in whole blood were measured. For the iv study, 12 male and 12 fem&pedel by Quick and Shuler (1999) with vitro parameter values for epoxide
F344 rats (Taconic Laboratory) were implanted with jugular vein cannulaydrolase and glutathior@transferase activities. Because there were no dat
After administration of 1, 3, or 10 mg naphthalene/kg doses, blood wayailable on naphthalene oxide distribution or metabolism from the NTI
collected at 10 time points postexposure for each dose group (1 and 3 stigdies, it is not possible to verify predictions of naphthalene oxide tissu
naphthalene/kg: 2, 5, 10, 20, 40, 60, 120, 240, 360, and 480 min; 10 mgsimetry based on this model. All metabolic parameters used in the Quick a
naphthalene/kg: 5, 10, 20, 40, 60, 120, 240, 360, 480, and 720 min). Ahuler model (1999) were kept the same in the model for naphthalene oxi
samples were analyzed by CEDRA Corporation (Austin, TX) using a previretabolism presented in this paper. In addition, glutathione metabolism,
ously validated high-performance liquid chromatography method with ultrgresented in Quick and Shuler (1999), was replaced by GSH synthesis ba
violet light detection (CEDRA, 1994). on Kohn and Melnick (2000). With this system, GSH production is limited by
Model structure. A physiologically based pharmacokinetic model reprethe activity of y-glutamyl-cysteine synthetase, which was modeled with
senting the uptake, distribution, and metabolism of naphthalene in rats aiighaelis—-Menten kinetics and noncompetitive inhibition by the GSH produc
mice was developed to describe the processes involved in naphthalene tg&ehn and Melnick, 2000). All physiological parameters were the same &
cokinetics. The model, developed in MATLAB (The Mathworks, 1999)those used in the current naphthalene model. The kidney and “other tissut
consists of two parts (Fig. 1). The model for naphthalene is diffusion limitecbmpartment replaced the richly and poorly perfused tissue compartmer
(Kohn, 1997) and contains compartments for arterial and venous blood, alfrem Quick and Shuler (1999), respectively. All equations and parameters us
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FIG. 1. Pharmacokinetic model for rats and mice exposed to naphthalene by inhalation. The naphthalene part of the model is diffusion limit
naphthalene oxide part is flow-limited (dashed lines indicate enzymatic reactions by P450 monooxygenase system).

in the naphthalene oxide portion of the current model were the same as theRgwever, the metabolic capacity in the female mouse model
of Quick and Shuler (1999) and Kohn and Melnick (2000). __higher compared to the male mouse. According to the modi
A sensitivity analysis using Eq. (1) has been performed on the OptImIZ?ﬁe metabolic rate is approximately two- to threefold higher i
parameters for both rats and mice . . . ; . i
mice than in rats. The interspecies differences in metabol
Yi(t) — Yo(ty) capacity are significant and are in accordance with the liter
Sari® = 75 V) @ ture (Buckpittet al., 1995, 1987).

Even though the current model does not distinguish betwe
whelfeSp(t) is the _relative sensitivity for_ paramgté’rat time_t,_Yo(t) isthe the Ve @NdK, in lung and liver, as the difference in metab
nominal value at time when the model is run with the optimized parametey, ;o) heween the lung and the liver is based on their diffel
value, andY,(t) is the nominal value at timewhen the model is run with an . . . . .
increase or decrease of the optimized parameter value with incréinent ence in microsomal protein level, a comparison can still b

made between the parameter values presented here aid th

RESULTS vitro numbers published in Quick and Shuler (1999). In rats th

model shows a higher metabolic capacity compared tdrthe

The optimized parameters used in the naphthalene modeldteo data but a lower saturation capacity. The metabolic c:
listed in Table 2. The model predicts naphthalene to be rapigigcity in the model is higher compared to thevitro data for

absorbed into the blood during inhalation exposure as a redtk mouse lung and liver. Saturation capacity in the model

of the high blood:air partition coefficient and unrestricted pethe K, foundin vitro.

