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ABSTRACT OF DISSERTATION
PHYSIOLOGICALLY-BASED
PHARMACOKINETIC/PHARMACODYNAMIC (PBPK/PD) MODELING OF

3,3°,4,4’ ,5-PENTACHLOROBIPHENYL (PCB126)

A central objectivé of this dissertation was to develop a physiologically-based
pharmacokinetic/pharmacodynamic (PBPK/PD) model for 3,3’.,4°,4°,5-
pentachlorobiphenyl (PCB126), a persistent environment carcinogen. Despite its high
lipophilicity, PCB126 was primarily recovered from liver. In addition, PCB126 could
achieve its steady state in the liver in a relatively short period of time. These results
suggested that there might be a molecular mechanism responsible for hepatic protein
binding and excretion of PCB126. In 2005, a three-dimensional quantitative structure-
activity relationship (3D-QSAR) model of rat Mrp2, a versatile protein transporter, was
developed by Hirono and colleagues in Japan. Using the 3D-QSAR model, PCB126 was
predicted to be a Mrp2 substrate with a relatively high binding affinity (Ky,) value.

With this novel information regarding the significant role of Mrp2 in PCB126
pharmacokinetics, we incorporated a Mrp2-mediated excretion process into our PCB126
PBPK model. Our model could successfully describe numerous tissue concentration-time
courses in different dosing conditions from different laboratories. Our PBPK model, for
the first time, revealed an important role of Mrp2 in PCB126 disposition. In addition, to
establish a correlation between PCB126 pharmacokinetics and its pharmacodynamic (PD)
endpoint (i.e. hepatocarcinogenic effect), we used a chosen internal dose surrogate [i.e.

area under the curve of PCB126 in liver (AUCLiver)] to predict the PD effect of PCB126.
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With this PBPK/PD model, correlation between the AUCr and our liver glutathione-S-
transferase placental form positive (GSTP*) foci development data was demonstrated.
Since PCB126 is a known carcinogen, we also investigated its
hepatocarcinogenicity using our modified liver foci bioassay. From several in silico
predictions, it was suggested that there are at least two populations of preneoplastic cells.
These hypothetical cells (A and B cells) have different growth characteristics where B
cells eventually gain growth advantages and progressively transform to malignancy. To
prove the existence of A and B cells among liver GSTP® foci, we conducted an
experiment by exposing rats with PCB126, hexachlorobenzene (HCB) and their mixture
up to 6 months. Liver foci positive or negative for GSTP”, transforming growth factor-o.*
(TGFa") and transforming growth factor-p Type 2 receptor (TGFB2Rc) were
investigated. In rats treated with PCB126, time-dependent changes in all of three
biomarkers were observed. Interestingly, when the GSTP* foci were categorized into four
phenotypic groups according to their TGFa and TGFB2Rc expression, GSTP* foci with
TGFa expression and absence of TGFB2Rc expression had significantly higher
hepatocyte division rates than those of GSTP" foci without TGFa expression and with
TGFB2Rc expression. These results provided the first experimental evidence suggesting
that there are at least four different subpopulations among these liver GSTP" foci.
PCB126 is an Mrp2 substrate with a relatively high K, value compared to other
Mrp2 substrates. We hypothesized that, when PCB126 and another Mrp2 substrate are
concomitantly presenting in the body, PCB126 can interact with those Mrp2 substrate
resulting in changes in its concentration-time courses. To prove this hypothesis, we

conducted an in vivo pharmacokinetic interaction study. We exposed rats to multiple oral
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doses of PCB126. Subsequently, we orally administered the rats with a single oral dose of
methotrexate (MTX), a known Mrp?2 substrate. The rats were sacrificed at specified time
points and livers were harvested. Liver concentration levels of PCB126 and MTX were
determined.

Firstly, to quantitatively describe pharmacokinetic interactions between these two
Mrp2 substrates, a modified version of MTX PBPK model incorporated with hepatic
Mrp2-mediated excretion process was developed. This PBPK model was modified from
the Bischoff et al. MTX PBPK model developed in 1971. In a reconstructed MTX PBPK
model, a first-order biliary MTX clearance was assumed. In our current MTX PBPK
model, that biliary excretion was replaced by the Mrp2-mediated excretion process. The
Km value of MTX was a published value taken from the Hirono et al. (2005) paper. Our
MTX PBPK model was able to describe a number of datasets obtained from several
species in different experimental conditions.

Secondly, we hypothesized that the inhibition between PCB126 and MTX occurs
at the hepatic Mrp2. Thus, we utilized this novel MTX PBPK model and our PCB126
PBPK/PD model by linking the two PBPK models together with a mathematical
description of competitive inhibition processes between the two Mrp2 substrates.
Computer simulation results from the extended PBPK model agreed well with our
analytical data for both chemicals. These results not only supported the previous in silico
predictions from the 3D-QSAR model that PCB126 is a Mrp2 substrate, but they also
suggested that PCB126 can significantly affect pharmacokinetics and disposition of other

Mrp2 substrates.



In summary, this research provided a better understanding in pharmacokinetics of
PCB126 and its effects on liver foci formation. The prediction from the Hirono et al. 3D-
QSAR model resulted in a successful development of the PCB126 PBPK model. The
insight in pharmacokinetics of PCB126 and the roles of Mrp2 in PCB126 disposition led
us to the development of the pharmacokinetic interaction model between PCB126 and
MTX. The integrated PBPK model with the mathematical descriptions of the competitive
inhibition processes provided us a computational tool for quantitative predictions of the

interactions between the two Mrp2 substrates.

Manupat Lohitnavy

Department of Environmental and Radiological Health Sciences
Colorado State University

Fort Collins, CO 80523

Spring 2008
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CHAPTER 1
Literature Review:
A Medium-Term Liver Foci Bioassay and
Multidrug-Resistance-Associated Protein 2 (Mrp2)

OUTLINE
1. Introduction
2. Medium-term liver bioassay as an experimental tool in chemical carcinogenesis
3. Development of liver GSTP™ foci and its implications in chemical carcinogenesis
4. 3,3’,4,4’,5-Pentachlorobiphenyl (PCB126)
5. Roles of protein transporters in the disposition of xenobiotics
6. Molecular structure and physiological function of Mrp2
7. Tissue distribution & cellular localization of Mrp2
8. Mode of action of Mrp2 in transporting its substrates
9. Regulations of Mrp2 expression

9.1. Dynamics of Mrp2: Retrieval and Recruitment

9.2. Effects of Interactions between PCB126 and Genipin on Mrp2 Function

9.3. Stimulants and Inhibitors of Mrp2
10. Roles of Mrp2 in human diseases
11. Experimental models used to investigate the Mrp2-mediated transport

11.1. Animal Models for Studying Mrp2

11.1.1. Eisai hypérbilirubinemic rats (EHBR)
11.1.2. Groninger Yellow/transporter deficient rat (TR')

11.1.3. . Mrp2 gene knockout mice (Mrp2'/' mice)



11.2. In Vitro Models for Studying Mrp2
11.2.1. Canalicular membrane vesicle system
11.2.2. Sandwich-cultured hepatocyte system
11.3. In Silico Models of Mrp2
12. Methotrexate (MTX)
13. A possible connection between physiologically-based pharmacokinetic modeling and

the three-dimensional quantitative structure-activity (3D-QSAR) model

1. INTRODUCTION

A central objective of this dissertation was to develop a physiologically-based
pharmacokinetic/pharmacodynamic (PBPK/PD) model for 3,3°.4°.4° 5-
pentachlorobiphenyl (PCB126), a persistent environment carcinogen. To assess
hepatocarcinogenicity of PCB126, a medium-term liver foci bioassay was utilized (Ito et
al. 2003; Ogiso et al. 1990; Shirai 1997). Pharmacokinetically, despite its high
lipophilicity, PCB126 was primarily recovered from liver (Chu 1994; Dean et al. 2002;
Lohitnavy et al. 2004). In addition, PCB126 achieved its steady state in the liver with a
relatively short period of time (Lohitnavy et al. 2004). These results suggested that there
might be a molecular mechanism responsible for hepatic protein binding and biliary
excretion of PCB126. More recently a three-dimensional quantitative structure-activity
relationship (3D-QSAR) model of rat Mrp2, a versatile protein transporter, was
developed (Hirono et al. 2005). Using the 3D-QSAR model, PCB126 was predicted to be
a Mrp2 substrate with a relatively high binding affinity (K,) value. Since it is likely that

Mrp2 plays a pivotal role in PCB126 pharmacokinetics, biology, functions and roles of



Mrp2 in xenobiotic disposition are extensively discussed in this review. In addition, with
the emerging new information regarding Mrp2 roles in PCB126 pharmacokinetics, it is
feasible to incorporate the biochemical characteristics between PCB126 and Mrp2 into a
PBPK model of PCB126 and other Mrp2 substrates, including a clinically important
antineoplastic drug, methotrexate (MTX). Thus, this review also provides a brief
background about the Mrp2 roles in MTX pharmacokinetics and possible

pharmacokinetic interactions between PCB126 and MTX at the level of hepatic Mrp2.

2. MEDIUM-TERM LIVER BIOASSAY AS AN EXPERIMENTAL TOOL IN
CHEMICAL CARCINOGENESIS

In the last century, knowledge in chemical carcinogenesis has been accumulated
using in vitro, in vivo and in silico approaches. Many of the experimental models are
proven to be useful in studying processes in chemical carcinogenesis (Shirai 1997; Solt
and Farber 1976). Initiation-promotion models, involving a single dose administration of
an initiator, followed by repeated administration of a promoter to animals, can reveal the
capability of chemicals to cause cancer. Ito’s medium-term liver bioassay is one of the
most extensively studied protocols (Ito et al. 2003; Shirai 1997). Based on development
of glutathione-S-transferase placental form positive (GSTP") foci as a pre-neoplastic
marker, this experimental model has shown excellent capability in predicting liver

carcinogenicity in rats (Ogiso et al. 1990; Shirai 1997).



3. DEVELOPMENT OF LIVER GSTP® FOCI AND ITS IMPLICATIONS IN
CHEMICAL CARCINOGENESIS

Expression of GSTP in the liver is currently considered a reliable phenotypic
marker used for identification of cancer initiation in analysis of the Ito’s medium-term
liver bioassay (Ito et al. 2003). In this particular model, to generate initiated cells,
diethylnitrosamine (DEN), a potent initiator, is intraperitoneally administered to male
F344 rats on day O (Fig. 1.1). From day 14, a promoter is orally administered to the
animals until the sacrifice date at 8 weeks. To accelerate liver cell division, two-thirds
partial hepatectomy is performed on day 21. At the sacrifice date, whole livers are
removed; tissues are fixed, embedded in paraffin, and sectioned. Liver sections are

stained for GSTP" foci, which are used as the experimental endpoint.

Group 1

Group2 [ T

A

S — ]

| | l
(Day) 0 14 56

J DEN (200 mg/kg); {1 0.9% saline;

B Agent treatment; Vehicle;

V Partial Hepatectomy; /\ Sacrifice.

Fig. 1.1. Experimental protocol of the Ito’s medium-term initiation-promotion liver foci
bioassay (Ito et al. 2003; Shirai 1997).



Utilizing expression of GSTP as an indication of carcinogenic potential, 97% of
mutagenic hepatocarcinogens, 88% of non-mutagenic hepatocarcinogens, and 23% of
carcinogens not specific for hepatic tissue have been correctly identified (Ito et al. 2003).
Currently GSTP correlates well with carcinogenic potential and is an early phenotypic
marker of the onset of cancer (Dragan et al. 1994). Hepatocytes expressing GSTP
represent the population of initiated cells (Dragan et al. 1993). Promotion is
characterized by development of focal areas of proliferating cells. These foci represent
clonal expansion of initiated cells, which grow continuously with increased rates of DNA
synthesis compared to surrounding cells. Within a modified Ito’s medium-term bioassay,
initiation, marked by formation of GSTP" cells, as well as promotion, are both analyzed
to determine carcinogenic potential.

4. 3,3°,4°,4,5-PENTACHLOROBIPHENYL (PCB126)

Polychlorinated biphenyls (PCBs) are halogenated aromatic hydrocarbons that
had been widely used in industry. Because of their persistence as environmental
pollutants, they were discontinued from any usage since 1970’s. However, a significant
amount of PCBs is still detectable in foods, human and animal tissues, and in the
environment (CDC 2005; Safe et al. 1985; Safe 1994). PCB126 (Fig. 1.2) is the most
toxic congener of all PCBs with demonstrated carcinogenic effects. Using certain in vivo
carcinogenicity tests, PCB126 could induce cancers in liver, lung and mouth in rats
(Dean et al. 2002; Lohitnavy et al. 2004; NTP 2006). Since PCB126 is a coplanar PCB, it
is capable of binding with aryl hydrocarbon receptor (AhR) and elicits biological effects
which include the induction of cytochrome P4501A1 and 1A2 (CYP1Al, 1A2), thymic

involution, wasting syndrome (Safe 1994).



Cl Cl
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Fig. 1.2. Chemical structure of 3,3’,4,4’,5’-Pentachlorobiphenyl (PCB126)

Despite its high lipophilicity, the levels of PCB126 in the liver are much higher
than those observed in adipose tissue (Chu 1994; Dean et al. 2002; Lohitnavy et al.
2004). This is similar to chlordecone and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD)
(Abraham et al. 1988; Belfiore et al. 2007), but at a much higher rate. These results
suggested that protein binding is responsible for high levels of PCB126 in the liver.
From a different perspective, while PCB126 is known to be persistent in the environment
(Safe 1994), in our laboratory earlier results demonstrated that PCB126 could attain its
steady state fairly rapidly (Lohitnavy et al. 2004). An initial pharmacokinetic estimation
of half life for this chemical turned out to be around 3 days (unpublished data). These
results suggested that there was a relatively high hepatic clearance of PCB126. Therefore,
we further considered the possible involvement of transporter protein(s), specifically
multidrug-resistance-associated protein 2 (Mrp2).

5. ROLES  OF PROTEIN TRANSPORTERS IN TRANSPORTS OF
XENOBIOTICS

The disposition of xenobiotics from the liver consists of the following processes;

1) hepatic uptake; 2) metabolism, and/or; 3) biliary excretion. Thus, transport of these

chemicals from blood into hepatocytes and out of hepatocytes into the bile also plays an



important role in hepatic disposition of xenobiotics. These processes are depicted in Fig.
1.3. Hepatic transporter proteins regulate both influx and efflux of chemicals from blood
into liver cells and out of the hepatocytes into bile. Transporters responsible for
transporting chemicals from blood into liver cells are organic anion transporting peptides
(OATP;), Na*-dependent taurocholic cotransporting polypeptide (NTCP), organic cation
transporters (OCT;), and multidrug-resistance-associated proteins (Mrps; Mrpl, Mrp3
and Mrp4). In addition, hepatocytes also play a significant role in bile formation and
biliary excretion. Protein transporters involving in these biliary excretion processes
include breast cancer related protein (BCRP), multidrug resistance proteins (MDRs), bile

acid export pump, and Mrp2.

6. MOLECULAR STRUCTURE AND PHYSIOLOGICAL FUNCTION OF MRP2
The roles of Mrps are significant in hepatic transport of chemicals in both directions,
from blood into the liver and out of the liver into bile. Thus, we would like to provide
basic information regarding the biology of this particular group of the transporter
proteins. The Mrp family of ATP-binding cassette (ABC) transporters consists of nine
transporter proteins, eight of which have now been determined to function as efflux
pumps for a diverse range of lipophilic substrates. Based on their structures, Mrps can be
classified as to whether or not they have a third (N-terminal) membrane spanning domain
(MSD) (Fig. 1.4 and 1.5) (Kruh et al. 2007). If they have the third MSD, these proteins
include Mrpl, Mrp2, Mrp3, Mrp6, and Mrp7 (Fig. 1.4) (Kruh et al. 2007). If the
transporter proteins do not possess the third MSD, these members of Mrp family include

Mrp4, Mrp5, Mrp8 and Mrp9 (Fig. 1.5) (Kruh et al. 2007).



Blood
OATP
f . 1B1/1B3/2B1
Hepatocyte:
P Yt OAT2 °
) Metabolism i
metabolite ¢—————— @ . OCT1
[
° NTCP o
Mrp1, 3, 4
°
°
BSEP
Bile
OATPs: Organic anion transporting polypeptides MDR: Multidrug resistance-protein
NTCP: Na*-dependent taurocholic cotransporting polypeptide Mrp: Multidrug resistant associated protein
BCRP: Breast cancer related protein BSEP: Bile acid export pump

Fig. 1.3. Protein transporters involving in transport of chemical across liver cell
membrane in and out of hepatocytes (see text). Black dots represent chemicals in
blood, hepatocytes and bile [adapted from Shitara et al (2006)].
Multidrug-resistance-associated protein 2 (Mrp2; previously known as ABCC2) is the
second member of the subfamily of Mrp efflux pumps to be cloned from rat and human
tissues. Mrp2 consists of 1,545 amino acids (Jedlitschky et al. 2006). Mrp2 can transport
a broad range of substrates including a variety of endogenous substrates, many drugs,
natural toxins and toxicants. Important Mrp2 substrates are listed in Table 1.1. Using

mutant strains of rats, the physiological functions of Mrp2 were recognized long before

its cloning by studies on the hepatobiliary elimination of organic anions in normal and



transport-deficient mutant rats (Jedlitschky et al. 2006; Nies and Keppler 2007). The loss
of ATP-dependent transport across the hepatocyte canalicular membrane was identified
in these mutant rats using inside-out membrane vesicles and various glutathione (GSH) S-
conjugates as substrates (Nies and Keppler 2007).

The Mrp2 gene was firstly cloned as a fragmented cDNA from rat livers (Cole et al.
1992). In addition, Mrp2 expression and its related proteins was found in 5 other
mammalian species including human, rhesus monkey, rabbit, mouse, and, dog. It also has
been discovered in other 3 vertebrates and 1 non-vertebrate species including the chicken,
zebrafish and little skate, and, Caenorphabditis elegans, respectively (Nies and Keppler
2007). The conservation of this transporter protein among these species from a simple
organism like C. elegans to a much more complex species like humans suggested

significant roles of Mrp2 during their evolutionary processes.

MSD1 MSD2 MSD3

MSD; Membrane spanning domains
NBF; Nucleotide binding toid

Fig. 1.4. Schematic structure of Mrpl, Mrp2, Mrp3, Mrp6, and Mrp7 [adapted from Kruh
et al (2007)].. These transporter proteins possess 3 membrane spanning domains (MSDs;
MSD1, MSD2 and MSD3) and 2 intracellular nucleotide binding folds (NBF;; NBF1 and
NBF2).



MSD1 MSD2

MSD; Membrane spanning domains
NBF; Nucleotide binding fold

Fig. 1.5. Schematic structure of Mrp4, Mrp5, Mrp8, and Mrp9 [adapted from Kruh et al
(2007)]. These transporter proteins possess 2 membrane spanning domains (MSDy;
MSD1 and MSD?2) and 2 intracellular nucleotide binding folds (NBF,; NBF1 and NBF2).
7. TISSUE DISTRIBUTION & CELLULAR LOCALIZATION OF MRP2

Mrp2 can be found primarily at canalicular membrane of hepatocytes (Konig et
al. 1999). In addition, Mrp2 expression can also be observed in some other organs
including kidney (Schaub et al. 1999; Schaub et al. 1997), proximal duodenum and distal
ileum (Dietrich er al. 2003; Ito et al. 1997; Mottino et al. 2000; Paulusma et al. 1996).
Mrp2 in these organs localizes in apical membranes of the cells in GI tract and kidney,
suggesting its roles of the transporter protein in excreting its substrates into GI lumens
and into urine, respectively (Konig et al. 1999). Furthermore, a small amount of Mrp2
expression can also be found in epithelial cells of gall bladder (Rost et al. 2001) and brain
capillary epithelial cells (Dombrowski et al. 2001). In all of these organs, specific
localization was observed. Interestingly, Mrp2 expression was also observed in placenta
on the apical membrane of syncytiotrophoblasts (Meyer zu Schwabedissen ef al. 2005;
St-Pierre et al. 2000), these results suggested a role of Mrp2 in protecting fetuses from

chemical exposures (Jedlitschky et al. 2006).
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Table 1.1. Summary of Important Mrp2 Substrates.

Class of Mrp2 Substrates Mrp2 Substrates

Endogenous Substrates: Bilirubin glucuronides
Conjugated bile sales
Gluthathione

Leukotriene Cy4, Dy, E4
Steroids (178-glucuronosyl estradiol)

Exogenous Substrates:
1) Drugs
e Antineoplastic agents Camptothecin
- Cisplatin

Doxorubicin
Etoposide
Irinotecan
Methotrexate
Mitoxantrone
Vincristine
Vinblastine

e Anti-HIV drugs Cidonavir
Indinaivir
Nelfinavir
Ritonavir
Saquinavir

e Antibiotics Azithromycin
Ampicillin
Cefodizime
Ceftriaxone
Grepafloxacin

e Others Conjugates of a variety of drugs
(e.g. acetaminophen, indomethacin,
phenobarbital, sulfapyrazone)
Olmesartan
Pravastatin
Temocaprilate

11



Table 1.1. (continued). Summary of Important Mrp2 Substrates.

Class of Mrp2 Substrates

Mrp2 Substrates

Exogenous Substrates:
2) Toxins and Toxicants

2-Amino-1-methyl-6-phenylimidazole-
[4,5,b]-pyridine
4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanol (NNAL)

Heavy metal complexes (arsenic
glutathione, Sb, Zn, Cu, Mn, Cd)
NNAL-O-glucuronide
a-naphylisothiocyanate

Ochratoxin A
S-glutathionyl-2,4-dinitrobenzene
S-glutathionyl ethacrynic acid

Exogenous Substrates:
3) Dyes

5-(6)-Carboxy-2',7"-dichlorofluorescein
(CDF)

Fluo-3

Sulfobromophthalein

12



8. MODE OF ACTION OF MRP2 IN TRANSPORTING ITS SUBSTRATES

Mrp2 can transport certain neutral or cationic compounds in a cotransport fashion
with reduced GSH (Jedlitschky et al. 2006). For example, Mrp2 transports vincristine, a
lipophilic neutral compound, and GSH simultaneously across the cell membrane by
hydrolyzing 1 molecule of ATP to ADP (Fig. 1.6). For amphiphillic anions such as 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)-O-glucuronide and leukotriene Cq,
Mrp2 can transport compounds in this group across the membrane directly by

hydrolyzing an ATP molecule to ADP (Jedlitschky et al. 2006).

Vincristine and GSH NNAL-O-glucuronide

Vincristine and GSH NNAL-O-glucuronide

Lipophilic neutral or cationic compounds Amphiphillic anions

Fig. 1.6. Models of substrate transport by Mrp2 [adapted from Jedlitschky et al
(2007)]. Vincristine and vinblastine, lipophilic neutral compounds, can be transported
across cell membrane with the presence of GSH and ATP (a co-transport
mechanism). 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)-O-glucuronide
and leukotriene Cy4 are examples of amphiphillic anions.
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9. REGULATIONS OF MRP2 EXPRESSION

Regulation of Mrp2 function occurs at three levels; transcription level, translation
level, and, endocytic retrieval from the cell membrane (Jedlitschky et al. 2006). At the
transcription level, the promoter region of Mrp2 gene was cloned and characterized. In
the promoter, there are several binding sites where certain transcriptional factors (i.e.
AP1, SP1 and hepatocyte nuclear binding factor 1 and 3) can bind and increase the
transcription process of mRNA Mrp2 synthesis (Jedlitschky et al. 2006). In rat
hepatoctye culture, many chemicals including dexamethasone, 2-acetylaminofluorene,
cisplatin, cycloheximide, phenobarbital, clotrimazole, and pregnenolone demonstrated an
induction effect by increasing Mrp2 mRNA and the protein (Jedlitschky et al. 2006). In
mice, exposure to PCB126 or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) could increase
Mrp2 expression levels in liver (Maher et al. 2005). In rats treated with ethinylestradiol,
Mrp2 levels were decreased while there was no change in Mrp2 mRNA (Trauner et al.
1997). In the rhesus monkey, rifampicin could induce Mrp2 expression only in females,
whereas tamoxifen could induce Mrp in both males and females. These results suggested
that gender might play a role in Mrp2 expression (Kauffmann ez al. 1998).
9.1. Dynamics of Mrp2: Retrieval and Recruitment

After completing its protein synthesis processes, Mrp2 molecules are either stored
in intracellular vesicles or presented at cell membrane. Constant movement of the
transporter protein between its storage site and the cell membrane is a key in Mrp2
regulation and its function. The function of Mrp?2 is tightly controlled by the dynamics
between the retrieval of the protein from cell membrane back to the storage vesicles and

the recruitment of the protein from its intracellular pool to cell membrane (Kipp and
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Arias 2000). Exposure to some chemicals and/or toxins can affect the presence of Mrp2
at its functional site. As a result, this may lead to changes in the Mrp2 functions. Some
natural compounds such as phalloidin, a potent hepatotoxin, and genipin, an intestinal
metabolite of geniposide, caused an increased recruitment of Mrp2 to the apical
membrane of the liver, resulting in increased bile flow (Rost et al. 1999; Shoda et al.
2004). On the contrary, 17p-glucuronosyl estradiol caused an inhibition of bile flow and
retrieval of Mrp2 from canalicular membrane in rats (Mottino et al. 2002).
9.2. Effects of Interactions between PCB126 and Genipin on Mrp2 Function

In mice, exposure to PCB126 or TCDD could significantly increase hepatic Mrp2
expression levels (Maher et al. 2005). From these results, it can be inferred that PCB126
could induce hepatic Mrp2 expression via an aromatic hydrocarbon receptor (AhR)-
dependent mechanism. Mechanistically, PCB126 also exerts their toxicological effects
via binding to AhR similar to those of TCDD (Safe et al. 1985). The binding between
AhR and its ligands results in diverse toxicological effects including over expression of
hepatic cytochrome P450 1A1 and 1A2 (CYP1A and CYP1A2) (Chubb et al. 2004; NTP
2006). One of the prominent consequences of the overt induction in these CYP1Al and
CYP1A2 is a marked increase in oxidative stress (Jin et al. 2001). The resulting oxidative
stress can affect the hepatic Mrp2 expression at the canalicular membrane (Ji et al. 2004;
Sekine et al. 2006).

When hepatocytes were treated with ethacrynic acid, oxidative stress ensued (Ji et
al. 2004; Sekine et al. 2006). Subsequently, the resulting increase in oxidative stress
could perturb the intracellular Ca®* homeostatis by enhancing Ca®* efflux from

endoplasmic reticulum, the intracellular storage pool of Ca®*. Thus, intracellular Ca**
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levels were elevated: this could lead to a series of enzyme activations [i.e. nitric oxide
synthase (NOS), GC (¢cGMP producing enzyme), and, protein kinase C (PKC)] (Sekine et
al. 2006). A net result of the activations of these regulatory enzymes was a reduction in
membrane translocation of Mrp2 (Sekine et al. 2006).

As mentioned earlier, genipin can accelerate biliary excretion of Mrp2 substrates by
enhancing the Mrp2 translocation process (Shoda et al. 2004). It was hypothesized that
genipin could enhance the transport of Mrp2 from within its intracellular storage vesicles
to its functional site, the canalicular membrane (Shoda et al. 2004). The complex
interrelationship among PCB126, genipin, and Mrp2 expression/translocation are

summarized in Fig. 1.7.

Exposure to

PCB126 AhR-dependent
7|
Increase CYP1A1/2
Increase Mrp2 expression
expression |

|
l Increase in
_ Increase [Mrp2] oxidative stress
In its intracellular storage

Genipin

Presence of Mrp2
at cell membrane

Fig. 1.7. Effect of 3,3°,4,4’,5-pentachlorobiphenyl (PCB126) and genipin on the
regulation of Mrp2 expression and presence of Mrp2 at canalicular membrane in livers.
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9.3. Stimulants and Inhibitors of Mrp2
Some drugs, chemicals from food, plants and beverages can function as
stimulants or inhibitors of Mrp2. (Jedlitschky et al. 2006). A list of stimulants and

inhibitors of Mrp2 are shown in Table 1.2.

Table 1.2. Stimulants and inhibitors of Mrp2.

Stimulants: Inhibitors:

Bile salts e q, f-unsaturated carbonyl
Gentamicin compounds

Glutathione Azithromycin
Indomethacin Benzoylated taxinine K
Sulfanitran Curcumin
Ursodeoxycholic acid Cyclosporin A
Flavonoids

Furosemide

Grape fruit juice
Glibenclamid

Lonafarnib
Phenobarbital

PK-104P

Probenecid

Progestrins (norgestimate,
progesterone)

e Orange juice
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10. ROLES OF MRP2 IN HUMAN DISEASES

In humans, mutations in the Mrp2 gene can result in the autosomal recessive
Dubin-Johnson syndrome (DJS). Several mutations leading to DJS have been identified
(Keppler and Konig 2000). The DIJS is characterized by a chronic, predominantly
conjugated, non-hemolytic hyperbilirubinemia, caused by the hepatobiliary transport
system of non-bile salt organic anions across the canalicular membrane (Elferink and
Groen 2002). In addition, liver histology is normal except for the lysosomal
accumulation of a black pigment which is considered to be the most prominent
characteristics of DJS. Evidences from human cell lines suggested that, in humans with
DIJS, expression of Mrp3 expression levels was markedly induced (Stockel et al. 2000).
This finding was also supported by some evidence from animal models lacking of Mrp2

expression (Kiuchi et al. 1998; Soroka et al. 2001).

11. EXPERIMENTAL MODELS USED TO INVESTIGATE THE MRP2-
MEDIATED TRANSPORT
11.1. Animal Models for Studying Mrp2

To study Mrp2-mediated transport and effects of Mrp2 on xenobiotic
dispositions, several animal models were developed. These include Fisai
hyperbirirubinemic rats (EHBR), Groninger Yellow/transporter deficient rats (TR’), and,
mrp2 gene knockout mice (mrp2” mice). All of these models featured a congenital
absence in Mrp2 expression. Thus, all of these animal models can be used as a pivotal

experimental tool in investigating Mrp2-mediated transport both in vitro and in vivo
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studies. Characteristics of all of these important animal models of Mrp2 are summarized
as follows:
11.1.1. Eisai hyperbilirubinemic rats (EHBR)

These mutant rats were firstly introduced by a group of researchers from Eisai
Co., Ltd., Gifu, Japan (Hosokawa et al. 1992). EHBR is a mutant strain of inbred
Sprague Dawley rats with autosomal recessive hyperbilirubinuria (Hosokawa et al.
1992). The absence of Mrp2 expression was the result of a one-nucleotide substitution
resulting in a stop codon (Ito et al. 1997). However, induction of Mrp3 was observed
(Hirohashi et al. 1998): this resulting Mrp3 induction might be a compensatory response
to the lacking of Mrp2 expression. Noticeably, plasma bilirubin concentration levels in
EHBR were significantly higher than that of the controls (Hosokawa et al. 1992). When
administered with tetrabromosulfophthalein (BSP), plasma BSP clearance was
significantly delayed in the EHBR. Plasma BSP elimination kinetics suggested that the
pathophysiologic defect was not a result of impairment in either hepatic uptake or
storage, but rather in secretion into bile (Hosokawa et al. 1992). Histopathology of the
liver demonstrated brown pigment in the hepatocytes that appeared to be lipofuscin. The
electron microscopic features of the hepatic pigment resembled those of the Dubin-
Johnson syndrome (Hosokawa et al. 1992).

With these favorable characteristics, EHBR was the most widely used strain of
the mutant rats lacking expression of Mrp2 available in the literature. In particular,
EHBR was extensively utilized in numerous pharmacokinetic studies both in vitro and in
vivo, leading to insights in roles of protein transporters in xenobiotic dispositions (Akita

et al. 2001; Tto et al. 2004; Johnson et al. 2002; Johnson and Klaassen 2002; Kouzuki et
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al. 2000; Naba et al. 2004; Prueksaritanont et al. 2003; Sathirakul et al. 1993; Sugie et al.
2004). Many pharmacokinetics of drugs such as benzylpenicillin (Ito et al. 2004),
cefodizime (Sathirakul er al. 1993), indomethacin (Kouzuki ef al. 2000), L-methotrexate
(Naba et al. 2004) were examined using EHBR. These pharmacokinetic studies revealed
the significant roles of Mrp2 in pharmacokinetics of these xenobiotics.

11.1.2. Groninger Yellow/transporter deficient rat (TR )

TR is a mutant strain of inbred albino Wistar rats (Jansen et al. 1985). The
absence of Mrp2 expression in this particular strain of rats was a result of a single
nucleotide deletion leading to a frameshift mutation and a stop codon (Paulusma et al.
1996).This mutant strain of rats was characterized by autosomal recessive conjugated
hyperbilirubinemia. Transport of conjugated bilirubin and BSP from liver to bile is
severely impaired whereas uptake of organic anions from plasma to liver appears to be
normal (Jansen et al. 1985). Serum bilirubin and bile acid levels in these mutant rats were
significantly elevated, while liver marker enzyme activities and liver morphology were
normal when compared to the controls (Jansen et al. 1985). The elevated serum levels of
bilirubin and bile acid was a result of reduced bile flow. An impaired secretion of organic
anions from the liver was suggested (Jansen et al. 1985).

Several in vitro and in vivo pharmacokinetic studies were performed using TR’
(de Waart et al. 2006; Gavrilova et al. 2007; Guminski et al. 2006; Hoffmaster et al.
2004; Leslie et al. 2007; Madejczyk et al. 2007; Maier-Salamon et al. 2007; Newton et
al. 2005; Takada et al. 2004; Zamek-Gliszczynski et al. 2006a). For instance, disposition
of a tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), its

carcinogenic metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), and, its
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non-carcinogenic glucuronidated metabolite NNAL-O-glucuronide were examined using
TR (Leslie et al. 2007). The results from this study revealed a significant role of Mrp2 in
the biliary excretion of NNAL-O-glucuronide (Leslie et al. 2007).
11.1.3. Mrp2 gene knockout mice (Mrp2'/ " mice)

Recently, a strain of mice lacking Mrp2 expression was introduced (Chu et al.
2006). Inactivation of Mrp2 gene was performed by a deletion of nucleotides 1886 to
1897 of the coding sequence of the Mrp2 gene. As a result, the primary physiological
functions of Mrp2 protein in these knockout mice were absent, these were demonstrated
by: 1) increased levels of bilirubin and bilirubin glucuronides in serum and urine; 2)
reduction in biliary excretion of bilirubin glucuronides, and; 3) reduction of total
glutathione, and in the biliary excretion of dibromosulfophthalein (DBSP), an Mrp2
substrate (Chu et al. 2006). To identify possible compensatory mechanisms in Mrp2”
mice, unlike in Mrp2 mutant rats, no induction of Mrp3 was detected (Chu et al. 2006).
However, Mrp4 mRNA and protein in liver and kidney were increased approximately 6-
and 2-fold, respectively. Phenotypic analysis of major cytochrome P450-mediated
activities in liver microsomes did not show differences between wild-type and Mrp2”
mice (Chu et al. 2006).

In comparison with EHBR and TR'rats, there were limited numbers of studies
using the knockout mice, Mrp2'/ ", to explore the roles of Mrp2 in pharmacokinetics and
disposition of xenobiotics as Mrp2'/ “mice were only introduced in 2006. (Nezasa et al.

2006; Tian et al. 2007; Vlaming et al. 2006; Zamek-Gliszczynski et al. 2006b).
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11.2. In Vitro Models for Studying Mrp2

To study Mrp2-mediated transport, several in vitro systems had been developed
(Ghibellini et al. 2006; Inoue et al. 1984; Inoue et al. 1983; Meier et al. 1984). The most
commonly utilized in vitro systems for investigating Mrp2-mediated transports were
canalicular membrane vesicles (CMV) and sandwich-cultured hepatocyte system from
liver harvested from EHBR, TR", Mrp2”™ mice, and their controls. These hepatocytes can
be further utilized in these in vitro systems:

11.2.1. Canalicular membrane vesicle system

Canalicular membrane vesicles (CMV) were among the first experimental system
used in examining hepatic transporter proteins (Inoue et al. 1984; Inoue et al. 1983,
Meier et al. 1984).

Using this in vitro system along with the available animal models (i.e. EHBR and
mrp2” mice), important kinetic/biochemical parameters including binding affinity values
(Km) of Mrp2 substrates could be calculated (Niinuma et al. 1997). In addition, using this
experimental system, many of Mrp2 substrates were characterized. For examples, bile
salts (Akita et al. 2001), dibromosulfophthalein (Chu et al. 2006), grepafloxacin (Hirono
et al. 2005), 6-hydroxy-5,7-dimethyl-2-methylamino-4-(3-pyridylmethyl) benzothiazole-
glucuronide (Niinuma et al. 1997), L-methotrexate (Hirono et al. 2005), leukotriene C4
(Hirono et al. 2005; Keppler et al. 1997), PKI166 (Takada et al. 2004), pravastatin
(Yamazaki et al. 1997), olmesartan (Yamada et al. 2007), S-(2,4-dinitrophenyl)-
glutathione (Niinuma et al. 1997), and, temocaprilate (Hirono et al. 2005) were among
drugs and chemicals identified as Mrp2 substrates using the CMV system.

11.2.2. Sandwich-cultured hepatocyte system
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Although the CMV system is capable of providing important biochemical
parameters related to the Mrp2-mediated transport in liver. However, the fact that CMV
is a cell free fraction containing the functional transporter protein, not the whole living
cells. Thus, a cell culture system consisting of living hepatocytes was developed (Liu et
al. 1999). Hepatocytes from humans or animals can be used in this particular system
(Ghibellini et al. 2006). Since the hepatocytes in this experimental system still retain
metabolic capabilities and they can be maintained in culture environments up to 5 days
(Liu et al. 1999), allowing for the study of drug interactions involving mechanisms. This
hepatocyte culture system can serve as an in vitro tool to investigate hepatobiliary
transport mechanisms.

11.3. In Silico Models of Mrp2

Up to present, there are three in silico models related to Mrp2 (Hirono et al. 2005;
Lai et al. 2007; Ng et al. 2005). Lai and colleagues developed a three-dimensional
quantitative structure-activity relationship (3D-QSAR) model to identify a selective Mrp2
inhibitor for therapeutic purposes (Lai et al. 2007), while Ng et al used a 3D-QSAR
approach to characterize structural requirements and molecular features for an Mrp2-
mediated methotrexate (MTX) excretion process for further developments of
antineoplastic MTX analogues (Ng et al. 2005). To identify overall structural features of
Mrp?2 substrates and to predict binding affinity values (K.,) of Mrp2 substrates, Hirono et
al. developed a 3D-QSAR model of rat Mrp2 (Hirono ef al. 2005). Because of its broader
applications, the Hirono et al. 3D-QSAR model is more useful in the
pharmacokinetics/toxicokinetics studies of Mrp2 substrates. Thus, in this review, we shall

focus primarily on the third 3D-QSAR model developed by Hirono et al. (2005).
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The third 3D-QSAR model for rat Mrp2 was developed using ligand-based drug
design techniques (Hirono et al. 2005). In that paper, the authors used the 3D-QSAR
modeling and computational chemistry approach to examine 18 Mrp2 substrates (16 used
in a training set and 2 used in a test set). These chemicals included leukotriene Cq4, p-
nitrophenyl glucuronide, SN-38 glucuronide (lactone form), SN38-glucuronide
(carboxylate form), E3040 glucuronide, leukotriene D4, N-acetyl leukotriene E4, S-
grepafloxacin-glucuronide,  R-grepafloxacin-glucuronide, L-methotrexate, 2, 4-
dinitrophenyl-S-glutathione, BQ-123, SN-38 (carboxylate form), temocaprilate, 5-
methyltetrahydrofolate, CPT-11 (carboxylate form), BQ-485, and MX-68. Binding
affinity values (Kn) of Mrp2 to all of the 18 chemicals were determined experimentally
using the CMV technique (see details above), and, then compared to predicted Ky, values
obtained from the 3D-QSAR model.

When compared to experimental measurements, their predicted values of log
(1/Ky,) from this 3D-QSAR were within 2% of the determined values for 16 chemicals in
their training set (Hirono et al. 2005). The largest difference of 13% was seen between
predicted and experimental values in one of the two chemicals in their test set. Using a
number of molecular indices (i.e. steric field, electrostatic field and C log P), and
computational chemistry, this 3D-QSAR model is capable of assessing the feasibility of
Mrp2 binding, as well as estimating binding affinity (K,), of chemicals. Using the 3D
pharmacophore and comparative molecular-field analysis (CoOMFA) map, a ligand
binding region of Mrp2 was estimated (Fig. 1.8). From the structural analysis, an Mrp2
substrate must possess 2 hydrophobic regions with some required structural dimensions

(Fig. 1.8). For example, any molecule similar to the required pharmacophore of SN-38
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glucuronide (carboxylate form) has a potential to be an Mrp2 substrate (Fig. 1.9). Using a
superposition technique, a candidate molecule [e.g. 3,3’,4,4’,5-pentachlorobiphenyl
(PCB126)] can be tested whether or not it can be an Mrp2 substrate (Fig. 1.10). From this
superposition study, PCB126 was identified as an Mrp2 substrate, and the binding
affinity (Ky,) between Mrp2 and PCB126 was calculated demonstrating a relatively high

binding affinity.

+ Electrostatically positive area \ s Primary binding site

..............

