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The ability of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, di-
oxin) to alter gene expression and the demonstration that the
induction of CYP1A2 is responsible for hepatic TCDD sequestra-
tion suggest that both pharmacokinetic and pharmacodynamic
events must be incorporated for a quantitative description of
TCDD disposition. In this paper, a biologically based pharmaco-
dynamic (BBPD) model for TCDD-induced biochemical responses
in multiple tissues was developed. The parameters responsible for
tissue response were estimated simultaneously with a refined phys-
iologically based pharmacokinetic (PBPK) model developed by
Wang et al. (1997a), by using the time-dependent effects of TCDD
on induced CYP1A1/CYP1A2 gene expression in multiple target
tissues (liver, lungs, kidneys, and skin) of female Sprague–Dawley
rats treated with 10 mg TCDD/kg for 30 min, 1, 3, 8, or 24 h, or 7,
14, or 35 days. This refined BBPD model developed based on the
time-course of TCDD-induced CYP1A1/CYP1A2 protein expres-
sion, and associated enzymatic activities well described the dose-
dependent effects of TCDD on cytochrome P450 protein expres-

sion and associated enzyme activities in the multiple tissues of
female Sprague–Dawley rats at 3 days following a single exposure
to TCDD (0.01–30.0 mg TCDD/kg). This is the first BBPD model
to quantitatively describe the time- and dose-dependent effects of
TCDD on induced CYP1A1/CYP1A2 protein expression and as-
sociated enzyme activities in multiple target tissues for TCDD-
induced biochemical responses. © 1998 Academic Press

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, dioxin) be-
longs to the halogenated aromatic hydrocarbon (HAH) chem-
ical family, which includes polychlorinated dibenzo-p-dioxins
(PCDDs), dibenzofurans (PCDFs), biphenyls (PCBs), and
naphthalenes (PCNs) (Safe, 1986). These compounds share a
common Ah receptor (AhR)-mediated mechanism of toxic and
biological responses (Safe, 1986; Birnbaum, 1994a; Pohjan-
virta and Tuomisto, 1994; Van den Berget al.,1994; Hankin-
son, 1995). The most characterized biochemical response as-
sociated with TCDD exposure is the induction of CYP1A1
(Whitlock, 1993; Whitlocket al., 1996), which involves the
initial interaction of the ligand with the multimeric cytosolic
AhR complex (Chen and Perdew, 1994). The ligand:AhR
complex undergoes transformation (Denisonet al., 1986a;
Denison and Yao, 1991), nuclear localization with recruitment
of the aryl hydrocarbon receptor nuclear translocase (Arnt)
protein (Elferinket al.,1990; Hoffmanet al.,1991; Whitelaw
et al., 1993), and interaction with dioxin responsive elements
(DREs) located within the 59-flanking regions of TCDD-re-
sponsive genes (Gonzalez and Nebert, 1985; Fujisawa-Sehara
et al.,1986; Denisonet al.,1988a,b). The nuclear ligand:AhR:
Arnt:DRE complex results in transcriptional activation of a
number of genes, including microsomal monooxygenases (cy-
tochrome P450s), glutathioneS-transferase, and aldehyde de-
hydrogenase (Legraverendet al.,1982; Telakowski-Hopkinset
al., 1988; Rushmore and Pickett, 1990; Cuthillet al., 1991;
Favreau and Pickett, 1991; Savaset al., 1994). Characteriza-
tion of the mechanism of AhR-mediated responses has resulted
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in the improvement of physiologically based pharmacokinetic
(PBPK) and biologically based pharmacodynamic (BBPD)
models (King et al., 1983; Leung et al., 1988, 1990a,b;
Andersen and Greenlee, 1991; Andersenet al.,1993; Buckley-
Kedderiset al., 1993; Kohnet al., 1993; Rothet al., 1994;
Buckley, 1995; Kohnet al., 1996).

In a recent article (Wanget al., 1997a), a refined PBPK
model incorporating AhR-mediated CYP1A2 gene expression
accurately described the distribution of TCDD in multiple
tissues (adipose tissue, skin, kidneys, liver, lungs, spleen, and
the rest of the body [mainly muscle]) of female Sprague–
Dawley rats over time following acute exposure. The PBPK
model and parameters obtained were validated using a dose-
dependent study for tissue localization in female Sprague–
Dawley rats at 3 days following a single exposure to TCDD
(0.01–30mg TCDD/kg). The refined PBPK model also accu-
rately predicted the time course of tissue distribution of TCDD
across alternate routes of exposure (oral to iv), as well as
between genders of Sprague–Dawley rats (Wanget al.,1997b).
Furthermore, the refined PBPK model accurately simulated the
time-dependent tissue distribution of TCDD in C57BL/6J
mice, as well as the tissue distribution of TCDD in Wistar rats
after chronic exposure (Wanget al.,1997b). The approach for
this PBPK model demonstrated the importance of experimental
design in pharmacokinetic studies, such as using early time
points for accurately assigning permeability values and apply-
ing the appropriate modeling procedures to reduce the uncer-
tainties in other PBPK models for TCDD by determining
unique parameter values.

Recent studies from our laboratory demonstrate that hepatic
microsomal sequestration of TCDD does not occur in the
CYP1A2(2/2) knockout mouse (Dilibertoet al., 1997; San-
tostefano et al., 1997a). The ability of TCDD to induce
CYP1A2 and that CYP1A2 is responsible for the maintenance
of high concentrations of TCDD in the liver suggest that both
pharmacokinetic and pharmacodynamic events must be incor-
porated for a quantitative description of TCDD disposition.
Therefore, the refined PBPK model for TCDD (Wanget al.,
1997a) was coupled to a BBPD model to quantitatively de-
scribe the relationship between disposition and tissue response.
Previous pharmacodynamic models for TCDD have focused on
TCDD-induced responses in only one tissue, the liver (Leung
et al.,1988, 1990a; Andersen and Greenlee, 1991; Andersenet
al., 1993; Buckley-Kedderiset al., 1993; Kohnet al., 1993;
Roth et al., 1994). In order to determine unique parameter
values for the PBPK and BBPD models, the effects of TCDD
on AhR-mediated cytochrome P450 gene expression were ex-
amined in multiple target tissues (liver, lungs, skin, and kid-
neys) for TCDD-mediated toxicity and biochemical responses
(Birnbaum, 1994b; Van den Berget al., 1994) in female
Sprague–Dawley rats treated with 10mg TCDD/kg for 30 min,
1, 3, 8, or 24 h, or 7, 14, or 35 days. Previously, Rothet al.,
(1994) described a BBPD model of TCDD tissue localization
and TCDD-induced enzyme induction based upon the pre-

dicted hepatic CYP1A2 concentration in male rats treated with
0.03–72mg TCDD/kg. This new BBPD model differs from
other models by validating the BBPD model and parameters
obtained from the time-course studies in multiple tissues by
accurately predicting the dose-dependent effects of TCDD on
cytochrome P450 protein expression and associated enzyme
activities in the multiple tissues of female Sprague–Dawley
rats at 3 days following a single exposure to TCDD (0.01–30.0
mg TCDD/kg).

MATERIALS AND METHODS

Chemicals

2,3,7,8-Tetrachloro[1,6-3H]dibenzo-p-dioxin (specific activity of 34.7 Ci/
mmol) was purchased from Chemsyn Science Laboratory (Lenexa, KS). Ra-
diochemical purity ($99%) was verified using both a bioassay involving
biliary elimination (Buckley-Kedderiset al., 1991) and reverse-phase high
pressure liquid chromatography (Dilibertoet al., 1995). Unlabeled TCDD
($98% stated chemical purity) was obtained from Radian Corp. (Austin, TX).
Dosing solutions were prepared by adding a stock of unlabeled TCDD (1
mg/10 ml) in acetone and radiolabeled TCDD (0.91 mCi/ml) in toluene to corn
oil. Volatile compounds were removed by evaporation using a Savant Speed-
Vac (Savant Instruments Inc., Farmingdale, NY). The TCDD concentrations in
the dosing solutions were determined by liquid scintillation counting as de-
scribed (Santostefanoet al.,1996). All other chemicals used in this study were
of the highest grade available from commercial sources.