meation. This uptake kinetics was determined by modelingUsing the model with a Michaelis—Menten-based metaboli

blood time-course data of naphthalene beginning at 12 npathway for naphthalene metabolism in both the lung and tt

after 6 h of inhalation exposure. Metabolic capacity was simliver resulted in a fit to the inhalation data in both species

ilar in male and female rats. The metabolic saturation capachternative models that were used to fit the data (i.e., flow

is slightly lower in the female rats. The opposite situatiolimited, Hill equations for metabolism, and competitive anc

occurs in the model optimizations for the mice in whichkhg noncompetitive inhibition) failed as they, either systematicall

in the female mouse is slightly higher than in the male mousar. alternatively, over- or underpredicted the observed dat
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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
Cardiac output (L/n/kg)
Ventilation rate (L/n/k§")
Tissue volumes
(% of body weight)
Arterial blood®
Venous blood
Alveolar spacé
Lung’
Liver®
Faf
Kidney”
Othef
Tissue capillary volumes
(% of tissue volumé)
Lung
Liver
Fat
Kidney
Other
Tissue blood flow
(% of cardiac outpuf)
Liver
Fat
Kidney
Othef
Partition coefficiertt
Blood:air
Lung
Fat
Kidney
Other
Liver
Microsomal protein
(mg/ml tissue)
Lung
Liver

0.125-0.504 0.1-0.306

14.7
20

1.8
3.6
0.5
0.52
3.7
7.0
1.48
814

18.0
13.8
2.0
16.0
4.5

17.4

7.0
141
61.5

571
1.81
160

5.0
28

14.7
20

18
3.6
0.5
0.52
3.7
7.0
1.48
814

18.0
13.8
2.0
16.0
4.5

17.4

7.0
141
61.5

571
1.81
160
4
4
7

0.030

11.9
24.4

2
4
0.5
0.6
55

1.7
79.7

11
11

10.2
4.2

16.2
5

16.3

62.5

571
1.81
160
4
4
7
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and 18-month studies are equivalent (i.e., no apparent ser
tivity to the body weight) and therefore data from these expc
sure durations (which were not significantly different) were
combined and presented in single figures for both male at
female rats (see Fig. 2B). Here there was a small underpred
tion of the first four data points in the male rat at the 10-ppr

0.024 exposure concentration and a small overprediction of the f

11.9
24.4

2
4
0.5
0.6
55

1.7
79.7

11
11

10.2
4.2

16.2
5

16.3

62.5

571
1.81
160
4
4
7

male naphthalene blood concentration at the 60-ppm do
level. The fits of the model to the single-exposure mouse da
are shown in Fig. 3. At the 10-ppm dose in male mice th
model does not seem to drop fast enough and level off at
same time as the data implicate. However, it should be not
that several measurements of the male (and female) mot
blood naphthalene concentrations were not available due
loss of some animals. As can be seen in Fig. 3, the spread in
data for the female mice tends to be very large (100-fold) :
some time points. The iv data were not used to estima
parameter values but were used to validate the model f
naphthalene metabolism. Model predictions and the iv data &
shown in Fig. 4.

Outcomes of model simulations with regard to tissut
concentrations, metabolizing rates, and total metabolism a
presented in Table 3. Two time points were chosen at whic
to report these values; the end of the 6-h exposure peri
and 24 h after the exposure was started. Modeled steac
state concentrations in the lung at the end of the 6-h exp
sure period to naphthalene were between 0.2 angd/enl
in the rat (0.5, 3.8, and 12 @g/ml in male rat; 0.2, 1.8, and
10.7 pg/ml in female rat at the 10-, 30-, and 60-ppm
exposure levels, respectively) and between 0.1 and 1
ng/ml in the mouse (0.1 and 14g/ml in male mouse; 0.3
and 1.7 pg/ml in female mouse at the 10- and 30-ppm
exposure levels, respectively) (see Table 3).

As there were no data available on the concentrations of tl
different naphthalene metabolites in the blood, it was impo:
sible to create a reliable model describing the distribution c
these metabolites to the various tissues. Therefore, a previc
model for naphthalene oxide metabolism and distributio

* Changing weights over time, based on weights from 2-year chronic stuggsed orin vitro data for epoxide hydrolase and GST activity
on naphthalene (NTP, 2000).