=i Electrostatically negative area  Secondary binding site

HP i Hydrophobic area

Fig. 1.8. Ligand binding region of Mrp2 using the 3D pharmacophore and CoMFA
contour map (adapted from Hirono et al, 2005).
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Q Hydrophobe
Q Aromatic

O H-bond acceptor or negative charge
H-bond acceptor and donor

Fig. 1.9. A Pharmacophore of SN-38 glucuronide (carboxylate form) consisting of two
H-bond acceptors (red), one aromatic group (light gray) and one hydrophobic group (dark
gray). This figure of SN-38 glucuronide (carboxylate form) was kindly supplied by Dr.
Shuichi Hirono.

SN-38 glucuronide, carboxylate (orange);
PCB126 (purple)

Fig 1.10. An example of structural superposition between SN-38 glucuronide
(carboxylate form; a reference molecule, orange) and 3,3°,4,4°,5-pentachlorobiphenyl
(PCB126; a candidate molecule, purple). This figure of PCB126 superposition was kindly
supplied by Dr. Shuichi Hirono.
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12. METHOTREXATE (MTX)

Methotrexate (MTX; Fig. 1.11) is a dihydrofolate reductase (DHFR) inhibitor
which has been widely used in cancer treatments and rheumatoid arthritis (Treon and
Chabner 1996; Walker and Ranatunga 2006). MTX exerts its pharmacological effects via
an irreversible binding to DHFR resulting in its cytotoxic effects. In 1971, Bischoff et al.
reported a physiologically-based pharmacokinetic (PBPK) model of MTX (Bischoff er al.
1971). A schematic diagram of this model is depicted in Fig. 1.12. This model is one of
the earliest PBPK models published in the literature. This PBPK model was able to
describe a variety of dose levels of MTX in several species, including mice, rats, dogs
and humans. The model structure consisted of plasma, liver, kidney, muscle, gut lumen,
and gut tissue compartments. In this model, entero-hepatic recirculation behavior of
MTX was also mathematically incorporated. In the liver sub-compartment, MTX is
excreted into bile using biliary secretion with a first order kinetic process. Subsequently,
MTX is secreted into the gut lumen and reabsorbed completing its entero-hepatic
recirculation.

In 2001, multidrug-resistance-associated protein 2 (Mrp2), a transporter protein,
was identified as a molecular entity responsible for the biliary excretion of MTX (Han et
al. 2001). A mutation at Trp1254 of Mrp2 gene resulted in a loss of MTX transport
activity in a cell culture system (Ito et al. 2001). Recently a three-dimensional
quantitative structure-activity relationship (3D-QSAR) model of Mrp2 was developed
(see above) (Hirono et al. 2005). In this paper, the authors reported a binding affinity
(Km) value of MTX to Mrp2 using a computational chemistry technique. With this newly

available scientific information, we were able to employ this information regarding
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biochemical characteristics of MTX at the molecular excretion site, and then incorporate
this information into the existing PBPK model of MTX to describe available datasets
obtained from different pharmacokinetic studies from several species with different
dosing scenarios and experimental conditions (see Chapter 4).
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Fig. 1.11. A chemical structure of L-methotrexate (MTX)
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Fig. 1.12. A schematic diagram of the physiologically-based pharmacokinetic (PBPK)
model of methotrexate [adapted from Bischoff et al. (1971)].
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13. A POSSIBLE CONNECTION BETWEEN PHYSIOLOGICALLY-BASED
PHARMACOKINETIC MODELING AND THE 3D-QSAR MODEL

As discussed earlier, Mrp2 has a very important role in biliary excretion of
diverse groups of drugs and chemicals. Hirono and coworkers has recently developed a
powerful in silico tool in predicting the structure-activity correlation of Mrp2 substrates
(Hirono et al. 2005). Thus, there is a strong potential to incorporate this new scientific
information into a mathematical model to describe concentration-time courses of Mrp2
substrates. Physiologically-based pharmacokinetics (PBPK) is a mathematical modeling
approach with a high capability to simulate any biological and/or biochemical processes
(Andersen 1995; Belfiore et al. 2007; Bischoff ef al. 1971; Haddad ez al. 2001; Lu et al.
2006; Ramsey and Andersen 1984). The Hirono et al. 3D-QSAR modeling technique to
predict K, values of the Mrp2 substrates in conjunction with the PBPK modeling
technique should be a practical approach to facilitate better understandings of
pharmacokinetics and dispositions of the Mrp2 substrates.

Since the key parameters (i.e. Kp) related to the Mrp2-mediated excretion process
of a candidate for Mrp2 substrate and Mrp2 substrates (e.g. PCB126 and MTX) were
available, thus incorporation of the available information into their PBPK models is
feasible. Schematic diagrams of PBPK models of PCB126 and MTX with incorporations
of the liver Mrp2-mediated excretion process are illustrated in Fig. 1.13 and 1.14,
respectively. Hypothetically, PCB126 and MTX could be simultaneously presenting in
the body. A schematic diagram of the interactions between PCB126 and MTX is
illustrated in Fig. 1.15. In this case, a competitive inhibition between the two Mrp2

substrates at the hepatic Mrp2 excretion site is possible (Fig. 1.15). The competitive
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inhibition process can be mathematically described and incorporated into the model. This

pharmacokinetic interaction might result in changes in pharmacokinetics of PCB126

and/or MTX.
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Fig. 1.13. A schematic diagram of a PBPK model structure of 3,3’,4,4°,5-
pentachlorobiphenyl (PCB126) (A) and liver subcompartment consisting of binding
between PCB126 and AhR, CYP1A2, and excretion via hepatic Mrp2 (B). The
calculation of the binding affinity (Kp,) value can be obtained from the 3D-QSAR model
earlier developed by Hirono et al., and be incorporated into the PBPK model.
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Fig. 1.14. A schematic diagram of a PBPK model of methotrexate (MTX). An Mrp2-
mediated biliary excretion process was incorporated. The calculation of the binding
affinity (K) value can be obtained from the 3D-QSAR model earlier developed by
Hirono et al, and utilized in the PBPK model.
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Fig. 1.15. A schematic diagram of possible pharmacokinetic interactions between
PCB126 and methotrexate (MTX) at liver Mrp2. Competitive inhibitions between these
two Mrp2 substrates may occur at the hepatic Mrp2. The symbols (|- ) represent
competitive inhibition processes, resulting from the co-existence of MTX and PCB126.

In summary, this review introduced the biology of Mrp2, its tissue distribution &
cellular localization, its physiological functions, its substrates, its mechanism of
transporting the substrates, its regulations of expression, and, its role in human diseases.
In addition, to study Mrp2, several experimental models were developed by various
investigators: these include several kinds of animal models, some experimental in vitro
techniques, and, in silico 3D-QSAR techniques. With all of these available experimental
tools, scientists in the field are able to objectively investigate Mrp2 and its roles in
dispositions of its endogenous substrates and various categories of xenobiotics including
therapeutic agents and toxicants. In addition, the available in silico 3D-QSAR models of
Mrp2 (Hirono et al. 2005) and the PBPK modeling technique, when utilized together,

may provide a new and powerful quantitative tool in predicting pharmacokinetics of

individual Mrp2 substrates and pharmacokinetic interactions between Mrp2 substrates.
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CHAPTER 2

A Possible Role of Multidrug-Resistance-Associated Protein 2 (Mrp2) in Hepatic

Excretion of PCB126, an Environmental Contaminant: PBPK/PD Modeling

Manupat Lohitnavy, Yasong Lu, Ornrat Lohitnavy, Laura S. Chubb, Shuichi Hirono,
Raymond S. H. Yang

ABSTRACT

PCB126 is a carcinogenic environmental pollutant and its toxicity is mediated
through binding with aryl hydrocarbon receptor (AhR). Earlier, we found that PCB126
treated F344 rats had 110-400 times higher PCB126 concentration in the liver than in the
fat. Protein binding was suspected to be a major factor for the high liver concentration of
PCB126 despite its high lipophilicity. In this research, we conducted a combined
pharmacokinetic/pharmacodynamic study in male F344 rats. In addition to blood and
tissue pharmacokinetics, we use the development of hepatic preneoplastic foci
[glutathione-S-transferase placental form (GSTP)] as a pharmacodynamic endpoint.
Experimental data were utilized for building a  physiologically-based
pharmacokinetic/pharmacodynamic (PBPK/PD) model.  PBPK/PD modeling was
consistent with the experimental PK and PD data. Salient features of this model include:
(1) bindings between PCB126 and hepatic transporter proteins, particularly the
multidrug-resistance-associated protein, Mrp2; (2) Mrp2-mediated excretion; and (3) a
correlation between area under the curve of PCB126 in the livers (AUCL;ye) and GSTP
foci development. Mrp2 involvement in PCB126 pharmacokinetics is supported by

computational chemistry calculation using a three-dimensional quantitative structure-
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activity relationship model of Mrp2 developed by Hirono et al (2005). This work, for the
first time, provided a plausible role of a versatile hepatic transporter for drugs, Mrp2, in
the disposition of an important environmental pollutant, PCB126. Furthermore, the PK
and PD modeling in relation to GSTP foci development created a new opportunity for the

application of this PBPK/PD model in the cancer risk assessment process.

1. INTRODUCTION

Polychlorinated biphenyls (PCBs) are halogenated aromatic hydrocarbons that
had been widely used in industry. Because of their persistence as environmental
pollutants, they had been discontinued from any usage since 1970’s. However, significant
amount of PCBs is still detectable in foods, human and animal tissues, and in the
environment (CDC 2005; Safe e al. 1985; Safe 1994). 3,3°,4,4’,5’-Pentachlorobiphenyl
(PCB126) is the most toxic congener of all PCBs with carcinogenic effects. Structurally,
PCB126 is capable of binding with aryl hydrocarbon receptor (AhR) and elicits
biological effects which include the induction of cytochrome P4501A1 and 1A2
(CYP1Al, 1A2), thymic involution, wasting syndrome (Safe 1994), and carcinogenesis
in the liver, lung, and mouth in rats (NTP 2006).

Despite its high lipophilicity, the levels of PCB126 in the liver are much higher
than those observed in adipose tissue (Chu 1994; Dean et al. 2002; Lohitnavy et al.
2004). This is similar to those of chlordecone and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) (Abraham et al. 1988; Belfiore et al. 2007), but at a much higher rate. These
results suggested that protein binding is responsible for high levels of PCB126 in the

liver. From a different perspective, while PCB126 is known to be persistent in the
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environment (Safe 1994), in our laboratory, earlier results demonstrated that PCB126
could attain its steady state fairly rapidly (Lohitnavy et al. 2004). An initial
pharmacokinetic estimation of halflife for this chemical turned out to be around 3 days
(unpublished data). These results suggested that there was a relatively high hepatic
clearance of PCB126. Therefore, we further considered the possible involvement of
transporter protein(s), specifically the multidrug-resistance-associated protein 2 (Mrp2).
Excretion of xenobiotics can be mediated through several mechanisms, one of
which is biliary excretion involving transporter proteins in the liver. This particular
mechanism is responsible for excretion of many drugs and chemicals (Petzinger and
Geyer 2006; Shitara et al. 2006). Mrp2 is an ATP-binding cassette (ABC) transporter,
which is responsible for biliary excretion of many drugs and xenobiotics (Borst et al.
2006; Jedlitschky et al. 2006). Recently, a three-dimensional quantitative structure-
activity relationship (3D-QSAR) model of Mrp2 in rats was developed (Hirono et al.
2005). Using a number of molecular indices (i.e. steric field, electrostatic field and C log
P), and computational chemistry, this 3D-QSAR model is capable of assessing the
feasibility of Mrp2 binding, as well as estimating binding affinity (K,,), of chemicals.
Although Mrp2 was reported to having significant roles in biliary excretion in many
drugs and xenobiotics (Borst et al. 2006; Jedlitschky et al. 2006), there is thus far no
evidence demonstrating that Mrp2 could have a significant role in the disposition of
PCB126 or other PCBs. In this paper, for the first time, we demonstrated a possible role
of Mrp2 in the disposition of an environmental contaminant, PCB126. By incorporating
this suggested role of Mrp2 into PBPK/PD model, the computer simulations were

consistent with a number of sets of experimental results from different laboratories.
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In this study, we also focused on the pharmacodynamics of PCB126. To test the
carcinogenic potential of chemicals, we incorporated pharmacokinetics and
pharmacodynamics into the Ito’s medium-term liver bioassay (Ito et al. 2003; Shirai
1997), one of the most extensively studied cancer bioassay protocols. This bioassay
involves a single dose administration of an initiator (diethylnitrosamine, DEN), followed
by repeated administration of a promoter (a test chemical; in this case PCB126) to male
F344 rats. The promotional effect of this assay is further enhanced by a two-third partial
hepatectomy. Based on the development of glutathione-S-transferase placental form
(GSTP) foci as a marker for pre-neoplastic lesions, this experimental model has shown
excellent capability in predicting liver carcinogenicity in rats (Ogiso et al. 1990; Shirai
1997). In our modified protocol, we added multiple time points of sacrifice to observe
liver GSTP foci development over time, as well as tissue kinetics for the development of
PBPK/PD model.

There had been an earlier attempt of the development of a PBPK model of
PCB126 with the incorporation of hepatic protein binding to AhR and CYP1A2 (NTP
2006); however, this model was unable to describe the tissue concentration data
accurately (NTP 2006). In the present study, we utilized the available National
Toxicology Program (NTP) experimental data (NTP 2006) plus our own results in the
building of a new PBPK/PD model. In this model, in addition to protein bindings with
AhR and CYP1A2, we incorporated a transporter protein, Mrp2, in the disposition of
PCB126 based on supporting evidence from 3D-QSAR and computational chemistry
(Hirono et al. 2005). The resulting computer simulations were consistent with all the

available data.
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2. MATERIAL AND METHODS

This study consisted of three parts: (1) development of a PBPK/PD model for
PCB126 in the rat under normal physiological conditions with the incorporation of
binding between PCB126 and 2 hepatic proteins (i.e. AhR and CYP1A2) and binding/
excretion of PCB126 via hepatic Mrp2. The data used in this part were from 3D-QSAR
modeling, computational chemistry, and from mining the literature; (2) experimental
pharmacokinetic study of PCB126 under the time-course medium-term liver foci
bioassay protocol, and simulation of this dataset by incorporation of pathophysiological
conditions (i.e. two-third partial hepatectomy and recovery); and (3) correlation between

internal dosimetry and experimental liver GSTP foci development.

2.1. Development of a PBPK/PD Model under Normal Physiological Conditions with
Incorporation of Binding Between PCB126 and Hepatic Proteins and Excretion of
PCB126 via Hepatic Mrp2
2.1.1. Pharmacokinetic studies of PCB126 by the NTP.

Recently the NTP published a 2-year carcinogenic study of PCB126 (NTP 2006).
In this report, there were single dose and multiple dose pharmacokinetic studies. As
described below, we employed these data as working datasets in PBPK model
development in rats without pathological conditions.
2.1.1.1. Single Dose Study

Female Sprague-Dawley rats (SD, 20-22 weeks of age) were orally administered a
single dose of 1,000 ng PCB126 in corn oil. PCB126 levels were determined in liver,

blood, and fat samples at multiple time points. Group of five rats per time point were bled
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and the tissues were collected at 0.5, 1, 1.5, 2, 3, 8, 16, or 24 hours post-PCB126
administration. Tissue samples were analyzed using a validated GC-MS method. These

data were available in the NTP Technical Report (NTP 2006).

2.1.1.2. Multiple Dose 2-year Study

Female SD rats were orally administered with corn oil or PCB126 in corn oil at
doses of 30, 100, 175, 300, 550, and 1,000 ng/kg body weight (5X per week) for two
years. At week 13, 30, 52, and 104, five animals in each group were sacrificed. Livers,
blood, and, fat tissue were harvested at the specified time points. Tissue samples were
analyzed using a validated GC-MS method. Body weight of the animals was recorded
periodically up to two years, and liver weights were reported from interim sacrifices up to
one year. In the NTP Technical Report on PCB126, there was a PBPK model of PCB126.
However this PBPK model was unable to describe the PCB126 tissue concentration

accurately (NTP 2006).

2.1.1.3. Data extraction

The figures illustrating concentration-time courses of the pharmacokinetic studies
of PCB126 in the NTP Technical Report (NTP 2006) were utilized. A digiMatic Program
(version 2.1; Richmond, Virginia) was used to extract numerical co-ordinates from the

concentration-time courses of PCB126 presented in the NTP Technical Report.
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2.1.2. Computational Chemistry, 3D-QSAR Modeling of Binding of PCB126 to
Mrp2

A 3D-QSAR model for rat Mrp2 was recently developed using ligand-based drug
design techniques (Hirono et al. 2005). PCB126 is known to be present in the human
body at extremely low concentrations (CDC 2005). This congener, being the most toxic
of all PCB congeners, is usually studied at very low dose levels in animal
experimentation. These realities make in vitro binding studies at realistic in vivo
concentrations difficult due to analytical limitations. Therefore, we chose an in silico
approach and determined the feasibility of Mrp2 binding by PCB126 based on molecular
characteristics, such as molecular steric field, molecular electrostatic field and ClogP
calculated by the SYBYL software package (Tripos Inc. St. Louis, USA). With the 3D-
QSAR modeling and computational chemistry calculation, we found that Mrp2 binding
feasibility is at least as good as or better than that of leukotriene C4, S- or R-
grepafloxacin glucuronide, temocaprilate, and L-methotrexate with a binding affinity
constant (K,,) estimated to be 7,760.0 nM (log 1/K;, = 5.11). We believe that, in the
present case, the in silico approach is a reasonable alternative without the necessity of
conducting Mrp2 binding experiments because (1) Hirono and colleagues (Hirono et al.
2005), using this same 3D-QSAR modeling and computational chemistry approach,
demonstrated that their predicted values of log (1/K;) were within 2% of the
experimentally determined values for 16 chemicals in their training set. The largest
difference of 13% was seen between predicted and experimental values in one of the two
chemicals in their test set. Furthermore, according to our sensitivity analyses, varying the

above in silico derived Km values by 2X either way resulted in little or no change of
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simulation results (unpublished data). Thus, we believe that the in silico derived binding

affinity constant is adequate for our purpose.

2.1.3. Strategy in PBPK Model Development

The stepwise development of our PBPK model is given below.
2.1.3.1. Overall model scheme

The conceptual PBPK model of PCB126 is illustrated in Fig. 2.1A. The model
structure included liver, rapidly perfused, slowly perfused, blood, fat, and GI tract
compartments. The model described flow-limited transfer of PCB126 in liver, rapidly
perfused, slowly perfused, and fat compartments. All parameters used in the model are
summarized in Table 2.1. Physiological parameters were obtained from Brown et al
(Brown et al. 1997). Partition coefficients of PCB126 in tissues were taken from the NTP

Technical Report (NTP 2006).

2.1.3.2. Protein binding

Bindings with AhR and CYP1A2 are responsible for not only toxicological
effects of PCB126, but also high levels of PCB126 in the livers. Thus, we incorporated
two reversible binding processes between PCB126 and the responsible proteins into our
model (Fig. 2.1B). Furthermore, to describe the Mrp2-mediated excretion process, a
Michaelis-Menten equation was added in the liver submodel; the utilization of a
Michaelis-Menten equation is consistent with the methodology in Hirono et al. (Hirono et
al. 2005). The binding affinity of Mrp2 (K,) obtained from the 3D-QSAR calculations

was incorporated into the PBPK model, while maximum binding capacity of PCB126 to
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Mrp2 was estimated using an optimization process. The equation describing the rate of
change in the amount of PCB126 in the liver with Mrp2 excretion was expressed as
follows:

RAL = QL*(CA—-CVL)+KGILV * AGI - ((V max* CVL/(Km+CVL )) (1)

where RAL is rate of change of PCB126 in the liver, QL is blood flow to the liver, CA is
PCB126 concentration in arterial blood, CVL is concentration of PCB126 in venous
blood coming out of the liver, KGILV is an absorption rate constant of PCB126 from GI
tract into the liver, AGI is amount of PCB126 in the GI tract, Vi, is maximum binding
capacity of Mrp2 in PCB126 excretion and K, is binding affinity constant of Mrp2 to
PCB126. In our model, the binding of PCB126 with AhR and CYP1A2 followed the

description by Andersen et al (Andersen et al. 1993).

2.2. Model Validation

Recently, Fisher et al conducted a single dose PCB126 pharmacokinetic study. In
this study, male SD rats were orally administered with a single-dose of PCB126 (7.5, 75,
and 275 pg/kg), and liver concentration levels of PCB126 were measured from day 1 up
to day 22 post-PCB126 administration (Fisher et al. 2006). Since the data concerning
changes in body weight of the animals were available, we also incorporated these body
weight changes into our model simulations. The data set in this paper which is different

from those data sets used in constructing the PBPK model was used for model validation.
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TABLE 2.1 Physiological Parameters for the PCB126 PBPK Model.

Model Parameters Abbreviations Single oral Multiple Time-course Parameter

(unit) gavage® oral medium-term estimation
gavage® liver bioassay

Body weight at start BW 0.28° 0.184-.185° 0.20° Literature and

of the experiment experimental data

(kg)

Tissue volumes (or volume fractions)

Fat volume fraction VFC 0.05% 0.05° 0.05° Literature

Liver volume VLC 0.38° N.A¢ N.AS Literature and

fraction experimental data

Rapidly  perfused VRC 0.052° 0.052¢ 0.052° Literature

(9]

Slowly perfused () VSC 0.91 x BW -VF-VL-VB-VR

Blood volume (L) VB 0.062 x BW + 0.0012" Literature

Cardiac Output QCC 14.1° 14.1° 14.1° Literature

Constant (L/h/kg)

Tissue plasma flow fractions

Fat QFC 0.07° 0.07° 0.07° Literature

Liver QLC 0.18° 0.18° 0.18° Literature

Rapidly perfused QRC 0.58° 0.58° 0.58° Literature

Slowly perfused QsC 1.0-QFC-QLC-QRC

Rate Constants

Absorption rate KGILV 0.1438 0.143% 0.1438 Optimized

constant (h'l)
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TABLE 2.1(contd.) Physiological Parameters for the PCB126 PBPK Model.

Model Parameters ~ Abbreviations Single oral Multiple Time-course Parameter
(unit) gavage® oral gavage® medium-term liver estimation
bioassay

Partition Coefficients

Liver PL 8.o" 8.9" 8.9" Literature

Fat PF 155.0" 155.0" 155.0" Literature

Rapidly perfused PR 6.0" 6.0" 6.0" Literature

Slowly perfused  PS 7.2 7.2 7.2 Literature
Protein Binding ) ) )

AhR maximum BM; 0.004' 0.004' 0.004! Literature
(nmole/liver)

AhR affinity KB, 0.564% 0.5648 0.564% Optimized
(nmole/L) ) _ _

1A2 Basal level BM,q 10.0' 10.0' 10.0' Literature
(nmole/liver)

1A2 Maximum BMy 101.3% N.A. N.A. Optimized
(nmole/liver)

1A2 affinity KB, 5.548 5.548 5.548 Optimized

(nmoel/L)

1A2  induction slope N.A. 0.00668 0.0066° Optimized

rate (nmole/h)

Excretion via Mrp2

Binding affinity K 7760.0 7760.0 7760.0 Experimental
(nmole/L) data

Mrp2 maximum Vg, 64.68 64.6% 64.6%* Optimized
(nmole/h)

*Body weight data adopted from the PCB126 NTP Report (NTP 2006).

®Age-dependent BW adopted from our time-course medium term liver bioassay.
“Parameters adopted from Brown et al (1997) (Brown et al. 1997).

dAge-dependent liver weight adopted from NTP PCB126 Report (NTP 2006).
“Age-dependent liver weight adopted from our time-course medium term liver bioassay.
fBlood volume of rats adopted from (Lee and Blaufox 1985).

#Estimated by ACSL Math.

f‘Adopted from the PBPK model in the PCB126 NTP Report (NTP 2006).

fAdopted from Andersen et al (1993) (19).

JCalculated using the 3D-QSAR model and computational chemistry (Hirono et al. 2005).
After PH, from day 21-24, the value of Ve Was changed to 2,000.0 nmole/h.
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2.3. Sensitivity Analysis

Sensitivity analysis is a useful approach for identifying important parameters
affecting a pharmacokinetic measurement (Clewell er al. 1994). Log-normalized
sensitivity parameters (LSPs) were defined as follows:

LSP=0lnR/dInx' (2)

where R is a model output and x is the parameter for which the sensitivity is being tested.
This definition quantifies the percentage change in an output value due to the percentage
change in a parameter. In this study, the liver concentration (Cr) was an output of most
concern. Consequently, we examined the sensitivity of the liver concentration of PCB126
to the parameters related to AhR binding (BM; and KB;), CYP1A2 binding (BMyo,

BM3;;, KB; and slope), Mrp2-mediated excretion (Vmax and Ky,), and partition coefficient

in the liver (PL).

2.4. Software

The model code was written and the simulations were performed using ACSL
Tox® (version 11.8.4; Aegis Technologies Group Inc., Marietta, GA). The sensitivity
analysis and parameter optimization were carried out using ACSL Math® (version 2.5.4;

Aegis Technologies Group Inc., Marietta, GA).
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2.5. Pharmacokinetic/Pharmacodynamic Studies of PCB126 under the Time-Course
Medium-Term Liver Foci Bioassay Protocol, and Simulation of these Datasets by
Incorporating Pathophysiological Conditions
2.5.1. Chemicals

PCB126 (>99% purity) was purchased from AccuStandard (New Haven, CT). 2,
2’, 4, 4, 5, 5’-Hexachlorobiphenyl (PCB74; >98% purity) was purchased from Ultra
Scientific (North Kingstown, RI) and used as an internal standard for GC analyses. DEN
was purchased from Sigma Chemical (St. Louis, MO). Pentane (HPLC grade) and
sulfuric acid were supplied by VWR Scientific (Denver, CO). Anhydrous sodium sulfate
was purchased from Fisher Scientific (Houston, TX). Florisil was supplied by Alltech
Associates (Deerfield, IL).
2.5.2. Animals

Male F344 rats, 30 days of age, supplied by Harlan Sprague-Dawley
(Indianapolis, IN), were maintained at the Painter Center, Colorado State University. The
Center is fully accredited by the American Association for Accreditation of Laboratory
Animal Care. The animals were given food (Harlan Teklad NIH-07 diet; Madison, WI)
and water ad libitum, and the lighting was set at 12-h light/dark cycle. The study was
conducted in accordance with the National Institutes of Health guidelines for the care and
use of laboratory animals.

After a 4-week acclimation, the rats were randomly allocated into three groups,
and treated according to the time-course medium-term liver foci bioassay (Fig. 2.2). In
brief, on day O, the animals were administered with a single intraperitoneal injection of

DEN (200 mg/kg body weight) dissolved in normal saline. On day 14, the rats were
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orally administered with a daily oral gavage (5 mL of dosing solution/kg body weight) of
corn oil (control), 3.3 ng PCB126/kg body weight (low dose), or 9.8 pg PCB126/kg body
weight (high dose) in corn oil until sacrifices. On day 21, a two-third partial hepatectomy
(PH) was performed on the rats. On the surgery day and the following 2 days, oral dosing
was stopped to decrease stress to the animals while they were recovering from the PH.
On day 20, 24, 28, 47, and 56, six rats from each group were sacrificed by aortic
exanguination under anesthesia. The body and liver weights from each rat were recorded
at the sacrifice (Table 2.2). One piece of a liver (approximately 5 mm thickness) from
each liver lobe was collected and fixed in formalin for GSTP foci development analysis.
The remaining part of the livers was collected for PCB126 tissue concentration analyses;
they were stored at -80°C until chemical analysis.
2.5.3. PCB126 extraction

Liver samples were weighed (approximately 1-2 g/sample). The samples were
chopped and 1.5 mL of water added. Subsequently 250 ng PCB74 was added to the
samples as an internal standard (I.S.). Then 3 mL of 60% sulfuric acid was added to the
samples and mixed vigorously. Following standing overnight at room temperature for
complete tissue digestion, 5 mL of pentane was added to the samples and mixed
vigorously. The samples were then centrifuged at 3,200 RPM for 15 minutes at 25°C
using a Centrifuge Model 5682 (Forma Scientific Inc., Marietta, OH) and the organic
layer was collected. Two more extractions were carried out and the organic layers
combined. To clean up the extracts, the combined organic layers were passed through a
clean-up column consisting of 3.0-g anhydrous sodium sulfate and 500-mg activated

florisil. The cleaned up organic extracts were evaporated under nitrogen streams until
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dryness. Each sample was reconstituted with 1 mL of pentane (HPLC grade) and

analyzed by gas chromatography. The %recovery of PCB126 by this extraction method is

about 75%.

2.5.4. Gas chromatographic analyses

An HP-5890 Series II Plus gas chromatograph (Hewlett Packard, Wilmington,
DE) with an electron capture detector (ECD) detector was employed to analyze PCB126.
A DB-5 (crosslink 5% phenyl methylsilicone, 30 m x 0.53 mm x 0.5 um film thickness,
Supelco, Bellefonte, PA) capillary column was used. The initial temperature was 80°C
for 3 minutes, programmed to 120°C at the rate of 15°C/min and stayed at this
temperature level for 5 minute and then programmed to 180°C at the rate of 20°C/min.
The flow rate of carrier gas, helium, and the make-up gas, nitrogen, were 5 and 80
mlL/min, respectively. The temperature of injector and detector were 225 and 320°C,
respectively. The volume of injection was 5-10 pL per sample. The concentration levels
of PCB126 were quantified using an internal standard method. A calibration curve was

built and fitted using a linear regression equation. The detection limit of the system was

0.1 ng PCB126.
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I P | |
(Days) 0 14 20 24 28 47 56

[ DEN; WV Partial Hepatectomy;
] Com oil; A\ Sacrifice;

3.3 ug PCB126/kg BW/day
B 9.8 ng PCB126/kg BW/day

Fig. 2.2. Experimental design of the PCB126 pharmacokinetic study integrated in a time-
course liver foci bioassay. A single ip injection of DEN was administered on day 0. Daily
oral gavage of corn oil (control) or PCB126 was started from day 14. On day 21, a two-
third partial hepatectomy (PH) was performed on the rats. On the surgery day and the
following 2 days, PCB126 was not administered to reduce the stress to the animals. Six
rats from each treatment group were sacrificed on day 20, 24, 28, 47 and 56. The livers
were collected for PCB126 analysis, morphometric analyses of GSTP foci, and PBPK/PD
modeling.
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2.5.5. Development of GSTP foci in the liver
2.5.5.1. Quantification of GSTP foci

Livers were collected at the specified sacrifice time points, fixed in formalin,
sliced to 5 um thickness, and stained for expression of GSTP immunohistochemically.
Liver sections were deparaffinized in xylene and rehydrated by passage through an
alcohol series. Endogenous peroxidase was quenched in 3% hydrogen peroxide for 10
minutes. Slides were rinsed with deionized water and placed in PBS (pH 7.4; 2.7 mM
KCl, 0.14 M NaCl, 1.5mM KH,POy4). GSTP foci were detected with a primary GSTP
antibody using a standard avidin-biotin complex method. Area and number of GSTP foci
were measured using an Olympus BX51 light microscope (Olympus Optical Co., LTD,
Tokyo, Japan) coupled with an Optronics DEI-750CE microscope mounted digital
camera (Optronics, Coleta, CA) and a stage-mounted Microcode II Digital Readout
(Boeackeler Instruments, Inc., Tucson, AZ). Image analysis software was the Bioquant
Nova® for Windows 98 (Version 5.00.8) computerized histomorphometry program
(B&M Biometrics Inc., Nashville, TN), installed in an AOpen PIII-700 computer (AOpen
Inc., Taipei, Taiwan). Any GSTP focus larger than two cells (approximately 50 wm
diameter) was counted and area of the GSTP focus was recorded. Subsequently the 2
dimensional data of GSTP foci development from the tissue slices were used to calculate
numbers and volume of GSTP foci in the livers using STEREO (the McArdle Laboratory,

Madison, WI) as described earlier by Xu et al. and Ou et al. (Ou et al. 2001; Xu et al.

1998).
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2.5.5.2. Statistical analyses

Statistical comparisons between treatment groups and the concurrent controls
were performed using one-way ANOVA. Values were considered to be statistically

significant when p < 0.05 (Minitab, Inc., State College, PA).

2.5.6. Correlation Between Internal Dosimetry and Experimental Liver GSTP Foci
Development
2.5.6.1. Calculations of internal dose metrics

We selected AUCLjve; and %bound AhR as the two most likely candidates for the
internal dose metric. Using our PBPK/PD model under the conditions of time-course
medium-term liver bioassay, the values of AUCye and %bound AhR over time were
determined. WinNonlin® Professional (version 4.1; Mountain View, CA) was then
employed to determine the correlation between the chosen liver internal metrics and the
volume of GSTP foci. A simple maximal effect equation was used to describe the
correlation between the internal dose metric and the GSTP foci development. The

equation can be described as follows:

EmaxA UCliver (3)
EAUC,,, 5+ AUC,

liver

Volume g, =

where Volumegsrp 1s volume of GSTP foci in the liver, E,.. is the maximal volume of
GSTP foci in the liver and EAUC ey, 50 1s AUCLjver which produces 50% of the maximal

volume of GSTP foci in the liver (Emax).
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3. RESULTS
3.1. Model Performance Under Normal Physiological Conditions
3.1.1. PBPK model simulations: the single dose study

The model simulations of PCB126 concentrations in the liver and fat (Fig. 2.3A)
were consistent with the experimental data reported in the NTP Technical Report (NTP
2006). According to our PBPK/PD model, with this dosing scenario (1,000 ng PCB126
oral single dose) at 24 hours post-PCB126 administration, most of PCB126 (about 55.6%
of total administered dose) was found in the liver and some of PCB126 (approximately

2.0%) was excreted out from the body via hepatic Mrp2 (Fig. 2.3B).

3.1.2. PBPK model simulations: the multiple-dose study

In the multiple-dose 2-year study, there were 6 dosing levels; 30, 100, 175, 300,
550, and 1,000 ng PCB126/kg body weight. The model simulations of PCBI126
concentrations in the liver, fat, and blood were consistent with the experimental data (Fig.
2.4A-F). Further PBPK/PD modeling revealed that %Excretion of PCB126 via Mrp2 was
increasing while %PCB126 in the livers was decreasing over time in all dosing levels
(Fig. 2.5A and B). For instance, at the dosing level of 30 ng PCB126/kg body weight, at
1, 13, 30, 52, and, 104 weeks, %excretion of PCB126 via Mrp2 was 9.3, 52.4, 73.3, 82.4,
and, 88.6%, respectively, while %PCB126 in the liver was 49.6, 27.3, 15.8, 10.7, and,

7.4%, respectively (Fig. 2.5A)
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3.2. PBPK Model Validation

An entirely different data set from a recent study conducted by Fisher et al was
used for model validation (Fisher er al. 2006). As shown in Fig. 2.6, our PBPK model
was utilized to simulate the concentration-time course data taken from this paper. The
results, shown in Fig. 2.6, demonstrated fair consistency between the liver concentration-
time courses of PCB126 at the dosing levels of 75 and 275 pg/kg. However, at the lowest
dosing level of 7.5 ug/kg, the over-prediction of the experimental data was more
pronounced (Fig. 2.6). Whether it is due to variability among different laboratories,

strains of rats, gender, analytical techniques, and/or dose levels remains unclear.

3.3. Sensitivity Analysis

The sensitivity of hepatic concentration of PCB126 to parameters related to
binding with AhR, CYP1A2, and, Mrp2 at various time points in the single dose and
multiple-dose (1,000-ng dosing level) studies is summarized in Table 2.3. From the
single dose study, at 24 hours post-PCB126 administration, affinity to CYP1A2 (KB,),
capacity of CYP1A2 (BMjy)), basal level of CYP1A2 (BMyo) and the capacity of AhR
(BM)) had the largest effect on the hepatic concentration. Affinity to AhR (KB,), Mrp2
(K, and maximum binding capacity of Mrp2 (Vpax) had moderate effect while partition
coefficient of PCB126 in the liver (PL) had minimal effect on hepatic concentration of

PCB126. In the 2-year oral multiple-dose study, at 104 weeks, Ky, and Vpax of Mrp2 had

the most prominent effect on concentration of PCB126 in the livers. Induction rate of
CYP1A2 (slope), BM2o, KB;, BM, and KB; had moderate effect while PL had the

weakest effect on PCB126 concentration in the livers.
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Fig. 2.6. Concentration-time courses of PCB126 in livers of male SD rats orally
administered with a single dose of PCB126 (lower line, 7.5 ng/kg; middle line, 75 ug/kg,
and; 275 pg/kg body weight, upper line) compared to liver concentration-time course

data taken from Fisher et al (open circles, 7.5 ug/kg; closed circles, 75 pg/kg, and;
diamonds, 275 pg/kg).
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3.4. Model Performance Under the Conditions of Time-Course Medium-Term Liver
Foci Bioassay

Body and liver weight and liver/body weight ratio of the rats in the time-course
medium-term liver foci bioassay were summarized in Table 2.2. There was no statistical
difference in either body weight or liver weight in all treatment groups as compared to
concurrent controls. However, in the low dose group, on day 56, liver/body weight ratio
was significantly different compared to concurrent control (p<0.05). In the high dose
group, on day 20 and 56, liver/body weight ratio was significantly different compared to
the concurrent controls (p<0.05).

With our own experiment, model simulations of PCB126 concentrations in livers
were consistent with experimental results (Fig. 2.7A and 2.7B). Oral dosing of PCB126
was started on day 14 until day 21. The dosing was stopped between day 21 and 24. Our
PCB126 liver concentration levels on day 24 were lower than the limit of quantification.
Using PBPK/PD modeling, %bound AhR in low and high dose group was estimated to be
99.2% and 99.8%, respectively, at 8 weeks, (Fig. 2.8). Area under the curve in the liver

(AUClLive) increased over time in both dosing levels (Fig. 2.9).

3.5. GSTP Foci Development in the Time-Course Medium-Term Liver Foci
Bioassay

As shown in Fig. 2.10, when compared to the controls, there was no statistical
significance observed in both number and volume of GSTP foci in the rats treated with
3.3 ng PCB126/kg body weight (low dose group). However, in rats treated with 9.8 ng

PCB126/kg body weight (high dose group), there were significantly higher numbers of
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GSTP foci in the livers on day 24, 28, 47, and, 56 (p<0.05). For instance, on day 56,
numbers of GSTP foci in the livers in control and high dose groups were 19,949.0
6,913.7 and 35,617.8 + 8,806.7 foci (mean + S.D.; p<0.05), respectively, whereas
%volume of GSTP foci for control and high dose groups were 0.230 + 0.062 and 0.520 +

0.107% (mean + S.D.; p<0.05), respectively.

3.6. Relationship Between AUC v, and Liver GSTP Foci Development

Using a simple maximal effect equation, AUCj;yer correlated well with %volume
of GSTP foci in the livers at both dose levels (Fig. 2.11A and 2.11B). Parameters of the
maximal effect equation, a reflection of relationship between AUC;yer and %volume of
GSTP foci, were summarized in Table 4. In the low and high dose group, maximal
volumes of GSTP foci (Epnax) were 0.402 and 0.717%, respectively, while EAUCyer, 50

in the low and high dose group were 288,096 and 1,413,766 nmole*h/L, respectively.
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TABLE 2.4 Summary of pharmacodynamic parameters used in the equation describing
the relationship between AUCLiver and GSTP foci development in male F344 rats
undergone the time-course medium-term initiation-promotion protocol using PCB126 as
a chemical promoter. The rats were orally administered with 3.3 (low dose) or 9.8 (high
dose) ug PCB126/kg body weight/day.

Treatment group

Parameters Low dose group High dose group
Emax (%) 0.402 0.717
EAUCjyer, 50 (nmole*h/L) 288,096 1,413,766
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4. DISCUSSION

For the first time, we demonstrated that the versatile Mrp2 transporter protein in
drug disposition is also involved in the excretion of a highly persistent environmental
contaminant, PCB126. Furthermore, our PBPK/PD modeling work reported herein has
the following significance:

First, our PBPK/PD model is capable of simulating blood and tissue kinetics of
PCB126 in rats under many different dosing scenarios. These included the NTP single
(Fig. 2.3) and multiple dosing studies up to two years (Fig. 2.4) (NTP 2006) , Fisher et al.
studies (Fig. 2.6) (Fisher er al. 2006), as well as our own studies involving an initiation-
promotion experimental protocol (Fig. 2.7).

Second, the much higher hepatic concentration of PCB126 over that in the fat
despite high lipophilicity of PCB126 is most likely the result of protein binding. In the
liver sub-compartment of our PBPK/PD model, PCB126 binds to AhR and CYP1A2 in a
reversible fashion. The level of AhR in the livers was assumed to be constant throughout
the testing conditions (Andersen et al. 1993), while CYP1A2 was considered to be an
inducible protein (Chubb er al. 2004; NTP 2006). Using the 3D-QSAR model and
computational chemistry developed earlier by Hirono et al (Hirono et al. 2005), PCB126
was found to be a good substrate for Mrp2 binding with relatively high affinity. Thus, an
Mrp2-mediated excretion process of PCB126 was incorporated into the model. The
resulting PBPK/PD model simulations were consistent with a number of experimental
data sets from different laboratories.

Third, under pathophysiological conditions involving two-third partial

hepatectomy, the model can also satisfactorily simulate the time-course liver
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concentrations. PBPK/PD model simulations under our experimental conditions
suggested that AUCy;.r was a better internal dose metric than the specific binding
between PCB126 and AhR. There was a correlation between AUC,.. and the observed
liver GSTP foci development.

