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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 CYP1AZ2 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 ug 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 ug TCDD/kQ). 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-dioxin (TCDD, dioxin) be-

longs to the halogenated aromatic hydrocarbon (HAH) chen
ical family, which includes polychlorinated dibenpedioxins
(PCDDs), dibenzofurans (PCDFs), biphenyls (PCBs), an
naphthalenes (PCNs) (Safe, 1986). These compounds shat
common Ah receptor (AhR)-mediated mechanism of toxic an
biological responses (Safe, 1986; Birnbaum, 1994a; Pohja
virta and Tuomisto, 1994; Van den Beegal., 1994; Hankin-
son, 1995). The most characterized biochemical response
sociated with TCDD exposure is the induction of CYP1Al
(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:AhF
complex undergoes transformation (Denisen al., 1986a;
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in the improvement of physiologically based pharmacokinetdticted hepatic CYP1A2 concentration in male rats treated wit

(PBPK) and biologically based pharmacodynamic (BBP).03-72ug TCDD/kg. This new BBPD model differs from

models (King et al., 1983; Leunget al.,, 1988, 1990a,b; other models by validating the BBPD model and paramete

Andersen and Greenlee, 1991; Andersenl.,1993; Buckley- obtained from the time-course studies in multiple tissues b

Kedderiset al., 1993; Kohnet al., 1993; Rothet al., 1994; accurately predicting the dose-dependent effects of TCDD ¢

Buckley, 1995; Kohret al., 1996). cytochrome P450 protein expression and associated enzyi
In a recent article (Wan@t al., 1997a), a refined PBPK activities in the multiple tissues of female Sprague—Dawle

model incorporating AhR-mediated CYP1A2 gene expressioats at 3 days following a single exposure to TCDD (0.01-30.

accurately described the distribution of TCDD in multiplexg TCDD/kg).

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 MATERIALS AND METHODS

model and parameters obtained were validated using a dose-

dependent study for tissue localization in female Spragughemicals

Dawley rats at 3 days following a single exposure to TCDD ; 3 7 g Tetrachloro[1,8H]dibenzop-dioxin (specific activity of 34.7 Cif

(0.01-30ug TCDD/kg). The refined PBPK model also accummol) was purchased from Chemsyn Science Laboratory (Lenexa, KS). R

rately predicted the time course of tissue distribution of TCDBochemical purity £99%) was verified using both a bioassay involving

across alternate routes of exposure (oral to iv), as well bidary elin?ina_\tion (Buckley-Kedderi?t al., 1991) and reverse-phase high

between genders of Sprague-Daiey rats (Watng. 1997b). PSS 4d chomsiogany (ibers s, 1655, unabeet 1000

Furthermore, the refined PBPK model accurately simulated @Sing solutions were prepared by adding a stock of unlabeled TCDD (

time-dependent tissue distribution of TCDD in C57BL/6dg/10 ml) in acetone and radiolabeled TCDD (0.91 mCi/ml) in toluene to cori

mice, as well as the tissue distribution of TCDD in Wistar ratgl. Volatile compounds were removed by evaporation using a Savant Spee

after chronic exposure (Wang al., 1997b). The approach for Vac (Sa_vant Inst_ruments Inc., Farnjingdale,_NY). The TCI?D concer_mationsi

tis PBPK model demonstrated he importance of experimer 5251 e ere, Seined b i seion couning e o

design in pharmacokinetic studies, such as using early li&ne highest grade available from commercial sources.

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@'¢ and Handling of Animals

unique parameter values. Eight-week-old female Sprague-Dawley rats (200-225 g) were purchas
Recent studies from our laboratory demonstrate that hepatten Charles River Laboratories (Raleigh, NC). Rats were maintained at tt

microsomal sequestration of TCDD does not occur in tHéHEERL of the USEPA (Research Triangle Park, NC) and followed a diurnz

CYPLAZ( ) knockout mouse (Dilbertet al, 1957, San- el 21 o aeein v mne SoRran 200 S ol

tostefanoet al., 1997a). The ability _Of TCDD to _mduce assigne):j and placed in polycarbonatg cag?es, each holding 2-3 animals, v

CYP1A2 and that CYP1A2 is responsible for the maintenanggrgwood bedding (Beta Chips, North Eastern Products Inc., Warrensbui

of high concentrations of TCDD in the liver suggest that bothy). Rats had free access to Purina 5001 Rodent Chow (Ralston Purina C

pharmacokinetic and pharmacodynamic events must be inc®-Louis, MO) and water. Rats were acclimated for 1 week prior to dosing

porated for a quantitative description of TCDD disposition.

Therefore, the refined PBPK model for TCDD (Waegal., teatment and Tissue Isolation

1997a) was coupled to a BBPD model to quantitatively de-

scribe the relationship between disposition and tissue responsgive rats were randomly assigned to each time point. Rats were administer

Previous pharmacodynamic models for TCDD have focused 6ﬁingle oral dose of either a corn oil solution containingu*H]TCDD/kg
body wt or corn oil vehicle alone at 5 mil/kg body wt. At 30 min, 1, 3, 8, or

TCDD-induced responses in only one tissue, the liver (Lequ h, or 7, 14, or 35 days after dosing, rats were euthanized hyaSghyx-
et al., 1988, 1990a; Andersen and Greenlee, 1991; AndeSenqtion (Santostefanet al., 1997b). The liver, lungs, skin, and kidneys were

al., 1993; Buckley-Kedderi®t al., 1993; Kohnet al., 1993; excised, frozen in liquid nitrogen, and stored a80°C until usage. In a
Roth et al., 1994). In order to determine unique parameteeparate experiment, rats received a single oral dose of 0.0 (corn oil), 0.01, C
values for the PBPK and BBPD models, the effects of TCDP3: 10, 10.0, or 30.Qug [HITCDD/kg at 5 mifkg body wt and were

. . euthanized by CQasphyxiation 3 days (72 h) after dosing £ 4 animals/
on AhR-mediated cytochrome P450 gene expression were ?&Jp). The liver, lungs, and kidneys were excised and homogenized in 4 v

amined in multiple target tissues (liver, lungs, skin, and Kigwu) of ice-cold buffer (250 mM sucrose, 1 mM dithiothreitol, 0.5 mM
neys) for TCDD-mediated toxicity and biochemical respons&®TA, 25 mM KCl, 10 mM HEPES, and 10% [v/v] glycerol pH 7.4) with
(Birnbaum, 1994b; Van den Bergt al., 1994) in female 20-30 strokes of a Teflon pestle/drill apparatus. The tissue homogenates w
Sprague—Dawley rats treated with £§ TCDD/kg for 30 min, centrifuged at 900§ for 30 min at 4°C, and the supernatant was frozen in
. liquid nitrogen and stored at80°C until usage (Santostefamt al., 1996).
1,3,8 or 24_ h,or7, 14, or 35 days. Prevu_)usly, Reth_il., . The 10.0ug [*H]TCDD/Kg treatment group euthanized by C@sphyxiation
(1994) described a BBPD model of TCDD tissue localizatiofigays (72 h) after dosing from the dose-response study was also included

and TCDD-induced enzyme induction based upon the pretime-point on Figs. 2-5.
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CYP1A1/CYP1A2 Protein Measurements

