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ABSTRACT

Accurate prediction of target activity of a drug and rational design of dosing regimen
requires knowledge of concentration-time course of the drug at the target. In vitro in vivo
correlation (IVIVC) successfully predicts activity and pharmacokinetics of some drugs
but is unsuccessful with many others due to poor permeability, transporter activity and
use of plasma drug concentrations for determination of PK parameters. According to the
free drug hypothesis, at steady state, the unbound drug concentration on either side of a
biomembrane is equal. In this case, unbound plasma drug concentration acts as a good
surrogate for unbound cell concentrations. However, presence of transporters coupled
with poor membrane permeability result in violation of the free drug hypothesis. This
results in failure of IVIVC and subsequent discrepancies in the prediction of target
activity of pharmacokinetic predictions. Since it is the unbound drug that is capable of
exerting the pharmacodynamic effect and available for intracellular metabolizing and
transport machinery, knowledge of the unbound concentration inside the cell is very
important. Experimental measurement of intracellular unbound concentration is very
difficult due to the small size of the cell and complex cellular disposition resulting from
activity of metabolizing enzymes, transporters, target binding and organelle binding
within the cell. The present study, therefore, aims at predicting the intracellular unbound

concentrations using modeling and simulation approach.

Liver perfusion experiments were conducted in male Sprague Dawley rats with uptake
transporter substrates atorvastatin and bosentan, in presence and absence of inhibitors of

active uptake and metabolism, to study tissue distribution of these drugs in presence of



uptake transport and metabolism. The outflow perfusate data thus obtained were used as
input for the explicit membrane model for liver to predict the unbound intracellular
concentrations of atorvastatin and bosentan. Similarly, in vivo pharmacokinetic
experiments were also conducted in rats in presence and absence of inhibitors of active
uptake and metabolism. The data obtained were used as input for hybrid compartmental
models to predict unbound concentrations of these drugs upon intravenous dosing.
Modeling exercises were also conducted to study the differential impact of inhibition of
active uptake on plasma versus unbound cell concentrations. The effect of uptake
transport on the induction potential of bosentan was studied in sandwich cultured rat

hepatocytes and in in vivo studies in rats.

Inhibition of active uptake in the liver perfusion studies increased the outflow perfusate
concentrations, decreased the amount recovered in the bile for atorvastatin and bosentan,
and decreased the liver concentrations for atorvastatin. The liver concentrations for
bosentan with inhibition of active uptake were not different than the control group.
Inhibition of active uptake in the in vivo studies also decreased the systemic clearance of
atorvastatin and bosentan. Inhibition of metabolism decreased the systemic clearance of
bosentan. It was observed that the perpetrators for metabolism and transport used for this

project were not specific for the pathway of interest.

Active uptake appeared to be of major significance for disposition of atorvastatin. The
model predicted unbound concentrations of atorvastatin at the end of 50 min perfusion
were about 7-fold higher in presence of active uptake than in absence of active uptake.

On the other hand, inhibition of metabolism resulted in 1.26 fold increase in unbound
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atorvastatin concentrations inside the cell. Modeling the in vivo data indicated that
atorvastatin disposition was not affected until 90% inhibition of active uptake clearance
was achieved. However, any further inhibition of active uptake clearance had a largely
increased the exposure of this drug. The predicted unbound intracellular bosentan
concentrations in presence of active uptake were only marginally higher than in the
absence of active uptake, possibly due to inhibition of apical efflux of this drug by the
uptake inhibitor, rifampin, used in this study. The modeling exercise showed that in the in
vivo studies, BOS disposition was sensitive to intrinsic uptake clearance until 99%
inhibition was achieved. However, any further inhibition resulted in minimal change in
the exposure of this drug. The differential sensitivity of atorvastatin and bosentan
exposure for active uptake clearance was thought to be due to the different diffusional
clearance for these drugs. For both atorvastatin and bosentan, simulations indicated that
any extent of inhibition of the active uptake clearance did not affect the cell exposure of

these drugs.

In vitro induction of bosentan could not be characterized in sandwich cultured rat
hepatocytes. Bosentan appeared to be a weak inducer of cyp3a mediated metabolism in

rats.

In summary, the impact of uptake transport and metabolism on the systemic and
intracellular disposition of atorvastatin and bosentan was studied. Liver perfusion and in
vivo pharmacokinetic studies along with explicit membrane models were successfully

used to predict unbound cell concentrations of atorvastatin and bosentan.
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CHAPTER 1: INTRODUCTION

1.1 Background

In a drug development program, several factors influence the selection of specific
molecules as potential drug candidates over others. Of particular significance are
desirable pharmacodynamics (PD) response, optimum physicochemical properties like
solubility, hydrophilic-lipophilic balance, minimal nonspecific target activity and the
associated adverse reactions and desirable pharmacokinetic properties including but not
limited to clearance (CL), volume of distribution (V4) and in turn the half-life (t1).
Predicted target activities and pharmacokinetic (PK) properties play a large role in
selecting drug candidates (Houston, 1994; Heimbach et al., 2009; Zou et al., 2012). It is
unlikely that a compound will enter a drug development program without some
knowledge of its target activity, metabolic stability, and drug-drug interaction (DDI)
potential. Accurate prediction of CL and Vg is necessary for proper design of dosing
regimen and predict the potential for DDIs. In order to select the appropriate candidate
molecules early in a drug development program, it is important to be able to predict the

above properties in vivo accurately using in vitro tools.

The drug concentration-response relationship at the target, determined in vitro along with
plasma drug concentration-time profile in vivo, are used to predict the PD effect of a

drug. This process of predicting the in vivo properties of a drug from in vitro parameters,
called in vitro in vivo correlation (IVIVC), has limitations particularly for drugs that have

poor permeability and are transporter substrates (Iwatsubo et al., 1997; Chiba et al., 2009;
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Watanabe et al., 2009a; Watanabe et al., 2009b; Watanabe et al., 2009c; Watanabe et al.,
2011; Maeda, 2015) . For such drugs, in vivo concentrations in clearance organs and at
the target can be significantly different from the plasma concentrations that are typically
used for IVIVC. When plasma concentrations are used for IVIVC, the underlying
assumption is that the unbound concentration in plasma is equal to the unbound
concentration inside the cell. This assumption is based on the free drug hypothesis. The
free drug hypothesis states that at steady state, the unbound drug concentration on either
side of the biomembrane is in thermodynamic equilibrium (Koch-Weser and Sellers,
1976; Israili, 1979; Pardridge et al., 1983). However, this does not hold true for drugs that
are actively transported or poorly permeable (e.g. polar or charged compounds). Thus, the
free drug hypothesis is violated in these scenarios. For example, cimetidine is poorly
permeable (log D at pH 7.4 = -0.3). Due to this, the concentration of this drug in
cerebrospinal fluid, which is an indication of the unbound drug concentration in brain, is
8 and 5 fold lower than the plasma concentration in dogs (Ziemniak et al., 1984) and
humans (Somogyi and Gugler, 1983) respectively. Another example where unbound
brain concentration is lower than plasma concentration is when the drug is a substrate for
efflux transporter (Suzuki et al., 1997). Single-nucleotide polymorphisms in transporter
ABCB1 and SLC28A2 genes correlated with the intracellular accumulation of the anti-
hepatitis C virus drug boceprevir in peripheral blood mononuclear cells (Cusato et al.,

2015).

Since the metabolic machinery for most drugs and target of action for some drugs are
located inside the cell, it is the intracellular concentration and not the plasma
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concentration that drives the metabolism, transport out of the cell, efficacy and/or toxicity
of the drug. For example, bile salt export pump (BSEP/ ABCB11) is located on the
canalicular side of the hepatocytes and is involved in efflux of monovalent bile salts and
acids from the hepatocytes into the bile (Trauner and Boyer, 2003; Alrefai and Gill,
2007). Bile salts and acids are amphiphilic detergents in nature and are involved in
solubilizing dietary lipids and assisting in their absorption. Because of their “detergent”
nature, bile salts and acids can be tolerated by the cell only at very low concentrations.
Elevations in the intracellular concentrations for any reason can result in cell death. BSEP
protects the cell by removing the toxic bile acids and salts from the cell. A drug-drug
interaction (DDI) involving inhibition of BSEP could, therefore, be fatal to the cell
resulting in drug induced liver injury (DILI) (DeGorter et al., 2012). In order to predict
the extent of BSEP inhibition by a perpetrator, it is necessary to have knowledge of the
intracellular free concentration of the perpetrator, since this is the relevant concentration

for the perpetrator’s interaction with the transporter.

Under-prediction of cytochrome P 450 (CYP) mediated DDIs is observed when plasma
concentrations of the perpetrators are used for predictions. This under prediction is likely
due to intracellular perpetrator concentrations being higher than plasma concentrations.
Inhibition of uptake or efflux transporters could result in decrease or increase in
intracellular concentrations, respectively. For drugs with intracellular targets, this could
subsequently cause decreased or increased target activity. For example, simulations
indicated that multidrug resistance protein 2 (mrp2) inhibition increased pravastatin liver
exposure while organic anion transporting polypeptide (oatp) inhibition increased
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pravastatin plasma exposure in rats (Watanabe et al., 2009a). For this reason, the
determination of free intracellular drug concentrations at the site of drug clearance or
action is of significance. Accurate prediction of intracellular free concentrations can also
explain and predict DDIs due to drug metabolizing enzyme inhibition or induction, since

the concentration of the perpetrator at the enzyme location is of importance.

1.2 Intracellular disposition of drugs

CLi I
‘ Basolateral " Clo
(IAJ [ membrane
CLi o CLmet o-OH

PSp, Intracellular
target

&

Lysosome

Apical ——==
membrane

Figure 1.1 Intracellular disposition of drugs. Red solid circle represents a drug molecule

If a hepatocyte is considered as a representative type of cell, a drug molecule can have
many possible intracellular disposition pathways within this cell (Fig. 1.1) (Chu et al.,
2013). First, the drug has to be taken up into the hepatocytes by uptake clearance (PSup)
pathways. Uptake of the drug into the cell can be by transporter mediated active uptake or
passive diffusion. For drugs that partition into membranes, membrane partitioning will

occur before the drug is measured on the other side of the cell. The drug in membrane



then has an equal probability to diffuse out of the membrane either back into the blood or

into the cell compartment (Nagar and Korzekwa, 2012).

Once inside the cell, the drug molecule can be

(a) Metabolized (CLmet) by drug metabolizing enzymes like CYPs, uridine glucuronosyl

transferases (UGTS), sulfotransferases (SULTS), etc.

(b) Undergo canalicular efflux (PSyiie) mediated by apical efflux transporters like P-gp,

MRP2, BCRP, etc.

(c) Undergo back efflux into the blood (PSkack) either mediated by basolateral efflux
transporters like MRP3, MRP4, etc. located on the basolateral membrane of the

hepatocytes, or simply by passive diffusion

(d) Get sequestered within cell organelles like lysosomes

(e) Bind to organelle membranes or plasma membrane

(f) Bind to pharmacological targets e.g. a statin binding to the endoplasmic reticulum

bound enzyme, HMG-Co-A reductase.

1.2.1. Transporters

Membrane transporters are key players that control the elimination and/or distribution of
many drugs thereby determining their pharmacokinetic, safety and efficacy profiles. P-
glycoprotein (P-gp/ ABCB1), breast cancer resistant protein (BCRP/ ABCG2), multidrug
resistance associated protein (MRP2/ ABCC2), organic anion transporting polypeptide

1B1 and 1B3 (OATP1B1/SLCO1B1 and OATP1B3/SLCO1B3), organic cation
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transporter 2 (OCT2/ SLC22A2), organic anion transporters 1 and 3 (OAT1 / SLC22A6
and OAT3/SLC22A8), multidrug and toxin extrusion protein (MATE/ SLC47A) and bile
salt export pump (BSEP/ ABCB11) are some of the important transporters that affect
drug disposition and toxicity (Giacomini et al., 2010; Hillgren et al., 2013). The
International Transporter Consortium (ITC) recommends that these transporters be
studied in vitro to evaluate propensity for potential drug-drug interactions (DDIs)
(Giacomini et al., 2010; Hillgren et al., 2013). Moreover, all of them transport
endogenous molecules. For example, epinephrine, nor-epinephrine, serotonin, dopamine,
histamine (Nies et al., 2011), tryptophan (Song et al., 2012), and creatinine (Koepsell,
2013) are endogenous substrates for OCT2. OATS are involved in transport of cortisol,
estrone-3-sulfate, hormones and toxicants like organic mercury conjugates,
perfluorooctanoic acid, etc. (VanWert et al., 2010). The endogenous substrates for BCRP
are porphyrins (Krishnamurthy et al., 2004), folates, uric acid (Woodward et al., 2009),
AP peptide, etc. BCRP was investigated for its protective role in Alzheimer’s disease
because of its ability to protect the brain from the entry of AP peptide (Pahnke et al.,
2008; Xiong et al., 2009). As mentioned before, monovalent bile acids and salts are
transported by BSEP (Trauner and Boyer, 2003; Alrefai and Gill, 2007). N*-
methylnicotinamide (NMN), choline, epinephrine, and dopamine are transported by
MATEs (Roch-Ramel et al., 1992). Platelet activating factor, interferon vy, peptides,
steroid hormones, interleukin-2, and interleukin-4 are substrates for P-gp (Eckford and
Sharom, 2006). Sulfated steroids, leukotrienes, glutathione, bilirubin glucuronides are

endogenous substrates for MRP2 (Wang et al., 2007).



These major transporters involved in drug disposition are, therefore, crucial for
maintenance of normal physiology. Alteration in the function of any of these transporters
due to genetic defects or DDIs could result in disturbance in normal physiology and the
xenobiotic handling ability of the body may be compromised. As much as these
transporters play an important role in transporting endogenous molecules and protecting
cells from xenobiotics, they complicate drug disposition and prediction of
pharmacokinetics (PK), safety and efficacy profiles of drugs. Uptake transporters
increase while efflux transporters decrease the intracellular concentrations of their
substrates. When transporters are involved in the disposition of a drug, prediction of in
vivo clearance from in vitro data may not be accurate. Other in vitro experimental models
like hepatocytes may improve the clearance predictions. The knowledge of various
transporters involved in drug disposition apart from drug metabolizing enzymes then
becomes important. Several excellent reviews and books cover details about various
transporters (Wang et al., 2007; Giacomini et al., 2010; Hillgren et al., 2013), but OATPs
are discussed in more detail below because this transporter family was the focus of the

present work.

OATPs

Human organic anion transporting polypeptides (OATPSs) are uptake transporters of
significance in tissue distribution, renal and hepatic clearance, and intestinal absorption
of drugs (Nozawa et al., 2005; Maeda et al., 2006; Kalliokoski and Niemi, 2009). OATPs
are one of the most widely studied transport proteins (Tirona and Kim, 2007). The human

OATPs are members of the ‘solute carrier’ family of transporters and are encoded by the
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solute carrier OATP (SLCO) genes. The isoforms of OATPS found in humans are
OATP1A2, OATP1B1, OATP1B3, OATP1C1, OATP2A1, OATP2B1, OATP3AL,
OATP4A1l, OATP4C1, OATP5A1, OATP6AL (Tirona and Kim, 2007). Of these,
OATP1B1, OATP1B3 and OATP2BL1 are found in liver, where they are located on the
basolateral or the blood side of hepatocytes. Other tissues where OATPs are expressed
include small intestine, kidney, large intestine, brain, placenta and testes. The most
important SLCO1 family genes are found in the p12 locus on the shorter arm of
chromosome 12 (Niemi et al., 2011). These transport proteins demonstrate characteristic
sodium independent transport behavior. OATPs have broad substrate specificity. They
are crucial in the disposition of drugs like endothelin receptor antagonists (Treiber et al.,
2007), cardiac glycosides (Bossuyt et al., 1996), angiotensin 11 receptor antagonists
(‘Yamashiro et al., 2006) and importantly, hydroxymethyl glutaryl (HMG) CoA inhibitors
(statins) (Hsiang et al., 1999; Hirano et al., 2004; Schneck et al., 2004; Kameyama et al.,
2005). Some of the classical OATP1B1 substrates are ATV, bosentan, rosuvastatin,
pitavastatin, rifampin, valsartan, olmesartan, methotrexate, etc. (Tirona and Kim, 2007).
Rifampin is also a competitive inhibitor for OATP transport and has been used in this
study as an uptake inhibitor of OATP and BOS. Uptake transporters like OATPs increase
the intracellular concentration of their substrates in the hepatocytes, and these
concentrations can be many-fold higher than their plasma concentrations. Polymorphisms
in OATPs result in differential hepatocyte versus plasma exposure of substrates and have
significant impact on drug pharmacokinetics (PK) (Chung et al., 2005; Lee et al., 2005;

Niemi et al., 2005; Katz et al., 2006; Xiang et al., 2006; Zhang et al., 2006). This is



crucial especially in the case of statins since rhabdomyolysis is a severe side effect
associated with statin use. Cerivastatin was voluntarily withdrawn from the market in
2001 owing to cases of rhabdomyolysis followed by resultant renal failure (Furberg and
Pitt, 2001).

1.2.2. Effect of transporter enzyme interplay

The intracellular drug concentration increases due to uptake into the cell, and decreases
due to metabolism, apical or basolateral efflux of the drug out of the cell.

The overall intrinsic plasma clearance of the drug that is a substrate for metabolizing
enzymes, uptake and efflux transporters is given by the following equation (Miyauchi et

al., 1987):

PSpile+CL
CLintau = PSupX bile ——met
’ PSpack +PSpitetCLlmet

Where, CLintan is the overall intrinsic clearance, PSyp is the intrinsic uptake clearance,
PShile is the biliary efflux clearance, CLmet is the metabolic clearance and PSpack is the

basolateral efflux clearance back into the blood.
There are several scenarios where equation 1.1 can be reduced to a simpler form.

(¢D) When the sum of the metabolic and biliary clearances is much larger than the
basolateral efflux clearance back into the blood, then the PSpack term can be ignored and

the equation 1.1 simplifies to:

In this case, the overall intrinsic clearance of the drug depends on the uptake clearance,

and not on metabolic or biliary clearance. In other words, the uptake of the drug is the
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rate determining step in its elimination. Therefore, metabolic clearance determined by in
vitro experiments may not result in accurate clearance prediction.
2 If a drug is not a substrate for uptake transporters and does not have permeability
limitation, then unbound drug can freely pass the biomembrane. If the drug is not a
substrate for basolateral efflux transporters, then the active uptake clearance in equation
1.1 becomes equal to the basolateral efflux term. Also, if the basolateral efflux term is
much larger than the sum of metabolic and biliary efflux clearances, then equation 1.1
reduces to:

CLintau = PShite + CLnetvvvveeeeeeineeeen, (1.3)
If the drug undergoes minimal biliary elimination, then microsomal clearance may result
in good approximation of the in vivo clearance.
3 If the drug is a substrate for uptake transporters, and the basolateral efflux
clearance is much larger than the sum of metabolic and biliary clearances, then equation

1.1 takes the following form:

CLing qu = PSypX obite*Chmet .. 1.4
, p

PSpack

In this case, the intrinsic clearance of the drug is dependent on all the pathways involved
in the intracellular disposition. Similar to case 1, microsomal clearance determined in

vitro may not be a good representation of the in vivo clearance.

It is important to note that increase in plasma concentrations due to DDIs may not be
always reflected as a decrease in intracellular concentrations. For example, elevation in
plasma concentrations of uptake transporter substrates due to inhibition of active uptake

may not necessarily indicate a decrease in intracellular concentration. It has been shown
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by simulations with pravastatin that inhibition of active uptake resulted in elevated
plasma concentrations with minimal decrease in liver concentrations (Watanabe et al.,
2009a). On the other hand, inhibition of MRP2 mediated apical efflux of pravastatin
resulted in elevated liver concentrations with minimal change in plasma concentrations.
Therefore, changes in drug concentrations in one physiological compartment (e.g.
plasma) should be interpreted with caution to reflect changes in concentrations in other

compartments (e.g. cell).

1.2.3. Intracellular binding

As mentioned before, once inside the cell, the drug can partition into the lipid
components within the cell. This includes the organelle membranes or plasma membrane
(Pfeifer et al., 2013). This is commonly known as nonspecific binding of drugs. The
extent of drug partitioning into the cell and organelle membranes is governed by the
physicochemical properties of the drug. The main contributing factors are the
lipophilicity, polar surface area and the type of charges present in the drug molecule. It
has been recently shown that certain drugs preferably partition into one organelle over
another, possibly due to differences in lipid content of the organelle membranes resulting
in varying affinities of the drug towards the membrane. For example, in perfused rat
liver, subcellular localization of drugs was studied by differential centrifugation to
separate various cell fractions (Pfeifer et al., 2013). The percentage of ritonavir present in
cytosol, mitochondria and microsomes was 36%, 18% and 31% respectively.

Rosuvastatin on the other hand was concentrated mostly in the cytosol (72%).
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Furamidine was recovered in mitochondria (43%), nucleus (18%), lysosomes (15%) and

cytosol (24%).

1.2.4. Lysosomal sequestration

Basic drugs enter the lysosomes and get sequestered within the organelle by a process
called lysosomal trapping (De Duve et al., 1974; Macintyre and Cutler, 1988; Duvvuri
and Krise, 2005; Kazmi et al., 2013). Entrapped weak bases can readily diffuse back into
the cytosol via passive diffusion. However, moderate to strong bases get protonated in the
acidic environment of lysosomes (pH = 4.5 - 5) and hence get entrapped permanently in
their cationic state (Goldman et al., 2009). Lysosomal sequestration can also result in
decreased free fraction of the drug inside the cell. For example, several anticancer drugs
like sunitinib (Gotink et al., 2011), mitoxantrone (Smith et al., 1992), doxorubicin
(Hurwitz et al., 1997; Herlevsen et al., 2007), daunorubicin, and imidazoacridinones
(Adar et al., 2012) have been shown to accumulate in the lysosomes. Lysosomal
sequestration is thought to decrease the drug induced cytotoxic effect on cancer cells
since the unbound drug concentration at the target decreases. Lysosomal sequestration

does not occur after cell lysis

1.3 Determination of intracellular unbound concentrations: current methods and

challenges

Binding to or sequestration in cell organelles, or target binding, will reduce the free
fraction of the drug in the cell. The resultant free fraction inside the cell is governed by
the relative magnitudes of all of the above intracellular disposition pathways. Therefore,
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it is necessary to have a thorough mechanistic understanding of each individual pathway
and the effect of its interplay with other disposition pathways, in order to predict the
unbound intracellular drug concentrations. While, the crosstalk between these interacting
pathways is crucial for the survival of the cell, it also poses a challenge for the
determination of intracellular unbound drug concentrations. Moreover, another aspect
that makes the determination of unbound intracellular concentrations difficult is the size
of the cell. With current technology, it is impossible to devise equipment that can probe

the cell to give quantitative information about the unbound drug concentrations therein.

Current methods to indirectly determine intracellular free drug concentrations include
microdialysis, fluorescence imaging, tomography imaging, capillary electrophoresis,
equilibrium dialysis of tissues, microscopic imaging and particle induced photon
emission (Chu et al., 2013), secondary ion MS (Dollery, 2013), and differential
centrifugation in sandwich-cultured hepatocytes (Pfeifer et al., 2013). Most of these
techniques have practical or financial limitations. Microdialysis is limited to preclinical
species. Moreover, when microdialysis is used to measure unbound brain concentrations
from cerebrospinal fluid, it is possible that unbound cell concentrations are not obtained
since the free drug hypothesis may not hold true for some drugs due to involvement of
transporters. Fluorescence imaging requires the drug to fluoresce, which is not a
characteristic of every compound. Tissue homogenization does not consider the various
compartments within the tissue and cell, like biliary compartment and subcellular
organelles, and can give erroneous results when the drug preferentially distributes into

one of the compartments e.g. lysosomal partitioning. Modification of molecules to
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include moieties of radiolabeled elements for tomography imaging could modify their
affinity towards enzymes and transporters. Equilibrium dialysis in hepatocytes is not
useful when the drug is a substrate for one or more transporters. The imaging and particle
induced photon emission techniques may give erroneous results due to artifacts arising as
a result of freezing or fixation steps in tissue processing. Thus, experimental

measurement of intracellular free drug concentration is very difficult.

Models to predict unbound intracellular concentrations in presence and absence of efflux
transporters in Madin-Darby canine kidney (MDCK) and Multidrug Resistance Protein 1
-MDCK (MDR 1-MDCK) cell monolayers have been reported (Korzekwa et al., 2012).
Compartmental models have also been described to study the P-gp mediated apical efflux
of drugs (Korzekwa and Nagar, 2014). While experimental lag times have also been
previously observed in the permeability experiments performed in cell monolayers
(Knipp et al., 1997), the 3 compartment (3 C) model, composed of apical, cellular and
basolateral compartments, did not predict the observed lag times. Since lag times could
be a result of partitioning into membranes, the previous 3 C model was expanded into a 5
compartment (5 C) model to include explicit apical and basolateral membrane
compartments (Korzekwa et al., 2012). Apart from predicting the lag times, the 5 C
model gave lower systematic error. Processes such as membrane partitioning (and
resulting experimental lag times) and transport out of the membrane can be accurately
modeled with the inclusion of explicit membrane compartments (Knipp et al., 1997;

Korzekwa et al., 2012).
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1.4 Perfused liver to study effect of uptake and metabolism

The human liver is divided into four lobes, each of which is made up of several lobules.

A lobule is a hexagonal sub-unit of a lobe (Fig. 1.2).

HEPATIC LOBULE

Hepatic vein

Perivenous Zone

Hepatic
artery

4. Periportal Zone

Bile duct
Portal

vein

Figure 1.2 Schematic representation of a hepatic lobule, the functional subunit of liver

The blood enters a lobule through the area called the portal triad (Ternberg and Butcher,
1965). The portal triad is made up of branches of hepatic artery, portal vein and bile duct.
The portal triad is located towards the periphery of the lobule. The blood entering
through the peripheral portal triad flows towards the central vein, perfusing the
hepatocytes along its path. The central vein ultimately empties into the hepatic vein. The
part of the lobule where the central vein is located is called the perivenous zone. From the
periportal zone to perivenous zone, the liver is heterogenous with respect to the oxygen
and nutrient content of the blood, mitochondrial content of the hepatocytes, level of

expression of enzymes and transporters, etc. Thus, in reality, the liver is not a well-stirred
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organ. Therefore, a whole organ experimental model may be better to study drug
disposition in liver as compared to the simpler cellular systems. Therefore, liver perfusion
was selected as the experimental model for this project. However, this model is relatively
tedious and impractical to use for faster data generation as compared to the cellular

systems.

1.5 Drugs of interest

1.5.1. Atorvastatin (ATV)

Figure 1.3 Structure of ATV

(https://pubchem.ncbi.nlm.nih.gov/compound/atorvastatin, accessed on 03/12/2017)

ATV (Fig. 1.3) is a member of the ‘statin’ class of drugs that are responsible for reducing
the blood cholesterol level by inhibiting HMG Co A reductase, the rate limiting enzyme
in cholesterol synthesis (Nawrocki et al., 1995). HMG Co A reductase is a membrane
bound enzyme anchored to the endoplasmic reticulum with the active site facing the
cytosol (Istvan et al., 2000).Upon oral administration ATV may be absorbed in the
systemic circulation by passive diffusion or by various transporters like monocarboxylate
transporters (MCTs) or OATPs. The oral bioavailability of ATV was found to be 14% in

humans. The clearance and Vs of ATV was 625 mL/min and 381 liters, respectively
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(Gibson et al., 1997). The elimination t1> of ATV has been reported to be 7 hours
(Kantola et al., 1998; Lilja et al., 1999). In vivo, the ATV acid form exists in equilibrium

with its lactone form.