From this research work, we learned a great deal about the pharmacokinetics and
pharmacodynamics of PCB126, particularly regarding the involvement of Mrp2
transporter protein. We would like to share the following thoughts with interested
colleagues.

In the current PBPK model of PCB126, we incorporated reversible bindings
between PCB126 and hepatic proteins (i.e. AhR and CYP1A2), and an excretion of
PCB126 from the liver via Mrp2. From the sensitivity analysis (Table 2.3), in the early
period (less than 24 hrs) of the 1,000-ng single oral dose study, the parameters related to
the bindings between PCB126 and AhR and CYP1A2 (BM,, KB, BM;;, BM;, and KB,)
had a stronger effect on PCB126 levels in the liver than those for Mrp2 (Ky, and V).
However, when the oral dosing continued, at the same dose level, the parameters related
to the Mrp2-mediated excretion became more influential on hepatic concentration of
PCB126 than those of AhR and CYP1A2 bindings. It is possible that, at the beginning,
absorbed PCB126 from the GI tract entered into the liver and bound preferentially to
AhR and CYP1A2 because of their higher binding affinities. As AhR and CYP1A2 had
low binding capacities, they became saturated with PCB126. The excess PCB126 in the
liver then bound to Mrp2, a transporter protein with lower binding affinity but higher
capacity. These Mrp2-bound PCB126 molecules were then excreted from the livers via a

biliary excretion process. The above deliberations are also reflected by the fact that at the
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later period, when compared to total oral administered dose, the fraction of PCB126
bound to the AhR and CYP1A2 was continuously decreasing, while the fraction of
PCB126 excreted via Mrp2 was continually increasing (Fig. 2.5). In model simulations
from our initiation-promotion study, the computer modeling results showed a similar
trend in increasing fraction of PCB126 in feces via the Mrp2-mediated excretion process
(Fig. 2.12A). Computer simulation also demonstrated a decreasing trend of the ratio
between hepatic PCB126 levels and the total administered dose (Fig. 2.12B). AhR is
considered to be a constitutive protein, although it has been known that the amount of
CYP1A2 in the liver can be induced by exposure of PCB126 (Chubb et al. 2004; NTP
2006). However the magnitude of the protein induction process may not be sufficient to
account for all the protein binding in the liver. Thus, when these binding proteins become
saturated with PCB126, the excess PCB126 molecules bind to Mrp2 and are excreted out

of the liver by the Mrp2-mediated excretion process.
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In our time-course medium-term liver bioassay study, a two-third partial
hepatectomy was performed on all of the animals on day 21. When the two-third liver is
removed, the remaining portion of the liver will regenerate (Taub 2004). In our PBPK/PD
model, we incorporated this liver regeneration process (Lu et al. 2006). To reduce stress
to the animals, oral dosing in all of the treatment groups was stopped from day 21 to day
24 (Fig. 2.2). Interestingly, on day 24 (right before the dosing resumed), the liver
concentrations of PCB126 in samples harvested from the rats exposed to PCB126 in both
dosing levels were lower than the detection limit (Fig. 2.7A and 2.7B). In our modeling,
without any changes in Mrp2 affinity or capacity, the model was not able to successfully
simulate the liver concentration at this time point. Mrp2 expression was increased by
46% at 12 hours post surgery (Gerloff er al. 1999) and bile flow was increased by 73% at
24 hours after PH (Vos et al. 1999). In addition, Villanueva et al reported that, after PH,
there was an increase in Mrp2-mediated excretion of dinitrophenyl-S-glutathione, a
substrate of Mrp2 (Villanueva et al. 2005). Thus, in our PBPK/PD model, from day 21 to
day 24, the value of the maximal binding capacity of Mrp2 (V) was increased from
64.6 to 2,000.0 nmole/h to fit the observed liver concentration data. This result suggested
that PH might be a potent stimulator in translocation of Mrp2 from its intracellular
storage sites.

It has been recognized that PCB126, a co-planar PCB, exerts its toxicological
actions via binding to AhR (Safe et al. 1985; Safe 1994). However, it has been
hypothesized that there may be other factors contributing to its toxicological effects such
as free radical production resulting from CYP1A2 induction (Jin et al. 2001; Katynski et

al. 2004). From our GSTP foci development data, at the dosing level of 9.8 g
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PCB126/kg BW/day, there was a significant difference in GSTP foci development when
compared to the controls at 8 weeks (Fig. 2.10). However there was no statistically
significant difference in GSTP foci development in rats treated with 3.3 ug PCB126/kg
BW/day at the same period. In our PBPK/PD model simulations, the binding between
PCB126 and AhR was similar between the two dose levels (Fig. 2.8). Taken together,
these results suggested that specific binding between AhR and PCB126 may not be the
only factor contributing to the observed effects in this experimental condition. Thus,
using AhR binding as an internal dose metric may not be an appropriate surrogate to
describe the GSTP foci development in this study.

It has been suggested that, for chemicals exerting toxicological effects in liver,
area under the curve of the chemical can be used as an internal dose metric (MacGregor
et al. 2001). Hence, we chose AUCy, as our internal dose metric. The resulting
PBPK/PD modeling indicated that AUCy ., has correlation with the liver GSTP foci
development (Fig. 2.11A and 2.11B) and is a better internal dose metric for this
pharmacodynamic endpoint.

In the past 13 years, a number of clonal growth models were developed to
describe liver foci formation in rats treated with carcinogenic chemicals (Conolly and
Kimbell 1994; Lu et al. 2007; Ou et al. 2003; Thomas et al. 2000). These biologically-
based models were based upon the multistage carcinogenesis theory (Moolgavkar and
Knudson 1981). However, up to the present time, these models have not been linked with
any pharmacokinetic models. The present study revealed that AUC . correlated well
with the formation of liver GSTP foci. It would be of considerable utility in risk

assessment if the present PBPK/PD model of PCB126 can be incorporated into the clonal
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growth model in order to give a more biologically relevant connection between
pharmacokinetics to pharmacodynamics.

In summary, Mrp2 is a hepatic transporter responsible for excretion of many
drugs and toxicants (Jedlitschky er al. 2006). In this study, the feasibility of binding
between PCB126 and Mrp2 was assessed and the binding affinity of PCB126 to Mrp2
was predicted using the 3D-QSAR and computational chemistry (Hirono et al. 2005). We
successfully incorporated the Mrp2-mediated excretion process into our PBPK/PD
model. Therefore, the present work provided an illustration of the utility of the
computational in silico approach. Such an approach would not only conserve research
resources, but also minimize animal experimentation. As utilization of computational
technologies in biomedical research is generally lagging behind engineering and physical
sciences, our work reported herein might serve as a stimulus for moving towards the

increasing practice of computational toxicology and pharmacology.
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CHAPTER 3

Hepatic Enzyme and Receptor Expression as Biomarkers for Carcinogenicity in

Rats Exposed to PCB126, Hexachlorobenzene, and, Their Mixture

Manupat Lohitnavy, Stephen A. Benjamin, Elizabeth Eickman, Lisa N. Gerjevic, Ornrat

Lohitnavy, Yasong Lu, Jon T. Painter, and Raymond S.H.Yang.

ABSTRACT

3,3’,4,4’,5-Pentachlorobiphenyl (PCB126) and hexachlorobenzene (HCB) are
potential human carcinogens. Since both compounds are persistent environmental
pollutants, co-exposure to PCB126 and HCB is realistic as is interest in evaluating
carcinogenic potential of a mixture of these two chemicals. Using a time-course medium-
term liver bioassay protocol, male F344 rats were given a single i.p. dose of 200 mg/kg of
diethylnitrosamine (DEN) as an initiator on day 0. Oral dosing (1X/day; 5 days/week) of
PCB126 (9.8 pug/kg BW/dose), HCB (28.5 mg/kg BW/dose) or their mixture (9.8 ug of
PCB126/kg BW/dose and 28.5 mg of HCB/kg BW/dose) or corn 0il (control group) was
carried out from week 2 to 24 weeks. On day 21, a two-thirds partial hepatectomy (PH)
was performed to induce hepatocyte proliferation. Rats were sacrificed on day 20, and at
4, 8, 12, 18 and 24 weeks post-DEN injection. Three days before sacrifices, an osmotic
minipump filled with bromodeoxyurine (BrDU) solution was surgically inserted into each
rat. The time-course development of foci expressing glutathione-S-transferase placental

form positive (GSTP), transforming growth factor-a. positive (TGFa"), or transforming
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growth factor-B2 receptor negative (TGFPB2Rc) in the liver was evaluated using
morphometric analyses. Percent Labeling Indices (%L.1.) of BrDU incorporated cells
were determined in the whole liver and within GSTP* foci categorized into 4 different
phenotypes. PCB126, HCB, and their mixture significantly increased GSTP*, TGFo,
and TGFB2Rc¢ foci in both numbers and size. TGFo" and TGFB2Rc” foci formation was
statistically significant at the later time points suggesting that they are markers for
carcinogenesis in the late promotion or early progression stages. Four different
phenotypes of GSTP" foci demonstrated statistical differences in their growth

characteristics suggesting that there is more than one population of pre-neoplastic cells.

1. INTRODUCTION

Polychlorinated biphenyls (PCBs) are halogenated aromatic hydrocarbons that
had been widely used in industry and are persistent environmental pollutants. While their
use has been discontinued since the 1970’s, significant amounts of PCBs are still
detectable in foods, human and animal tissues, and, in the environment (Safe e al. 1985;
Safe 1994). 3,3’,4,4°,5’-Pentachlorobiphenyl (PCB126) is the most toxic PCB congener
and is a demonstrated carcinogen. Structurally, PCB126 is capable of binding with aryl
hydrocarbon receptor (AhR). Its toxicological effe;:ts include induction of cytochrome
P4501A1 and 1A2 (CYP1A1 and 1A2), respectively (Safe et al. 1985; Safe 1994), and
carcinogenesis in several organs (i.e. liver, lung, and mouth) in rats (NTP 2006).

Hexachlorobenzene (HCB) was originally used as a fungicide, but its commercial
production and use have been discontinued. However, HCB is still detectable in the

environment due to its chemical and thermal stability. As a highly lipophilic chemical,
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HCB primarily accumulates in the adipose tissue in the body. HCB is toxic in laboratory
animals and humans (Alvarez et al. 1999; Gocmen et al. 1986; Ralph et al. 2003; Smith
et al. 1987a; Vos 1986). Despite the lack of genotoxicity, HCB-induced carcinogenicity
was observed in laboratory animals with the liver being one of the main target organs
(Smith et al. 1985). HCB has been classified as “reasonably anticipated to be a human
carcinogen” (NTP 2001). Since both PCB126 and HCB are persistent in the environment,
co-exposure to these carcinogens is realistic and may pose toxicological hazards to
humans.

Many experimental animal models have been proven to be useful in studying
chemical carcinogenesis (Shirai 1997; Solt and Farber 1976). Initiation-promotion
models, involving a single dose administration of an initiator, followed by repeated
administration of a promoter, can reveal the capability of chemicals to cause cancer. Ito’s
medium-term liver bioassay is one of the most extensively studied protocols (Ito et al.
2003; Shirai 1997). Based on development of glutathione-S-transferase placental form
positive (GSTP™) foci as a pre-neoplastic marker, this experimental model accurately
predicts liver carcinogenicity in rats (Ogiso et al. 1990; Shirai 1997).

Apart from using GSTP as a pre-neoplastic marker, other tumor markers such as
overt expression of tumor growth factors such as transforming growth factor (TGF)-a and
absence of the expression of transforming growth factor § Type 2 receptor (TGFB2Rc)
are well-established tumor markers in many kinds of cancers in humans and experimental
animals. TGF-a is expressed in viral hepatitis (Chung et al. 2000) and many human
tumors (Bates et al. 1988; Chung et al. 2000; Derynck et al. 1987; Mydlo et al. 1989;

Smith et al. 1987b; Yeh et al. 1987), including liver tumors (Bates et al. 1988; Chung et
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al. 2000; Derynck et al. 1987; Mydlo et al. 1989; Yeh et al. 1987) and in chemically
induced animal tumors (Luetteke et al. 1988). TGF-o has been used as a tumor marker in
rats (Dragan et al. 1995; Steinmetz and Klaunig 1996) and is suggested to be a tumor
marker for carcinogenic progression (Dragan et al. 1995). In TGF-a transgenic mice,
hepatocellular carcinoma was observed at 10-15 months (Jhappan et al. 1990). Co-
expression of c-myc in TGF-a transgenic animals resulted in a synergistic effect on liver
tumor development, including shorter latency period and a more aggressive phenotype
(Calvisi and Thorgeirsson 2005).

Transforming growth factor (TGF)-B is a cytokine in the TGF-B superfamily.
TGF-B ligands elicit different cellular responses via binding and activation through their
receptors at the cell membrane. Lower expression or lack of function of its receptor,
transforming growth factor-f Type 2 receptor (TGFB2Rc), is associated with many kinds
of human cancers such as colorectal cancer (Brattain et al. 1996; Markowitz et al. 1995)
and hepatocellular carcinoma (Sue et al. 1995). Mutations leading to lack of function
phenotype may play a role in cancer development. In addition, knockout experiments
indicated that lack of the TGFB2Rc gene can accelerate cancer development and lead to
more aggressive phenotypes in these animals (Cheng et al. 2005; Forrester et al. 2005;
Huntley et al. 2004). The TGFB2Rc knockout animals showed a significantly higher
hepatocyte proliferation rate with a concomitant lowering of apoptotic rate compared to
its wild-type counterparts (Tang et al. 1998). When the knockout animals were co-treated
with DEN and phenobarbital, tumor incidences, size of the tumors, and tumor
malignancy in chemical-treated animals were higher compared to knockout animals

without chemical treatment (Tang et al. 1998). Interestingly, in female transgenic mice
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expressing a dominant-negative mutant TGFB2Rc alone, mammary tumors developed
spontaneously with a long median latency (27.5 months) (Gorska et al. 2003). The major
difference in mammary tumors arising in TGF-a transgene alone animals compared to
bigenic TGFB2Rc "/TGF-a was the marked suppression of tumor invasion. These result
suggested that over-expression of TGF-a and absence of TGFB2Rc function could lead to
an overt growth and a more aggressive phenotype of tumors (Gorska et al. 2003).

In our laboratory, to further investigate the carcinogenic effects of chemicals in
the development of GSTP" foci in the initiation-promotion protocol, we have modified
the original Ito’s medium-term liver bioassay by adding multiple sacrificing time points,
as well as the utilization of multiple markers for carcinogenic effects (Dean et al. 2002;
Lohitnavy et al. 2004; Lu et al. 2007; Ou et al. 2003; Ou et al. 2001). We exposed F344
male rats to PCB126, HCB, and their mixture and investigated tumor markers (i.e. GSTP,
TGFo, and TGFB2Rc) at sequential time points. The objectives of this study were to: 1)
assess time-dependent changes in GSTP*, TGFa", and TGFB2Rc  foci development after
exposure to PCB126, HCB, and their mixture, and; 2) investigate the growth
characteristics of the GSTP' foci based on their TGF-a and TGFB2Rc expressing

phenotype.

2. MATERIAL AND METHODS
2.1. Chemicals

PCB126 was purchased from AccuStandard Inc. (New Haven, CT). HCB was
purchased from Aldrich Chemical (Milwaukee, WI). DEN and BrDU were purchased

from Sigma Chemical Co. (St. Louis, MO).
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2.2. Animals and treatment

Male F344 rats, 30 days of age, from Harlan Sprague Dawley (Indianapolis, IN)
were acclimated for 4 weeks before the start of the experimentation. The rats were
randomized by weight and allocated into four treatment groups (Fig. 3.1). On day 0, the
animals received a single i.p. injection of DEN (200 mg/kg) dissolved in 0.9% saline. On
day 14, the animals received gavage (5 days per week) administration of corn oil or 9.8
ug PCB126 /kg or HCB (28.5 mg/kg/day, 5X/week) or their mixture (28.5 mg
HCB/kg/day and 9.8 pg PCB126/kg/day, 5X/week) in a corn oil vehicle through the
remainder of the 24-week study. On day 21, a two-thirds partial hepatectomy was
performed on all animals. Animals were given food (Harlan Teklad NIH-07 Diet;
Madison, WI) and water ad libitum, and lighting was set on a 12-h light/dark cycle. On
days 20, and at week 4, 8, 12, 18 and 24, the animals from each treatment group were
sacrificed by aortic exsanguination (Fig. 3.1). The whole liver was removed; tissues were
fixed in 10% neutral-buffered formalin, embedded in paraffin, and serially sectioned at 5
pm. The studies were conducted in accordance with the NIH guidelines for the care and
use of laboratory animals. The animals were maintained in a fully accredited animal care

facility by the American Association for Accreditation of Laboratory Animal Care.

92



/A A A A

AYA
0 [ | | 1
(Week)g 2 3 4 8 12 18 24
[l DEN; W Partial Hepatectomy;
Corn oil; /\ Sacrifice;

Sy PCB126 alone Group;

HCB Group;
B Mixture Group

Fig. 3.1. Experimental design of the time-course liver foci bioassay. A single
intraperitoneal injection of 200 mg/kg DEN was given on day 0. Daily oral gavage of
com oil or chemical (PCB126, HCB, and their mixture) solution started at week 2 (day
14) until sacrifice. On week 3, a two-thirds partial hepatectomy was performed on the
rats. On the day of surgery and the following three days the gavage dosing was suspended
to reduce the stress to the animals. Six rats from each treatment group were sacrificed on
days 20 and week 4, 8, 12, 18 and 24. The liver was sectioned and saved for GSTP* foci
measurement and other analyses.
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2.3. Quantification of GSTP"* foci

Formalin-fixed tissues from all animals were used for the immunohistochemical
identification of GSTP" foci. Liver sections were deparaffinized in xylene and rehydrated
by passage through an alcohol series. Endogenous peroxidase was quenched in 3%
hydrogen peroxide for 10 min. The slides were rinsed with deionized water and placed in
PBS (pH 7.4; 2.7 mM KCl, 0.14 M NaCl, 1.5 mM KH,PO,, and 8.1 mM Na,PO,). A
standard avidin-biotin complex method protocol (Vector Labs, Burlingame, CA) was
followed, and foci were detected with GSTP primary antibody (Binding Site, San Diego,
CA). GSTP" foci were measured using a Leitz light microscope coupled with the
BioQuant image analysis system (version 5; R&M Biometrics, Nashville, TN). The foci
consisting of more than two cells, roughly corresponding to 50 pm in diameter, were
recorded.
2.4. Quantification of TGFa" and TGFB2Rc foci

Formalin-fixed tissues from the animals sacrificed at week 12, 18 and 24 were
used for the immunohistochemical identification of TGFo" foci. Liver sections were
deparaffinized in xylene and rehydrated by passage through an alcohol series.
Endogenous peroxidase was quenched in 3% hydrogen peroxide for S min. The slides
were rinsed with deionized water and placed in PBS (pH 7.4; 2.7 mM KClI, 0.14 M NaCl,
1.5 mM KH,PO,4, and 8.1 mM Na,PO,). A standard avidin-biotin complex method
protocol (Vector Labs, Burlingame, CA) was followed. A tissue slide was individually
treated with TGF-a primary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
and TGF-B2 receptor primary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,

CA). Subsequently TGFo" and TGFP2Rc™ foci were measured using a Leitz light
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microscope coupled with the BioQuant image analysis system (version 5; R&M
Biometrics, Nashville, TN). The foci with more than two cells, roughly corresponding to
50 um in diameter, were recorded.
2.5. Determination of cell division rate of the liver

Three days before the sacrifices, an osmotic minipump (Alzet model 2ML1, 10
ul/hr; Alza Corporation, Palo Alto, CA), filled with bromodeoxyuridine (BrDU) (20
mg/ml), was implanted subcutaneously over the dorsal midscapular region. The animals
were anesthetized with isoflurane (Anaquest, Madison, WI), and the incision was closed
using stainless steel wound clips. Detection of BrDU-labeled cells was performed on
formalin-fixed liver sections wusing standard avidin/biotin complex method
immunoperoxidase kits (Vector Labs, Burlingame, CA) with primary BrDU antibody
(Biogenex Labs, San Ramon, CA) and 3-amino-9-ethylcarbozole (Biomeda, Foster City,
CA). At least 1,000 cells/animal and four animals/group were counted. The labeling index
(LI) was calculated as the number of cells labeled divided by the total number of cells

counted. The cell division rate (o;; day™) was calculated as described by Moolgavkar and

Luebeck:
a=ixln[—-—l—} )
2t 1-LI

,where ¢ is the number of days of exposure to BrDU.

2.6. Determination of cell division rate within GSTP" foci
One hundred and two of large GSTP* foci (area of the foci larger than 3.2x10°

pm?) were randomly selected from the liver sections. The areas of GSTP* foci were
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recorded. Three liver serial sections were individually stained with TGF-o, TGF-p2
receptor, and BrDU, respectively. Evaluations of TGF-o and TGF-$2 receptor
expressions of the corresponding areas to the GSTP® foci were performed. The
corresponding areas of GSTP" foci in BrDU-stained slides were recorded. Images from
the areas were taken. BrDU incorporated cells and total cell number were counted.

Percent L.I. and division rate (a; day™) of the foci was calculated as described earlier in

Equation 1.

3. RESULTS
3.1. Effects of the Chemicals on Body Weight and Liver Weight

PCB 126, HCB and their mixture significantly affected both body weight and
liver weight of the animals at week 24 (Table 3.1 énd 3.2). All three groups showed body
weight reduction with time: the PCB126 and mixture groups were more markedly
affected. In contrast, liver weights were increased in all three treatment groups on a time
course basis (Table 3.2). Due to drastic weight loss in rats treated with PCB126 and the
mixture, oral gavage in all treatment groups was stopped at week 16. All animals were
maintained until their final sacrifices.
3.2. A Hepatocellular Adenoma in a Rat Treated with PCB126

One of the rats treated with PCB126 for 18 weeks developed a hepatocellular
adenoma. The mass was GSTP*, TGFa*, aﬁd TGFB2Rc (Fig. 3.2). The %L.I. and
division rate within the tumor were 40.7% and 0.0872 day”, respectively, whereas %L.1.

and division rate outside the tumor were 19.0% and 0.0350 day, respectively.
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3.3. Development of GSTP* Foci

Time-dependent changes in GSTP" foci development were observed in all
treatment groups (Fig. 3.3). HCB, PCB126, and their mixture statistically increased both
size and number of GSTP" foci (Fig. 3.3). For instance, in HCB treated group, time-
dependent changes in GSTP” foci development were also observed. For example, at week
24, %GSTP+ foci area in control and HCB treated group were 0.79 + 0.26 and 2.64 +
0.42% (mean + S.D.; p<0.05), respectively, whereas numbers of the foci for control and
PCB126 treated rats were 142.3 +22.3 and 320.2 +71.3 foci/p.lm2 (mean + S.D.; p<0.05),
respectively.

At week 24, %GSTP" foci area in control and PCB126 treated group were 0.79 +
0.26 and 2.47 + 0.47% (mean + S.D.; p<0.05), respectively, whereas numbers of the foci
for control and PCB126 treated rats were 142.3 + 22.3 and 360.0 % 124.5 foci/um?® (mean
+ S.D.; p<0.05), respectively.

In mixture treated group, time-dependent changes in GSTP* foci development
were also observed. For example, at week 24, %GSTP" foci area in control and mixture
treated group were 0.79 * 0.26 and 2.32 + 1.09% (mean + S.D.; p<0.05), respectively,
whereas numbers of the foci for control and PCB126 treated rats were 142.3 + 22.3 and
507.9 + 122.2 foci/um’ (mean + S.D.; p<0.05), respectively.

3.4. Development of TGFo." Foci

PCB126 significantly increased the area of TGFa" foci at week 18 and 24. At

week 24, % area of TGFo" foci in control and PCB126 treated rats were 0.018 + 0.009

and 1.268 + 1.023% ( mean + S.D.; p<0.05), respectively, whereas numbers of TGFo"
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foci in control and PCB126 treated rats were 14.0 + 6.6 and 247.5 + 37.5foci/pm2 (mean
+ S.D.; p<0.05), respectively (Fig. 3.4).

In the HCB group, at week 24, % area of TGFa" foci in control and HCB treated
rats were 0.018 = 0.009 and 0.291 + 0.296% ( mean + S.D.; p<0.05), respectively,
whereas numbers of TGFa" foci in control and HCB treated rats were 14.0 + 6.6 and 64.5
=505 foci/pm2 (mean + S.D.; p<0.05), respectively (Fig. 3.4).

In the mixture treated group, at week 24, % area of TGFa" foci in control and
mixture treated rats were 0.018 = 0.009 and 0.277 = 0.202% ( mean = S.D.; p<0.05),
respectively, whereas numbers of TGFa" foci in control and mixture treated rats were

14.0 + 6.6 and 94.1 = 75.0 foci/um® (mean + S.D.; p<0.05), respectively (Fig. 3.4).

3.5. TGFB2Rc¢ Foci Formation

PCB126 significantly increased the area of TGFB2Rc¢ foci at week 18 and 24, and
increased the number of TGFB2Rc foci at week 24 (p<0.05) (Fig. 3.5). At week 24, %
area TGFP2Rc¢ foci in control and PCB126 treated rats were 0.015 + 0.037 and 0.420 +
0.396% ( mean = S.D.; p<0.05), respectively, whereas numbers of TGFB2Rc¢ foci in
control and PCB126 treated rats were 0.2 + 0.4 and 5.5 + 4.9 foci/pm2 (mean £ S.D.;
p<0.05), respectively (Fig. 3.5).

Neither HCB nor the mixture produces any significant difference in TGFB2Rc

foci development.
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3.6. Hepatocyte Proliferation

Time-dependent changes in the %L.1. of the whole livers and calculated division
rate were observed in PCB126 and mixture group, whereas there was no significant
changes observed in HCB treated group (Fig. 3.6). At week 24, %L.1. of the liver in
control and PCB126 treated rats were 1.80 £ 1.45 and 11.0 £+ 9.5% (mean + S.D.;
p<0.05), respectively, whereas the calculated division rate of the liver in control and
PCB126 treated rats were 0.0028 + 0.0023 and 0.0200 = 0.0178 day'1 (mean + S.D.;
p<0.05), respectively.

In mixture treated group, at week 24, %L.1. of the liver in control and mixture
treated rats were 1.80 + 1.45 and 8.5 + 5.2% (mean £ S.D.; p<0.05), respectively,
whereas the calculated division rate of the liver in control and PCB126 treated rats were

0.0028 + 0.0023 and 0.0158 = 0.0097 day' (mean + S.D.; p<0.05), respectively.

3.7. Growth Characteristics in Four Different Phenotypes of GSTP* Foci

Growth characteristics of four different GSTP"* foci based on their differential
expression in TGF-a and TGFB2Rc are summarized in Table 3.3 and 3.4, respectively.
Overall, GSTP* foci with G*/a*/B' phenotype (GSTP* foci with TGF-a" and TGFP2Rc)
had the highest %L.I. compared to other phenotypes. At week 24, %L.1. of GSTP* foci
with G*/0’/B* and G*/a*/f” phenotype were 3.67 + 2.39 and 18.10 + 11.54% (mean +
S.D.; p<0.05), respectively. When the foci sorted by exposure period, time-dependent
changes in their growth characteristics were observed in GSTP" foci with G*/0*/p~ and

G*/a*/B" phenotype. Among the GSTP* foci with G*/a*/B~ phenotype, PCB126 is the
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most potent agent in increasing the %L.I. within the GSTP* foci, while HCB has the

weakest effect.
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4. DISCUSSION

This study, for the first time, examined the growth characteristics of GSTP*
hepatic foci based on their differential expression of TGFa and TGFB2Rc in male F344
rats treated with PCB126, HCB, or their mixture. Our results clearly demonstrated that
the GSTP" foci with TGFa expression with the absence of TGFB2Rc expression had the
highest division rate compared to other types of GSTP" foci (Table 3.3 and 3.4). Thus, it
is possible that the GSTP" foci with this specific phenotype acquire growth advantages
and transform to tumors. This hypothesis was also supported by our finding that the
hepatocellular adenoma found in a rat treated with PCB126 was also a GSTP* focus with
TGFa expression with the absence of TGFB2Rc expression (Fig. 3.2).

Time-dependent changes in hepatic GSTP*, TGFa*, and TGFB2Rc¢ foci also were
observed. Increases in GSTP" foci were observed in all treatment groups as early as 4
weeks post-DEN administration (Fig. 3.3), while increases in TGFa" foci and TGFB2Rc¢
foci were seen only at later times. Increases in TGFa™ foci were observed at week 24 in
all treatment groups (Fig. 3.4), however, increases in TGFB2Rc¢ foci were observed only
in rats treated with PCB126 (Fig. 3.5).

Time-dependent changes in %L.I. and the division rates of the liver were
observed in PCB126 and the mixture group, whereas there was no significant changes
observed in the HCB treated group (Fig. 3.6). These results suggested that while HCB
could increase the development of GSTP* and TGFa" foci, it had no demonstrable effect
on liver cell division, whereas PCB126 could contribute to these mitogenic effects in rats

treated with PCB126.
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The GSTP' foci with TGF-a expression and without TGFP2Rc expression
demonstrated significantly higher cell division rates as shown by BrDU labeling indices
(Table 3.3 and 3.4). These particular GSTP* foci with the G*/a*/B" phenotype had a
division rate 6-7 fold higher than the GSTP" foci without TGF-o. expression and with
TGFB2Rc expression, the G*/0/B" phenotype. Among the G*/a*/B phenotype, PCB126
had the highest potency in increasing the %L.I. within the GSTP" foci (Table 3.3 and
3.4). This suggests that, PCB126-induced, foci with G*/a*/B" phenotype had significantly
higher growth advantage compared to the GSTP" foci with G*/a/B* phenotype. One
hepatocellular adenoma was observed in a PCB126-treated rat at week 18. This tumor
was classified as a GSTP' focus with G*/a’/B" phenotype (Fig. 3.2). Its %L.I. and
division rate within the tumor were much higher than outside the tumor. Our current
results supported the earlier findings in transgenic mice with bigenic TGFB2Rc ITGF-a
(Gorska et al. 2003). These results suggest that expression TGF-a and lack of expression
of TGFB2Rc may predispose preneoplastic cells to progress to malignancy.

Phenotypic differences of GSTP" foci based on TGF-a and TGFB2Rc expression
can be useful in classification of hepatic preneoplastic and neoplastic growth
characteristics of as seen in this study and others (Farber 1984). Using a computer
modeling approach, it has been suggested that there are at least two cell populations with
different growth characteristics (Conolly and Andersen 1997; Lu et al. 2007; Ou et al.
2003; Ou et al. 2001). Cells advancing to the later stages of carcinogenesis (presumably
GSTP*, TGF-a" and TGFB2Rc phenotype) would have a growth advantage over those
that are TGF-a” and TGFB2Rc" because of the over-expression of the mitogenic cytokine

and the absence of response to apoptotic signals and could reflect an increasingly
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malignant hepatocyte population. The approach of determining division rates in
phenotypically different liver GSTP* foci can be incorporated into computer models to
predict time-dependent changes in liver foci development after exposure to a variety of
chemicals and chemical mixtures.

In summary, the GSTP* foci with TGF-a expression and an absence of TGFB2Rc
expression had the highest hepatocyte division rate and might be the cell population
which evolves from preneoplastia to malignancy. In that sense, they may serves as

excellent biomarkers for carcinogenicity in the liver.
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CHAPTER 4
A Novel Physiologically-Based Pharmacokinetic Model of Methotrexate
Incorporating Hepatic Excretion via Multidrug-Resistance-Associated Protein 2
(Mrp2) in Mice, Rats, Dogs, and Humans

Manupat Lohitnavy, Yasong Lu, Ornrat Lohitnavy, Mike A. Lyons, and,

Raymond S. H. Yang

ABSTRACT

A novel physiologically-based pharmacokinetic (PBPK) model of methotrexate
(MTX) was built based on an earlier model developed by Bischoff et al. (1971). MTX is
known to/ be a substrate of multidrug-resistance-associated protein 2 (Mrp2). More
recently, a three-dimensional quantitative structure-activity relationship model (3D-
QSAR) of Mrp2 was developed by Hirono et al. (2005) in Japan. In our updated PBPK
model of MTX, using the computational chemistry-derived binding affinity (Ky), a
Mrp2-mediated biliary excretion process was incorporated as the MTX excretory
pathway. Our model simulation results are consistent with numerous datasets obtained
from mice, rats, dogs, and humans, at a variety of dose levels. Comparisons were made
between our updated PBPK model and the earlier one from Bischoff et al. using a PBPK
Index approach. Our new PBPK model was further verified against additional
pharmacokinetic datasets from rats under special experimental conditions (cannulated

bile duct) and Eisai hyperbirilubinemic rats.
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1. INTRODUCTION

Methotrexate (MTX) is a dihydrofolate reductase (DHFR) inhibitor which has
been widely used in cancer treatment and rheumatoid arthritis (Treon and Chabner 1996;
Walker and Ranatunga 2006). MTX exerts its pharmacological effects via an irreversible
binding. to DHFR resulting in its cytotoxic effects. Bischoff et al. reported a
physiologically-based pharmacokinetic (PBPK) model of MTX (Bischoff et al. 1971).
That model was one of the earliest PBPK models published in the literature. It was able
to describe a variety of dose levels of MTX in several species, including mice, rats, dogs,
and humans. The original model consisted of plasma, liver, kidney, muscle, gut lumen,
and gut tissue compartments. Entero-hepatic recirculation behavior of MTX was also
mathematically incorporated into the model. In ‘the liver sub-compartment, MTX was
excreted into bile using biliary secretion. MTX was then secreted into the gut lumen and
reabsorbed thereby completing its entero-hepatic recirculation. Since it has been 36 years,
the original computer code was not available. Thus, in our present study, we recreated the
code based on the conceptual model in the publication.

Multidrug-resistance-associated protein 2 (Mrp2), a transporter protein, was
recently identified as a molecular entity responsible for this biliary excretion of MTX
(Han et al. 2001). A mutation at Trp1254 of Mrp2 gene resulted in a loss of MTX
transport activity in a cell culture system (Ito er al. 2001). A three-dimensional
quantitative structure-activity relationship (3D-QSAR) model of Mrp2 was developed by
Hirono and colleagues in Japan (Hirono et al. 2005). In that paper, the authors reported a
binding affinity (Kp) value [log(1/Kn)= 3.47 L/mole] between MTX and Mrp2 using a

computational chemistry technique. We integrated these biochemical and molecular
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characteristics of MTX into a newly updated PBPK model of MTX. Thus, this paper: 1)
recounts our conceptual development of the involvement of Mrp2 in MTX
pharmacokinetics; 2) builds a novel PBPK model of MTX by incorporating an Mrp2-
mediated biliary excretion process into the Bischoff et al. 1971 model; 3) compares the
performances of the newly built PBPK model with the reconstructed Bischoff et al. 1971
PBPK model, and 4) verifies of the updated PBPK model using additional special and

relevant experimental datasets.

2. MATERIAL AND METHODS

2.1. A Reconstruction of the PBPK Model of MTX Earlier Developed by Bischoff et
al (1971)

2.1.1. Pharmacokinetic Studies in Bischoff et al (1971)

Since the Bischoff et al. (1971) paper was over 36 years old, we had to re-code
the PBPK model based on the conceptual model presented in the paper. The original
PBPK model of MTX consists of plasma, liver, gut tissue, kidney, and muscle
compartments (Bischoff e al. 1971). All parameters used in the model are summarized in
Table 4.1. The reconstructed model code was written and the simulations were performed
using ACSL Tox® (version 11.8.4; Aegis Technologies Group Inc., Marietta, GA).
Parameter optimization was performed using ACSL Math® (version 2.5.4; Aegis
Technologies Group Inc., Marietta, GA). This earlier model featured an entero-hepatic
recirculation of MTX via excretion of MTX into the bile, then, MTX was re-absorbed
into the gut tissue, and re-entered into the liver through the hepatic vein. In a
reconstructed PBPK model of MTX, a biliary excretion process with a first-order

excretion kinetics was assumed. In the Bischoff et al. paper, figures of the concentration-
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time courses of MTX in mice, rats, dogs, and humans were presented. Mice were
intravenously administered with 3.0 and 300.0 mg MTX/kg BW. Rats were given with an
1.p. single-dose of 0.5, 6.0, and 25.0 mg MTX/kg BW. Dogs were intravenously
administered with 3.0 mg MTX/kg BW. Two human volunteers also participated in the
study; they were intravenously administered with a single dose of 1.0 mg MTX/kg BW.
MTX concentration-time courses were shown separately for each human subject. Tissue
samples (plasma, liver, kidney, muscle, and gut tissue in mice, rats, and dogs; plasma
only in humans) from multiple time points were collected and analyzed for MTX
concentration levels.
2.1.2. Data extraction

DigiMatic Program (version 2.1; Richmond, Virginia) was used to extract
numerical co-ordinates from the concentration-time courses of MTX presenting in the

figures published by Bischoff et al (Bischoff et al. 1971).

2.2, Incorporation of an Mrp2-Mediated Biliary Secretion into the Reconstructed
Bischoff et al. Model

Multidrug-resistance-associated protein 2 (Mrp2), a transporter protein, was
identified in 2001 to play an important role in the biliary excretion of MTX by Han et al.
(2001). Such a molecular excretory role of Mrp2 in MTX pharmacokinetics was
indirectly substantiated by Ito et al. (2001) because a mutation at Trp1254 of Mrp2 gene
resulted in a loss of MTX transport activity in a cell culture system. A few years later, a
3D-QSAR model for rat Mrp2 was developed by Hirono et al. (2005) based on molecular
characteristics such as molecular steric field, molecular electrostatic field and ClogP

calculated by SYBYL software package (Tripos Inc., St. Louis, USA) (Hirono et al.
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2005). These investigators demonstrated that their predicted values of log (1/Ky,), which
are measurements for binding affinity to Mrp2, were within 2% of the experimentally
determined values for 16 chemicals, including MTX, in their training set (Hirono et al.
2005). The largest difference of 13% was seen between predicted and experimental
values in one of the two chemicals in their test set (Hirono et al. 2005). Thus, we believe
that the in silico derived binding affinity constant, Ky, is adequate for our purpose.
Armed with this newly emerged scientific information, we started to develop our
PBPK model of MTX with Mrp2-mediated excretion in the rats first and then proceeded
to mice, dogs, and humans, respectively. A schematic diagram of PBPK of MTX with the
incorporation of an Mrp2-mediated secretion process is presented in Fig. 4.1. Since in
Hirono et al. study (Hirono et al. 2005) a Michaelis-Menten equation was used for the
derivation of the MTX-Mrp2 binding affinity constant, Kp, the first order biliary
excretion process used in the reconstructed Bischoff et al. MTX model was replaced by a
Michaelis-Menten equation. The computational chemistry-derived Ky, value by Hirono et
al. was employed. A maximum binding capacity (Vmax) value between MTX and Mrp2 in
rats was estimated using an optimization process while all of other physiological
parameters were identical to those of the reconstructed Bischoff et al. model. After a
PBPK model in rats was developed, we then proceeded to our model development for
mice, dogs and humans, respectively. To determine the values of Ky, and Vi in these
species, a stepwise optimization was performed. In humans, since individual datasets for
each of the human volunteers were available, an optimization for the values of V. and
Km in each subject was performed. The values of Ky, and Vi of Mrp2 in mice, rats,

dogs, and humans are summarized in Table 4.1.
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Table 4.1. Physiological Parameters for the MTX PBPK Models.

Bischoff et al. model Updated Mrp2 model

Mice Rats Dogs  Humans Mice Rats Dogs Human  Human
Parameters 1 2
Body Weight 0.022 02 17.0 70.0 0.022 02 17.0 70.0 70.0
(kg)
Volume of Organs (L)
Plasma 0.001 0.009 0.65 3.0 0.001 0.009 0.65 3.0 3.0
Muscle 0.01 0.1 7.5 35.0 0.01 0.1 7.5 35.0 35.0
Kidney 0.00034 0.0019 0.076 0.28 0.00034 0.0019 0.076 0.28 0.28
Liver 0.0013 0.0083 0.36 1.35 0.0013 0.0083 0.36 1.35 1.35
Gut Tissue 0.0015 0.011 0.64 2.1 0.0015 0.011 0.64 2.1 2.1
Gut Lumen 0.0015 0.011 0.64 2.1 0.0015 0.011 0.64 2.1 2.1
Blood Flow (L/h)
Muscle 0.03 0.18 84 252 0.03 0.18 84 25.2 252
Kidney 048 0.30 114 42.0 048 0.30 11.4 42.0 42,0
Liver 0.066 0.39 132 48.0 0.066 0.39 132 48.0 48.0
Gut tissue 0.054 0318 11.4 42.0 0.054 0.318 114 42.0 42.0
Partition Coefficient
Muscle 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Kidney 3.0 30 14.0 30 30 30 14.0 3.0 30
Liver 3.0 3.0 2.0 3.0 3.0 3.0 2.0 3.0 3.0
Gut tissue 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Clearance (L/h)
Kidney 0.012 0.066 3.36 14 0.012 0.066 336 114 114
Bile 0.024 0.18 048 12.0 N.A. N.A. N.A N.A. N.A.
Mrp2-mediated biliary secretion
Binding N.A. N.A. N.A. N.A. 154.0 154.0* 1540 150.2 150.2
Affinity
(mg/L)
Maximum N.A, N.A N.A. N.A. 5.70 36.20 160.11 3888.9 2188.8
binding
capacity
(mg/h)
Gl absorption parameters
Capacity 0.012 12 90.0 114.0 0.012 1.2 90.0 114.0 114.0
(mg/h)
Affinity 6.0 200 200 200 6.0 200 200 200 200
(mg/L)
Kabs 0.00006 0.00006 0.0006 0.00006 0.00006 0.00006 0.0006 0.00006 0.00006
(hour™)
Mass transfer 0.60 0.60 0.09 0.06 0.60 0.60 0.09 0.06 0.06
in lower GI
(hour™)
Absorption N.A. N.A. N.A. N.A. N.A. N.A. 0.05 N.A. N.A.
rate constant
at the upper
GI (hour)
Mass transfer N.A. N.A. N.A. N.A. N.A. N.A. 0.418 N.A. N.A.
from upper
Gl to lower
segment
(hour™)

*In Eisai hyperbilirubinemic rats (EHBR) , the maximum binding capacity of Mrp2 to MTX (V) was set as zero.
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2.3. Comparisons Between the Bischoff et al. Model and Our Updated PBPK Model
with the Mrp2-Mediated Excretion Process

A comparison between PBPK models using a “PBPK Index” was earlier proposed
by Krishnan et al (Krishnan et al. 1995). In brief, the PBPK index is a statistical
evaluation of the degree of concordance between simulations and experimental data. It
provides a more decisive means to determine the best-fit model. The PBPK Index can be

calculated by using the following stepwise calculations (Krishnan er al. 1995):
et =|St—Et | (1)

Where, et is absolute error, St is a simulated datum from a tested PBPK model, and E? is

an observed datum from an experiment.