The relative CYP1A1 and CYP1AZ2 protein concentrations were determined
essentially as described (Santostefahal., 1996). Microsomal proteins were
prepared (Dilibertoet al., 1995) and quantified using BSA as the standard
(Bradford, 1976). Proteins (0.5-283) were resolved by SDS-PAGE using a
10% acrylamide resolving gel and a 4% stacking gel (Laemmli, 1970) and
transferred to a 0.2um 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 blockedrf@ 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 CYP1Al1 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 (H.)-(human adsorbed) alkaline phosphatase
conjugate (Gibco BRL, Gaithersburg, MD)rfd h at 22°C. CYP1Al 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 CYP1A2 Liver only

proteins were determined from protein standards (Biorad). All data are repre- ) ) ) )
sented as the meah standard deviation. FIG. 1. Proposed AhR-mediated mechanism of the biologically base

pharmacodynamic (BBPD) model for cytochrome P450 gene expression |
TCDD. This proposed mechanism of TCDD-induced cytochrome P450 ger
expression has been extensively reviewed (Safe, 1986; Whitlock, 1993; Bir
Ethoxyresorufin, methoxyresorufin, and resorufin were purchased from M}UM, 1994a; Hankinson, 1995). Ethoxyresor@ileethylase (EROD) and
lecular Probes (Eugene, OR). Microsomal ethoxyresor@ueethylase methoxyresorufirD-demethylase (MROD) activities are markers for CYP1A1l
(EROD) and methoxyresorufid-demethylase (MROD) activities, markers for (Pohl and Fouts, 1980) and CYP1A2 (Chaloupkal., 1995) gene expression,
CYP1A1 (Pohl and Fouts, 1980) and CYP1A2 (Chaloupkal., 1995) gene respectively. Concentration of TCDD, T; concentration of free TCDR, T
expression, were guantitated spectrofluorimetrically essentially as descrilgégradation rate of CYP1AL, K; CYP1AZ, Ky,.
(DeVito et al., 1996; Santostefanet al., 1996). Microsomal proteins were
prepared (Diliberteet al.,1995) and quantified (Bradford, 1976). The reaction
buffer was comprised of 0.1 M KPO5 mM Mg,S0O,, and 2 mg bovine serum described by the model for a stimulation process proposed by Dayteita
albumin/ml at pH 7.5. Liver, lung, skin, and kidney microsomes were diluted993) and Anderseet al. (1993). Since EROD activity is a linear biomarker
in 0.1 M KPQ, (100 ul) to provide linearity of the reaction and then added tdor CYP1A1 (Tritscheret al., 1994; Santostefanet al., 1996), the change of
the buffer containing 1.5 nM ethoxyresorufin or methoxyresorufin. This reaBROD activity with time was assumed to be proportional to the CYP1A
tion mixture, with a total volume of 2.3 ml for the liver samples and 1.0 ml foprotein concentration (see Eq. 2 below). Due to the time-dependent process
the nonhepatic samples, was preincubated for 2 min at 37°C. The producfi@@DD:AhR complex formation and subsequent gene activation (@key.,
of resorufin was started by the addition of 1@I00f S-NADPH (5 mg/ml) and  1980; Israelet al., 1985; Denisoret al., 1986b), as a first approximation, an
monitored spectrofluorimetrically for 2 min at 37°C with an excitation waveapparent delay in the induction of EROD activity (and also CYP1A1 proteir
length of 522 nm and an emission wavelength of 586 nm. The rat liver, lungxpression) was described by a series of biological processes with the holdi
skin, and kidney microsomes were analyzed for EROD activity, and the livéme, 7 (see Eq. 2).
microsomes were analyzed for MROD activity. EROD or MROD activity is Hepatic induction of CYP1A2 was also assumed to result directly from th
calculated as pmoles/min/mg microsomal protein and expressed as fold-indacmation of a TCDD:AhR:DRE complexes (Quattrogtial., 1994). The Hill
tion compared to corn oil-treated animals. All data are represented as #uiation was introduced to describe the interaction between the TCDD-Ah
mean= standard deviation. complex and DRE binding sites, and the change of CYP1A2 with time wa
described previously (Wangt al.,1997a). As indicated above, a delay of the
induction of MROD activity and also CYP1A2 protein expression was alsc
described by a series of biological processes with the holding tirtese Eq.
One of the major factors controlling TCDD disposition is CYP1A2 protei). The concentration of TCDD specifically bound to either the AhR or
expression. Since CYP1A2 is induced by TCDD, a simultaneous PBPK a6¥P1A2 was simplified using the saturable binding equation. As a firs
BBPD model is necessary to describe the tissue disposition of TCDD and #ggproximation, the change of MROD with time was described as a function «
biochemical responses. The PBPK model incorporated with CYP1A2 indu€YP1A2 (see Eq. 7 below).
tion by TCDD in the female Sprague—-Dawley rat was reported in detail The BBPD model was solved simultaneously with the PBPK model reporte
previously (Wanget al., 1997a). In this paper, a quantitative relationshigpreviously (Wanget al., 1997a) to obtain the protein induction as well as the
between TCDD concentration and TCDD-induced cytochrome P450 prot&nzyme activity induced by TCDD following oral doses. To compare the
expression and associated enzymatic activities in multiple target tissues waslel predictions of relative CYP1Al and CYP1A2 protein concentration:
developed based upon receptor theory and AhR-mediated events (Fig. 1)and enzymatic activities with the experimental data obtained after exposure
The induction of CYP1A1 was assumed to result directly from the formatiadifferent concentrations of TCDD, we conducted a statistical analysis on tf
of a TCDD:AhR:DRE complexes (reviewed in Whitloek al., 1996). A Hill  goodness of model prediction to provide information on model prediction wit!
equation was introduced to describe the interaction between the TCDD:AkRperimental results (Portier and Hoel, 1983, 1984; David, 1978) using tf
complex and DRE binding sites. The change of CYP1Al with time weB5% lower and upper bound confidence intervals.

Tf

CYP1A1/CYP1AZ
N

mRNA Induced

e
T +cypPiaz nduced

#/ ‘Degradation

Other Proteins

Degradation

Pleiotropic Responses

Enzymatic Assays

Model Development
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Assuming that the noise (both residual error and inter-individual variabilityy ERODJ/Coe,,, where, subscripk indicates different extrahepatic tis-
in the experimental data follows normal distribution, the lower and uppsues. The induction of EROD activity in extrahepatic tissues was described |
bound of the experimental results at each dose can be obtained, as shBgyn4.
below, when choosing a 95% confidence level:

. dEROD, (Can-reon )k
lower bound= mean value- t, s * SD/(number of animal&¥ “ar - Koer| 1+ INaxc (Ca)T+ (Canreos)t) KerREROD,, (4)

upper bound= mean valuet tq s * SD/(number of animals¥, ) ) )
whereKgerk = KerRERODs g, KoerkiS the zero order synthesis rakgsy is the

Whereto gps = 3.2 if N = 4: ty gps = 2.8 if N = 5. first order degradation rate, and ERQRis the basal level of EROD activity.

The judgment can also be made based on whether the hypothesis, 'fh@ddition, without TCDD,
experimental data is close to model predictions at each dose, is acceptable or
not. Based on the same assumption of normal distribution of experimental dEROD,
o — =0,
samples, the observed value of the test statistic is dt

observed value of the test (mean value-model pred.)/SD/(no. of animéfs)  therefore Kogry = KerERODss

Hepatic CYP1A2 and MROD induction. The detail for CYP1A2 induc-

The rejection region, with 5% level, is given by 3.2 for a group of 4 animalgy, was presented previously (Waegal., 1997a) and is given by Eq. 5.
and 2.8 for a group of 5 animals. If the observed valt@2 (h = 4) or <2.8

(n = 5), the hypothesis is acceptable.