Metabolism

The circulating metabolites of ATV detected in human plasma are 2-hydroxy atorvastatin
(2-OH ATV) and 4-hydroxy atorvastatin (4-OH ATV) (Michniewicz et al., 1994; Kantola
et al., 1998) (Jacobsen et al., 2000). Both hydroxy metabolites exist in equilibrium with
their respective lactone forms. Both hydroxy metabolites were also observed in rats
(Black et al., 1999). CYP3A4 is the primary enzyme involved in the formation of the
hydroxy metabolites. Glucuronidation of ATV by UGTs has also been reported in human
liver microsomes. Glucuronidation is a minor metabolic pathway for metabolism of ATV
in human liver microsomes. In humans, ATV glucuronidation by UGTs 1A3, 1A4 and
1A9 yield the minor ATV ether glucuronide. UGTs 1A1, 1A3, 1A4, 1A8 and 2B7 form a
major ATV acyl glucuronide, which is spontaneously converted to ATV lactone. UGTs
1A1, 1A3, 1A4, 1A8, 2B7 convert the ATV lactone to another ether glucuronide
(Prueksaritanont et al., 2002; Goosen et al., 2007). The biliary route is the major route of
elimination for ATV and its metabolites (Le Couteur, 1996), while only 1% of drug

related material is excreted in the urine (Stern 1997).

Transport

Hepatic uptake transporters OATP1B1, OATP1B3, OATP2Bland NTCP have been
reported to mediate transporter mediated uptake clearance of ATV into hepatocytes
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(Hsiang et al., 1999; Grube et al., 2006; Choi et al., 2011; Konig, 2011; Karlgren et al.,
2012). Active uptake of ATV in rats is mediated by uptake transporters oatplal, oatplad
and oatplb2 (Lau et al., 2006a). Apical efflux transporters like MRP2 (Lau et al., 2006a;
Ellis et al., 2013) and P-gp (Boyd et al., 2000; Hochman et al., 2004; Holtzman et al.,

2006) also transport ATV.

DDls

The most common type of DDIs observed for ATV are at the level of active uptake

transport. ATV has been observed to be both a perpetrator as well as a victim for OATP
mediated drug interactions. RIF significantly increased the exposure of ATV in healthy
human subjects (Lau et al., 2007; Maeda et al., 2011) as well as rats (Lau et al., 2006Db).
Multiple dosing of RIF significantly decreased ATV exposure possibly due to induction

of both OATPs and CYP3A4 (Backman et al., 2005).

Since disposition of ATV is limited by uptake, inhibition of metabolism should have no
effect on the plasma exposure of ATV. Indeed, no change in ATV plasma exposure was
observed in mice with co-administration of ketoconazole (a cyp3a inhibitor), while RIF
significantly increased the plasma exposure of ATV in the same study (Chang et al.,
2014). One clinical study reported a 3-fold increase in exposure of ATV upon co-
administration with itraconazole (Kantola et al., 1998), while another study reported no

change in ATV exposure with itraconazole co-administration (Maeda et al., 2011).
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1.5.2 Bosentan (BOS)
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Figure 1.4 Structure of BOS

(Reference: https://pubchem.ncbi.nlm.nih.gov/compound/Bosentan, accessed on

03/12/2017)

BOS (Fig. 1.4) is an antihypertensive agent that exerts its pharmacological effect by
acting as a competitive inhibitor of the endothelin receptors ETa and ETg. The oral
bioavailability for BOS is 50% (Weber et al., 1996). The volume of distribution at steady
state (Vss), CL and ty2 are 17.5 L, 145 mL/min and 4.5 hours, respectively (Weber et al.,
1999b). BOS is highly bound to plasma proteins, mainly albumin. The fraction unbound

in human plasma is 0.02 (Meyer and Brandt, 1996).

Metabolism

BOS undergoes CYP mediated oxidative metabolism in humans by CYP3A4 and
CYP2C9. The contributions of CYP3A4 and CYP2C9 to the metabolism of BOS were
found to be 60% and 40% respectively (Dingemanse and van Giersbergen, 2004). The
exposure of metabolites in human plasma upon intravenous dosing of BOS was found to

be 23% that of the parent (van Giersbergen et al., 2002). CYP3A4 and CYP2C9 mediate
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aliphatic hydroxylation of BOS to form hydroxy BOS (OH-BOS) (Gasser R, 1995).
Hydroxylation of BOS at a site (meta position of the phenol ring), other than the one
involved in the formation of OH-BOS, has also been reported (Matsunaga et al., 2015).
CYP3A4 also results in oxidative demethylation of BOS leading to the formation of
desmethyl BOS. Both hydroxylation and demethylation can be followed by subsequent
demethylation and hydroxylation, respectively, resulting in formation of hydroxy-
desmethyl BOS (OH-DM-BOS) (van Giersbergen et al., 2002; Dingemanse and van
Giersbergen, 2004). Recently, a BOS-glucuronide formed by UGT1A1 was also reported
as one of the metabolites (Fahrmayr et al., 2013)

The three major BOS metabolites found in humans were also found to be present in
Wistar rats (Treiber et al., 2004). Unlike in humans, the exposure of BOS metabolites in
plasma was only 1-2% of the parent (Treiber et al., 2004). Upon intravenous dosing in
rats, 98% of drug related material was excreted in the bile and 1% was found in urine.
The drug related material found in bile comprised 6-8% unchanged BOS, 4-5%
desmethyl BOS, 9-10% OH-DM BOS, and 62-64% OH-BOS. The drug related material

in urine comprised OH-BOS and desmethyl BOS.

Transport

Active uptake of BOS into hepatocytes is mediated by OATP1B1 and OATP1B3 (Treiber
et al., 2007). Uptake studies in hepatocytes demonstrated that active uptake contributed
48.9% to the total uptake of this drug (Yabe et al., 2011). BOS is known to induce
cholestasis by inhibition of taurocholate efflux by BSEP, resulting in DILI (Fattinger et

al., 2001; Mano et al., 2007; Lepist et al., 2014). BOS also inhibited taurocholate uptake
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by OATP1B1, OATP1B3 and NTCP (Lepist et al., 2014). Whether BOS is a substrate/
inhibitor of P-gp is controversial. Some groups have reported it to be a weak P-gp
substrate (Hartman et al., 2010), while others have reported that it is neither a substrate
nor an inhibitor of P-gp (Weber et al., 1999b; Treiber et al., 2004). BOS is also a

substrate for human (Fahrmayr et al., 2013) and rat MRP2 (Fouassier et al., 2002).

DDls

Inhibition of active uptake mediated by OATP is one of the major interactions altering
BOS PK. Rifampin (RIF), cyclosporine A, and sildenafil have been observed as
inhibitors of OATP mediated BOS uptake (Treiber et al., 2007). Cyclosporine A
increased exposure of BOS in rats (Treiber et al., 2004). Imatinib increased BOS
exposure in humans (Renard et al., 2015). An increase in exposure of BOS was observed
in clinic upon treatment with ketoconazole (KETO) (Van Giersbergen, 2001). In the same
study, the exposure of desmethyl BOS and OH-DM BOS decreased, while exposure of
OH-BOS increased. BOS is a known inducer of CYP3A4 (Weber et al., 1999b; van
Giersbergen et al., 2002; Dingemanse and van Giersbergen, 2004; Shou et al., 2008). It

induces its own metabolism as well as metabolism of other CYP3A4 substrates.

1.6 Hypotheses

The broader hypotheses of this dissertation are:
1) Inhibition of active uptake transport and metabolism can have differential impacts

on the plasma and liver concentrations of drugs.
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2) For an uptake transporter substrate, intracellular unbound concentration can better
predict a pharmacological effect exerted by an intracellular target.
3) Experimental and modeling techniques can be successfully combined to predict

intracellular unbound drug concentration in presence of metabolism and transport.

1.7 Goals

The broader goals of this project were

1) To generate in situ liver perfusion data for ATV and BOS with inhibition of
metabolism and/or transport in the rat.

2) Use the 5-compartment explicit membrane model to model the data generated
from the liver perfusion experiments, parameterize various clearances involved in
intracellular drug disposition and thereby predict the intracellular unbound drug
concentration.

3) Verify whether effects of intracellular targets can be better predicted by using
intracellular unbound drug concentrations instead of plasma concentrations.

4) Predict unbound intracellular drug concentrations by using rat in vivo PK data.
In order to test the stated hypotheses and address the goals, the following specific aims

were evaluated.
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1.8 Specific Aims

1) Development and validation of a bio-analytical method for quantitation of ATV

and BOS.

LC-MS/MS based bioanalytical methods were developed for quantitation of ATV, 2-OH
ATV, and 4-OH ATV in perfusate, liver homogenate and bile. A bioanalytical method
was developed for ATV analysis in Sprague Dawley rat plasma and hepatic microsomal
matrix. Similarly, a bioanalytical method was developed for quantitation of BOS in
perfusate, liver homogenate, bile, microsomal matrix and plasma, and for OH-BOS and
OH-DM BOS in perfusate, liver homogenate and bile. Analysis of ATV, BOS and their
metabolites from complicated biological matrices required extraction of these analytes
from the matrices. Therefore, liquid-liquid extraction was performed for ATV, 2-OH
ATV and 4-OH ATV using the organic solvent methyl-t-butyl ether. For BOS, OH-BOS
and OH-DM BOS, dichloromethane was used as the extracting solvent. The analytical
methods were validated by inter day and intraday evaluation with at least 3 quality

control samples.

2) Liver perfusion to study the effect of inhibition of active uptake and metabolism

of ATV and BOS on outflow perfusate, liver and bile concentrations.

An isolated perfused rat liver model was used to study the intracellular disposition of
ATV and BOS. Liver perfusion was conducted to study the effect of uptake and
metabolism of ATV and BOS. RIF was used as an uptake inhibitor. Metabolism

inhibition was tested with the non-specific suicidal CYP inhibitor 1-aminobenzotriazole
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(ABT) and the reversible cyp inhibitor KETO for ATV, and with ABT for BOS. The
effect of passive diffusion was tested in presence of concomitant inhibition of metabolism
and transport. For ATV, passive diffusion was also tested by conducting “cold”
perfusions at 4 °C. The perfusion medium consisted of modified Krebs’ Hensleit buffer
with dextran and sodium taurocholate. The drug combinations of interest were perfused
through the cannulated portal vein and the outflow perfusate was collected at 0, 5, 10, 20,
30, 40 and 50 min through the cannulated hepatic vein. Cumulative bile samples were
collected through the cannulated bile duct. After the end of the perfusion, the liver was
homogenized. Perfusate, liver and bile samples were analyzed by the LC-MS/MS

methods described in specific aim 1.

3) Modeling the liver perfusion data to predict unbound intracellular concentrations

using the 5-compartment explicit membrane model.

The 5-compatment (5-C) explicit membrane model was fitted to the outflow perfusate
data obtained from the liver perfusion experiments. A step wise approach was used to
parameterize the various clearances using liver perfusion data obtained from different
treatment groups. The parameterized clearances were used to simulate the unbound cell
concentrations and study the effect of passive diffusion, active uptake and metabolic
clearance on the unbound cell concentrations. The experimentally measured ATV and
BOS liver concentrations and cumulative amount excreted in bile were compared to the

model predicted values in order to check the correctness of the predictions.
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4) Induction of cyp3al with BOS - in vitro and in vivo studies and use of unbound

intracellular concentration to predict effect of induction.

BOS is an inducer of CYP3A4 and is highly bound to plasma proteins resulting in a very
low unbound fraction of the drug in plasma. Since it is unlikely for a compound to be an
inducer of drug metabolizing enzymes at this very low unbound plasma concentration,
the role of active uptake transport in induction was evaluated. The goal of this chapter
was to use the predicted unbound intracellular BOS concentration as the driving force for
cyp3al induction in rats. In vitro induction studies were conducted in sandwich cultured
rat hepatocytes with multiple dosing of BOS. In vitro studies were conducted in order to
characterize the kinetics of induction (to determine Emax and ECsp). In vivo studies were
conducted in rats to study the effect of multiple dosing of BOS on the PK of the cyp3al

probe substrate midazolam (MDZ).

5) In vivo pharmacokinetic studies to assess the effect of metabolism and transport

on systemic and intracellular disposition of ATV and BOS.

In vivo PK experiments were performed in rats to study effect of metabolism and
transport on disposition of ATV and BOS. Uptake inhibition experiments were conducted
by intravenous administration of the active uptake inhibitor RIF. Metabolism inhibition
experiments were conducted by oral administration of the non-specific suicide inhibitor
ABT. The PK data were then used as an input to a semi-physiological model to predict
intracellular unbound ATV and BOS concentrations in the liver. The clearance

parameters obtained in the modeling exercise from chapter 4 were used for unbound cell
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concentration prediction. The model was used to study the effect of active uptake

transport on intracellular disposition of ATV and BOS.
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CHAPTER 2: DEVELOPMENT AND VALIDATION OF A BIO-ANALYTICAL

METHOD FOR QUANTIFICATION OF ATV AND BOS

2.1 Rationale

The determination of intracellular free drug concentration requires a validated
bioanalytical assay, which is reproducible and has high sensitivity. Numerous methods
have been reported for liquid chromatography tandem mass spectrometric (LC-MS/MS)
detection and quantification of atorvastatin (Botek-Dohalsky et al., 2006; Lau et al.,
20064a; Shah et al., 2008) and BOS (Lausecker et al., 2000; Parekh et al., 2012). The aim
of this study was to develop and validate in house LC-MS/MS assays for quantification
of ATV, 2-OH ATV, 4-OH ATV, BOS, OH-BOS and OH-DM-BOS in various

biological matrices like rat plasma, liver homogenate, bile and RLM.

2.2 Assay development: ATV, 2-OH ATV, and 4-OH ATV

2.2.1 Preparation of stock solutions and calibration standards samples

Stock solutions of ATV and internal standard (IS) pitavastatin (PTV) were prepared in
dimethyl sulfoxide (DMSO). Stock solutions of 2-OH ATV and 4-OH ATV were
prepared in methanol. Standard solutions for perfusate were prepared by serial dilution in
blank perfusate. Standard solutions for all other matrices were prepared by spiking blank
matrices with equal volume of standard sample in 1:1 acetonitrile: water. The calibration
standards covered the range from 1.008 — 750 ng/mL in perfusate, 1.008 to 1000 ng/mL

in liver homogenate, 1.37 — 1000 ng/mL in rat plasma and 4.1 to 8000 ng/ml in bile. The
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calibration standards covered the range from 7.8 — 2000 ng/mL in suspensions of rat

plasma in dialysis buffer, RLM in dialysis buffer and perfusate in dialysis buffer.

2.2.2 Sample preparation

Perfusion medium (Perfusate)

Method 1

To 250 pL of standard perfusate sample, 6.25 pL of 10,000 ng/mL PTV was added as 1S
along with 1 mL of methyl-t-butyl ether (MTBE). The mixture was vortexed for 5 min
and centrifuged at 10,000 rpm. The organic phase was then separated and evaporated to
dryness at 20 °C under gentle stream of nitrogen. The sample was reconstituted in 25 pL
of 1:1 acetonitrile: water. Five uL sample was injected for analysis into the LC-MS/MS

system.

Method 2

To 250 pL of standard perfusate sample, 6.25 uL of 10,000 ng/mL PTV was added as IS
along with 1 mL of MTBE. The mixture was vortexed for 5 min and centrifuged at
10,000 rpm for 10 min followed by immersion in dry ice for one hour to freeze the
aqueous phase and precipitate dextran. The sample was centrifuged again at -5 °C at
10,000 rpm for 10 min. The organic phase was then separated and evaporated to dryness
at 20 °C under gentle stream of nitrogen. The sample was reconstituted in 25 pL of 1:1

acetonitrile: water. Five pL sample was injected for analysis into the LC-MS/MS system.
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Method 3

To 250 pL of standard perfusate sample, 12.5 pL of 1 M potassium monobasic phosphate
(KH2PO4) was added along with 6.25 pL of 10,000 ng/mL PTV as IS and 1 mL of
MTBE. The mixture was vortexed for 5 min and centrifuged at 10,000 rpm for 10 min
followed by immersion in dry ice for one hour to freeze the aqueous phase and precipitate
dextran. The sample was centrifuged again at -5 °C at 10,000 rpm for 10 min. The
organic phase was then separated and evaporated to dryness at 20 °C under gentle stream
of nitrogen. The sample was reconstituted in 25 pL of 1:1 acetonitrile: water. Five pL

sample was injected for analysis into the LC-MS/MS system.

Liver homogenate, dialysis buffer with RLM and plasma, plasma and bile

Liver and bile samples were analyzed for ATV, 2-OH ATV and 4-OH ATV. Dialysis
buffer with RLM and plasma, and plasma samples were analyzed only for ATV. Livers
perfused with blank perfusion medium were homogenized with water in the ratio 1:2
using Polytron PT2100 apparatus by Kinematica. Blank liver homogenate (200 L),
dialysis buffer with RLM (200 pL), dialysis buffer with plasma (200 pL), plasma (100
pL) and bile (20 pL) were spiked with equal volume of standard ATV, 2-OH ATV or 4-
OH ATV solutions in 1:1 acetonitrile: water followed by addition of 12.5 pL of KH2POa,
6.25 pL of 10,000 ng/mL PTV as IS and 1 mL of MTBE. Further procedure for liquid-
liquid extraction (LLE) has been followed as described for perfusate in method 3. For
analysis of unknown liver samples, 20 pL of the liver homogenate sample was added to

180 pL blank liver homogenate spiked with 200 pL of 1:1 acetonitrile: water. For
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analysis of unknown bile samples, 1 pL bile sample was added to 19 pL blank bile
spiked with 20 pL of 1:1 acetonitrile: water. Dialysis buffer with RLM (total volume 200
pL), dialysis buffer with plasma (total volume 200 uL), dialysis buffer with perfusion
medium (total volume 200 pL), 100 pL plasma were spiked with equal volume of 1:1
acetonitrile: water. Samples were reconstituted in 50 uL of 1:1 acetonitrile: water for
liver samples and with 20 pL 1: 1 acetonitrile: water for dialysis buffer with RLM,
dialysis buffer with plasma, dialysis buffer with perfusion medium, plasma and bile

samples. Five pL sample was injected for analysis into the LC-MS/MS system.

2.2.3 LC-MS/MS conditions

An Agilent series 1100 high-performance liquid chromatography (HPLC) system coupled
to an ABSciex API 4000 triple-quadrupole tandem mass spectrometer with electrospray
ionization (ESI) source has been used for analysis. The mass spectrometer was operated
in positive ionization mode. The LC-MS/MS data was acquired and processed using

Analyst software version 1.6.

The mobile phase for HPLC separation consisted of water with 0.1% formic acid as the
aqueous phase (A) and acetonitrile with 0.1%formic acid as the organic phase (B). The
gradient used for ATV elution started with 90% A at 0 min to 5% A maintained from 0.5
min to 3 min, followed by gradual increase to 90 % A at 6.5 min maintained until 9 min.
The gradient used for elution of 2-OH ATV and 4-OH ATV started with 60% A at 0 min
to 5% A maintained from 0.5 min to 3 min, followed by gradual increase to 60 % A at 6.5

min maintained until 9 min. The analytical column used for HPLC was a Zorbax extend

30



C-18, 5 um, 4.6 x 50 mm column (Agilent technologies) protected by a Zorbax SB C-18,
5 um, 4.6 x 12.5 mm guard column (Agilent technologies). The column temperature was
maintained at 20°C. The flow rate was 300 pL per min. The HPLC system was connected
to an API 4000 mass spectrometer equipped with a Turbo ionspray source operating at
400°C. Nitrogen was used as ion source, curtain and collision gas. Optimum values for
declustering potential (DP), collision energy (CE) and collision exit potential (CXP) were

obtained for ATV and PTV upon direct infusion in to the mass spectrometer.

2.3 Assay development: BOS, OH-BOS and OH-DM-BOS

2.3.1 Preparation of stock solutions and calibration standards

Stock solutions of BOS and IS macitentan (MAC) were prepared in DMSO. Stock
solutions of OH-BOS and OH-DM-BOS were prepared in methanol. Standard solutions
for perfusate were prepared by serial dilution in blank perfusate. Standard solutions for
all other matrices were prepared by spiking blank matrices with equal volume of standard
sample in 1:1 acetonitrile: water. The calibration standards covered the range from 1.008
— 750 ng/mL in perfusate, 1.008 to 1000 ng/mL in liver homogenate, 1.37 — 1000 ng/mL
in rat plasma and 4.1 to 8000 ng/ml in bile. The calibration standards covered the range
from 7.8 — 2000 ng/mL in suspensions of rat plasma in dialysis buffer, RLM in dialysis

buffer and perfusate in dialysis buffer.
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2.3.2 Sample preparation

Perfusion medium

Perfusion samples were analyzed for BOS, OH-BOS and OH-DM-BOS.

Method 1

To 250 pL of standard perfusate sample, 10 uL of 500 ng/mL MAC in acetonitrile was
added as IS along with 1 mL of MTBE, chloroform or dichloromethane. The mixture was
vortexed for 5 min and centrifuged at 10,000 rpm for 10 min followed by immersion in
dry ice for one hour to freeze the aqueous phase and precipitate dextran. The sample was
centrifuged again at -5 °C at 10,000 rpm for 10 min. The organic phase was then
separated and evaporated to dryness at 20 °C under gentle stream of nitrogen. The sample
was reconstituted in 25 pL of 1:1 acetonitrile: water. Five pL sample was injected for

analysis into the LC-MS/MS system.

Method 2

To 250 pL of standard perfusate sample, 20 uL of 1 M KH2PO4 was added along with 10
pL of 500 ng/mL MAC in acetonitrile as IS and 1 mL of dichloromethane. The mixture
was vortexed for 5 min and centrifuged at 10,000 rpm for 10 min followed by immersion
in dry ice for one hour to freeze the aqueous phase and precipitate dextran. The sample
was centrifuged again at -5 °C at 10,000 rpm for 10 min. The organic phase was then

separated and evaporated to dryness at 20 °C under gentle stream of nitrogen. The sample
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was reconstituted in 25 pL of 1:1 acetonitrile: water. Five pL sample was injected for

analysis into the LC-MS/MS system.

Liver homogenate and bile

Liver and bile samples were analyzed for BOS, OH-BOS and OH-DM-BOS. Livers
perfused with blank perfusion medium were homogenized with water in the ratio 1:2
using Polytron PT2100 apparatus by Kinematica. Blank liver homogenate (200 pL) and
bile (20 pL) were spiked with equal volume of standard BOS, OH-BOS and OH-DM-
BOS solutions in 1:1 acetonitrile: water followed by addition of 20 pL of KH2POs, 10 pL
of 500 ng/mL MAC as IS and 1 mL of dichloromethane. Further procedure for liquid-
liquid extraction (LLE) has been followed as described for perfusate in method 2. For
analysis of unknown liver samples, 20 pL liver homogenate sample was added to 180 pL
blank liver homogenate spiked with 200 pL of 1:1 acetonitrile: water. For analysis of
unknown bile samples, 1 uL bile sample was added to 19 pL blank bile spiked with 20
pL of 1:1 acetonitrile: water. Samples were reconstituted in 50 pL of 1:1 acetonitrile:
water for liver samples and with 20 pL 1: 1 acetonitrile: water bile samples. Five pL

sample was injected for analysis into the LC-MS/MS system.

Plasma

Plasma samples were analyzed for BOS, OH-BOS and OH-DM-BOS. Blank plasma (10
uL) was spiked with equal volume of standard BOS in acetonitrile followed by addition
of 20 pL of 500 ng/mL MAC as IS. Samples were centrifuged at 10000 rpm for 10 min.

Five pL supernatant was injected for analysis into the LC-MS/MS system.
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Plasma + dialysis buffer

Dialysis samples were analyzed for BOS. Standard plasma sample (10 pL) was spiked
with equal volume of blank dialysis buffer followed by addition of 40 pL of 500 ng/mL
MAC as IS. Samples were centrifuged at 10000 rpm for 10 min. Five pL supernatant was

injected for analysis into the LC-MS/MS system.

RLM + dialysis buffer

Method 1

Dialysis samples were analyzed for BOS. Ten pL of the standard in Img/mL RLM in
potassium phosphate buffer was spiked with equal volume of blank dialysis buffer
followed by addition of 40 puL of 500 ng/mL MAC as IS. Samples were centrifuged at
10000 rpm for 10 min. Five pL supernatant was injected for analysis into the LC-MS/MS

system.

Method 2

To 100 pL of standard sample in 1mg/mL RLM, equal volume of blank dialysis buffer
was added along with 20 pL of 1 M KH2POg, 10 pL of 500 ng/mL MAC in acetonitrile
as IS and 1 mL of dichloromethane. The mixture was vortexed for 5 min and centrifuged
at 10,000 rpm for 10 min followed by immersion in dry ice. The sample was centrifuged
again at -5 °C at 10,000 rpm for 10 min. The organic phase was then separated and

evaporated to dryness at 20 °C under gentle stream of nitrogen. The sample was
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reconstituted in 20 pL of 1:1 acetonitrile: water. Five pL sample was injected for analysis

into the LC-MS/MS system.

Method 3

Ten pL of the standard in Img/mL RLM in potassium phosphate buffer was spiked with
equal volume of blank dialysis buffer and rat plasma followed by addition of 60 pL 500
ng/mL MAC as IS. Samples were centrifuged at 10000 rpm for 10 min. Five pL

supernatant was injected for analysis into the LC-MS/MS system.

2.3.3 LC-MS/MS conditions

An Agilent series 1100 high-performance liquid chromatography (HPLC) system coupled
to an ABSciex API 4000 triple-quadrupole tandem mass spectrometer with electrospray
ionization (ESI) source has been used for analysis. The mass spectrometer was operated
in positive ionization mode. The LC-MS/MS data was acquired and processed using

Analyst software version 1.6.

The mobile phase for HPLC separation consisted of water with 0.1% formic acid as the
aqueous phase (A) and acetonitrile with 0.1%formic acid as the organic phase (B). The
gradient used for BOS, OH BOS and OH DM-BOS elution started with 90% A at 0 min
to 5% A maintained from 0.5 min to 3 min, followed by gradual increase to 90 % A at 6.5
min maintained until 10 min. The analytical column used for HPLC was a Zorbax extend
C-18, 5 um, 4.6 x 50 mm column (Agilent technologies) protected by a Zorbax SB C-18,

5 um, 4.6 x 12.5 mm guard column (Agilent technologies). The column temperature was
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maintained at 20°C. The flow rate was 800 puL per min for perfusate, bile and liver
homogenate. For analysis of plasma, dialysis buffer with plasma and dialysis buffer with
RLM, flow rate of 450 pL per min was used. The HPLC system was connected to an API
4000 mass spectrometer equipped with a Turbo ionspray source operating at 400°C.
Nitrogen was used as ion source, curtain and collision gas. Optimum values for
declustering potential (DP), collision energy (CE) and collision exit potential (CXP) were

obtained for ATV and PTV upon direct infusion in to the mass spectrometer.

2.4 Assay validation

In accordance with the recommendations made by Shah et al. (Shah et al., 2000), a full
validation (inter day and intraday validation) has been performed for LC-MS/MS
methods for ATV, 2-OH ATV and 4-OH ATV in perfusate, and for BOS, OH-BOS and
OH-DM-BOS in plasma. For change of matrix within the same species, a partial
validation is sufficient according to recommendations by Shah et al. Therefore, partial
validation (inter day validation) was performed for all other matrices. Inter day and
intraday accuracy and precision were determined using at least three quality control (QC)
samples. The peak area ratio of analyte to IS was used to construct calibration curves

with linear least squares regression method. A weighting factor of 1/x?was used.

Precision (percentage coefficient variation) was calculated based on the following

equation:
Precision = (Standard deviation / Mean) x 100

Calculation of accuracy was based on the following equation:
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Accuracy = [(Mean observed — Theoretical) / Theoretical] x 100

2.5 Results

Assay development: ATV, 2-OH ATV and 4-OH ATV

Method 1 resulted in inadequate determination of concentrations less than 20 ng/mL.
Immersing the analysis mixture in dry ice for one hour as described in method 2
improved the analytical ability of the method for lower concentrations. Increased signal
to noise ratios at lower concentrations were achieved by method 3 upon acidification of
the aqueous phase by 1 M KH2PO.. Acidification of aqueous phase also resulted in larger
peak areas as compared to method 2. Therefore, method 3 was selected as the final
method for further quantification. Figures 2.1 and 2.2 depict chromatograms upon sample

preparation by method 3 described in section 2.2.2.