Care and Handling of Animals

Eight-week-old female Sprague–Dawley rats (200–225 g) were purchased
from Charles River Laboratories (Raleigh, NC). Rats were maintained at the
NHEERL of the USEPA (Research Triangle Park, NC) and followed a diurnal
cycle of 12 h of light/dark at an ambient temperature (226 1°C) and relative
humidity (55 6 5%). Each treatment group (5 animals/dose) was randomly
assigned and placed in polycarbonate cages, each holding 2–3 animals, with
hardwood bedding (Beta Chips, North Eastern Products Inc., Warrensburg,
NY). Rats had free access to Purina 5001 Rodent Chow (Ralston Purina Co.,
St. Louis, MO) and water. Rats were acclimated for 1 week prior to dosing.

Treatment and Tissue Isolation

Five rats were randomly assigned to each time point. Rats were administered
a single oral dose of either a corn oil solution containing 10mg [3H]TCDD/kg
body wt or corn oil vehicle alone at 5 ml/kg body wt. At 30 min, 1, 3, 8, or
24 h, or 7, 14, or 35 days after dosing, rats were euthanized by CO2 asphyx-
iation (Santostefanoet al., 1997b). The liver, lungs, skin, and kidneys were
excised, frozen in liquid nitrogen, and stored at280°C until usage. In a
separate experiment, rats received a single oral dose of 0.0 (corn oil), 0.01, 0.1,
0.3, 1.0, 10.0, or 30.0mg [3H]TCDD/kg at 5 ml/kg body wt and were
euthanized by CO2 asphyxiation 3 days (72 h) after dosing (n 5 4 animals/
group). The liver, lungs, and kidneys were excised and homogenized in 4 vol
(w/v) of ice-cold buffer (250 mM sucrose, 1 mM dithiothreitol, 0.5 mM
EDTA, 25 mM KCl, 10 mM HEPES, and 10% [v/v] glycerol pH 7.4) with
20–30 strokes of a Teflon pestle/drill apparatus. The tissue homogenates were
centrifuged at 9000g for 30 min at 4°C, and the supernatant was frozen in
liquid nitrogen and stored at280°C until usage (Santostefanoet al., 1996).
The 10.0mg [3H]TCDD/kg treatment group euthanized by CO2 asphyxiation
3 days (72 h) after dosing from the dose-response study was also included as
a time-point on Figs. 2–5.
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CYP1A1/CYP1A2 Protein Measurements

The relative CYP1A1 and CYP1A2 protein concentrations were determined
essentially as described (Santostefanoet al.,1996). Microsomal proteins were
prepared (Dilibertoet al., 1995) and quantified using BSA as the standard
(Bradford, 1976). Proteins (0.5–20mg) were resolved by SDS-PAGE using a
10% acrylamide resolving gel and a 4% stacking gel (Laemmli, 1970) and
transferred to a 0.2mm nitrocellulose membrane at 200 mA (1 h) using a
Trans-Blot SD Semi Dry Transfer Cell (Biorad Laboratories Inc., Hercules,
CA) (Towbin et al., 1979). Membranes were blocked for 1 h at 22°C in
Tris-buffered-saline pH 7.5 with 0.05% Tween (TBST), containing 10% nonfat
milk. The membrane was probed with a 1:3000 dilution of a rabbit polyclonal
antibody against CYP1A1 and CYP1A2 (Human Biological, Phoenix, AZ) in
TBST overnight at 4°C. Membranes were probed with a 1:1000 dilution of a
secondary goat anti rabbit IgG (H1L)-(human adsorbed) alkaline phosphatase
conjugate (Gibco BRL, Gaithersburg, MD) for 1 h at 22°C. CYP1A1 and
CYP1A2 proteins were visualized by an alkaline phosphatase reaction for 5–15
min, quantified as optical density units per microgram microsomal protein with
a Masterscan densitometer (Billerica, MA), and expressed as fold-induction
compared to corn oil-treated animals. The relative CYP1A1 and CYP1A2
protein concentrations, expressed as optical density units per microgram mi-
crosomal protein, were linear over the protein concentrations used in the study
(data not shown). Molecular weights of CYP1A1 or CYP1A2 immunostained
proteins were determined from protein standards (Biorad). All data are repre-
sented as the mean6 standard deviation.

Enzymatic Assays

Ethoxyresorufin, methoxyresorufin, and resorufin were purchased from Mo-
lecular Probes (Eugene, OR). Microsomal ethoxyresorufinO-deethylase
(EROD) and methoxyresorufinO-demethylase (MROD) activities, markers for
CYP1A1 (Pohl and Fouts, 1980) and CYP1A2 (Chaloupkaet al., 1995) gene
expression, were quantitated spectrofluorimetrically essentially as described
(DeVito et al., 1996; Santostefanoet al., 1996). Microsomal proteins were
prepared (Dilibertoet al.,1995) and quantified (Bradford, 1976). The reaction
buffer was comprised of 0.1 M KPO4, 5 mM Mg2SO4, and 2 mg bovine serum
albumin/ml at pH 7.5. Liver, lung, skin, and kidney microsomes were diluted
in 0.1 M KPO4 (100ml) to provide linearity of the reaction and then added to
the buffer containing 1.5 nM ethoxyresorufin or methoxyresorufin. This reac-
tion mixture, with a total volume of 2.3 ml for the liver samples and 1.0 ml for
the nonhepatic samples, was preincubated for 2 min at 37°C. The production
of resorufin was started by the addition of 100ml of b-NADPH (5 mg/ml) and
monitored spectrofluorimetrically for 2 min at 37°C with an excitation wave-
length of 522 nm and an emission wavelength of 586 nm. The rat liver, lung,
skin, and kidney microsomes were analyzed for EROD activity, and the liver
microsomes were analyzed for MROD activity. EROD or MROD activity is
calculated as pmoles/min/mg microsomal protein and expressed as fold-induc-
tion compared to corn oil-treated animals. All data are represented as the
mean6 standard deviation.

Model Development

One of the major factors controlling TCDD disposition is CYP1A2 protein
expression. Since CYP1A2 is induced by TCDD, a simultaneous PBPK and
BBPD model is necessary to describe the tissue disposition of TCDD and the
biochemical responses. The PBPK model incorporated with CYP1A2 induc-
tion by TCDD in the female Sprague–Dawley rat was reported in detail
previously (Wanget al., 1997a). In this paper, a quantitative relationship
between TCDD concentration and TCDD-induced cytochrome P450 protein
expression and associated enzymatic activities in multiple target tissues was
developed based upon receptor theory and AhR-mediated events (Fig. 1).

The induction of CYP1A1 was assumed to result directly from the formation
of a TCDD:AhR:DRE complexes (reviewed in Whitlocket al., 1996). A Hill
equation was introduced to describe the interaction between the TCDD:AhR
complex and DRE binding sites. The change of CYP1A1 with time was

described by the model for a stimulation process proposed by Daynekaet al.
(1993) and Andersenet al. (1993). Since EROD activity is a linear biomarker
for CYP1A1 (Tritscheret al., 1994; Santostefanoet al., 1996), the change of
EROD activity with time was assumed to be proportional to the CYP1A1
protein concentration (see Eq. 2 below). Due to the time-dependent process of
TCDD:AhR complex formation and subsequent gene activation (Okeyet al.,
1980; Israelet al., 1985; Denisonet al., 1986b), as a first approximation, an
apparent delay in the induction of EROD activity (and also CYP1A1 protein
expression) was described by a series of biological processes with the holding
time, t (see Eq. 2).