RMet’ = ,}Zeﬂ/\, )

Where, RMet’ is root mean of error square, N is number of data pairs in the dataset, and

e’ are the square of the error estimates.

II = RMet.Sz‘imulated AMeth (3)
Observed

Where, I is an initial index and RMetzs,-mul,,,ed and RMetzobsmed is root mean of the square

of simulated and experimental data, respectively.

I =|1 x|N . +| I, x| N, . C)

" YN, YN,
i=1 i=1

Where, I, is consolidated discrepancy index (provide an indication of the overall,
weighted average of the discrepancy between PBPK model simulations and experimental

data), I, and I, are the discrepancy indices obtained from end points a and b, respectively
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(from a single study), N, and N, are number of data points in the time-course curve for
endpoints a and b, respectively. Finally, The PBPK Index can be calculated by averaging
the I.’s obtained from multiple studies (i.e. exposure concentrations, routes, scenarios, or
species). In general, the lower the PBPK Index is, the better the performance of the model
is.
2.4. Verifying the Updated PBPK Model of MTX With Additional Special and
Relevant Experimental Datasets

To further test the capability of our updated PBPK model, we selected two
additional datasets from the literatures. The first dataset was a pharmacokinetic study of
MTX with oral dosing in male Sprague-Dawley (SD) rats and in male Eisai
hyperbilirubinemic rats (EHBR) which was a mutant strain deficient in Mrp2 expression
(Naba et al. 2004). In this study, the animals were orally administered with a single dose
of 0.2 or 0.6 mg MTX/kg BW. Subsequently, serial plasma samples were collected
through jugular vein cannulation for up to 12 hours, and the samples were analyzed for
MTX levels using an LC-MS method. Since the earlier PBPK model simulations
involved intravenous and intraperitoneal dosing (see Section 2.1), with this oral dosing
condition, we incorporated an upper GI tract with a different absorption rate constant and
a luminal mass transfer rate into the existing model (Fig. 4.1). The values of these two
parameters were obtained from optimization processes (Table 4.1). To simulate the
experimental conditions in EHBR, the value of V,y in these rats was assumed to be zero
resulting in an absence of MTX biliary excretion.

The second dataset was taken from Chen et al (Chen et al. 2003). In that study, a

role of Mrp2 in biliary excretion of MTX was investigated using SD rats and EHBR. To
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collect bile from the animals, bile duct was cannulated, and an intravenous MTX infusion
at an infusion rate of 60 ug MTX/minute was delivered to the rats for two hours.
Subsequently, the infusion was stopped and bile was continuously collected for up to 2
hours. Cumulative MTX levels in the bile were determined using an LC-MS/MS
technique. To simulate this experimental condition (i.e. bile duct cannulation), MTX was
assumed to be secreted from the liver out of the body bypassing the entero-hepatic
recirculation process. All data points from these two datasets were extracted from the
figures of those studies using the DigiMatic Program as described earlier.

2.5. Sensitivity Analysis

Sensitivity analysis is a useful approach for identifying important parameters
affecting a pharmacokinetic measurement (Clewell et al. 1994). Log-normalized
sensitivity parameters (LSPs) were defined as follows:

LSP=0InR/dInx’' (5)

Where, R is a model output and x is the parameter for which the sensitivity is
being tested. This definition quantifies the percentage change in an output value due to
the percentage change in a parameter. To demonstrate the significance of parameters
affecting the MTX concentrations in rat liver, sensitivity analyses were performed under
two different experimental conditions: 1) a single i.p. dose (6 mg MTX/kg BW) in
normal rats, and; 2) the continuous infusion (60 ug MTX/kg BW/min. for 2 hours) in rats
with bile duct cannulation. Sensitivity analysis was performed using ACSL Math®
(version 2.5.4; Aegis Technologies Group Inc., Marietta, GA). Parameters involving
partition coefficient (partition coefficient of the liver, PL), Mrp2-mediated excretion

(Vmax and Ky,), and blood flow (QGT and QL) were evaluated in these analyses.
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3. RESULTS
3.1. Performances of the Reconstructed Bischoff et al. Model and Our Updated
PBPK Model with an Mrp2-Mediated Biliary Excretion Process

Comparisons between the two models are shown as time-course tissue MTX
simulation plots in mice (Fig. 4.2 and 4.3), rats (Fig. 4.4 and 4.5), dogs (Fig. 4.6), and
humans (Fig. 4.7 and 4.8). Both models are able to successfully describe the datasets
obtained from Bischoff et al (1971). The quality of fit as judged by PBPK Indices in all
four species is presented in Table 4.2. PBPK indices of the Bischoff et al. model and our
updated PBPK model are 18.23 and 19.90, respectively. In general, using the PBPK
Index approach, our new MTX PBPK model is comparable to the Bischoff et al. model in
describing MTX concentration-time courses in mice, rats, dogs, and humans. However, it
should be emphasized that our updated PBPK model contains the latest scientific

information on biliary excretion involving Mrp2.

3.2. Performances of Qur Updated PBPK Model Against Additional Datasets
Involving Special Experimental Conditions

Plasma concentration-time courses of MTX in SD rats and EHBR administered
with an oral single-dose of MTX (0.2 or 0.6 mg MTX/kg BW) are presented in Fig. 4.9A
and 4.9B, respectively. In SD rats administered with MTX intravenous infusion (60 ug

MTX/kg BW) for two hours, a simulation curve and the observed data of % cumulative

MTX in are illustrated in Fig. 4.10.
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Table 4.2. Comparison of PBPK indices of MTX PBPK in mice, rats, dogs, and humans
from the Bischoff et al. model and our updated PBPK model.

PBPK Indices PBPK Indices
Species (dosing level) (Bischoff et al. model) (our updated model)
Mice (3.0 mg MTX/kg BW)
Plasma 0.35 0.86
Liver 0.35 1.10
Kidney 0.34 0.95
Muscle 047 0.39
Gut tissue 0.83 0.61
Total 2.34 391
Mice (300 mg MTX/kg BW)
Plasma 0.26 0.17
Gut tissue 1.71 1.79
Total 1.97 1.96
Rats (6.0 mg MTX/kg BW)
Plasma 1.71 1.03
Liver 1.69 0.62
Kidney 0.34 0.59
Muscle 0.57 1.48
Gut tissue 0.50 0.44
Total 4.81 4.16
Rats (25.0 mg MTX/kg BW)
Plasma 2.76 2.30
Gut tissue 0.62 0.61
Total 3.38 291
Rats (0.5 mg MTX/kg BW)
Plasma 1.28 1.14
Gut tissue 0.51 0.43
Total 1.79 1.57
Dogs (3.0 mg MTX/kg BW)
Plasma 2.84 3.82
Total 2.84 3.82
Humans (1.0 mg MTX/kg BW)
Subject 1- Plasma 0.38 0.56
Subject 2- Plasma 0.90 1.00
Total 1.28 1.56
All 4 species
Mice 4.31 5.87
Rats 9.98 8.65
Dogs 2.84 3.82
Humans 1.28 1.56
Total 18.41 19.90
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3.3. Sensitivity Analysis

Effects of the parameters on liver concentrations of MTX are presented in Table
4.3. In rats administered with a single-dose i.p. injection (6.0 mg MTX/kg BW), PL,
Vmax, and Ky, have strong effects on the liver MTX concentrations. In comparison, QGT
and QL have a weak effect on liver MTX concentrations.

In the bile duct cannulated rats administered with a continuous infusion of MTX
(60 pg MTX/kg BW/min. for 2 hours), once again, PL, Vp.x, and Ky, have the strongest
effects on liver MTX concentrations. As shown in Table 4.3, while the general trend of
the sensitive parameter remained unchanged, there appeared to be a time-dependence
regarding the magnitude of sensitivity. For instance, at 4 hours, PL has moderate effect

while V¢ and Ky, have the strongest effects on liver MTX concentrations.
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Table 4.3. Log-Normalized Sensitivity (LSP) Parameter Values for Liver Concentration
of Methotrexate (MTX) Under Two Different Experimental Conditions.

LP. dose in normal rats (6.0 mg MTX/kg BW)

Partition Mrp2-mediated Blood flow
Coefficient excretion
Time PL V max Kn QGT QL
0.5 1.212 -1.235 1.171 -0.071 0.078
1.0 1.127 -1.016 0.999 -0.025 -0.030
1.5 1.078 -0.823 0.817 -0.024 -0.034
2.0 1.090 -0.787 0.784 -0.033 -0.030
3.0 1.140 -0.777 0.776 -0.051 -0.033
4.0 1.186 -0.750 0.750 -0.067 -0.039
LV. infusion in rats with bile duct cannulation (60 ug MTX/min. for 2 hours)
Partition Mrp2-mediated Blood flow
Coefficient excretion
Time PL V max Km QGT QL
0.5 0.883 -0.617 0.585 0.006 0.168
1.0 0.967 -0.793 0.741 0.002 0.119
1.5 0.991 -0.851 0.791 0.001 0.109
20 0.998 -0.867 0.805 0.000 0.107
3.0 1.923 -2.981 2.894 -0.060 -0.318
4.0 2.700 -4.997 4.909 -0.129 -0.597
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4. DISCUSSION

In this report, we present a novel and updated PBPK model of MTX. A prominent
feature of this new model is the addition of a biologically relevant mode of MTX biliary
excretion. It has been recognized that MTX is a substrate of Mrp2, a protein transporter,
with a relatively high affinity (Hirono et al. 2005). By binding with this transporter
protein in the liver, MTX is excreted into the bile (Han et al. 2001; Ito et al. 2001). Using
a binding affinity (Kp,) reported by Hirono et al (Hirono et al. 2005), the newly developed
model can successfully describe numerous datasets obtained from mice, rats, dogs, and
humans. Furthermore, the capability of the new model was extended to describe
additional datasets obtained from special pharmacokinetic studies with intravenous
infusion and oral dosing scenarios in bile duct-cannulated rats and Eisai
hyperbilirubinemic rats.

From the sensitivity analyses, in normal rats administered with a single i.p. dose
of MTX (6 mg MTX/kg BW), the partition coefficient of MTX in the livers (PL) had the
strongest effect on the liver MTX concentrations while the parameters related to the
Mrp2-mediated biliary secretion (Vmax and K,,) had a moderate effect (Table 4.3).
However, in the rats with a cannulated bile duct, Vmax and K,, had the strongest effect
while PL had a moderate effect on the liver MTX concentrations. In these animals, the
entero-hepatic recirculation process was “by-passed”’. MTX was being secreted into the
bile and continually collected. Thus, there was no MTX excreted into the GI tract and
none re-absorbed into the body. These results suggested a significant role of the entero-

hepatic recirculation and the Mrp2-mediated biliary secretion in MTX pharmacokinetics.
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In our new model, an upper GI compartment was added and served as an
absorption site for MTX oral administration. Interestingly, the absorption rate constant at
this particular site of the GI lumen was much higher than those of the lower GI lumen
(Fig. 4.1). In some drugs with high molecular weight, such as itraconazole which has a
similar molecular weight to MTX, the drug showed two distinct sites of drug absorption
with two different absorption rate constants (Lohitnavy et al. 2005; Lohitnavy et al.
2006).

Another prominent feature included in this updated PBPK model was its
capability in predicting of MTX concentration-time courses in EHBR. These EHBR, a
mutant strain of rats deficient in Mrp2 expression, have long been used in
pharmacokinetic studies revealing the significance of Mrp2 in pharmacokinetics of drugs
(Chu et al. 1997, Sathirakul et al. 1993; Yamazaki et al. 1997). From our model
simulations, for EHBR, we “turned off” the Mrp2-mediated excretion by setting the Vax
value to zero resulting in differences in MTX concentration-time courses when compared
to their normal counterparts (Fig. 4.9A and 4.9B). In SD rats with a cannulated bile duct,
MTX infusion was delivered to the animals. To simulate this experimental condition, we
assumed that MTX was being excreted into the bile out of the body and there was no
entero-hepatic recirculation. As shown in Fig. 4.10, The simulation results showed a good
agreement with the observed data (Chen ef al. 2003). When a simulation of this testing
condition was performed in EHBR, Mrp2-mediated excretion was “turned off” resulting
in no MTX recovery in the collected bile (data not shown). Taken together, these results

suggested that Mrp2 may be the most predominant pathway responsible for the biliary

excretion of MTX.
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In our model developments, the values of Vx and Ky, in all four species were
obtained either from the literature or from optimization processes. Interestingly, from
model developments in mice, rats, dogs and humans, there were a strong linear
correlation (1*>0.99) between log body weight and log Vmax of Mrp2 (Fig. 4.11).
Experimentally, determination of an in vivo maximum binding capacity (Vmax) of Mrp2 is
difficult, therefore utilization of scaling techniques suggested by Boxenbuam
(Boxenbaum 1984) may be a useful and practical methodology in approximating Vp,x of
Mrp2 of other substrates.

Since there were two datasets in humans shown in Bischoff et al. (1971) studies,
we used an optimization approach to determine the values of Vmax and Ky, of Mrp2 to fit
the available datasets individually (Fig. 4.7B and 4.8B). With this approach, plasma
MTX concentration-time courses in both subjects were successfully described. These
results suggested that there might be interpersonal variations in Mrp2-mediated excretion
of MTX in humans. Interpersonal variations (e.g. genetics, age, genders, and
pathophysiological conditions) are known to affect pharmacokinetics of drugs and
chemicals (Dorado et al. 2006; Engen et al. 2006; Hopkins and Martin 2006; Ribeiro and
Cavaco 2006). Thus, an individual parameter optimization technique may be a useful tool
in estimating the parameters affecting individual pharmacokinetics of drugs and
chemicals. With this approach, individualizations of MTX dosing regimens are possible
and may be applied in personal therapeutic monitoring of MTX in humans.

Recently, our group successfully developed a PBPK model of 3,3’,4,4°5-
pentachlorobiphenyl (PCB126) (Lohitnavy et al. 2007), an important environmental

contaminant. In this PBPK model of PCB126, an Mrp2-mediated excretion process was
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also incorporated into the liver compartment. PCB126 binds to Mrp2 with a relatively
higher affinity than MTX. Thus, it is possible that, when these two chemical are
concomitantly present in the body, the chemicals may competitively interact with each
other at the level of hepatic Mrp2. This competitive interaction might result in changes in
pharmacokinetics of PCB126 and/or MTX with possible overt toxicities of PCB126
and/or MTX. To verify this hypothesis, in vivo experiments involving concomitant
administrations of PCB126 and MTX and the construction of a PBPK model incorporated
with a pharmacokinetic interaction at the hepatic Mrp2 level are ongoing in our

laboratory.
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Fig. 4.11. Relationship between log Vm., and log body weight in mice, rats, dogs, and
humans.
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CHAPTER 5
Pharmacokinetic Interactions at the Level of Multidrug-Resistance-Associated

Protein 2 (Mrp2) Among Methotrexate, 3,3’,4,4°,5-Pentachlorobiphenyl (PCB126),

and Genipin in Rats: A Physiologically-Based Pharmacokinetic Model

Manupat Lohitnavy, Brad Reisfeld, Ornrat Lohitnavy, Yasong Lu, Arthur N. Mayeno,
Raymond S. H. Yang

ABSTRACT

Multidrug-resistance-associated protein 2 (Mrp2) is a protein transporter
responsible for biliary excretion of many xenobiotics. When Mrp2 substrates are
simultaneously present in the body, pharmacokinetic interactions are possible. In this
study, we investigate pharmacokinetic fate of methotrexate (MTX) with and without the
influence of the co-treatment of 3,3°,4,4°,5-pentachlorobiphenyl (PCB126), another Mrp2
substrate, and genipin, a Mrp2 translocation enhancer. F344 rats were allocated into 4
treatment groups MTX  alone, MTX+PCB126, MTX+genipin, and
MTX+PCB126+genipin). Following dosing, the animals were sacrificed and liver
samples were collected at 0.5, 1, 2, 6, and 12 hours. Hepatic MTX levels were
determined using HPLC-UV. When compared to the MTX alone group, significant
differences in liver MTX concentration levels were observed in MTX+genipin and
MTX+genipin+PCB126 group. A physiologically-based pharmacokinetic (PBPK) model
incorporating a competitive inhibition process between MTX and PCB126 for hepatic
Mrp2 was developed, and this model consistently simulated the concentration-time
courses of MTX and PCBI126 in livers. Thus, our model suggests that inhibition

mechanism of MTX by PCB126 modifies MTX concentration-time courses. Application
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of similar PBPK modeling approaches may be useful to quantitatively predict the

pharmacokinetic interactions between other Mrp2 substrates.

1. INTRODUCTION

Pharmacokinetic interactions between drugs and chemicals from foods are well-
documented and pose many potential therapeutic problems, including adverse drug
reactions and possible therapeutic failures. These pharmacokinetic interactions are due to
many underlying mechanisms which change the pharmacokinetics of drugs (Beique et al.
2007; Fujita 2004; Mallet et al. 2007; Singh 1999; Walubo 2007; Zhou et al. 2007).
Many xenobiotics can affect absorption, distribution, metabolism, and excretion of other
chemicals and drugs, resulting in changes in their pharmacokinetics (Beique et al. 2007;
Brown 1993; Lohitnavy et al. 2005; Otagiri 2005; Walubo 2007).

Excretion of xenobiotics can be mediated through several mechanisms, one of
which is biliary excretion involving hepatic transporters. This particular mechanism is
responsible for the excretion of many drugs and chemicals (Petzinger and Geyer 2006;
Shitara et al. 2006). Multidrug-resistance-associated protein 2 (Mrp2) is an ATP-binding
cassette (ABC) transporter which is responsible for biliary excretion (Borst et al. 2006;
Jedlitschky et al. 2006). Concurrent administrations of Mrp2 substrates can lead to
changes in xenobiotics disposition. For example, a concomitant administration of two
Mrp2 substrates, curcumin (a plant-derived chemical from Curcuma longa) and talinolol
resulted in significant changes in pharmacokinetics of talinolol. The mechanism of a
possible pharmacokinetic interaction at the Mrp2 level was suggested (Juan et al. 2007).

Some other examples of the Mrp2 substrates are methotrexate (MTX) and 3,3’,4,4°,5-
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pentachlorobiphenyl (PCB126) (Hirono et al. 2005; Jedlitschky et al. 2006; Lohitnavy et
al. 2007b).

MTX is a dihydrofolate reductase (DHFR) inhibitor widely used in cancer
treatments and rheumatoid arthritis (Treon and Chabner 1996; Walker and Ranatunga
2006). MTX exerts its pharmacological effects via an irreversible binding to DHFR
resulting in its cytotoxic effects. In 1971, Bischoff et al. reported a physiologically-based
pharmacokinetic (PBPK) model of MTX (Bischoff ef al. 1971). This model was able to
describe a variety of dose levels of MTX in several species. The original model consisted
of plasma, liver, kidney, muscle, gut lumen, and gut tissue compartments. In the liver
sub-compartment, MTX is excreted into bile via biliary secretion with an unknown
biological entity. It was later discovered that MTX is a substrate of Mrp2 with relatively
high binding affinity (Han et al. 2001; Hirono et al. 2005). Based on this novel
information regarding the significant role of Mrp2 in MTX pharmacokinetics, an updated
PBPK model of MTX was developed (Lohitnavy et al. 2007b). In this updated PBPK
model of MTX, the empircal biliary excretion process was replaced by a Mrp2-mediated
excretion process. The biochemical characteristics of MTX to Mrp2 as predicted by a
three-dimensional quantitative structure-activity relationship (3D-QSAR) modeling
approach was incorporated into the model (Hirono et al. 2005). This MTX PBPK model
could satisfactorily describe numerous datasets from different dosing scenarios. The
utility of the updated model was extended by studying MTX concentration-time courses
in additional different dosing scenarios (e.g. oral dosing and continuous IV infusion),

under special experimental conditions (i.e. rats with bile duct cannulation), and, in a
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specific animal model (e.g. Eisai hyperbilirubinemic rats, a special strain of rats lacking
Mrp2 expression) (Lohitnavy et al. 2007b).

PCB126, a persistent environmental contaminant, is the most toxic PCB
congener and a demonstrated carcinogen. PCB126 is capable of binding with aryl
hydrocarbon receptor (AhR) and exerts its toxicological effects including induction of
cytochrome P450 (CYP) 1A1 and 1A2 (Safe et al. 1985; Safe 1994), and carcinogenic
effects in several organs (i.e. liver, lung, and mouth) in rats (NTP 2006). Recently, a
PBPK/PD model of PCB126 was reported (Lohitnavy et al. 2007a). Using a 3D-QSAR
computational approach (Hirono et al. 2005), a Mrp2-mediated excretion process of
PCB126 was identified and incorporated into the model. The PBPK/PD model could
describe many pharmacokinetic datasets obtained under several different experimental
conditions in different laboratories (Lohitnavy et al. 2007a).

Genipin, an intestinal metabolite of geniposide (a plant-derived glycoside), is
known to have a strong effect on enhancing localization of Mrp2 to the liver canalicular
membrane, and, thereby, enhances biliary excretion of Mrp2 substrates (Shoda et ai.
2004). Since MTX and PCB126 are both Mrp2 substrates and genipin is able to enhance
Mrp2 translocations, these three chemicals, when concomitantly presenting in the body,
may alter each other’s pharmacokinetic behaviors and their disposition. In this study, we
specifically study MTX pharmacokinetic behaviors with and without the influence of

PCB126, and/or genipin.
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2. MATERIAL AND METHODS
2.1. Chemicals

MTX (98% purity) was purchased from Sigma-Aldrich (Steinheim, Germany).
PCB126 (>99% purity) was purchased from AccuStandard (New Haven, CT).
2,2’,4,4°,5,5’-Hexachlorobiphenyl (PCB74; >98% purity) was purchased from Ultra
Scientific (North Kingstown, RI) and used as an internal standard for GC analyses of
PCB126. Genipin was purchased from ’Wako Chemicals USA, Inc. (Richmond, VA).
Pentane and sulfuric acid were supplied by VWR Scientific (Denver, CO). Ethyl acetate
was purchased from Fisher Scientific (Houston, TX). Florisil and anhydrous sodium
sulfate drying columns were obtained from Alltech Associates (Deerfield, IL). All
reagents were of analytical grade or higher.
2.2. Animals

Male F344 rats (body weight, 262-308 gm), about 30 days of age, supplied by
Harlan Sprague-Dawley (Indianapolis, IN), were maintained at the Painter Center,
Colorado State University. The Center is fully accredited by the American Association
for Accreditation of Laboratory Animal Care. The animals were given food (Harlan
Teklad NIH-07 diet; Madison, WI) and water ad libitum, and the lighting was set at a 12-
h light/dark cycle. The study was conducted in accordance with the National Institutes of
Health guidelines for the care and use of laboratory animals.
2.3. Study Design

The rats were divided into 4 treatment groups (n=15 in each group): MTX alone,
MTX+PCB126, MTX+genipin, and MTX+PCB126+genipin. In the MTX alone group,

the rats were orally administered with a single dose of MTX (3 mg/kg). In the
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MTX+PCB126 group, the rats were orally administered with PCB126 (9.8 ug/kg/day) in
corn oil 4 days prior to the MTX administration. On the fifth day of the experiment, a
single oral dose of MTX (3 mg/kg) was administered to the rats. In the MTX+genipin
group, genipin (10 umole/min/kg) in normal saline was slowly infused through a tail vein
for 30 minutes before MTX oral dosing. In the MTX+PCB126+genipin group, four oral
doses of PCB126 (9.8 ug/kg/day) in corn oil were administered to each rat. Thirty
minutes before MTX oral dosing (3 mg/kg), genipin solution (10 pmole/min/kg) in
normal saline was slowly infused through a tail vein for 30 minutes. Subsequently, the
animals were sacrificed at 0.5, 1.0, 2.0, 6.0, and 12.0 hours post-MTX administration
(n=3 at each sacrificing time point). Liver samples were collected and stored at -80°C
until chemical analyses.

2.4. Chemical Analysis

2.4.1. MTX Analysis.

A liquid-liquid extraction method and HPLC conditions were modified from the
methods previously reported by Alkaysi et al (Alkaysi et al. 1990). In brief, liver samples
(0.4-0.6 g) were weighed, added with 1 mL of water, and ground into a suspension. Then,
0.6 mL of 15% trichloroacetic and 1 mL of glacial acetic were added into the samples
and mixed vigorously. Subsequently, 5 mL of ethyl acetate was added into the samples,
mixed vigorously, and left standing for 12 hours. The samples were centrifuged and the
organic layer was collected. The samples were extracted with 3 mL of ethyl acetate two
more times, the organic layers from each sample were pooled together. The combined
organic extracts were evaporated under a nitrogen stream until dryness. Then, the dried

extracts were reconstituted with 300 pL of water, and 100 uL of the reconstituted

152



samples was injected to an HPLC system. The HPLC system consisted of an L-6200A
Intelligent Pump®, an L-4250 UV-VIS Detector®, a D-6000 Interface®, and an AS-2000
Autosampler® (Hitachi Instrument Inc., Tokyo, Japan). Mobile phase [91% ammonium
acetate buffer (pH 5.0): 4.5% acetonitrile: 4.5% methanol] was delivered with an
isocratic fashion at a rate of 1.3 mL/min through a C-18 Luna® analytical column (3 um,
150 x 4.60 mm; Phenomenex, Torrance, CA, USA) with a C-18 SecurityGuard® “4x3.0
mm; Phenomenex, Torrance, CA, USA). Measurement of MTX was performed at the
wavelength of 305 nm and data were analyzed using D-7000 HPLC System Manager®
(version 4.0; Hitachi Instrument Inc., Tokyo, Japan). A calibration curve of MTX
extracted from liver samples constructed at a concentration range of 0-1,000 ng MTX/g
liver showed linearity with r* > 0.99.
2.4.2. PCB] 26 Analysis

Liver samples were weighed (approximately 1.5 g/sample) and chopped and 1.5
mL of water added to each sample. Subsequently 250 ng PCB74 was added to each
samples as an internal standard (I.S.), followed by 3 mL of 60% sulfuric acid, and the
contents mixed vigorously. After standing overnight at room temperature for complete
tissue digestion, S mL of pentane was added to each sample and mixed vigorously. The
samples were then centrifuged at 3,200 RPM for 15 minutes at 25°C using a Centrifuge
Model 5682 (Forma Scientific Inc., Marietta, OH), and the organic layer was collected.
Two more extractions were carried out and the organic layers combined. To clean up the
extracts, the combined organic layers were passed through a clean-up column consisting
of 3.0 g anhydrous sodium sulfate and 500 mg activated florisil. The cleaned up organic

extracts were evaporated under nitrogen streams to dryness. Each sample was
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reconstituted with 1 mL of pentane (HPLC grade) and analyzed by gas chromatography.
The % recovery of PCB126 by this extraction method is about 75%. An HP-5890 Series
II Plus gas chromatograph (Hewlett Packard, Wilmington, DE) with an electron capture
detector (ECD) detector was employed to analyze PCB126. An analytical capillary
column (Zebron ZB-5%; crosslink 5% phenyl methylsilicone, 30 m x 0.53 mm x 0.5 pm
film thickness, Phenomenex, Torrance, CA) protected with a guard capillary column
(Zebron®; crosslink 5% phenyl methylsilicone, 5 m x 0.53 mm x 0.5 pm film thickness,
Phenomenex, Torrance, CA) was employed. The GC temperature conditions were as
follows: The initial temperature was 80°C for 3 minutes, programmed to 120°C at the
rate of 15°C/min, remained at this temperature level for 5 minute, and then programmed
to increase at the rate of 20°C/min to the final temperature level of 220°C. The flow rate
of helium, carrier gas, and the make-up gas, nitrogen, were 5 and 80 ml./min,
respectively. The temperatures of injector and detector were 250°C and 300°C,
respectively. The volume of injection was 1-2 uL per sample. The concentration levels of
PCB126 were quantified using an internal standard method. The retention times of
PCB126 and LS. were at 21.2 and 22.9 minutes, respectively. A calibration curve was
built and fitted using a linear regression equation with linearity (r%) > 0.99. The detection
limit of the system was 0.1 ng PCB126.
2.5. PBPK Modeling of MTX Pharmacokinetics With or Without Co-Treatment of
PCB126
2.5.1. Strategies in PBPK model development

PBPK models of MTX and PCB126 with an incorporation of the Mrp2-mediated

excretion process were recently developed in our laboratory (Lohitnavy et al. 2007a;
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Lohitnavy et al. 2007b). Individual PBPK model structures, their computer codes, and all
parameters used in these two PBPK models were detailed in these publications
(Lohitnavy et al. 2007a; Lohitnavy et al. 2007b). To simulate our experimental
conditions in which MTX and PCB126 were concomitantly present in the animals, the
two PBPK models were integrated. A schematic diagram of the PBPK model with
pharmacokinetic interaction between these two chemicals is depicted in Fig. 5.1. All
parameters used in the current PBPK model are summarized in Table 5.1. To describe
pharmacokinetic interactions between MTX and PCB126 at Mrp2 in the liver, a
Michaelis-Menten equation describing competitive inhibition behavior was incorporated
into the liver sub-models for both chemicals (Haddad et al. 2001). The competitive
inhibition equations between MTX and PCB126 at hepatic Mrp2 excretion sites were
described as follows:

RBilemrx= (Vmax, MTx * CVLMTX)/[ Kin, MTx * (1+CVLpcp126/KIM) + CVLMtx] (1)

RBilepci26= (Vmax, pcB126 ¥ CVLecB126)/[ Km, peBi2s * (1+CVLMmrx/KIP) + CVLpcri2s] (2)

where RBileyrx and RBilepcpio¢ are rates of biliary excretion of MTX and PCB126 via
the Mrp2-mediated excretion processes, respectively. Vmax mrx and Vi pcBi2s are
maximal binding capacities between Mrp2 and MTX, and Mrp2 and PCB126,
respectively. CVLytx and CVLpcpi2s are concentration levels of MTX and PCB126 in
venous blood in the liver, respectively. Ky, mrx and Kp, pcizs are binding affinities
between Mrp2 and MTX and PCB126, respectively. KIM and KIP are the constants

describing competitive inhibition of Mrp2-mediated excretion of MTX by PCB126 and
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PCB126 by MTX, respectively. The values of KIM and KIP were estimated using
optimization procedures. When PBPK modeling of MTX alone was implemented, all the
commands and parameters related to PCB126 were turned off.

2.5.2. Sensitivity Analysis

Sensitivity analysis is a useful approach for identifying important parameters
affecting a pharmacokinetic measurement (Clewell et al. 1994). Log-normalized
sensitivity parameters (LSPs) were defined as follows:

LSP=0lnR/dInx' 3)

where R is a model output and x is the parameter for which the sensitivity is being tested.
This definition quantifies the percentage change in an output value due to the percentage
change in a parameter. In this study, the liver concentration of MTX and PCB126 were
outputs of most concern. Thus, we examined the sensitivity of the liver concentration of
MTX to the parameters related to competitive inhibition (KIM), blood flow (QGTwmrx
and QLmrx), Mrp2-mediated MTX excretion (Vigax, MTx and Kqg mTx), and partition
coefficient of MTX in the liver (PLyrx).

For PCB126, we examined the sensitivity of the liver concentration of PCB126 to
the parameters related to competitive inhibition (KIP), AhR binding (BM; and KBj),
CYP1A2 binding (BM,o, KB, and slope), Mrp2-mediated PCB 126 excretion (Vmax, pcB126
and Ky, pcpi2s), and partition coefficient of PCB126 in the liver (PLpcgi26)-

2.5.3. Software

The model code was written and the simulations were performed using ACSL

Tox® (version 11.8.4; Aegis Technologies Group Inc., Marietta, GA). Parameter

optimizations were performed using ACSL Math® (version 2.5.4; Aegis Technologies
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Group Inc., Marietta, GA). The sensitivity analysis and parameter optimization were
carried out using ACSL Math® (version 2.5.4: Aegis Technologies Group Inc., Marietta,

GA).
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TABLE 5.1. Summary of all parameters used in the MTX-PCB126 interaction model:
PCB126 Section.

Model Parameters Abbreviations Parameter Values
(unit)
Body weight (kg) BW 0.277
Tissue volumes (or volume fractions):
Fat volume fraction VFC peping 0.05
Liver volume fraction VLC pcpi2s 0.038
Rapidly perfused (L) VRC pcgi2g 0.052
Slowly perfused (L) VSC penias 0.91 x BW —-VE-VL-VB-VR
Blood volume (L) VB pcs12s 0.062 x BW +0.0012
Cardiac Qutput Constant QCC pcRi2g 14.1
(L/hr/kg)
Tissue plasma flow fractions:
Fat QFC PCB126 0.07
Liver QLC PCBI126 0.18
Rapidly perfused QRC pcpios 0.58
Slowly perfused QSCpcrizg 1.0-QFC-QLC-QRC
Rate Constants:
Absorption rate constant (hr') | KGILVpcg)6 | 0.143
Partition Coefficients:

Liver PL PCB126 8.9

Fat PF pcRizs 155.0

Rapidly perfused PR pcB126 6.0

Slowly perfused PS pcBi2s 7.2
Protein Binding:

AhR maximum (amole/liver) BM; 0.004

AhR affinity (nM) KB, 0.564

1 A2 Basal level (nmole/liver) BMyo 10.0

1 A2 affinity (nM) KB, 5.54

1 A2 induction rate (nmole/hr) slope 0.0066
PCB126 Excretion via Mrp2:
Binding affinity (nM) Ko pcai26 7,760.0
Maximal binding capacity of V max, PCB126 64.6
Mrp2 (nmole/hr)
Competitive inhibition:
Inhibition constant of MTX by | KIM 12.07°
PCB126 (nM)
Inhibition constant of PCB126 by | KIP 3,926.3°
MTX (nM)

? Optimized values.
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TABLE 5.1(contd.) Summary of all parameters used in the MTX-PCB126 interaction
model: Methotrexate Section.

Model Parameters Abbreviations Parameter Values
(unit)

Volume of Organs (L):

Plasma VPurx 0.009
Muscle VMurx 0.1
Kidney VKMTX 0.0019
Liver VLMTX 0.0083
Gut Tissue VGTwmrx 0.011
Gut Lumen VGLyrx 0.011
Blood Flow (L/hr):

Muscle QMutx 0.18
Kidney QKrx 0.30
Liver QLMTX 0.39
Gut tissue QGTurx 0.318
Partition Coefficients.

Muscle PMuyrx 0.15
Kidney PKyrx 3.0
Liver PLyurx 3.0
Gut tissue PGTurx 1.0
Urinary excretion:

Kidney clearance (I/hr) | CLurine, Mx 0.066
Mrp2-mediated biliary secretion:

Maximum binding capacity V max, MTX 79,658.5
(nmole/hr)

Binding Affinity (nM) K, MTx 338,834.6
Absorption and GI Motility Rate Constants:

Capacity (nmole/hr) V nax. GL MTX 2,640.6
Affinity (nM) K, o1, M1x 440,102.1
Absorption constant from the KABSM1x 0.00006
lower GI tract (hr'))

Mass transfer in lower GI (hr’) | KMASS1x 0.6
Absorption rate constant at the KGILVyrx 0.05
upper GI (hr'")

Mass transfer from upper GI to KMOVurx 0.418

lower segment (hr'h)
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3. RESULTS

Kidney weight, liver weight, and % liver weight of the animals at sacrifice in all
treatment groups are summarized in Table 5.2. When compared to MTX alone group,
statistical difference in absolute kidney weight was observed in MTX+PCB126+genipin
group (p<0.05). Percent Liver weights in MTX+PCB126 and MTX+PCB126+genipin

were statistically different when compared to the MTX alone group (p<0.05).

3.1. Effect of PCB126 and/or Genipin on Liver MTX Concentration-Time Courses
Liver concentration-time courses of MTX in rats treated with MTX alone,
MTX+PCB126, MTX+genipin, and MTX+PCB126+genipin are illustrated in Fig. 5.2. At
0.5 hours, hepatic concentrations of MTX in rats treated with MTX+PCB126 and
MTX+genipin were significantly lower than those in rats treated with MTX alone
(p<0.05). At 2 hours, liver MTX concentrations in rats treated with MTX+genipin
infusion were significantly lower than those in the MTX alone group (p<0.05). At 6
hours, in MTX+PCB126+genipin group, liver MTX concentrations were significantly
decreased when compared to those in the MTX alone group (p<0.05). At 12 hours, in
MTX+genipin, and, MTX+PCB126+genipin group, hepatic MTX concentration levels

were significantly decreased when compared to the MTX alone group (p<0.05).
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TABLE 5.2. Summary of kidney weight and liver weight of male F344 rats treated with a
single oral dose of methotrexate (MTX; 3 mg/kg), with MTX and 3,3’,4,4’5-
pentachlorobiphenyl (PCB126; 9.8 ug/kg/day/dose for 4 doses), with MTX and genipin
infusion (10 pmole/min/kg for 30 minutes before MTX dosing), and MTX with PCB126
(9.8 pg/kg/day/dose for 4 doses) and genipin infusion (10 umole/min/kg for 30 minutes
before MTX dosing). The data represent mean + SD (n=15; at each sacrificing time
point). *, significantly different from the MTX alone group (P < 0.05).

Treatment Group Body weight Kidney weight  Liver weight %Liver

(&) (8) (8) weight
MTX alone 298 £6 1.87 £0.08 10.28 £ 1.15 3.45+£0.33
MTX + PCB126 2777 1.87+£0.11 10.96 +0.92 4.08 +0.23"
MTX + genipin 278 £7 1.83 £0.09 9.85+0.75 3.28 £0.96
MTX + PCB126 + 274 +3 1.77 £0.08" 10.89 £ 0.52 3.98 £0.18"
genipin 208 +£6
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Fig. 5.2. Liver methotrexate (MTX) concentration-time courses in male F344 rats (n=3 at
each sacrificing time point) treated with MTX alone (black bars), MTX+PCB126 (white
bars), MTX+genipin (checker-patterned bars), and, MTX+PCB126+genipin (gray bars).
The data are expressed as mean = S.D. *, significantly different from the MTX alone
group (P < 0.05).
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3.2. Computer Simulations of MTX and PCB126 Concentration-Time Courses in
Livers of Male F344 Rats Using PBPK Modeling Approaches.

Model simulations of concentration-time courses of MTX and/or PCB126 of rats
in MTX alone, MTX+PCB126, and MTX+PCB126+genipin group are illustrated in Fig.
5.3A-C. In Fig. 5.3A-C, the figures show model simulations of liver concentration-time
courses of MTX and PCB126 assuming that there were pharmacokinetic interactions at
hepatic Mrp2.

The PBPK model can describe our experimental data reasonably well in rats
treated with MTX alone (Fig. 5.3A), in rats treated with MTX+PCB126 (Fig. 5.3B), and,
in rats treated with MTX+PCB 126+genipin (Fig. 5.3C). Using an optimization approach,
the constants describing competitive inhibition of the Mrp2-mediated excretion of MTX
by PCB126 and PCB126 by MTX (KIM and KIP) were estimated at 12.07 nmole/L and
3,926.3 nmole/L, respectively.

In MTX+PCB126+genipin group, since lowered liver MTX concentration levels
were observed, we used an optimization process to estimate maximal binding capacity of
MTX (Viax, MTx) and PCB126 (Vpax, pcBi26)- Vmax, MTx and Vmax pepize Were 144,600.0
nmole/hr and 62.6 nmole/hr, respectively. These Vyax values were used only in the
MTX+PCB126+Genipin group. Model simulations compared to our analytical data of
this experimental data are shown in Fig. 5.3C.

3.4. Sensitivity Analysis
The sensitivities of hepatic concentrations of MTX and PCB126 related to certain

selected physiological parameters at various time points are summarized in Table 5.3 and

164



5.4, respectively. For liver MTX concentration, at 24 hours post-MTX administration,
Km, MTX> Vmax, MTX, and PLymrx had the largest effect on the hepatic MTX concentration,
while KIM had moderate effect and QGTmrx and QLyrx have the weakest effect on the
hepatic MTX concentration (Table 5.3).