h
% = Koaz <l + INay (ic EET ((T:CDD) ) KAZCAZI> Wi (5)
Mathematical Expressions of the Model A2 Ah = TCDD
The mathematical expressions of the PBPK model were given previouglyt = 0, Cazt = Casps:
(Wanget al.,1997a). The mathematical expressions for CYP1A1 and CYP1A2 since the concentration of CYP1A2 protein is constant in control animal:
induction, as well as EROD and MROD activity, are given below. dW,;Canddt = 0.ThereforeKops = KazCasss, WhereCa,, andCuops are the
CYP1A1 and EROD induction. The change of CYP1A1 with time in the total and basal CYP1A2 concentrations, respectivély,, represents the
liver was described by the model for a stimulation process proposed bgro-order basal rate for CYP1A2 synthesis, KRddefines the first-order rate
Daynekaet al. (1993) and Anderseat al. (1993), as shown in Eqg. 1. constant for CYP1A2 degradatiolm,, is the maximum fold induction rate for
CYP1A2 protein expression, anld is the Hill coefficient for CYP1A2.
dChyii (Can-tcop)" Can.tcops Which equals ARC, «/KpantCiir, IS the concentration of AhR
dt = Koaw ( 1+ Inay aco) + (CAh»TCDD)n> — KaiCawi (1) occupied by TCDD. The delay of CYP1A2 induction is described by Eq. 6,

att = 0, Cayi = Cazgsii dCazy
Since the concentration of CYP1A1 protein is constant in control animals, T dt
dC,q.i/dt = 0. ThereforeKopai i = Ka1Caigsii- WhereCp,,; andCpigg,; are

the total and basal CYP1A1 concentration in the liver, respectilélya;  wherer is the holding time, angl = 1,2, etc., depending on the time of delay
represents the zero-order basal rate for CYP1A1 synthesiX gndefines the  jn TCDD-induced protein expression and enzyme activity.

first-order rate constant for CYP1A1 degradatitmy,, is the maximum-fold  The change of MROD with time was described as a function of CYP1A2
induction rate of CYP1A1 protein expressi@),,.rcpp is the concentration of

AhR occupied by TCDD, which equals (A8, :/Kpan + Cit), WhereC, is dMROD

the free concentration of TCDD in the liver, ands the Hill coefficient for dt = InyrCaz — KsMROD )
CYP1ALl. The delay of CYP1A1 induction by TCDD in the hepatic tissue is

described by Eg. 2,

= Cazj-1 — Cazys (6)

att = 0, MROD = MRODgg whereln,, is the first-order synthesis rate of
dCun: MROD activity, K5 defines the first-order rate constant for MROD degrada:
(;tu_u = Cati-1) — Cauij» (2) tion, and MROLs is the basal MROD activity. Without TCDDJMROD/
dt=0, therefore|nyrCazss = KyrMRODgs.

T

wherer is the holding time, anfl(the number of compartments to simulate theP ter Estimati
delay in CYP1A1 induction) could be 1, 2, etc., depending on the time of dela)?rame er Estimation

of TCDD-induced protein expression and enzyme activity. The dissociation constant of TCDD bound to the AhR, the maximum
Since the hepatic EROD activity was reported as a linear biomarketyp1A2 induction rate, the degradation rate constant of CYP1A2, and the Hi
(Tritscheret al., 1994; Santostefanet al., 1996) for CYP1AL protein expres- coefficient, as well as dissociation constant of TCDD binding to CYP1A2

sion, the change of EROD activity with time was then described to Rgere obtained previously (Waret al., 1997a).7 andj were determined by
proportional to the change in CYP1A1 protein expression in all tissues as giiting the model to the time-course data for CYP1A1 and CYP1A2 proteir
by Eg. 3. expression, as well as the hepatic tissue concentration of TCDD. The para
eters of MROD activity induction and degradation were obtained by fitting Eq

EROD = Co&,;Chp;, (3) 7 to the experimental data of the time course of MROD activity.

As an initial first-approximation, the degradation rate constant of CYP1AL i
where Cog, is the linear coefficient between CYP1A1l and EROD activitydifferent tissues was assumed to be the same. The maximum induction rates
obtained based upon the experimental datas of hepatic CYP1Al prot€¥iP1A1l in different tissues were considered a result of the different concentr
expression and EROD activity. tions of AhR, as well as the interaction with DNA. The maximum fold of CYP1A1

EROD activity was also measured in extrahepatic tissues. CYP1A1 concemuction rate, the degradation rate constant of CYP1A1, the interaction of TCDI
tration in the extrahepatic tissues were calculated based on Eqg. 3, whigh.is AhR with DNA, and the Hill coefficient for CYP1A1 were obtained by fitting the
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model simulation-liver
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CYP1A1 Protein Expression
(Fold induction versus control)

FIG. 2. Time-dependent effects of TCDD on CYP1A1 protein expression in the liver, lungs, kidneys, and skin of female Sprague—Dawley rats treate
10 g TCDD/kg with BBPD model simulation. The hepatic CYP1A1 protein concentration was quantitated as described (Santbstefa®®6) and expressed
as fold induction compared to control animals. These data have been adapted from SantestEf§h897b). 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 experimenthlegata
CYP1ALl protein concentration. Data are presented as me&D (n = 4-5).

model to the CYP1A1 time-course data. In the hepatic tissagdj are deter- TCDD/kg_ TCDD-induced hepatic CYP1A1~56 kDa) and
mined by fitting the model to CYP1A1 time-course data. CYP1A2 (~54 kDa) protein expression was increased appro»
Model simulations were conducted using ACSL TOX (MGA Software Inc., . . .
imately 16- and 6-fold, respectively, relative to control animal:
24 h after TCDD administration. Maximal TCDD-induced
RESULTS CYP1A1 and CYP1A2 protein expression was observed 72
(3 days) after TCDD treatment. This induction was maintaine
The objectives of this study were 2-fold: (1) to develop at 14 days with a slight decrease by Day 35.
BBPD model to quantitatively describe the time-dependentBased on the above data (Fig. 2), a BBPD model (Fig. 1
effects of TCDD on cytochrome P450 protein expression amehs developed to analyze the time-dependent effects of TCC
associated enzyme induction in multiple target tissues (livempn CYP1AL1 protein expression in the liver. The induction o
lungs, skin, and kidneys) of female Sprague—Dawley rats a@¥P1A1 was assumed to result directly from the formation o
(2) to validate the BBPD model and parameters obtained frainTCDD:AhR:DRE complex described by the model for &
the time-course studies in multiple tissues with the dose-dgtimulation process (see Materials and Methods section). T
pendent effects of TCDD on cytochrome P450 protein expreasissociation constant of TCDD bound to the AhR (0.1 nM) wat
sion and associated enzyme activities in the multiple tissuesgiftained from previous studies (Waagal., 1997a). The Hill
female Sprague-Dawley rats at 3 days following a singigefficient, which describes the interaction of the TCDD:AhF
exposure to TCDD (0.01-300g TCDD/kg). complex with DNA sites responsible for CYP1A1 protein
expression, was determined by fitting Eq. 1 to the time-cours
experimental data for hepatic CYP1A1 protein expression b
TCDD (Fig. 2). The estimated parameter values are given |
Figures 2 and 3 illustrate the time-dependent effects dfible 1. These parameters accurately simulated the time-c
TCDD on CYP1Al and CYP1A2 protein expression in theendent effects of TCDD on CYP1ALl protein expression in th
liver of female Sprague—Dawley rats treated with 4@ liver using the BBPD model (Fig. 2).

Concord, MA).

Time-Dependent Expression of CYP1Al1 and CYP1A2
Proteins in the Liver
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35
B experimental data-liver |
i ——model simulation-liver
30 . -
25 -

CYP1A2 Protein Expression
(Fold induction versus control)

200 400 600 800 1000

Time (hours)

FIG. 3. Time-dependent effects of TCDD on CYP1A2 protein expression in the liver of female Sprague—Dawley rats treatedugifRCIDD/kg with
BBPD model simulation. The hepatic CYP1A2 protein concentration was quantitated as described (Santeistfal@96) and expressed as fold induction
compared to control animals. These data have been adapted from Santostefafi®97b). All symbols were obtained from TCDD-treated animals as describe
in Materials and Methods. The solid line was derived from the BBPD model simulation of the experimentwl,degpatic CYP1A2 protein concentration. Data
are presented as meanSD (n = 4-5).