® Brown et al., 1997.

¢ Davies and Morris (1993).

¢ Schmidt-Nielson (1979).
¢ Average from several literature values.

" Calculated residual value.

9 Altman et al. (1970).

" Calculated values (Abrahaet al., 1985; Fiserova-Bergerowt al.,1984).
" Measured values (Quick and Shuler, 1999).

(Quick and Shuler, 1999) was incorporated into the naphth
lene model presented here. According to the model, liver ar
lung GSH levels drop substantially when exposed to 10, 30,
60 ppm naphthalene and these changes are similar in male
female rats. The decrease in GSH is larger in the lung than
the liver. The resynthesis of GSH is slower in the lung than i
the liver, resulting in incomplete recovery of the GSH concer
trations in the lung (see Fig. 5). GSH levels did not return to th
initial concentrations after 2 days of no exposure to naphth:

Graphic representations of the fits of the model to male afehe; they remained between 5 and 60% of the initial conce
female rat data are shown in Fig. 2A. The figure shows a gotridtion for the highest and lowest doses, respectively (see F
fit to the data with only a slight overprediction of the blood, only data for females are shown). In contrast, the mod
naphthalene concentrations in male rats between 100 and #5&dicts that, in male and female rat liver, the GSH levels d
min postexposure for the 30- and 60-ppm doses. Predictedurn to their initial levels after a significant decrease durin
blood naphthalene time courses for the 2-week and 3-, 6-, 18xposure to naphthalene, except for the highest dose expost
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TABLE 2
Optimized Parameter Values for the PBPK Model of Naphthalene

Male rat (=SD) Female rat{SD) Male mouse £SD) Female mouse+{SD)

Metabolic parameters

Vmax (NMol/mg MP/min) 16.5 (0.12) 24.6 (0.5) 38.7 (1.5) 54.8 (2.4)

Ko (nmol/ml) 6.0 (0.13) 3.2(0.17) 1.5 (0.13) 5.8 (0.40)
Permeability

Blood:fat 0.14 (3.4e-3) 0.11 (4e—-3) 0.20 (10e-3) 0.11 (2e-3)

Blood:other tissues 0.15 (1.5€3) 0.11 (2e-3) 0.11 (2e-3) 0.19 (10e-3)

* Permeability is shown as Perm in the equations.

which returns to about 98% of the initial GSH level (see Fidiver are much less (to only around 70 and 5% of the initia
5, only data for females are shown). The male and femaeount for the lowest and highest doses, respectively) (see F
mouse also show large decreases in GSH in the lung wihonly data for females are shown). Similar to the rats, there
exposures to 10- or 30-ppm naphthalene; the decreases inaHall recovery of GSH levels in the mouse liver within 18 h

>
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FIG. 2. Blood concentration of naphthalene (mearSD, in ug/mL) in male rats (body weight 0.125—-0.504 kg) and female rats (body weight 0.1-0.3
kg) immediately after (A) a single 6-h exposure or (B) after exposure for 2 weeks or 3, 6, 12, or 18 months (6 h/day, 5 days/week) to naphthalerierby int
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Mice Single Dose

Mice Single Dose

log[Naph] males {conc in microgram/ml)

log[Naph] females (conc in microgram/mil)

1 1 1 1. 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 60 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Time post exposure {min) Time post exposure (min)

L 1 L - 1

L 1

FIG. 3. Blood concentration of naphthalene (mearSD, in ug/mL) in male (body weight 0.03 kg) and female (body weight 0.024 kg) mice immediate
after a single 7-h exposure to naphthalene by inhalation.

after the 6-h exposure. The recovery in the mouse lung is ribhe parameter in question is changed»%0% from its opti-

complete (65 to 80% of the initial values for the highest anthized value. As shown in Fig. 7, the model is fairly stable witt

lowest dose, respectively, after 2 days with no exposure riegard to most of the parameters. The permeability fiobood:

naphthalene). other tissues and, to a lesser extent, the blood:fat permeability
Predicted naphthalene oxide concentrations in the mouke parameters of most influence in both rats and mice.