Hepatic induction of CYP1A2 was also assumed to result directly from the
formation of a TCDD:AhR:DRE complexes (Quattrochiet al.,1994). The Hill
equation was introduced to describe the interaction between the TCDD-AhR
complex and DRE binding sites, and the change of CYP1A2 with time was
described previously (Wanget al.,1997a). As indicated above, a delay of the
induction of MROD activity and also CYP1A2 protein expression was also
described by a series of biological processes with the holding time,t (see Eq.
6). The concentration of TCDD specifically bound to either the AhR or
CYP1A2 was simplified using the saturable binding equation. As a first
approximation, the change of MROD with time was described as a function of
CYP1A2 (see Eq. 7 below).

The BBPD model was solved simultaneously with the PBPK model reported
previously (Wanget al., 1997a) to obtain the protein induction as well as the
enzyme activity induced by TCDD following oral doses. To compare the
model predictions of relative CYP1A1 and CYP1A2 protein concentrations
and enzymatic activities with the experimental data obtained after exposure to
different concentrations of TCDD, we conducted a statistical analysis on the
goodness of model prediction to provide information on model prediction with
experimental results (Portier and Hoel, 1983, 1984; David, 1978) using the
95% lower and upper bound confidence intervals.

FIG. 1. Proposed AhR-mediated mechanism of the biologically based
pharmacodynamic (BBPD) model for cytochrome P450 gene expression by
TCDD. This proposed mechanism of TCDD-induced cytochrome P450 gene
expression has been extensively reviewed (Safe, 1986; Whitlock, 1993; Birn-
baum, 1994a; Hankinson, 1995). EthoxyresorufinO-deethylase (EROD) and
methoxyresorufinO-demethylase (MROD) activities are markers for CYP1A1
(Pohl and Fouts, 1980) and CYP1A2 (Chaloupkaet al.,1995) gene expression,
respectively. Concentration of TCDD, T; concentration of free TCDD, Tf;
degradation rate of CYP1A1, KA1; CYP1A2, KA2.
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Assuming that the noise (both residual error and inter-individual variability)
in the experimental data follows normal distribution, the lower and upper
bound of the experimental results at each dose can be obtained, as shown
below, when choosing a 95% confidence level:

lower bound5 mean value2 t0.025 p SD/(number of animals)1/2

upper bound5 mean value1 t0.025 p SD/(number of animals)1/2,

wheret0.025 5 3.2 if n 5 4; t0.025 5 2.8 if n 5 5.
The judgment can also be made based on whether the hypothesis, the

experimental data is close to model predictions at each dose, is acceptable or
not. Based on the same assumption of normal distribution of experimental
samples, the observed value of the test statistic is

observed value of the test5 (mean value-model pred.)/SD/(no. of animals)1/2.

The rejection region, with 5% level, is given by 3.2 for a group of 4 animals
and 2.8 for a group of 5 animals. If the observed value,3.2 (n 5 4) or ,2.8
(n 5 5), the hypothesis is acceptable.

Mathematical Expressions of the Model

The mathematical expressions of the PBPK model were given previously
(Wanget al.,1997a). The mathematical expressions for CYP1A1 and CYP1A2
induction, as well as EROD and MROD activity, are given below.

CYP1A1 and EROD induction. The change of CYP1A1 with time in the
liver was described by the model for a stimulation process proposed by
Daynekaet al. (1993) and Andersenet al. (1993), as shown in Eq. 1.

dCA1Li

dt
5 K0A1LiS1 1 InA1Li

~CAh-TCDD !n

~ICA1 !n 1 ~CAh-TCDD !nD 2 KA1CA1Li (1)

at t 5 0, CA1Li 5 CA1BSLi.
Since the concentration of CYP1A1 protein is constant in control animals,

dCA1Li/dt 5 0. Therefore,K0A1Li 5 KA1CA1BSLi, whereCA1Li andCA1BSLi are
the total and basal CYP1A1 concentration in the liver, respectively;K0A1Li

represents the zero-order basal rate for CYP1A1 synthesis, andKA1 defines the
first-order rate constant for CYP1A1 degradation.InA1 is the maximum-fold
induction rate of CYP1A1 protein expression,CAh-TCDD is the concentration of
AhR occupied by TCDD, which equals (AhTCLif /KDAh 1 CLif ), whereCLif is
the free concentration of TCDD in the liver, andn is the Hill coefficient for
CYP1A1. The delay of CYP1A1 induction by TCDD in the hepatic tissue is
described by Eq. 2,

t
dCA1Lij

dt
5 CA1Li( j21) 2 CA1L ij , (2)

wheret is the holding time, andj (the number of compartments to simulate the
delay in CYP1A1 induction) could be 1, 2, etc., depending on the time of delay
of TCDD-induced protein expression and enzyme activity.

Since the hepatic EROD activity was reported as a linear biomarker
(Tritscheret al.,1994; Santostefanoet al.,1996) for CYP1A1 protein expres-
sion, the change of EROD activity with time was then described to be
proportional to the change in CYP1A1 protein expression in all tissues as given
by Eq. 3.

EROD5 CoeA1CA1 , (3)

where CoeA1 is the linear coefficient between CYP1A1 and EROD activity
obtained based upon the experimental datas of hepatic CYP1A1 protein
expression and EROD activity.

EROD activity was also measured in extrahepatic tissues. CYP1A1 concen-
tration in the extrahepatic tissues were calculated based on Eq. 3, which isCA1k

5 ERODk/CoeA1, where, subscriptk indicates different extrahepatic tis-
sues. The induction of EROD activity in extrahepatic tissues was described by
Eq. 4.

dERODk

dt
5 K0ERkS1 1 InA1k

~CAh-TCDD !k
n

~ICA1 !k
n 1 ~CAh-TCDD !k

nD 2 KERERODk , (4)

whereK0ERk5 KERERODBSk, K0ERk is the zero order synthesis rate,KER is the
first order degradation rate, and ERODBSk is the basal level of EROD activity.
In addition, without TCDD,

dERODk

dt
5 0 ,

therefore,K0ERk 5 KERERODBSk.

Hepatic CYP1A2 and MROD induction. The detail for CYP1A2 induc-
tion was presented previously (Wanget al., 1997a) and is given by Eq. 5.

dWLiCA2t

dt
5 K0A2 S1 1 InA2

~CAh 2 TCDD!h

~ICA2!
h 1 ~CAh 2 TCDD!h 2 KA2CA2tDWLi (5)

at t 5 0, CA2t 5 CA2BS.
Since the concentration of CYP1A2 protein is constant in control animals,

dWLiCA2t/dt 5 0.Therefore,K0A2 5 KA2CA2BS, whereCA2t andCA2BS are the
total and basal CYP1A2 concentrations, respectively,K0A2 represents the
zero-order basal rate for CYP1A2 synthesis, andKA2 defines the first-order rate
constant for CYP1A2 degradation.InA2 is the maximum fold induction rate for
CYP1A2 protein expression, andh is the Hill coefficient for CYP1A2.
CAh-TCDD, which equals AhLiCLif /KDAh1CLif , is the concentration of AhR
occupied by TCDD. The delay of CYP1A2 induction is described by Eq. 6,

t
dCA2tj

dt
5 CA2t~j21! 2 CA2tj, (6)

wheret is the holding time, andj 5 1,2, etc., depending on the time of delay
in TCDD-induced protein expression and enzyme activity.

The change of MROD with time was described as a function of CYP1A2,

dMROD

dt
5 InMRCA2t 2 K3MROD (7)

at t 5 0, MROD 5 MRODBS whereInMR is the first-order synthesis rate of
MROD activity, K3 defines the first-order rate constant for MROD degrada-
tion, and MRODBS is the basal MROD activity. Without TCDD,dMROD/
dt50, therefore,InMRCA2BS 5 KMRMRODBS.