For liver PCB126 concentration, at 24 hours post-MTX administration, BM,,
KB;, BMjyo. KB, and Slope have the most prominent effect on the hepatic PCB126
concentration, while Km, pcB126, Vmax, PcB126, and PLpcp126 have moderate effect and KIP

has minimal effect on the liver PCB126 concentration (Table 5.4).
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4. DISCUSSION

Our original objective was to investigate MTX pharmacokinetics with or without
the influence of co-treatment of PCB126 and/or genipin. As demonstrated in the Results
section, MTX liver concentrations, on a time-course basis, were affected by the presence
of PCB126 and/or genipin. More detailed discussion is given below.

4.1. Effects of PCB126 and/or Genipin on Liver MTX and PCB126 Concentration

At the earlier period post-MTX oral administration, PCB126 significantly
decreased liver MTX concentration levels while there was no statistical difference
observed at the later time points (Fig. 5.2).

However, at the later time points, on a time-course basis, liver MTX levels in the
MTX+PCB126 group was slightly higher than those in the MTX alone group (Fig. 5.2).
It is possible that, with a higher binding affinity to Mrp2 compared to MTX, PCB126
preferentially bound to Mrp2 and, thereby, inhibited the Mrp2-mediated excretion
process of MTX, resulting in the changes of MTX concentration levels in the livers.
However, when MTX was continuously excreted into the GI lumen via the Mrp2 biliary
excretion process, it could be reabsorbed into the body. Thus, the competitive inhibition
effect of PCB126 on the hepatic transporter became less pronounced in the later time
points.

Interestingly, in the MTX+PCB126+genipin group, at 6.0 and 12.0 hours, MTX
concentration levels were statistically lowered than those in MTX alone group, while, in
the MTX+genipin group, lower hepatic MTX concentration levels were observed at 12.0
hours only. These results suggest that, with the co-administration of PCB126, genipin

could enhance biliary excretion of MTX. This facilitating effect of PCB126 in lowering

169



hepatic MTX concentration levels may be due to an Mrp2 induction effect of PCB126
(Mabher et al. 2005). It is plausible that, in the MTX+PCB126 group, although PCB126
can induce the total expression of hepatic Mrp2, it may not increase the Mrp2 levels at
liver canalicular membrane. Once genipin, an Mrp2 translocation enhancer, was
concomitantly administered, it enhanced the Mrp2 translocation process, thereby
increasing Mrp2 levels at the excretion site and resulting in lowered hepatic MTX
concentration levels.

Mechanistically, genipin can increase the presence of Mrp2 at the liver canalicular
membrane (Shoda et al. 2004). For instance, at 2.0 hours, the hepatic concentration
levels of PCB126 in rats in the MTX+PCB126 group and in the MTX+PCB126+genipin
were 742.6 = 31.2 and 576.5 + 78.3 ng/g (p=0.071), respectively. Thus, it is possible that
genipin could increase the excretion of PCB126 and might be useful as an antidote for
such competitive inhibitors as PCB126 or other Mrp2 substrates. In
MTX+PCB126+genipin group, liver MTX concentration levels were decreased
significantly (Fig. 5.2). These results suggest that there may be an increase in Mrp2-
mediated excretion of MTX, resulting from co-administration of PCB126 and genipin.
Using the optimization process, the Vmax values of Mrp2 to PCB126 and MTX were
increased from 79,658.5 and 64.6 nmole/hr in the MTX+PCB126 group to 144,600.0 and
62.6 nmole/hr in the MTX+PCB126+genipin group, respectively. These findings also
support our hypothesis that genipin and PCB126 could synergistically increase
expression of Mrp2 at the canalicular membrane of the livers. To verify this hypothesis,
additional pharmacokinetic studies with a larger sample size and a longer infusion period

of genipin or higher administered dose of genipin will be necessary.
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4.2. PBPK Modeling of MTX and PCB126 with Competitive Inhibitions at the Level
of Hepatic Mrp2.

In this paper, for the first time, we presented a quantitative computational
approach in predicting a drug-pollutant pharmacokinetic interaction. Using a PBPK
model with competitive inhibition incorporated for hepatic Mrp2, our simulation results
were closed to the liver concentration-time courses of MTX and PCB126 (Fig. 5.3B).

The present study illustrates that, a PBPK modeling approach which incorporates
mechanistic information such as the Mrp2-mediated excretion process may quantitatively
predict pharmacokinetic interactions between a therapeutic agent and any chemical
sharing the same pharmacokinetic machinery in their absorption, distribution, excretion,
and metabolism. This approach may be useful in predictions of therapeutic or possible

adverse outcomes of drug-drug or drug-chemical interactions.
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CHAPTER 6
Overall Summary and Future Directions

Manupat Lohitnavy

1. DISSERTATION SUMMARY

Our Quantitative and Computational Toxicology Group has been developing a
number of physiologically-based pharmacokinetic (PBPK) models of chemicals and
chemical mixtures. These collective efforts have led to a deeper understanding of their
pharmacokinetics and disposition (Belfiore ef al. 2007; Dennison et al. 2004; Dennison et
al. 2003; Dennison et al. 2005; Dobrev et al. 2001, 2002; Lee et al. 2007; Lee et al. 2002;
Lu et al. 2006). In addition, our group has also been investigating carcinogenic potential
of chemicals and chemical mixtures using our modified medium-term liver bioassay
protocol (Dean et al. 2002; Gustafson et al. 1998; Gustafson et al. 2000; Lohitnavy et al.
2004; Lu et al. 2007; Ou et al. 2003; Ou et al. 2001). To predict liver foci development,
we used the data from the liver foci bioassay studies, and successfully incorporated those
into clonal growth models (Lu et al. 2007; Ou et al. 2003; Ou et al. 2001). More recently,
our efforts have been continued in a project, Physiologically-based Pharmacokinetics and
Clonal Growth Modeling: Predicting Cancer Potential of Chemical Mixtures. This project
involves collecting tissue concentration-time course and liver glutathione-S-transferase
placental form positive (GSTP") foci data for 3,3’,4,4°,5-pentachlorobiphenyl (PCB126),
hexachlorobenzene (HCB), arsenic, and their binary and ternary.

As part of the project, this dissertation research focused on: 1) PCB126

pharmacokinetics; 2) carcinogenic potential of PCB126 predicted by liver GSTP" foci
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development, and; 3) the role of multidrug-resistance-associated protein 2 (Mrp2), a
versatile protein transporter, in PCB126 pharmacokinetics and disposition, and possible
pharmacokinetic interactions between PCB126 and other Mrp2 substrates. These results
are summarized as follows:
1.1. Pharmacokinetics of PCB126: A Possible Role of Mrp2

To study the pharmacokinetics of an environmental carcinogen like PCB126,
experimental dose levels should mimic environmental concentrations. Few PCB126
pharmacokinetic studies have been published, thus, detailed information regarding
absorption, distribution, metabolism and excretion of PCB126 was limited.

However, there were some tissue PCB126 concentration data available (Chu
1994; Dean et al. 2002; Fisher et al. 2006; Lohitnavy et al. 2004; NTP 2006). PCB126
was primarily found in liver (Chu 1994; Dean et al. 2002). In our own modified medium-
term liver foci bioassay, preferential distribution of PCB126 in liver (110-400X higher
than fat) was observed (Lohitnavy et al. 2004). In addition, despite high lipophilicity,
fairly rapid achievement of a steady state was noted (Lohitnavy et al. 2004; NTP 2006).
From these data, we suspected that not only is there binding between PCB126 and
hepatic proteins, but there is also an efficient system responsible for PCB126 excretion.

The first PBPK model of PCB126 was recently reported (NTP 2006). A single-
dose pharmacokinetic study and a 2-year repeated dose study were conducted and
PCB126 concentration-time courses in tissues were shown. From these available tissue
concentration-time course data, a PBPK model of PCB126 was developed (NTP 2006).
The feature of the model was incorporation of liver protein binding between PCB126 and

two hepatic proteins, aromatic hydrocarbon receptor (AhR) and cytochrome P450 1A2
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(CYP1A2). However, the model could not accurately describe the experimental data
(NTP 2006).

A three-dimensional quantitative structure-activity relationship (3D-QSAR)
model of rat Mrp2 was also reported (Hirono et al. 2005). Through personal
communications with the corresponding author, using the Hirono et al. 3D-QSAR model,
PCB126 was predicted to be an Mrp2 substrate with a fairly high binding affinity (Ky,)
value compared to other Mrp2 substrates (Hirono et al. 2005; Lohitnavy et al. 2007b).
With this novel information regarding the significant role of Mrp2 in PCBI126
pharmacokinetics, we incorporated a Mrp2-mediated excretion process into our PBPK
model of PCB126 (Lohitnavy et al. 2007b). The new PBPK model of PCB126 could
successfully describe numerous tissue concentration-time courses including the NTP
single-dose study (NTP 2006), the NTP 2-year repeated-dose study (NTP 2006), a
single-dose study reported by Fisher et al (Fisher et al. 2006) and our medium-term liver
foci study (Lohitnavy et al. 2004). Our PBPK model, for the first time, revealed a major
role of Mrp2 in PCB126 disposition.

In addition, we extended the utility of our PCB126 PBPK model to further predict
an appropriate internal dose surrogate [i.e. area under the curve of PCB126 in liver
(AUCLver)] (Lohitnavy et al. 2007b). With this PBPK/PD model, correlation between the

AUC] . and our liver GSTP" foci development data was demonstrated.
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1.2. Carcinogenic Potential of PCB126, HCB and Their Mixture

From several clonal growth models, it was hypothesized that there are at least two
populations of preneoplastic cells (Conolly and Andersen 1997; Conolly and Kimbell
1994; Lu et al. 2007; Ou et al. 2003; Ou et al. 2001; Thomas et al. 2000). These
hypothetical cells, namely A and B cells, have different growth characteristics where B
cells eventually gain growth advantages and progressively transform to malignancy. To
prove the existence of A and B cells among liver GSTP® foci, we conducted an
experiment by exposing F344 male rats to PCB126, HCB and their mixture for up to 6
months (Lohitnavy er al. 2007a). Liver GSTP", transforming growth factor-a* (TGFa*)
and transforming growth factor-B Type 2 receptor’ (TGFB2Rc") foci development were
investigated (Lohitnavy er al. 2007a). In rats treated with PCB126, time-dependent
changes in all of these biomarkers for carcinogenicity were observed (Lohitnavy et al.
2007a). Interestingly, when the GSTP™ foci were categorized into four phenotypic groups
based on their TGFa and TGFB2Rc¢ expression, GSTP* foci with TGFo, expression and
absence of TGFB2Rc expression (G*/a’/p~ phenotype) had significantly higher hepatocyte
division rates than those of GSTP* foci without TGFa expression and with TGFP2Rc
expression (G'/a’/B* phenotype) (Lohitnavy et al. 2007a). These results provided the first
experimental evidence suggesting that there are at least four different subpopulations
among these liver GSTP™ foci.
1.3. Pharmacokinetic Interactions between PCB126 and Other Mrp2 Substrates

Since PCB126 is a Mrp2 substrate with a relatively high K, value compared to
other Mrp2 substrates (Hirono et al. 2005; Lohitnavy et al. 2007b), we hypothesized that

when PCB126 and another Mrp2 substrate are concomitantly present in the body,

178



PCB126 can interact with the Mrp2 substrate resulting in changes in their concentration-
time courses. To prove this hypothesis, we conducted an in vivo pharmacokinetic
interaction study. We exposed F344 male rats to multiple oral doses of PCB126.
Subsequently, the rats were exposed to a single oral dose of methotrexate (MTX), a
known Mrp2 substrate. The rats were sacrificed at specified time points, and livers were
harvested. Liver concentration levels of PCB126 and MTX were determined.

To quantitatively describe pharmacokinetic interactions between these two Mrp2
substrates, a modified version of MTX PBPK model incorporated with hepatic Mrp2-
mediated excretion process was developed (Lohitnavy et al. 2007¢). This PBPK model
was modified from the original MTX PBPK model (Bischoff et al. 1971). In our
reconstructed Bischoff et al. model, an empirical biliary MTX clearance was assumed. In
our updated PBPK model of MTX, that biliary clearance was replaced by the Mrp2-
mediated excretion process (Lohitnavy et al. 2007¢). The binding affinity (K) value of
MTX was a reported value from the Hirono et al. (2005) paper (Hirono et al. 2005;
Lohitnavy et al. 2007b). Our new MTX PBPK model was able to describe a number of
datasets obtained from several species in different experimental conditions.

We utilized this novel MTX PBPK model and our PCB126 PBPK/PD model
(Lohitnavy et al. 2007b; Lohitnavy et al. 2007c). We hypothesized that competitive
inhibition between PCB126 and MTX occurs at the hepatic Mrp2 (Lohitnavy et al.
2007d). Thus, the two existing PBPK models of PCB126 and MTX were integrated with
two equations describing competitive inhibition processes between the two Mrp2

substrates in liver (Haddad et al. 2001; Lohitnavy et al. 2007b; Lohitnavy et al. 2007c).
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Our experimental results demonstrated that the concomitant presence of hepatic
PCB126 could increase liver MTX concentration levels (Lohitnavy et al. 2007d).
Furthermore, computer simulation results from the extended PBPK model could describe
our experimental data for both chemicals in liver samples (Lohitnavy et al. 2007d). These
results not only supported the previous in silico predictions from the 3D-QSAR model
that PCB126 is an Mrp2 substrate (Hirono et al. 2005; Lohitnavy et al. 2007b), but they
also suggested that PCB126 can significantly affect pharmacokinetics and disposition of
other Mrp2 substrates due to the relatively high affinity binding of PCB126 to the liver
Mrp2 (Hirono et al. 2005; Lohitnavy et al. 2007b; Lohitnavy et al. 2007d).

In summary, these research works provided a better understanding of
pharmacokinetics of PCB126 and its effects on liver foci formations. The prediction from
the Hirono et al. 3D-QSAR model resulted in a successful development of the PCB126
PBPK model. The insight into pharmacokinetics of PCB126 and the roles of Mrp2 in
PCB126 disposition led us to the development of the pharmacokinetic interaction model
between PCB126 and MTX. The integrated PBPK model with the mathematical
descriptions of the competitive inhibition processes provided us a computational tool in
quantitative predictions of pharmacokinetic interactions between the two Mrp2 substrates.
Pharmacodynamically, PCB126 could significantly increase in liver GSTP*, TGFo" and
TGFBIIRc foci. Furthermore GSTP* foci could be differentiated into four groups based
on their surface protein expressions with different growth characteristics.

2. FUTURE DIRECTIONS
Some issues were not addressed in this dissertation yet deserve future study:

2.1. Merging between PBPK Modeling and Clonal Growth Modeling
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From our PBPK/PD model of PCB126, using a selected internal dose metric (i.e.
AUClLiye), the model could successfully describe the liver foci data (Lohitnavy et al.
2007b). Thus, it is possible to incorporate this model into a clonal growth model to
describe liver foci development data in rats treated with PCB126.

2.2. Incorporation of the Experimental Data Regarding the Different Growth
Characteristics of A and B Cells into Clonal Growth Modeling

Recently a clonal growth model describing liver GSTP* foci development in rats
treated with PCB126, HCB and their mixture was reported (Lu et al. 2007). In this paper,
the author used an optimization technique to estimate growth and death rate of the liver
foci. Thus, it is possible to incorporate our novel experimental data regarding different
growth characteristics in different types of the GSTP* foci into this existing clonal
growth model.

2.3. Isolation and Characterization of A and B Cells

From our findings, in rats treated with PCB126, liver GSTP* foci could be
classified into four different phenotypes (Lohitnavy et al. 2007a). These foci with
different surface protein expressions had different growth characteristics.
Selective isolation of hepatocytes (Berry and Friend 1969; Berry et al. 1992; Berry and
Phillips 2000)from these specific GSTP* foci may allow us to directly study their growth
characteristics and their roles in chemical carcinogenesis. Since GSTP is an intracellular
enzyme responsible for cellular protection against oxidative insults, some chemicals (e.g.
ethacrynic acid) were used to selectively eliminate non-GSTP expressing cells (Stenius ef
al. 1994). In addition, since both TGFo and TGFB2Rc are membrane-presenting proteins

(Kumar et al. 1995; Shi and Massague 2003), specific isolations using antigen-coated
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immunomagnetic cell isolation techniques may be useful in an isolation of the specific
subsets of GSTP* hepatocytes (Arza et al. 2001; Safarik and Safarikova 1999; Tai et al.
2000). Selective isolation may be useful for further characterizations of these cells and
their roles in chemical carcinogenesis.

2.4. Pharmacokinetic Interactions among Mrp2 Substrates: A Possible Role of
PBPK Modeling in Quantitative Predictions.

Pharmacokinetic interactions between drugs resulting in adverse effects and
therapeutic failures are well-documented (Beique et al. 2007; Fujita 2004; Mallet et al.
2007; Singh 1999; Walubo 2007; Zhou et al. 2007). All four key pharmacokinetic
processes including absorption, distribution, metabolism and excretion can play a major
role in such changes (Beique et al. 2007; Brown 1993; Lohitnavy et al. 2005; Otagiri
2005; Walubo 2007). However, despite extensive evidencs published in the literature,
drug-drug/drug-chemical interactions can not be quantitatively predicted.

PBPK modeling is a computational tool with the ability to incorporate any
mathematical description of a biological process into models. These also include the
processes involving pharmacokinetic interactions (e.g. a competitive inhibition at a key
metabolic enzyme) (Dobrev er al. 2001, 2002; Haddad et al. 2001). However, this
particular technique has been used primarily in toxicological applications, not in
pharmacological and therapeutic purposes.

Our integrated PBPK model between PCB126 and MTX (Lohitnavy et al. 2007d)
is the first PBPK model that could quantitatively describe pharmacokinetic interactions
between PCB126, an important persistent contaminant, and MTX, an antineoplastic drug

widely used in many cancer treatments. In this PBPK model, the putative site of
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pharmacokinetic interactions was at the hepatic Mrp2, a protein transporter responsible
for disposition of numerous substrates (Hirono et al. 2005; Jedlitschky et al. 2006). The
model included mathematical descriptions of competitive inhibition processes between
the two chemicals at the liver Mrp2. This model demonstrates the ability to quantitatively
predict pharmacokinetic interactions between two Mrp2 substrates. Thus, with the
availability of 3D-QSAR of Mrp2 (Hirono et al. 2005) along with the versatility of PBPK
modeling approach (Andersen 1995; Belfiore et al. 2007; Bischoff et al. 1971; Dennison
et al. 2004; Dennison et al. 2005; Dobrev et al. 2002; Lee et al. 2007; Lee et al. 2002;
Lohitnavy et al. 2007b; Lohitnavy et al. 2007c; Lohitnavy et al. 2007d; Ramsey and
Andersen 1984; Sathirakul et al. 1993), it is possible to develop PBPK models to predict
changes in pharmacokinetics and disposition of any Mrp2 substrates.
2.5. Genipin as a Possible Antidote for PCB126

Genipin, an intestinal metabolite of geniposide, is a Mrp2 translocation enhancer
(Shoda et al. 2004). Genipin enhanced Mrp2 translocation from its intracellular storage
pool to the canalicular membrane of hepatocytes. As a result, it increased bile flow and
excretion of Mrp2 substrates (Shoda er al. 2004). Since PCB126 is also a Mrp2 substrate,
we hypothesized that genipin can decrease PCB126 levels by enhancing Mrp2-mediated
excretion of PCB126. Consequently, in our study, we exposed the rats with PCB126 and
genipin infusion. In these rats, genipin slightly reduced hepatic PCB126 concentration
levels throughout the entire time periods (Lohitnavy er al. 2007d). However, since the
observed standard deviations were large, the experimental results were not statistically

significant (Lohitnavy et al. 2007d). To confirm this hypothesis, an experiment with a
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larger sample size at each time point and/or multiple levels of genipin infusion should be
conducted.

2.6. Application of the PBPK Model of PCB126: Transplacental and Lactational
Transfer Model

Recently, our group conducted a pharmacokinetic study of PCB126 in pregnant
and lactating rats (Lee et al. 2004). In this study, four female Sprague-Dawley (SD) rats
were orally administered with a single dose of "C-PCB126 (10 ug/kg bw) on gestation
day 9 (GD9). The rats were sacrificed on GD14 and postnatal day 2 (PND2). Maternal,
fetal and pups’ organs were collected and analyzed for PCB126 levels using a highly
sensitive accelerated mass spectrometric (AMS) technique (Lee et al. 2004). Despite very
low concentration levels of PCB126 in fetuses and pups, PCB126 concentration levels of
fetal and pups’ organs were successfully determined (Lee et al. 2004).

Thus, with our available PBPK model of PCB126, we could further modify the
model with a description of changing physiological conditions in pregnant and lactating
rats. Schematic diagrams of PBPK models of transplacental transfer and lactational
transfer of PCB126 are demonstrated in Fig. 6.1 and Fig. 6.2, respectively.

In our preliminary transplacental model of PCB126, a placenta was incorporated
into the original PBPK model of PCB126 as an additional organ. Placental transfer of
PCB126 from the pregnant rat to its fetuses was assumed (Fig. 6.1). A first-order rate
constant from placenta to fetuses (Kpiacenta) transfers PCB126 from the dam to fetuses was
utilized (Fig. 6.1). Other physiological parameters used in this model were adopted from
the literature (Fisher et al. 1990; Lohitnavy et al. 2007b). Since PCB126 concentration

levels in all examined organs were similar (Lee et al. 2004), thus, in this model, the
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fetuses were considered as a one-compartment storage pool. Preliminary computer model
simulation results in a pregnant and a non-pregnant rat (control) on GD14 were
demonstrated in Fig. 6.3 and Fig. 6.4, respectively. Our preliminary model was able to
successfully describe experimental data from a pregnant rat, a non-pregnant rat (control),
and fetuses (Fig. 6.3 and 6.4).

In the preliminary lactation transfer model of PCB126, a first-order mammary
excretion via milk was assumed (Fig. 6.2). A first-order rate constant of PCB126
excretion into milk (Kpacuiion) Was utilized. Subsequently, the pups were orally exposed to
PCB126 via the lactation transfer process. In this model, the pups were considered as
separate living organisms with their own physiological parameters (i.e. blood flows to
organs) (Fig. 6.2). Computer model simulation results in a dam and its pups on PND2
were demonstrated in Fig. 6.5A and Fig. 6.5B, respectively. The preliminary computer
simulation results were able to adequately describe our analytical results both in the dam
(Fig. 6.5A) and in the pups (Fig. 6.5B).

From these preliminary computer simulation results, our original PCB126 PBPK
model could be modified and applied in these different physiological conditions (i.e.
pregnancy and lactation). However, there were only 4 rats in this experiment (2 non-
pregnant and 2 pregnant/lactating rats): at each sacrificing time point (GD14 and PND?2),
there were 2 rats (one control and one pregnant/lactating rat). The sample size of this

preliminary experiment was too small. Thus, it is warranted to repeat the experiment with

a larger number of animals and/or having more sacrificing time points.
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Fig. 6.1. A schematic diagram of the PBPK model of PCB126 with a description of
PCB126 transplacental transfer from maternal placenta to fetuses.
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Appendix I: Computer Code of the PBPK model for PCB126 (Single-dose NTP
Study)

PROGRAM Single.csl

'Edited by M. Lohitnavy on Oct. 10th, 2007.
'PBPK modeling of PCB126.

Developed by Lohitnavy M. and Lu Y.

Prkskkokiorokiok kbl Bxperimental Conditions *# %k soksoioto ko ook

!Data obtained from the NTP PCB126 Study
!Female SD rats (aged 20-22 weeks) were orally administered
!with a single dose of PCB126 in corn oil.

!There were two dosing levels; 10 and 1000 ng PCB126/kg BW.
PRk ok kskokkok Rk kkkk End of the Conditions®* % %%k sk ks kokseokosk ook sfeokok ok ok sk okt

Plekskskskokokokskkokokokokkokk Fagtures Ofthls PBPK mOdel; 3K oK ok ok ok ok ok ok ok ok ok ok ok sk sk sk sk sk sk oskok ok sk skk!

'Binding between PCB126 and CYP1A2 in the liver,
'Binding between PCB126 and aromatic hydrocarbon receptor (AhR) in the liver,

!Excretion of PCB126 via hepatic Mrp2.

Prskskckskokkokokkkkkkkk End of the model features %% sk ks kok sk kst ok dok ok skook ks ok

INITIAL
!'Volume and blood flow paramenters

!From tabulated data, at 20-22 weeks of age, a female SD rat weighs 280 g.

CONSTANT BW=0.28

CONSTANT VFC=0.05

CONSTANT VLC=0.038

CONSTANT VRC=0.052

CONSTANT VBC=0.062D0

CONSTANT QCC=14.1D0

CONSTANT QFC=0.07D0

CONSTANT QLC=0.18D0

CONSTANT QRC=0.58D0
QSC=1.0-QFC-QLC-QRC

!Scaled parameters
VF=BW*VFC
VL=BW*VLC
VB=BW*VBC+0.0012
VR=BW*VRC
VS=0.91*BW-VF-VL-VB-VR
QC=QCC*BW**0.75
QF=QC*QFC
QL=QC*QLC
QR=QC*QRC
QS=QC*QSC

198

'Body weight of a rat (kg)

'Fat volume fraction.

Liver Volume Fraction

'Rapidly perfused volume fraction
blood volume

blood flow constant

Itotal fat volume;

Itotal liver volume;
blood.Lee&Blaufox
!Rapidly perfused volume
Islowly perfused

'blood flow rate



!Chemical-specific paramters
IPartition coefficients

CONSTANT PF=155. 'from the NTP model
CONSTANT PL=8.9D0 !from the NTP model
CONSTANT PR=6.0D0 from the NTP model
-CONSTANT PS=7.2D0 . 'from the NTP model
!Elimination parameters
CONSTANT KGILV=0.1433 !/hr,absorption rate, from GI to liver
CONSTANT KFEC=0.00 I/hr,excretion in feces
CONSTANT KMET=0.00D0 I/hr, metabolism rate
CONSTANT KLIV=0.0 !/hr, first order elimination from the liver.

'PCB 126 Excretion via Mrp2 is mathematically described using
!the Michealis-Menten Equation; C=Vmax*C/(Km+C)
Pk PCB126 Section for Mrp2-mediated excretion from the liver*****

CONSTANT Vmax= 64.59 'Maximal velocity of Mrp2
loptimized value (unit, nmol/h).
CONSTANT Km=7.76¢3 !Binding affinity of Mrp2

Icalculated Km by Hirono S.(unit, nM)
1**********************END Of Mrpz_mediated excretion******************'

!Simulation parameters

CONSTANT MW=326.4 'molecular weight of PCB126
CONSTANT DoseRate=1000. 'ng/kg

Dose = DoseRate*BW/MW Inmole

CONSTANT tstop=25.0 thr

cinterval CINT=0.1

!Constants related to protein binding
!PCB126 binding in the liver consists of binding to CYP1A2 and AhR.

CONSTANT BMI1 =0.004 'PCB126 binding capacity to AhR

CONSTANT KBI1 =0.05637 'PCB126 binding constant for AhR
!Optimized value

CONSTANT BM20 = 10. 'Binding protein: capacity (nmoles/liver)

CONSTANT BM2I=101.25 !Increase due to induction (nmoles/liver)
!Optimized value

CONSTANT KB2 =5.5437 !Binding protein: affinity (nM)
10ptimized value

CONSTANT N-=1. 'Hill Coefficient

CONSTANT KD=1. !Liganded receptor-DNA binding

END !END of Initial
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DYNAMIC
ALGORITHM IALG=2

DERIVATIVE

!Mass balance in fat tissue
RAF=QF*(CA-CVF)
AF=INTEG(RAF,0.0)
CF=AF/VF

CVF=CF/PF

!Mass balance in liver

!Protein binding terms in the liver were added.

!An Mrp2 excretion term, Vmax*CVL/(Km+CVL),is added.
RAL=QL*(CA-CVL)-KMET*CVL+KGILV*AGI -(Vmax*CVL/(Km+CVL))&
-KLIV*CVL

AL=INTEG(RAL,0.0) !Amount of PCB126 in the livers (nmole)

CL=AL/VL Calculations of conc of PCB126 in the livers (nM).
AUCLIV=integ(CL,0.0) !Calculations of AUC of PCB126 in the livers (nM*hr)
PLiv=AL*100/Dose 1% Retention of PCB126 in the livers

!compared to total administered dose(%)

Prskksdkkk xRk xkxCalculations of Mrp2-mediated excretion®# * sk kkxokkokxok ok

RMrp2= Vmax*CVL/(Km+CVL) 'Rate of excretion via mrp2 (nmole*h/L)
Mrp2=INTEG(RMrp2,0.0) !Amount of excretion via mrp2 (nmole)
PMrp2=Mrp2*100/(DOSE+1.0e-30) !Efficiency in Mrp2 excretion
!compared to total amount of PCB126
!in the liver(%)
Combine=PLIV+PMrp2 !Combination between liver retention&
'Mrp2 excretion compared to total dose (%)
Other=100-Combine !Mass deposited elsewhere (%)
PrExxkxkdkx End of Mrp2-mediated excretion section ™ # &k kokkokok xkokokok k!
Procedural
CVLt= al/(v1*pl+bm1/(kb1+cvl)+bm2t/(kb2+cvl))
CVL=CVLt
END 'End of Procedural
Paskoskdkokskokdkokkkkkk(Cgleulations of AhR-PCB126 Binding***********************'
DB1 = BM1*Cvl/(KB1+Cvl)/VL !Conc. of AhR-PCB126 complex
BOUND = (db1**n)/(db1**n+Kd**n) !Occupancy of DRE on DNA
PB1 = Cvl/(KB1+Cvl) !AhR percent occupancy
BM2T = BM20O+BM2I*BOUND !Instantaneous level of protein induction

VhkkskckkkkkkokkEnd of AhR-PCB126 Blndlng section kKRR kk Rk Rk Rk Kok koK k!

!Amount metabolized
RAM=KMET*CVL
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AM=INTEG(RAM,0.0)

!Mass balance in rapidly perfused tissues
RAR=QR*(CA-CVR)
AR=INTEG(RAR,0.0)

CR=AR/VR

CVR=CR/PR

!Mass balance in slowly perfused tissues
RAS=QS*(CA-CVS)
AS=INTEG(RAS,0.0)

CS=AS/VS

CVS=CS/PS

!Mass balance in blood
RABlood=QF*CVF+QL*CVL+QR*CVR+QS*CVS-QC*CA
ABlood=INTEG(RABIlood,0.0)

CA=ABlood/VB IBlood concentration

1GI lumen
RAGI=-KGILV*AGI-KFEC*AGI
AGI=INTEG(RAGI,Dose)

'Excretion in feces

RAFEC=KFEC*AGI+(Vmax*CVL/(Km+CVL))

AFEC=INTEG(RAFEC,0.0)

PFEC=AFEC*100/Dose 1% Fecal excretion compared to total dose (%)

ITotal mass
TMASS=AF+AL+AM+AR+AS+ABlood+AGI+AFEC
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !'END of Derivative
END !END of Dynamic
! ! e ! - ! --1 I-

END !END of Program
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'File single.cmd
!Command file for oral single dose study of PCB126.
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. 'no grid on line plots
SET TITLE = 'PCB126 model- Female SD rat single oral dose'
prepare /all

procedure check
start

plot tmass, mb
print t,tmass,mb
end

PROCED plots1000

set doserate = 1000

s tstop=24

start

PLOT /DATA=NTP1000 CF /log /10=0.1 /hi=50 /char=2 /xtag="hr' /tag='Fat
nmole/L’

PLOT /DATA=NTP1000 CL /log /lo=1.0 /hi=100 /char=1 /xtag="hr' /tag="Liver
nmole/L’

'PLOT /DATA=NTP1000 CR /lo=0 /char=5 /xtag="hr' /tag="Rapidly nmole/L'
'PLOT /DATA=NTP1000 CB /lo=0 /char=3 /xtag="hr" /tag="Blood nmole/L'

END

DATA NTP1000(T,CL,CF)

0.5 1.653991422 0.639038297
1 3.254591912 0.625879596
1.5  8.354979473 1.49971538
2 10.90011152 1.771324142
3 26.02457843 3.042550245
8 44.29501317 6.172579657
16 47.62674479 12.78591391
24 52.46209743 11.52261489
END
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8736,9576,10248,10920,11592,12264,12936,13608,14280,14952,15624,&
16296,16968,0.185,0.205,0.22,0.236,0.24,0.249,0.254,0.258,0.265,&
0.266,0.271,0.274,0.276,0.277,0.279,0.287,0.293,0.299,0.301,0.305,&
0.309,0.314,0.318,0.321,0.324,0.334,0.334,0.338,0.342,0.352,0.35,&
0.36,0.364,0.368,0.356,0.357/

!BW data taken from the NTP 300-ng repeated-dose 2-yr study

Table BW300t, 1,36/168,336,504,672,840,1008,1176,1344,1512,1680,&
1848,2016,2184,2520,2856,3528,4200,4872,5544,6216,6888,7560,8232,&
8736,9576,10248,10920,11592,12264,12936,13608,14280,14952,15624,&
16296,16968,0.185,0.206,0.22,0.237,0.243,0.248,0.253,0.257,0.263,&
0.268,0.271,0.274,0.276,0.278,0.281,0.278,0.289,0.299,0.303,0.306,&
0.308,0.313,0.317,0.318,0.322,0.333,0.337,0.341,0.348,0.354,0.35,&
0.354,0.348,0.354,0.344,0.346/

!BW data taken from the NTP 550-ng repeated-dose 2-yr study ,

Table BW550t, 1,36/168,336,504,672,840,1008,1176,1344,1512,1680,&
1848,2016,2184,2520,2856,3528,4200,4872,5544,6216,6888,7560,8232,&
8736,9576,10248,10920,11592,12264,12936,13608,14280,14952,15624,&
16296,16968,0.185,0.206,0.22,0.234,0.24,0.248,0.253,0.256,0.262,&
0.264,0.268,0.27,0.272,0.276,0.277,0.281,0.286,0.288,0.292,0.296,&
0.298,0.298,0.302,0.302,0.308,0.315,0.312,0.317,0.322,0.326,0.323,&
0.323,0.32,0.318,0.306,0.313/

'BW data taken from the NTP 1000-ng repeated-dose 2-yr study

Table BW1000t, 1,36/168,336,504,672,840,1008,1176,1344,1512,1680,&
1848,2016,2184,2520,2856,3528,4200,4872,5544,6216,6888,7560,8232,&
8736,9576,10248,10920,11592,12264,12936,13608,14280,14952,15624,&
16296,16968,0.184,0.203,0.218,0.232,0.239,0.246,0.249,0.253,0.257,&
0.26,0.263,0.266,0.266,0.269,0.27,0.276,0.279,0.282,0.284,0.285,&
0.286,0.285,0.288,0.285,0.286,0.287,0.289,0.29,0.292,0.29,0.287,&
0.282,0.279,0.278,0.275,0.279/

!Statement for changing BW data according to dosing groups.
If (doserate0.eq.30) then
BW=BW30t(t)
elseif (doserate0.eq.100) then
BW=BW100t(t)
elseif (doserate0.eq.175) then
BW=BW175t(t)
elseif (doserate0.eq.300) then
BW=BW300t(t)
elseif (doserate0.eq.550) then
BW=BWS550t(t)
elseif (doserate0.eq.1000) then
BW=BW1000t(t)
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endif

'Liver weight data taken from the NTP 30-ng repeated-dose 2-yr study
Table VL30t, 1,5/0, 2352, 5208, 8904,16968, 0.007, .0101, .0096, .0103,.0103/

ILiver weight data taken from the NTP 100-ng repeated-dose 2-yr study
Table VL100t, 1,5/0, 2352, 5208, 8904,16968,0.007, 0.0089, .0093, .0111,.0111/

ILiver weight data taken from the NTP 175-ng repeated-dose 2-yr study
Table VL175t, 1,5/0, 2352, 5208, 8904,16968, 0.007, 0.0103,0.0109,0.0144,.0144/

!Liver weight data taken from the NTP 300-ng repeated-dose 2-yr study
Table VL300t, 1,5/0, 2352, 5208, 8904,16968, 0.007,0.0101,0.0100,0.0116,.0116/

'Liver weight data taken from the NTP 550-ng repeated-dose 2-yr study
Table VL550t, 1,5/0, 2352, 5208, 8904,16968, 0.007,0.0108,0.0107,0.0129, .0129/

'Liver weight data taken from the NTP 1000-ng repeated-dose 2-yr study
Table VL1000t, 1,5/0, 2352, 5208, 8904,16968, 0.007,0.0104,0.0103,0.0128, .0128/

IStatement for changing liver weight data according to dosing groups.
If (doserate0.eq.30) then
VL=VL30t(t)
elseif (doserate0.eq.100) then
VL=VL100t(t)
elseif (doserate0.eq.175) then
VL=VL175t(t)
elseif (doserate0.eq.300) then
VL=VL300t(t)
elseif (doserate0.eq.550) then
VL=VL550t(t)
elseif (doserate0.eq.1000) then
VL=VL1000t(t)
endif

!Physiological Constants

CONSTANT VFC=0.05
CONSTANT VRC=0.052
CONSTANT VBC=0.062D0
CONSTANT QCC=14.1D0
CONSTANT QFC=0.07D0
CONSTANT QLC=0.18D0
CONSTANT QRC=0.58D0
QSC=1.0-QFC-QLC-QRC

!Scaled parameters

!Fat volume fraction.

'Rapidly perfused volume fraction
blood volume

blood flow constant
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VF=BW*VFEC ltotal fat volume;

VB=BW#*VBC+0.0012 'blood.Lee&Blaufox
VR=BW*VRC Rapidly perfused volume
VS=0.91*BW-VF-VL-VB-VR Islowly perfused
QC=QCC*BW**(.75 'blood flow rate
QF=QC*QFC
QL=QC*QLC
QR=QC*QRC
QS=QC*QSC

!Chemical-specific paramters
!Partition coefficients

CONSTANT PF=155. 'from the NTP model

CONSTANT PL=8.9D0 'from the NTP model

CONSTANT PR=6.0D0 from the NTP model

CONSTANT PS=7.2D0 !from the NTP model

!Elimination parameters

CONSTANT KGILV=0.1433 !/hr,absorption rate, from GI to liver
!Optimized value

CONSTANT KFEC=0.00 1/hr excretion in feces

CONSTANT KMET=0.00D0O !/hr, PCB126 metabolism rate

CONSTANT KLIV=0.0 ~ First order elimination from the liver.

'PCB 126 Excretion via Mrp2 is mathematically described using
Ithe Michealis-Menten Equation; C=Vmax*C/(Km+C)
Prakxkxkxkx+PCB126 Section for Mrp2-mediated excretion from the liver*****’

CONSTANT Vmax= 64.59 'Maximal velocity of Mrp2
!Optimized value (unit, nmole/h).
CONSTANT Km=7.76e3 'Binding affinity of Mrp2

Icalculated Km by Hirono S.(unit, nM)
!**********************END Of Mrpz_mediated excretion******************'

!Constants related to protein binding
'PCB126 binding in the liver consists of binding to CYP1A2 and AhR.

CONSTANT BM1 =0.004 'PCB126 binding capacity to AhR (nmole/liver)
CONSTANT KB1 =0.05637 'PCB126 binding constant for AhR (nmole)
!Optimized value
CONSTANT BM20 =10. 'Binding protein: capacity (nmoles/liver)
BM2I0 = 85 !Increase due to induction (nmoles/liver)
CONSTANT KB2 =5.5437 'Binding protein: affinity (nM)
!Optimized value
CONSTANT N=1. 'Hill Coefficient
CONSTANT KD-=1. !Liganded receptor-DNA binding
CONSTANT slope=0.0066 !Slope of the increase in capacity (nmol/hr)
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Prkxkkk kbl kb bk bk END of PCB126 Binding#*# ok kk ok ickkok koot

'Dosetime and frequency
DoseFrq=24.0

k=0

1=0

!Simulation parameters
CONSTANT MW=326.4
CONSTANT doserate0=30
DoseRate=doserate0

Dose = DoseRate*BW/MW
CONSTANT tstop=17500.0
cinterval CINT=24

!Initial value of total dose
TotalDose=0.0

END !of initial
! ! ! I

DYNAMIC
ALGORITHM IALG=2

DERIVATIVE
If (doserate(.eq.30) then
BW=BW30t(t)

elseif (doserate0.eq.100) then

BW=BW100t(t)

elseif (doserate0.eq.175) then

BW=BW175t(t)

elseif (doserate0.eq.300) then

BW=BW300t(t)

elseif (doserate0.eq.550) then

BW=BWS550t(t)

thrs
lcounter of doses

!molecular weight of PCB126
'ng/kg

Ing/kg

'nmole

thr

elseif (doserate(.eq.1000) then

BW=BW1000t(t)
endif

If (doserate0.eq.30) then
VL=VL30t(t)

elseif (doserate0.eq.100) then

VL=VL100t(t)

elseif (doserate0.eq.175) then

VL=VL175t(t)

elseif (doserate0.eq.300) then
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VL=VL300t(t)
elseif (doserate0.eq.550) then
VL=VL550t(t)
elseif (doserate0.eq.1000) then
VL=VL1000t(t)
endif

!Setting exposure

IF(T.GE.(168*1).AND.T.LE.(96+168*I)) THEN
DoseRate = doserate0

Dose = DoseRate*BW/MW Inmole

ENDIF

!Scaled parameters

VF=BW*VFC Itotal fat volume;
VB=BW*VBC+0.0012 Iblood.Lee&Blaufox
VR=BW*VRC Rapidly perfused volume
VS=0.91*BW-VF-VL-VB-VR Islowly perfused

QC=QCC*BW**(.75 Iblood flow rate

QF=QC*QFC

QL=QC*QLC

QR=QC*QRC

QS=QC*QSC

!'Time-dependent increase in CYP1A?2 expression
BM2I = BM2I0+slope*t

IMass balance in fat tissue
RAF=QF*(CA-CVF)
AF=INTEG(RAF,0.0)
CF=AF/VF

CVF=CF/PF

!Mass balance in liver

!Protein binding terms in the liver were added.