lung are 1.5-fold higher in the female mouse for the 10- and

30-ppm exposures than in the female rat lung at the same DISCUSSION

exposure levels (see Fig. 6). This difference is similar when the

male mouse lung and the male rat lung are compared (data noA physiologically based toxicokinetic model was developet

shown). to characterize the disposition of inhaled and injected naphth
The data in Fig. 7 (only data for females are shown, data flane in rats and mice. This model was used to estimate tl

males are similar) show the relative change in the modainount of naphthalene inhaled by rats and mice (NTP, 199

prediction at the 0.25-, 0.5-, 0.75-, and 1-day time points whamthe exposure concentrations used in the 2-year studies of t

Rat IV Rat IV

x 10mg/kg

\H’

tog[Naph] males {conc in microgram/mi)
log{Naph) females {conc in microgram/mi)

3 mg/kg
3 O o] ® ® -3k ®
v\below limit of '\below limit of
detection detection
_4 1 1 i 1 1 1 1 L 1 _41 i L 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 9O 1000 0 100 200 300 400 500 600 700 800 900 1000
Time (min}) Time (min)

FIG. 4. Blood concentration of naphthalene in male (body weight 0.255 kg) and female (body weight 0.156 kg) rats after an iv dose of naphthale
data points in the graph at log[Naph] ef3 are below limit of detection).
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TABLE 3
Outcomes of Model Simulations

Male rat Female rat Male mouse Female mouse
Amounts of naphthalene 10 ppm 30 ppm 60 ppm 10 ppm 30 ppm 60 ppm 10 ppm 30 ppm 10 ppm 30 pp
At end of 6 h exposure to naphthalene
Concentration in lungyg/ml) 0.5 3.8 12.0 0.2 1.8 10.7 0.1 1.4 0.3 1.7
Metabolic rate lung (mg/h/ml) 0.3 0.5 0.6 0.3 0.8 0.9 0.5 1.3 0.5 15
Cumulative metabolism in lung (mg/kg body wt) 6.9 15.1 17.9 8.3 22.1 27.8 15.3 43.2 17.5 48
Concentration in liver gg/ml) 2e—3 le-2 3e—-2 1le-3 2e-3 8e-3 2-4 7e—-4 6e—-4 2e-3
Metabolic rate in liver (mg/h/ml) 0.01 0.05 0.1 0.01 0.03 0.1 0.008 0.03 0.01 0.0¢
Cumulative metabolism in liver (mg/kg body wt) 1.9 7.9 20.4 1.6 5.7 16.9 2.4 7.9 3.1 11.0
At 18 h postexposure=(24 h)
Cumulative metabolism in lung (mg/kg body wt) 8.5 21.7 33.3 10.0 28.3 45.9 20.9 60.7 22.7 64.
Cumulative metabolism in liver (mg/kg body wt) 2.3 9.8 26.9 1.9 6.9 21.3 3.2 111 3.9 14.4
Total cumulative metabolism (mg/kg body wt) 10.9 315 60.2 11.9 35.2 67.2 24.2 71.8 26.6 79.
Total inhaled (mg/kg body wt) 11.8 35.5 71.1 12.7 38.1 76.3 25.9 77.6 27.6 82.9
Total from blood to alveolar (mg/kg body wt) 0.3 11 2.9 0.3 0.9 0.3 0.7 2.5 0.6 2.0
Net inhaled (mg/kg body wt) 11.6 34.5 68.2 12.4 37.2 76.0 25.1 75.1 27.1 80.9
Total metabolism as % of total inhaled 91.9 88.6 84.7 93.6 92.4 88.1 93.5 92.5 96.3 95.
Total metabolism as % of net inhaled 93.5 91.2 88.3 95.9 94.7 88.4 96.3 95.6 98.3 98.!