The retention time for ATV and PTV was ~6.07 and ~5.05 min respectively. The
retention time for 2-OH ATV, 4-OH ATV and PTV was ~5.49, ~4.69 and ~2.87 minutes,
respectively. The 9 min run was divided into 2 periods for the purpose of quantification-
period 1 from t=0 min to t=5.15 min and period 2 from t=5.15 min to t=9 min. PTV and

4-OH ATV eluted in period 1, while 2-OH ATV eluted in period 2.
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Figure 2.2 Representative chromatograms of 2-OH ATV, 4-OH ATV and PTV
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Table 2.1 Optimized ESI-MS/MS operating, MRM and MS/MS parameters for ATV, 2-

OH ATV, 4-OH ATV and PTV (IS)

Operating parameter Value
Collision gas (psi) 10
Curtain gas (psi) 40
lon source gas 1 (psi) 40
lon source gas 2 (psi) 40
lon spray voltage (V) 4500
Temperature (°C) 400
ATV PTV 2-OH ATV  4-OH ATV
Precursor ion (m/z) 559.407 423.214 575.125 575.125
Product ion (m/z) 440.537 275.4 250.147 250.147
DP (V) 76 66 76 76
CE (V) 31 59 59 59
CXP (V) 12 28 6 6
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The precursor — product ion transitions observed for ATV, 2-OH ATV, 4-OH-ATV and
PTV were 559.407—440.537, 575.125—250.147, 575.125—250.147 and

423.214—275.4 respectively. The dwell time for each ion transition was 300 msec.

The relationship between ratio of ATV, 2-OH ATV and 4-OH ATV to PTV peak area
and respective ATV, 2-OH ATV and 4-OH ATV nominal concentrations was linear and

could be well represented by the equation y = mx + c.

Representative standard curves for ATV, 2-OH ATV and 4-OH ATV are shown in fig

2.3, 2.4 and 2.5, respectively.
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Figure 2.3 Representative standard curve for ATV
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Figure 2.5 Representative standard curve for 4-OH ATV
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The coefficients of determination (R?) were > 0.99 by using a weighting factor of 1/x2
for all the matrices studied over varying concentration ranges: 1.008 — 750 ng/ml for
perfusate and liver homogenate, 4.1-8000 ng/ml for bile, 1.37 — 1000 ng/ml for plasma,
7.8 — 2000 ng/ml for plasma + dialysis buffer, RLM + dialysis buffer and perfusion
medium + dialysis buffer. The lowest point of each standard curve represents the limit of
quantitation (LOQ) i.e., 1.008 ng/ml in perfusate and liver homogenate, 1.37 ng/ml in
plasma, 4.1 ng/ml in bile, and 7.8 ng/ml in plasma + dialysis buffer, RLM + dialysis
buffer and perfusion medium + dialysis buffer. The intraday and inter day % accuracy
and % precision was within £ 15 % for the tested QC samples for ATV in (Tables 2.2,
2.3), 2-OH ATV (Table 2.4, 2.5) and 4-OH ATV (Table 2.6, 2.7) in perfusate. For partial
validation with all other matrices, the inter day precision was less than 15 % and accuracy
was within + 15 % for the tested QC samples for all matrices except 7.8 ng/mL in plasma
(precision = 16 %). Tables 2.2 — 2.7 summarize the results for inter day and intraday

validation for ATV, 2-OH ATV and 4-OH ATV.
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Table 2.2 Inter day (n = 3) precision and accuracy for ATV in different matrices

Matrix Nominal concentration % %
(ng/mL) Precision | Accuracy
Perfusate 500 12.01 0.825
125 9.25 1.025
31.25 4.9 -12.15
5.04 11.7 -7.1
Liver homogenate 500 4.9 -6.2
125 4.6 -4.2
31.25 2.3 14
5.04 3.5 -6.6
Plasma 500 3.6 -1.8
125 5.9 7.3
31.25 5.9 -8.1
7.8 16 3.8
Plasma + dialysis buffer 1000 115 4.7
500 12.6 3.4
62.5 115 -9.7
RLM + dialysis buffer 1000 6.9 15
250 10.1 2
62.5 0.47 -11.7
Bile 4000 4.65 10.33
1000 9.15 -6.6
111 13.5 -2.2
12.3 8.7 1.7
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Table 2.3 Intra-day (n = 3) validation for ATV in perfusate

Nominal concentration (ng/mL)

% Precision

% Accuracy

500
125
31.25
5.04

14.6
9.6
9.17
2.19

2
2.5
-9.6
-14.6
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Table 2.4 Inter day (n = 3) precision and accuracy for 2-OH ATV in different matrices

Matrix Nominal concentration % %
(ng/mL) Precision | Accuracy
Perfusate 500 7.17 5.9
125 15 -04
62.5 9.49 10
5.04 4.7 -12.7
Liver homogenate 500 10.2 3.23
125 115 4.8
31.25 7.7 3.7
5.04 4.5 -4.9
Bile 4000 12.2 4.63
1000 7.85 -1.86
111 4.06 -5.26
12.3 5.43 1.33
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Table 2.5 Intra-day (n = 3) validation for 2-OH ATV in perfusate

Nominal concentration (ng/mL)

% Precision

% Accuracy

500 7.63 6.06
125 7.37 1.2

62.5 4 -3.43
504 5.2 -8.26
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Table 2.6 Inter day (n = 3) precision and accuracy for 4-OH ATV in different matrices

Matrix Inter day validation (n=3)
Nominal concentration % %
(ng/mL) Precision | Accuracy
Perfusate 500 6.1 -3.6
125 7.4 7.73
62.5 6.5 11.3
5.04 12.6 24
Liver homogenate 500 13.23 55
125 15 -3.1
31.25 11.6 -7.4
5.04 11 -5.7
Bile 4000 8.8 2
1000 3.84 -0.13
111 1.96 -4
12.3 10 -0.23
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Table 2.7 Intra-day (n = 3) validation for 4-OH ATV in perfusate

Nominal concentration (ng/mL)

% Precision

% Accuracy

500
250
125
62.5

3.05
6.5
0.96
5.6

2.2
0.8
-1.73
-1.4

Assay development: BOS, OH-BOS and OH-DM-BOS

Extraction of BOS, OH-BOS and OH-DM-BOS could not be achieved with MTBE or
chloroform. Dichloromethane could successfully extract all three analytes. Acidification
of the aqueous phase by 1 M KH2PO4 resulted in better signal. Therefore, method 2 was

selected as the final method for further quantification. Representative chromatograms for

BOS, 2-OH BOS and 4-OH BOS are shown in fig 2.6.

Use of method 1 and 2 for analysis of RLM + dialysis buffer resulted in quadratic
standard curves. Addition of blank plasma to analytical samples resulted in linear

standard curves. Therefore, method 3 was selected as the final method for further

quantification for RLM + dialysis buffer samples.
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Figure 2.6. Representative chromatograms of BOS (Blue), OH-BOS (Green), OH-DM

BOS (Grey) and MAC (Red)

In plasma, dialysis buffer with plasma and dialysis buffer with RLM, the retention time
for BOS, OH-BOS, OH-DM-BOS and MAC was ~4.61 min, ~3.67 min, ~3.64 min and
~5.07 min respectively. In perfusate, bile and liver homogenate, the retention time for
BOS, OH-BOS, OH-DM-BOS and MAC was ~2.47 min, ~2.11 min, ~2.05 min and
~2.78 min respectively. Table 2.8 summarizes the operating conditions for the tandem

mass spectrometer.

The precursor — product ion transitions observed for BOS, OH-BOS, OH-DM-BOS and
MAC were 552.028—202.19, 568.466—202.184, 554.092—189.297 and

587.283—201.114 respectively. The dwell time for each ion transition was 300 msec.
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Table 2.8 Optimized ESI-MS/MS operating, MRM and MS/MS parameters BOS, OH-

BOS, OH-DM-BOS and MAC (1S)

Operating parameter Value
Collision gas (psi) 10
Curtain gas (psi) 40
lon source gas 1 (psi) 40
lon source gas 2 (psi) 40
lon spray voltage (V) 4500
Temperature (°C) 400

BOS OH-BOS OH-DM-BOS MAC
Precursor ion (m/z) 552.028 568.466 554.092 587.283
Product ion (m/z2) 202.19 202.184 189.297  201.114
DP (V) 96 36 121 36
CE (V) 49 45 47 23
CXP (V) 10 4 16 12
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The relationship between ratio of BOS, OH-BOS and OH-DM-BOS to MAC peak area
and respective BOS, OH-BOS and OH-DM-BOS nominal concentrations was linear and
could be well represented by the equation y = mx + c. Representative standard curves for

BOS, OH-BOS and OH-DM-BOS are depicted in fig 2.7, 2.8 and 2.9, respectively.
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Figure 2.7 Representative standard curve for BOS
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Figure 2.8 Representative standard curve for OH-BOS
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Figure 2.9 Representative standard curve for OH-DM-BOS

The coefficients of determination were > 0.99 by using a weighting factor of 1/x2 for all
the matrices studied over varying concentration ranges: 1.008 — 750 ng/ml for perfusate
and liver homogenate, 4.1-8000 ng/ml for bile, 2.4 — 5000 ng/ml for plasma, 7.8 — 2000
ng/ml for plasma + dialysis buffer, RLM + dialysis buffer. The lowest point of each
standard curve represents the limit of quantitation (LOQ) i.e., 1.008 ng/ml in perfusate
and liver homogenate, 1.37 ng/ml in plasma, 4.1 ng/ml in bile, 7.8 ng/ml in plasma +
dialysis buffer, RLM + dialysis buffer and perfusion medium + dialysis buffer. Tables 2.9
to 2.14 summarize the results for inter day and intraday validation for BOS, OH-BOS and
OH-DM-BOS respectively. The intraday and inter day % accuracy and % precision was
within £ 15 % for the tested QC samples for BOS in (Table 2.9, 2.10), OH-BOS (Table
2.11, 2.12) and OH-DM-BOS (Table 2.13, 2.14) in plasma. For partial validation with all
other matrices, the inter day precision was less than 15 % and accuracy was within £ 15

% for the tested QC samples for all matrices.
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Table 2.9 Inter day (n = 3) precision and accuracy for BOS in different matrices

Matrix Nominal concentration % %
(ng/mL) Precision Accuracy
Perfusate 500 4.12 11
125 8.01 8.03
62.5 11.06 -11.06
5.04 13.03 -8.7
Liver homogenate 3333 0.34 -14.8
370 8.3 -4.6
121 8.5 -9.2
Plasma 5000 12.3 -3.3
1250 7.5 8
78 10.2 -3.16
19.5 12.1 -2.56
4.87 9.7 -6.93
Plasma + dialysis buffer 2500 6.4 -12.1
625 13.3 4.8
156 5.27 4.33
39 12.2 11.6
RLM + dialysis buffer 2500 12.7 3
625 5.36 3.63
156 7.8 5.5
Bile 1111 15 -2.3
370 13.6 -5.5
121 3.1 11
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Table 2.10 Intra-day (n = 3) validation for BOS in plasma

Nominal concentration (ng/mL)

% Precision

% Accuracy

5000
1250
78
19.5
4.87

14.8
15.6
11.6
12.5
11.22

-6
2.8
6.5

4
3.7
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Table 2.11 Inter day (n = 3) precision and accuracy for OH-BOS in different matrices

Matrix Nominal concentration (ng/mL) | % Precision | % Accuracy
Perfusate 500 9.09 -1.83
125 5.07 8.67
62.5 8.82 -0.17
5.04 6.08 -0.57
Liver homogenate 3333 9.4 9.53
370 9.5 4.36
121 6.5 10
Bile 1111 3.9 -5
370 0.62 -7.6
121 12.4 -1.6
Plasma 5000 7.3 -4
1250 3.4 2.1
78 5.6 -3.2
19.5 13.3 -1.13
4.87 14.3 -0.13
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Table 2.12 Intra-day (n = 3) validation for OH-BOS in plasma

Nominal concentration (ng/mL)

% Precision

% Accuracy

5000
1250
78
19.5
4.87

12.9
7.7
12

14.6
5.3

7.9
4.4
5.5
2.2
12.6
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Table 2.13 Inter day (n = 3) precision and accuracy for OH-DM-BOS in different

matrices
Matrix Nominal concentration (ng/mL) | % Precision | % Accuracy
Perfusate 500 10 8.4
125 9.02 1.43
62.5 5.8 -10.7
5.04 12.9 8.56
Liver homogenate 3333 14.9 -1.56
370 2.5 5
121 13.9 3.9
Bile 1111 12 -4.2
370 1.1 -3.7
121 3.4 11.6
Plasma 5000 59 8.33
1250 3 7.6
78 5.3 -5.23
19.5 7.3 -5.9
4.87 7.14 8.6
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Table 2.14 Intra-day (n = 3) validation for OH-DM-BOS in plasma

Nominal concentration (ng/mL) % Precision % Accuracy
5000 1.76 13
1250 2.38 11
78 12.8 -0.56
19.5 12.3 2.9
4.87 55 9.6

2.6 Discussion and Conclusion

An LC-MS/MS method for ATV, 2-OH ATV and 4-OH ATV has been successfully
developed and validated using PTV as IS in different biological matrices. Insensitivity of
method 1 (section 2.2.2) for lower concentrations could have resulted from interference
due to dextran present in the perfusion medium. Immersion of the analytical mixture in
dry ice precipitated the dextran and a relatively cleaner organic phase could be achieved.
Acidification of the aqueous phase as in method 3 (section 2.2.2.1) resulted in increased
un-ionized fraction of both ATV (pKa 4.33) and PTV (pKa 4.13), resulting in more
efficient extraction in organic phase. This explains the larger peak areas obtained in

method 3.

Similarly, an LC-MS/MS method has been successfully developed and validated for BOS
and its metabolites, OH-BOS and OH-DM-BOS, using MAC as IS in different biological
matrices. Successful extraction of BOS and its metabolites from biological matrices could

be achieved by using dichloromethane as the organic solvent. MTBE and chloroform did

59



not prove successful in extracting the desired analytes. Similar to ATV, acidification of
the aqueous phase as in method 2 resulted in increased unionized fraction of BOS (pKa

5.8), resulting in more efficient extraction in organic phase.

lonic interference is expected at greater intensity at lower concentrations, resulting in
lower than proportional signal at lower concentrations as compared to that at higher
concentrations. Quadratic standard curves in RLM + dialysis buffer could have resulted
from ionic interference due to the ions present in dialysis buffer. However, if the non-
linearity of standard curves were due to ionic interference, liquid-liquid extraction with
dichloromethane should have resolved the issue. Moreover, standard curves obtained in
plasma + dialysis buffer were linear. This suggests that solubility limitation and/or
nonspecific binding to the apparatus could be a reason for quadratic standard curves.
Addition of plasma proteins is expected to resolve both the problems for a highly protein
bound compound like bosentan. This explains the linearity of standard curves for plasma

+ dialysis buffer and RLM + dialysis buffer (method 3, see section 2.3.2).

The results from the validation experiments prove that the developed methods
demonstrate the desired sensitivity and are suitable for analysis of ATV, BOS and their
metabolites in perfusate, liver homogenate, plasma, plasma + dialysis buffer, RLM +

dialysis buffer and bile.
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CHAPTER 3: LIVER PERFUSION TO STUDY THE IMPACT OF ACTIVE
UPTAKE AND METABOLISM OF ATV AND BOS ON OUTFLOW

PERFUSATE, LIVER AND BILE CONCENTRATIONS

3.1 Background and rationale

As described in chapter 1, the experimental determination of unbound intracellular drug
concentration is very difficult. Since the metabolic machinery for most drugs and the
targets for many drugs are located inside the cell, it is the unbound intracellular
concentration, and not the plasma concentration, that drives the metabolism and efficacy

of many drugs.

The active uptake of ATV from plasma to hepatocytes in humans is mediated by various
SLC transporters — OATP1B1, OATP1B3, OATP2B1 (Choi et al., 2011; Koénig, 2011;
Karlgren et al., 2012; Vildhede et al., 2014) and NTCP (Choi et al., 2011). The average
contribution of these transport proteins in the active uptake of ATV was reported to be in
the order OATP1B1> OATP1B3>>0ATP2B1>NTCP (Vildhede et al., 2014). Similarly,
the active uptake of ATV in rat hepatocytes is mediated by oatplal, oatplad and oatplb2
(Lau et al., 2006a). Transporter mediated hepatic uptake has been confirmed as the rate
determining step in the disposition of ATV in humans (Watanabe et al., 2009a; Maeda et
al., 2011). ATV is metabolized mainly by CYP3A4 to ortho-hydroxy atorvastatin (2-OH
ATV) and para-hydroxy atorvastatin (4-OH ATV) (Michniewicz et al., 1994; Kantola et
al., 1998; Jacobsen et al., 2000). Similar metabolic pathways are also observed in rats

(Black et al., 1999). Glucuronidation is a minor metabolic pathway for metabolism of
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ATV in human liver microsomes. In humans, ATV glucuronidation by UGTs 1A3, 1A4
and 1A9 yield the quantitatively minor metabolite, ATV ether glucuronide. UGTs 1Al1,
1A3, 1A4, 1A8 and 2B7 form a major ATV acyl glucuronide, which is spontaneously
converted to ATV lactone. UGTs 1A1, 1A3, 1A4, 1A8, 2B7 convert the ATV lactone to
another ether glucuronide (Prueksaritanont et al., 2002; Goosen et al., 2007). ATV is also
a substrate for apical efflux transporters like MRP2 (Lau et al., 2006a; Ellis et al., 2013)
and P-gp (Boyd et al., 2000; Hochman et al., 2004; Holtzman et al., 2006). The reported
Km values for formation of 2-OH ATV and 4-OH ATV, and transport by oatpla4 and
oatplb2 are 23.8 uM, 19.8 uM, 22.2 uM and 7.12 uM, respectively (Lau et al., 2006a).

The Km value for ATV uptake in rat hepatocytes has been reported to be 4.03 uM.

For a transporter or enzyme mediated process, linear range is defined as the range of
substrate concentration within which the rate of the reaction increases linearly with the
substrate concentration. When the substrate concentration becomes greater than the Km
for the process, the pathway begins to saturate. Whenever a disposition pathway
saturates, the assumptions of linearity do not hold true and hence the less than
proportional decrease in clearance can occur. Hence it is critical to maintain the working
ATV concentration in the linear range for both metabolism and active uptake. Therefore,
a low working concentration is desired. However, the concentrations obtained post-
uptake should be above the quantitation limit for the analytical method. Therefore, the

working concentration of ATV was chosen to be 1 uM for the present study.

Similar to ATV, BOS is also a substrate for various active transporters and metabolizing

enzymes. OATP1B1 and OATP1B3 are responsible for active uptake of BOS in human
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hepatocytes (Treiber et al., 2007). Rifampin (RIF), cyclosporine A and sildenafil
inhibited the OATP1B1 mediated active uptake of BOS with 1C50 values of 3.2 + 1.6,
0.3+ 0.1, and 1.5 + 0.5, respectively, in OATP1B1 overexpressing CHO cells (Treiber et
al., 2007). Similarly, the IC50 values for inhibition of OATP1B3 mediated BOS uptake
in CHO cells were 1.6 + 0.8, 0.8 £ 0.2 and 0.8 + 0.3 for RIF, cyclosporine A and
sildenafil, respectively (Treiber et al., 2007). BOS is also a substrate of human and rat
NTCP as demonstrated with experiments from HEK cells overexpressing ntcp (Leslie et
al., 2007). The Km and VVmax for transport of BOS by human NTCP are 2.1 + 1.4 uM
and 814 + 278 pmol/min/mg protein. The Km and Vmax for transport of BOS by rat ntcp
are 2.6 £ 1.6 uM and 357 + 134 pmol/min/mg protein. The contribution of active uptake
of BOS relative to passive diffusion in suspended rat hepatocytes was 48.9% (Yabe et al.,
2011). BOS is metabolized to hydroxy BOS (OH-BOS) by both CYP3A4 and CYP2C9
by aliphatic hydroxylation. Oxidative demethylation of BOS by CYP3A4 results in
formation of desmethyl BOS. Both hydroxylation and demethylation can be followed by
subsequent demethylation and hydroxylation, respectively, resulting in formation of
hydroxy-desmethyl BOS (OH-DM-BOS) (van Giersbergen et al., 2002; Dingemanse and
van Giersbergen, 2004). Another group has reported a novel metabolite of desmethyl
BOS formed by its hydroxylation at a site that is different than that involved in the
formation of OH-DM-BOS (Matsunaga et al., 2015). OH-BOS, desmethyl-BOS and OH-
DM-BOS were also detected as BOS metabolites in rats (Treiber et al., 2004). BOS
inhibited taurocholate transport mediated by human OATP1B1, OATP1B3, NTCP and

BSEP with 1Cso values of 5, 5.2, 35.6 and 42.1 uM, respectively in sandwich cultured
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human hepatocytes (Lepist et al., 2014). Another group has reported the 1Cso values for
human and rat BSEP inhibition to be 76.8 and 101 puM, respectively (Mano et al., 2007).
A mixture of 40 uM RIF and 5 uM cyclosporine reduced the cellular accumulation of
BOS by 46 % (Lepist et al., 2014). Similar results for altered disposition of taurocholate
by BOS have been observed in sandwich cultured rat hepatocytes (Kemp et al., 2005).
BOS caused reversible dose dependent liver injury in humans and rats with increased
levels of serum bile salts, indicating BSEP inhibition (Fattinger et al., 2001). BOS is
neither a substrate nor an inhibitor for human P-gp according to some groups (Weber et
al., 1999b; Treiber et al., 2004), while other groups have reported it to be a weak P-gp
substrate (Hartman et al., 2010). The reported Km for active uptake of BOS in
hepatocytes is 5.24 uM (Yabe et al., 2011). Another group has reported the unbound Km
in rat hepatocytes to be 6.39 UM (Ménochet et al., 2012). Therefore, a working
concentration of 1 uM was selected for the present study. Cellular BOS disposition has
been studied in a quadruple transfected MDCK I1-OATP1B1-CYP3A4-UGT1Al1-MRP2
cell line (Fahrmayr et al., 2013). In that study, BOS was observed to be a substrate of
MRP2. Also, UGT1A1l mediated formation of a BOS-glucuronide has been observed in
the same study. Mrp2 mediated increase in bile flow in rats was observed with BOS

(Fouassier et al., 2002).

RIF is a competitive inhibitor of OATPs (Fattinger et al., 2001; Vavricka et al., 2002).
RIF has demonstrated inhibition of rat oatpla4 and oatplb2 mediated ATV active uptake.
The 1Cso values for oatplad and oatplb2 mediated ATV uptake by RIF were 3.05 and

0.95 uM, respectively (Lau et al., 2006a). Therefore, in the current study, inhibition of
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ATV uptake was tested at 10uM and 20puM RIF. Inhibition of BOS uptake has been

tested at 20uM RIF.

ABT is a mechanism based (nonspecific suicidal) inhibitor of CYPs. It acts by
destruction of prosthetic haem group of the enzymes (De Montellano and Mathews,
1981). Incubation of RLM with 10 mM ABT for 30 min resulted in 81% reduction in the
activity of the enzyme (De Montellano and Mathews, 1981). It is a very efficient tool to
inhibit activity of majority of CYPs. Recent reports do suggest that ABT might be less
effective in inhibiting certain CYPs like CYP2C9 (Linder et al., 2009). Moreover, it was
not possible to achieve complete inhibition of cyp3al mediated metabolism even at a
very high dose of 300 mg/Kg and 26 hours post ABT administration in rats (Parrish et al.,
2016). Similarly, more than 15 % CYP activity was remaining in RLM and 5-10% CYP
activity was remaining in rat hepatocytes suspended in rat plasma upon 60 min
preincubation of 2 mM ABT. It has been previously reported that up to 1 mM ABT does
not interfere with the uptake transport by human OATP, P-gp, BCRP, and MRP2 (Plise et
al., 2010). Therefore, 1 mM ABT treatment for 30 min was chosen to be the regimen for

the liver perfusion studies described in this chapter.

Ketoconazole (KETO) is a potent noncompetitive inhibitor of CYP3A4 and CYP3A5
(Brown et al., 1985; Mosca et al., 1985; Ball et al., 1992). The Ki for recombinant
CYP3A4 and CYP3A5 was observed to be 26.7 nM and 109 nM respectively (Gibbs et
al., 1999). The ICs for testosterone-6-p hydroxylation in rat liver microsomes was found
to be 0.29 + 0.09 uM (Eagling et al., 1998). Literature reports suggest that ketoconazole

is not a substrate for OATP1B1 (Higgins et al., 2014), but weakly inhibits olmesartan
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uptake in oocytes transfected with OATP1B1 with a Ki of 66.1 uM (Choi et al., 2011). A

working concentration of 1 uM KETO was selected for the experiment.

Compounds with high passive permeability and non-substrates for transporters and
metabolizing enzymes are expected to have a ratio of unbound intracellular
concentrations to unbound plasma concentrations (KPy,) equal to 1 (Koch-Weser and
Sellers, 1976; Israili, 1979; Pardridge et al., 1983; Choi et al., 2011). Uptake transporters
like OATPs increase the intracellular concentration of their substrates in the hepatocytes,
and these concentrations can be many-fold higher than their plasma concentrations.
Contrarily, metabolism and apical or basolateral efflux decrease the intracellular
concentrations. Thus, the magnitude and time course of unbound intracellular
concentrations is governed by the interplay between active uptake, passive diffusion,
metabolism and efflux. BOS is a known inducer of CYP3A4 (Weber et al., 1999b; van
Giersbergen et al., 2002) and is an inhibitor of BSEP. Inhibition of BSEP has been linked
to the liver injury caused by this drug (Fattinger et al., 2001). Both these effects are
driven by the intracellular concentration of BOS. As mentioned before, several statins
including ATV are OATP substrates. Drug interactions due to OATP inhibition result in
elevated plasma concentrations of these compounds leading to muscle toxicity
(rhabdomyolysis) (Chapman and Carrie, 2005). Moreover, unbound intracellular

concentrations will also be affected.

Single pass liver perfusion studies have been performed with ATV and BOS, alone and in
combination with inhibitors of CYP mediated metabolism (ABT and KETO) and

transport (RIF) to study the effect of active uptake, passive diffusion, metabolism and
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efflux on unbound intracellular concentrations, tissue concentrations and bile
concentrations of ATV and BOS. Passive diffusion for ATV was also studied by

performing cold liver perfusions at 4°C.

3.2 Materials

ATV calcium trihydrate, 2-OH ATV and 4-OH ATV were obtained from Tokyo
Chemical Industry America, OR. BOS, OH-BOS, OH-DM-BOS were obtained from
Toronto Research Chemicals, Ontario, Canada. RIF for injection USP was obtained from
Sanofi-Aventis, NJ. ABT, dextran, sodium bicarbonate (NaHCO3), sodium taurocholate,
glucose and dexamethasone were obtained from Sigma Aldrich, MO. KETO, Sodium
chloride (NaCl), potassium chloride (KCI), calcium chloride (CaClz), magnesium
chloride (MgCly), sodium monobasic phosphate (NaH2PQOs), sucrose, potassium
phosphate monobasic (KH2POa), potassium phosphate dibasic (K2HPO4) were obtained
from Fisher Scientific, NH. Sodium sulfate (Na>.SO) was obtained from EMD
Chemicals, PA. Male Sprague Dawley rat plasma was obtained from BioChemed
Services, VA. Isoflurane was obtained from University Laboratory Animal Resources
(ULAR), Temple University. Intravenous (1V) catheter was purchased from Terumo
Corporation, NJ. Polyethylene (PE) 20 tubing (0.11°” x 0.024°” x 0.0065°”) and PE 100
tubing (0.055” x 0.075”* x 0.01°") were purchased from AM systems, WA. HSE
UNIPER UP-100 Type 834 perfusion apparatus was obtained from Harvard Apparatus,

MA.
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3.3 Methods

3.3.1 Animals

Male Sprague Dawley rats were maintained in the American Association for the
Accreditation of Laboratory Animal Care-accredited University Laboratory Animal
Resources of Temple University. Animals were provided with a normal rodent diet. Food
and water was available to the animals as required. The animals were housed in a
standard 12-hour dark/light cycle. Animal studies were approved by the Institutional

Animal Care and Use Committee.