1An Mrp2 excretion term, Vmax*CVL/(Km+CVL),is added.

RAL=QL*(CA-CVL)-KMET*CVL+KGILV*AGI -&

(Vmax*CVL/(Km+CVL))-KLIV*CVL

AL=INTEG(RAL,0.0) !Amount of PCB126 in the livers (nmole)

CL=AL/VL !Calculations of liver conc of PCB126 (nM)

AUCLIV=integ(CL,0.0) !Calculations of hepatic AUC of PCB126 (nM*h/L)

PLiv=AL*100/(TOTALDOSE+1.0e-30) !% Retention of PCB126 in the livers
!compared to total administered dose(%)

PRk Rk Rk ok xkxCalculations of Mrp2-mediated excretion®* ¥ ¥k xkxkxokr ko k!
RMrp2= Vmax*CVL/(Km+CVL) !Rate of excretion via mrp2 (nmole*h/L)
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Mrp2=INTEG(RMrp2,0.0) !Amount of excretion via mrp2 (nmole)
PMrp2=Mrp2*100/(TOTALDOSE+1.0e-30) !Efficiency in Mrp2 excretion
lcompared to total amount of PCB126 in the liver(%)

Combine=PLIV+PMrp2 !Combination between liver retention and
!Mrp2 excretion compared to total dose (%)
Other=100-Combine 'Mass deposited elsewhere (%)
Pk End of Mrp2-mediated excretion section®¥# ¥k kkok ko xokok xokk k!
Procedural
CVLt= al/(vI*pl+bm1/(kb1+cvl)+bm2t/(kb2+cvl))
CVL=CVLt
AhRBound= bm1*cvl/(kbl+cvl) !Amount of PCB126 bound to AhR
CYPBound=bm2t*cvl/(kb2+cvl) !Amount of PCB126 bound to CYP1A2
END 'End of Procedural
!**************Calculations Of AhR_PCB126 Binding***********************‘
DB1 = BM1*Cvl/(KB1+Cvl)/VL !Conc. of AhR-PCB126 complex
BOUND = (db1**n)/(db1**n+Kd**n) !Occupancy of DRE on DNA
PB1 = Cvl/(KB1+Cvl) 'AhR percent occupancy
BM2T = BM20+BM21*BOUND !Instantaneous level of protein induction

Phdsksckkkkrkkk 3 Bnd of AhR-PCB126 Blndlng section ¥k ks kkokokok sk kokokok kokokkokokok!

1Amount metabolized
RAM=KMET*CVL
AM=INTEG(RAM,0.0)

!Mass balance in rapidly perfused tissues
RAR=QR*(CA-CVR)
AR=INTEG(RAR,0.0)

CR=AR/VR

CVR=CR/PR

!Mass balance in slowly perfused tissues
RAS=QS*(CA-CVS)
AS=INTEG(RAS,0.0)

CS=AS/VS

CVS=CS/PS

'Mass balance in blood
RABlood=QF*CVF+QL*CVL+QR*CVR+QS*CVS-QC*CA
ABlood=INTEG(RABlood,0.0)

CA=ABlood/VB 'Blood concentration

!GI lumen

RAGI=-KGILV*AGI-KFEC*AGI
AGI=INTEG(RAGIL0.0)+total DOSE
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!Excretion in feces
RAFEC=KFEC*AGI+(Vmax*CVL/(Km+CVL))+KLIV*CVL
AFEC=INTEG(RAFEC,0.0)
PFEC=AFEC*100/(TOTALDOSE+1.0e-30)

'Total mass
TMASS=AF+AL+AM+AR+AS+ABlood+AGI+AFEC
MB=(TOTALDose-TMASS)*100.0/(TOTALDose+11.0e-30)

!Setting the dosing scenarios to 5-days-per-week dosing
'Dosing is set to be off on day x*6 and day x*7
PROCEDURAL
IF(T.GT.(96+168*I).AND.T.LT.(168+168*1)) THEN
Doserate =0
Dose = DoseRate*BW/MW
I=1+1
ENDIF

!Addition of 1 more dose when the time meets the dosing time.
dosetime=k*DoseFrq

IF (t.ge.dosetime) THEN
TotalDose=TotalDose+Dose
k=k+1

ENDIF

END ! END of Procedural
TERMT (T.GE.TSTOP)

END !END of Derivative
END !END of Dynamic
! ! ! --! --1 ! ! -

END !END of Program
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'File repeat.cnd
!Command file for PBPK model of PCB126 (repeated dose studies)
!Edited by Lohitnavy M. on Oct. 10th, 2007.

set grdcpl=.f. Ino grid on line plots
SET TITLE = PCB126 model-Female SD rat multiple oral dose'
prepare /all

procedure check
start

plot tmass, mb
print t,tmass,mb
end

PROCED repeat30

set doserate0=30

start

PLOT /DATA=repeat30 CF /log /lo=10 /hi=100 /char=2 /xtag="hr' /tag="Fat nmole/L'
PLOT /DATA=repeat30 CL /log /lo=1. /hi=1000. /char=1 /xtag="hr' /tag="Liver
nmole/L'

PLOT /DATA=repeat30 CA /lo=0. /hi=0.5 /char=3 /xtag="hr' /tag='"Blood nmole/L'
END :

PROCED repeat100

set doserate0 = 100

start

PLOT /DATA=repeat100 CF /lo=0 /hi= 120 /char=2 /xtag="hr' /tag='Fat nmole/L'
PLOT /DATA=repeat100 CL /log /lo=1. /hi=1000. /char=1 /xtag="hr' /tag="Liver
nmole/L'

PLOT /DATA=repeat100 CA /lo=0. /char=3 /xtag="hr' /tag="Blood nmole/L’
END

PROCED repeat175

set doserate0Q = 175

start

PLOT /DATA=repeatl175 CF /lo=0 /hi=125 /char=2 /xtag="hr' /tag="Fat nmole/L'
PLOT /DATA=repeat175 CL /log /1o=100. /hi=1000. /char=1 /xtag="hr' /tag="Liver
nmole/L'

PLOT /DATA=repeat175 CA /lo=0. /char=3 /xtag="hr' /tag="Blood nmole/L'

END

PROCED repeat300

set doserate0 = 300

start

PLOT /DATA=repeat300 CF /lo=0 /hi=250 /char=2 /xtag="hr' /tag="Fat nmole/L'
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PLOT /DAT A=repeat300 CL /log /10=100. /hi=1000. /char=1 /xtag="hr' /tag="Liver
nmole/L'

PLOT /DAT A=repeat300 CA /lo=0. /char=3 /xtag="hr' /tag="Blood nmole/L'

END

PROCED repeat550

set doserate( = 550

start

PLOT /DAT A=repeat550 CF /lo=0 /char=2 /xtag="hr' /tag="Fat nmole/L

PLOT /DAT A=repeat550 CL /log /10=100. /hi=10000. /char=1 /xtag="hr' /tag="Liver
nmole/L’

PLOT /DATA=repeat550 CA /lo=0. /char=3 /xtag="hr' /tag="Blood nmole/L’
END

PROCED repeat1000

set doserate0 = 1000

start

PLOT /DAT A=repeat1000 CF /lo=0 /char=2 /xtag="hr' /tag="Fat nmole/L"
PLOT /DATA=repeat1000 CL /log /10=100. /hi=10000. /char=1 /xtag="hr'
/tag="Liver nmole/L

PLOT /DATA=repeat1000 CA /lo=0. /char=3 /xtag="hr'/tag="Blood nmole/L'
END

DATA REPEAT?30 (t, CA, CF, CL)
2184 0.359236.23 25.53

5040 0.053720.28 41.38

8736 0.185727.32 7224

17472 0.1337 44.40 89.23

END

DATA REPEATI100 (t, CA, CF, CL)
2184 0.2784 59.95 104.64

5040 0.159447.46 171.90

8736 0.2171 63.39 239.06

17472 0.3014 105.86 279.68

END

DATA REPEAT175 (t, CA, CF, CL)
2184 0.2987 78.79 223.91

5040 0.2107 78.66 307.40

8736 0.2621 83.42 343.03

17472 0.5108 121.45 388.48

END

DATA REPEAT300 (t, CA, CF, CL)
2184 0.3874 112.38 364.36
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5040 0.3720111.41 434.77
8736 0.5021 136.17 742.07
17472 0.8419 222.43 675.65
END

DATA REPEATSS0 (t, CA, CF, CL)
2184 1.3843 188.79 679.59

5040 0.5876 147.80 820.60

8736 0.7769 218.62 1200.73
17472 1.5751 298.40 1093.45

END

DATA REPEAT1000 (t, CA, CF, CL)
2184 1.7865 300.18 1240.06

5040 1.1940 339.25 1656.99

8736 1.6702418.44 2510.02

17472 3.0544 396.12 1593.60

END
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0.0074,.0078,.0024, .0058, .0070, .0097, 0.0103/

!Liver weight data from the Low Dose Group (3.3 ug PCB126/kg/day)
Table VLIlowt, 1,7/336, 503.9, 504,576,672,1128,1344,&
0.0074,.0078, 0.0024, 0.0059, 0.0071, 0.0098, 0.0099/

!Statement for changing liver weight according to dosing groups.

If (doserate(.eq.9800) then

VL=VLhight(t)

elseif (doserate0.eq.3300) then

VL=VLIlowt(t)
Endif

!Physiological Constants
CONSTANT VFC=0.05
CONSTANT VRC=0.052
CONSTANT VBC=0.062D0
CONSTANT QCC=14.1D0
CONSTANT QFC=0.07D0
CONSTANT QLC=0.18D0
CONSTANT QRC=0.58D0
QSC=1.0-QFC-QLC-QRC

!Scaled parameters
VF=BW*VFC
'VL=BW*VLC
VB=BW*VBC+0.0012
VR=BW*VRC
VS=0.91*BW-VF-VL-VB-VR
QC=QCC*BW**(.75
QF=QC*QFC
QL=QC*QLC
QR=QC*QRC
QS=QC*QSC

!Chemical-specific paramters
!Partition coefficients
CONSTANT PF=155.
CONSTANT PL=8.9D0
CONSTANT PR=6.0D0
CONSTANT PS=7.2D0

!Elimination parameters
CONSTANT KGILV=0.1433
CONSTANT KFEC=0.00
CONSTANT KMET=0.00D0
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IFat volume fraction.

Rapidly perfused volume fraction
blood volume

!blood flow constant

Itotal fat volume;

Itotal liver volume;
blood.Lee&Blaufox
Rapidly perfused volume
Islowly perfused

'blood flow rate

!from the NTP model
from the NTP model
'from the NTP model
from the NTP model

!/hr,absorption rate, from GI to liver
1/hr,excretion in feces
I/hr, PCB126 metabolism rate


http://doserate0.eq.9800
http://doserate0.eq.3300

CONSTANT KLIV=0.0 IFirst order elimination from the liver.

'PCB 126 Excretion via Mrp2 is mathematically described using
!the Michealis-Menten Equation; C=Vmax*C/(Km+C)
Ptk PCB126 Section for Mrp2-mediated excretion from the liver*****'

Vmax= 64.59 'Maximal velocity of Mrp2
loptimized value
CONSTANT Km=7.76€3 'Binding affinity of Mrp2

!calculated Km by Hirono S.(unit, nM)
!**********************END Of Mrpz_mcdiated excrction******************'

!Constants related to protein binding
'PCB 126 binding in the liver consists of binding to CYP1A2 and AhR.

CONSTANT BMI1 =0.004 'PCB 126 binding capacity to Ah
CONSTANT KB1 =.05637 'PCB 126 binding constant for Ah

BM20 = 10. 'Binding protein: capacity (nmoles/liver)
CONSTANT BM2I0 =101.25 !Increase due to induction (nmoles/liver)
CONSTANT KB2 =5.5437 Binding protein: affinity (nM)
CONSTANT N=1. 'Hill Coefficient
CONSTANT KD=1. !Liganded receptor-DNA binding
CONSTANT slope=0.0066 ISlope of the increase in capacity (nmol/hr)

!Optimized value
PRk kR Rk R Rk Rk Rk Rk kxR X END of PCB126 Binding********************'

'Dosetime and frequency

DoseFrq=24.0 thrs

k=0 !counter of doses

!Simulation parameters

CONSTANT MW=326.4 !molecular weight of PCB126
CONSTANT doserate0=30 'ng/kg

DoseRate=doserate0 Ing/kg

Dose = DoseRate*BW/MW !nmole

CONSTANT tstop=1500.0 thr

cinterval CINT=0.1

!Initial value of total dose
TotalDose=0.0

END !END of Initial

DYNAMIC
ALGORITHM IALG=2

!On Day2?1, a partial hepatectomy (PH) surgery was conducted.
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12/3rd of the liver was surgically removed.
!Amount removed with 2/3rd liver
IF (T.eq.503.9) THEN
AL=A1*0.3
ARemove=AL*0.7
ELSE
AL=AL
ENDIF !These lines must be in this part;otherwise it is wrong.

ISetting an increase in Mrp2-mediated excretion after 2/3rd PH surgery
If (t.ge.504 .and. t.1e.576) then
vmax = 2000.
BM20 =.3*10. !30% remaining of CYP1A2 due to 2/3rd PH
else
vmax=64.59
BM20 = 10.
endif

DERIVATIVE
If (doserate0.eq.9800) then
BW=BWhight(t)
elseif (doserate0.eq.3300) then
BW=BWIlowt(t)
endif
If (doserate0.eq.9800) then
VL=VLhight(t)
elseif (doserate0.eq.3300) then
VL=VLlowt(t)

endif
!Scaled parameters
VF=BW*VFC ltotal fat volume;
VB=BW*VBC+0.0012 'blood.Lee&Blaufox
VR=BW*VRC 'Rapidly perfused volume
VS=0.91*BW-VF-VL-VB-VR Islowly perfused
QC=QCC*BW**(,75 'blood flow rate
QF=QC*QFC
QL=QC*QLC
QR=QC*QRC
QS=QC*QSC

!Time-dependent increase in CYP1A2 expression
BM2I = BM2I0+slope*t

!Mass balance in fat tissue
RAF=QF*(CA-CVF)
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AF=INTEG(RAF,0.0)
CF=AF/VF
CVF=CF/PF

!Mass balance in liver

!Protein binding terms in the liver were added.

!An Mrp2 excretion term, Vmax*CVL/(Km+CVL),is added.
RAL=QL*(CA-CVL)-KMET*CVL+KGILV*AGI -&
(Vmax*CVL/(Km+CVL))-KLIV*CVL

AL=INTEG(RAL,0.0) !Amount of PCB126 in the livers (nmole)
CL=AL/VL !Calculations of liver conc of PCB126 (nM)
AUCLIV=integ(CL,0.0) !Calculations of AUC of liver PCB126 (nM*h)

PLiv=AL*100/(TOTALDOSE+1.0e-30) !% Retention of PCB126 in the livers
!compared to total administered dose(%)

PrxckarkkkkxkkxkCalculations of Mrp2-mediated excretion* * ¥ ksk kokkkok kokk k!
RMrp2= Vmax*CVL/(Km+CVL) 'Rate of excretion via mrp2 (nM*h)
Mrp2=INTEG(RMrp2,0.0) !Amount of excretion via mrp2 (nmole)
PMrp2=Mrp2*100/(TOTALDOSE+1.0e-30) !Efficiency in Mrp2 excretion
Icompared to total amount of liver PCB126 (%)

Combine=PLIV+PMrp2 !Combination between liver retention and
'Mrp2 excretion compared to total dose (%)

Other=100-Combine 'Mass deposited elsewhere (%)
Prxkkxkrx End of Mrp2-mediated excretion section* ¥k kkkokkokok ook dok ook kok!
Procedural

CVLt= al/(vl*pl+bm1/(kbl+cv])+bm2t/(kb2+cvl))

CVL=CVLt

AhRBound= bm1*cvl/(kbl+cvl) !Amount of PCB126 bound to AhR

CYPBound=bm2t*cvl/(kb2+cvl) !Amount of PCB126 bound to CYP1A2
END !End of Procedural

Phcksksokkesokksxokkx Cglculations of AhR-PCB126 Binding***********************'

DB1 = BM1*Cvl/(KB1+Cvl)/VL !Conc. of AhR-PCB126 complex
BOUND = (db1**n)/(db1**n+Kd**n) !Occupancy of DRE on DNA

PB1 = Cvl/(KB1+Cvl) !AhR percent occupancy

BM2T = BM20O+BM2I*BOUND !Instantaneous level of protein induction

PreisksicksookkskkkkkEnd of AhR-PCB126 Binding section stk kit soksksokstsoioksesk ootk

!Amount metabolized
RAM=KMET*CVL
AM=INTEG(RAM,0.0)

!Mass balance in rapidly perfused tissues

RAR=QR*(CA-CVR)
AR=INTEG(RAR,0.0)
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CR=AR/VR
CVR=CR/PR

!Mass balance in slowly perfused tissues
RAS=QS*(CA-CVS)
AS=INTEG(RAS,0.0)

CS=AS/VS

CVS=CS/PS

!Mass balance in blood
RABlood=QF*CVF+QL*CVL+QR*CVR+QS*CVS-QC*CA
ABlood=INTEG(RABJlood,0.0)

CA=ABlood/VB !Blood concentration

!GI lumen
RAGI=-KGILV*AGI-KFEC*AGI
AGI=INTEG(RAGI0.0)+total DOSE

!Excretion in feces

RAFEC=KFEC*AGI+(Vmax*CVL/(Km+CVL)+KLIV*CVL

AFEC=INTEG(RAFEC,0.0)

PFEC=AFEC*100/(TOTALDOSE+1.0e-30) % Fecal excretion compared
Ito total administered dose (%)

ITotal mass
TMASS=AF+AL+AM+AR+AS+ABlood+AGI+AFEC
MB=(TOTALDose-TMASS)*100.0/(TOTALDose+11.0e-30)

ISince dosing was stopped on day21 (PH), 22 and 23
!Statement to stop PCB126 dosing for 3 days

Procedural
IF (t.1t.336.0) THEN
Doserate=0.0D0 !ng PCB126/kg/day
Dose=0.0

ELSE IF (t.gt.480.0 .and. t.1t.600) THEN
Doserate=0.0
Dose=0.0

ELSE
Doserate=Doserate0 !ng PCB126/kg/day
Dose=BW*Doserate/MW
ENDIF

!Addition of 1 more dose when the time meets the dosing time.
dosetime=k*DoseFrq
IF (t.ge.dosetime) THEN
TotalDose=TotalDose+Dose
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k=k+1

ENDIF
END ! END of Procedural
TERMT (T.GE.TSTOP)
END IEND of Derivative
END !END of Dynamic
! ! -1 ! --1 l--- ! I-
END !END of Program
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IFile ito.cmd
!Command file for PBPK model of PCB126 (Ito's study)
!Edited by Lohitnavy M on Oct. 10th, 2007.

set grdepl=.f. 'no grid on line plots
SET TITLE = 'PCB126 model-Male F344 rat multiple oral dose'
prepare /all

procedure check
start

plot tmass, mb
print t,tmass,mb
end

start

PROCED low

set doserate0 = 3300

start

PLOT /DATA=Low CF /lo=0 /char=2 /xtag="hr' /tag="Fat nmole/L'

PLOT /DATA=Low CL /log /lo=10. /hi=10000. /char=1 /xtag="hr' /tag="Liver
nmole/L'

PLOT /DATA=Low CA /lo=0 /char=3 /xtag="hr' /tag="Blood nmole/L'

PLOT /DATA=Low CR /lo=0 /char=3 /xtag="hr' /tag="Rapidly Perfused nmole/L'
PLOT /DATA=Low CS /lo=0 /char=3 /xtag="hr' /tag="Slowly Perfused nmole/L'
END

PROCED high

set doserate0 = 9800

start

PLOT /DATA=high CF /lo=0 /char=2 /xtag="hr' /tag="Fat nmole/L

PLOT /DATA=high CL /log /1o=100. /hi=10000 /char=1 /xtag="hr' /tag="Liver
nmole/L'

PLOT /DATA=high CA /lo=0 /char=3 /xtag="hr' /tag="Blood nmole/L'

PLOT /DATA=high CR /10=0 /char=3 /xtag="hr' /tag="Rapidly Perfused nmole/L'
PLOT /DATA=high CS /lo=0 /char=3 /xtag="hr' /tag="Slowly Perfused nmole/L'
END

Data low (t, CL, CF, CA, CR, CS)

480 368.870.00 1.09 0.00 045
576 001 0.00 052 000 147
672 940.870.00 050 234 136

1128 1106.92 1731 172 9.51 0.82
1344 1278.49 11.61 437 5.08 1.00
END
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Data high (1, CL, CF, CA, CR, CS)
480 1526.04 0.00 0.57 0.00 0.45
576 001 0.00 1.16 081 1.80

672  3946.69 23.84 068 1.26 1.88
1128 5355.70 3741 2.00 521 2.29
1344 4847.43 11.70 453 1.76 1.85
END
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Appendix IV: Computer Code of the PBPK model for PCB126 (Fisher’s
single dose Study)

PROGRAM Fisher.csl

!Edited by M. Lohitnavy on on Oct. 10th, 2007.

'PBPK modeling of PCB126.

!The program was modified to simulate data from Fisher et al (2006).
Developed by Lohitnavy M.

!*********************** EXperimental Conditions e ofe ok 2 ofe ok s o ok ok ok sk ok ok s ofe ok e sk sk sk sk k!

!Female SD rats (aged 20-22 weeks) were orally administered
!with a single dose of PCB126 in corn oil.
IThere were three dosing levels; 7.5, 75 and 275 ug PCB126/kg BW.

!****************** End of the Conditions******************************‘

!***************** Features of thlS PBPK mOdel; ke o s ofe ok 2 ofe e o ol s ofe ok s ofe ok s ok ke ook e ok ke k!

'Binding between PCB126 and CYP1A2 in the liver,
!Binding between PCB 126 and aromatic hydrocarbon receptor (AhR) in the liver,
!Excretion of PCB126 via hepatic Mrp2.

!***************** End Of the mOdel features >k sfe ok 2 ok ok 2 o s ok ok e ok ok s ofe ok o ok e ok ok s ok e sk ok kook!

INITIAL

!'Volume and blood flow paramenters

IBW data taken from Fisher et al (2006) study
Table BW7t, 1,5/0,120,216,360,528,&
0.163,0.212,0.243,0.272,0.307/

Table BW75t, 1,5/0,120,216,360,528,&
0.163,0.208,0.227,0.261,0.293/

Table BW275t, 1,5/0,120,216,360,528,&
0.163,0.214,0.228,0.253,0.287/

!Statement for changing BW data according to dosing groups.
If (doserate.eq.7500) then
BW=BW7t(t)
elseif (doserate.eq.75000) then
BW=BW75t(t)
elseif (doserate.eq.275000) then
BW=BW275t(t)

endif

CONSTANT VFC=0.05 !'Fat volume fraction.
CONSTANT VLC=0.038 Liver Volume Fraction
CONSTANT VRC=0.052 'Rapidly perfused volume fraction
CONSTANT VBC=0.062D0 blood volume

CONSTANT QCC=14.1D0 !blood flow constant
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CONSTANT QFC=0.07D0
CONSTANT QLC=0.18D0
CONSTANT QRC=0.58D0
QSC=1.0-QFC-QLC-QRC

!Scaled parameters

VF=BW*VFC 'total fat volume;
VL=BW*VLC Itotal liver volume;
VB=BW*VBC+0.0012 blood.Lee&Blaufox
VR=BW*VRC 'Rapidly perfused volume
VS8=0.91*BW-VF-VL-VB-VR !slowly perfused

QC=QCC*BW**0.75 'blood flow rate

QF=QC*QFC

QL=QC*QLC

QR=QC*QRC

QS=QC*QSC

!Chemical-specific paramters
'Partition coefficients

CONSTANT PF=155. !from the NTP model
CONSTANT PL=8.9D0 from the NTP model
CONSTANT PR=6.0D0 !from the NTP model
CONSTANT PS=7.2D0 from the NTP model
'Elimination parameters

CONSTANT KGILV=0.1433 !/hr,absorption rate, from GI to liver
CONSTANT KFEC=0.00 !/hr,excretion in feces

CONSTANT KMET=0.00D0O /hr, metabolism rate

CONSTANT KLIV=0.0 !/hr, first order elimination from the liver.

'PCB 126 Excretion via Mrp2 is mathematically described using
!the Michealis-Menten Equation; C=Vmax*C/(Km+C)
Prxkkkickkkxk PCB126 Section for Mrp2-mediated excretion from the liver*#**#**'

CONSTANT Vmax= 64.59 'Maximal velocity of Mrp2
loptimized value
CONSTANT Km=7.76€3 'Binding affinity of Mrp2

!calculated Km by Hirono S.(unit, nM)
!**********************END Of Mrp2—mediated excretion******************'

!Simulation parameters

CONSTANT MW=326.4 !molecular weight of PCB126
CONSTANT DoseRate=1000. 'ng/kg

Dose = DoseRate*BW/MW Inmole

CONSTANT tstop=25.0 thr

cinterval CINT=0.1
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! Protein Binding
'PCB126 binding in the liver consists of binding to CYP1A2 and AhR.

CONSTANT BMI1 =0.004 'PCB 126 binding capacity to AhR
CONSTANT KB1 =0.05637 'PCB126 binding constant for AhR
!Optimized value
CONSTANT BM20 =10. 'Binding protein: capacity (nmoles/liver)
CONSTANT BM2I=101.25 !Increase due to induction (nmoles/liver)
' 'Optimized value
CONSTANT KB2 =5.5437 'Binding protein: affinity (nM)
!0ptimized value
CONSTANT N=1. 'Hill Coefficient
CONSTANT KD-=1. 'Liganded receptor-DNA binding

END !END of Initial
| E— [N 1--- ! --1 | - | S — -

DYNAMIC
ALGORITHM TALG=2

DERIVATIVE
IStatement for changing BW data according to dosing groups.
If (doserate.eq.7500) then
BW=BW7t(t)
elseif (doserate.eq.75000) then
BW=BW75t(t)
elseif (doserate.eq.275000) then
BW=BW275t(t)
endif

!Mass balance in fat tissue
RAF=QF*(CA-CVF)
AF=INTEG(RAF,0.0)
CF=AF/VF

CVF=CF/PF

'Mass balance in liver

!Protein binding terms in the liver were added.

1An Mrp2 excretion term, Vmax*CVL/(Km+CVL),is added.
RAL=QL*(CA-CVL)-KMET*CVL+KGILV*AGI &
-(Vmax*CVL/(Km+CVL))-KLIV*CVL

AL=INTEG(RAL,0.0) t{Amount of PCB126 in the livers (nmole)

CL=AL/VL !Calculations of conc of PCB126 in the livers (nM).
AUCLIV=integ(CL,0.0) !Calculations of AUC of PCB126 in the livers (nM*h).
PLiv=AL*100/Dose 1% Retention of PCB126 in the livers
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!compared to total administered dose(%)

Pkdcioksk kb k¥ Calculations of Mrp2-mediated excretion® s # ks koo xokok!
RMrp2= Vmax*CVL/(Km+CVL) 'Rate of excretion via mrp2 (nM*h)
Mrp2=INTEG(RMrp2,0.0) !Amount of excretion via mrp2 (nmole)
PMrp2=Mrp2*100/(DOSE+1.0e-30) !Efficiency in Mrp2 excretion
lcompared to total amount of PCB126 in the liver(%)
Combine=PLIV+PMrp2 !Combination between liver retention and
'Mrp2 excretion compared to total dose (%)
Other=100-Combine 'Mass deposited elsewhere (%)
Prxkdkxx End of Mrp2-mediated excretion section® sk kskskskskkokokokkkokoskokkokok!

Procedural
CVLt= al/(vI*pl+bm1/(kb1+cvl)+bm2t/(kb2+cvl))
CVL=CVLt

END 'End of Procedural

!**************Calculations Of AhR_PCB126 Binding***********************'
DB1 = BM1*Cvl/(KB1+Cvl)/VL !Conc. of AhR-PCB126 complex
BOUND = (db1**n)/(dbl1**n+Kd**n) !Occupancy of DRE on DNA
PB1 = Cvl/(KB1+Cvl) 'AhR percent occupancy
BM2T = BM20O+BM21*BOUND !Instantaneous level of protein induction
|**************End Of AhR_PCB126 Blndlng SCCtion sk sk ok sk sk sk sk ok sk sk ok sk sk ok sk ok sk sk ok sk skeok k!

!Amount metabolized
RAM=KMET*CVL
AM=INTEG(RAM,0.0)

'Mass balance in rapidly perfused tissues
RAR=QR*(CA-CVR)
AR=INTEG(RAR,0.0)

CR=AR/VR

CVR=CR/PR

!Mass balance in slowly perfused tissues
RAS=QS*(CA-CVS)
AS=INTEG(RAS,0.0)

CS=AS/VS

CVS=CS/PS

'Mass balance in blood
RABlood=QF*CVF+QL*CVL+QR*CVR+QS*CVS-QC*CA
ABlood=INTEG(RABIl00d,0.0)

CA=ABlood/VB !Blood concentration
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1GI lumen
RAGI=-KGILV*AGI-KFEC*AGI
AGI=INTEG(RAGI,Dose)

!Excretion in feces

RAFEC=KFEC*AGI+(Vmax*CVL/(Km+CVL))
AFEC=INTEG(RAFEC,0.0)

PFEC=AFEC*100/Dose 1% Fecal excretion compared to total dose (%)

!Total mass
TMASS=AF+AL+AM+AR+AS+ABlood+AGI+AFEC
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !'END of Derivative
END !END of Dynamic
! 1--- ! -] ! --! ! I-

END !END of Program
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IFile Fisher.cmd

!Command file for oral single dose study of PCB126.
To simulate data taken from Fisher et al (2006).
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdepl=.f. !no grid on line plots
SET TITLE = 'PCB126 model- Female SD rat single oral dose'
prepare /all

procedure check
start

plot tmass, mb
print t,tmass,mb
end

!To simulate the data from Fisher et al (2006)

Dosing level is 7.5 ug/kg

Proced fisher7.5

set doserate=7500

set tstop=528

start

PLOT /DATA=Fisher7.5 CL /log /lo=1.0 /hi=1000 /char=1 /xtag="hr' /tag="Liver
nmole/L'

END

'To simulate the data from Fisher et al (2006)

Dosing level is 75 ug/kg

Proced fisher75

set doserate=75000

set tstop=528

start

PLOT /DATA=Fisher75 CL /log /lo=1.0 /hi=10000 /char=1 /xtag="hr' /tag="Liver
nmole/L

END

!'To simulate the data from Fisher et al (2006)

!Dosing level is 275 ug/kg

Proced fisher275

set doserate=275000

set tstop=528

start

PLOT /DATA=Fisher275 CL /log /lo=1.0 /hi=10000 /char=1 /xtag="hr' /tag="Liver
nmole/L'

END
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DATA Fisher7.5 (T,CL)

24
72
120
216
360
528
END

DATA Fisher75 (T,CL)

24
72
120
216
360
528
END

DATA Fisher275 (T,CL)

24
72
120
216
360
528
END

276.2
206.0
213.7
148.1
102.7
97.2

2399.7
2882.2
1997.9
2149.8
1545.9
1335.1

6222.2
5782.5
5998.3
4994.0
4234.8
3337.2
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Appendix V: Computer Code of the PBPK model for methotrexate in mice

(Bischoff’s model)

PROGRAM mice.csl

'Edited by M. Lohitnavy on on Oct. 10th, 2007.
!Developed by Lohitnavy M. and Lu Y.
!Reconstruction of MTX PBPK model

!0Original model by Bischoff (1971).

ISingle dose of MTX was orally administered to mice.
!There were 2 dosing levels; 3 and 300 mg/kg bw.
!In original model, the PBPK model consists of blood, liver, GI, kidney,

land muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then, reabsorbed.
!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

INITIAL

!'Volume and blood flow paramenters

'All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=0.022
CONSTANT VP=0.001
CONSTANT VM=0.010
CONSTANT VK=0.00034
CONSTANT VL=0.0013
CONSTANT VGT=0.0015
CONSTANT VGL=0.0015

CONSTANT QM=.03
CONSTANT QK=.048
CONSTANT QL=.066
CONSTANT QGT=.054

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=10.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.27
CONSTANT BMaxL=0.28
CONSTANT BMaxGT=0.147
CONSTANT KmBind=1e-5

CONSTANT KKidney=0.012
CONSTANT KBile=0.024

!Body weight of a mouse (kg)
'Volume of plasma (L)
'Volume of muscle (L)
!'Volume of kidney (L)
'Volume of liver (L)

'Volume of GI tract (L)
!Volume of gut lumen (L)

!Blood flow to muscle (L/h)
!Blood flow to kidney (L/h)
'Blood flow to liver (L/h)
'Blood flow to GI tract (L/h)

'Partition coefficient of muscle
!Partition coefficient of kidney
'Partition coefficient of liver
!Partition coefficient of GI tract

!Maximal binding capacity in muscle (mg/L)
!Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L)
'Maximal binding capacity in GI tract (mg/L)
!Protein binding parameter (mg/L)

'kidney clearance rate constant (L/h)
IBiliary clearance rate constant (L/h)
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CONSTANT TGI=1.67 'GI transit time (h)
CONSTANT KF=.60 'Rate of MTX mass-tranferred down

!through the smallintestine (/h)
Paeskeskokok skok sk okoskoskokosk sokokok sk sk okok sk sokoskok koo kekokoskokskokok ok ok skokok ok skokokokok ook skokoskokesk kekokok )
'In this model, Absorption of MTX from GI is described by a first order rate constant
land a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGlI is similar to Vmax and KG is similar to Km in M-M equation.
!Kabs is a first order GI absorption rate constant.

CONSTANT VmaxGT=.012 !M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=6.0 IM-M absorption paramter into GI tissue (mg/L)
CONSTANT Kabs=0.00006 'First order GI absorption rate constant(L/h)

ke sk sk sk sk ok kst stk sk sk ok sk sk sk sk sk sk skoskok kol sk sk skokokok sk kekoskokskeskekok sk sk skokokokokok skeskoskokok ko sk skekokokok skokokekok
!Simulation parameters

CONSTANT MW=454.44 Imolecular weight of MTX
CONSTANT DoseRate=3.0 'mg/kg

Dose = DoseRate*BW 'mg

CONSTANT tstop=6.0 thr

cinterval CINT=0.01

END 'END of Initial

! --! ! ! I--- I--- ! -

DYNAMIC

ALGORITHM IALG=2

DERIVATIVE
!Mass balance in liver
RAL=(QL-QGT)*(CA-CVL)+QGT*(CVGT-CVL)-KBile*CVL

AL=INTEG(RAL,0.0) !Amount of MTX (mg)
CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
Procedural

CVLt=AL/(VL*PL+BMaxL*VL/KmBind+CVL)

CVL=CVLt
END !End of Procedural

'Biliary Excretion
RABile= KBile*CVL
ABile=integ(RABile, 0.0)

!Tranfer of MTX in bile into 3 segments; rl, r2 and r3.
r=Kbile*CVL

Rrl=(r-r1)*30.

rl=integ(Rrl, 0.0)

Arl=integ(r1,0.0)
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Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

'Mass balance in kidney
RAK=QK*(CA-CVK)-KKidney*CVK
AK=INTEG(RAK,0.0)

CK=AK/VK

Procedural
CVKt=AK/(VK*PK+BMaxK*VK/KmBind+CVK)
CVK=CVKt

END 'End of Procedural

!Amount excreted in urine
RAUrine=KKidney*CVK
AUrine=integ(RAUrine, 0.0)

!Mass balance in muscle
RAM=QM*(CA-CVM)
AM=INTEG(RAM,0.0)

CM=AM/VM

Procedural
CVMt=AM/(VM*PM+BMaxM*VM/KmBind+CVM)
CVM=CVMt

END 'End of Procedural

'Mass balance in plasma
RAPIs=QL*CVL+QK*CVK+QM*CVM-(QL+QK+QM)*CA
APls=integ(RAPIs,dose)

CA=APIs/VP Plasma concentration

IGut lumen
RAGL1=KBile*CVL-.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
-kf*VGL*CGL1

AGLI1=integ(RAGL1,0.)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
-kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/25/VGL
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RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+&
Kabs*CGL3)-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGLA=kf*VGL*CGL3-.25*(VmaxGT*CGLA/(KmGT+CGLA+&
Kabs*CGL4)-kf*VGL*CGLA4

AGLA4=integ(RAGLA4,0.0)

CGLA4=AGLA4/.25/VGL

RAGL=RAGL1+RAGL2+RAGL3+RAGIL4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

'Fecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

IGUT Tissue

RAGT=QGT*(CA-
CVGT)+.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25*¥(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGL4)
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

Procedural
CVGTt=AGT/(VGT*PGT+BMaxGT*VGT/KmBind+CVGT)
CVGT=CVGTt

END 'End of Procedural

ITotal mass

TMASS=AGT+AGL+APIs+AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !'END of Derivative

END !END of Dynamic
[ | P— ! -1 -1 I 1-

END !END of Program
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IFile mice.cmd
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. !no grid on line plots
SET TITLE = 'MTX model- Mice'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

proced all

s DoseRate=3.0

start

PLOT /DATA=iv CA /log /10=0.01 /hi=50.0 cl /log /10=0.01 /hi=50.0 &
ck /log /10=0.01 /hi=50.0 cm /log /10=0.01 /hi=50.0&

cgl /log /10=0.01 /hi=50.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L’
END

proced mousehigh

s doserate=300.

start

PLOT /DATA=mousehigh CA /log /10=0.03 /hi=3000.0 &

cgl /log /10=0.03 /hi=3000.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'
END

DATA iv (T,CA,CL, CK, CM, CGL)

0.02 540 19.12 12.73 041 1.05
005 4.28 2831 9.11 050 3.70
0.17 204 17.02 ? 0.27 5.25
025 159 14.09 3.81 030 8.23
0.50 099 872 257 015 10.39
075 7 662 174 025 17.78
1.00 030 4.16 1.00 ? 17.02
1.50 039 467 112 0.12 21.17
200 0.17 216 076 0.03 5.89
3.00 007 201 ? 0.03 8.85
400 0.13 201 071 002 2.89
END

DATA mousehigh (t, CA, CGL)

04 100.5 1304.7
0.8 248 18149
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1.2
1.3
24
3.0
3.3
END

18.2
10.2
2.1
1.4
4.2

1961.5
2161.5
2203.9
439.8
2654
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Appendix VI: Computer Code of the PBPK model for methotrexate in
rats (Bischoff’s model)

PROGRAM rat.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.

'Developed by Lohitnavy M. and Lu Y.

IReconstruction of MTX PBPK model

'Original model by Bischoff (1971).

ISingle dose of MTX was intraperitoneally administered to rats.

IThere were dosing 3 dosing levels; 0.5, 6, and 25 mg/kg.

!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,
lkidney,and muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then, reabsorbed.
'Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

INITIAL

!Volume and blood flow paramenters

!All parameters were taken from the paper

!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=0.2 'Body weight of a rat(kg)
CONSTANT VP=.009 'Volume of plasma (L)
CONSTANT VM=0.1 'Volume of muscle (L)
CONSTANT VK=0.0019 !Volume of kidney (L)
CONSTANT VL=0.0083 !'Volume of liver (L)
CONSTANT VGT=0.011 'Volume of GI tract (L)
CONSTANT VGL=0.011 !Volume of gut lumen (L)
CONSTANT QM=.18 'Blood flow to muscle (L/h)
CONSTANT QK=.3 'Blood flow to kidney (L/h)
CONSTANT QL=.39 'Blood flow to liver (L/h)
CONSTANT QGT=.318 IBlood flow to GI tract (L/h)

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=3.0
CONSTANT PGT=1.0

Partition coefficient of muscle
!Partition coefficient of kidney
IPartition coefficient of liver
!Partition coefficient of GI tract

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5
CONSTANT BMaxGT=0.1
CONSTANT KmBind=1e-5

!Maximal binding capacity in muscle (mg/L)
!Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L.)
!Maximal binding capacity in GI tract (mg/L)
!Protein binding parameter (mg/L)

CONSTANT KKidney=0.066
CONSTANT KBile=0.18
CONSTANT TGI=1.67

'kidney clearance rate (L/h)
IBiliary clearance rate (L/h)
!GI transit time (h)
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!In this model, Absorption of MTX from GI is described
lby a first order rate constant and a saturable process.
!In this process, Michelis-Menten equation is employed.
'VmaxGI is similar to Vmax

land KG is similar to Km in M-M equation.

!Kabs is a first order GI absorption rate constant.