Note.Animal body weight: male rat, 125 g; female rat, 100 g; male mouse, 30 g; female mouse, 24 g. Lung tissue volume: male rat, 0.65 ml; female r
ml; male mouse, 0.18 ml; female mouse, 0.14 ml. Liver tissue volume: male rat, 4.64 ml; female rat, 3.72 ml; male mouse, 1.65 ml; female mouse, :

chemical, the amount of the inhaled dose that was metabolizeil tend to increase the gradient in concentration of naphth:
during the 6-h exposures in rats and mice and during the 18eme in the alveolar space compared to the lung blood and th
following exposure, the steady-state concentrations of nammnhance further absorption of the compound. Total naphth
thalene (reached during exposure) in the liver and lung of rdéhe metabolized (i.e., the internalized dose) was higher f
and mice during chronic exposure, and the rate of naphthaleniee exposed to 30 ppm than rats exposed to 60 ppm (s
metabolism in the liver and lung of rats and mice at theSeble 3). This difference is due to the higher ventilation an
steady-state concentrations (see Table 3). In addition, a moehgltabolic rates per kg body weight in mice compared to rat
that includes metabolism of naphthalene oxide by epoxideThe data in Table 3 also show that the steady-state conce
hydrolase and glutathiorfgétransferase was utilized to predicttration of naphthalene in the lung of rats is not very differen
lung concentrations of naphthalene oxide in rats and mitm that of mice exposed to equivalent concentrations. Ci
exposed to naphthalene and changes in liver and lung concentative metabolism of naphthalene in the lung was marked
trations of glutathione. greater in mice than in rats. Rates of naphthalene metabolis
The model presented in this paper is fairly robust with regadid not increase proportionally with increasing exposure cor
to the optimized parameters (see Fig. 7), and the sensitivitgntration, indicating metabolic saturation in this organ. Met
analysis shows that the permeabilities indicating delivery of tlabolic saturation was more evident in the rat lung than in th
parent compound to the tissues are the most important, assumouse lung. Naphthalene metabolism was practically the sar
ing a low sensitivity to the metabolic parametdts, andK,,. in the mouse and rat livers. No metabolic saturation wa
Approximately 88 to 96% of the absorbed naphthalene &pparent in the liver of rats or mice at the exposed doses. F
metabolized by rats and 96 to 98% of the inhaled naphthaldnath species, 65 to 75% of the 24-h metabolic clearanc
is metabolized by mice (see Table 3). These values for thecurred during the 6-h exposure period; only in male an
percentage of the inhaled parent compound that is metaboliZehale rat lung in the 60-ppm group was metabolic clearanc
are greater than those reported for other volatile chemicalsring exposure reduced to about 50% of the total inhaled do
(Richardsoret al.,1999) and reflect the low vapor pressure ofsee Table 3). This is due to metabolic saturation resulting |
naphthalene and its very high estimated blood-to-air partitigmeater storage of parent compound in the fat at this expost
coefficient Puoear = 571). Thus, once naphthalene is-abconcentration.
sorbed into the general circulation, very little parent compound The single-dose intravenous (iv) injection study (NTP, un
is eliminated by exhalation. Because essentially all of thmublished data) was used as an independent data source
naphthalene that is absorbed is metabolized, the values for tetidate the naphthalene model described in this paper and w
cumulative metabolism (presented as mg/kg body weight thherefore not used to optimize the model parameters. Ti
Table 3) represent the internalized dose of naphthalene in natsdel gave a good fit to the iv data. Quick and Shuler (199¢
and mice resulting from 6-h exposures. Increased metabolishowed a good fit to these same data, especially at the
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FIG. 5. Model predictions for glutathione levels in the female rat (assumed body weight 0.1-0.17 kg) and female mouse (assumed body weight O.
tissues as a percentage of the initial concentration (male levels are not shown but are similar to the femaledeve8)dpm, - - - 30 ppm, —— 60 ppm).