3.3.2 Perfusion set up

In situ liver perfusion was performed with the HSE UNIPER UP-100 Type 834 for

isolated organ perfusion in rodents, as depicted in Fig 3.1 below.

Figure 3.1 HSE Uniper UP-100 Perfusion apparatus
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The drug reservoir is connected to a peristaltic roller pump, which pumps the drug
solution at a fixed flow rate. A flow rate of 20 mL/min was used. The windkessel acts as
a bubble trap and reduces the pulsations caused by the roller pump. The heat exchanger
receives water warmed at 37 °C from the thermocirculator, which circulates around and

heats up the perfusate. The warmed perfusate is then pumped into the organ of interest.

The perfusion medium consisted of modified Kerbs-Hensleit buffer with 3% dextran 40
and 30 pM sodium taurocholate. The modified Krebs’-Hensleit buffer consisted of the
following: 109 mM NacCl, 4 mM KCI, 1.6 mM CaClz, 0.5 mM MgClz, 0.5 mM Na>SOs,
1 mM NaH2PO4, 12 mM sucrose, 10 mM glucose, and 25 mM NaHCOs3. The perfusion
medium was warmed to 37°C or cooled to 4°C, depending on the type of the experiment,

and aerated with oxygen containing 5% carbon dioxide throughout the experiment.

Surgery and perfusion: The rat was anesthetized by placing in isoflurane chamber at 1
L/min oxygen and 3% isoflurane for at least 5 minutes until breathing became regular and
muscles were completely relaxed. The isoflurane supply was then switched to the tray
mask. The rat was placed on the dissection tray with abdomen facing upward, head
placed inside the isoflurane mask and legs secured to the tray with adhesive tape. Before
proceeding with the surgery, adequate sedation was ensured by squeezing the paw with
tweezers. A vertical incision was made on the lower abdomen followed by two forty
degree incisions to the left and right. The abdomen was cut open to expose the viscera.
Upon moving the intestine aside and exposing the liver, the inferior vena cava was
sutured with a loose knot. Then the bile duct was isolated, a small incision was made and

the PE 20 tubing was inserted into the duct and secured by a suture. Bile was collected on
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ice. Thereafter, the portal vein was isolated and cannulated using the 18G IV catheter.
The outlet from the perfusion apparatus was then connected to the catheter after allowing
the blood from liver to drain out to avoid generation of air bubbles. The catheter was
quickly secured with a suture and the inferior vena cava was cut. At this point, the liver
blanches and turns into a light beige color (See results and fig 3.2). The hepatic vein was
given a small cut and PE 100 tubing was inserted for sampling. After the loosely tied
knot around the inferior vena cava was tightened, perfusate started coming out from the
PE 100 tubing used for hepatic vein cannulation. The liver was allowed to equilibrate
with blank perfusion medium for 20 min before beginning perfusion of drug
combinations of interest. The perfusion time was decided on the basis of data obtained
from preliminary experiments with ATV with longer perfusion times up to 100 min. For
the purpose of final experiments with both ATV and BOS, the perfusion was continued
for 50 min. Experiments were conducted with the following treatment groups for ATV:
ATV alone at 4°C (n=4), ATV alone at 37°C (n = 3), +10 uM RIF (n=5), + 20 uM RIF
(n=3), +ABT (n=3), + ABT +20 uM RIF (n = 3), +KETO (n = 3) and +KETO+20 puM
RIF (n = 3). Effect of RIF on BOS was tested at only 20 uM concentration. Experiments
were conducted with the following treatment groups for BOS: BOS alone at 37°C (n = 4),
+RIF (n = 4), +ABT (n=4) and +ABT+RIF (n = 4). ATV solution in methanol (1 mg/ml)
or BOS solution in DMSO (1mg/mL) was added to the perfusate reservoir to give 1 uM
final concentration. The final concentration of methanol and DMSO in the perfusion
medium was 0.05 % v/v. For experiments with RIF, 10mg/mL RIF solution in water was

added to the perfusate reservoir 5 min prior to addition of ATV or BOS to give the
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desired final concentration (10 or 20 uM). Stock solution of ABT was prepared in ethanol
(50 mg/mL) to give a final concentration of 1mM. The final concentration of ethanol in
the perfusion medium was 0.25 % v/v. Stock solution of KETO was prepared in DMSO
(1 mg/mL) to give a final concentration of 1 uM. The final concentration of DMSO in the

perfusion medium was 0.05 % v/v.

3.3.3 Passive Diffusion Study for ATV in Cold Perfused Liver

Cold perfusions (4°C) were performed to determine passive diffusion of ATV and as a
negative control for uptake and metabolism experiments. The perfusion medium was
cooled down to 4°C, and the liver was covered with ice to maintain the temperature at
4°C. ATV solution in methanol (1 mg/ml) was added to the perfusate reservoir to give a
final concentration of 1 uM. The final concentration of methanol in the perfusion

medium was 0.05% v/v.

3.3.4 Passive Diffusion, Uptake, and Metabolism Studies for ATV and BOS in

Perfused Liver at 37°C

The perfusion medium was warmed to 37°C, and a heating lamp was used to maintain the
liver temperature at 37°C. ATV (1 uM) was perfused alone, with either RIF, ABT or
KETO, or with a combination of either +ABT+RIF or +KETO+RIF. Since ABT is a non-
specific CYP inactivator, it could also inhibit the enzymes involved in metabolism of bile
salts, in turn affecting the bile flow and apical efflux process. Therefore, metabolism
inhibition was tested with a specific cyp3a inhibitor, KETO. Passive diffusion was also

determined at 37°C by combined inhibition of uptake and metabolism. To determine
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passive diffusion at 37°C, ABT (1mM) was perfused for 20 minutes, followed by
switching the reservoir to rifampin (RIF, 20 uM) for 5 minutes, followed by the addition
of ATV (1 puM), which was then co-perfused with RIF for 50 minutes. Alternatively,
passive diffusion was determined by combined treatment with KETO and RIF. KETO (1
M) was perfused for 5 minutes followed by perfusion with 20 uM RIF for 5 min before
the addition of ATV (1 uM). KETO and RIF were then co-perfused along with ATV 50
minutes. Passive diffusion for BOS was determined in a similar manner at 37°C.
However, based on the results for ATV, passive diffusion for BOS was determined only
with ABT as the inhibitor of metabolism instead of KETO. BOS solution in DMSO (1
mg/ml) was added to the perfusate reservoir to give a final concentration of 1 uM. The

final concentration of DMSO in the perfusion medium was 0.05% v/v.

For uptake inhibition studies, RIF (10 uM or 20 uM) was perfused 5 minutes before the
addition of ATV (1 uM). Inhibition of BOS uptake was tested with 20 uM RIF in a
similar manner, based on results obtained from ATV experiments. RIF was then co-

perfused along with ATV or BOS for 50 minutes.

For metabolism inhibition studies, ABT (1mM) was perfused for 20 minutes, followed by
switching of the reservoir solution to 1 uM ATV or 1 uM BOS. Inhibition of ATV
metabolism was also tested by co-perfusion with KETO (1 uM) along with ATV. KETO
(1 uM) was perfused 5 minutes before the addition of ATV (1 uM). KETO was then co-
perfused along with ATV for 50 minutes. Bile flow was used as a measure of viability of

the hepatocytes.
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Bile was collected on ice over intervals of 0-15, 15-30, and 30-50 minutes. Propagation
of errors in the calculation of cumulative amount in bile was performed using the

following equation.

Error = \/0,% + 052

Outlet perfusate from hepatic veins was sampled at 0, 5, 10, 20, 30, 40, and 50 minutes.
During the entire course of the experiment, the liver was covered with sterile gauze kept
moist by occasional spraying of saline. Inlet reservoir concentration was also sampled for
analysis. The liver was removed at the end of 50 minutes, flash frozen on dry ice and
homogenized with water in the ratio 1:2 before analysis. All perfusate, liver samples, and

bile samples were stored at -80°C until further analysis.

3.3.5 Control experiments to determine normal bile flow

In order to determine normal bile flow in rat livers perfused with modified Krebs’-
Hensleit buffer with sodium taurocholate and dextran 40, blank perfusion medium was
perfused in the same manner as that for the above experiments. Briefly, after completion
of the surgery, the liver was allowed to equilibrate for 20 min and blank perfusion
medium was allowed to pass through the liver for 50 min. Cumulative bile samples were

collected from 0-15, 15-30 and 30-50 min and bile flow was measured.

3.3.6 Statistical analysis

Statistical analysis was conducted using SigmaStat software, version 3.5. A t-test was

used to compare groups. One-way ANOVA was used for comparison between multiple
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groups. Post hoc analysis was conducted using Tukey’s test. A p value less than 0.05 was

considered statistically significant.

3.4 Results

The difference between a perfused and an un-perfused liver can be observed in fig 3.2
below. An un-perfused liver has vasculature filled with blood, and therefore, appears red
in color (fig 3.2A). On the contrary, a perfused liver appears beige in color due to
draining of blood and presence of perfusate in the vascular spaces. A well perfused liver
should be devoid of any unevenly colored spots on its surface (fig 3.2B). Fig 3.2C below
is an example of an inadequately perfused liver. Here, the encircled area has not been

well perfused and hence appears red.

(A) (B) (©

ely perfused liver

Unperfused liver

Well perfused liver  Inadequat
\ b i N
’ k‘ %

Figure 3.2 Comparison between an un-perfused, well perfused and inadequately perfused

liver

Perfusion time was decided from the preliminary results obtained with extended
perfusion periods using ATV. In order to reach steady state, longer perfusion periods
were desired. Fig 3.3 shows ATV outflow perfusate concentrations normalized to inflow

concentration versus time profile for perfusions carried out for longer duration (110 min).
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Figure 3.3 ATV outflow perfusate concentrations normalized to inflow concentration

versus time for longer perfusion period (110min)

It is evident that in all the three animals, the outflow concentrations after about 60 min
started increasing and surpassed the inlet concentration of 1uM at 100 min. This could be
an indication of the hepatocytes losing their viability. Hence, perfusion was discontinued

at 50 min for subsequent experiments.

3.4.1 Comparison of bile flow across different groups

Normal bile flow in rats is 20 - 22 uL/min (Guerrier et al., 2014). Bile flow in rats
perfused with Krebs’-Ringer buffer with 3% bovine serum albumin has been reported to
be 10-12 pL/min (Akita et al., 2001). The bile flow rate in the control experiments to
determine normal bile flow upon liver perfusion was 7.4 uL/min from 0-15 min, 8.1

puL/min from 15-30 min and 7.97 puL/min from 30-50 min. Therefore, 8-10 pL/min was
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considered as the normal bile flow for the current experimental procedure. Data from the
surgeries in which the bile flow rate was less than 3 pL/min were considered to be of
poor quality and not used for subsequent modeling exercises. The average bile flow rate
from successful surgeries in various treatment groups is summarized in Table 3.1. No

significant difference was observed between control group and any other groups.

It can be observed in the current study that the treatment groups with RIF demonstrate a
slightly higher mean bile flow as compared to the groups without RIF treatment. This is
in accordance with the previous findings in isolated perfused rat livers. It was observed
that 100 pg/mL RIF increased the bile flow to 134 % of the control (Oliven and Bassan,
1986). Also, the BOS treated groups demonstrated a higher bile flow than the control
group. An additive effect of BOS and RIF on bile flow can be observed in groups treated
with both drugs. The difference in bile flow for the BOS + RIF treated groups was

significantly different than the control group.
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Table 3.1 Average bile flow rates across different experimental groups treated with ATV

Data are represented as mean + SD, a t-test was used to compare control group with other

groups, *p <0.05, **p <0.01

Group Sub - group Average bile flow rate (uL/min)
Untreated Control 7.84 +1.62
ATV treated ATV 7.58 +£1.06
ATV + RIF 9.92+1.86
ATV + ABT 6.19 +1.03
ATV + ABT + RIF 8.23+1.3
ATV + KETO 6.73 £ 0.55
ATV + KETO + RIF 10.3+11
BOS treated BOS 10.5+0.87
BOS + RIF 15.6 +0.42*
BOS + ABT 10 + 0.96
BOS + ABT + RIF 13.9 £ 0.62**
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3.4.2 Effect of bile flow on ATV outflow perfusate concentrations and liver

concentrations

The bile flow in some experiments was lower than others. Comparison of the data from
low bile flow groups to normal bile flow groups revealed that the lower bile flow groups
showed elevated ATV outflow perfusate concentrations as compared to the normal bile
flow (Fig 3.4). This effect was independent of inhibition of active uptake transport.
Outflow perfusate concentrations were elevated with decrease in bile flow irrespective of
the presence or absence of RIF. Decreased bile flow rates resulted in lower average liver
concentrations in both ATV only and +RIF groups. The liver concentrations were 1.7 and
2.6 fold higher in the groups with normal bile flow as compared to those with low bile

flow in the ATV only and + RIF groups, respectively, as demonstrated by fig 3.5.
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-0+ Atv normal bile flow —o— Atv Low bile flow
—eo— Atv+Rif normal bile flow - - Atv+Rif Low bile flow

Figure 3.4 Effect of bile flow on outflow perfusate concentrations. Data are represented

as mean + SEM
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Figure 3.5 Effect of bile flow on liver concentrations. Data are represented as mean +

SEM

In the ATV only groups, 122 — 304 fold difference was observed in outflow
concentrations with decrease in bile flow. In the +RIF groups, the fold difference was 0.8

to 21.4 fold (Table 3.2).

Table 3.2 Ratio of outflow perfusate concentrations in normal versus decreased bile flow

groups
Time (min) ATV only ATV+RIF
0 156 21.4
5 122 3.8
10 177 6.4
20 153 3.3
30 137 5.6
40 187 2.1
50 304 0.8
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3.4.3 Optimization of RIF concentration for ATV uptake and passive diffusion

studies

RIF demonstrated a dose dependent decrease in ATV liver concentrations (Fig 3.6).
Mean ATV concentrations for livers perfused with ATV only, ATV + 10 uM RIF and
ATV + 20 uM RIF were 65.2 uM, 45.43 puM and 33.34 uM respectively. The ATV only
demonstrated significant difference (p < 0.05) in liver concentrations as compared to 20
UM RIF treated group. However, there was no significant difference in liver
concentrations between ATV only and 10 uM RIF treated groups, and 10 versus 20 uM

RIF treated groups.

80 - *
70 A
60
50 A
40 -
30 A
20 A
10 A
0
RAtv HATV+10puMRIF DATV + 20 uM RIF

ATV liver conc./ C,,

Figure 3.6 Effect of RIF on ATV liver concentrations. Data are represented as mean +

SEM
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Figure 3.7 Effect of rifampin treatment on ATV outflow perfusate concentrations. Data

are presented as mean = SEM

The Co/Cinratio achieved a steady state almost immediately and ranged between 0.2 to
0.35 for animals treated with ATV only, whereas this ratio increased to 0.4 to 0.55 for
animals treated with ATV + 10 uM RIF (Fig 3.7). A statistically significant difference
was observed in the Co/Ci, ratio between ATV only and 10 uM RIF groups at 0 and 30
min, ATV only and 20 uM RIF groups at 5, 30 and 40 min, and 10 uM and 20 uM RIF
groups at 5 min (p < 0.05). Therefore, 20 uM RIF concentration was selected for further
studies with ATV and BOS.

All the three experimental groups demonstrated low bile flow. However, as demonstrated
by Fig 3.4 above, effect of inhibition of active uptake on the outflow perfusate
concentrations is qualitatively similar across the low versus normal bile flow groups.
Hence, although these data have discrepancy, they can be used for the purposes of

optimization of RIF concentrations for future studies.
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3.4.4 Passive Diffusion of ATV in the Perfused Liver

The outflow perfusate concentrations of ATV upon inhibition of active transport and
metabolism are shown in Fig. 3.8 A. The outflow perfusate ATV concentration in 4°C
studies achieved steady state by 10 minutes after the start of the perfusion, with an
average steady-state outflow concentration of 1-1.5 uM (essentially equal to the inlet
concentration). The outflow perfusate concentrations in the +ABT + RIF group were
generally lower than the 4°C group and were significantly lower at 5 (p <0.001), 10 and
20 (p < 0.05) min. The outflow perfusate concentrations in the +KETO + RIF group were
significantly lower than both the +ABT + RIF group and the 4°C group at all times (p <
0.05). The mean liver concentration at the end of the 50-minute perfusion was 12.3 uM in
the 4°C group, which was significantly lower than 60.1 uM observed in the +KETO +
RIF group (p <0.001) and 56.8 uM observed in the +ABT + RIF group (p < 0.001) (Fig.
3.8 B). The total amount of the parent drug excreted in bile was 0.00012 pmol in 4°C
studies. Both the hydroxy metabolites were undetectable in outflow perfusate as well as
bile in 4°C studies. The liver concentration of 2-OH ATV at the end of the 50-minute
perfusion was 0.005 uM, whereas 4-OH ATV was undetectable in liver in 4°C studies.
The average bile flow was 5-fold lower than the +ABT + RIF group and 6.7 fold lower
than +KETO + RIF group at 37°C. Based on these results and modeling efforts described
subsequently in chapter 4, the +ABT + RIF group was selected as the control group for

all subsequent studies.
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Figure 3.8 Passive diffusion experiments. (A) ATV outflow perfusate concentrations
normalized to inlet concentration and (B) ATV total liver concentrations normalized to
inlet concentration, in the absence of active transport and metabolism. Data are presented
as mean £ S.E.M.; ATV 4°C: n=4, ATV + ABT + RIF: n = 3; At test was performed to

compare the two groups. ***p < 0.001.
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3.4.5 Uptake and Metabolism of ATV in the Perfused Liver
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Figure 3.9 ATV data collected with single pass liver perfusions (A) Outflow perfusate
concentration normalized to inflow concentration versus time profiles for 50 min
perfusion; (B) Outflow perfusate concentration normalized to inflow concentration versus
time profiles on a magnified scale for selected groups. Data are presented as mean +
SEM; ATV: n=3, ATV + RIF: n=3, ATV + ABT: n=3, ATV + ABT + RIF: n=3, ATV +

KETO: n=3, ATV + KETO + RIF: n=3
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ATV outflow perfusate concentration normalized to inlet concentration (Cout/ Cin) Versus
time profiles for 50 min perfusion in various experimental groups can be seen in fig 3.9.
The outflow perfusate concentrations in the +ABT + RIF and +KETO + RIF groups
demonstrated a continued increase over 50 minutes when both uptake and metabolism
were inhibited at 37°C. The outflow concentrations from +ABT + RIF group were
generally higher than the other groups at 37°C (Fig. 3.9 A). For the +KETO + RIF group,
the outflow perfusate concentrations were 70-fold lower at 0 min and 17 fold lower at 50
min, as compared to the +ABT + RIF group. The average outflow concentrations were
lowest in the ATV alone group and ranged between 0.001 pM at the start of the perfusion
and 0.03 pM at the end of the 50-minute perfusion (Fig. 3.9 B). Inhibition of uptake
transport on RIF co-perfusion significantly increased the ATV outflow perfusate
concentrations compared with the ATV-alone group (p < 0.05 at 30 and 40 minutes).
The outflow concentrations were significantly higher than the ATV-alone group upon
inhibition of metabolism by ABT during the first half of the perfusion (p <0.01 at 0, 5,
10 minutes; Fig. 3.9 B) and significantly lower than the ATV group at 50 minutes (p <
0.01; Fig. 3.9 B); however, no significant difference in concentrations was seen at 30 and
40 minutes. In the +KETO group, the mean outflow concentrations were lower than ATV
group at all time points except 20 and 50 minutes, and were significantly different than

the ATV group at 10 and 30 minutes (p < 0.05).

The ATV liver concentrations at the end of the 50-minute perfusion in various groups are

shown in Fig. 3.10.
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Figure 3.10 ATV data collected with single pass liver perfusions. ATV total liver
concentrations normalized to inlet concentration. t-tests were performed to compare the
ATV alone group with +RIF or with +ABT and to compare +ABT with +ABT + RIF;
**p < 0.01. Data are presented as mean + SEM; ATV: n=3, ATV + RIF: n=3, ATV +

ABT: n=3, ATV + ABT + RIF: n=3, ATV + KETO: n=3, ATV + KETO + RIF: n=3

The mean ATV liver concentrations at the end of a 50-minute perfusion in the ATV-
alone group were 108.9 uM. A decrease in ATV liver concentration was observed on
treatment with RIF; however, the decrease was not statistically significant. Inhibition of
metabolism by ABT resulted in a 1.3-fold increase in ATV liver concentration, while no
significant difference in liver concentrations was observed upon treatment with KETO.
The lowest mean ATV liver concentration was observed in the +ABT + RIF group when
both uptake and metabolism were inhibited. A statistically significant decrease (p < 0.01)

was observed in the liver concentrations between the +ABT group and the +ABT + RIF
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group. The cumulative amount excreted in bile at the end of 15, 30, and 50 minutes is

shown in Fig. 3.11.
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Figure 3.11 ATV data collected with single pass liver perfusions: Cumulative amount of
ATV excreted in bile. Data are presented as mean £ S.E.M. ATV:n=3, ATV +RIF. n=

3,ATV+ABT:n=3, ATV + ABT +RIF: n=3.

A steady increase in the amount excreted over time was observed in all groups. The
amount in bile and the rate of appearance of ATV in bile were higher in all groups
without RIF treatment. There was a lag in the appearance of drug in the bile in all groups.
The percentage of total dose recovered in the bile as parent drug was 28.7%, 11.2%,
26.6%, 10.7%, 29% and 5.5% in the ATV alone, +RIF, +ABT, +ABT + RIF, +KETO
and +KETO + RIF groups, respectively.The concentrations of 2-OH ATV and 4-OH
ATV in the outflow perfusate were below the limit of quantitation. The highest liver

metabolite concentrations were observed in the ATV group (Fig. 3.12, A and B).
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Figure 3.12 ATV metabolite data from single-pass liver perfusion studies: Liver
concentrations normalized to ATV inlet concentration for (A) 2-OH ATV, (B) 4-OH
ATV. One-way analysis of variance followed by post hoc Tukey’s test was performed;
*Groups statistically different from ATV (p < 0.05) are marked. Data are presented as
mean £ S.EIM.; ATV:n=3, ATV +RIF:n=3, ATV + ABT: n=3, ATV + ABT + RIF:

n=3, ATV + KETO: n=3, ATV + KETO + RIF: n=3.
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RIF treatment decreased the mean liver concentration of 2-OH ATV by 2.9-fold and 4-
OH ATV by 3.62-fold. A 2.9- and 4.7-fold decrease was observed on inhibition of
metabolism by ABT in the mean liver concentrations of 2-OH ATV and 4-OH ATV,
respectively, as compared to the ATV group. Similarly, a 6.17- and 1.88-fold decrease
was observed in the mean liver concentrations of 2-OH ATV and 4-OH ATV,
respectively, upon treatment with KETO, as compared to the ATV group. The +ABT +
RIF and +KETO + RIF —treated groups demonstrated lowest metabolite liver

concentrations (Fig. 3.12, A and B).

The cumulative amount of metabolites in bile over time is shown in Fig. 3.13, A and B.
The ATV group demonstrated the highest amount of metabolites recovered in bile, with
2-OH ATV and 4-OH ATV accounting for 4.8% and 5.06% of the parent in bile,
followed by the +RIF group. The amount of metabolites in bile in the +ABT, +ABT +
RIF, +KETO and +KETO + RIF groups was lower than the other two groups but could
not be compared statistically owing to high variability in the data. These data were not

used for subsequent modeling efforts.
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Figure 3.13 ATV metabolite data collected from single-pass liver perfusion studies:
Cumulative amount excreted in bile normalized to ATV inlet concentration of (A) 2-OH
ATV and (B) 4-OH ATV. ATV:n=3, ATV +RIF: n=3, ATV + ABT: n=3, ATV +

ABT + RIF: n=3, ATV + KETO: n=3, ATV + KETO + RIF: n=3.
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The total metabolite-to-parent ratios were calculated as the ratio of sum of the two
hydroxy metabolite concentrations to the total parent concentration in the liver at the end

of the 50-minute ATV perfusion are presented in Fig. 3.14.
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Figure 3.14 Metabolite-to-parent ratio for ATV in liver. t tests were performed to
compare each treatment group to ATV alone *P < 0.05. Data are presented as mean +
SEM,;ATV:n=3, ATV+RIF:n=3, ATV +ABT:n=3, ATV + ABT + RIF: n=3,

ATV + KETO: n=3, ATV + KETO + RIF: n=3.

The metabolite-to- parent ratio in the +RIF group was 37.7% of that in the ATV alone
group, and the difference was statistically significant (p = 0.012). Inhibition of
metabolism by ABT significantly decreased the metabolite-to-parent ratio as expected, to
19.3% of that in the ATV alone group (p = 0.012). This is in agreement with the previous
observations by De Montellano and coworkers that preincubation of RLM with 1 mM
ABT for 30 minutes resulted in a 77% loss of P450 activity (De Montellano and

Mathews, 1981). No significant difference was found in the metabolite to parent ratio
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between +ABT and +ABT + RIF groups. The metabolite-to-parent ratio in the +KETO

and +KETO + RIF groups was 51 % and 12.5 % as compared to that in ATV group.

3.4.6 Passive diffusion, Uptake and Metabolism of BOS in the Perfused Liver:

According to the results obtained for ATV passive diffusion studies as summarized
previously, uptake and passive diffusion studies for BOS were performed only in

presence of 20 uM RIF at 37°C.

)
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Figure 3.15 BOS data collected with single pass liver perfusions: outflow perfusate
concentration normalized to inflow concentration versus time profiles

Data are presented as mean + SEM; BOS —Bosentan, RIF —Rifampin, ABT-1-
aminobenzotriazole; BOS: n=4, BOS + RIF: n=4, BOS + ABT: n=4, BOS + ABT + RIF:

n=4

For passive diffusion studies of BOS with +ABT + RIF, the highest mean outflow
perfusate concentrations were obtained at 30, 40 and 50 min as compared to all other
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experimental groups (Fig 3.15). At 0, 2.5, 5, 7.5, 10 and 20 min, the BOS + RIF group
demonstrated the highest concentrations. The difference between BOS + RIF and BOS +
ABT + RIF groups was statistically significant from 0 to 7.5 min (p < 0.05). The BOS
only group had the lowest outflow concentrations of all groups followed by the inhibition
of metabolism in BOS + ABT group. The difference between BOS and BOS + ABT
groups was not statistically significant throughout the experiment. Inhibition of active
uptake by RIF, however, demonstrated a significant increase in outflow concentrations

from 10 to 50 min (p < 0.05) as compared to the BOS only group.

The mean BOS liver concentrations at the end of 50 min perfusion are summarized in fig
3.16. The mean BOS liver concentrations in the BOS only group were 92 yuM. Inhibition
of active uptake by RIF increased the mean liver concentrations to 136.6 uM. The
difference in the liver concentrations in BOS only versus BOS + RIF groups was not
statistically significant. Inhibition of cyp3a mediated metabolism by ABT resulted in
mean liver concentrations of 85 uM, which were not significantly different than the BOS
only group. The lowest mean liver concentrations of 76.7 uM were demonstrated by the
BOS + ABT + RIF group. The liver concentrations obtained from this group were

significantly different only from the BOS + RIF group (p < 0.01)

93



_200
e
= 150
=
£ 100
S
S 50
S
g0
- mBOS mBOS+RIF
0 BOS+ABT 5 BOS+ABT+RIF

Figure 3.16 BOS data collected with single pass liver perfusions: BOS total liver
concentrations normalized to inlet concentration. t-tests were performed to compare the
BOS alone group with +RIF or with +ABT and to compare +ABT with +ABT + RIF;

Data are presented as mean + SEM
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Figure 3.17 BOS data collected with single pass liver perfusions: Cumulative amount of

BOS excreted in bile. Data are presented as mean £ SEM
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Fig 3.17 shows the cumulative amount of BOS excreted in bile at the end of 15, 30 and
50 minutes. All the groups demonstrated a steady increase in the cumulative amount
excreted over time, similar to ATV. A lag was observed in the appearance of BOS in bile
in all treatment groups. The highest rate of appearance and cumulative amount excreted
in bile at each time point was observed for the BOS + ABT group. The cumulative
amount in bile for the BOS group was significantly lower than that for BOS + ABT
group at all time points. The RIF treated groups demonstrated the lowest rate of
appearance and the cumulative amount of drug excreted in bile. The cumulative amount
of BOS excreted in bile was significantly lower in the BOS + RIF group as compared to
the BOS only group (p < 0.05) and in BOS + ABT + RIF group as compared to the BOS
+ ABT group (p < 0.01). The mean percentage dose recovered from BOS only, BOS +
RIF, BOS + ABT and BOS + ABT + RIF groups was 2.28 %, 1.17 %, 4.39 % and 0.49

%, respectively.