The induction of CYP1A2 was also assumed to result d-0 ug TCDD/kg. Constitutive hepatic EROD activity was
rectly from the formation of TCDD:AhR:DRE complexes de343.0 pmol/min/mg microsomal protein. Three days (72 h
scribed by the model for a stimulation process (see Materiafier TCDD treatment, maximal TCDD-induced hepatic
and Methods section). The dissociation constant of TCDBEROD activity was approximately 36-fold compared to contro
binding to CYP1A2 (130 nM), the basal CYP1A2 concentraanimals, which was followed by a slight time-dependent de
tion, the maximum fold induction rate, and the first ordegrease in EROD activity by day 35 (Fig. 4).
degradation rate constant for CYP1A2, as well as the Hill The BBPD model accurately described the time-depende
coefficient, which describes the interaction between TCDIRffects of TCDD on hepatic EROD activity up to 35 days aftel
AhR complex and DNA sites responsible for CYP1A2 proteigxposure within the experimental error (Fig. 4). Since EROI
expression, were determined from the previous study (W&nthas been demonstrated as a linear biomarker for CYP1A1 in :
al., 1997a) by combining time-course tissue distribution daigsyes (Tritscheet al., 1994; Santostefanet al., 1996), the
with CYP1A2 time-course data. The delay for CYP1AZ2 induginegar coefficient (Table 1) between CYP1A1 protein expres
tion was obtained by fitting Eq. 6 to the CYP1A2 experimentalon and EROD activity was determined by fitting Eq. 3 tc
Qata while simultanequsly fitting the TCDD tissue distributiogrop activity and CYP1A1 protein expression. This value is
in the I.|ver. The estllmated values for these pgrameters #fated to the units used for both enzyme activity (pmoles pe
shown in Table 1. With these parameters, the time course i, te per milligrams microsomal protein) and CYP1AL pro-
CYP1A2 protein Expression n the liver after exposure Rin expression (optical density units per microgram microsc
TCDD was well described (Fig. 3). mal protein). The results are shown in Table 1.

Figure 5 shows the time-dependent effects of TCDD ol

Time-Dependent Expression of EROD and MROD Activitie$!ROD activity in the liver of female Sprague-Dawley rats
in the Liver exposed to 1Gvg TCDD/kg. Constitutive MROD activity was

74.0 pmol/min/mg microsomal protein. Seven days (168 h

Figure 4 shows both the experimental results and mod#ter TCDD treatment, maximal TCDD-induced MROD activ-
simulation of the time-dependent effects of TCDD on EROMy, approximately 21-fold compared to control animals, was
activity in the liver of female Sprague—Dawley rats exposed found (Fig. 5). The increase in TCDD-induced MROD activity



300 SANTOSTEFANO ET AL.

TABLE 1
Results of Parameter Estimation

Model parameters Abbreviation Values Parameter estimation
Liver Weight (g) W 9.05 Measured
Lungs Weight (g) W, 0.81 Measured
Skin Weight (@) W, 45.80 Measured
Kidneys Weight (g) W 1.64 Measured
CYP1AZ
Basal concentration (nmol/g) Sas 1.6 Buckley-Kedderis, (1991), Webet al., 1993
Degradation rate (h') Kaz 0.1 Wanget al., 1997a
Maximum induction fold for CYP1A2 IR, 600.0 Wanget al., 1997a
TCDD:Ah:DNA to induce CYP1A2 (nM) 1G> 130.0 Wanget al., 1997a
TCDD:CYP1A2 (nM) Koaz 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
CYP1AT?
TCDD:Ah:DNA (CYP1A1) (nM) 1Ca1 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) Cae 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 activity’
Basal EROD activity (liver) EROB,; 343 Constitutive EROD activity
Basal EROD activity (lungs) ERQR, ., 11.0 Constitutive EROD activity
Basal EROD activity (kidneys) ERQR« 6.0 Constitutive EROD activity
Basal EROD activity (skin) EROR ¢ 0.2 Constitutive EROD activity
Degradation rate (h') Ker 0.04 Estimated from BBPD model
Maximum EROD induction rate
(activity/h) in the liver IR 900 Estimated from BBPD model
Maximum EROD induction rate
(activity/h) in the lungs IBrLu 500 Estimated from BBPD model
Maximum EROD induction rate
(activity/h) in the kidneys 1BrK 8000 Estimated from BBPD model
Maximum EROD induction rate
(activity/h) in the skin IRrs 22000 Estimated from BBPD model
MROD"
Basal activity (liver) MROR s 74.3 Constitutive MROD activity
Synthesis rate (activity/h) [IWS 3.7 Estimated from BBPD model
Degradation rate (h') K3 0.08 Estimated from BBPD model
AhR
TCDD:AhR (nM) Kban 0.1 Wanget al., 1997a

2 Optical density per microgram microsomal protein.
® Picomoles per minute per milligram microsomal protein.

remained elevated for 840 h (35 days) after TCDD exposuféme-Dependent Expression of CYP1A1 Protein and EROD
(Fig. 5). Activity in Extrahepatic Tissues
Parameters responsible for MROD induction, such as the

basal MROD activity, the first-order synthesis rate, and deg-Figure 4 shows both the experimental results and mod
radation rate constant for MROD activity, were determined tgimulation of the time-dependent effects of TCDD on EROL
fitting Eq. 7 to the above data (Fig. 5). The model simulatioactivity in the lungs, kidneys, and skin of female Sprague
well represents the time-dependent change in MROD activiDawley rats exposed to 10g TCDD/kg. Constitutive EROD
in the liver up to 35 days after exposure to TCDD (Fig. 5). activity was 11.0, 6.0, and 0.2 pmol/min/mg microsomal pro
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FIG. 4. Time-dependent effects of TCDD on EROD activity in the liver, lungs, kidneys, and skin of female Sprague—-Dawley rats treatedugith 1
TCDD/kg with BBPD model simulation. EROD activity determined from 0—-35 days. EROD activity was quantitated spectrofluorimetrically as described (C
et al., 1996). EROD activity is expressed as fold induction compared to control animals. All symbols were obtained from TCDD-treated animals as de
in Materials and Methods. Solid and broken lines were derived from the BBPD model simulation of the experimermgl ER@D activity in liver;O, EROD
activity in kidneys; x, EROD activity in lungsp, EROD activity in skin. Data are presented as meaSD (n = 4-5).

tein in the lungs, kidneys, and skin, respectively. Seven dapsse-Dependent Expression of Cytochrome 450 Proteins
(168 h) after TCDD treatment, maximal TCDD-induced

EROD activity was found in all tissues, which was followed b%’CDD CYP1AL and CYP1A2 i o in th
on an protein expression in the

a time-dependent decrease in EROD activity (Fig. 4). ) T
The zero order synthesis rate, the first order degradation riyg" Of female Sprague—Dawley rats at 3 days following :

constant, and the maximum fold induction rate for EROSNIIE exposure to TCDD (0.01-30,y TCDD/kg). TCDD
induced hepatic CYP1A1 protein in rats treated with QG

CDD/kg or higher compared to corn oil-treated animals (Fig
S. TCDD induced hepatic CYP1A2 protein in rats treated wit!
0 ng TCDD/kg or higher compared to corn oil-treated ani-
mals (Fig. 7). Maximum induction of hepatic CYP1A1 or
YSpP1a2 protein expression, approximately 25- and 28-fold v

Figures 6 and 7 illustrate the dose-dependent effects

activity (pmol/min/mg microsomal protein) in extrahepatic tis
sues were estimated by fitting Eq. 4 to the time-course exp
imental data (shown in Fig. 4). The model simulation we
represents the time-dependent effects of TCDD on ER
activity in extrahepatic tissues up to 35 days after expos

(Fig. 4). ontrol, was observed at 10y TCDD/kg.