mg/kg dose level at which the current model seems to not hawemice than in rats. The net effect of activation and detoxifi
fast enough metabolism in the middle range time points. Howation was that higher levels of naphthalene oxide were es
ever, when the predictions of Quick and Shuler's model amdated by the model in the lung of mice exposed to 30 ppt
parameter values were compared to the inhalation data (whigdphthalene vs the lung of rats exposed to 60 ppm naphthale
is also the most predominant route of exposure to humarfsge Fig. 6). This dosimetry difference may contribute in pal
from the NTP (2000) study, the naphthalene concentrationstithe species difference in lung tumor response to naphthale
the blood were overpredicted at all time points. exposure, along with a higher sensitivity of the mouse lung t
The results from the toxicokinetic model of naphthalenmetabolically activated lung toxicants (Shukz al., 2001).

indicate that tissue dosimetry of parent compound alone doHsere is also the suggestion that naphthoquinone, formed
not explain why this chemical is carcinogenic to the female450 from naphthol, instead of naphthalene epoxide can act
mouse lung but not to the rat lung. For example, female raistoxicant by covalently binding to proteins (Ghanem an
exposed to 60 ppm naphthalene had a higher steady-st@iteiler, 2000; Wilsoret al., 1996).

concentration of naphthalene in the lung than did female miceNaphthalene oxide is the primary metabolite formed b
exposed to 30 ppm, yet only mice developed lung tumocytochrome P450-mediated oxidation of naphthalene. Mic
(NTP, 2000). Although the rates of naphthalene metabolismappear to be more susceptible to lung neoplasm induction |
the mouse lung are higher than those in the rat lung, accordeygpxide and epoxide-forming chemicals than are rats (Melnic
to the model, the detoxification of naphthalene oxide is fastend Huff, 1993). Most notable in this respect is the finding the
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FIG. 6. Model predictions for naphthalene oxide concentrations (in nmol/ml) in the female rat (assumed body weight 0.1-0.17 kg) and female mou
(assumed body weight 0.024 kg) (male levels are not shown but are similar to the female lewvels)q ppm, - - - 30 ppm, —— 60 ppm).

inhalation exposure to ethylene oxide induced lung neoplasi®aphthalene oxide is the intermediate responsible for lun
in mice (NTP, 1987) but not in rats (Lyncht al., 1984; neoplasm induction in mice exposed to naphthalene, then t
Snellingset al.,1984). The NTP (1992) study found tumors irspecies difference in response at this site may be due to
the female mouse lung after inhalation exposure to naphthwmbination of higher levels of naphthalene oxide in the mous
lene. Seven percent of the animals in the control group, 3%lahg and a greater susceptibility of the mouse lung to epoxid
the animals in the 10-ppm dose group, and 21% of the anim@iguced carcinogenesis.

in the 30-ppm dose group developed lung tumors. There wasThere is evidence that cytochrome P450 and epoxide hydr
no increase in lung tumors found in the rat after inhalatiogse can form a transient complex whereby the formed epoxit
exposure to 10, 30, or 60 ppm naphthalene (NTP, 2000). ThisSgransferred directly to epoxide hydrolase in competition witl
release into the cytoplasm. This phenomenon has been
scribed for naphthalene (Oesch and Daly, 1972) and model

Female Rat . i .

4 : for 1,3-butadiene (Kohn and Melnick, 2000). If sufficient date
g3 T P | (blood time-course data for naphthalene oxide) were availab
:§ 22 to introduce the functionality of such a privileged access mod
8 S / N into the current naphthalene model, the predictions for nap
2 s thalene oxide tissue levels in the rat and mouse lung wou
§ 1 ~ // likely decrease substantially. A certain amount of the epoxic

0.5 — o would be metabolized immediately instead of first being re

0 100 leased into the cytoplasm and subsequently metabolized

Time (in days) epoxide hydrolase. Modeling the effectiveness of this privi

Female Mouse leged access model in rats and mice could contribute to a bet

57 [~ Perm understanding of species differences in response to naphtl
g4 /O j :\F/’;f;Fa‘ lene exposure.

Bl K Another aspect of exposure to naphthalene is the occurrer

r{:» \\ - of nasal toxicity in rats and mice of both sexes. Rats develc

2 2 = nasal tumors, but mice do not. However there are no da

2 % available from this study or in the literature on nasal depositio

0 and epithelial absorption of naphthalene. This makes it impo

Time (in days) e sible to create a reliable model for nasal cavity absorption ar

FIG. 7 The relat . i ¢ modeled biood nanhthal tissue dosimetry at this time.