Metabolites of BOS could not be detected in the outflow perfusate. The mean OH-BOS
liver concentrations were similar in the BOS and BOS + RIF groups (0.3 uM and 0.29
KM, respectively (Fig 3.18). OH-BOS liver concentrations in the BOS + ABT and in
BOS + ABT + RIF groups were 2.28 and 1.28 fold lower than the BOS only group, but
not significantly different. RIF treatment had no effect on mean liver concentrations of
OH-DM-BOS (0.97 uM and 0.93 uM in BOS and BOS + RIF groups, respectively). ABT
treatment decreased the OH-DM liver concentrations by 1.33 fold and 1.73 fold in the
BOS + ABT and BOS + ABT + RIF groups, respectively. The difference was, however,
not statistically significant.
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Figure 3.18 BOS metabolite data collected from single-pass liver perfusion studies: Liver
concentrations normalized to BOS inlet concentration for (A) OH-BOS and (B) OH-DM-
BOS. One-way analysis of variance was performed; Data are presented as mean + SEM;

BOS: n=4, BOS + RIF: n=4, BOS + ABT: n=4, BOS + ABT + RIF: n=4
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Figure 3.19 BOS metabolite data collected from single-pass liver perfusion studies:
Cumulative amount excreted in bile of normalized to BOS inlet concentration for (A)
OH-BOS and (B) OH-DM-BOS. One-way analysis of variance was performed; BOS —
Bosentan, RIF — Rifampin, ABT — 1-aminobenzotriazole; BOS: n=4, BOS + RIF: n=4,

BOS + ABT: n=4, BOS + ABT + RIF: n=4
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The cumulative amounts of OH-BQOS in bile in various treatment groups are shown in Fig
3.19A. OH-BOS was undetectable in bile in the BOS + ABT + RIF group at 15 min. RIF
and ABT treatments, each alone (p < 0.05) and in combination (p < 0.01) significantly
decreased the cumulative amount of OH-BOS excreted in bile at 50 min. No significant
difference was observed in cumulative amount of OH-BOS excreted in bile at 50 min in
BOS + ABT + RIF and BOS + ABT groups. The percentage of parent drug excreted as
OH-BOS in bile at the end of 50 min was 0.45 %, 0.05 %, 0.036 %, and 0.0076 % in

BOS only, BOS + RIF, BOS + ABT and BOS + ABT + RIF groups, respectively.

Fig 3.19 B depicts the cumulative amount of OH-DM BOS excreted in bile in various
treatment groups. OH-DM-BOS was detectable in bile only at 50 min in the BOS + ABT
+ RIF group. The mean percentage of parent drug excreted as OH-DM BOS was 0.009
%, 0.0092 %, 0.013 % and 0.0013 % in BOS only, BOS + RIF, BOS + ABT and BOS +
ABT + RIF groups, respectively. The difference was not statistically significant except

between BOS and BOS + ABT + RIF groups.

3.5 Discussion

3.5.1 Comparison of bile flow across different groups

Bile is a solution made up of bile salts, and other bile acid related materials in water. As
chemicals are secreted in to the canaliculi, water is dragged with them by osmosis. Bile
flow is comprised of two portions: bile salt dependent bile flow and bile salt independent
bile flow (Fouassier et al., 2002). Bile salt dependent bile flow is generated by excretion

of bile salts mediated by BSEP. Bile salt independent bile flow is generated by excretion
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of bicarbonates, glutathione, bilirubin diglucuronides and other anions mediated by
MRP2. Drugs that are MRP2 substrates are also capable of increasing the bile salt
independent flow. Strong stimulation of MRP2 activity was observed by substrates of
MRP2 in transfected cells (Bakos et al., 2000; Evers et al., 2000). Rifampin was co-
transported by both OATP1B1 and OATP1B3 on the basolateral side and MRP2 on the
apical side, as demonstrated by experiments using MDCK-II and LLC-PK1 cell lines
(Cui et al., 2001; Spears et al., 2005). RIF was shown to inhibit rat Mrp2 mediated 5(6)-
carboxy-29,7-dichlorofluorescein (CDCF) and tritiated taurocholic acid ([*H] TCA)
uptake in membrane vesicles (Watanabe et al., 2015). BOS is also a MRP2 substrate, as
mentioned previously in the introduction. Therefore, increase in bile flow in presence of
RIF and/or BOS could be explained by increase in MRP2 mediated bile salt independent

bile flow.

3.5.2 Effect of bile flow on ATV outflow perfusate concentrations and liver

concentrations

Low bile flow (<3 pL/ min) in certain experiments could be explained by change of
perfusion medium from blood to perfusion buffer or effect of drugs used in the
experiments. However, if these possibilities were true, it would not have been possible to
achieve a close to normal bile flow in any other surgeries. Since an average bile flow of
7.8 pL/min was obtained in control experiments with blank perfusion medium, the above
possibilities can be ruled out. Another situation where the bile flow could be lower than
expected is when the surgery was flawed or the angle of placing the cannula in the bile

duct was incorrect resulting in only a part of the liver being alive. In this case, the lesser
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than normal number of alive hepatocytes would produce less amount of bile, hence,
reduce the bile flow. This can be further explained by the fact that the liver
concentrations in animals with low bile flow are lower than in those with normal flow,
since fewer hepatocytes are alive to perform active uptake of ATV (Fig 3.5). It should be
noted that even if the number of alive hepatocytes in the low bile flow groups are low,
different treatment groups can be compared to observe effects of drug treatments, as long
as the bile flow rates are similar. The underlying assumption would be that similar

number of hepatocytes is alive in both groups.

3.5.3 Optimization of RIF concentration for uptake and passive diffusion studies

RIF is a potent inhibitor of oatplb2 and oatpla4 in rats, which are functionally analogous
to OATP1B1 and OATP1B3 in humans. The ICso and Ki values for RIF using ATV as a
substrate have been reported as 0.95 £ 0.25 uM and 0.79 + 0.13 uM respectively for
oatplb2 and 3.04 + 1.44 uM and 2.88 + 1.33 UM respectively for oatplad (Lau et al.,
2006a). Hence, the uptake of ATV was potently inhibited in a dose dependent manner by
10 and 20 uM RIF, resulting in higher outflow perfusate concentrations in presence of
RIF as compared to livers perfused with ATV alone (Fig. 3.6). Inhibition of ATV uptake
by RIF also explains the dose dependent decrease in ATV liver concentrations. To test

inhibition of uptake with BOS, experiments were conducted with 20 uM RIF.

3.5.4 Passive Diffusion of ATV in the Perfused Liver

Complete inhibition of a specific disposition pathway could be challenging due to several

reasons. Overlapping specificity of the inhibitors of metabolizing enzymes and
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transporters limits generation of clearer data to study drug disposition by a specific
pathway. For example, several oatp substrates are also substrates for the efflux
transporter mrp2 (Suzuki and Sugiyama, 2002). Similarly, as previously demonstrated by
the data, RIF is a potent competitive inhibitor for the rat uptake oatp transporters and also
for cyp3al/3a2. Moreover, it may not be possible to achieve a high enough concentration
of an inhibitor due to solubility limitations thereby making complete inhibition of certain
proteins difficult. Involvement of multiple proteins in the same disposition pathway e.g.
multiple uptake transporters or metabolizing enzymes which are inhibited by a common

perpetrator, makes it difficult to study the contribution of any single pathway.

Estimation of passive diffusion is widely performed at 4°C since the proteins relevant to
drug disposition, enzymes, and transporters, are functionally inactive at this temperature
(Shigehara et al., 1992; Ismair et al., 2001; Shimada et al., 2003; Lancon et al., 2004).
The aforementioned issues of inability to achieve complete inhibition of transporters and
enzymes, and lack of specific inhibitors, could be addressed by passive diffusion studies
at 4°C. Literature reports suggest that the cell membranes undergo temperature related
changes (Quinn, 1988; Kanduser et al., 2008). In plants, changes in lipid composition
have been observed with changes in growth temperature. These changes are manifested
as alterations in chain length of lipids, the position of acylation of the fatty acid chains
and change in degree of unsaturation. While these changes are of significance for the
adaptability of plants, temperature exposures beyond the normal range can result in
stunted plant growth due to irreversible phase separation of membrane constituents and

subsequent loss of transport and permeability processes (Quinn, 1988).
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As temperature decreases, the membrane fluidity decreases as observed in experiments
on V-79 (Chinese hamster lung fibroblasts) and B16F-1 (murine melanoma) cell lines
(Kanduser et al., 2008). Electro-permeabilization of stratum corneum was affected by

changes in temperature influencing membrane fluidity (Gallo et al., 2002).

Difference in membrane fluidity at 37°C versus 4°C can significantly affect the estimates
for passive diffusion obtained at 4°C. In fact, there was minimal drug partitioning into the
liver at 4°C (Fig. 3.8 B). Therefore, estimation of passive diffusion for liver perfusion
studies at 37°C with concomitant use of inhibitors of enzymes and transporters is a better
approach than the use of 4°C data. The +KETO + RIF group demonstrated outflow
concentrations lower than the +ABT + RIF group. One of the possible explanations for
this is that KETO is somehow assisting the uptake of ATV, perhaps by another
transporter that is not inhibited by RIF. ATV and/or RIF, being stronger uptake
substrates, could also be inhibiting the entry of KETO into the liver. The molecular
weight of KETO is 531.43, while that of ABT is 134.14. From the size of KETO, it is
possible that this compound may require some assistance in crossing the membrane. As
mentioned previously, KETO is known to inhibit olmesartan uptake. Since KETO is
capable of interfering with transport processes, the data from +KETO + RIF were not

used in modeling the passive permeability of ATV.

3.5.5 Uptake and Metabolism of ATV in the Perfused Liver

The liver perfusion experiments demonstrated that inhibition of hepatic uptake of ATV

increased the outflow perfusate concentrations, and decreased the liver concentrations

102



and amount of parent drug eliminated in the bile (Fig. 3.9-3.11). Conversely, inhibition of
metabolism by ABT had little effect on the outflow perfusate concentrations, but it
increased the liver concentration of ATV in the +ABT group. This finding is in
agreement with the previous reports in which inhibition of OATP had a profound effect
on the plasma concentration of OATP substrates, whereas inhibition of metabolism had a
lesser impact on increasing the plasma concentration of the drug (Kantola et al., 1998;
Maeda et al., 2011; Chang et al., 2014). This is because uptake is the rate determining
step in the elimination of ATV from liver (Watanabe et al., 2009a). These results further
highlight the importance of determining the effect of transporter enzyme interplay on
intracellular unbound concentrations, since inhibition of metabolism of an uptake limited

drug may not result in increased parent plasma concentrations.

As mentioned previously in the +KETO + RIF group, it is possible that KETO is
assisting the entry of ATV in the liver by interference with some transport processes.
This is further supported by the outflow concentration data from the +KETO group, since
the mean concentrations in the +KETO groups were lower than the ATV group for most
time points. Also, ABT appears to inhibit ATV metabolism more efficiently than KETO
based on the metabolite-to-parent ratios in the liver (Fig 3.14). KETO was tested as an
inhibitor of metabolism because ABT could cause changes in bile flow due to
interference in bile salt metabolism. However, it can be seen from Table 3.1 that the bile

flow in +KETO and +ABT groups is not different.

The decrease in liver concentrations of ATV in the presence of RIF was not significant.

Moreover, the decrease in formation of metabolites in the RIF-treated group (2.9-fold for
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2-OH ATV and 3.62-fold for 4-OH ATV) was greater than the decrease in the parent
liver concentrations (1.24-fold) as illustrated by the metabolite to parent ratios (Fig.
3.14). Single pass perfusions of 20 uM RIF for 50 min could result in very high
intracellular RIF concentrations. This concentration could be sufficient for competitively
inhibiting cyp3al-mediated metabolism of any other substrate. This is in agreement with
literature reports that RIF inhibits ATV metabolism (Lau et al., 2006a). Rifampin
inhibited the formation of both 2- and 4- OH metabolites of ATV in a concentration
dependent manner. The formation of 2-OH ATV was decreased by approximately 8% of
control while that of 4-OHATYV was not affected by 25 uM rifampin. Because of the
confounding effect of RIF on ATV metabolism, it was not possible to model the data

from +RIF studies.

The decreased cumulative amount of drug excreted in the bile upon RIF treatment could
be explained by inhibition of uptake into the cell and decreased intracellular

accumulation.

Pretreatment with ABT and KETO did not completely inhibit ATV metabolism;
however, there was a significant decrease in the liver concentration of 2-OH ATV at the
end of the 50-minute perfusion compared with the ATV group (Fig. 3.12A). The liver
concentration of 4-OH ATV was not significantly different than the ATV group except
for the +KETO + RIF group (P < 0.05; Fig. 3.12B). The metabolite to-parent ratio in the
liver decreased significantly with ABT treatment, indicating inhibition of metabolism
(Fig. 3.14). Similarly, the cumulative amounts of metabolites excreted in bile were

considerably lower after ABT and KETO treatment (Fig. 3.13, A and B).
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Inhibition of metabolism, however, significantly increased the liver/bile ratio of ATV. A
similar fold increase was observed in the RIF-treated group, presumably owing to
inhibition of metabolism. The increase in ATV liver to-bile ratio upon inhibition of
metabolism could be a result of saturation of efflux transport resulting from elevated
intracellular ATV concentrations. Although this increase in the ATV liver-to-bile ratio is
consistently observed in the +ABT group (where the liver concentrations are higher than
ATV group), an increase is also observed in the +ABT + RIF or +RIF groups (where the
liver concentrations are lower than the ATV group). Inhibition of apical efflux by ATV
cannot by itself explain these results. This phenomenon appears to be associated with
inhibition of metabolism instead of apical efflux transport saturation by ATV. Another
possibility is that the concentration of an endogenous efflux transporter substrate is
increased by P450 inhibition. It is possible that the apical efflux transport of ATV is
inhibited by the endogenous substrate. Since P-gp has been reported to have multiple
binding sites (Ruth et al., 2001; Mayer et al., 2002; Ledwitch et al., 2016), cooperative

binding of endogenous substrates or metabolites could be involved.

3.5.6 Passive Diffusion, Uptake and Metabolism Studies for BOS in Perfused Liver

As illustrated in Fig 3.15, BOS outflow perfusate concentrations increased and amount of
parent drug excreted in bile decreased upon inhibition of active uptake of the drug by
RIF. Surprisingly, the mean total liver concentrations of BOS did not change significantly
in presence of RIF. (Fig. 3.16). The mean liver concentrations for both OH-BOS and OH-
DM BOS were not significantly different in the RIF treated and untreated groups.

Therefore, inhibition of cyp3a mediated metabolism resulting in elevated parent liver
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concentrations seems unlikely. RIF and BOS are both substrates for mrp2. The increased
liver concentrations in presence of RIF could be explained by competitive inhibition of
mrp2 mediated BOS efflux by RIF. Similar to ATV, RIF could also be inhibiting the
cyp3al mediated metabolism of BOS, thus increasing the BOS liver concentrations.
However, this possibility seems less likely than the efflux inhibition by RIF. This is
because BOS is also a substrate for other metabolizing enzymes like cyp2c9 and ugtlal.
Therefore, inhibition of one pathway can divert the disposition of a drug to other
pathways. Further studies with dual inhibition of cyp2c9 along with cyp3al are required
to achieve complete inhibition of metabolism and test the aforementioned possibilities.
The significant decrease in the amount of BOS and OH-BOS recovered in the bile could
be attributed to decreased intracellular concentrations resulting from inhibition of active

uptake.

Inhibition of cyp3a mediated metabolism by ABT did not significantly increase the BOS
outflow perfusate concentrations (Fig. 3.15), nor were the liver concentrations (Fig 3.16)
affected. There was a significant increase in the amount of BOS recovered in bile (Fig.
3.17), which could be attributed to increased intracellular concentrations owing to
inhibition of CYP mediated metabolism. Furthermore, the amount of OH-BOS recovered
in bile upon ABT treatment was significantly lower (Fig 3.19). The liver concentrations
for OH-BOS were, however, not significantly lower. BOS is metabolized by CYP3A4,
CYP2C9 and UGT1A1 in humans. Same metabolites for the CYP mediated metabolism
as those observed in humans were also observed in rats (Treiber et al., 2004). If similar

enzymes are responsible for metabolism of BOS in rats, it is possible that ABT treatment
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may not be completely inhibiting BOS metabolism. It has been reported that ABT does
not effectively inhibit CYP2C9 (Linder et al., 2009). A 30 min preincubation of HLM
with 1 mM ABT could inhibit only 40 % activity of CYP2C9. Therefore, inhibition of
one pathway could be shunting the metabolism to another pathway in case of BOS. OH-
BOS is formed by both CYP3A4 and CYP2C9. Inhibition of cyp3al, therefore, may not
inhibit formation of OH-BOS completely. The lower amount of OH-BOS recovered in
the bile as compared to the BOS only group could be result of either inhibition of
formation of OH-BOS by ABT or inhibition of apical efflux of OH-BOS by ABT. A
decreasing trend is observed in the liver concentrations of OH-DM BOS from BOS only
to BOS + ABT to BOS + ABT + RIF which could be attributed to inhibition of cyp3al.
Insignificant difference in the liver concentrations and amount recovered in bile of OH-
DM BOS can be explained by the formation of this metabolite partly by cyp3al and
partly by cyp2c9. It is also possible that inhibition of cyp3a mediated pathway could be

diverting the metabolism of BOS to a ugt mediated pathway.

3.6 Conclusion

Liver perfusion studies were performed with ATV and BOS to study the effect of passive
diffusion, active uptake and metabolism on liver-mediated disposition of these drugs.
Bile flow can be affected due to transporter mediated apical efflux of some drugs like
RIF and BOS. Passive diffusion studies conducted at 4°C suggested that the drug
partitioning into tissues at this temperature may be affected by temperature mediated
changes in membrane fluidity. However, to perform these studies at 37°C with

concomitant inhibition of metabolism and transport, the availability of cleaner and highly
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potent inhibitors is crucial. Thus, the limitations of passive diffusion determination by
either method should be considered during data interpretation. Active uptake appeared to
be the major contributor in ATV disposition as compared to metabolism. Inability of RIF
to decrease liver concentrations could be related to the inhibition of apical efflux of BOS
by this drug. In summary, liver perfusion is a good experimental tool to study liver
disposition of drugs and has been successfully used in this project to study disposition of

ATV and BOS.
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CHAPTER 4: MODELING THE LIVER PERFUSION DATA TO
PREDICT UNBOUND INTRACELLULAR CONCENTRATIONS USING

THE 5-COMPARTMENT EXPLICIT MEMBRANE MODEL

4.1 Introduction

Pharmacokinetic modeling is the process of representing the body, organ or experimental
system of interest (e.g. hepatocytes) by one or more compartments and deriving
mathematical expressions to describe the processes of interaction between those
compartments. A mathematical model describes the processes that are thought to be
involved in the course of data generation. The simplest way to describe a cellular system

involved in drug disposition is a 3 compartment (3-C) model, as described in Fig 4.1.

Apical Cell Basolateral

Figure 4.1 A 3-compartment model consisting of apical, cell and basolateral

compartments
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The 3 compartments in this model consist of apical compartment, basolateral
compartment and cellular compartment. The intracellular disposition of a drug can be
described by a 3-C model. There are several reports in the literature describing the effect
of active uptake, metabolism and apical efflux on the disposition of drugs from in vitro
systems. For example, Ménochet et al. utilized a mechanistic modeling approach for
simultaneous assessment of metabolism, active uptake and passive diffusion of 7 drugs
(Ménochet et al., 2012). A 3-C model as described in fig 4.1 was used to study the
permeability, transport and metabolism of a set of drugs in Caco-2 cells (Sun and Pang,
2008). A structural model to study kinetics of P-gp transport in Caco-2 cell monolayers

has been described (Bentz and Ellens, 2014).

The mechanistic modeling approaches reported in the literature do not consider the
membrane partitioning of drugs, since explicit membrane compartments are absent in
these models. Membrane partitioning could be of importance for compounds with low
permeability. Experimental lag times have been reported during permeability experiments
for both high and low permeability compounds (Knipp et al., 1997; Korzekwa et al.,
2012).The 3-C model failed to accurately predict the experimental lag times. For high
permeability compounds like verapamil, the 3-C model predicted a very short lag time
due to rapid equilibration among compartments. This predicted lag time was inconsistent
with the experimentally observed much larger lag time. For low permeability compounds
like labetalol, significant lag time was experimentally observed, and also predicted by the
3-C model, in MDCK experiments when apical efflux was absent. However, no lag time

was predicted in MDR1-MDCK experiments when apical efflux was present, even
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though lag was observed experimentally. This is because the apical efflux in the 3-C
model was modeled from the cell compartment due to absence of membranes. The apical
efflux from the cell compartment allowed equilibrium to be reached rapidly in the
simulations, resulting in disappearance of lag in the receiver compartment. The 5-

compartment (5-C) model consisted of explicit membrane compartments (Fig 4.2).

The 5-C explicit membrane model could incorporate membrane partitioning and
therefore, could accurately predict the experimentally observed lag times (Korzekwa et
al., 2012). Moreover, apical efflux for P-gp substrates could be modeled from the apical
membrane instead of cell compartment. It has been reported that substrate binding site of
P-gp is located in the apical membrane (Gottesman et al., 1995; Gottesman et al., 1996;
Hennessy and Spiers, 2007). Hence, membrane concentrations, and not the cell
concentrations, would serve as the driving concentrations for apical efflux of P-gp

substrates.

The goal of this chapter was:

a) To determine membrane partitioning and plasma protein binding of ATV and
BOS using equilibrium dialysis

b) To model the data obtained in chapter 3 using the 5-C explicit membrane model
along with the membrane partitioning parameter obtained in this chapter, and predict
intracellular unbound concentrations of ATV and BOS

c) To study the effect of inhibition of metabolism versus inhibition of transport on

the intracellular unbound concentrations of ATV and BOS
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Figure 4.2 A 5-C model with explicit membrane compartments for rat liver. Va, Vs, Vc,
Vawm, Vewm: volumes of apical, basolateral, cellular, apical membrane and basolateral
membrane compartments, respectively; Ca, Cg, Cc, Cam, Cam: concentration in apical,
basolateral, cellular, apical membrane, and basolateral membrane compartments,
respectively; CLi, CLo: diffusional clearance into and out of the membrane respectively;
CLuy, active basolateral uptake clearance into the cell; CLaem, apical efflux clearance from
the apical membrane into the apical compartment; CLzec, apical efflux clearance from the
cell into the apical compartment; Q, perfusion flow rate; Quile, biliary flow rate; Cis, inlet

concentration; Cout, outlet concentration.
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4.2 Methods

4.2.1 Equilibrium dialysis

Unbound fractions of ATV and BOS were determined in rat plasma (fup) and rat liver
microsomes (RLM) (fum). Equilibrium dialysis was performed using a 96-well
equilibrium dialyzer with MW cutoff of 5K and placed in dual-plate rotator set to
maximum speed (25 rpm) located in a 37 °C incubator with a 10% CO2 atmospheric
environment. Dialysis Buffer consisted of 0.1 M phosphate buffer containing 3mM
MgCI2, pH =7.4. Frozen male Sprague Dawley rat plasma was thawed and the pH was
adjusted to 7.4 using a pH meter and 1 N HCI. Plasma (495uL) was spiked with 5 uL of
200 uM ATV or BOS stock solution to give 2 uM in pH-adjusted plasma. Plasma
samples (200 pL) and buffer were added to the respective sides of the 96-well dialysis
plate and wells were capped. The plate was then placed in the rotator and incubator and
allowed to dialyze for 22 h. Following 22 hours of dialysis, 100 uL of buffer and plasma
were removed from each side of dialysis plate and mixed with 100 uL of the opposite
matrix in a 96-deep well plate. Samples were then stored at -80 °C for future analyte
quantitation. Plasma was replaced with 1mg/ml RLM and liver homogenate diluted 1:2 in
water. To determine the fum, 495 pL. RLM suspension in 1 mM potassium phosphate
buffer (1mg/mL) was spiked with 5 pL of 200 uM ATV or BOS stock solution to give 2

uM. Further procedure was similar as that described above to determine fyp.
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4.2.2 Modeling

The data obtained from the liver perfusion experiments were modeled using the 5-C
model depicted in Fig. 4.2 to predict the intracellular unbound concentration of ATV and
BOS. This model has been described previously for cell-based systems (Korzekwa et al.,
2012). In the present study, perfusate and bile flow rates were included from the
experiment, and clearance pathways were modeled. Wolfram Mathematica (version 10.1)
was used for modeling. The five compartments in Fig. 4.2 represent a rat liver. The
basolateral compartment represents the blood compartment, and the apical compartment
represents the biliary compartment within the liver. Hepatocytes have been further

divided into apical membrane, basolateral membrane, and cytosolic compartments.

The following assumptions were made for the 5-C explicit membrane model:

1) The volume of membranes was assumed to be 10% of the total cell volume, with
the apical and basolateral membranes each comprising 5% (Korzekwa and Nagar, 2014).
2) Of the total liver volume, 10.6% was assumed to be the sinusoidal volume
(Blouin et al., 1977).

3) The volume of hepatocytes in liver was calculated by using a rat liver
hepatocellularity of 120 million cells per gram of liver (Sohlenius-Sternbeck, 2006) and a
volume of 3.9 pL for one million hepatocytes (Reinoso et al., 2001)

4) Volume of the intrahepatic biliary tree was set to 50 pl (Blouin et al., 1977,
Masyuk et al., 2001).

5) Apical efflux was assumed to occur from the apical membrane only (e.g., P-gp)

for ATV, and from both the apical membrane (e.g., P-gp) and cell (e.g., MRP2) for BOS.
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6) Intracellular unbound concentrations were assumed to drive the metabolic
clearance of both ATV and BOS.

7) Back diffusion from the bile into the liver was assumed to be minimal.

The interaction between various compartments within the model can be described by

equations 4.1 to 4.5.

dCp — QCip+ CLyCpy—CL;iCp— CLp,Cp—QCp (4 1)
dt Vg '
dCpm _ CL;Cc+ CLiCg—2CL,Cpy (4 2)
dt Vem '
dCc¢ _ CLpyCp+CLyCpy+CLyCup—2CLiCc—CLy Cc— CLgecCc (4 3)
dt Ve '
dCam — CL; Cc—2CLyCay—CLgem Cam+CL; Cy (4 4)
dt Vam '
dCsq _ —Qbite Ca+ ClaemCam+ CLgecCeTCLoCam—a CL; Cy (4 5)
dt Va '

Where, Va, VB, Vc, Vam, Vewm: volumes of apical, basolateral, cellular, apical membrane
and basolateral membrane compartments, respectively; Ca, Cg, Cc, Cam, Cawm:
concentration in apical, basolateral, cellular, apical membrane, and basolateral membrane
compartments, respectively; CLi, CLo: diffusional clearance into and out of the
membrane respectively; CLuy, active basolateral uptake clearance into the cell; CLaem,
apical efflux clearance from the apical membrane into the apical compartment; CL aec,
apical efflux clearance from the cell into the apical compartment; Q, perfusion flow rate;
Quile, biliary flow rate; Ciy, inlet concentration; Coyt, Outlet concentration; a, fraction of

diffusional clearance from the bile into the apical membrane.
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The ratio of CLi and CLo, defined as the Kp of the drug into the membrane, is given by
equation 4.6.