Parameter Estimation

The dissociation constant of TCDD bound to the AhR, the maximum
CYP1A2 induction rate, the degradation rate constant of CYP1A2, and the Hill
coefficient, as well as dissociation constant of TCDD binding to CYP1A2,
were obtained previously (Wanget al., 1997a).t and j were determined by
fitting the model to the time-course data for CYP1A1 and CYP1A2 protein
expression, as well as the hepatic tissue concentration of TCDD. The param-
eters of MROD activity induction and degradation were obtained by fitting Eq.
7 to the experimental data of the time course of MROD activity.

As an initial first-approximation, the degradation rate constant of CYP1A1 in
different tissues was assumed to be the same. The maximum induction rates of
CYP1A1 in different tissues were considered a result of the different concentra-
tions of AhR, as well as the interaction with DNA. The maximum fold of CYP1A1
induction rate, the degradation rate constant of CYP1A1, the interaction of TCDD:
AhR with DNA, and the Hill coefficient for CYP1A1 were obtained by fitting the
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model to the CYP1A1 time-course data. In the hepatic tissue,t and j are deter-
mined by fitting the model to CYP1A1 time-course data.

Model simulations were conducted using ACSL TOX (MGA Software Inc.,
Concord, MA).

RESULTS

The objectives of this study were 2-fold: (1) to develop a
BBPD model to quantitatively describe the time-dependent
effects of TCDD on cytochrome P450 protein expression and
associated enzyme induction in multiple target tissues (liver,
lungs, skin, and kidneys) of female Sprague–Dawley rats and
(2) to validate the BBPD model and parameters obtained from
the time-course studies in multiple tissues with the dose-de-
pendent effects of TCDD on cytochrome P450 protein expres-
sion and associated enzyme activities in the multiple tissues of
female Sprague–Dawley rats at 3 days following a single
exposure to TCDD (0.01–30.0mg TCDD/kg).

Time-Dependent Expression of CYP1A1 and CYP1A2
Proteins in the Liver

Figures 2 and 3 illustrate the time-dependent effects of
TCDD on CYP1A1 and CYP1A2 protein expression in the
liver of female Sprague–Dawley rats treated with 10mg

TCDD/kg. TCDD-induced hepatic CYP1A1 (;56 kDa) and
CYP1A2 (;54 kDa) protein expression was increased approx-
imately 16- and 6-fold, respectively, relative to control animals
24 h after TCDD administration. Maximal TCDD-induced
CYP1A1 and CYP1A2 protein expression was observed 72 h
(3 days) after TCDD treatment. This induction was maintained
at 14 days with a slight decrease by Day 35.

Based on the above data (Fig. 2), a BBPD model (Fig. 1)
was developed to analyze the time-dependent effects of TCDD
on CYP1A1 protein expression in the liver. The induction of
CYP1A1 was assumed to result directly from the formation of
a TCDD:AhR:DRE complex described by the model for a
stimulation process (see Materials and Methods section). The
dissociation constant of TCDD bound to the AhR (0.1 nM) was
obtained from previous studies (Wanget al.,1997a). The Hill
coefficient, which describes the interaction of the TCDD:AhR
complex with DNA sites responsible for CYP1A1 protein
expression, was determined by fitting Eq. 1 to the time-course
experimental data for hepatic CYP1A1 protein expression by
TCDD (Fig. 2). The estimated parameter values are given in
Table 1. These parameters accurately simulated the time-de-
pendent effects of TCDD on CYP1A1 protein expression in the
liver using the BBPD model (Fig. 2).

FIG. 2. Time-dependent effects of TCDD on CYP1A1 protein expression in the liver, lungs, kidneys, and skin of female Sprague–Dawley rats treated with
10mg TCDD/kg with BBPD model simulation. The hepatic CYP1A1 protein concentration was quantitated as described (Santostefanoet al.,1996) and expressed
as fold induction compared to control animals. These data have been adapted from Santostefanoet al. (1997b). All symbols were obtained from TCDD-treated
animals as described in Materials and Methods. Solid and broken lines were derived from the BBPD model simulation of the experimental data.■, hepatic
CYP1A1 protein concentration. Data are presented as mean6 SD (n 5 4–5).
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The induction of CYP1A2 was also assumed to result di-
rectly from the formation of TCDD:AhR:DRE complexes de-
scribed by the model for a stimulation process (see Materials
and Methods section). The dissociation constant of TCDD
binding to CYP1A2 (130 nM), the basal CYP1A2 concentra-
tion, the maximum fold induction rate, and the first order
degradation rate constant for CYP1A2, as well as the Hill
coefficient, which describes the interaction between TCDD:
AhR complex and DNA sites responsible for CYP1A2 protein
expression, were determined from the previous study (Wanget
al., 1997a) by combining time-course tissue distribution data
with CYP1A2 time-course data. The delay for CYP1A2 induc-
tion was obtained by fitting Eq. 6 to the CYP1A2 experimental
data while simultaneously fitting the TCDD tissue distribution
in the liver. The estimated values for these parameters are
shown in Table 1. With these parameters, the time course of
CYP1A2 protein expression in the liver after exposure to
TCDD was well described (Fig. 3).

Time-Dependent Expression of EROD and MROD Activities
in the Liver

Figure 4 shows both the experimental results and model
simulation of the time-dependent effects of TCDD on EROD
activity in the liver of female Sprague–Dawley rats exposed to

10 mg TCDD/kg. Constitutive hepatic EROD activity was
343.0 pmol/min/mg microsomal protein. Three days (72 h)
after TCDD treatment, maximal TCDD-induced hepatic
EROD activity was approximately 36-fold compared to control
animals, which was followed by a slight time-dependent de-
crease in EROD activity by day 35 (Fig. 4).

The BBPD model accurately described the time-dependent
effects of TCDD on hepatic EROD activity up to 35 days after
exposure within the experimental error (Fig. 4). Since EROD
has been demonstrated as a linear biomarker for CYP1A1 in all
tissues (Tritscheret al., 1994; Santostefanoet al., 1996), the
linear coefficient (Table 1) between CYP1A1 protein expres-
sion and EROD activity was determined by fitting Eq. 3 to
EROD activity and CYP1A1 protein expression. This value is
related to the units used for both enzyme activity (pmoles per
minute per milligrams microsomal protein) and CYP1A1 pro-
tein expression (optical density units per microgram microso-
mal protein). The results are shown in Table 1.

Figure 5 shows the time-dependent effects of TCDD on
MROD activity in the liver of female Sprague–Dawley rats
exposed to 10mg TCDD/kg. Constitutive MROD activity was
74.0 pmol/min/mg microsomal protein. Seven days (168 h)
after TCDD treatment, maximal TCDD-induced MROD activ-
ity, approximately 21-fold compared to control animals, was
found (Fig. 5). The increase in TCDD-induced MROD activity

FIG. 3. Time-dependent effects of TCDD on CYP1A2 protein expression in the liver of female Sprague–Dawley rats treated with 10mg TCDD/kg with
BBPD model simulation. The hepatic CYP1A2 protein concentration was quantitated as described (Santostefanoet al., 1996) and expressed as fold induction
compared to control animals. These data have been adapted from Santostefanoet al.(1997b). All symbols were obtained from TCDD-treated animals as described
in Materials and Methods. The solid line was derived from the BBPD model simulation of the experimental data.■, hepatic CYP1A2 protein concentration. Data
are presented as mean6 SD (n 5 4–5).
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remained elevated for 840 h (35 days) after TCDD exposure
(Fig. 5).

Parameters responsible for MROD induction, such as the
basal MROD activity, the first-order synthesis rate, and deg-
radation rate constant for MROD activity, were determined by
fitting Eq. 7 to the above data (Fig. 5). The model simulation
well represents the time-dependent change in MROD activity
in the liver up to 35 days after exposure to TCDD (Fig. 5).