The I|near_ coefficient (T_able 1) between EROD ana The parameters obtained from the time-course effects
CYP1A1l obtained from the liver was then employed to eSt=pp on CYP1A1L and CYP1A2 protein expression (shown ir
mate the CYP1A1l concentration in the extrahepatic tissugable 1) were used to describe the effect of dose of TCDD o
based upon the EROD activity in the extrahepatlctls§®m hepatic CYP1A1 and CYP1A2 protein expression. Statistic:
results are given in Fig. 2. The BBPD model predicts thaf,ayysis on the goodness of model prediction of CYP1AL an
TCDD induces a similar change in the time-course expressigyp1 A2 protein expression and enzymatic activities after e>
of CYP1AL protein in the lungs, kidneys, and skin as in thgosure to different concentrations of TCDD, based upon tt
liver (Fig. 2). BBPD model and parameters in Table 1 developed from tf

time-course of TCDD-induced CYP1A1/CYP1A2 protein ex-
pression and associated enzymatic activities, are not statis

3 Because of the detection limits of the CYP1AL protein assay, the CYPLARIlY differeqt from the experimental results forl a majority of
protein concentration was not determined in extrahepatic tissues. the data points. The BBPD parameters predicted the dos
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FIG. 5. Time-dependent effects of TCDD on MROD activity in the liver of female Sprague—Dawley rats treated with TODD/kg with BBPD model
simulation. MROD activity was quantitated spectrofluorimetrically as described (DeYb, 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
model simulation of the experimental das. MROD activity in liver. Data are presented as mearSD (n = 4-5).

dependent effects of TCDD on CYP1ALl and protein expregeated with different doses (0.01-3Qu@ TCDD/kg). Female
sion in the liver well (Fig. 6). These parameters were utilizeBprague—Dawley rats treated with 8§ TCDD/kg exhibited a
to simulate the dose-dependent effects of TCDD on CYP1Aaximal fold induction of TCDD-induced EROD activity of
protein expression in the kidneys and skithe model pre- approximately 40-, 16-, and 100-fold vs control animals in the
dicted that TCDD caused a similar dose-dependent increasdiver, lungs, and kidneys, respectively. Figure 9 shows th
CYP1ALl protein expression in the lungs, kidneys, and skin, dsse-dependent increase in MROD activity in the liver o
in the liver (Fig. 6). Using 0.02 optical density units/mg mifemale Sprague—-Dawley rats at 3 days following a singl
crosomal protein as a limit of detection for hepatic CYP1A&xposure to TCDD (0.01-30.0.g TCDD/kg). Constitutive
protein expression in control animals, recent experiments hau®OD activity was 171.0 pmol/min/mg microsomal protein.
confirmed that the BBPD model and model parameters ac®bth TCDD-induced hepatic EROD and MROD induction
rately predicted the dose-dependent increase in TCDD-induggtbwed a saturable relationship (Figs. 8 and 9).
CYP1A1 protein expression in the lungs (Fig. 6). Analysis of Using the model parameters obtained from the time-depe
TCDD-induced CYP1A2 protein expression by the BBPlent effects of TCDD on EROD activity in the liver, skin,
model suggests that these parameters (Table 1) predict figys, and kidneys (shown in Table 1), the BBPD model wa
dose-dependent change in the CYP1A2 protein expressiondiployed to predict the dose-dependent effects of TCDD ¢
TCDD in the range of 0.01-30.ag TCDD/kg (Fig. 7). EROD activity in the liver, lungs, skin, and kidneys. Statistica
) . ..._analysis on the goodness of model prediction of CYP1A1 an
Dose-Dependent Expression of EROD and MROD ACt'Vmeﬁ:YPlAZ protein expression and enzymatic activities after e
Figure 8 shows the dose-dependent effects of TCDD @@sure to different concentrations of TCDD based upon th
EROD activity in the liver, lungs, and kidneys of femald8BPD model and parameters in Table 1 developed from tt
Sprague—-Dawley rats at 3 days following a single exposuretime-course of TCDD-induced CYP1A1/CYP1A2 protein ex-
TCDD (0.01-30.0ug TCDD/kg). Constitutive EROD activity pression and associated enzymatic activities was not statis
was 490.0, 3.0, and 2.0 pmoles/min/mg microsomal protein dally different from the experimental results for a majority of
the liver, lungs, and kidneys, respectively. In all tissues exartte data points. Figure 8 shows that the model predicted we
ined, a dose-dependent increase in TCDD-induced EROD #&arthe dose-dependent effects of TCDD on EROD in the livel
tivity was observed in the liver, lungs, and kidneys of ratsings, and kidneys and simulated TCDD-induced EROD ac
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FIG. 6. Dose-dependent effects of TCDD on CYP1A1 protein expression in the liver, lungs, kidneys, and skin of female Sprague—Dawley rats with
model simulation. The hepatic CYP1A1 protein concentration was quantitated as described (Santes&fai96) and expressed as fold induction comparec
to control animals. These data have been adapted from Santosttfah@1997b). All symbols were obtained from TCDD-treated animals as described
Materials and Methods. Solid and broken lines were derived from the BBPD model simulation of the experimental, depatic CYP1Al protein
concentration; x, CYP1A1 protein concentration in lungs. Data are presented astm@@nn = 4-5).

tivity in the skin® The BBPD model overpredicts the doseCYP1A2 not only functions as a phase | enzyme but wa
dependent increase in EROD activity in the kidneys and lunggpothesized to be responsible for the hepatic sequestration
(Fig. 8). The model simulation suggested that TCDD caused’&DD and related compounds (Voorman and Aust, 1987
similar dose-dependent change in EROD activity in the skin 4989; Polandet al., 1989a,b; Buckley-Kedderist al., 1993;
observed in the liver, lungs, and kidneys (Fig. 8). The pararBantostefanet al.,1996, 1997a; Dilibertet al.,1997). Recent
eters responsible for MROD induction (Table 1) obtained frostudies using CYP1A2 knock-out mice have clearly demor
the time-dependent effects of TCDD on MROD activity in thetrated that CYP1A2 is the binding protein responsible fo
liver were also used to predict the dose-dependent effectshepatic sequestration of TCDD and related compounds (Dilik
TCDD on MROD activity. The model simulation overpredictsrto et al., 1997; Santostefanet al., 1997a). For example,
the dose-dependent effects of TCDD on MROD activity in thBiliberto et al., (1997) showed no sequestration of TCDD or
liver (Fig. 9). 2,3,4,7,8-pentachlorodibenzofuran (a potent AhR agonist) |
the liver of mice lacking a functional CYP1A2 gene. In addi-
DISCUSSION tion, Santostefanet al., (1997a) demonstrated that hepatic
) ) ) _ o microsomal localization of TCDD is reduced in the CYP1A2
TCDD induces mixed function oxidase activities catalyzed;_ ouse. Therefore, the ability of TCDD to induce
by cytochrome P450 isozymes (Poland and Glover, 1974yp1a2, the TCDD-binding protein, appears to be the mect
Among the most characterized biochemical responses inducgftm for maintenance of high concentrations of TCDD in th
by TCDD and related compounds through an AhR-dependgfl suggesting that both pharmacokinetic and pharmacod
mechanism are CYP1A1, CYP1A2, and CYP1BI (Safe, 1986;mic events must be incorporated for a quantitative descri
Whitlock, 1993; Birnbaum, 1994a; Hankinson, 1995). Thesg)n of TCDD disposition.
cytochrome P450s are a class of heme-containing proteinShe BBPD model was developed based on the AhR-med
which oxidize endogenous and exogenous substrates Q@4 mechanism of cytochrome P450 gene expression a
readily metabolized hydrophilic products (Guengerich, 19903530ciated enzyme induction by TCDD (Fig. 1). Previous pha
macodynamic studies focused on TCDD-induced biochemic
4 Skin EROD was not determined experimentally since the tissue obtainggoPONSES I the liver (Andersetial., 1993; Kohret al., 1993;

from the TCDD dose-response study was frozen prior to homogenization (&@rtier et al., 1993; Rothet al., 1994) with CYP1Al and
Materials and Methods). CYP1A2 induction assumed to result directly from formatior