CLi _ Va(—fum)
CL, - Vinfum (46)

In the above equation, fum, Va, and Vm represent the unbound fraction in the membrane,
volume of the partitioning incubation, and volume of the membrane, respectively. In 1 ml
of microsomal solution with 1 mg/ml microsomal protein concentration, the volume of
lipids is assumed to be 0.7 pL (Nagar et al., 2014). Therefore, the ratio of Vim to Va was
set to 0.0007. Since Vi, was obtained from the amount of microsomes used in the
equilibrium dialysis experiment, and the membrane volume was defined as 10% of cell
volume in the model, fum used in this exercise was not corrected for dilution during the

modeling procedure.

This model allowed us to simulate perfusate, membrane, unbound intracellular, and

biliary concentrations.

a) ATV modeling:

For modeling the ATV liver perfusion data, an initial estimate for the apical efflux
clearance from the membrane (CLaem) back diffusion from the bile were iteratively
optimized with the +ABT + RIF data set to obtain the observed amount of parent drug
recovered in bile. CLaem Was then scaled based on hepatocellularity for subsequent
modeling. The fraction of CL; from bile to apical membrane (back diffusion) was set to

0.03. CLaec Was set to zero since apical efflux was assumed to occur only from the apical
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membrane. Initial estimates for metabolic clearance (CLn), diffusional influx clearance
into the membrane (CL,;), and active basolateral uptake clearance (CLby) were obtained
from the literature and scaled up to the organ level for ATV (Lau et al., 2006a; Watanabe
et al., 2009a; Korzekwa et al., 2012). Table 4.1 summarizes the experimental values and

initial estimates of model parameters for ATV studies.
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Table 4.1 Initial estimates for model parameters for ATV studies.

SATV + ABT + RIF, "ATV + ABT, °ATV.
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Experimental values.

Parameter Symbol | Units (per liver) |Value
Volume of bile (apical compartment) V. mL 0.05
(Masyuk et al., 2001)
Volume of intrahepatic vasculature Vi mL 0.8
(basolateral compartment)
(Blouin et al., 1977)
Volume of hepatocytes Ve mL 5°
(Sohlenius-Sternbeck, 2006) 47"
4.1°
Volume of apical membrane Vaum mL 005x5"
0.05x4.7"
0.05x4.1°
Volume of basolateral membrane Viu mL 005x5"
0.05x4.7"
0.05x4.1°
Diffusional clearance into the membrane |CL, mL/min 2.5
(Korzekwa et al., 2012)
Active uptake clearance CL,, mL/min 8
(Lau et al., 2006a)
Metabolic clearance CL mL/min 12.15
(Watanabe et al., 2009a)
Apical efflux clearance from the apical |CL,_ mL/min 88"
membrane 27"
70°
Perfusion flow rate’ Q mL/min 20
Fraction unbound in RLM £ 0.84°
Fraction of CLi from bile to apical a 0.03
membrane (Back diffusion)
d




The modeling exercise was started with the use of the +ABT + RIF dataset for CL;
estimation. Initially, for CL; estimation, CLmand CLyy were set to 0 and CLaem Was
iteratively optimized. However, the model over predicted the outflow perfusate
concentrations. Therefore, CLyy was set to 0.26 L/min, CLny was set to 0 and CL; was
estimated. In order to study effect of passive diffusion alone on ATV unbound and tissue
concentrations, simulations were performed with the previously estimated CL; and CLuy
= 0. Upon obtaining model-fitted estimates for CLi, CLn, Was parameterized next using
average outflow perfusate concentration data obtained from the +ABT experiments with
CLm set to 0. Average outflow perfusate concentration data from experiments with ATV
alone were then used to parameterize CLm using the previously optimized values of CL;
and CLyy. Finally, intracellular ATV concentrations were predicted using all the

optimized clearance values.

b) BOS modeling:

BOS + ABT and BOS + ABT + RIF experimental data for parent and metabolite liver
concentrations and amounts excreted in bile could have multiple possible explanations as
discussed in chapter 3. It is difficult to model such data unless more mechanistic
information about the interaction is available. Therefore, ABT treated experimental data

were not used for modeling.

Modeling the BOS liver perfusion data was started with BOS + RIF dataset to estimate
CLi. Here, CLy, was set to 0 since RIF inhibits BOS uptake. Initial estimates of apical

efflux from the membrane (CLzem), apical efflux from the cell (CLaec) and metabolic
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clearance (CLnm), and back diffusion from the bile were iteratively optimized with the
BOS + RIF dataset to obtain the experimentally observed BOS liver concentrations and

amount of BOS recovered in the bile.

Since there were multiple iteratively fixed parameters for BOS, it was important to verify
whether there could be multiple solutions to the model. In other words, it was important
to confirm whether there were other combinations of the fixed parameters that also
resulted in similar predicted BOS liver concentration and amount of BOS recovered in
bile. Therefore, CLm was varied from 0.0072 to 0.144 L/min with CLaec, CLaem and the
fraction of diffusional clearance from the bile into the apical membrane (a) set to 49.9
L/min, 0.00045 L/min and 0.2, respectively. Later, CLaec Was varied from 8.3 to 200
L/min. CLaem Was varied from 0 to 0.0045 L/min. The fraction of diffusional clearance
back from the bile into the apical membrane (a) was varied from 0.05 to 1.

Next, CLm and “a” were fixed to 0.028 L/min and 0.2, respectively for modeling the data
from BOS only perfusions. CLi, CLaec and CLaem Were iteratively optimized to
parameterize CLyy and predict liver concentrations and amount of BOS recovered the

bile.

Initial estimates for diffusional influx clearance into the membrane (CL,;), and active
basolateral uptake clearance (CLny) were obtained from the literature and scaled up to the
organ level (Yabe et al., 2011). Table 4.2 summarizes the experimental values and initial

estimates of model parameters for BOS studies.
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Table 4.2 Initial estimates for model parameters for BOS studies

Parameter Symbol [Units (per liver) |Value

Volume of bile (apical compartment) |Va mL 0.05

(Masyuk et al., 2001)

Volume of intrahepatic vasculature  |Vg mL 0.833

(basolateral compartment)

(Blouin et al., 1977)

Volume of hepatocytes Ve mL 585"

(Sohlenius-Sternbeck, 2006) 461"

VVolume of apical membrane Vam mL 0.05 x 5.85"
0.05x4.61"

Volume of basolateral membrane Vawm mL 0.05 x 5.85"
0.05x 4.61°

Diffusional clearance into the CL; mL/min 13.122

membrane 9.74°

(Yabe et al., 2011)

Active uptake clearance CLbu mL/min 28?

(Yabe et al., 2011) 20.8°

Metabolic clearance ClLm mL/min 7.2t0 144

Apical efflux clearance from the CLaem mL/min 0to 4.5

apical membrane

Apical efflux clearance from the cell |CLaec L/min 8.3 to 200

Perfusion flow rate® Q mL/min 20

Fraction unbound in RLM fum 0.5943

Fraction of CLi from bile to apical a 0.05t01

membrane (Back diffusion)

aBOS, PBOS + RIF, °Experimental values.
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The “NonlinearModelFit” function in Mathematica was used with 1/Y weighting to
parameterize various clearances. To get numeric solutions of the ordinary differential
equations, the NDSolve function was used with MaxSteps — 100,000, and PrecisionGoal
— Infinity. To check the robustness of the optimizations, the initial estimates were varied

10-fold from the final parameter estimates.

4.3 Results

4.3.1 Equilibrium dialysis

The unbound fraction for ATV in plasma was determined as 0.08 + 0.0032 using
equilibrium dialysis under 10% CO2. The unbound fraction in 1 mg/mL RLM was
determined to be 0.84 £ 0.074. Similarly, the fup and fum determined for BOS were

0.01086 + 0.003 and 0.5943 + 0.066, respectively.

4.3.2 ATV modeling

The parameter estimates for various clearances are summarized in table 4.3. Model
predicted tissue concentrations and amounts recovered in bile as compared to the
experimental values are summarized in tables 4.4 and 4.5, respectively. Table 4.6

summarizes the model predicted unbound cell concentrations at 50 min and steady state.
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Table 4.3 Parameter estimates for CLi, CLou, CLm and CLaem represented as estimate =+

standard error

Parameter Value
(L/min)
CL; 0.135 +0.029
CLp 20.04 +4.8
CLm 0.00125*
CLaem 0.08**

*QObtained from simulations in ATV only group
**|teratively optimized from the +ABT + RIF dataset and scaled based on
hepatocellularity for subsequent groups

Table 4.4 Observed and predicted ATV tissue concentrations (UM) at 50 min and steady

state

Group Observed | Predicted, |Predicted, at
at 50 min  [steady state

ATV 109 119 160
ATV + ABT 146.5 151 366

ATV + ABT + 56.8 70 78.99*
RIF (25.6%*)

*Simulated with residual 0.26 Liter/ min active uptake clearance
**Simulated without residual 0.26 Liter/ min active uptake clearance
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Table 4.5 Observed and predicted ATV amount recovered in bile at 50 min

Group Observed Predicted, at 50 min
(umoles) (umoles)
ATV 0.287 0.229
ATV + ABT 0.266 0.211
ATV + ABT + RIF 0.107 0.153*
(0.056**)

*Simulated with residual 0.26 Liter/ min active uptake clearance
**Simulated without residual 0.26 Liter/ min active uptake clearance

Table 4.6 Model predicted ATV unbound cell concentrations at 50 min and at steady

state
Group At 50 min At steady state
(LM) (LM)
ATV 5.69 7.56
ATV + ABT 7.17 17.25
ATV + ABT +RIF 3.11* (0.9%*) 3.49* (0.91**)

*Simulated with residual 0.26 Liter/ min active uptake clearance
**Simulated without residual 0.26 Liter/ min active uptake clearance

The average outflow perfusate concentrations from 4°C perfusions were used to calculate
the passive diffusion of ATV; however, since the average steady-state concentrations
were greater than the inlet concentration (1 uM) (Chapter 3, section 3.4.4, Fig 3.8), CL,;
could not be estimated. Therefore, subsequent CL; estimation was performed using the

data from +ABT + RIF experiments. The results from the modeling exercise for ATV are

summarized in Fig. 4.3
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Figure 4.3 Modeling ATV liver perfusion data with the 5-C explicit membrane model.
Model fitted outflow perfusate-concentration time profiles (blue) and simulated unbound
intracellular concentration-time profiles (red) for (A) ATV + ABT + RIF group and (B)
ATV + ABT group. Inset shows data on magnified scale. Model-fitted parameter +
standard error values are listed, along with the R? of the fit. (C) Simulated outflow
perfusate concentration-time profile (blue) and cell concentration-time profile (red) for
ATV group. Inset shows fitted outflow perfusate concentration-time profile. The CLn
value was obtained from the simulation as detailed in Results. Mean experimental data
are depicted as solid circles, and model fitted or simulated results are depicted as solid

lines. *Residual CLy, of 0.26 L/min was used to parameterize CL;
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In the estimation of CL;, an over prediction of the outflow perfusate concentrations was
observed when both CLy, and CLy, were set to 0. An improvement in the fitting for
predicted outflow concentrations was observed when a residual intrinsic uptake clearance
(CLpy) of 0.26 L/min was included (R? = 0.922, Fig 4.3 A). A CL; estimate of 0.135 +
0.029 L/min was obtained. The predicted total liver concentration of 70 uM at the end of
50 minutes was obtained using this CL; estimate and the residual uptake clearance of 0.26
liter/ min (Table 4.4), and the predicted steady-state liver concentration was 79 pM.
Similarly, the predicted drug amount recovered in bile was 0.153 pmol. These predictions
compared well with the observed values. The predicted unbound intracellular
concentration at the end of 50 minutes was 3.11 pM (Fig. 4.3 A). Next, the 5-C model
was fit to the +ABT Co.t data (Fig. 4.3 B), with the CL; fixed from the previous step, and
a CLpy 0f 20.02 + 4.8 liters/min was estimated. The predicted total liver concentration
obtained using the estimated CL; and CLuy, values was 151 uM, compared with the mean
observed value of 146.5 uM. The predicted total amount of drug recovered in bile was
0.211 pmoles. The predicted unbound intracellular ATV concentration in this group was
7.17 UM at the end of the 50-minute perfusion (Fig. 4.3 B). With the previously obtained
estimates for CL; and CLyy, a CLm value of 0.00125 L/min was able to predict the liver
concentrations and amount of drug recovered in the bile in the ATV only group (Fig. 4.3
C). The simulation predicted a total liver concentration and the amount of drug recovered
in bile of 119 uM and 0.229 umoles, respectively, comparing well with the experimental
mean values of 109 uM and 0.287 umoles, respectively. The predicted unbound

intracellular concentration at the end of 50 minutes was 5.69 UM (Table 4.4).
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Fig 4.4 summarizes the results for simulations with CL; = 0.135 L/min without any
residual active uptake. This exercise is helpful to study the theoretical effect of passive

diffusion alone on intracellular unbound and tissue concentrations of ATV.

Cec (uM)

)

0.0 - - . 0
0 10 20 30 40 50 60 0 10 20 30 40 50
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Figure 4.4 Simulated outflow perfusate concentration-time profile (blue) and cell
concentration-time profile (red) with CL;i = 0.135 L/min and CLy, = 0. Solid circles

represent the data for ATV + ABT + RIF group.

When no residual active uptake was present, an over prediction of the outflow perfusate
concentrations was observed as mentioned previously (Fig 4.4). The predicted tissue
concentrations and amount recovered in bile were 25.6 uM and 0.056 pumoles,
respectively (Table 4.4). These predictions were inconsistent with the observed liver
concentrations (72 pM) and amount recovered in bile (0.107 pumoles). The predictions
improved when a residual uptake clearance of 0.26 L/min was added. With the residual
active uptake clearance, the predicted liver concentrations were 78.99 uM and the
predicted amount recovered in bile was 0.153 umoles. The simulations revealed that in
the absence of residual active uptake clearance and with only diffusional clearance of
0.135 L/min, the predicted unbound cell concentrations at the end of 50 min and at steady
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state were 0.909 uM and 0.911 puM, respectively. The predicted outflow perfusate
concentrations at the end of 50 min and at steady state were 0.93 uM and 0.932 pM,
respectively (Fig 4.4). Hence, the Kpyy at 50 min and steady state were 0.97742 and

0.97746, respectively.

4.3.3 BOS modeling

Data from liver perfusion studies with BOS were modeled similar to ATV data as

described before. Fig 4.5 summarizes the modeling exercise for BOS.
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Figure 4.5 Modeling the BOS liver perfusion data with the 5-C explicit membrane model

Model fitted outflow perfusate-concentration time profiles (blue) and simulated unbound
intracellular concentration-time profiles (red) for (A) BOS + RIF group, with CLm, CLaec
and CLaem and “a” equal to 0.28 .L/min, 9.98 L/min, 0 L/min and 0.2, respectively, and

(B) BOS alone group, with CLm and “a” fixed from BOS + RIF, CL; parameterized to be
11 L/min, CLaec and CLaem fixed to 63.36 L/min, 0.0574 L/min, Model-fitted parameter +

standard error values are listed, along with the R? of the fit.
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Model predicted tissue concentrations with a representative combination of various
clearances, as compared to the experimental values are summarized in table 4.7. The
respective predicted and observed amounts recovered in bile are summarized in table 4.8.
Table 4.9 summarizes the model predicted unbound cell concentrations at 50 min and
steady state for this specific combination of clearances. Please refer to appendix A for

sensitivity analysis and model predicted values with other combinations of clearances.

The CLm, CLaec, CLaem and a values of 0.028 L/min, 9.98 L/min, 0 L/min and 0.2
resulted in a CL;estimate of 1 + 0.32 L/min using the BOS + RIF dataset (Fig 4.5 A).
This combination of various clearances resulted in a predicted liver concentration of
136.3 UM and the amount of BOS recovered in bile was predicted to be 0.0109 umoles
(Tables 4.6 and 4.7). The R? for the fitting of outflow perfusate concentration-time data
was 0.911. At 50 min, the predicted unbound intracellular BOS concentration and the
predicted outflow perfusate concentration were 0.233 uM and 0.262 UM, respectively.
Thus the Kpyy at 50 min was 0.89. At steady state, the predicted unbound intracellular
BOS concentration and the predicted outflow perfusate concentration were 0.387 uM and

0.411 uM, respectively, resulting in a KPy, of 0.942.
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Table 4.7 Observed and predicted BOS tissue concentrations (LM)

Group Observed | Predicted, at 50 min [Predicted, at steady state
BOS** 92 105 161.33
BOS + RIF* 136 136.3 226.6

*CLm, CLaec and CLaem and “a” equal to 0.28 L/min, 9.98 L/min, 0 L/min and 0.2,

respectively

**CLm and “a” fixed from BOS + RIF, CL; parameterized to be 11 L/min, CLaec and
CLaem fixed to 63.36 L/min, 0.0574 L/min

Table 4.8 Observed and predicted BOS amount recovered in bile at 50 min

Group Observed Predicted, at 50 min
(umoles) (umoles)

BOS** 0.02 0.021

BOS + RIF* 0.012 0.0109

*CLm, CLaec and CLaem and “a” equal to 0.28 L/min, 9.98 L/min, 0 L/min and 0.2,

respectively

**CLm and “a” fixed from BOS + RIF, CL; parameterized to be 11 L/min, CLaec and
CLaem fixed to 63.36 L/min, 0.0574 L/min

Table 4.9 Model predicted BOS unbound cell concentrations at 50 min and at steady state

Group At 50 min At steady state
(M) (M)

BOS** 0.29 0.446

BOS + RIF* 0.233 0.387

*CLm, CLaec and CLaem and “a” equal to 0.28 L/min, 9.98 L/min, 0 L/min and 0.2,

respectively

**CLm and “a” fixed from BOS + RIF, CLi parameterized to be 11 L/min, CLaec and
CLaem fixed to 63.36 L/min, 0.0574 L/min
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As mentioned in the methods section, CLm, CLaec, CLaem and ‘a’ were varied to perform
sensitivity analysis using the BOS + RIF dataset. Upon varying the CLn from 0.0072 to
0.144 L/min, and fixing CLzec (50 L/min), CLaem (0.00045 L/min) and a (0.2), it was
observed that CLy from 0.014 to 0.028 L/min resulted in reasonable CL; estimates
ranging from 4.62 to 8 L/min. The predicted tissue concentrations and amount in bile
were within 20% of the observed values (Appendix A). The CL; parameter was very
sensitive to changes in CLaec. Increasing the CLaec from 9.98 to 200 L/min increased the
CL; estimate from 0.992 to 22.7 L/min, yet resulted in liver concentration and biliary
amount predictions within 20% of the observed value. The model failed to converge at
the CLaec value of 8.3 L/min. From the tested range for CLaem, 0.00045 to 0.0027 L/min
resulted in predictions for liver concentrations and biliary amounts within 20% of the
observed value. However, CL; was not very sensitive to changes in CLzem Since changing
CLaem from 0.00045 to 0.0027 L/min resulted in CL; estimates ranging from 5.52 to 5.65
L/min. The CLaem 0f 0.0045 L/min resulted in predicted biliary amount greater than 20%
of the observed value. The amount of BOS recovered in bile was very sensitive to the
fraction of diffusional clearance back into the apical membrane (a). Within the range of
‘a’ values tested, only 0.2 appeared to accurately predict the amount of BOS in bile. ‘a’
value less than 0.2 over-predicted, while greater than 0.2 under-predicted the biliary
amount of BOS. However, varying the ‘a’ value from 0.05 to 1 had a minor influence on

the predicted liver concentrations and amount of BOS recovered in bile.

One of the purposes to model the BOS + RIF data was to obtain an estimate for CL.i.
Based on the tested range of various clearance values, multiple combinations of these
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clearances could result in predictions with less than 20% error compared to the observed
data. Thus, any of the resulting CLi parameter estimates (0.992 to 22.7 L/min) could be
real. Therefore, it was necessary to test this range of CL; for the BOS only dataset.

To model the BOS only data, CLmn was fixed to 0.0365 L/min, as optimized previously
with BOS + RIF and scaled based on hepatocellularity of the BOS only group. With the
BOS only dataset, the model did not converge for values of CL; less than 8.2 L/min,
irrespective of the fixed values of CLaec and CLaem. The range of CL; from 9.5 to 12.5
L/min with CLaec and CLaem Values fixed to 63.36 and 0.0574 L/min respectively resulted
in predictions of liver concentrations and amount of BOS in bile within 20% of the
experimental values. A 5-fold higher value of CLaec than BOS + RIF group and 0.0574
L/min CLaem (as opposed to “0” L/min for BOS + RIF group) was required to explain the
experimental BOS amount in bile. The CL;of 11 L/min (mean of the acceptable range)
resulted in the CLyy parameter estimate of 13.14 + 1.74 L/min (Fig 4.5 B). The predicted
liver concentration was 105 UM and the amount of BOS recovered in bile was predicted
to be 0.021 pmoles (Tables 4.6 and 4.7). The R? for the fitting of outflow perfusate
concentration-time data was 0.94. At 50 min, the predicted unbound intracellular BOS
concentration and the predicted outflow perfusate concentration were 0.29 uM and 0.086
UM, respectively. Thus the Kpuy at 50 min was 3.35. At steady state, the predicted
unbound intracellular BOS concentration and the predicted outflow perfusate
concentration were 0.446 uM and 0.132 pM, respectively, resulting in a Kpyy of 3.37.
Thus, the steady state unbound intracellular BOS concentrations were 1.15 fold higher in

the presence of active uptake. Similarly, the steady state Kpuy of BOS in presence of
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active uptake was 3.4 fold higher in the BOS only group as compared to BOS + RIF
group.

4.4 Discussion

Experimental measurement of intracellular unbound drug concentrations is difficult.
Modeling and simulation is a powerful tool for studying the mechanistic interaction of
various components involved in drug disposition. A mechanistic model designed for the
cell could give insights into intracellular drug disposition. Inhibition of one or more
disposition processes could result in differential impact on intracellular drug
concentrations. The magnitude of impact may depend on the magnitude of the clearance
pathways themselves along with the extent of inhibition or induction of the specific
pathways involved. In this chapter, the data obtained from ATV and BOS liver perfusion
experiments in chapter 3 were modeled with the 5-C explicit membrane model for
perfused rat liver along with the membrane partitioning values obtained in this chapter.
The impact of inhibition of active uptake and metabolism on intracellular unbound

concentrations of the respective drugs was studied.

4.4.1 Equilibrium dialysis

Unbound fraction in plasma has been previously determined for ATV by ultrafiltration
(Watanabe et al., 2009a) or equilibrium dialysis without 10% CO. (Paine et al., 2008) as
0.0567 and 0.04 respectively. It is well known that ultrafiltration is conducted for short
duration which is insufficient for allowing adequate equilibration between binding and

debinding. Equilibrium dialysis when conducted without 10% CO_ over predicts plasma
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protein binding due to change in pH of plasma (Kochansky et al., 2008). Over predicting
plasma protein binding under predicts the toxicity potential of drugs which can be
hazardous. Therefore, in this study, the unbound fraction of drugs was determined with
10% CO,. ATV (Log P 5.7) is more lipophilic than BOS (Log P 3.7). Interestingly
however, the fum for ATV is higher than BOS. This is because the membrane partitioning
of a compound may not depend just on its lipophilicity. The interaction between the
functional groups in the compound to those in the membrane lipids is also an important

factor in membrane partitioning.

4.4.2 ATV modeling

Since the unbound intracellular concentration determined by the modeling exercise
cannot be measured experimentally, it can be argued whether the model predicted
unbound concentrations are the actual unbound intracellular concentrations. Therefore,
the model predicted total liver concentrations and cumulative amount recovered in bile at
the end of 50 min were used as endpoints to verify the predictive ability of the model.
The total liver concentrations and total amounts of ATV recovered in the bile during
perfusion in all groups could be successfully predicted by the model within 0.94- to 1.3-
fold of the experimental value. This increases the confidence in the predicted unbound
ATV cell concentrations Also, since the R? for fitting the outflow perfusate
concentrations was > 0.8, the 5-C explicit membrane model can reasonably account for
the variance across the experimental groups. The increase in Kpyu over time could be
explained by the fact that the system has not reached equilibrium. In absence of any

transporter or metabolizing enzyme activity, the Kpy, of a drug is expected to be 1.
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However, in case of ATV, Kpuu is less than 1 in the +ABT + RIF group. This can be
explained by the ongoing apical efflux of the drug in this experimental group.

The unbound intracellular concentration in presence of active uptake was 5 to 6-fold
higher than the inlet concentration, which is typical for a strong active uptake transporter
substrate. Inhibition of active uptake had a larger impact on the unbound intracellular
concentrations as compared to inhibition of metabolism. This is because of the larger
magnitude of the active uptake clearance (20 L/min) compared to the metabolic clearance
(0.00125 L/min). If the metabolic clearance was much higher in magnitude, such that its
magnitude was now comparable to the uptake clearance, then inhibition of metabolism
would also have a significant impact on the intracellular disposition of ATV. This
situation is analogous to a DDI, which results in induction of CYP enzymes. Although,
there would have to be 1000 to 2000-fold induction of CYPs to experimentally reproduce
the aforementioned scenario. Due to toxicity limitations for inducers, it may never be
practically possible to achieve this magnitude of induction. Another situation that may
result in equal impact of metabolism and transport on intracellular disposition is if the
intrinsic uptake clearance were much smaller than the current value (20 L/min) and

comparable to the metabolic intrinsic clearance of 0.00125 L/min.

It is generally accepted that for uptake limited drugs like statins, inhibition of active

uptake will have higher impact on the plasma concentrations, but minimal impact on the
intracellular concentrations (Watanabe et al., 2009b). Similarly, inhibition of metabolism
or apical efflux clearance will have higher impact on the intracellular concentrations, but
minimal impact on the plasma concentrations. This is because most uptake limited drugs
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have a very high intrinsic uptake clearance which is limited by the blood flow to the
respective organ. ATV demonstrated a very high intrinsic uptake clearance of 20 L/min.
In a preclinical or clinical setting, there are limitations on the dose of the uptake inhibitor
compound due to toxicity limitations. Therefore, the perpetrator may not be able to
completely inhibit the uptake of the victim drug. In such a situation, if the residual
intrinsic uptake clearance after inhibition is still higher than the blood flow to the relevant
organ, one may not see a significant change in the intracellular concentration. However,
plasma concentrations will increase due to uptake inhibition. This concept is further

illustrated in chapter 6.

4.4.3 BOS modeling

Similar to ATV, the predictive ability of the 5-C model for BOS was verified by
comparing the experimental total tissue concentrations and amount of BOS recovered in
bile to the model predicted values. The model predicted BOS total tissue concentrations
and amount recovered in bile were within 0.8 to 1.2 fold of the observed values,
increasing confidence in the predicted unbound concentrations. The predicted steady state
Kpuu in the BOS + RIF group was 0.942. The ongoing metabolism and apical efflux in
this group could explain the Kpuy less than 1. In reality, for a drug undergoing passive
diffusion only, the Kpyu would equal to 1 according to the free drug hypothesis (Koch-
Weser and Sellers, 1976; Israili, 1979; Pardridge et al., 1983). As discussed in chapter 3,
the higher BOS liver concentrations in presence of RIF as compared to the BOS only
group could be a result of inhibition of mrp2 mediated apical efflux of the drug by RIF.
RIF was shown to inhibit rat Mrp2 mediated 5(6)-carboxy-29,7-dichlorofluorescein
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(CDCF) and tritiated taurocholic acid ([3H] TCA) uptake in membrane vesicles
(Watanabe et al., 2015). Indeed, a 5-fold higher CLaec as well as presence of CLaem Were
required for the BOS only group to explain the experimental data. This supports the
hypothesis that it is the inhibition of apical efflux that results in higher BOS tissue
concentrations in the RIF treated group than in the RIF untreated group. The CL;
estimates obtained from the BOS + RIF group could, therefore, be confounded by the
inhibited apical efflux clearance. In other words, if an uninhibited apical efflux clearance
were present, a true sink condition would prevail and hence, a larger value of CL; may be
required to explain the decrease in the outflow perfusate concentrations. As mentioned in
the results section, CLi was very sensitive to the initial estimate of CLaec. A high initial
estimate of CLaec resulted in a large estimate for CL;. Therefore, the CL;of 1 £ 0.32
L/min obtained from the BOS + RIF group could be an under-estimate. Indeed, for the
BOS only group, the model did not converge for CL; values less than 8.2 L/min. The
range of CL; that predicted the experimental data from BOS only group within 20% of
observed values was 9.5 to 12.5 L/min. This higher value of CL; for the BOS only group
as compared to what was obtained from the BOS + RIF group (1 = 0.32 L/min) is not
surprising considering the dependence of CL; on CLaec, as discussed before. Also,
sensitivity analysis of the BOS + RIF group (Appendix A) showed that the CL; estimate
could range between 0.992 to 22.7 L/min. The CL; values required to correctly predict the
experimental data for BOS only group are within this range of 0.992 to 22.7 L/min.