CONSTANT VmaxGT=1.2 'M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. IM-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 'First order GI absorption rate constant (L/h)

1 e sk she sk sk s st ste e s sk ok ok ske sk s sk sk s s sk stesie she sk sk sk sk sk she sk sk ok sk ste dle e sie she ofe ok sk sk sk kst sie sk ok ok ook sk sk sk ko skok kokoksk sk k)

CONSTANT KF=.60 'Rate of MTX mass-tranferred down through
! the small intestine (/h)

!Simulation parameters

CONSTANT MW=454.44 'molecular weight of MTX
CONSTANT DoseRate=6.0 'mg/kg

Dose = DoseRate*BW 'mg

CONSTANT tstop=6.0 'hr

cinterval CINT=0.01

END !END of Initial
! ! ! F— ! — I-

DYNAMIC
ALGORITHM TALG=2

DERIVATIVE
'Mass balance in liver
RAL=(QL-QGT)*(CA-CVL)+QGT*(CVGT-CVL)-KBile*CVL

AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL

'Biliary Excretion
RABile= KBile*CVL
ABile=integ(RABile, 0.0)

!Tranfer of MTX in bile into 3 segments; r1, 12 and r3.
r=Kbile*CVL

Rri=(r-r1)*30.

rl=integ(Rr1, 0.0)

Arl=integ(r1,0.0)
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Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

!Mass balance in kidney
RAK=QK*(CA-CVK)-KKidney*CVK
AK=INTEG(RAK,0.0)

CK=AK/VK

CVK=CK/PK

!Amount excreted in urine
RAUrine=KKidney*CVK
AUrine=integ(RAUrine, 0.0)

'Mass balance in muscle
RAM=QM*(CA-CVM)
AM=INTEG(RAM,0.0)
CM=AM/VM
CVM=CM/PM

'Mass balance in plasma
RAPIs=QL*CVL+QK*CVK+QM*CVM-(QL+QK+QM)*CA
APIls=integ(RAPIs,0.)

CA=APIs/VP 'Plasma concentration

!Gut lumen
RAGL1=KBile*CVL-.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
-kf*VGL*CGL1

AGLI1=integ(RAGL1,0.)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
-kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGLA=kf*VGL*CGL3-.25*(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGLA4)&
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-kf*VGL*CGLA
AGLA=integ(RAGLA,0.0)
CGLA=AGLA/.25/VGL

RAGL=RAGLI1+RAGL2+RAGL3+RAGL4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

'Fecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGLA4
AFEC=integ(RAFeces, 0.0)

!GUT Tissue

RAGT=QGT*(CA-
CVGT)+.25%(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25%(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25*(VmaxGT*CGLA4A/(KmGT+CGL4)+Kabs*CGL4)
AGT=integ(RAGT, dose)

CGT=AGT/VGT

CVGT=CGT/PGT

ITotal mass
TMASS=AGT+AGL+APIs+ AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !END of Derivative

END !END of Dynamic
[ I [ [ S R — -

END !END of Program
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!File rat.cmd
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. 'no grid on line plots
SET TITLE = 'MTX model- Rat’
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

proced rat

s doserate=6.0

start

PLOT /DATA=rat CA /log /10=0.01 /hi=100.0 cl /log /10=0.01 /hi=100.0 &
ck /log /10=0.01 /hi=100.0 cm /log /10=0.01 /hi=100.0&

cgl /log /10=0.01 /hi=100.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'
END

proced rat0.5

s doserate=0.5

start

PLOT /DATA=rat0.5 CA /log /10=0.01 /hi=400.0 &

cgl /log /10=0.01 /hi=400.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'
END

proced rat25

s doserate=25.

start

PLOT /DAT A=rat25 CA /log /10=0.01 /hi=400.0 &

cgl /log /10=0.01 /hi=400.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L’
END

DATA RAT (T, CA,CL,CK, CM, CGL)
0.25 522 17.28 1435 0.69 13.77
0.50 391 1322 442 0.56 34.88
092 145 6.03 352 020 59.67
147 126 433 259 0.12 40.31
200 070 324 106 0.09 59.67
300 022 1.82 142 0.03 34.17
400 033 136 ? 0.05 6.03
END
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DATA Rat0.5 (t, CA, CGL)
0.17 ? 0.53

033 043 1.26

092 036 1.26

1.50 0.20 1.32

200 007 5.11

3.00 0.02 1.38

4.00 0.01 0.05

END

DATA Rat25 (t, CA, CGL)
0.17 2644 42.56

0.33 25.82 60.82

092 10.20 161.43

1.50 524 177.56

200 1.84 121.31

3.00 0.86 82.89

4.00 0.57 21.85

END
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Appendix VII: Computer Code of the PBPK model for methotrexate in

dogs (Bischoff’s model)

PROGRAM dog.csl

'Edited by M. Lohitnavy on Jan. 3rd, 2007.
'Developed by Lohitnavy M. and Lu Y.
'Reconstruction of MTX PBPK model

!Original model by Bischoff (1971).

ISingle dose of MTX was intravenously administered to dogs.
!There was dosing 1 dosing level; 3 mg/kg.
!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,

'kidney,and muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then, reabsorbed.

!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

!There were two dogs in the experiment.

!Each dog was considered separately in this model.

!All other parameters in this model were identical to those in Bischoff et al. (1971).

INITIAL

!'Volume and blood flow paramenters

'All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=17.0
CONSTANT VP=.65
CONSTANT VM=7.5
CONSTANT VK=0.076
CONSTANT VL=0.360
CONSTANT VGT=0.640
CONSTANT VGL=0.640

CONSTANT QM=84
CONSTANT QK=114
CONSTANT QL=13.2
CONSTANT QGT=11.4

CONSTANT PM=.15
CONSTANT PK=14.0
CONSTANT PL=2.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.4
CONSTANT BMaxGT=0.1
CONSTANT KmBind=1e-5

'Body weight of a dog(kg)
'Volume of plasma (L)
'Volume of muscle (L)
!Volume of kidney (L)
I'Volume of liver (L)
'Volume of GI tract (L)
!Volume of gut lumen (L)

Blood flow to muscle (L/h)
'Blood flow to kidney (L/h)
Blood flow to liver (L/h)
!Blood flow to GI tract (L/h)

!Partition coefficient of muscle
!Partition coefficient of kidney
!Partition coefficient of liver
'Partition coefficient of GI tract

!Maximal binding capacity in muscle (mg/L)
'Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L)
!Maximal binding capacity in GI tract (mg/L)
'Protein binding parameter (mg/L)
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CONSTANT KKidney=3.36 lkidney clearance rate s (L/h)
CONSTANT KBile=0.48 IBiliary clearance rate (L/h)
CONSTANT TGI=1.67 !GI transit time (h)

1ok sk st sk skoskok ok sk skeoskokok ok skeskesk sk sk skokokse skeokeskoskesk sk s sk seskoskoskok sk skesteskok sk sk kokesk skokeok sk stokokok skdekok skl ok )

!In this model, Absorption of MTX from GI is described by a first order rate constant.
'and a saturable process. In this process, Michelis-Menten equation is employed.
!'VmaxGl is similar to Vmax and KG is similar to Km in M-M equation.

'Kabs is a first order GI absorption rate constant.

CONSTANT VmaxGT=90. IM-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. IM-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 IFirst order GI absorption rate constant (L/h)
!******************************************************************!
CONSTANT KF=.09 Rate of MTX mass-tranferred down through

!the small intestine (/h)
!Simulation parameters

CONSTANT MW=454 .44 !molecular weight of MTX
CONSTANT DoseRate=3.0 'mg/kg

Dose = DoseRate*BW 'mg

CONSTANT tstop=6.0 'hr

cinterval CINT=0.01

END !END of Initial

! ! ! --1 I--- ! fommmmee- -
DYNAMIC

ALGORITHM IALG=2

DERIVATIVE
!Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)-KBile*CL/PL

AL=INTEG(RAL.,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL

'Biliary Excretion
RABile= KBile*CL/PL
ABile=integ(RABile, 0.0)

ITranfer of MTX in bile into 3 segments; r1, r2 and r3.
r=kbile*CL/PL

Rrl=(r-r1)*30.

rl=integ(Rr1, 0.0)

Arl=integ(r1,0.0)
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Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(13,0.0)

'Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

CVK=CK/PK

!Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

'Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
CVM=CM/PM

'Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APls=integ(RAPIs,dose)

CA=APIs/VP Plasma concentration

!Gut Jumen

RAGL1=KBile*CL/PL&
-25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
kf*VGL*CGLI1

AGLI1=integ(RAGL1,0.0)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
-kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL
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RAGLA=kf*VGL*CGL3-.25*(VmaxGT*CGLA/(KmGT+CGLA)+Kabs*CGLA)&
kf*VGL*CGLA4

AGL4=integ(RAGLA,0.0)

CGLA=AGL4/.25/VGL

RAGL=RAGLI1+RAGL2+RAGL3+RAGLA4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

'Fecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGLA4
AFEC=integ(RAFeces, 0.0)

IGUT Tissue

RAGT=QGT*(CA-CGT/PGT)+&
25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25*(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGL4)
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

CVG=CGT/PGT

ITotal mass
TMASS=AGT+AGL+APIs+ AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !END of Derivative

END !END of Dynamic
I I R  J— | — R I -

END !END of Program
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'File dog.cmd

'Edited by M. Lohitnavy on Oct. 10th, 2007.
set grdepl=.f. 'no grid on line plots

SET TITLE = 'MTX model- Dogs'

prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

proced dogl

start

PLOT /DATA=dogl CA /log /10=0.01 /hi=100.0 /char=1 cl /log /10=0.01 /hi=100.0 &
/char=2 cm /log /10=0.01 /hi=100.0 /char=3 cgl /log /10=0.01 /hi=1000.0&

/xhi=4.1 /xtag="hr' /tag="Tissue MTX Conc (mg/L)’

END

proced dog2

start

PLOT /DATA=dog2 CA /log /10=0.01 /hi=100.0 /char=1 cl /log /10=0.01 /hi=100.0 &
/char=2 ck /log /10=0.01 /hi=100.0 /char=3&

/xhi=4.1 /xtag="hr' /tag="Tissue MTX Conc (mg/L)’

END

DATA dogl (T, CA,CL,CM, CGL)
005 19.54 ? ? ?
025 872 7 ? ?
05 674 7 ? ?
0.67 7 14.85 2 ?
1 376 7 ? ?
1.5 253 7 ? ?
2 217 7 ? ?
25 228 2 ? ?
3 192 395 0.53 7.60
END

DATA dog2 (t, CA, CL, CK)
025 8.14 7 ?

0.5 548 2 ?

1 316 ? ?

1.5 236 7 ?

2 179 7 ?

25 148 2 ?

3 146 257 19.88
END
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Appendix VIII: Computer Code of the PBPK model for methotrexate in
humans (Bischoff’s model)

PROGRAM human.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.

!Developed by Lohitnavy M. and Lu Y.

'Reconstruction of MTX PBPK model

!Original model by Bischoff (1970).

!Single dose of MTX was intravenously administered to humans.

!There was dosing 1 dosing level; 1 mg/kg.

!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,
'kidney,and muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then, reabsorbed.

'Enterohepatic re-circulation is responsible for prolonged half-life of MTX.
!There were two humans in the experiment.

!Each subject was considered separately in this model.

!All other parameters in this model were identical to those in Bischoff et al. (1971).

INITIAL

!'Volume and blood flow paramenters

'All parameters were taken from the paper

!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=70.0 'Body weight of a rat(kg)
CONSTANT VP=3.0 'Volume of plasma (L)
CONSTANT VM=35.0 !'Volume of muscle (L)
CONSTANT VK=0.28 'Volume of kidney (L)
CONSTANT VL=1.35 'Volume of liver (L)
CONSTANT VGT=2.1 'Volume of GI tract (L)

CONSTANT VGL=2.1 !Volume of gut lumen (L)

CONSTANT QM=25.2 'Blood flow to muscle (L/h)
CONSTANT QK=42. 'Blood flow to kidney (L/h)
CONSTANT QL=48. Blood flow to liver (L/h)
CONSTANT QGT=42. 'Blood flow to GI tract (L/h)

CONSTANT PM=.15 Partition coefficient of muscle

CONSTANT PK=3.0
CONSTANT PL=3.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5
CONSTANT BMaxGT=0.1
CONSTANT KmBind=le-5

'Partition coefficient of kidney
Partition coefficient of liver
Partition coefficient of GI tract

!Maximal binding capacity in muscle (mg/L)
!Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L)
!Maximal binding capacity in GI tract (mg/L)
!Protein binding parameter (mg/L)
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CONSTANT KKidney=11.4 'kidney clearance rate s (L/h)
CONSTANT KBile= 12. 'Biliary clearance rate s (kL/KL, L/h)
CONSTANT TGI=1.67 !GI transit time (h)
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!In this model, Absorption of MTX from GI is described by a first order rate constant.
land a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGlI is similar to Vmax and KG is similar to Km in M-M equation.

Ib is a first order GI absorption rate constant.

CONSTANT VmaxGT=114. IM-M absorption maximum rate into GI (mg/h)

CONSTANT KmGT=200. 'M-M absorption paramter into GI (mg/L)

CONSTANT Kabs=0.00006 IFirst order GI absorption rate constant(L/h)

!******************************************************************!

CONSTANT KF=.06 'Rate of MTX mass-tranferred down through
Ithe small intestine (/h)

!Simulation parameters

CONSTANT MW=454.44 !molecular weight of MTX

CONSTANT DoseRate=1.0 'mg/kg

Dose = DoseRate*BW 'mg

CONSTANT tstop=6.0 thr

cinterval CINT=0.01

END !END of Initial
! ! P, R— ! ! I-

DYNAMIC
ALGORITHM IALG=2

DERIVATIVE
!Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)-KBile*CL/PL

AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL

'Biliary Excretion
RABile= KBile*CL/PL
ABile=integ(RABile, 0.0)

!Tranfer of MTX in bile into 3 segments; r1, 12 and 3.
r=KBile*CL/PL

Rri=(r-r1)*30.

rl=integ(Rrl, 0.0)

Arl=integ(r1,0.0)
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Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(1r2,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

!Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

CVK=CK/PK

'Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

!Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
CVM=CM/PM

!Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APls=integ(RAPIs, dose)

CA=APIs/VP 'Plasma concentration

!Gut lumen

RAGL1=KBile*CL/PL&
-.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
kf*VGL*CGL1

AGL1=integ(RAGL1,0.0)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
-kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL
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RAGLA=kf*VGL*CGL3-.25%(VmaxGT*CGLA/(KmGT+CGLA4)+Kabs*CGLA)&
kf*VGL*CGLA

AGLA=integ(RAGL4,0.0)

CGL4=AGLA/.25/VGL

RAGL=RAGL1+RAGL24+RAGL3+RAGLA
AGL=integ(RAGL,0.)
CGL=AGL/VGL

IFecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

IGUT Tissue

RAGT=QGT*(CA-
CGT/PGT)+.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*%(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25*%(VmaxGT*CGL4/(KmGT+CGLA4)+Kabs*CGIL4)
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

CVG=CGT/PGT

'Total mass
TMASS=AGT+AGL+APIs+AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !END of Derivative
END !END of Dynamic
I--- 1--- ! -1 ! e e -

END !END of Program
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'File human.cmd
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. !no grid on line plots
SET TITLE = 'MTX model- Human'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

proced humanl

start

PLOT /DATA=humanl CA /log /10=0.1 /hi=10. /char=1 /xhi=6.1 /xtag="hr' &
/tag="Blood conc mg/L'

END

proced human2

start

PLOT /DATA=human?2 CA /log /10=0.1 /hi=10. /char=1 /xhi=6.1 /xtag="hr' &
/tag="Blood conc mg/L’

END

DATA humanl (t,ca)
0.25 1.0744

0.75 0.7826

1 0.6808

2 0.4596

4 0.2912

6 0.2042

END

DATA human? (t,ca)
0.25 1.85

0.75 1.30

1.00 1.02

242 0.54

500 0.23

END
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Appendix IX: Computer Code of the PBPK model for methotrexate in
mice (PBPK model with Mrp2)

PROGRAM miceKm.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.

!Original model by Bischoff (1971).

!Single dose of MTX was intravenously administered to mice.

!There were two dosing levels; 3 and 300 mg/kg.

!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,
'kidney,and muscle subcompartment.

'MTX is excreted into the bile to GI tract and, then, reabsorbed.

!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.
!The biliary excretion was replaced by Mrp2-mediated excretion.

!Value of Km of Mrp2 and Vmax of mrp2 were optimized.

!All other parameters in this model were identical to those in Bischoff et al. (1971).

INITIAL

!Volume and blood flow paramenters

!All parameters were taken from the paper

!'Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=0.022
CONSTANT VP=0.001
CONSTANT VM=0.010
CONSTANT VK=0.00034
CONSTANT VL=0.0013
CONSTANT VGT=0.0015
CONSTANT VGL=0.0015

CONSTANT QM=.03
CONSTANT QK=.048
CONSTANT QL=.066
CONSTANT QGT=.054

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=10.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.27
CONSTANT BMaxL=0.28
CONSTANT BMaxGT=0.147
CONSTANT KmBind=1e-5

CONSTANT KKidney=0.012
CONSTANT KBile= 0.0

'Body weight of a mouse (kg)
!'Volume of plasma (L)
!'Volume of muscle (L)
'Volume of kidney (L)
!Volume of liver (L)

'Volume of GI tract (L)
'Volume of gut lumen (L)

!Blood flow to muscle (L/h)
!Blood flow to kidney (L/h)
'Blood flow to liver (I/h)
Blood flow to GI tract (L/h)

'Partition coefficient of muscle
IPartition coefficient of kidney
'Partition coefficient of liver
!Partition coefficient of GI tract

'Maximal binding capacity in muscle (mg/L)
'Maximal binding capacity in kidney (mg/L)
'Maximal binding capacity in liver (mg/L)
'Maximal binding capacity in GI tract (mg/L)
!Protein binding parameter (mg/L)

'kidney clearance rate constant (L/h)
'Biliary clearance rate constant (L/h)
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CONSTANT KmMrp2=154.03 'Km of Mrp2 (opimized value, mg/L)

CONSTANT VmaxMrp2=5.7038  !Vmax of Mrp2 (optimized value, mg/h)

CONSTANT TGI=1.67 !GI transit time (h)

CONSTANT KF=.60 IRate of MTX mass-tranferred down through
Ithe small intestine (/h)

!******************************************************************!

!In this model, Absorption of MTX from GI is described by a first order rate constant.

land a saturable process. In this process, Michelis-Menten equation is employed.

'VmaxGl is similar to Vmax and KG is similar to Km in M-M equation.

IKabs is a first order GI absorption rate constant.

CONSTANT VmaxGT=.012 'M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=6.0 'M-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 'First order GI absorption rate constant (L/h)
!******************************************************************!
!Simulation parameters

CONSTANT MW=454.44 !molecular weight of MTX

CONSTANT DoseRate=3.0 'mg/kg

Dose = DoseRate*BW !mg

CONSTANT tstop=6.0 thr

cinterval CINT=0.01

END 'END of Initial

DYNAMIC

ALGORITHM IALG=2

DERIVATIVE

!Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PLy+QGT*(CGT/PGT-CL/PL)&
-KBile*CL/PL-(vmaxmrp2*cvl/(kmmrp2+cvl))

AL=INTEG(RAL,0.0) !Amount of MTX (mg)
CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL
Procedural

CVLt=AL/(VL*PL+BMaxL*VL/KmBind+CVL)

CVL=CVLt
END 'End of Procedural

'Biliary Excretion
RABile= KBile*CL/PL+vmaxmrp2*cvl/(kmmrp2+cvl)
ABile=integ(RABile, 0.0)

!Tranfer of MTX in bile into 3 segments; rl, r2 and 3.

r=Kbile*CL/PL+vmaxmrp2*cvl/(kmmrp2+cvl)
Rrl=(r-r1)*30.
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rl=integ(Rrl, 0.0)
Arl=integ(r1,0.0)

Rr2=(r1-12)*30
r2=integ(Rr2, 0.0)
Ar2=integ(12,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

!Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

Procedural
CVKt=AK/(VK*PK+BmaxK*VK/KmBind+CVK)
CVK=CVKt

END 'End of Procedural

!Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

IMass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)

CM=AM/VM

Procedural
CVMt=AM/(VM*PM+BmaxM*VK/KMBind+CVM)
CVM=CVMt

END 'End of Procedural

'Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APls=integ(RAPIs,dose)

CA=APIs/VP 'Plasma concentration

!Gut lumen
RAGL1=vmaxmrp2*cvl/(kmmrp2+cv])+KBile*CL/PL.&
-25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
kf*VGL*CGL1

AGLI1=integ(RAGL1,0.0)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
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kf*VGL*CGL2
AGL2=integ(RAGL2,0.0)
CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGL4=kf*VGL*CGL3-.25*(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGL4)&
-kf*VGL*CGL4

AGL4=integ(RAGLA4,0.0)

CGL4=AGL4/.25/VGL

RAGL=RAGLI1+RAGL2+RAGL3+RAGI 4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

Fecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

'GUT Tissue

RAGT=QGT*(CA-CGT/PGT)+&

25*%(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&

25*%(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&

25*%(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&

25*(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGLA4)

AGT=integ(RAGT, 0.0)

CVG=CGT/PGT

CGT=AGT/VGT

Procedural
CVGTt=AGT/(VGT*PGT+BmaxGT*VGT/KMBind+CVGT)
CVGT=CVGTt

END 'End of Procedural

ITotal mass
TMASS=AGT+AGL+APls+AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !END of Derivative
END !END of Dynamic
! -1 ! -1 e e I -

END !END of Program
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IFile miceKm.cmd
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdepl=.f. !no grid on line plots
SET TITLE = 'MTX model- Mice'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

proced all

s DoseRate=3.0

start

PLOT /DATA=iv CA /log /10=0.01 /hi=50.0 cl /log /10=0.01 /hi=50.0 &
ck /log /10=0.01 /hi=50.0 cm /log /10=0.01 /hi=50.0&

cgl /log /10=0.01 /hi=50.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'
END

proced mousehigh

s doserate=300.

start

PLOT /DATA=mousehigh CA /log /10=0.03 /hi=3000.0 &

cgl /log /10=0.03 /hi=3000.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L.
END

DATA iv (T,CA,CL, CK, CM, CGL)

0.02 540 19.12 12.73 041 1.05
0.05 428 2831 9.1 050 3.70
0.17 204 17.02 ? 027 525
025 159 1409 3.81 030 8.23
050 099 872 257 0.15 1039
0.75 2 662 174 025 17.78
1.00 030 4.16 100 2 17.02
1.50 039 467 1.12 012 21.17
200 017 216 0.76 0.03 5.89
300 007 201 *? 003 8.85
400 0.13 201 071 002 2.89
END

DATA mousehigh (t, CA, CGL)

04  100.5 1304.7
0.8 248 18149
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1.2
1.3
24
3.0
3.3
END

18.2
10.2
2.1
1.4
4.2

1961.5
2161.5
2203.9
439.8
265.4
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Appendix X: Computer Code of the PBPK model for methotrexate in rats
(PBPK model with Mrp2)

PROGRAM ratKm.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.
!Developed by Lohitnavy M. and Lu Y.
'Reconstruction of MTX PBPK model

10riginal model by Bischoff (1970).

ISingle dose of MTX was intraperitoneally administered to rats.
!There were dosing 3 dosing levels; 0.5, 6, and 25 mg/kg.
!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,

'kidney,and muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then, reabsorbed.

!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

!The zero-order biliary secretion was replaced by Mrp2-mediated excretion.

!Km of Mrp2 was taken from Hirono S. (2005)

!'Value of Vmax of mrp2 was optimized.

'All other parameters in this model were identical to those in Bischoff et al. (1971).

INITIAL

'Volume and blood flow paramenters

!All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=0.2
CONSTANT VP=.009
CONSTANT VM=0.1
CONSTANT VK=0.0019
CONSTANT VL=0.0083
CONSTANT VGT=0.011
CONSTANT VGL=0.011

CONSTANT QM=.18
CONSTANT QK=.3
CONSTANT QL=.39
CONSTANT QGT=.318

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=3.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0

CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5

CONSTANT BMaxGT=0.1
CONSTANT KmBind=1e-5

'Body weight of a rat(kg)
!Volume of plasma (L)
'Volume of muscle (L)
!'Volume of kidney (L)
'Volume of liver (L)
'Volume of GI tract (L)
!'Volume of gut lumen (L)

'Blood flow to muscle (L/h)
'Blood flow to kidney (L/h)
!Blood flow to liver (LL/h)
'Blood flow to GI tract (L/h)

1Partition coefficient of muscle
!Partition coefficient of kidney
Partition coefficient of liver
!Partition coefficient of GI tract

'Maximal binding capacity in muscle (mg/L)
'Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L)
'Maximal binding capacity in GI tract (mg/L)
'Protein binding parameter (mg/L)
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CONSTANT KKidney=0.066 'kidney clearance rate (L/h)
CONSTANT KBile= 0. 'Biliary clearance rate (L/h)
CONSTANT kmmrp2= 153.984 'Km of mrp2 from Hirono S. (2005)
CONSTANT vmaxmrp2=36.20 'Vmax of mrp2 (mg/h)

!Optimized value
CONSTANT TGI=1.67 !GI transit time (h)
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!In this model, Absorption of MTX from GI is described by a first order rate constant.
land a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGlI is similar to Vmax and KG is similar to Km in M-M equation.

'b is a first order GI absorption rate constant.

CONSTANT VmaxGT=1.2 'M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. 'M-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 !First order GI absorption rate constant (L/h)
!******************************************************************!
CONSTANT KF=.60 Rate of MTX mass-tranferred down through

!the small intestine (/h)

!Simulation parameters

CONSTANT MW=454.44 !molecular weight of MTX
CONSTANT DoseRate=6.0 'mg/kg

Dose = DoseRate*BW !mg

CONSTANT tstop=6.0 thr

cinterval CINT=0.01

END !END of Initial
IR R S— N R— -

DYNAMIC
ALGORITHM JIALG=2

DERIVATIVE

!Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)-&
(vmaxmrp2*CVL/(kmmrp2+cvl))-KBile*CL/PL
AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).

AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL

'Biliary Excretion

RABile= vmaxmrp2*CVL/(kmmrp2+cvl)+KBile*CL/PL
ABile=integ(RABile, 0.0)
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!Tranfer of MTX in bile into 3 segments; rl, r2 and r3.
r=vmaxmrp2*CL/PL/kmmrp2

Rrl=(r-r1)*30.

rl=integ(Rrl, 0.0)

Arl=integ(r1,0.0)

Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(12,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

'Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

CVK=CK/PK

!Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

!Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
CVM=CM/PM

!Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APls=integ(RAPIs,0.)

CA=APIs/VP !Plasma concentration

!Gut lumen
RAGLI1=(vmaxmrp2*cvl/(kmmrp2+cvl))+KBile*CL/PL&
-.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
-kf*VGL*CGL1

AGL1=integ(RAGL1,0.0)

CGL1=AGL1/.25/VGL

RAGL2=k{*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
-kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/.25/VGL
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RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGLA=kf*VGL*CGL3-.25*(VmaxGT*CGLA/(KmGT+CGL4)+Kabs*CGL4)&
-kf*VGL*CGL4

AGLA4=integ(RAGLA4,0.0)

CGLA=AGLA4/.25/VGL

RAGL=RAGL1+RAGL2+RAGL3+RAGLA4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

IFecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGLA4
AFEC=integ(RAFeces, 0.0)

!GUT Tissue

RAGT=QGT*(CA-
CGT/PGT)+.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25%(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25*(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGLA4)
AGT=integ(RAGT, dose)

CGT=AGT/VGT

CVG=CGT/PGT

Total mass
TMASS=AGT+AGL+APIs+AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !END of Derivative
END !END of Dynamic
! ! --! --1 --1 -l --1 -

END !END of Program
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'File ratKm.cmd
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. Ino grid on line plots
SET TITLE = MTX model with Mrp2 excretion- Rat'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

proced rat

s doserate=6.0

start

PLOT /DATA=rat CA /log /10=0.01 /hi=1000.0 /char=1 cl /log /10=0.01 /hi=100.0 &
/char=2 ck /log /10=0.01 /hi=1000.0 /char=3 cm /log /10=0.01 /hi=1000.0&

/char=4 cgl /log /10=0.01 /hi=1000.0 /char=5 /xhi=4.1 /xtag='hr' &

/tag="Tissue conc mg/L'

END

proced rat0.5

s doserate=0.5

start

PLOT /DATA=rat0.5 CA /log /10=0.01 /hi=400.0 &

cgl /log /10=0.01 /hi=400.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'
END

proced rat25

s doserate=25.

start

PLOT /DATA=rat25 CA /log /10=0.01 /hi=400.0 &

cgl /log /10=0.01 /hi=400.0 /xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'
END

DATA RAT (T, CA,CL,CK, CM, CGL)
0.25 522 17.28 14.35 0.69 13.77
0.50 391 1322 442 0.56 34.88
092 145 6.03 352 020 59.67
147 126 433 259 0.12 4031
200 070 324 1.06 0.09 59.67
3.00 022 1.82 142 003 34.17
400 033 136 ? 0.05 6.03
END
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DATA Rat0.5 (t, CA, CGL)
0.17 7 0.53

033 043 1.26

092 036 1.26

1.50 0.20 1.32

200 0.07 5.11

300 0.02 1.38

400 0.01 0.05

END

DATA Rat25 (t, CA, CGL)
0.17 26.44 42.56

0.33 25.82 60.82

092 10.20 161.43

1.50 5.24 177.56

200 1.84 121.31

300 0.86 82.89

400 0.57 21.85

END
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Appendix XI: Computer Code of the PBPK model for methotrexate in

dogs (PBPK model with Mrp2)

PROGRAM dogKm.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.
!Developed by Lohitnavy M. and Lu Y.
'Reconstruction of MTX PBPK model

!0riginal model by Bischoff (1970).

ISingle dose of MTX was intravenously administered to dogs.
!There was dosing 1 dosing level; 3 mg/kg.
!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,

'kidney,and muscle subcompartment.

'MTX is excreted into the bile to GI tract and, then, reabsorbed.

!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

!The zero-order biliary secretion was replaced by Mrp2-mediated excretion.

!There were two dogs in the experiment.

!Each dog was considered separately in this model.

!'Value of Km of Mrp2 and Vmax of mrp2 were optimized individually.

!All other parameters in this model were identical to those in Bischoff et al. (1971).

INITIAL

'Volume and blood flow paramenters

1All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=17.0
CONSTANT VP=.65
CONSTANT VM=7.5
CONSTANT VK=0.076
CONSTANT VL=0.360
CONSTANT VGT=0.640
CONSTANT VGL=0.640

CONSTANT QM=84
CONSTANT QK=11.4
CONSTANT QL=13.2
CONSTANT QGT=11.4

CONSTANT PM=.15
CONSTANT PK=14.0
CONSTANT PL=2.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5

!Body weight of a dog(kg)
'Volume of plasma (L)
'Volume of muscle (L)
'Volume of kidney (L)
'Volume of liver (L)
!'Volume of GI tract (L)
'Volume of gut lumen (L)

'Blood flow to muscle (L/h)
'Blood flow to kidney (L/h)
'Blood flow to liver (L/h)
'Blood flow to GI tract (L/h)

IPartition coefficient of muscle
'Partition coefficient of kidney
Partition coefficient of liver
'Partition coefficient of GI tract

'Maximal binding capacity in muscle (mg/L)

'Maximal binding capacity in kidney (mg/L)
'Maximal binding capacity in liver (mg/L)
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CONSTANT BMaxGT=0.1 'Maximal binding capacity in GI tract (mg/L)

CONSTANT KmBind=1e-5 !Protein binding parameter (mg/L)
CONSTANT KKidney=3.36 lkidney clearance rate (L/h)
CONSTANT KBile= 0. 'Biliary clearance rate (L/h)

CONSTANT kmmrp2= 153.984 'Km of mrp2 (optimized value, mg/L)
CONSTANT vmaxmrp2=160.11  !'Vmax of mrp2 (optimized value, mg/h)
CONSTANT TGI=1.67 !GI transit time (h)
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!In this model, Absorption of MTX from GI is described by a first order rate constant.
'and a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGI is similar to Vmax and KG is similar to Km in M-M equation.

'b is a first order GI absorption rate constant

CONSTANT VmaxGT=90. 'M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. 'M-M absorption paramter into GI tissue (mg/L)
CONSTANT Kabs=0.00006 IFirst order GI absorption rate constant(L/h)
Dokesteske sk sk ok ok sk koskokok ok skeskoskoskok skkokoskok sk skekokoskesk koo ok sk kol skokok skoskok skoksk skokoskokok sk sk skekekokok sk skokekekok |
CONSTANT KF=.09 'Rate of MTX mass-tranferred down through

!the small intestine (/h)

!Simulation parameters

CONSTANT MW=454.44 !molecular weight of MTX
CONSTANT DoseRate=3.0 'mg/kg

Dose = DoseRate*BW 'mg

CONSTANT tstop=6.0 thr

cinterval CINT=0.01

END !END of Initial
! ! R R, R— S

DYNAMIC
ALGORITHM IALG=2

DERIVATIVE

'Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)-&
(vmaxmrp2*CVL/(kmmrp2+cvl))-KBile*CL/PL

AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL

'Biliary Excretion

RABile= vmaxmrp2*CVL/(kmmrp2+cvl)+KBile*CL/PL
ABile=integ(RABile, 0.0)
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!Tranfer of MTX in bile into 3 segments; rl, r2 and r3.
r=vmaxmrp2*CL/PL/kmmrp2

Rrl=(r-r1)*30.

rl=integ(Rr1, 0.0)

Arl=integ(r1,0.0)

Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

'Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

CVK=CK/PK

!Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

!Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
CVM=CM/PM

!Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APls=integ(RAPIs,dose)

CA=APIs/VP 'Plasma concentration

!Gut lumen
RAGLI1=(vmaxmrp2*cvl/(kmmrp2+cvl))+KBile*CL/PL&
-25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
-kf*VGL*CGLI1

AGL1=integ(RAGL1,0.0)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&

-kf*VGL*CGL2
AGL2=integ(RAGL2,0.0)
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CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGLA=kf*VGL*CGL3-.25*(VmaxGT*CGLA/(KmGT+CGL4)+Kabs*CGLA4)&
-kf*VGL*CGLA4

AGLA=integ(RAGLA4,0.0)

CGL4=AGLA4/.25/VGL

RAGL=RAGLI1+RAGL2+RAGL3+RAGL4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

IFecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

!GUT Tissue

RAGT=QGT*(CA-
CGT/PGT)+.25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*%(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25%(VmaxGT*CGLA/(KmGT+CGL4)+Kabs*CGLA4)
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

CVG=CGT/PGT

'Total mass
TMASS=AGT+AGL+APIs+AM+AK+AL+AFEC+AUrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !'END of Derivative
END !END of Dynamic
] - 1 | ! ' [ -

END !'END of Program
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!File dogKm.cmd

'Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. Ino grid on line plots

SET TITLE = 'MTX model with Mrp2 excretion- Dogs'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

PROCED dogl

s vmaxmrp2=160.11

s kmmrp2=153.98

start

PLOT /DATA=dogl CA /log /10=0.01 /hi=100.0 /char=1 cl /log /10=0.01 /hi=100.0 &
/char=2 cm /log /10=0.01 /hi=100.0 /char=3 cgl /log /10=0.01 /hi=1000.0&

/xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L’

END

PROCED dog2

s vmaxmrp2=706.55

s kmmrp2=154.18

start

PLOT /DATA=dog2 CA /log /10=0.01 /hi=100.0 /char=1 cl /log /10=0.01 /hi=100.0 &
/char=2 ck /log /10=0.01 /hi=100.0 /char=3&

/xhi=4.1 /xtag="hr' /tag="Tissue conc mg/L'

END

DATA dogl (T, CA,CL,CM, CGL)
005 1954 ? ? ?

025 872 ? ? ?
05 674 ? ? ?
067 7?7 14.85 ? ?

1 376 7 ? ?
1.5 253 ? ? ?

2 217 7 ? ?
25 228 7 ? ?

3 1.92 395 0.53 7.60
END

DATA dog?2 (t, CA, CL, CK)
0.25 8.14 ? ?
0.5 548 ? ?
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1 316 ? ?

1.5 236 ? ?

2 1.79 7 ?

2.5 148 ? ?

3 1.46 257 19.88
END
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Appendix XII: Computer Code of the PBPK model for methotrexate in

humans (PBPK model with Mrp2)

PROGRAM humanKm.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.
'Developed by Lohitnavy M. and Lu Y.
IReconstruction of MTX PBPK model

'Original model by Bischoff (1970).

!Single dose of MTX was intravenously administered to humans.
IThere was dosing 1 dosing level; 1 mg/kg.
!In the original model, the PBPK model consists of blood, liver, GI, gut lumen,

'kidney,and muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then, reabsorbed.

!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

!The zero-order biliary secretion was replaced by Mrp2-mediated excretion.

!There were two humans in the experiment.

Each subject was considered separately in this model.

Value of Km and Vmax of mrp2 were optimized individually.

!All other parameters in this model were identical to those in Bischoff et al. (1971).

INITIAL

!Volume and blood flow paramenters

!All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=70.0
CONSTANT VP=30

CONSTANT VM=35.0
CONSTANT VK=0.28
CONSTANT VL=1.35
CONSTANT VGT=2.1
CONSTANT VGL=2.1

CONSTANT QM=25.2
CONSTANT QK=42.
CONSTANT QL=48.
CONSTANT QGT=42.

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=3.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5
CONSTANT BMaxGT=0.1

'Body weight of a rat(kg)
'Volume of plasma (L)
!'Volume of muscle (L)
!'Volume of kidney (L)
'Volume of liver (L)
'Volume of GI tract (L)
1Volume of gut lumen (L)

Blood flow to muscle (L/h)
!Blood flow to kidney (L/h)
!Blood flow to liver (L/h)
Blood flow to GI tract (L/h)

IPartition coefficient of muscle
IPartition coefficient of kidney
IPartition coefficient of liver
Partition coefficient of GI tract

'Maximal binding capacity in muscle (mg/L)
!Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L)
!Maximal binding capacity in GI tract (mg/L)
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CONSTANT KmBind=1e-5 'Protein binding parameter (mg/L)

CONSTANT KKidney=11.4 'kidney clearance rate (L/h)
CONSTANT KBile= 0. 'Biliary clearance rate (L/h)
CONSTANT kmmrp2= 150.15 !Km of mrp2 (optimized value, mg/L)
CONSTANT vmaxmrp2=3888.9 !'Vmax of mrp2 (optimized value, mg/h)
CONSTANT TGI=1.67 !GI transit time (h)
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!In this model, Absorption of MTX from GI is described by a first order rate constant.
land a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGl is similar to Vmax and KG is similar to Km in M-M equation.

'b is a first order GI absorption rate constant.

CONSTANT VmaxGT=114. 'M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. 'M-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 !First order GI absorption rate constant (L/h)
CONSTANT KF=.06 'Rate of MTX mass-tranferred down through

!the small intestine (/h)

!Simulation parameters

CONSTANT MW=454.44 !molecular weight of MTX
CONSTANT DoseRate=1.0 'mg/kg

Dose = DoseRate*BW 'mg

CONSTANT tstop=6.0 thr

cinterval CINT=0.01

END !END of Initial
! ! l-- l--- l-- ! ! --1-

DYNAMIC
ALGORITHM IALG=2

DERIVATIVE

'Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)&
-(vmaxmrp2*CVL/(kmmrp2+cvl))-KBile*CL/PL

AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL

'Biliary Excretion

RABile= vmaxmrp2*CVL/(kmmrp2+cvl)+KBile*CL/PL
ABile=integ(RABile, 0.0)
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!Tranfer of MTX in bile into 3 segments; r1, 12 and r3.
r=vmaxmrp2*CL/PL/kmmrp2

Rrl=(r-r1)*30.

rl=integ(Rrl, 0.0)

Arl=integ(r1,0.0)

Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)

Rr3=(12-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

!Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

CVK=CK/PK

'Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

!Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
CVM=CM/PM

'Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APls=integ(RAPIs, dose)

CA=APIs/VP 'Plasma concentration

!Gut lumen
RAGL1=(vmaxmrp2*cvl/(kmmrp2+cvl))+KBile*CL/PL&
-25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
-kf*VGL*CGL1

AGLI1=integ(RAGL1,0.0)

CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/.25/VGL
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RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)&
-kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGLA=kf*VGL*CGL3-.25*(VmaxGT*CGL4/(KmGT+CGL4)+Kabs*CGL4)&
-kf*VGL*CGLA4

AGLA4=integ(RAGL4,0.0)

CGL4=AGLA4/.25/VGL

RAGL=RAGLI+RAGL2+RAGL3+RAGL4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

IFecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

!GUT Tissue

RAGT=QGT*(CA-
CGT/PGT)+.25*¥(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25¥(VmaxGT*CGLA/(KmGT+CGL4)+Kabs*CGL4)
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

CVG=CGT/PGT

ITotal mass
TMASS=AGT+AGL+APIs+AM+AK+AL+AFEC+AUTrine
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !END of Derivative
END !END of Dynamic
| DO ! -1 ! ! -

END !END of Program
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'File humanKm.cmd

!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. !no grid on line plots

SET TITLE = 'MTX model with Mrp2 excretion- Human'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

PROCED humanl

s vmaxmrp2=3888.9

start

PLOT /DATA=humanl CA /log /l0=0.1 /hi=10. /char=1 /xhi=6.1 /xtag="hr' &
/tag="Tissue conc mg/L'

END

PROCED human2

s vmaxmrp2=2188.8

start

PLOT /DATA=human2 CA /log /10=0.1 /hi=10. /char=1 /xhi=6.1 /xtag="hr' &
/tag="Tissue conc mg/L'

END

DATA humanl (t,ca)
0.25 1.0744

0.75 0.7826

1 0.6808

2 0.4596

4 0.2912

6 0.2042

END

DATA human? (t,ca)
0.25 1.85

0.75 1.30

1.00 1.02

242 054

500 0.23

END
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Appendix XIII: Computer Code of the PBPK model for methotrexate in
mutant rats (Bile duct canulation; PBPK model with Mrp2)

PROGRAM mutantIV.csl

'Edited by M. Lohitnavy on Oct. 10th, 2007.
'Developed by Lohitnavy M. and Lu Y.
'Reconstruction of MTX PBPK model

Infusion of MTX

'There were dosing 1 levels; 60 ug/min.
!In original model, the PBPK model consists of blood, liver, GI, kidney,

land muscle subcompartment.