304 SANTOSTEFANO ET AL.

W experimental data-liver
model simulation-liver

60.00

4000

20.00 +

CYP1A2 Protein Expression
(Fold induction versus control)

0.00 5.00 10.00 15.00 20.00 25.00 30.00
Dose ug TCDD/kg

0.00

FIG. 7. Dose-dependent effects of TCDD on CYP1A2 protein expression in the liver of female Sprague—Dawley rats with BBPD model simulatior
hepatic CYP1A2 protein concentration was quantitated as described (Santogeédnd996) and expressed as fold induction compared to control animal
These data have been adapted from Santostefaalo(1997b). All symbols were obtained from TCDD-treated animals as described in Materials and Methc
The solid line was derived from the BBPD model simulation of the experimentalmateepatic CYP1A2 protein concentration. Data are presented as mean
SD (h = 4-5).

of TCDD:AhR:DRE complexes (Quattrocht al.,1994; Whit- BBPD parameter values for TCDD (Leuegal., 1988, 1990a;
lock et al.,1996). Many studies have proposed that the bindirfgnderseret al.,1993; Kohnet al., 1993; Rothet al.,1994), as

of TCDD to induced CYP1A2 is the major reason for livepreviously described by Wanegt al. (1997a). For example,
sequestration of the chemical (Santostefahal., 1996 and previous studies by Rott al. (1994) described a BBPD model
references therein). However, previous models and parametefr§ CDD tissue localization and TCDD-induced enzyme in.
(Leung et al., 1988, 1990a; Andersergt al., 1993) were duction based upon the predicted hepatic CYP1A2 concentr
estimated based upon a lack of information on CYP1A2 ition in male rats treated with 0.03—72y TCDD/kg. In this
duction at that time. Therefore, it is also unlikely that thosstudy, the new BBPD model differs from other models in tha
parameters obtained from previous studies can be determitieel BBPD model obtained from the time-course studies
uniquely. For example, Wanrgf al. (1997a) demonstrated thatmeasured CYP1A1 and CYP1A2 protein concentrations ar
by adjusting parameter values, such as the fold induction adsociated enzymatic activities in multiple tissues was val
CYP1A2 and the dissociation constant for the interaction bdated by accurately predicting the dose-dependent effects
tween CYP1A2 and TCDD, similar fitting results for tissud CDD on cytochrome P450 protein expression and associat
distribution can be achieved. Kohn and coworkers (1998hzyme activities in the multiple tissues of female Sprague
assumed that both hepatic CYP1Al and CYP1A2 inductidrawley rats at 3 days following a single exposure to TCDL
were kinetic processes, and the parameters related to the g@m1-30.0ng TCDD/Kkg). Another reason for the differences
thesis and degradation of these cytochrone P450s, as wellreBBPD parameter estimation between the studies may be d
the Hill coefficient, were estimated based on chronic studies.tm the limited quantitative information on the biochemical
our previous (Wanget al., 1997a) and current studies, weprocess of AhR-dependent gene activation by TCDD and u
extended the previous pharmacodynamic models by determifi-different assumptions in previous studies (Leusigal.,
ing the parameter values based on time course of CYP1A1l &fiB8, 1990a; Andersest al.,1993; Kohnet al., 1993; Rothet
CYP1A2 responses in multiple tissues after acute exposureatq 1994) as detailed previously by Wang and coworker
TCDD and then validated the model with data obtained frofi997a). Therefore, unique numerical results may not be ab
dose-dependent studies. The parameter values obtained ftorbe obtained (Wangt al., 1997a). However, the maximum
the present study (Table 1) are different from other reporté@patic EROD induction rate as observed in this study (Tab
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FIG. 8. Dose-dependent effects of TCDD on EROD activity in the liver, lungs, kidneys, and skin of female Sprague—Dawley rats with BBPD r
simulation. EROD activity was quantitated spectrofluorimetrically as described (DeWVib, 1996). EROD activity is expressed as fold induction comparec
to control animals. All symbols were obtained from TCDD-treated animals as described in Materials and Methods. Solid and broken lines were derive
the BBPD model simulation of the experimental daa.EROD activity in liver;O, EROD activity in kidneys; x, EROD activity in lungs. Data are presentec
as meant SD (nh = 4-5).

1) was similar to the maximum hepatic EROD induction rateoefficient between EROD activity and CYP1A1l obtainec
observed by van Birgelen and coworkers (1996) using femdtem time-course and dose-dependent studies should be 1
Sprague—Dawley rats. The present BBPD model assumes sanhe. However, the underprediction in Fig. 8 indicates that t
both the induction of CYP1A2 and CYP1Al share a simildimear coefficient from the time-course and dose-response stt
mechanism of TCDD-induced gene expression. The BBHBs are different. These inconsistencies between experimel
model simulations (Figs. 2-5) well represent the time-depemay be due to differences in sample preparation as observec
dent effects of TCDD on hepatic CYP1A1/CYP1A2-dependeptevious studies from our laboratory (DeVabal.,1994a; van
enzymatic activities (or CYP1A1/CYP1A2 protein concentraBirgelen et al., 1996). For example, the samples from the
tion). dose-response study were homogenized prior to freezing.
The model obtained from the time-course studies were agpntrast, the samples from the time-course study were froz
plied to describe the dose-dependent increase in TCDD-gs whole tissues prior to homogenization. Previous studit
duced cytochrome P450 protein expression and associdtede illustrated a 20—40% decrease in cytochrome P450 e
enzyme activities in the liver of female Sprague—Dawley rats zZgmes as a result of freezing the liver prior to homogenizatio
3 days following a single exposure to TCDD (0.01-30 (Pearceet al.,1996). In addition, recent studies have suggeste
TCDD/kg). Figure 6 shows that the shape of the model simthat cytochrome P450 immunoreactive protein is detected wif
lation well presented the dose-dependent change in hepatiavithout thawing prior to homogenization, but catalytic ac-:
CYP1ALl protein expression by TCDD. However, the BBPivity is decreased dramatically by thawing of the liver
model underpredicted TCDD-induced CYP1A1 protein eXYamazakiet al., 1997). The hepatic EROD activity and
pression in the liver of rats treated withylg TCDD/kg (Fig. CYP1A1 protein concentration obtained from the control ani
6). In addition, the BBPD model underpredicted the hepatimals in both studies support the hypothesis above. For exal
TCDD-induced EROD activity (Fig. 8). Since EROD activityple, constitutive hepatic EROD activity for the time-course
is a linear biomarker of CYP1A1 protein expression, the lineatudies was 343 pmol/min/mg microsomal protein. In contras
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FIG.9. Dose-dependent effects of TCDD on MROD activity in the liver of female Sprague—Dawley rats with BBPD model simulation. MROD activity
quantitated spectrofluorimetrically as described (Deéttal., 1996). MROD activity is expressed as fold induction compared to control animals. All symbc
were obtained from TCDD-treated animals as described in Materials and Methods. The solid line was derived from the BBPD model simulation
experimental datam, MROD activity in liver. Data are presented as mearSD (n = 4-5).