- [ The refative sensifivity over time of modeled blood naphthalene More information on time-dependent blood and tissue cor
concentrations with respect to variations in the optimized parameters in female ra . ) .

and mouse models (male numbers are not shown but are similar to the fenf@&1trations of naphthalene metabolites and tissue GSH conc

numbers). Perm is permeability blood:other tissues; PermFat is permeability bloodtfations would be helpful in identifying the source of the
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difference in toxicity of naphthalene in mice and rats. HowArterial Blood
ever, conclusions regarding which metabolites may be respon-

sible for naphthalene toxicity could not be reached solely based dAMTeq _ AMTiungeap ol — MTan X Qi
on the available blood time-course data. Finally, direct mea- dt Viungeap T Var o
surements of partition coefficient constants might greatly eﬂ[mg
hance the validity of the naphthalene model.
dA'\/I-l—lungcap AIVITven AMTaIv
APPENDIX 1: NOTATION = X Qutar + 7 X Quent
dt Vven Valv
Concentratlon AM-I—Iung Qtotal A Tlungcap
X X Perm — total
. Vlung IDIung Vlungcap
Dose chamber concentration of naphthalene (hmol/ml)
(dose has been converted from ppm to nmol/ml) B AMTIungcapX % Perm — AMTIungcapX Quent
AMT,; amount in the air (nmol) Viungeap Quoa m Viungeap Pair
AMT,, amount in the alveolar space (nmol)
AMT,, amount in the arterial blood (nmol) dAMTiung _ AMTungean Quuy X Perm — AMTiung  Quoa
AMT e, amount in the venous blood (nmol) dt Viungeap total Viung Plung
AMTssuecap  @Mount in the t!ssue capillary blood (nmol) Vinae X Vieng X AMTiung
AMTe amount in the tissue (nmol) X Perm — X MP;
m
: K X Vigng = AMT, !
\% volume of tissue or blood (ml) m ung ung
Venous Blood
Flow
) ) ) dAMTven _ z AMTtissuecap ssue — AMTVEI"I X thal
Q.ent  Ventilation rate (ml/min) dt Viissuecap Vyen
Quw total blood flow (ml/min) .
Qussie  blOOd flow to the tissue (ml/min) Liver
- - . dAMT; AMT, AMT,; i
Partition Coefficient and Permeability Constant wereah _ 2 Quer wer o Qer Perm
dt Vart VIiver I:)Iiver
Perm capillary permeability constant (unitless)jextraction AMTjvercap AMTjvercap
ratio/(1 — extraction ratio) i( = fat, other tissues) - 7\/”%%’) liver — 7\/"%“:@ X Qjver X Perm
Pise  tissue:blood partition coefficient
P.i blood:air partition coefficient dAMTier  AMTer AMT, e iver
p Ie_ lecapXQ"\,erXPerm_ IeXQIe
. dt Vlivercap Vliver Pliver
Metabolism Rates
Vmax X VIiver X AMTIiver
. _ . X Perm — X MP;
V. Maximum velocity of saturable metabolism (nmol/mg K X Vier + AMTjie,
MP/min)
K. Michaelis—Menten constant for metabolism (nmol/ml)Fat, Kidney, and Other (Nonmetabolizing Tissues)
MP; amount of microsomal protein (mg/ml tissug)= lung,
: Iiver) dAMTtissuecap AMTart AMTtissue Qtissue
dt = Var tissue TX Py X Perm
ar Issue Issue
APPENDIX 2: PBPK DIFFERENTIAL EQUATIONS AMT AMT.
tissueca] tissueca
- V_ip tissue \/_7')>< Qissue X Perm
Chamber tissuecap tissuecap
dAMT,;, MT,, dAMTtissue_ AI\/l-I—tissuecap>< Q
at = —DoseX Quent T Tm X Quent dt Vtissuecap tissue
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