Time-Dependent Expression of CYP1A1 Protein and EROD
Activity in Extrahepatic Tissues

Figure 4 shows both the experimental results and model
simulation of the time-dependent effects of TCDD on EROD
activity in the lungs, kidneys, and skin of female Sprague–
Dawley rats exposed to 10mg TCDD/kg. Constitutive EROD
activity was 11.0, 6.0, and 0.2 pmol/min/mg microsomal pro-

TABLE 1
Results of Parameter Estimation

Model parameters Abbreviation Values Parameter estimation

Liver Weight (g) WLi 9.05 Measured
Lungs Weight (g) WLu 0.81 Measured
Skin Weight (g) WS 45.80 Measured
Kidneys Weight (g) WK 1.64 Measured
CYP1A2a

Basal concentration (nmol/g) CA2BS 1.6 Buckley-Kedderis, (1991), Weberet al., 1993
Degradation rate (h21) KA2 0.1 Wanget al., 1997a
Maximum induction fold for CYP1A2 InA2 600.0 Wanget al., 1997a
TCDD:Ah:DNA to induce CYP1A2 (nM) ICA2 130.0 Wanget al., 1997a
TCDD:CYP1A2 (nM) KDA2 35.0 Wanget al., 1997a
Hill coefficient h 0.6 Wanget al., 1997a
No. compartments to simulate delay j 3 Estimated from BBPD
Holding time for delay (h) t 2 Estimated from BBPD

CYP1A1a

TCDD:Ah:DNA (CYP1A1) (nM) ICA1 10 (Tritscheret al., 1992) and adjusted from
BBPD model

Hill coefficient (nM) n 1 Wanget al., 1997a
Linear coefficient between EROD &

CYP1A1 (EROD activity/CYP1A1 protein) CoeA1 1500 Estimated from BBPD model
No. compartments to simulate delay j 3 Estimated from BBPD
Holding time for delay (h) t 2 (Li) Estimated from BBPD

1 (Lu)
1 (K)
0.2 (S)

EROD activityb

Basal EROD activity (liver) ERODBsLi 343 Constitutive EROD activity
Basal EROD activity (lungs) ERODBsLu 11.0 Constitutive EROD activity
Basal EROD activity (kidneys) ERODBsK 6.0 Constitutive EROD activity
Basal EROD activity (skin) ERODBsS 0.2 Constitutive EROD activity
Degradation rate (h21) KER 0.04 Estimated from BBPD model
Maximum EROD induction rate

(activity/h) in the liver InERLi 900 Estimated from BBPD model
Maximum EROD induction rate

(activity/h) in the lungs InERLu 500 Estimated from BBPD model
Maximum EROD induction rate

(activity/h) in the kidneys InERK 8000 Estimated from BBPD model
Maximum EROD induction rate

(activity/h) in the skin InERS 22000 Estimated from BBPD model
MRODb

Basal activity (liver) MRODBS 74.3 Constitutive MROD activity
Synthesis rate (activity/h) INMR 3.7 Estimated from BBPD model
Degradation rate (h21) K3 0.08 Estimated from BBPD model

AhR
TCDD:AhR (nM) KDAh 0.1 Wanget al., 1997a

a Optical density per microgram microsomal protein.
b Picomoles per minute per milligram microsomal protein.
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tein in the lungs, kidneys, and skin, respectively. Seven days
(168 h) after TCDD treatment, maximal TCDD-induced
EROD activity was found in all tissues, which was followed by
a time-dependent decrease in EROD activity (Fig. 4).

The zero order synthesis rate, the first order degradation rate
constant, and the maximum fold induction rate for EROD
activity (pmol/min/mg microsomal protein) in extrahepatic tis-
sues were estimated by fitting Eq. 4 to the time-course exper-
imental data (shown in Fig. 4). The model simulation well
represents the time-dependent effects of TCDD on EROD
activity in extrahepatic tissues up to 35 days after exposure
(Fig. 4).

The linear coefficient (Table 1) between EROD and
CYP1A1 obtained from the liver was then employed to esti-
mate the CYP1A1 concentration in the extrahepatic tissues
based upon the EROD activity in the extrahepatic tissues.3 The
results are given in Fig. 2. The BBPD model predicts that
TCDD induces a similar change in the time-course expression
of CYP1A1 protein in the lungs, kidneys, and skin as in the
liver (Fig. 2).

Dose-Dependent Expression of Cytochrome 450 Proteins

Figures 6 and 7 illustrate the dose-dependent effects of
TCDD on CYP1A1 and CYP1A2 protein expression in the
liver of female Sprague–Dawley rats at 3 days following a
single exposure to TCDD (0.01–30.0mg TCDD/kg). TCDD
induced hepatic CYP1A1 protein in rats treated with 0.3mg
TCDD/kg or higher compared to corn oil-treated animals (Fig.
6). TCDD induced hepatic CYP1A2 protein in rats treated with
1.0 mg TCDD/kg or higher compared to corn oil-treated ani-
mals (Fig. 7). Maximum induction of hepatic CYP1A1 or
CYP1A2 protein expression, approximately 25- and 28-fold vs
control, was observed at 10.0mg TCDD/kg.

The parameters obtained from the time-course effects of
TCDD on CYP1A1 and CYP1A2 protein expression (shown in
Table 1) were used to describe the effect of dose of TCDD on
hepatic CYP1A1 and CYP1A2 protein expression. Statistical
analysis on the goodness of model prediction of CYP1A1 and
CYP1A2 protein expression and enzymatic activities after ex-
posure to different concentrations of TCDD, based upon the
BBPD model and parameters in Table 1 developed from the
time-course of TCDD-induced CYP1A1/CYP1A2 protein ex-
pression and associated enzymatic activities, are not statisti-
cally different from the experimental results for a majority of
the data points. The BBPD parameters predicted the dose-

3 Because of the detection limits of the CYP1A1 protein assay, the CYP1A1
protein concentration was not determined in extrahepatic tissues.

FIG. 4. Time-dependent effects of TCDD on EROD activity in the liver, lungs, kidneys, and skin of female Sprague–Dawley rats treated with 10mg
TCDD/kg with BBPD model simulation. EROD activity determined from 0–35 days. EROD activity was quantitated spectrofluorimetrically as described (DeVito
et al., 1996). EROD activity is expressed as fold induction compared to control animals. All symbols were obtained from TCDD-treated animals as described
in Materials and Methods. Solid and broken lines were derived from the BBPD model simulation of the experimental data.■, EROD activity in liver;E, EROD
activity in kidneys; x, EROD activity in lungs;{, EROD activity in skin. Data are presented as mean6 SD (n 5 4–5).
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dependent effects of TCDD on CYP1A1 and protein expres-
sion in the liver well (Fig. 6). These parameters were utilized
to simulate the dose-dependent effects of TCDD on CYP1A1
protein expression in the kidneys and skin.3 The model pre-
dicted that TCDD caused a similar dose-dependent increase in
CYP1A1 protein expression in the lungs, kidneys, and skin, as
in the liver (Fig. 6). Using 0.02 optical density units/mg mi-
crosomal protein as a limit of detection for hepatic CYP1A1
protein expression in control animals, recent experiments have
confirmed that the BBPD model and model parameters accu-
rately predicted the dose-dependent increase in TCDD-induced
CYP1A1 protein expression in the lungs (Fig. 6). Analysis of
TCDD-induced CYP1A2 protein expression by the BBPD
model suggests that these parameters (Table 1) predict the
dose-dependent change in the CYP1A2 protein expression by
TCDD in the range of 0.01–30.0mg TCDD/kg (Fig. 7).