the constitutive hepatic EROD activity for the dose-dependeinduced CYP1A2 protein expression and MROD activity in the
studies was higher (490 pmol/min/mg microsomal protéin)liver of female Sprague—Dawley rats at 3 days following
However, in both studies the control CYP1A1 protein concegingle exposure to TCDD (0.01-3Q4g TCDD/Kg). The shape

tration were the same (0.02 optical density upitsimicroso- of the model simulations represent both the dose-depends
mal protein). This demonstrates that the differences in samplgects of TCDD on CYP1A2 protein expression (Fig. 7) anc
preparation between the two studies may have influenced KROD activity (Fig. 9). However, the BBPD model underpre-
patic EROD activity without any apparent change in relativgicted the CYP1A2 protein expression obtained in the 35-dz
hepatic CYP1AL1 protein concentration. Therefore, the modeEpp-treatment group (Fig. 3) and MROD activity (Fig. 5).
developed on time-course data accurately predicts the do$ge ynderprediction of both hepatic TCDD-induced CYP1A:
dependent effect of TCDD on hepatic CYP1A1 protein eXPreSiotein expression and MROD activity may be due to th
sion (Fig. 6) but underpredicts the hepatic EROD activity (Fignteraction of TCDD-induced CYP1A2 protein with TCDD

8), possibly due to differences in sample preparation. HOWeVELy, iin g in an inactivation of CYP1A2 (Fig. 1) and subsequer

other factors such as genetic variability in the outbred Spr%—SS of immunodetectable CYP1A2 protein and measurab
gue—Dawley rat population (Hukt al., 1983) and seasonal

. . o . MROD activity. Another reason for the underprediction of
changes in drug-metabolizing enzyme activity (Robinstal., both TCDD-induced CYP1A2 protein expression and MROL

1974), which were not addressed in this study, may have,, . ) . .
contributed, in part, to the slight differences obtained in t (_:t'V'ty may be due to dlff_erences in sample prepa_ratlon (e
hepatic EROD activity obtained in control animal populations’ 0 €t al.. 1994a; van Birgeleret al., 1996) as discussed

Rothet al. (1994) predicted the induction of CYP1A2 usingfP0Ve- For example, constitutive hepatic MROD activity ant
specific rates for synthesis and degradation for this enzyfid P1A2 protein concentration for the time-course studie
(Parkinsoret al., 1983; Shiraki and Guengerich, 1984). In thigvere 74 pmol/min/mg microsomal protein and 0.03 optica
study, the model obtained from the time-course studies wa@nSity units.g microsomal protein, respectively. In contrast,
then applied to predict the dose-dependent change in TCDe constitutive hepatic MROD activity and CYP1A2 protein

concentration for the dose-dependent studies were higher (1

5 EROD activities from control animals obtained from the different hepati@MOl/min/mg microsomal protein and 0.08 optical density

tissue preparations were not significantly different as determined by ANOVANIits/jug microsomal protein, respectively). This demonstrate
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that the differences in sample preparation between the tdescribed the AhR-mediated mechanism (Fig. 1) of TCDD o
studies would influence both MROD activity and CYP1Arotein expression and enzymatic activities in multiple tissue!
protein concentration. Therefore, the model developed on time-The BBPD model obtained from the time-course studie
course data underpredicts both the dose-dependent effectvefl described the dose-dependent change in TCDD-induc
TCDD on CYP1AZ2 protein expression (Figure 7) and MRORytochrome P450 protein expression and associated enzyi
activity (Fig. 9) in the liver possibly due to differences imactivities in the lungs and kidneys of female Sprague—Dawle
sample preparation between the time-course and dose-depats at 3 days following a single exposure to TCDD (0.01-30.
dent studies. However, other factors, as described above, nuayTCDD/kg). In comparison to the BBPD model slight un-
have also contributed to the slight differences observed. derprediction of hepatic EROD activity, Fig. 6 shows that the
TCDD induces a broad spectrum of sex-, strain-, ageBBPD model slightly overpredicted the dose-dependent effec
tissue-, and species-specific toxic effects, which includech TCDD on EROD activity in the lungs and kidneys. The
wasting syndrome, thymic atrophy, immunotoxicity, hepata@onstitutive EROD activities for the time-course studies were
toxicity, pulmonary toxicity, chloracne and related dermal toxand 11 pmol/min/mg microsomal protein, for the kidneys ant
icity, teratogenicity, reproductive toxicity, and carcinogenicitjungs, respectively, and the constitutive EROD activities fo
(reviewed in Safe, 1986; Birnbaum, 1994a; Pohjanvirta anlde dose-dependent studies in extrahepatic tissues were lo\
Tuomisto, 1994; Van den Bergt al., 1994). For example, (kidneys are 2 and lungs are 3 pmol/min/mg microsomal prc
dermal treatment of female hairless mice (HRBhr) with tein). These differences in constitutive EROD activity in ex:
the N-methylN’-nitro-N-nitrosoguanidine (MNNG) and with trahepatic tissues, as compared to the liver obtained from tl
TCDD (2.5-10.0 ng TCDD/mouse/dose) as the promoter réiferent sample preparations, resulted in the BBPD mode
sulted in the induction of squamous cell papillomas (Hebert over predicting the dose-dependent effects of TCDD on ERO
al., 1990). In addition, promotion oi-nitrosodimethylamine activity in extrahepatic tissues (Fig. 8). Previous studies fror
(NDMA)- or N-nitrosodiethylamine-initiated lung tumors inour laboratory (DeVitcet al.,1994a; van Birgeleet al., 1996)
male mice (Beebet al., 1995) and liver tumors in female ratsalso observed a slight change in EROD activity in extrahepat
(Pitot et al., 1980) exposed to TCDD has been demonstrateissues as a result of differences in tissue sample preparatio
These data suggest that in experimental animals, TCDDTike BBPD model also suggested that TCDD would cause
classified as a multi-site, sex- and species-specific complsimilar dose-dependent increase in EROD activity in the ski
carcinogen (DeVito and Birnbaum, 1994b). However, TCDRs in the liver, kidneys, and lungs (Fig. 8) indicating that
also induces many phase | drug metabolizing enzymes (similar time- and dose-dependent mechanism action of TCDI
viewed in Whitlocket al., 1996; Whitlock, 1993), including induced EROD activity occurs in multiple tissues (Dilibeet
CYP1Al, CYP1A2 and CYP1B1 in multiple tissues (Dilibertal., 1995; Santostefanet al., 1996, 1997b). Furthermore, the
et al., 1995; Santostefanet al., 1996, 1997b). For example,model was utilized to simulate the dose-dependent effects
TCDD treatment results in the dose-dependent increaseTi@DD on CYP1A1 protein expression in the lungs, kidneys
EROD activity in rat liver, lungs, and kidneys (Santostefaho and skin. The BBPD model illustrated that TCDD would caus
al., 1996) and liver, lungs and skin of mice (Diliber&t al., a similar dose-dependent increase in CYP1A1 protein expre
1995). However, previous pharmacodynamic models fsion in the lungs, kidneys, and skin as in the liver (Fig. 6)
TCDD have focused on TCDD-induced responses in liveuggesting that a similar time- and dose-dependent mechani
(Leung et al., 1988, 1990a; Andersen and Greenlee, 199&ction of both TCDD-induced CYP1A1 protein expression an
Anderseret al., 1993; Buckley-Kedderigst al.,1993; Kohnet associated EROD activity occurs in multiple tissues (Dilibertc
al., 1993; Rothet al., 1994). In this paper the time-dependengt al., 1995; Santostefanet al., 1996, 1997b). Whether the
effects of TCDD on CYP1A1l-associated EROD activity waBBPD model overpredicts the relative CYP1A1 concentratio
determined in multiple target tissues (lungs, skin and kidneyis)extrahepatic tissues may depend upon the influence of sa
for TCDD-mediated toxic and biochemical responses and guie preparation on CYP1Al protein expression in extrahepat
alyzed by a BBPD model. This BBPD model accurately deissues. In addition, other factors such as genetic variability |
scribes the time course of CYP1Al protein expression atite Sprague—Dawley rat population (Hat al., 1983) and
EROD activity in the lungs, skin, and kidneys (Fig. 4). Theeasonal changes (Robinsen al., 1974), which were not
BBPD model also illustrated that EROD activity could be aaddressed in this study, may have contributed, in part, to tl
appropriate marker for CYP1A1 protein expression as oblight differences obtained in animal populations.
served in previous studies (Santostefana@l., 1996 and ref-  This BBPD model quantitatively describes for the first time
erences therein). The shape of the curves in Figs. 2 andhé time-course relationship between TCDD-induced CYP1A!
supports the hypothesis that a similar time-dependent mecla‘P1A2 protein expression and associated enzyme activiti
nism of TCDD-induced CYP1A1 protein expression and assand tissue disposition in multiple tissues of female Sprague
ciated EROD activity occurs in multiple tissues (Dilibegb Dawley rats. In addition, this BBPD model differs from other
al., 1995; Santostefanet al., 1996, 1997b). This data suggestsnodels by validating the BBPD model and parameters ol
that parameter estimation in this study (Table 1) accuratdBined from the time-course studies in multiple tissues b
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predicting the dose-dependent effects of TCDD on cytochromeprocesses with dioxin: Implications for pharmacokinetics and risk asses
P450 protein expression and associated enzyme activities in tHgentRisk Anal.13, 25-36.