!Since, in the experimental conditions, bile duct was cannulated.
!Thus there was no entero-hepatic recirculation in this model.

INITIAL

!'Volume and blood flow paramenters

!All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=0.468
CONSTANT VP=.009
CONSTANT VM=0.1
CONSTANT VK=0.0019
CONSTANT VL=0.0083
CONSTANT VGT=0.011
CONSTANT VGL=0.011

CONSTANT QM=.18
CONSTANT QK=.3
CONSTANT QL=.39
CONSTANT QGT=.318

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=3.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5
CONSTANT BMaxGT=0.1
CONSTANT KmBind=1e-5

CONSTANT KKidney=0.066
CONSTANT KBile= 0.
CONSTANT kmmrp2= 153.984
CONSTANT vmaxmrp2=36.20

'Body weight of a rat(kg)
!Volume of plasma (L)
'Volume of muscle (L)
!Volume of kidney (L)
'Volume of liver (L)
'Volume of GI tract (L)
!'Volume of gut lumen (L)

'Blood flow to muscle (L/h)
!Blood flow to kidney (L/h)
'Blood flow to liver (I/h)
'Blood flow to GI tract (I/h)

!Partition coefficient of muscle
!Partition coefficient of kidney
Partition coefficient of liver
!Partition coefficient of GI tract

!Maximal binding capacity in muscle (mg/L)
'Maximal binding capacity in kidney (mg/L)
!Maximal binding capacity in liver (mg/L)
!Maximal binding capacity in GI tract (mg/L)
'Protein binding parameter (mg/L)

lkidney clearance rate (L/h)

!Biliary clearance rate ( L/h)

!Km of mrp2 from Hirono S. (2005)
!'Vmax of mrp2 from PCB126 (mg/h)
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CONSTANT kmov=0.418
CONSTANT kgilv=0.05
CONSTANT TGI=1.67 !GI transit time (h)

A ke st sk sk ook ke sk sk sk e ok sk sk skeoke ks sk sk ok ok skesk sk sk ok skeok skeskok sk sk ok sieoskoskok sk stk skokoskok skekeskokoskkok skokokok skokskekok ok |

!In this model, Absorption of MTX from GI is described by a first order rate constant.
'and a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGlI is similar to Vmax and KG is similar to Km in M-M equation.

'b is a first order GI absorption rate constant.

CONSTANT VmaxGT=1.2 IM-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. !M-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 IFirst order GI absorption rate constant (L/h)
!******************************************************************!
CONSTANT KF=.60 Rate of MTX mass-tranferred down through

!the small intestine (/h)

!Simulation parameters

CONSTANT MW=454.44 'molecular weight of MTX
CONSTANT tstart=0.0

CONSTANT tstop=8.0

CONSTANT tinf=2.0 !duration of iv infusion (h)
CONSTANT ivdose=7.2 Itotal administered dose of MTX (mg)
CONSTANT tchng=2.0

rdose=ivdose/tinf !dosing rate (mg/h)

END !END of Initial
O ! S S, N J— R I-

DYNAMIC
ALGORITHM IALG=2

DERIVATIVE

!GI lumen
RAGI=-KGILV*AGI-Kmov*AGI
AGI=INTEG(RAGIL0.)

!Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)&
-(vmaxmrp2*CVL/(kmmrp2+cvl))-KBile*CL/PL+KGILV*AGI

AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL
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!Biliary Excretion

RABile= vmaxmrp2*CVL/(kmmrp2+cvl)+KBile*CL/PL
ABile=integ(RABile, 0.0)

PBile=ABile*100/ivdose

!Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

AUCk=integ(CK,0.0)

CVK=CK/PK

!Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)
PUrine=AUrine*100/ivdose
PCombine=(ABile+AUrine)*100/ivdose

!Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
AUCM-=integ(CM,0.0)
CVM=CM/PM

'Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA-+riv
APIls=integ(RAPIs,0.)

CA=APIs/VP !Plasma concentration

AUCP=integ(CA,0.0) !Calculations of AUC of MTX in plasma(mg*h/L)

RAGL1=kf*VGL*CGL1+Kmov*AGI
AGLI1=integ(RAGL1,0.)
CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-kf*VGL*CGL2
AGL2=integ(RAGL2,0.0)
CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-kf*VGL*CGL3
AGL3=integ(RAGL3,0.0)
CGL3=AGL3/.25/VGL

RAGILA=kf*VGL*CGL3-kf*VGL*CGL4

AGlLA=integ(RAGL4,0.0)
CGLA=AGILA4/.25/VGL
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RAGL=RAGL14RAGL2+RAGL3+RAGLA
AGL=integ(RAGL,0.)
CGL=AGL/VGL

IFecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

IGUT Tissue
RAGT=QGT*(CA-CGT/PGT)+KGILV*AGI
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

CVG=CGT/PGT

!Termination of IV infusion at t=2.0 h
if (t.le.tinf) then
riv=rdose
else
riv=0.0
endif

Total mass
TMASS=AGT+AGL+APls+AM+AK+AL+AFEC+AUrine+AGI+Abile
MB=(ivdose-TMASS)*100.0/ivdose

TERMT (T.GE.TSTOP)

END !END of Derivative
END !END of Dynamic
! ! ! ! | —— ! ! -

END !END of Program
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File mutantIV.cmd
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdepl=.f. 'no grid on line plots
SET TITLE = 'MTX model- Rat’
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

PROCED PBILE

start

PLOT /DATA=BILE PBILE /lo=0. /hi=100. /xhi=4. /xtag="hr' /tag="%Cumulative in
Bile'

END

DATA BILE (t, PBILE)
0.17 142

033 283

0.50 6.73

0.67 1097

1.00 24.07

1.33  34.69

2.00 57.35

END
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Appendix XIV: Computer Code of the PBPK model for methotrexate in
mutant rats (oral administration ; PBPK model with Mrp2)

PROGRAM mutant.csl

!Edited by M. Lohitnavy on Oct. 10th, 2007.

Developed by Lohitnavy M. and Lu Y.

!Single dose of MTX was orally administered to SD and Eisai rats.
IEaisi rats are mutant rats with mrp2 deficiency.

IThere were dosing 2 levels; 0.2 and 0.6 mg/kg bw.

!In original model, the PBPK model consists of blood, liver, GI, kidney,

land muscle subcompartment.

1All parameters including Vmax and Km of mrp2 were identical to

!those of the rat model, ratKm.csl .

!Since this experiment was oral administration,

la site of absorption in the GI tract was added.

!There were two rates in this subcompartment;

!' 1) KGILV, an absorption rate CONSTANT from the site to liver, and,

! 2)Kmove, a movement of MTX mass from the site to other areas of the GI tract.
'MTX is excreted into the bile to GI tract and, then, reabsorbed.

!Enterohepatic re-circulation is responsible for prolonged half-life of MTX.

INITIAL

!'Volume and blood flow paramenters

!All parameters were taken from the paper
!Units are transformed to forms of which compatible with ACSL.

CONSTANT BW=0.2
CONSTANT VP=.009
CONSTANT VM=0.1
CONSTANT VK=0.0019
CONSTANT VL=0.0083
CONSTANT VGT=0.011
CONSTANT VGL=0.011

CONSTANT QM=.18
CONSTANT QK=.3
CONSTANT QL=.39
CONSTANT QGT=318

CONSTANT PM=.15
CONSTANT PK=3.0
CONSTANT PL=3.0
CONSTANT PGT=1.0

CONSTANT BMaxM=0.0
CONSTANT BMaxK=0.3
CONSTANT BMaxL=0.5

'Body weight of a rat(kg)
!'Volume of plasma (L)
'Volume of muscle (L)
!Volume of kidney (L)
!Volume of liver (L)
'Volume of GI tract (L)
'Volume of gut lumen (L)

'Blood flow to muscle (L/h)
'Blood flow to kidney (L/h)
'Blood flow to liver (L/h)
1Blood flow to GI tract (L/h)

'Partition coefficient of muscle
IPartition coefficient of kidney
'Partition coefficient of liver
'Partition coefficient of GI tract

'Maximal binding capacity in muscle (mg/L)

!Maximal binding capacity in kidney (mg/L)
Maximal binding capacity in liver (mg/L)
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CONSTANT BMaxGT=0.1 !Maximal binding capacity in GI tract (mg/L)

CONSTANT KmBind=1e-5 !Protein binding parameter (mg/L)
CONSTANT KKidney=0.066 'kidney clearance rate s (L/h)
CONSTANT KBile=0. 'Biliary clearance rate s (kL/KL, L/h)

CONSTANT kmmrp2= 153.984 'Km of mrp2 from Hirono S. (2005)
CONSTANT vmaxmrp2=36.20 !Vmax of mrp2 from PCB126 (mg/h)

CONSTANT kmov=0.418 !Optimized value (/h)
CONSTANT kgilv=0.05 !Optimized value (/h)
CONSTANT TGI=1.67 !GI transit time (h)

!******************************************************************!

!In this model, Absorption of MTX from GI is described by a first order rate constant.
land a saturable process. In this process, Michelis-Menten equation is employed.
'VmaxGI is similar to Vmax and KG is similar to Km in M-M equation.

'b is a first order GI absorption rate constant.

CONSTANT VmaxGT=1.2 !M-M absorption maximum rate into GI (mg/h)
CONSTANT KmGT=200. 'M-M absorption paramter into GI (mg/L)
CONSTANT Kabs=0.00006 !First order GI absorption rate constant (L/h)
!******************************************************************!
CONSTANT KF=.60 'Rate of MTX mass-tranferred down through
! the small intestine (/h)
!Simulation parameters
CONSTANT MW=454.44 'molecular weight of MTX
CONSTANT DoseRate=0.2 'mg/kg
Dose = DoseRate*BW Img
CONSTANT tstop=12.0 thr
cinterval CINT=0.01
END 'END of Initial
DYNAMIC
ALGORITHM IALG=2
DERIVATIVE
!GI lumen

RAGI=-KGILV*AGI-Kmov*AGI
AGI=INTEG(RAGIDose)

'Mass balance in liver
RAL=(QL-QGT)*(CA-CL/PL)+QGT*(CGT/PGT-CL/PL)&
-(vmaxmrp2*CVL/(kmmrp2+cvl))-KBile*CL/PL

AL=INTEG(RAL,0.0) !Amount of MTX (mg)

CL=AL/VL !Calculations of conc of MTX (mg/L).
AUCLIV=integ(CL,0.0) !Calculations of AUC of MTX (mg*h/L).
CVL=CL/PL
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'Biliary Excretion
RABile= vmaxmrp2*CVL/(kmmrp2+cv]l)+KBile*CL/PL
ABile=integ(RABile, 0.0)

!Tranfer of MTX in bile into 3 segments; r1, r2 and r3.
r=vmaxmrp2*CL/PL/kmmrp2

Rr1=(r-r1)*30.

rl=integ(Rrl, 0.0)

Arl=integ(r1,0.0)

Rr2=(r1-r2)*30
r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)

Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

!Mass balance in kidney
RAK=QK*(CA-CK/PK)-KKidney*CK/PK
AK=INTEG(RAK,0.0)

CK=AK/VK

AUCk=integ(CK,0.0)

CVK=CK/PK

! Amount excreted in urine
RAUrine=KKidney*CK/PK
AUrine=integ(RAUrine, 0.0)

'Mass balance in muscle
RAM=QM*(CA-CM/PM)
AM=INTEG(RAM,0.0)
CM=AM/VM
AUCM=integ(CM,0.0)
CVM=CM/PM

!Mass balance in plasma
RAPIs=QL*CL/PL+QK*CK/PK+QM*CM/PM-(QL+QK+QM)*CA
APIls=integ(RAPIs,0.)

CA=APIs/VP !Plasma concentration
AUCP=integ(CA,0.0) !Calculations of AUC of MTX in plasma(mg*h/L).
!Gut lumen

RAGLI1=(vmaxmrp2*cvl/(kmmrp2+cvl))+KBile*CL/PL&
-25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)&
-kf*VGL*CGL1+Kmov*AGI
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AGL1=integ(RAGL1,0.)
CGL1=AGL1/.25/VGL

RAGL2=kf*VGL*CGL1-.25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)&
-kf*VGL*CGL2

AGL2=integ(RAGL2,0.0)

CGL2=AGL2/.25/VGL

RAGL3=kf*VGL*CGL2-.25*(VmaxGT*CGL3/(KmGT-+CGL3)+Kabs*CGL3)&
kf*VGL*CGL3

AGL3=integ(RAGL3,0.0)

CGL3=AGL3/.25/VGL

RAGILA=kf*VGL*CGL3-.25*(VmaxGT*CGL4/(KmGT+CGLA4)+Kabs*CGL4) &
-kf*VGL*CGLA4

AGLA=integ(RAGLA4,0.0)

CGLA=AGLA/.25/VGL

RAGL=RAGL1+RAGL2+RAGL3+RAGLA4
AGL=integ(RAGL,0.)
CGL=AGL/VGL

IFecal Excretion of MTX from GI Lumen
RAFeces=kf*VGL*CGL4
AFEC=integ(RAFeces, 0.0)

!GUT Tissue

RAGT=QGT*(CA-CGT/PGT)+&
25*(VmaxGT*CGL1/(KmGT+CGL1)+Kabs*CGL1)+&
25*(VmaxGT*CGL2/(KmGT+CGL2)+Kabs*CGL2)+&
25*(VmaxGT*CGL3/(KmGT+CGL3)+Kabs*CGL3)+&
25*(VmaxGT*CGLA/(KmGT+CGL4)+Kabs*CGL4)+KGILV*AGI
AGT=integ(RAGT, 0.)

CGT=AGT/VGT

CVG=CGT/PGT

!Total mass
TMASS=AGT+AGL+APIs+AM+AK+AL+AFEC+AUrine +AGI
MB=(Dose-TMASS)*100.0/Dose

TERMT (T.GE.TSTOP)

END !'END of Derivative
END !END of Dynamic
| PO | ! ! ! oo I I-

END !'END of Program
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'File mutant.cmd
'Edited by M. Lohitnavy on Oct. 10th, 2007.
!Data were taken from Naba et al (2003).

set grdepl=.f. 'no grid on line plots
SET TITLE = 'MTX model- SD and mutant Rats'
prepare /all

start

procedure check
start

plot tmass, mb
print t,tmass,mb
end

PROCED normal0.2

s doserate=0.2

s vmaxmrp2=36.2

start

PLOT /DAT A=normal0.2 CA /log /10=.0001 /hi=.2 /xhi=12. /xtag="hr' /tag="Blood
conc mg/L'

END

PROCED normal0.6

s doserate=0.6

s vmaxmrp2=36.2

start

PLOT /DATA=normal0.6 CA /log /1o=.0001 /hi=.2/xhi=12. /xtag="hr' /tag='"Blood
conc mg/L'

END

PROCED mutant0.2

s doserate=0.2

s vmaxmrp2=0.

start

PLOT /DATA=mutant0.2 CA /log /10=.0001 /hi=.2/xhi=12. /xtag="hr' /tag="Blood
conc mg/L'

END

PROCED mutant0.6

s doserate=0.6

s vmaxmrp2=0.

start

PLOT /DATA=mutant0.6 CA /log /10=.0001 /hi=.5/xhi=13. /xtag="hr' /tag='Blood
conc mg/L'

END
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DATA normal0.2 (t, CA)

0.10
0.25
0.5
1.0
2.0
4.0
8.0
END

DATA mutant0.2 (t, CA)

0.10
0.25
0.50
1.0
2.0
4.0
8.0
END

DATA normal0.6 (t, CA)

0.01
0.25
0.50
1.0
2.0
4.0
8.0
END

DATA mutant0.6 (t,CA)

0.10
0.25
0.50
1.0
2.0
4.0
8.0
12.0
END

0.0045

0.0155

0.0207
0.0335
0.0305
0.0167
0.0042

0.0063
0.0193
0.0257
0.0305
0.0257
0.0116
0.0065

0.0141
0.0437
0.0674
0.0858
0.0643
0.0297
0.0122

0.0197
0.0658
0.1146
0.1423
0.0992
0.0378
0.0251
0.0077
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Appendix XV: Computer Code of the PBPK model with a description of
competitive inhibition between MTX and PCB126 in rats

PROGRAM discrete.csl

'Edited by M. Lohitnavy on Oct. 10th, 2007.

I'This code is modified using PCB126 repeated dose model in rats and

Isingle oral dose MTX model in rats.

Developed by Lohitnavy M. and Lu Y.

!Since, the previous model could not successfully produce reasonable outputs.
'We suspected that coding (if-then-else statements) might cause the problems.
!'Thus we are trying to use another approach to solve the problems by replacing
!The if-then-else statements in dosing regimens of MTX to discrete blocks.
IDiscrete blocks will be added in the Dynamic section of the program.

IThis code will give one oral dosing of MTX at time 96 hours.

!Features of this model.

!Since both PCB126 and MTX were excreted by mrp2, this hybrid model consisted of
la PBPK of PCB126 and a PBPK of MTX. The models ran separately,

thowever the two chemicals shared the same mrp2 in the liver.

!Competitive inhibition between the two chemicals at mrp2 in the liver was
'mathematically described.

!Equations describing competitive inhibition of proteins/enzymes/transporters
Iwere taken from Haddad S. (Toxicol. Sci., 2001).

!**************** Experimental Conditions 3k sk sk ok ok sk sk sk sk sk ok ok ok sk sk sk sk skok!

'PCB126 in corn oil (9.8 ug/kg) was orally
ladministered to the rats 4 doses before MTX dosing.
!In the following dat, MTX (3 mg/kg) was orally administered.

'Body weight & liver weight data were available.
PRk ke End of the Conditions®® %% %% stk kot sk

!************* Features Of thlS PCB126 mOdel', ok s ok sk ok ok sk o ke skoke skosk!
'Binding between PCB126 and CYP1A2 in the liver,

!Binding between PCB126 and aromatic hydrocarbon receptor
!(AhR) in the liver and excretion of PCB126 via hepatic Mrp2.
Prfksckkrokkkokkxokkkk End of the PCB126 model features *## ¥k sk x!

!***************** Features Of thiS MTX mOdel; o 3k ok ok sk ofe o ok sk sk sk ok k!
!In the original model, the PBPK model consists of blood, liver,
!GLgut lumen, kidney,and muscle subcompartment.

IMTX is excreted into the bile to GI tract and, then,
Ireabsorbed.Enterohepatic re-circulation is responsible for

!prolonged half-life of MTX in the body.

!The biliary excretion was replaced by Mrp2-mediated excretion.

!Km of Mrp2 was taken from Hirono S. (2005)
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'Value of Vmax of mrp2 was optimized.
!All other parameters in this model were identical to those in Bischoff et al. (1971).
!*************** End Of the MTX mOdel features 3 s ok ok ok ok sk ook ok skokekoskokek!

INITIAL
! INITIAL SECTION for PCB126
'Volume and blood flow parameters

CONSTANT BW=0.277 !Body weight of a rat (kg)
CONSTANT VFC=0.05 !Fat volume fraction.
CONSTANT VLC=0.038 !Liver Volume Fraction
CONSTANT VRC=0.052 'Rapidly perfused volume fraction
CONSTANT VBC=0.062D0 blood volume

CONSTANT QCC=14.1D0 blood flow constant

CONSTANT QFC=0.07D0
CONSTANT QLC=0.18D0
CONSTANT QRC=0.58D0
QSC=1.0-QFC-QLC-QRC

!Chemical-specific paramters (Partition coefficients)

CONSTANT PFP=155. !from the NTP model

CONSTANT PLP=8.9D0 'from the NTP model

CONSTANT PRP=6.0D0 !from the NTP model

CONSTANT PSP=7.2D0 !from the NTP model

!Elimination parameters

CONSTANT KGILVP=0.1433 !/hr,absorption rate, from GI to liver
'Optimized value

CONSTANT KFECP=0.00 !/hr.excretion in feces

CONSTANT KMETP=0.00D0 !/hr, PCB126 metabolism rate

CONSTANT KLIVP=0.0 IFirst order elimination from the liver.

'PCB 126 Excretion via Mrp2 is mathematically described using
Ithe Michealis-Menten Equation; Rate=Vmax*C/(Km+C)
Prafrorsoxkxx*PCB126 Section for Mrp2-mediated excretion from the liver**##xk !

CONSTANT VmaxP= 64.59 !Maximal velocity of Mrp2
!Optimized value (unit, nmole/h).
CONSTANT KmP=7.76¢3 !Binding affinity of Mrp2

!calculated Km by Hirono S.(unit, nM)

!Constants related to protein binding

'PCB126 binding in the liver consists of binding to CYP1A2 and AhR.

CONSTANT BM1 =0.004 !PCB126 binding capacity to AhR (nmole/liver)

CONSTANT KB1 =0.05637 'PCB126 binding constant for AhR (nmole)
10Optimized value
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CONSTANT BM20 = 10. Binding protein: capacity (nmoles/liver)

BM2I0 = 85 !Increase due to induction (nmoles/liver)
CONSTANT KB2 =5.5437 !Binding protein: affinity (nM)
!Optimized value
CONSTANT N=1. 'Hill Coefficient
CONSTANT KD =1. 'Liganded receptor-DNA binding
CONSTANT slope=0.0066 ISlope of the increase in capacity (nmole/hr)

loptimized value

'Dosetime and frequency

DoseFrgq=24.0 thrs

k=0 !counter of PCB126 doses
!Simulation parameters

CONSTANT MWP=326.4 !molecular weight of PCB126
CONSTANT doserateOP=9800 ng/kg
DoseRateP=doserateOP Ing/kg

DoseP = DoseRateP*BW/MWP Inmole

!Initial value of total dose
TotalDoseP=0.0

! INTITAL SECTION of MTX
!Volume and blood flow paramenters
!All parameters were taken from Bischoff et al (1971)
!Units are transformed to forms of which compatible with ACSL.

CONSTANT VPM=.009 !Volume of plasma (L)
CONSTANT VMM=0.1 'Volume of muscle (L)
CONSTANT VKM=0.0019 !Volume of kidney (L))
CONSTANT VLM=0.0083 'Volume of liver (L)
CONSTANT VGTM=0.011 'Volume of GI tract (L)
CONSTANT VGLM=0.011 !Volume of gut lumen (L)
CONSTANT QMM=.18 'Blood flow to muscle (L/h)
CONSTANT QKM-=.3 'Blood flow to kidney (L/h)
CONSTANT QLM=.39 !Blood flow to liver (L/h)
CONSTANT QGTM=.318 !Blood flow to GI tract (L/h)
CONSTANT PMM=.15 !Partition coefficient of muscle
CONSTANT PKM=3.0 IPartition coefficient of kidney
CONSTANT PLM=3.0 'Partition coefficient of liver
CONSTANT PGTM=1.0 !Partition coefficient of GI tract
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CONSTANT BMaxM=0.0 !Max. binding capacity in muscle (nM)

CONSTANT BMaxK=6601.5 'Max. binding capacity in kidney (nM)
CONSTANT BMax[.=1100.3 !Max. binding capacity in liver (nM)
CONSTANT BMaxGT=220.1 'Max. binding capacity in GI tract (nM)
CONSTANT KmBind=0.022 !Protein binding parameter (nM)
CONSTANT KKidney=0.066 'kidney clearance rate (L/h)
CONSTANT KBile= 0. !Biliary clearance rate ( L/h)
CONSTANT kmmrp2= 338834.6 'Km of mrp2 from Hirono S. (nM)
CONSTANT vmaxmrp2=79658.5 'Vmax of mrp2 (nmole/h)

!Optimized value
CONSTANT TGI=1.67 !GI transit time (h)
CONSTANT kmov=0.418 !Optimized value (/h)
CONSTANT KGILVM=0.05 !Optimized value (/h)
CONSTANT FM=0.15 'Bioavialbility of MTX

§ 3k skesk ok sk sk sk ok ok skok skoke ok skokokskok sk ok skokokskokokokokok kool kool ok kokokskokskokoskok skkokokok ok skekokokok okl okok |

!In this model, Absorption of MTX from GI is described by

'a first order rate CONSTANT and a saturable process.

!In this process, Michelis-Menten equation is employed.

'VmaxGl is similar to Vmax and KG is similar to Km in M-M equation.

!KabsM is a first order GI absorption rate constant.

CONSTANT VmaxGTM=2640.6  !M-M absorption max. rate into GI (nmole/h)
CONSTANT KmGTM=440102.1 !M-M absorption paramter into GI (nmole/L)

CONSTANT KabsM=0.00006 !First order GI absorption rate constant (L/h)
{okeskeskskokoskok skestoteok sk skotokokskokokok skokoskokokokokokskokokokok sk skekokokokok sokokokoskok sketokokokskekokokokosksk sk ok ook ok
CONSTANT KF=.60 'Rate of MTX mass-tranferred down through

Ithe small intestine (/h)

!Simulation parameters

CONSTANT MWM=454.44 !molecular weight of MTX
CONSTANT DoseRateOM=3.0 'mg/kg

DoseRateM=DoseRateOM

DoseM = DoseRateM*BW 'mg

DoseMnano=DoseM*1e6/MWM ladministered dose of MTX (nmole)
CONSTANT TCHNG=120.0 !'End of dosing exposure (hrs)
CONSTANT TMAX=120.0 'Maximum length of multiple exposure

ISettings for stopping the experiments and calculating interval
CONSTANT tstop=120.0 thr
cinterval CINT=0.01

!Equations describing competitive inhibition of proteins were taken from
'Haddad S. (Toxicol. Sci., 2001).
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!Competitive inhibition parameters

I'These following parameters were newly introduced into the hybrid model.

10riginally, they were unknown.

!Thus, optimizations to determine values of these parameters were conducted.

CONSTANT KIM=12.07  !competitive inhibition of MTX towards PCB126
(nM; Optimized value).

CONSTANT KIP=3926.3 !competitive inhibition of PCB126 towards MTX
!(nM; Optimized value).

END !End of initial
 FR— | — |  [R——  [E— | | 1-

DYNAMIC
ALGORITHM IALG=2
ISettting oral dosing for PCB126
IF(T.eq.24¥k) THEN
DoseRateP = doserateOP
DoseP = DoseRateP*BW/MWP 'nmole
ENDIF
IF (k.gt.3) THEN
doseP=0
ENDIF
ISetting oral dosing for MTX
Discrete DoseMOn
Interval DoseMInt=24.0
Schedule DoseMOff .AT. T + TChng
If (k.eq.5) then
DoseRateM=DoseRateOM
DoseM = DoseRateM*BW 'mg
DoseMnano=DoseM*1e6/MWM
else
DoseRateM=0.0
DoseM = DoseRateM*BW !mg
DoseMnano=DoseM*1e6/MWM
Endif
End
Discrete DoseMOff
DoseRateM=0.0
End

DERIVATIVE
! DERIVATIVE SECTION FOR PCB126
!Scaled parameters

VFP=BW*VFC Itotal fat volume;
VBP=BW#*VBC+0.0012 !blood.Lee&Blaufox
VRP=BW*VRC 'Rapidly perfused volume
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VLP=BW*VLC

VSP=0.91*BW-VFP-VLP-VBP-VRP Islowly perfused
QC=QCC*BW**0.75 blood flow rate
QF=QC*QFC
QL=QC*QLC
QR=QC*QRC
QS=QC*QSC

!Time-dependent increase in CYP1A2 expression
BM2I = BM2I0+slope*t

!Mass balance of PCB126 in fat tissue
RAFP=QF*(CAP-CVFP)
AFP=INTEG(RAFP,0.0)
CFP=AFP/VFP

CVFP=CFP/PFP

!Equations describing competitive inhibition of proteins were taken from
'Haddad S. (Toxicol. Sci., 2001).

!Mass balance of PCB126 in liver
RALP=QL*(CAP-CVLP)-KMETP*CVLP+KGILVP*AGIP-&
VmaxP*CVLP/(KmP*(1+CVLM/(KIP+1e-30))+CVLP)-KLIVP*CVLP

ALP=INTEG(RALP,0.0) !Amount of PCB126 in the livers (nmole)

CLP=ALP/VLP {Calculations of conc of PCB126 in the livers
1(nM).

AUCLIVP=integ(CLP,0.0) 1Calculations of AUC of PCB126 in the livers
1(nM*h).

PLivP=ALP*100/(TOTALDOSEP+1.0e-30)
1% Retention of PCB126 in the livers
Icompared to total administered dose(%)

PrakdckkkrkkrkkkCalculations of Mrp2-mediated excretion® ## sk ks k tokdk ekt
RMrp2P= VmaxP*CVLP/(KmP+CVLP)  !Rate of excretion via mrp2
!(nmole*h/L)
Mrp2P=INTEG(RMrp2P,0.0) !Amount of excretion via mrp2
!(nmole)
PMrp2P=Mrp2P*100/(TOTALDOSEP+1.0e-30) !Efficiency in Mrp2 excretion
lcompared to total amount of

'PCB126 in the liver(%)
CombineP=PLIVP+PMrp2P ICombination between liver

Iretention and Mrp2 excretion

!compared to total dose (%)
OtherP=100-CombineP !'Mass deposited elsewhere (%)
Pexxkdrd* End of Mrp2-mediated excretion section ¥ ks ko dok ok dekohe ok ok k!

Procedural

291



CVLtP= ALP/(VLP*PLP+bm1/(kb1+CVLP)+bm2t/(kb2+CVLP))

CVLP =CVLtP

AhRBound=bm1*CVLP/(kb1+CVLP) !Amount of PCB126 bound to AhR

CYPBound=bm2t*CVLP/(kb2+CVLP) !Amount of PCB126 bound to CYP1A2
END !End of Procedural

Pessksokiorkokk ke Cal culations of AhR-PCB126 Binding# ks sskotoskonkosokn
DB1 = BM1*CVLP/(KB1+CVLP)/VLP !Conc. of AhR-PCB126 complex

BOUND = (db1**n)/(dbl**n+Kd**n) !Occupancy of DRE on DNA
PB1 = CVLP/(KB1+CVLP) 'AhR percent occupancy
BM2T = BM20+BM2I*BOUND !Instantaneous level of protein induction

l**************End Of AhR_PCB126 Blndlng SeCtion sk 3k sfe ok ok ok ok sk sk sk ok ske sk ok 3k sk ok sk skosk skosk k!

'Amount of PCB 126 metabolized
RAMP=KMETP*CVLP
AMP=INTEG(RAMP,0.0)

'Mass balance of PCB126 in rapidly perfused tissues
RARP=QR*(CAP-CVRP)
ARP=INTEG(RARP,0.0)

CRP=ARP/VRP

CVRP=CRP/PRP

'Mass balance of PCB126 in slowly perfused tissues
RASP=QS*(CAP-CVSP)

ASP=INTEG(RASP,0.0)

CSP=ASP/VSP

CVSP=CSP/PSP

!Mass balance of PCB126 in blood
RABloodP=QF*CVFP+QL*CVLP+QR*CVRP+QS*CVSP-QC*CAP
ABloodP=INTEG(RABloodP,0.0)

CAP=ABloodP/VBP

'PCB126 in GI lumen
RAGIP=-KGILVP*AGIP-KFECP*AGIP
AGIP=INTEG(RAGIP,0.0)+TotalDoseP

!Excretion of PCB126 in feces
RAFECP=KFECP*AGIP+&
VmaxP*CVLP/(KmP*(1+CVLM/(KIP+1e-30))+CVLP))+KLIVP*CVLP
AFECP=INTEG(RAFECP,0.0)
PFECP=AFECP*100/(TOTALDOSEP+1.0e-30)

1%Fecal excretion compared to total dose(%)

ITotal mass of PCB126
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TMASSP=AFP+ALP+AMP+ARP+ASP+ABloodP+AGIP+AFECP
MBP=(TOTALDoseP-TMASSP)*100.0/(TOTALDoseP+11.0e-30)

1Setting the dosing scenarios 4 doses at intervals of 24 hrs
!Addition of 1 more dose when the time meets the dosing time.
Procedural

dosetime=k*DoseFrq

IF (t.ge.dosetime) THEN
TotalDoseP=TotalDoseP+DoseP
k=k+1
ENDIF
End 'End of Procedural

e EE e END of DERIVATIVE SECTION FOR PCB126--- ---

L DERIVATIVE SECTION FOR MTX-------
tAmount of MTX in GI lumen
RAGIM=-KGILVM*AGIM-Kmov*AGIM
AGIM=INTEG(RAGIM,0.0)+DoseMnano*FM

!Equations describing competitive inhibition of proteins were taken from
'Haddad S. (Toxicol. Sci., 2001).

!Mass balance of MTX in liver
RALM=(QLM-QGTM)*(CAM-CLM/PLM)&
+QGTM*(CGTM/PGTM-CLM/PLM)-KBile*CLM/PLM&
-VmaxMrp2*CVLM/(KmMrp2*(1+CVLP/(KIM+1e-30))+CVLM)

ALM=INTEG(RALM,0.0) !Amount of MTX (nmole)
CLM=ALM/VLM !Calculations of conc of MTX (nM).
AUCLIVM=integ(CLM,0.0) !Calculations of AUC of MTX (nM*h).

CVLM=CLM/PLM

!Biliary Excretion of MTX

RABileM= KBile*CLM/PLM&
+VmaxMrp2*CVLM/(KmMrp2*(1+CVLP/(KIM+1e-30))+CVLM)
ABileM=integ(RABileM, 0.0)

!Tranfer of MTX in bile into 3 segments; rl, 12 and r3.
r=Kbile*CLM/PLM+&
VmaxMrp2*CVLM/(KmMrp2*(1+CVLP/(KIM+1e-30))+CVLM)

Rrl=(r-r1)*30.
rl=integ(Rr1, 0.0)
Arl=integ(r1,0.0)

Rr2=(r1-r2)*30

r2=integ(Rr2, 0.0)
Ar2=integ(r2,0.0)
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Rr3=(r2-r3)*30
r3=integ(Rr3, 0.0)
Ar3=integ(r3,0.0)

!Mass balance in kidney
RAKM=QKM*(CAM-CKM/PKM)-KKidney*CKM/PKM
AKM=INTEG(RAKM,0.0)

CKM=AKM/VKM

CVKM=CKM/PKM

1Amount of MTX excreted in urine
RAUrineM=KKidney*CKM/PKM
AUrineM=integ(RAUrineM, 0.0)

'Mass balance of MTX in muscle
RAMM=QMM*(CAM-CMM/PMM)
AMM=INTEG(RAMM,0.0)
CMM=AMM/VMM
CVMM=CMM/PMM

!Mass balance of MTX in plasma
RAPIsM=QLM*CLM/PLM+QKM*CKM/PKM+QMM*CMM/PMM-&
(QLM+QKM+QMM)*CAM

APIsM=integ(RAPIsM,0.)

CAM=APIsM/VPM

'Mass balance of MTX in gut lumen
RAGLIM=VmaxMrp2*CVLM/(KmMrp2*(1+CVLP/(KIM+1e-30))+CVLM)&
+KBile*CLM/PLM-.25*(VmaxGTM*CGL1M/(KmGTM+CGL1IM)+&
KabsM*CGL1M)-kf*VGLM*CGL1M+Kmov*AGIM
AGL1M-=integ(RAGL1M,0.0)

CGL1IM=AGL1M/.25/VGLM

RAGL2M=kf*VGLM*CGLIM-&
25*(VmaxGTM*CGL2M/(KmGTM+CGL2M)+KabsM*CGL2M)&
-kf*VGLM*CGL2M

AGL2M=integ(RAGL2M,0.0)

CGL2M=AGL2M/.25/VGLM

RAGL3M=kf*VGLM*CGL2M-
25*%(VmaxGTM*CGL3M/(KmGTM+CGL3M)+KabsM*CGL3M)&
-kf*VGLM*CGL3M

AGL3M=integ(RAGL3M,0.0)

CGL3M=AGL3M/.25/VGLM
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RAGLAM=kf*VGLM*CGL3M- 25*(VmaxGTM*CGLAM/(KmGTM+CGLAM)&
+KabsM*CGLAM)-kf*VGLM*CGL4M

AGLAM=integ(RAGLAM,0.0)

CGL4AM=AGLAM/.25/VGLM

RAGLM=RAGLIM+RAGL2M+RAGL3M+RAGLAM
AGLM=integ(RAGLM,0.)
CGLM=AGLM/VGLM

IFecal Excretion of MTX from GI Lumen
RAFecesM=kf*VGLM*CGLAM
AFECM-=integ(RAFecesM, 0.0)

!Mass balance of MTX in gUT tissue

RAGTM=QGTM*(CAM-
CGTM/PGTM)+.25*(VmaxGTM*CGL1IM/(KmGTM+CGL1IM)&
+KabsM*CGLIM)+&
25*¥(VmaxGTM*CGL2M/(KmGTM+CGL2M)+KabsM*CGL2M)+&
25*¥(VmaxGTM*CGL3M/(KmGTM+CGL3M)+KabsM*CGL3M)+&
25*¥(VmaxGTM*CGLAM/(KmGTM+CGLAM)+KabsM*CGLAM) &
+KGILVM*AGIM

AGTM-=integ(RAGTM, 0.0)

CVGM=CGTM/PGTM

CGTM=AGTM/VGTM

CVGTM=CGTM/PGTM

Total mass of MTX
TMASSM=AGTM+AGLM+APIsM+AMM+AKM+ALM+AFECM+AUrineM
MBM=(DoseMnano-TMASSM)*100.0/(DoseMnano+1e-30)

l-m- END OF DERIVATIVE SECTION FOR MTX

TERMT (T.GE.TSTOP)

END !END of Derivative

END !END of Dynamic

! -1 ! |- ! --1 -3 i
END !END of Program
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IFile discrete.cmd
!Command file for PBPK model of a hybrid model between PCB126 and MTX
!Edited by M. Lohitnavy on Oct. 10th, 2007.

set grdcpl=.f. !no grid on line plots
SET TITLE = PCB126-MTX interaction model-Rats'
prepare /all

procedure check
start '

plot tmassp, mbp
print t,tmassp,mbp
end

!For MTX alone experiment

PROCED MAlone

set BW=0.298

set DoseRateOM=3.0

set doserateOP=0.

start

PLOT /DATA=MAlone CLM /lo=0. /hi=800. /char=1 /xtag="hr' /tag="[Liver MTX
(nmole/L)]’

END

'For MTX+PCB126 experiment

PROCED MPCB

set BW=0.277

set DoseRateOM=3.0

set doserateOP=9800.

start

PLOT /DATA=PPCB CLP /log /10=100. /hi=10000. /char=1 /xtag="hr' /tag="[Liver
PCB126 (nmole/L)]'

PLOT /DATA=MPCB CLM /lo=0. /hi=1200. /char=1 /xtag="hr' /tag="[Liver MTX
(nmole/L)]'

END

!For MTX+Genipin experiment

PROCED MGenipin

set BW=0.278

set DoseRateOM=3.0

set doserateOP=0.

start

PLOT /DATA=MGenipin CLM /lo=0. /hi=800. /char=1 /xtag="hr' /tag="[Liver MTX
(nmole/L)]'

END
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!For MTX+PCB126+Genipin experiment

PROCED MMixture

set BW=0.274

set DoseRateOM=3.0

set doserateOP=9800.

set vmaxmrp2=144600.

set viaxp=62.616

start

PLOT /DATA=PMixture CLP /log /lo=100. /hi=10000. /char=1 /xtag="hr'
/tag="[Liver PCB126 (nmole/L)]’'

PLOT /DATA=MMixture CLM /lo=0. /hi=800. /char=1 /xtag="hr' /tag="[Liver MTX
(nmole/L)]'

END

!Conc-time course of PCB126 in MTX+PCB126 Study.
DATA PPCB (t, CLP)

96.5 15428
97 1743.8
99 2275.1
102 1886.7
108 22874
END

!Conc-time course of PCB126 in MTX+PCB126+Genipin Study.
DATA PMixture (t, CLP)

96.5 1854.8
97 2215.0
99 1766.1
102 1700.6
108 2124.1
END

!Conc-time course of MTX in MTX Alone Study.
DATA MAlone (t, CLM)

96.5 3943
97 461.7
99 193.9
102 479.1
108  447.1
END

!Conc-time course of MTX in MTX+PCB126 Study.
DATA MPCB (t, CLM)

96.5 225.1
97 719.1
99 659.5
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102 387.1
108  594.8
END

!Conc-time course of MTX in MTX+Genipin Study.
DATA MGenipin (t, CLM)

965 2482
97 184.0
99 349.7
102 5184
108  230.0
END

!Conc-time course of MTX in MTX+PCB126+Genipin Study.
DATA MMixture (t, CLM)

96.5 2084
97 180.9
99 370.3
102 170.5
108 1593
END

298