Dose-Dependent Expression of EROD and MROD Activities

Figure 8 shows the dose-dependent effects of TCDD on
EROD activity in the liver, lungs, and kidneys of female
Sprague–Dawley rats at 3 days following a single exposure to
TCDD (0.01–30.0mg TCDD/kg). Constitutive EROD activity
was 490.0, 3.0, and 2.0 pmoles/min/mg microsomal protein in
the liver, lungs, and kidneys, respectively. In all tissues exam-
ined, a dose-dependent increase in TCDD-induced EROD ac-
tivity was observed in the liver, lungs, and kidneys of rats

treated with different doses (0.01–30.0mg TCDD/kg). Female
Sprague–Dawley rats treated with 30mg TCDD/kg exhibited a
maximal fold induction of TCDD-induced EROD activity of
approximately 40-, 16-, and 100-fold vs control animals in the
liver, lungs, and kidneys, respectively. Figure 9 shows the
dose-dependent increase in MROD activity in the liver of
female Sprague–Dawley rats at 3 days following a single
exposure to TCDD (0.01–30.0mg TCDD/kg). Constitutive
MROD activity was 171.0 pmol/min/mg microsomal protein.
Both TCDD-induced hepatic EROD and MROD induction
showed a saturable relationship (Figs. 8 and 9).

Using the model parameters obtained from the time-depen-
dent effects of TCDD on EROD activity in the liver, skin,
lungs, and kidneys (shown in Table 1), the BBPD model was
employed to predict the dose-dependent effects of TCDD on
EROD activity in the liver, lungs, skin, and kidneys. Statistical
analysis on the goodness of model prediction of CYP1A1 and
CYP1A2 protein expression and enzymatic activities after ex-
posure to different concentrations of TCDD based upon the
BBPD model and parameters in Table 1 developed from the
time-course of TCDD-induced CYP1A1/CYP1A2 protein ex-
pression and associated enzymatic activities was not statisti-
cally different from the experimental results for a majority of
the data points. Figure 8 shows that the model predicted well
for the dose-dependent effects of TCDD on EROD in the liver,
lungs, and kidneys and simulated TCDD-induced EROD ac-

FIG. 5. Time-dependent effects of TCDD on MROD activity in the liver of female Sprague–Dawley rats treated with 10mg TCDD/kg with BBPD model
simulation. MROD activity was quantitated spectrofluorimetrically as described (DeVitoet al.,1996). MROD activity is expressed as fold induction compared
to control animals. All symbols were obtained from TCDD-treated animals as described in Materials and Methods. The solid line was derived from the BBPD
model simulation of the experimental data.■, MROD activity in liver. Data are presented as mean6 SD (n 5 4–5).
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tivity in the skin.4 The BBPD model overpredicts the dose-
dependent increase in EROD activity in the kidneys and lungs
(Fig. 8). The model simulation suggested that TCDD caused a
similar dose-dependent change in EROD activity in the skin as
observed in the liver, lungs, and kidneys (Fig. 8). The param-
eters responsible for MROD induction (Table 1) obtained from
the time-dependent effects of TCDD on MROD activity in the
liver were also used to predict the dose-dependent effects of
TCDD on MROD activity. The model simulation overpredicts
the dose-dependent effects of TCDD on MROD activity in the
liver (Fig. 9).

DISCUSSION

TCDD induces mixed function oxidase activities catalyzed
by cytochrome P450 isozymes (Poland and Glover, 1974).
Among the most characterized biochemical responses induced
by TCDD and related compounds through an AhR-dependent
mechanism are CYP1A1, CYP1A2, and CYP1B1 (Safe, 1986;
Whitlock, 1993; Birnbaum, 1994a; Hankinson, 1995). These
cytochrome P450s are a class of heme-containing proteins
which oxidize endogenous and exogenous substrates into
readily metabolized hydrophilic products (Guengerich, 1990).

CYP1A2 not only functions as a phase I enzyme but was
hypothesized to be responsible for the hepatic sequestration of
TCDD and related compounds (Voorman and Aust, 1987,
1989; Polandet al., 1989a,b; Buckley-Kedderiset al., 1993;
Santostefanoet al.,1996, 1997a; Dilibertoet al.,1997). Recent
studies using CYP1A2 knock-out mice have clearly demon-
strated that CYP1A2 is the binding protein responsible for
hepatic sequestration of TCDD and related compounds (Dilib-
erto et al., 1997; Santostefanoet al., 1997a). For example,
Diliberto et al., (1997) showed no sequestration of TCDD or
2,3,4,7,8-pentachlorodibenzofuran (a potent AhR agonist) in
the liver of mice lacking a functional CYP1A2 gene. In addi-
tion, Santostefanoet al., (1997a) demonstrated that hepatic
microsomal localization of TCDD is reduced in the CYP1A2
2/2 mouse. Therefore, the ability of TCDD to induce
CYP1A2, the TCDD-binding protein, appears to be the mech-
anism for maintenance of high concentrations of TCDD in the
liver, suggesting that both pharmacokinetic and pharmacody-
namic events must be incorporated for a quantitative descrip-
tion of TCDD disposition.

The BBPD model was developed based on the AhR-medi-
ated mechanism of cytochrome P450 gene expression and
associated enzyme induction by TCDD (Fig. 1). Previous phar-
macodynamic studies focused on TCDD-induced biochemical
responses in the liver (Andersenet al.,1993; Kohnet al.,1993;
Portier et al., 1993; Rothet al., 1994) with CYP1A1 and
CYP1A2 induction assumed to result directly from formation

4 Skin EROD was not determined experimentally since the tissue obtained
from the TCDD dose-response study was frozen prior to homogenization (see
Materials and Methods).

FIG. 6. Dose-dependent effects of TCDD on CYP1A1 protein expression in the liver, lungs, kidneys, and skin of female Sprague–Dawley rats with BBPD
model simulation. The hepatic CYP1A1 protein concentration was quantitated as described (Santostefanoet al.,1996) and expressed as fold induction compared
to control animals. These data have been adapted from Santostefanoet al. (1997b). All symbols were obtained from TCDD-treated animals as described in
Materials and Methods. Solid and broken lines were derived from the BBPD model simulation of the experimental data.■, hepatic CYP1A1 protein
concentration; x, CYP1A1 protein concentration in lungs. Data are presented as mean6 SD (n 5 4–5).
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of TCDD:AhR:DRE complexes (Quattrochiet al.,1994; Whit-
lock et al.,1996). Many studies have proposed that the binding
of TCDD to induced CYP1A2 is the major reason for liver
sequestration of the chemical (Santostefanoet al., 1996 and
references therein). However, previous models and parameters
(Leung et al., 1988, 1990a; Andersen,et al., 1993) were
estimated based upon a lack of information on CYP1A2 in-
duction at that time. Therefore, it is also unlikely that those
parameters obtained from previous studies can be determined
uniquely. For example, Wanget al. (1997a) demonstrated that
by adjusting parameter values, such as the fold induction of
CYP1A2 and the dissociation constant for the interaction be-
tween CYP1A2 and TCDD, similar fitting results for tissue
distribution can be achieved. Kohn and coworkers (1993)
assumed that both hepatic CYP1A1 and CYP1A2 induction
were kinetic processes, and the parameters related to the syn-
thesis and degradation of these cytochrone P450s, as well as
the Hill coefficient, were estimated based on chronic studies. In
our previous (Wanget al., 1997a) and current studies, we
extended the previous pharmacodynamic models by determin-
ing the parameter values based on time course of CYP1A1 and
CYP1A2 responses in multiple tissues after acute exposure to
TCDD and then validated the model with data obtained from
dose-dependent studies. The parameter values obtained from
the present study (Table 1) are different from other reported

BBPD parameter values for TCDD (Leunget al.,1988, 1990a;
Andersenet al.,1993; Kohnet al.,1993; Rothet al.,1994), as
previously described by Wanget al. (1997a). For example,
previous studies by Rothet al.(1994) described a BBPD model
of TCDD tissue localization and TCDD-induced enzyme in-
duction based upon the predicted hepatic CYP1A2 concentra-
tion in male rats treated with 0.03–72mg TCDD/kg. In this
study, the new BBPD model differs from other models in that
the BBPD model obtained from the time-course studies of
measured CYP1A1 and CYP1A2 protein concentrations and
associated enzymatic activities in multiple tissues was vali-
dated by accurately predicting the dose-dependent effects of
TCDD on cytochrome P450 protein expression and associated
enzyme activities in the multiple tissues of female Sprague–
Dawley rats at 3 days following a single exposure to TCDD
(0.01–30.0mg TCDD/kg). Another reason for the differences
in BBPD parameter estimation between the studies may be due
to the limited quantitative information on the biochemical
process of AhR-dependent gene activation by TCDD and use
of different assumptions in previous studies (Leunget al.,
1988, 1990a; Andersenet al.,1993; Kohnet al.,1993; Rothet
al., 1994) as detailed previously by Wang and coworkers
(1997a). Therefore, unique numerical results may not be able
to be obtained (Wanget al., 1997a). However, the maximum
hepatic EROD induction rate as observed in this study (Table