multiple tissues of female Sprague-Dawley rats at 3 dafgebe. L. E. Anver,M.R., lggs, C. W., Fornwald, L. W., and Anderson, L. M.
following a single exposure to TCDD (0.01-30. TCDD/ (1995). Promotion of N-nitrosodimethylamine-initiated mouse lung tumor:

. . following single or multiple low dose exposure to 2,3,7,8-tetrachlorod-
kg). Moreover, this BBPD model demonstrates the |mportancqbenzop?dioxﬁ]. Caminogsnesi% 1345_13‘)49.

O_f experlmental design a_nd sample preparation for a quantlgﬁ'nbaum, L. S. (1994a). Evidence for the role of the Ah receptor in respons
tive description of the time- and dose-dependent effects 0Ofy dioxin. In Receptor-Mediated Biological Processes: Implications for
TCDD on cytochrome P450 gene expression and associatefvaluating Carcinogenesiél. L. Spitzer, T. J. Slaga, W. F. Greenlee, and
enzymatic activities. However, further validation of this simul- M. McClain, Eds.), pp. 139-154. Wiley-Liss, New York.
taneous PBPK and BBPD model across different routes Bifnbaum, L. S. (1994b). The mechanism of dioxin toxicity: Relationship to
exposure, sexes of rats and species needs to be examined. risk assessmenEnviron. Health Perspectt02 (Suppl. 9),157-167.

The overall goal of the development of this simultaneoigadford, M. M. (1976). A rapid and sensitive method for the quantitation of
PBPK and BBPD model is to quantitatively link the concen- microgram quantities of protein utilizing the principle of protein-dye bind-

. . . . . . ing. Anal. Biochem72, 248-254.

tration of the chemical at the site of action to chemical-induced

. . Buckley, L. A. (1995). Biologically based model of dioxin pharmacokinetics.
gene expression based upon the actual physiology of the OF oxicology102, 125-131.

Qa”'sm and phy_S|oche_m|caI proper'_ues and mechanism of gﬁékley—Kedderis, L., Diliberto, J. J., Linko, P., Goldstein, J. A., and Birn-
tion of the chemical of interest. Previously, Wang and cowork-paym L. s. (1991). Disposition of 2,3,7,8-tetrabromodibepabiexin and
ers (1997a) developed and validated a PBPK model to describgs,7,8-tetrachlorodibenzo-dioxin in the rat: Biliary excretion and induc-
the time- and dose-dependent tissue distribution of TCDD intion of cytochromes CYP1A1 and CYP1APoxicol. Appl. Pharmacoll11,
female Sprague—Dawley rats. This PBPK model was further63-172.

validated using different routes of exposure (oral and iv), sex@dckley-Kedderis, L. B., Mills, J. J., Andersen, M. E., and Birnbaum, L. S.
of rats (female and male), and species (rats and mice) (Wang (1993). A physiologically based pharmacokinetic model for 2,3,7,8-tetra

. bromodibenza-dioxin (TBDD) in the rat: Tissue distribution and CYP1A
al., 1997b). In our current study, we extended the previousi,gyction. Toxicol. Appl. Pharmacol121, 87-98.

pharmacok_metlc models by determmmg the parameter Val"@rﬁaloupka, K., Steinberg, M., Santostefano, M., Rodriquez, L. V., Goldsteir
based on time course of CYP1Al and CYP1A2 responses i and Safe, S. (1995). Induction of Cypla-1 and Cypla-2 gene expressi

multiple tissues after acute exposure to TCDD using a simul-by a reconstituted mixture of polynuclear aromatic hydrocarbons in B6C3F
taneous PBPK and BBPD model and then validated the modehice. Chem.—Biol. Interact96, 207-221.

with data obtained from dose-dependent studies. The develgpen, H. S., and Perdew, G. H. (1994). Subunit composition of the heterome
ment of accurate mechanistically based pharmacokinetic ang]3;t5c’550"C aryl hydrocarbon receptor complek.Biol. Chem 269, 27554~
pharmacodynamic models and further validation of these mod- '

els across other classes of environmental contaminants witfUg» S-» Wilhelmsson, A., and Poellinger, L. (1991). Role of the ligand in
intracellular receptor function: Receptor affinity determines activation

similar mechanism of_act|on will increase the Con_f'dence n thevitro of the latent dioxin receptor to a DNA-binding forrklol. Cell. Biol.
use of these models in approaches for human risk assessment, 401-411.
as related to environmental exposure and potential for adversgid, H. T. (1978). Goodness of fit. International Encyclopedia of Statis-

health risks. tics (W. M. Kruskal, and J. M. Tanur, Eds.), pp. 399—-409. The Free Pres:
New York.

Dayneka, N. L., Garg, V., and Jusko, W. J. (1993). Comparison of four bas|
models of indirect pharmacodynamic responkePharmacol. Biopharma-

. . . . ) . col. 21, 457-478.
This project could not have been accomplished without the technical assis- . o
nison, M. S., Okey, A. B., Hamilton, J. W., Bloom, S. E., and Wilkinson,

tance of Janet J. Diliberto at the U.S. Environmental Protection Agen ’ A
(USEPA), Research Triangle Park (RTP), NC. In addition, the authors thankC: F- (1986a). Ah receptor for 2,3,7 8-tetrachlorodibepaiioxin: Ontog-

Dr. Marina V. Evans (USEPA, RTP, NC), Dr. Keith Ward (Curriculum in €Y in chick embryo liverJ. Biochem. Toxicoll, 39-486.

Toxicology, University of North Carolina at Chapel Hill, Chapel Hill, NC), Denison, M. S., Wilkinson, C. F., and Okey, A. B., (1986b). Ah receptor for
and Mr. Christopher R. Eklund (USEPA, RTP, NC) for reviewing the manu- 2,3,7,8-tetrachlorodibenze-dioxin: Comparative studies in mammalian
script prior to submission. and non-mammalian specigShemospheré5, 1665-1672.

Denison, M. S., Fisher, J. M., and Whitlock, J. P., Jr. (1988a). The DN/
recognition site for the dioxin-Ah receptor complek. Biol. Chem.263,
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