The predicted steady state Kpyy in the BOS only group was 3.37. The presence of active

uptake clearance in this group could explain the Kpuu greater than 1. It should be noted
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that the ratio of predicted unbound intracellular BOS concentrations in the BOS only
group to that in BOS + RIF group was 1.15 at steady state. This indicates that there is
minimal increase in the intracellular unbound BOS concentrations in presence of active

uptake.

The model assumed minimal back diffusion from the bile. This is because for lipophilic
compounds, once the molecule enters the biliary compartment, it is sequestered in the
bile due to the presence of amphiphilic lipid solubilizing bile salts and acids (Graham and
Northfield, 1987). These components of the bile act like detergents solubilizing the
lipophilic compounds into micelles. The more hydrophilic the compound, the less
sequestered it is and a greater fraction is then available for diffusing back into the apical
membrane. Hence, the fraction of diffusional clearance from the bile back into the apical
membrane (‘a’) is dependent on the lipophilicity of the compound of interest. The
measured log P values for ATV and BOS are 5.7 and 3.7
(https://www.drugbank.ca/drugs/DB01076, accessed on 03/13/2017;
https://www.drugbank.ca/drugs/DB00559, accessed on 03/ 13/2017). Thus, ATV is
expected to diffuse back to a lesser extent than BOS. Therefore, the ‘a’ term was required
to be fixed to 0.03 for ATV and 0.2 for BOS in order to explain the experimental data.
Interestingly, the CL; for BOS is approximately two orders of magnitude higher than
ATV, even though the log P for BOS is lower. This is because while log P gives a
reasonable approximation of the affinity of drugs for lipids in the biomembrane, several

other physicochemical interactions amongst the drugs and the membrane components are
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also important in deciding the affinity of the drugs towards the membranes. The net

affinity will be a resultant of all these interacting forces.

4.5 Conclusion

The 5-C explicit membrane model along with liver perfusion data were successfully used
to predict the experimental tissue concentrations, amount recovered in bile and unbound
intracellular concentrations for ATV and BOS. Presence of active uptake increased the
Kpu and the unbound intracellular concentrations for both ATV and BOS. Inhibition of
metabolism demonstrated a marginal increase in the unbound intracellular ATV
concentrations indicating that the magnitude of the clearance pathway, relative to other
clearance pathways and the organ blood flow, is an important determinant of the resultant
impact upon inhibition of that specific pathway. The intracellular unbound drug
concentrations are influenced by the intracellular disposition pathways. The resultant
intracellular unbound concentrations are dependent upon the net effect of all these

intracellular disposition pathways.
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CHAPTER 5: INDUCTION OF CYP3A1 WITH BOS — IN VITRO AND IN
VIVO STUDIES AND USE OF UNBOUND INTRACELLULAR

CONCENTRATION TO PREDICT EFFECT OF INDUCTION

51 Introduction

Drug drug interactions (DDIs) can lead to serious problems in drug development. One
type of unfavorable DDIs are those that can result in toxicity leading to adverse drug
reactions (Honig et al., 1993; Gomez et al., 1995; Floren et al., 1997; Greenblatt et al.,
1999; Backman et al., 2002; Backman et al., 2006). This interaction is anticipated when
one of the drugs involved in the interaction is a metabolism or transport inhibitor of the
other drug. Another type of unfavorable DDI occurs when one of the drugs is an inducer
of metabolism and transport of another drug. This can result in inadequate
pharmacological activity of the desired drug (Back et al., 1979; Heimark et al., 1987;
Dickinson et al., 2001; Grub et al., 2001). It is, therefore, important to predict the effect
of DDIs in vivo from in vitro metabolism data in the early stages of drug development.
Induction of CYP3A4 is thought to occur by the following mechanism mediated by the
orphan nuclear receptor — Pregnane X receptor (PXR) (Moore and Kliewer, 2000). The
inducer compound binds to PXR in the cytosol. The complex then translocates to the
nucleus and binds to the DNA responsive element of the CYP3A4 gene. This causes
activation of the promotor resulting in transcription of CYP3A4. The duration of exposure

to the inducer and the concentration of the inducer determine the extent of induction.
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Predictive models have been described in the literature for IVIVE of induction-based
DDils (Shou et al., 2008). The most common modeling approach used to predict induction
is the Hill equation (Hill, 1910).

E=Emax [Ind]™
ECI +[Ind]"

(5.1)

where Emax i the maximum response (net maximum fold increase), ECsg is the

inducer concentration at 50% Emax, [Ind] is the inducer concentration, and n is the

sigmoidicity of the fitted curve.

The induction parameters obtained as described above can be used to predict the change
in exposure of a victim drug upon induction of a disposition protein by a perpetrator drug

using the following equation (Shou et al., 2008)

AUC), 1 (5.2)

AUC;,
w +(1-fr-fmcyr3aa)

fh-fmcyp3aa inecypaat
m CLint,cYP3A4

or

AUC: 1

AUCL.V = EMAax [Ind]m (53)
w  frfmceypsas (g Tmgmt(A=fr-fmcypsas)

In the above equations, AUC’jy and AUC,y are the AUCs of the victim drug in presence
and absence of the perpetrator drugs, respectively. fm,cypsaa is the fraction of the drug
metabolized by CYP3AA4. fy is the fraction of the drug escaping hepatic metabolism.

CL’intcypsas and CLintcyraas is the intrinsic clearance of the victim drug in the presence
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and absence of the inducer or perpetrator drug. [Ind] is the steady state plasma

concentration of the inducer.

The induction potential of BOS has been previously reported by several groups (Weber et
al., 1999b; van Giersbergen et al., 2002; Dingemanse and van Giersbergen, 2004; Shou et
al., 2008). Bosentan has been listed as a moderate CYP3A inducer by the United States
Food and Drug Administration (USFDA)
(https://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/Drug
InteractionsLabeling/ucm093664.htm#table1-3). A moderate inducer is defined to be a

compound that decreases the AUC of a probe substrate by > 50% but < 80%.

BOS is highly bound to plasma proteins in humans. The range of fraction unbound in
human plasma for BOS has been reported from 0.0053 to 0.041 (Lave et al., 1996; Weber
et al., 1999b; Dingemanse and van Giersbergen, 2004; Shou et al., 2008). It is unlikely
that BOS would result in 50 — 80% change in exposure of CYP3A4 substrates at low
unbound BOS plasma concentrations upon low doses. Since the machinery for
metabolism and hence induction is located inside the cell, it would be the intracellular
concentration of the inducer that would be of relevance for prediction of induction
potential of a drug by IVIVE. For uptake transporter substrates like BOS, the intracellular
BOS concentration may be higher than the plasma concentration. This could explain the

observed in vivo degree of induction.

The goal of this chapter was to use the predicted unbound intracellular BOS
concentration as the driving force to model cyp3al induction in rats. The use of

intracellular unbound BOS concentration instead of plasma concentration was expected
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to improve the prediction of induction. In vivo studies were conducted in rats to study the
effect of multiple dosing of BOS on the PK of the cyp3al probe substrate, midazolam
(MD2). In vitro induction studies were conducted in sandwich cultured rat hepatocytes
with multiple dosing of BOS. In vitro studies were conducted in order to characterize the

Kinetics of induction (i.e. to determine Emax and ECso).

5.2 Materials

Matrigel™ was obtained from Corning Life Sciences, NJ. Collagenase, MDZ and
dexamethasone were obtained from Sigma Aldrich, MO. Insulin, William’s E medium
and Hank’s balanced salt solution (HBSS) were obtained from Gibco, NH. Penicillin,
streptomycin, L-glutamine and fetal bovine serum (FBS) were obtained from Life
Technologies, CA. Isoflurane was obtained from University Laboratory Animal
Resources (ULAR), Temple University. BOS was obtained from Toronto Research
Chemicals, Ontario, Canada. Bovine serum albumin was obtained from Fisher Scientific,

NH. EDTA was obtained from Ambion, CA.

5.3 Methods

5.3.1 Animals

Male Sprague Dawley rats were maintained per conditions approved by the American
Association for the Accreditation of Laboratory Animal Care-accredited University
Laboratory Animal Resources of Temple University. Animals were provided with a

normal rodent diet. Food and water was available to the animals as required. The animals
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were housed in a standard 12 hour dark/light cycle. Animal studies were approved by the

Institutional Animal Care and Use Committee at Temple University.

5.3.2 Invitro induction experiments in sandwich cultured hepatocytes

In vitro experiments for BOS induction were performed in sandwich cultured hepatocytes
in order to obtain the kinetic parameters (Emax, ECso) for BOS induction in rat

hepatocytes.

a) Hepatocyte isolation

Primary hepatocytes were isolated from male Sprague Dawley rats as follows. In situ
liver perfusion was performed with the HSE UNIPER UP-100 Type 834 for isolated
organ perfusion in rodents. Perfusion conditions and protocol for liver perfusion surgery
was followed as in chapter 3 (section 3.3.2) except that the inferior vena cava was not
sutured and the bile duct and hepatic vein were not cannulated. The perfusion buffer
consisting of 500 pL calcium and magnesium free HBSS, 500 uL insulin (4mg/ml), 500
uL EDTA (0.5 M pH 8.0), 2.5 g bovine serum albumin was pre warmed at 37 °C and
perfused for 10 min at 20 mL/min. After 10 min, the inlet was switched to digestion
buffer consisting of HBSS, 500 pL insulin (4mg/ml), 100 mg collagenase (approximately
3U/mg) and 2.5 g bovine serum albumin perfused for 10 min at 20 mL/min. The softened
and disintegrating liver was then carefully dissected from its connections to the stomach
and duodenum. Care was taken to avoid cuts to the intestine since this could have led to

bacterial contamination.
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b) Sandwich culture

On day 1, 24-well plates were seeded with 0.5mL of cells/well at a cell density of 0.7 X
108 viable cells/mL in complete William’s E media for plating. Complete Williams E
media for plating consisted of 500mL Williams E media supplemented with 5mL of pen-
strep (5,000 units/mL penicillin, 5 mg/mL streptomycin, 0.9% sodium chloride), 5mL of
L-glutamine (200mM), 500uL of insulin (4mg/mL in 1% v/v glacial acetic acid to sterile
water), 50uL of dexamethasone (10mM), and 5% final concentration FBS. Plates were
placed in an incubator at 37°C, 5% CO2, 95% relative humidity and cells were allowed to
attach for 1-3 hrs. The William’s E media was changed, aspirating the unattached cells,
taking care not to disturb the cell layer. On day 2, the cells were inspected for proper
density. Cuboidal cells achieving ~80% confluency were the desired characteristics to
achieve maximum canalicular formation. Matrigel was diluted to 0.25mg/mL protein
concentration in cold, complete William’s E media for cell maintenance. Complete
Williams E media for cell maintenance consisted of 500mL Williams E media without
phenol red supplemented with 5mL of pen-strep (5,000 units/mL penicillin, 5 mg/mL
streptomycin, 0.9% sodium chloride), 5mL of L-glutamine (200mM), 5mL Insulin
transferrin selenium+ and SuL of dexamethasone (10mM). The medium was aspirated to
remove floating dead cells and 0.5mL diluted matrigel was added to each well and plates

were returned to incubator. On day 3 and day 4, the cells were treated with BOS (0 — 100
uM).

Two treatment regimens with different experimental conditions were tested for treatment

of cells with BOS on days 3 and 4:
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A) At the start of day 3, the previous medium was aspirated and fresh BOS solution
was added every 12 hours at 0, 12, 24 and 36 hours. 0 — 100 mM stock solutions of BOS
were prepared by serial dilution in 50:50 N-methyl pyrrolidone (NMP): DMSO. The
working solutions of BOS were prepared by dilution of stock solutions in William’s E
medium for maintenance. The final concentrations of BOS ranged from 0- 100 uM. The
final concentration of the organic solvents NMP and DMSO was 0.1% each (total 0.2%
organic).

B) At the start of day 3, the previous medium was aspirated and fresh BOS solution
was added every 24 hours at 0 and 24 hours. Stock solutions and working solutions were
prepared as described in (A).

RIF was used as a positive control for the induction experiments. The stock solution of
RIF (20 mM) was prepared in 50:50 NMP: DMSO. The stock solution was diluted 1000
fold in William’s E medium for maintenance to prepare working solution of 20 uM. The
final concentration of the organic solvents NMP and DMSO was 0.1% each (total 0.2%

organic, same as that for BOS solutions).

Activity measurement assay for cyp3al was conducted on day 5 with MDZ as cyp3al
probe substrate. A stock solution of 150 mM MDZ was prepared in NMP and diluted in
HBSS to prepare the working solution. The Km for formation of 4-hydroxy MDZ is
reported to be 22 uM (Kotegawa et al., 2002). It is recommended that the substrate
concentration should be at least 10 fold higher than the Km to avoid substrate depletion.
Therefore, the working concentration of MDZ in the activity assay was 300 uM. The

previously added BOS solution was aspirated and cells were washed with pre warmed
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HBSS to remove any residual BOS. The reaction was started by adding MDZ solution in
HBSS. Upon incubating the plates at 37 °C for 60 min, the reaction was stopped by
aspirating the MDZ solution and adding ice-cold acetonitrile containing diltiazem as IS to
the cell layer. The cells were scraped and the cell suspension was centrifuged at 10000
rpm. The supernatant was analyzed by LC-MS/MS for measurement of the MDZ
metabolite, 4-hydroxy MDZ. The previously aspirated MDZ solution was also analyzed
for 4-hydroxy MDZ by adding diltiazem as IS. It has been observed that this reaction was

catalyzed by cyp3al in rat liver microsomes (Kobayashi et al., 2002).

5.3.3 Invivo induction experiments rats

The induction potential of BOS was tested in vivo in single jugular cannulated male
Sprague Dawley rats. After multiple dosing of BOS, MDZ was administered to test

cyp3al induction. The weight range of animals used in this study was 290 — 340 grams.

The following treatment regimens were tested for BOS administration.

1) Stock solution of BOS (20 mg/mL) was prepared in DMSO. To 10% of the 20
mg/mL stock solution, 15% NMP and 75% saline were added to prepare a working
solution of 2 mg/mL. BOS (4mg/Kg) was administered to treatment group of animals
(n=3) at 0, 12, 24 and 36 hours. For the 12 hour dosing of BOS, precipitation of BOS in
the dosing solution was observed. The dosing solution was warmed to dissolve the
precipitated drug. Therefore, for BOS administration at 24 and 36 hours, formulation of
BOS had to be changed to 30% NMP and 70% saline to ensure complete dissolution. The

control group was administered an equal volume of solvent mix i.e. 10% DMSO, 15%
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NMP and 75% saline at 0 and 12 hours, and 30% NMP and 70% saline at 24 and 36
hours. MDZ (2 mg/Kg) was then administered at 48 hours. MDZ was formulated as 1
mg/mL solution in 30% NMP and 70% saline.

2) Stock solution of BOS (5 mg/mL) was prepared in NMP. To 30% of this solution,
70% saline was added to obtain a working solution of 1.5 mg/mL. BOS was dosed at 3
mg/kg every 24 hours for 7 days. The control group received an equal volume of solvent
every 24 hours for 7 days. MDZ (5mg/Kg) was administered on day 8. MDZ was
formulated as 2.5 mg/mL solution in 30% NMP and 70% saline.

Blood samples (100 uL) were collected at 2, 5, 10, 15, 30, 60, 120, 180, 240, 360, 480
and 600 minutes in heparinized tubes and centrifuged at 120000 rpm for 10 min. Equal
volume saline was injected as replacement. Supernatant plasma was collected and
analyzed by LC-MS/MS with the protocol described in chapter 2. Compartmental
analysis of the PK data was carried out with SAAM 11 (Version 2.3). Statistical analysis
was performed on the data using a t test. A p value < 0.05 was considered to be

statistically significant.
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5.4 Results

5.4.1 Invitro induction experiments in sandwich cultured hepatocytes
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Figure 5.1 Effect of BOS treatment on amount of 4-hydroxy MDZ formed in sandwich

cultured rat hepatocytes

Fig 5.1 summarizes the results for induction experiments performed in sandwich cultured
rat hepatocytes. For both treatment regimens, a dose dependent linear increase was
observed in the amount of metabolite 4-hydroxy MDZ with increasing incubation
concentration of BOS until 10 uM. For the experiment with regimen A, a higher extent of
product formation was observed as compared to regimen B. BOS incubation
concentrations higher than 10 uM demonstrated decreased amounts of 4-hydroxy MDZ
formed as compared to the concentrations lower than 10 uM. With regimen A, the
decrease in amount of 4-hydroxy MDZ BOS was concentration dependent for
concentrations higher than 10 uM. With regimen B, the amount of 4-hydroxy MDZ

formed at concentrations higher than 10 uM BOS dropped drastically at 15 uM and
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remained constant thereafter until 200 uM. Interestingly, for both regimens, the amounts
of 4-hydroxy MDZ formed plateaued at similar values for higher BOS concentrations.
Neither regimen A nor regimen B demonstrated the typical sigmoidal concentration-

response curve.

Normally, the presence of intact matrigel layer is confirmed by glossy appearance of the
bottom of the well. Dull patches indicate that the matrigel has been washed off.
Experimentally, with regimen A, there could be observed areas within several wells,
where matrigel was not present. With regimen B, the matrigel was intact in most wells.

However, the layer became thinner over time.

5.4.2 Invivo induction experiments in rats

MDZ, when dosed alone or after BOS treatment, followed 3 compartment PK in rats (Fig

5.2 and 5.3). The compartmental parameter estimates are listed in Table 5.1.
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Figure 5.2 Effect of BOS treatment (Regimen 1; 4mg/Kg every 12 hours for 2 days) on
MDZ PK. MDZ dose 2 mg/Kg; Control group: n=3, BOS treated group: n=3; Data are

presented as mean + SD.
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Figure 5.3 Effect of BOS treatment (Regimen 2; 4mg/Kg every 24 hours for 7 days) on
MDZ PK. MDZ dose 5 mg/Kg; Control group: n=3, BOS treated group: n=3; Data are

presented as mean = SD

Table 5.1 Compartmental analysis of MDZ PK

Parameter | Units Treatment regimen 1
Control group BOS treated group

CL mL/min 7.88 £ 0.64 7+0.54

Vss mL 2726 + 820 928 +241*

tie min 513 £ 164 299 + 67

Treatment regimen 2

Control group BOS treated group

CL mL/min 7.8+0.27 9.45 £ 0.52*

Vss mL 1230 + 128 1834 + 321

tie min 323+£28 316 + 58

Values reported as estimate + SE.
t-test was conducted for statistical analysis
* Significantly different from the respective control group (p < 0.05),
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With treatment regimen 1 for BOS, no difference was observed in the clearance of MDZ.
However, BOS treatment significantly decreased the volume of distribution of MDZ in
this group. The half-life (t12) of MDZ was 1.85 fold lower in the BOS treated group,

presumably due to the decrease in Vs,

With treatment regimen 2, the mean systemic clearance of MDZ in the BOS treated
group was 1.2 fold higher than the respective control group. The mean Vs in the BOS
treated group was slightly higher than the control group, but the difference was not
significant. There was no change in the t1. of MDZ with BOS treatment with regimen 2.
Within the control groups, the CL was similar with either treatment regimen, the Vs was
significantly lower with regimen 1 and the t1» was not significantly different. The

decrease in Vs could be due to experimental variability.

5.5 Discussion

As discussed in previous chapters, unbound target site concentration is responsible for the
pharmacological effect mediated by that target. For induction as the pharmacological
effect, the relevant concentration is, therefore, the unbound intracellular concentration.
Intracellular concentrations can be influenced by interplay between metabolizing
enzymes and uptake transporters. Therefore, use of unbound plasma concentrations may
significantly under predict the extent of induction, especially for a compound like BOS
which is highly bound to plasma proteins and is a substrate for uptake transporters. In

vitro and in vivo induction studies were performed in order to use the unbound
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intracellular BOS concentrations to predict the extent of in vivo induction of cyp3al in

rats.

The concentration dependent linear increase followed by plateauing of the response was
not observed in the in vitro experiments. There could be multiple plausible explanations
for this result. There were visible patches in the culture wells where matrigel was not
present in regimen A. The matrigel is crucial for maintenance of the 3-D cuboidal
structure and proper distribution of cytoskeletal proteins of the hepatocytes (Rubin et al.,
1981, Lindblad et al., 1991). This further controls the formation and maintenance of bile
ducts (LeCluyse et al., 1994; Liu et al., 1998). The biliary route is an important
disposition pathway for BOS and its metabolites (Weber et al., 1999a). It is possible that
the transporter-enzyme interplay may have been disrupted in this experiment. The data
obtained should, therefore, be interpreted with caution. Frequent change of the culture
medium in regimen A (every 12 hours, for 2 days) and the associated shock from
aspiration and dispensing of the culture medium can create weak spots in the matrigel
layer. This can result in faster than normal matrigel dissolution in the medium.

Apart from affecting the matrigel layer, frequent incubation with fresh BOS solution
could also result in saturation of clearance pathways of BOS, thereby causing
intracellular accumulation. BOS is metabolized by cyp3al, the same enzyme responsible
for the formation of 4-hydroxy MDZ. MDZ is a better substrate for cyp3al and is used at
a very high concentration of 300 uM. However, BOS is an uptake transporter substrate
and could have intracellular concentration several fold higher than the incubation
concentration. Therefore, BOS can compete for metabolism with MDZ, especially at
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higher concentration. The decrease in the amounts of this metabolite at higher BOS

concentrations could, therefore, be explained by saturation of cyp3al by BOS.

In order to resolve the possible issues arising from frequent dosing in regimen A, regimen
B was designed to decrease the dosing frequency. Interestingly, regimen A demonstrated
higher amount of 4-hydroxy MDZ formation as compared to regimen B, possibly due to
higher extent of induction resulting from more frequent dosing. BOS is known to induce
hepatotoxicity through inhibition of BSEP as discussed earlier in chapter 3 (section 3.1).
Dose dependent BOS toxicity in hepatocytes could also explain the bell shaped
appearance of the concentration-response curve. The different profiles obtained from two

different regimens could also be due to inter-experiment variability.

In the in vivo studies, failure of regimen 1 to demonstrate difference in systemic
clearance of MDZ could be attributed to competitive inhibition due to frequent BOS
dosing. Intracellular accumulation of BOS at concentrations high enough to compete with
cyp3al mediated MDZ metabolism could mask the induction effect. Therefore, in
regimen 2, less frequent administration at a lower dose for a longer duration was tested.
This resulted in a very small but significant increase in clearance of MDZ, indicating that
BOS is a very weak inducer in rats. BOS has been assigned as a moderate inducer by the
FDA
(https://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/Drug
InteractionsLabeling/ucm093664.htm#tablel-3). Species differences in enzyme induction
are well known (Jones et al., 2000; Moore and Kliewer, 2000). Major differences have

been observed in the degree of responses in induction across different species. While RIF
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is a very potent PXR activator in rabbits and humans, it has minimal effect in mice and
rats (Jones et al., 2000; Vignati et al., 2004). These literature reports along with the
results presented here further highlight the limitations of preclinical models in predicting
human clearance and effect of induction on the drug metabolizing enzyme activity. Since
the kinetic parameters for induction could not be obtained from in vitro experiments, it
was not possible to predict the effect of in vivo cyp3al induction on MDZ exposure.
Similar induction studies could be conducted in vitro with inhibition of uptake transport
in order to check if uptake transport has a role to play in BOS induction. Induction
studies could be performed with inhibition of active uptake with concomitant incubation
with a potent uptake inhibitor like rosuvastatin. Rosuvastatin is a better choice over RIF
for uptake inhibition since it is minimally metabolized. Alternatively, hepatocytes

isolated from uptake transporter knockout rats could be used.

5.6 Conclusion

BOS was a weak cyp3al inducer in vivo in rats. A linear, BOS-concentration-dependent
increase in the activity of cyp3al was observed initially in the in vitro induction
experiments. However, the activity decreased at higher BOS concentrations possibly due
to saturation of metabolism, or toxicity. IVIVC for induction could not be conducted due
to inability to generate Kinetic parameters for induction in vitro. The choice of dosing
regimen for BOS was important to avoid confounding effects of competitive inhibition on

induction, for both in vitro and in vivo studies.
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CHAPTER 6: IN VIVO PHARMACOKINETIC STUDIES TO ASSESS
THE EFFECT OF METABOLISM AND TRANSPORT ON SYSTEMIC AND

INTRACELLULAR DISPOSITION OF ATV AND BOS

6.1 Introduction

The well stirred model has been described for estimation of hepatic clearance as follows

(Pang and Rowland, 1977).

Q fu CLint!
CLy =—"— i, 6.1
H Q+ fuClint! ( )

In equation 6.1, CL4 is the hepatic clearance, Q is the hepatic blood flow, f, is the
fraction unbound in the blood and CLixt’ is the intrinsic clearance of the unbound drug. In
this model, the CLint’ can be obtained from in vitro metabolism studies using human liver
microsomes (HLM). Prediction of in vivo hepatic clearance of compounds has been
routinely performed in the past from in vitro metabolic clearance measured in HLM.
While in vivo hepatic clearance could be well predicted from in vitro estimates obtained
from HLM for most compounds, large discrepancies were observed in predicted versus
observed clearance for others (lwatsubo et al., 1997; Chiba et al., 2009). A possible
explanation for this discrepancy could be the lack of incorporation of transporters in
predictive models. Transporters are important determinants of the kinetics of drug
disposition. The various processes involved in the disposition of a drug are passive
diffusion into the cell, active uptake into the cell, metabolism in the cell, passive
diffusion out of the cell, active efflux back into the blood or active efflux into the apical

chamber. The overall intrinsic clearance is, therefore, a combination of all these
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processes, and not just metabolism. The overall intrinsic clearance (CLint.an)is given by

the following equation (Miyauchi et al., 1987)

PSpitet+CL
CLintau = PSyupX bileTZimel (6.2)
’ PSpack +PSpitetCLmet

Where,

PSyp is the sum of active and passive uptake clearances,
PShile is the active efflux clearance in the bile,

CLmet is the metabolic clearance,

PShack is the sum of active and passive efflux back into the blood

Inhibition of each individual pathway can have a differential impact on the disposition of
a drug. The magnitude of impact will depend on the contribution of that pathway to the
overall intrinsic clearance of the drug of interest. For example, in an in vivo clinical
microdosing study, ATV plasma exposure was significantly increased by active uptake
inhibition by RIF, but not by the CYP3A4 inhibitor itraconazole (Maeda et al., 2011). In
the same study, itraconazole significantly increased the plasma AUC of MDZ, while RIF
had no effect on MDZ plasma AUC. While RIF increased the plasma AUC of
pravastatin, itraconazole had no effect on pravastatin plasma exposure. This is because
the contributions of different pathways in equation 6.2 to the disposition of these drugs
are different. MDZ is not a substrate for transporters and is only metabolized. Hence,
uptake transport inhibition has no effect, while metabolism inhibition has significant

effect on MDZ exposure. ATV and pravastatin on the other hand are substrates for uptake
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transporters OATP1B1 and 1B3. Therefore, RIF significantly influences exposure to
these drugs. The inability of itraconazole to affect ATV plasma exposure is because
uptake is the rate determining step in the elimination of ATV (Watanabe et al., 2009g;
Maeda et al., 2011). Similar results were obtained for ATV in mice where RIF
demonstrated elevated plasma exposure, while KETO had no significant effect on ATV
plasma exposure (Chang et al., 2014). Interestingly, RIF had no significant effect on
ATV liver concentrations while KETO demonstrated a significant increase in liver
concentrations. This indicates that for drugs like ATV, plasma concentrations may not be
reflective of tissue concentrations. Hence, changes in plasma exposure due to DDIs

should be translated into changes in tissue exposure with caution.