FIG. 7. Dose-dependent effects of TCDD on CYP1A2 protein expression in the liver of female Sprague–Dawley rats with BBPD model simulation. The
hepatic CYP1A2 protein concentration was quantitated as described (Santostefanoet al., 1996) and expressed as fold induction compared to control animals.
These data have been adapted from Santostefanoet al. (1997b). All symbols were obtained from TCDD-treated animals as described in Materials and Methods.
The solid line was derived from the BBPD model simulation of the experimental data.■, hepatic CYP1A2 protein concentration. Data are presented as mean6
SD (n 5 4–5).
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1) was similar to the maximum hepatic EROD induction rate
observed by van Birgelen and coworkers (1996) using female
Sprague–Dawley rats. The present BBPD model assumes that
both the induction of CYP1A2 and CYP1A1 share a similar
mechanism of TCDD-induced gene expression. The BBPD
model simulations (Figs. 2–5) well represent the time-depen-
dent effects of TCDD on hepatic CYP1A1/CYP1A2-dependent
enzymatic activities (or CYP1A1/CYP1A2 protein concentra-
tion).

The model obtained from the time-course studies were ap-
plied to describe the dose-dependent increase in TCDD-in-
duced cytochrome P450 protein expression and associated
enzyme activities in the liver of female Sprague–Dawley rats at
3 days following a single exposure to TCDD (0.01–30.0mg
TCDD/kg). Figure 6 shows that the shape of the model simu-
lation well presented the dose-dependent change in hepatic
CYP1A1 protein expression by TCDD. However, the BBPD
model underpredicted TCDD-induced CYP1A1 protein ex-
pression in the liver of rats treated with 1mg TCDD/kg (Fig.
6). In addition, the BBPD model underpredicted the hepatic
TCDD-induced EROD activity (Fig. 8). Since EROD activity
is a linear biomarker of CYP1A1 protein expression, the linear

coefficient between EROD activity and CYP1A1 obtained
from time-course and dose-dependent studies should be the
same. However, the underprediction in Fig. 8 indicates that the
linear coefficient from the time-course and dose-response stud-
ies are different. These inconsistencies between experiments
may be due to differences in sample preparation as observed in
previous studies from our laboratory (DeVitoet al.,1994a; van
Birgelen et al., 1996). For example, the samples from the
dose-response study were homogenized prior to freezing. In
contrast, the samples from the time-course study were frozen
as whole tissues prior to homogenization. Previous studies
have illustrated a 20–40% decrease in cytochrome P450 en-
zymes as a result of freezing the liver prior to homogenization
(Pearceet al.,1996). In addition, recent studies have suggested
that cytochrome P450 immunoreactive protein is detected with
or without thawing prior to homogenization, but catalytic ac-
tivity is decreased dramatically by thawing of the liver
(Yamazaki et al., 1997). The hepatic EROD activity and
CYP1A1 protein concentration obtained from the control ani-
mals in both studies support the hypothesis above. For exam-
ple, constitutive hepatic EROD activity for the time-course
studies was 343 pmol/min/mg microsomal protein. In contrast,

FIG. 8. Dose-dependent effects of TCDD on EROD activity in the liver, lungs, kidneys, and skin of female Sprague–Dawley rats with BBPD model
simulation. EROD activity was quantitated spectrofluorimetrically as described (DeVitoet al., 1996). EROD activity is expressed as fold induction compared
to control animals. All symbols were obtained from TCDD-treated animals as described in Materials and Methods. Solid and broken lines were derived from
the BBPD model simulation of the experimental data.■, EROD activity in liver;E, EROD activity in kidneys; x, EROD activity in lungs. Data are presented
as mean6 SD (n 5 4–5).
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the constitutive hepatic EROD activity for the dose-dependent
studies was higher (490 pmol/min/mg microsomal protein).5

However, in both studies the control CYP1A1 protein concen-
tration were the same (0.02 optical density units/mg microso-
mal protein). This demonstrates that the differences in sample
preparation between the two studies may have influenced he-
patic EROD activity without any apparent change in relative
hepatic CYP1A1 protein concentration. Therefore, the model
developed on time-course data accurately predicts the dose-
dependent effect of TCDD on hepatic CYP1A1 protein expres-
sion (Fig. 6) but underpredicts the hepatic EROD activity (Fig.
8), possibly due to differences in sample preparation. However,
other factors such as genetic variability in the outbred Spra-
gue–Dawley rat population (Hullet al., 1983) and seasonal
changes in drug-metabolizing enzyme activity (Robinsonet al.,
1974), which were not addressed in this study, may have
contributed, in part, to the slight differences obtained in the
hepatic EROD activity obtained in control animal populations.

Rothet al. (1994) predicted the induction of CYP1A2 using
specific rates for synthesis and degradation for this enzyme
(Parkinsonet al.,1983; Shiraki and Guengerich, 1984). In this
study, the model obtained from the time-course studies was
then applied to predict the dose-dependent change in TCDD-

induced CYP1A2 protein expression and MROD activity in the
liver of female Sprague–Dawley rats at 3 days following a
single exposure to TCDD (0.01–30.0mg TCDD/kg). The shape
of the model simulations represent both the dose-dependent
effects of TCDD on CYP1A2 protein expression (Fig. 7) and
MROD activity (Fig. 9). However, the BBPD model underpre-
dicted the CYP1A2 protein expression obtained in the 35-day
TCDD-treatment group (Fig. 3) and MROD activity (Fig. 5).
The underprediction of both hepatic TCDD-induced CYP1A2
protein expression and MROD activity may be due to the
interaction of TCDD-induced CYP1A2 protein with TCDD
resulting in an inactivation of CYP1A2 (Fig. 1) and subsequent
loss of immunodetectable CYP1A2 protein and measurable
MROD activity. Another reason for the underprediction of
both TCDD-induced CYP1A2 protein expression and MROD
activity may be due to differences in sample preparation (De-
Vito et al., 1994a; van Birgelenet al., 1996) as discussed
above. For example, constitutive hepatic MROD activity and
CYP1A2 protein concentration for the time-course studies
were 74 pmol/min/mg microsomal protein and 0.03 optical
density units/mg microsomal protein, respectively. In contrast,
the constitutive hepatic MROD activity and CYP1A2 protein
concentration for the dose-dependent studies were higher (171
pmol/min/mg microsomal protein and 0.08 optical density
units/mg microsomal protein, respectively). This demonstrated

5 EROD activities from control animals obtained from the different hepatic
tissue preparations were not significantly different as determined by ANOVA.

FIG. 9. Dose-dependent effects of TCDD on MROD activity in the liver of female Sprague–Dawley rats with BBPD model simulation. MROD activity was
quantitated spectrofluorimetrically as described (DeVitoet al.,1996). MROD activity is expressed as fold induction compared to control animals. All symbols
were obtained from TCDD-treated animals as described in Materials and Methods. The solid line was derived from the BBPD model simulation of the
experimental data.■, MROD activity in liver. Data are presented as mean6 SD (n 5 4–5).
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that the differences in sample preparation between the two
studies would influence both MROD activity and CYP1A2
protein concentration. Therefore, the model developed on time-
course data underpredicts both the dose-dependent effect of
TCDD on CYP1A2 protein expression (Figure 7) and MROD
activity (Fig. 9) in the liver possibly due to differences in
sample preparation between the time-course and dose-depen-
dent studies. However, other factors, as described above, may
have also contributed to the slight differences observed.

TCDD induces a broad spectrum of sex-, strain-, age-,
tissue-, and species-specific toxic effects, which include a
wasting syndrome, thymic atrophy, immunotoxicity, hepato-
toxicity, pulmonary toxicity, chloracne and related dermal tox-
icity, teratogenicity, reproductive toxicity, and carcinogenicity
(reviewed in Safe, 1986; Birnbaum, 1994a; Pohjanvirta and
Tuomisto, 1994; Van den Berget al., 1994). For example,
dermal treatment of female hairless mice (HRS/Jhr/hr) with
the N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) and with
TCDD (2.5–10.0 ng TCDD/mouse/dose) as the promoter re-
sulted in the induction of squamous cell papillomas (Hebertet
al., 1990). In addition, promotion ofN-nitrosodimethylamine
(NDMA)- or N-nitrosodiethylamine-initiated lung tumors in
male mice (Beebeet al.,1995) and liver tumors in female rats
(Pitot et al., 1980) exposed to TCDD has been demonstrated.
These data suggest that in experimental animals, TCDD is
classified as a multi-site, sex- and species-specific complete
carcinogen (DeVito and Birnbaum, 1994b). However, TCDD
also induces many phase I drug metabolizing enzymes (re-
viewed in Whitlocket al., 1996; Whitlock, 1993), including
CYP1A1, CYP1A2 and CYP1B1 in multiple tissues (Diliberto
et al., 1995; Santostefanoet al., 1996, 1997b). For example,
TCDD treatment results in the dose-dependent increase in
EROD activity in rat liver, lungs, and kidneys (Santostefanoet
al., 1996) and liver, lungs and skin of mice (Dilibertoet al.,
1995). However, previous pharmacodynamic models for
TCDD have focused on TCDD-induced responses in liver
(Leung et al., 1988, 1990a; Andersen and Greenlee, 1991;
Andersenet al.,1993; Buckley-Kedderiset al.,1993; Kohnet
al., 1993; Rothet al., 1994). In this paper the time-dependent
effects of TCDD on CYP1A1-associated EROD activity was
determined in multiple target tissues (lungs, skin and kidneys)
for TCDD-mediated toxic and biochemical responses and an-
alyzed by a BBPD model. This BBPD model accurately de-
scribes the time course of CYP1A1 protein expression and
EROD activity in the lungs, skin, and kidneys (Fig. 4). The
BBPD model also illustrated that EROD activity could be an
appropriate marker for CYP1A1 protein expression as ob-
served in previous studies (Santostefanoet al., 1996 and ref-
erences therein). The shape of the curves in Figs. 2 and 4
supports the hypothesis that a similar time-dependent mecha-
nism of TCDD-induced CYP1A1 protein expression and asso-
ciated EROD activity occurs in multiple tissues (Dilibertoet
al., 1995; Santostefanoet al.,1996, 1997b). This data suggests
that parameter estimation in this study (Table 1) accurately

described the AhR-mediated mechanism (Fig. 1) of TCDD on
protein expression and enzymatic activities in multiple tissues.

The BBPD model obtained from the time-course studies
well described the dose-dependent change in TCDD-induced
cytochrome P450 protein expression and associated enzyme
activities in the lungs and kidneys of female Sprague–Dawley
rats at 3 days following a single exposure to TCDD (0.01–30.0
mg TCDD/kg). In comparison to the BBPD model slight un-
derprediction of hepatic EROD activity, Fig. 6 shows that the
BBPD model slightly overpredicted the dose-dependent effects
of TCDD on EROD activity in the lungs and kidneys. The
constitutive EROD activities for the time-course studies were 6
and 11 pmol/min/mg microsomal protein, for the kidneys and
lungs, respectively, and the constitutive EROD activities for
the dose-dependent studies in extrahepatic tissues were lower
(kidneys are 2 and lungs are 3 pmol/min/mg microsomal pro-
tein). These differences in constitutive EROD activity in ex-
trahepatic tissues, as compared to the liver obtained from the
different sample preparations, resulted in the BBPD model
over predicting the dose-dependent effects of TCDD on EROD
activity in extrahepatic tissues (Fig. 8). Previous studies from
our laboratory (DeVitoet al.,1994a; van Birgelenet al.,1996)
also observed a slight change in EROD activity in extrahepatic
tissues as a result of differences in tissue sample preparations.
The BBPD model also suggested that TCDD would cause a
similar dose-dependent increase in EROD activity in the skin
as in the liver, kidneys, and lungs (Fig. 8) indicating that a
similar time- and dose-dependent mechanism action of TCDD-
induced EROD activity occurs in multiple tissues (Dilibertoet
al., 1995; Santostefanoet al., 1996, 1997b). Furthermore, the
model was utilized to simulate the dose-dependent effects of
TCDD on CYP1A1 protein expression in the lungs, kidneys,
and skin. The BBPD model illustrated that TCDD would cause
a similar dose-dependent increase in CYP1A1 protein expres-
sion in the lungs, kidneys, and skin as in the liver (Fig. 6),
suggesting that a similar time- and dose-dependent mechanism
action of both TCDD-induced CYP1A1 protein expression and
associated EROD activity occurs in multiple tissues (Diliberto
et al., 1995; Santostefanoet al., 1996, 1997b). Whether the
BBPD model overpredicts the relative CYP1A1 concentration
in extrahepatic tissues may depend upon the influence of sam-
ple preparation on CYP1A1 protein expression in extrahepatic
tissues. In addition, other factors such as genetic variability in
the Sprague–Dawley rat population (Hullet al., 1983) and
seasonal changes (Robinsonet al., 1974), which were not
addressed in this study, may have contributed, in part, to the
slight differences obtained in animal populations.

This BBPD model quantitatively describes for the first time
the time-course relationship between TCDD-induced CYP1A1/
CYP1A2 protein expression and associated enzyme activities
and tissue disposition in multiple tissues of female Sprague–
Dawley rats. In addition, this BBPD model differs from other
models by validating the BBPD model and parameters ob-
tained from the time-course studies in multiple tissues by
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predicting the dose-dependent effects of TCDD on cytochrome
P450 protein expression and associated enzyme activities in the
multiple tissues of female Sprague–Dawley rats at 3 days
following a single exposure to TCDD (0.01–30.0mg TCDD/
kg). Moreover, this BBPD model demonstrates the importance
of experimental design and sample preparation for a quantita-
tive description of the time- and dose-dependent effects of
TCDD on cytochrome P450 gene expression and associated
enzymatic activities. However, further validation of this simul-
taneous PBPK and BBPD model across different routes of
exposure, sexes of rats and species needs to be examined.

The overall goal of the development of this simultaneous
PBPK and BBPD model is to quantitatively link the concen-
tration of the chemical at the site of action to chemical-induced
gene expression based upon the actual physiology of the or-
ganism and physiochemical properties and mechanism of ac-
tion of the chemical of interest. Previously, Wang and cowork-
ers (1997a) developed and validated a PBPK model to describe
the time- and dose-dependent tissue distribution of TCDD in
female Sprague–Dawley rats. This PBPK model was further
validated using different routes of exposure (oral and iv), sexes
of rats (female and male), and species (rats and mice) (Wanget
al., 1997b). In our current study, we extended the previous
pharmacokinetic models by determining the parameter values
based on time course of CYP1A1 and CYP1A2 responses in
multiple tissues after acute exposure to TCDD using a simul-
taneous PBPK and BBPD model and then validated the model
with data obtained from dose-dependent studies. The develop-
ment of accurate mechanistically based pharmacokinetic and
pharmacodynamic models and further validation of these mod-
els across other classes of environmental contaminants with a
similar mechanism of action will increase the confidence in the
use of these models in approaches for human risk assessment
as related to environmental exposure and potential for adverse
health risks.
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