Clinical (Lau et al., 2007; Maeda et al., 2011) and preclinical (Lau et al., 2006b; Chang et
al., 2014) DDIs for ATV with uptake transporter inhibitors have been reported in the
literature. Similarly, inhibition of uptake transport has been determined to be the major
pathway involved in several reported interactions with BOS in vivo (Treiber et al., 2004)
and in vitro (Treiber et al., 2007). Similar observations were made for ATV and BOS
disposition during the liver perfusion studies conducted for this project. These results are

described in detail in chapters 3 and 4.

Use of semi-physiological mathematical models to study the effect of enzyme
inactivation by perpetrators on PK of victim drugs has been reported (Quinney et al.,
2009; Zhang et al., 2010). In these models, the central compartment is connected to
peripheral compartments by distribution rate constants like a normal mammillary model.

The central compartment is also connected to physiological organ compartments (gut or
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liver) by organ blood flows. The mechanistic interaction between the perpetrator and the
victim within the organs is then modeled using in vitro data to predict the in vivo effect.
A semi-physiological modeling approach like this is usually an over-simplification of the
actual physiological scenario However, the simpler model structure offers advantage i.e.
fewer parameters to estimate, as compared to a full physiologically based

pharmacokinetic model.

The goals of this chapter were

1) To perform in vivo experiments in rats to study the effect of metabolism and
transport on the PK of ATV and BOS

2) To use PK data and the semi-physiological model to predict unbound intracellular
ATV and BOS concentrations.

3) To study the effect of inhibition of uptake transport, on the predicted unbound
intracellular concentrations of ATV and BOS.

Inhibition of uptake transport has been tested with administration of 20 mg/Kg RIF 5
minutes before ATV or BOS administration. Inhibition of cyp3al mediated ATV
metabolism in mice has been tested with KETO. KETO administered at a dose of 35
mg/Kg, 30 min before ATV administration was shown to effectively inhibit ATV
metabolism in mice. Therefore, in the current study, 20 mg/Kg RIF was dosed 5 min
before, and 35 mg/Kg KETO was dosed 30 min before administration of ATV or BOS.
The recommended treatment regimen for inhibition of cyp mediated metabolism by ABT
in rats is 100 mg/Kg, 2 hours before administration of the substrate (Balani et al., 2002).

However, another literature report suggested that inhibition of cyp mediated metabolism
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in rats was not complete at this dose (Parrish et al., 2016). In fact, increased extent of
inhibition was observed at doses of 200 mg/Kg and 300 mg/Kg. However, 300 mg/Kg
was not well tolerated in rats. Parrish et al also observed that maximum inactivation had
been achieved at 2 hours and that subsequent increase in inactivation time up to 26 hours
did not achieve any additional inhibition. Therefore, in the current studies, 200 mg/Kg

ABT was dosed 2 hours prior to ATV or BOS administration.

6.2 Materials

ATV calcium trihydrate was obtained from Tokyo Chemical Industry America, OR.

BOS was obtained from Toronto Research Chemicals, Ontario, Canada. RIF for injection
USP was obtained from Sanofi-Aventis, NJ. ABT was obtained from Sigma Aldrich,
MO. KETO was obtained from Fisher Scientific, NH. Single jugular cannulated male

Sprague Dawley rats were obtained from Charles River, PA.

6.3 Methods

6.3.1 Animals

Male Sprague Dawley rats were maintained in accordance with guidelines of the
American Association for the Accreditation of Laboratory Animal Care-accredited
University Laboratory Animal Resources of Temple University. Animals were provided
with a normal rodent diet. Food and water was available to the animals as required. The
animals were housed in a standard 12-hour dark/light cycle. Animal studies were

approved by the Institutional Animal Care and Use Committee at Temple University.
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In vivo PK studies were conducted in male Sprague Dawley rats for ATV and BOS. In
order to investigate the effect of uptake transporters on ATV and BOS PK, studies were
conducted in presence and absence of the uptake inhibitor RIF. To study the effect of
inhibition of CYP mediated metabolism, PK experiments were conducted with
administration of the non-specific suicide CYP inhibitor ABT (for ATV and BOS) and
with the reversible CYP inhibitor KETO (for ATV). Experiments were also conducted to
test the effect of inhibition of both metabolism and transport by co-administration of RIF
and ABT (for ATV and BOS) or KETO and ABT (for ATV) along with the drugs of
interest, ATV or BOS. Single jugular vein cannulated rats were used. Animals were

dosed and samples were withdrawn from the same cannula.

6.3.2 PK studies with ATV

Animals were dosed intravenously with ATV (2mg/Kg) as a 1mg/mL solution in 10%
DMSO and 90% saline (n=3). For uptake inhibition studies, RIF (20 mg/Kg) was
administered as a 10mg/mL solution in 10% DMSO and 90% saline (n=4). RIF was
administered 5 min before administration of ATV. ABT (200mg/Kg) was administered as
a 50 mg/mL solution in 2% DMSO, 2% ethanol and 96% saline. ABT was administered
orally, 2 hours before administration of ATV (n=12). ATV + ABT PK experiment was
performed four times with an n=3 each time, on account of inability to reproduce
experimental data. For studies with ABT + RIF, 20 mg/Kg was administered
intravenously 5 min before ATV administration to ABT dosed rats (n=3). Metabolism
inhibition was also tested with oral administration of KETO (35 mg/Kg), 30 minutes

before ATV administration, with or without 20 mg/Kg RIF. In summary, the 6
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experimental groups for ATV PK studies were — ATV alone, ATV + RIF, ATV+ ABT (4
subgroups), ATV + ABT + RIF, ATV + KETO and ATV + KETO + RIF. Blood samples
(200 pL) were collected at 2, 5, 10, 20, 30, 45, 60, 75, 90, 120, 180, 240, 360, 480 and
600 min. Blood was replaced with equal volume of saline. Blood was collected in
heparinized tubes and centrifuged at 10000 rpm for 5 min. Supernatant plasma was
collected and analyzed by LC-MS/MS with the protocol described in chapter 2.
Compartmental analysis of the PK data was carried out using SAAM 11 (Version 2.3).
Statistical analysis was performed on the data using one-way Analysis of Variance with

Tukey’s posthoc test. A p value < 0.05 was considered to be statistically significant.

6.3.3 PK studies with BOS

Animals were dosed intravenously with BOS (2mg/Kg) as a 1mg/mL solution in 10%
DMSO, 15% NMP and 75% saline (n=3). For uptake inhibition studies, RIF (20 mg/Kg)
was administered as a 10mg/mL solution in 10% DMSO and 90% saline (n=3). RIF was
administered 5 min before administration of BOS. ABT (200mg/Kg) was administered as
a 50 mg/mL solution in 2% DMSO, 2% ethanol and 96% saline. ABT was administered
orally, 2 hours before administration of BOS (n=3). For studies with ABT + RIF, 20
mg/Kg RIF was administered intravenously 5 min before BOS administration to ABT
dosed rats (n=3). In summary, the four experimental groups for BOS PK were — BOS
alone, BOS + RIF, BOS + ABT and BOS + ABT + RIF. Blood samples (100 uL) were
collected at 2, 5, 10, 20, 30, 45, 60, 75, 90, 120, 180, 240, 360, 480 and 600 min. Blood
was replaced with equal volume of saline. Blood was collected in heparinized tubes and

centrifuged at 10000 rpm for 5 min. Supernatant plasma was collected and analyzed by
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LC-MS/MS with the protocol described in chapter 2. Compartmental analysis of the PK
data was carried out using SAAM 11 (Version 2.3). Statistical analysis was performed on
the data using one-way Analysis of Variance with Tukey’s posthoc test. A p value < 0.05

was considered to be statistically significant.

The data obtained from PK studies conducted for ATV and BOS were analyzed by 2-
compartment (Fig 6.1) and 3-compartment (Fig 6.2) mammillary models. The drug was

dosed to and sampled from the central compartment.

Peripheral L}
(P2) .‘L—’r
12

Figure 6.1 2-compartment mammillary model
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eriphera > <
{le ‘(k]—'? —_—
12 k13

Figure 6.2 3-compartment mammillary model

6.3.4 Prediction of ATV unbound intracellular concentration

In order to predict the intracellular unbound ATV concentration upon intravenous dosing,
a semi-physiological or hybrid modeling approach was tested. The 5-C explicit

membrane model (described in chapter 4, section 4.1) was linked to the central
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compartment of the 3-C mammillary model by the liver blood flow as described in Fig

6.3.
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Figure 6.3 A 3-C hybrid model including a 5-C model with explicit membrane

compartments for rat liver. C, P1, P2: amounts of drug in central, peripheral 2 and

peripheral 3 compartments, respectively; Va, Vg, Vc, Vawv, Veum: Volumes of apical,

basolateral, cellular, apical membrane and basolateral membrane compartments,

respectively; Ca, Cg, Cc, Cam, Cam: concentration in apical, basolateral, cellular, apical

membrane, and basolateral membrane compartments, respectively; CLi, CL,: diffusional

clearance into and out of the membrane respectively; CLyy, active basolateral uptake

clearance into the cell; CLaem, apical efflux clearance from apical membrane into the

apical compartment; Qiiver, liver blood flow; Quile, biliary flow rate

The interaction between various compartments of the semi-physiological model can be

described by the following equations:

dC/dt = —K1,C + K1 P, + K31P3 — Ki3C — QC/Veentrat B/P + QC,B/P (6.1)
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sz/dt = K12C - K21P2 (62)

dPg/dt = K13C - K31P3 (63)

dCg/dt = (QC/Veentrat B/P + CL,Cpy — fup CL;Cg — A fup CLp,Cp —

QCgB/P)/ Vg (6.4)
dCap/dt = (CL; Co + CL;Cg — 2CLyCant)/Vnr (6.5)
dC/dt = (A CLyyCs + CLyCpay + CLyCapy — 2CL;Cp — CL,Ce)/Ve (6.6)
dCyp/dt = (CL; Cc — 2CL,Cypg — CLgem Capg + CL; Co) [ Vay (6.7)
d Cy/dt = (—CQpite Ca + CLaemCam+ + CLoCarr — a CL; C4)/V,y (6.8)

CLo was defined by equation 6.9
CL;/CL, = Vo(1 = fu,,)/Vy fup, (6.9)

The clearance parameters involved in the intracellular disposition of ATV were fixed as
obtained from modeling the data from the liver perfusion experiments in chapter 4
(section 4.3.2), and are listed in Table 6.1, along with values used for various volume

terms.
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Table 6.1 Parameter initial estimates for ATV

Parameter Symbol Units (per liver) | Value
Volume of bile (apical compartment) Va mL 0.05
(Masyuk et al., 2001)
Volume of intrahepatic vasculature (basolateral |Vg mL 1.108%
compartment) 1.08°
(Blouin et al., 1977)
Volume of hepatocytes Ve mL 5.76%
(Sohlenius-Sternbeck, 2006) 5.63
Volume of apical membrane Vam mL 0.05 x 5.76°
0.05 x 5.63"
Volume of basolateral membrane Vem mL 0.05 x 5.76°
0.05 x 5.63"
Diffusional clearance into the membrane® CL; mL/min 154.8%
151.3
Active uptake clearance Cluy mL/min 244807
23920°
Metabolic clearance® CLm mL/min 1.8
1.73°
Apical efflux clearance from the membrane® CLaem mL/min 100.3%
08P
Fraction of viable active uptake clearance A - 12
0.05°
Blood flow Q mL/min 16.56°
(Richardson and Withrington, 1982) 16.56°
Fraction unbound in RLM*® fum 0.84
Fraction unbound in rat plasma® fup 0.08
Blood to plasma ratio (Lau et al., 2006b) B/P - 1.47
Fraction of CL; from bile to apical membrane a 0.03
(Back diffusion)

3ATV group, PATV + RIF group, “Experimental values, Fixed from liver perfusion
modeling

For the ATV only group, all the parameters described in table 6.1 were fixed and the
distribution rate constants (ki2, k21, k13, ka1) and volume of the central compartment were
parameterized. For the ATV + RIF treated group, the viable fraction of the intrinsic active
uptake clearance (A) in the liver was additionally parameterized. This exercise was

performed to address the possibility that since ATV is a potent uptake transporter
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substrate, the concentration of RIF (20mg/mL) used in this study may not be able to
completely inhibit the active uptake of ATV. Upon satisfactory explanation of the
intravenous PK data by the model, the cell concentration-time profile was simulated
using the parameterized numbers. Sensitivity analysis was conducted by varying the CLpy
from 0.1% to 100%. The effect of CLy, on plasma and simulated cell concentrations was

studied. Wolfram Mathematica (Version 10.0) was used for semi-physiological modeling.

6.3.5 Prediction of BOS unbound intracellular concentration

A semi-physiological modeling approach similar to the one described for ATV was tested
for BOS in order to predict the intracellular unbound BOS concentration upon
intravenous dosing. The 5-C explicit membrane model (described in chapter 4, section
4.1) was linked to the central compartment of the 2-C model by the liver blood flow as

described in Fig 6.4.
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Figure 6.4 A 2-C hybrid model including a 5-C model with explicit membrane
compartments for rat liver. C, P: amounts of drug in central and peripheral compartments,
respectively; Va, Vg, Vc, Vawm, Vem: Volumes of apical, basolateral, cellular, apical
membrane and basolateral membrane compartments, respectively; Ca, Cg, Cc, Cawm, Cem:
concentration in apical, basolateral, cellular, apical membrane, and basolateral membrane
compartments, respectively; CLi, CLo: diffusional clearance into and out of the
membrane respectively; CLyy, active basolateral uptake clearance into the cell; CLaem,
apical efflux clearance from apical membrane into the apical compartment; CL aec, apical
efflux clearance from cell into the apical compartment; Qiiver, liver blood flow; Qpite,

biliary flow rate

The interaction between various compartments of the semi-physiological model can be

described by the following equations:

dC/dt = —=K1,C + K1 P, + K31P3 — Ki3C — QC/VeeneraB/P + QCyB/P  (6.10)

dpz/dt = K12C - K21P2 (6.11)
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dCB/dt = (QC/VcentralB/P + CLOCBM - fup CLiCB - A fup CLbuCB -

QCgB/P)/ Vp (6.12)

dCC/dt == (A CLbuCB + CLOCBM + CLOCAM - ZCLLCC - CLmCC - CLQECCC)/VC (614)

dCAM/dt = (CLL CC - ZCLOCAM - CLaem CAM + CLl CA)/VAM (615)

d Cy/dt = (—Qpite Ca + CLgemCam+ + CLgecCc + CLoCypy — a CL; Cy)/Vy (6.16)

CL, in the above equations has been previously defined by equation 6.9.

The clearance parameters involved in the intracellular disposition of BOS were fixed as
obtained from modeling the data from the liver perfusion experiments in chapter 4
(section 4.3.3), and are listed in Table 6.2, along with values used for various volume
terms. A scaling factor of 1 to 2.25 was tested for the transporter mediated clearances (i.e.

CLubu, CLm, CLaec and CLaem) obtained from the liver perfusion data.
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Table 6.2 Parameter initial estimates for BOS

Parameter Symbol Units (per liver) |Value
Volume of bile (apical compartment) Va mL 0.05
(Masyuk et al., 2001)
Volume of intrahepatic vasculature Ve mL 1.154%
(basolateral compartment) (Blouin et al., 1.127°
1977)
Volume of hepatocytes (Sohlenius-Sternbeck, |Vc mL 6.674
2006)
Volume of apical membrane Vam mL 6.674 x 0.05°
5.63 x 0.05"
Volume of basolateral membrane Vem mL 6.674 x 0.05°
5.63 x 0.05"
Diffusional clearance into the membrane® CLi Liter /min 12.54,
10.58°
Active uptake clearance Cluy Liter /min 15%
13.11°
Metabolic clearance® CLm mL/min 41.6°
35.1°
Apical efflux clearance from the cell® Clec Liter /min 72.3%
12.18°
Apical efflux clearance from the membrane®  |CLazem mL/min 65.4%
Ob
Scaling factor for transporter mediated 1t02.25
clearances (CLpy, CLm, CLaec and CLaem)
Fraction of viable active uptake clearance A - 1?
0.1°
Blood flow (Richardson and Withrington, Q mL/min 17.48%
1982) 17.07°
Fraction unbound in RLM*® fum 0.5943
Fraction unbound in rat plasma® fup 0.01086
Blood to plasma ratio (Gehin et al., 2016) B/P - 0.6
Fraction of CLi from bile to apical membrane |a 0.2
(Back diffusion)

aBOS group, "BOS + RIF group, “Experimental values, 9Fixed from liver perfusion

modeling
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For the BOS only group, all the parameters described in table 6.2, except the scaling
factor for transporter mediated clearances, were fixed and the distribution rate constants
(K12, k21) and volume of the central compartment were parameterized. The scaling factor
for CLbu, CLm, CLaec and CLaem Was varied from 1 to 2.25. For the BOS + RIF treated
group, the viable fraction of the intrinsic active uptake clearance (A) in the liver was
additionally parameterized. For BOS + RIF group, it was assumed that RIF causes
inhibition of apical efflux clearances of BOS to similar extent as observed in the liver
perfusion experiments. For the BOS + RIF group, modeling was also performed with
fully viable apical efflux clearances i.e. without assuming inhibition of apical efflux by
RIF. This exercise was performed to address the possibility that intracellular RIF
concentrations upon single dose intravenous administration of RIF may not be high
enough to inhibit apical efflux of BOS, as opposed to single pass continuous liver
perfusion with RIF. Upon satisfactory explanation of the intravenous PK data by the
model, the cell concentration-time profile was simulated using the parameterized
numbers. Sensitivity analysis was conducted by varying the CLy, from 0.1% to 100%.
The effect of CLyy 0n plasma and simulated cell concentrations was studied. Wolfram

Mathematica (Version 10.0) was used for semi-physiological modeling.

Due to the complications involved in PK data with the use of ABT, the ABT treated

datasets for both ATV and BOS were not used for modeling.
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6.4 Results

6.4.1 PK studies with ATV

ATV demonstrated multi-compartment disposition behavior from observation of the PK
profile. Compartmental models described in Fig 6.1 (2-C) and Fig 6.2 (3-C) were tested
for ATV. The model fitted PK profiles for ATV alone along with the residual analysis

plots are shown in Fig 6.5 and 6.6 for a 2-C and 3-C model, respectively.

The 2-C model was unsuccessful in describing the disposition of the first compartment
resulting in under prediction of the concentration at 0 minute. The 3-C model predicted
the concentration at 0 minute well, and could also describe the behavior of the first
compartment. The AIC for the 3-C model (4.04) was lesser than that for 2-C model
(4.51). However, the difference in the AICs was not conclusive. Therefore, residual
analysis was performed to confirm random distribution of residuals. It was observed that
with the 2-C model, there was a pattern in the distribution of residuals, while with the 3-C
model, the residual distribution was random. Therefore, the 3-C model was confirmed as
the final model to describe the PK of ATV. Fig 6.7 shows the effect of inhibition of
active uptake by RIF on ATV PK. Fig 6.7 describes the effect of inhibition of metabolism
by ABT and KETO on PK of ATV. Fig 6.8 shows the effect of concomitant inhibition of
metabolism and transport by ABT + RIF and KETO + RIF on ATV PK. Table 6.4

summarizes the results from compartmental analysis of ATV in all groups.
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Figure 6.5 2-C model analysis of ATV PK data. (A) ATV PK profile predicted by 2-C
model (green line) overlaid on experimental PK data (Open squares) (B) Residual

analysis for 2-C model, inset shows residual analysis from 0 — 100 min.
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Figure 6.6 3-C model analysis of ATV PK data. (A) ATV PK profile predicted by 3-C
model (green line) overlaid on experimental PK data (Open squares) (B) Residual

analysis for 3-C model, inset shows residual analysis from 0 — 100 min.
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Figure 6.7 Effect of inhibition of uptake transport by RIF on ATV PK. ATV: n=3, ATV +
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Figure 6.8 Effect of inhibition of ATV metabolism by ABT and KETO on ATV PK
ATV:n=3, ATV + ABT Experiment 1: n=3, ATV + ABT Experiment 2: n=3, ATV +
ABT Experiment 3: n=3, ATV + ABT Experiment 4: n=3; ATV + KETO: n=3; Data are

presented as mean = SD (Individual PK profiles for all groups are shown in appendix B)
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Table 6.3 Compartmental analysis of ATV PK

Group CL (mL/min) Vss (ML) t12 (Min)
ATV 11.8 +0.75 1574 + 440 219 £ 58
ATV + RIF 7.5 0.29*** 905 + 103 235+ 29
ATV + ABT Experiment 1 35+ 1.8*** 987 £ 99 56 + 2.6*
ATV + ABT Experiment 2 18 £ 0.9*%** 2670 + 520* 291 + 4.63
ATV + ABT Experiment 3 7.3 £0.4** 3168 £ 539*** | 436 £ 70**
ATV + ABT Experiment 4 14.6 £ 0.9* 1822 + 262 225175
ATV + ABT + RIF 7.3 £0.2%** 926 £ 51 136 £ 8.7
ATV + KETO 10.7 £ 0.58 689 + 125 201 £ 22
ATV + KETO + RIF 4.6 £ 0.44%** 1295 + 492 378 £ 122*

*Groups significantly different from the ATV group are marked; Data are presented as

estimate + SD for a 3-C model. Statistical analysis was performed with one-way analysis

of variance followed by posthoc Tukey’s test; *p < 0.05, **p < 0.01, ***p < 0.001
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The B/P ratio of ATV is 1.47 (Lau et al., 2006b), indicating that the drug partitions into
red blood cells. The mean CL of ATV corrected using the B/P ratio of 1.47 was 11.8 +
0.75 mL/min (Table 6.3). RIF treatment significantly decreased the CL of ATV by 1.57
fold due to uptake inhibition. The mean Vss of the RIF treated groups was lower than the
ATV only group, but the difference was not statistically significant. The ty» of ATV was
unaffected with RIF treatment. Inhibition of cyp mediated metabolism with ABT had a
variable impact on ATV PK. It was observed that the PK data obtained for ATV in
presence of ABT could not be reproduced during the 4 times this experiment was
repeated. The systemic clearance in the ABT treated group was significantly higher for
experiment numbers 1, 2 and 4, and significantly lower for experiment number 3. A
significant difference in the Vs was observed between ATV only and experiments 2 and
3 for the ABT treated groups. No other groups showed significant difference in Vss when
compared to the ATV only group. There was a significant decrease in ti. for ATV + ABT
experiment 1 group, and a significant increase in ti, for ATV + ABT experiment 3 group,
as compared to the ATV only group. The decrease in ti2 for the ATV + ABT experiment
1 group could be attributed to a significant increase in clearance and an unchanged Vss.
However, in ATV + ABT experiment 3 group, decrease in t1> was influenced by both
decrease in clearance and increase in Vs. Thus, ABT treatment did not result in
consistent impact on ATV PK. Inhibition of metabolism by KETO had no effect on the
systemic clearance of the drug as compared to the ATV only group. Concomitant
inhibition of metabolism and transport by ABT + RIF decreased the systemic clearance

of ATV to 7.3 £ 0.2 mL/min (comparable to that observed in the RIF treated group).
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Concomitant inhibition of metabolism and transport by KETO + RIF demonstrated a
systemic clearance lower than the ABT + RIF group. Inthe ATV + KETO + RIF group,
decreased clearance and increased Vs resulted in increased ti. The data from
metabolism inhibition experiments with ABT and KETO were not interpretable.
Therefore, only ATV and ATV + RIF datasets were used for modeling with the semi-

physiological model described earlier.

6.4.2 Prediction of ATV unbound intracellular concentration

The model fitted concentration-time profiles generated by using ATV plasma PK data as
an input for the 3-C hybrid model depicted in fig 6.3, are shown in fig 6.10 and 6.11. The
fig 6.10 shows ATV PK and unbound cell concentrations in absence of RIF and fig 6.11
shows ATV PK and unbound cell concentrations in the presence of RIF. The parameter

estimates obtained in the modeling exercise are summarized in table 6.4.

Table 6.4 Parameter estimates obtained by analysis of ATV data with the 3-C hybrid

model

Parameter Group

ATV only ATV + RIF
Ki2 (min™) 0.08 + 0.04 0.13 +0.03
ka1 (min™) 0.096 + 0.027 0.07 + 0.009
Kiz (min™) 0.041 + 0.008 0.025 £ 0.004
ka1 (min™) 0.0026 + 0.0006 0.0036 + 0.00045
Veentral (L) 0.145 £ 0.03 0.089 + 0.017
A - 0.069 + 0.0085

Data are listed as parameter estimate + SE.
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Figure 6.10 Fitted ATV concentration-time profiles for ATV only group using the 3-C
hybrid model. Solid circles are mean experimental data for plasma concentrations, black
solid line represents model fitted plasma profile, and the red solid line represents model

predicted unbound intracellular concentration-time profile.
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Figure 6.11 Fitted ATV concentration-time profiles for ATV + RIF group using the 3-C
hybrid model. Solid circles are mean experimental data for plasma concentrations, black
solid line represents model fitted plasma profile, and the red solid line represents model

predicted unbound intracellular concentration-time profile.
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The model predicted the ATV plasma PK data very well, both for the ATV only and
ATV + RIF groups. The R? for fitting was 0.97 and 0.99 in absence and presence of RIF,
respectively. The predicted unbound cell concentration of ATV demonstrated a sharp
increase followed by gradual decrease in both groups. The maximum peak unbound ATV
concentration in the cell was ~ 1 uM in both groups. The total ATV plasma concentration
was higher than the unbound cell concentration at all times. However, the unbound cell
concentration of ATV was consistently higher than the unbound plasma concentration
after Cmax for the unbound cell concentrations (fup = 0.08). The parameter estimates for
distribution rate constants, volume of central compartment and fraction of viable intrinsic
uptake clearance are summarized in table 6.4. The volume of the central compartment for
ATV decreased from 0.145 L to 0.089 L upon treatment with RIF. The modeling exercise
with ATV + RIF group resulted in an estimate of 0.069 for “A”, the fraction of viable

intrinsic clearance.

The results for sensitivity analysis with CLp, are summarized in fig 6.12.
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Figure 6.12 Sensitivity analysis with CLyu for ATV. Simulated (A) plasma and (B)
unbound cell concentration-time profiles for CLy, = 100% (red), 50% (green), 10%

(blue), 1% (pink) and 0.1% (brown) of the actual value of 24.4 L/min
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Decrease in CLyy increased the plasma concentrations and decreased the unbound cell
concentrations of ATV. Decreasing the CLy, from 100% (24.4 L/min) to 50% (12.2
L/min) resulted in a marginal increase in plasma concentrations and a corresponding
small decrease in unbound cell concentrations. Decreasing the CLpy from 50% to 10%
resulted in a larger increase in plasma concentrations as compared to the increase
obtained upon reducing the CLy, from 100% to 50%. Similar trend in decrease in ATV
unbound cell concentration was observed. Much larger effects on plasma and cell
concentrations were observed when CLyy was decreased from 10% to 1 and 0.1%. More
than 100-fold increase in plasma exposure and a 5-fold lower unbound cell Cmax was
observed when CLyy was decreased from 100% to 0.1%. However, the cell exposure
remained unchanged irrespective of the CLyy value. The AUCcen from 0 to 100 hours was

approximately equal to 27.22 pM.min from CLp, = 0.1% to 100%.

6.4.3 PK studies with BOS
BOS demonstrated multi-compartment disposition behavior from observation of the PK
profile. Compartmental models described in Fig 6.1 (2-C) and Fig 6.2 (3-C) were tested

for BOS. The model fitted PK profiles for BOS alone along with the residual analysis

plots are shown in Fig 6.13 and 6.14 for a 2-C and 3-C model, respectively.
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Figure 6.13 2-C model analysis of BOS PK data. (A) BOS PK profile predicted by 2-C
model (green line) overlaid on experimental PK data (Open squares) (B) Residual

analysis for 2-C model, inset shows residual analysis from 0 — 100 min.
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Figure 6.14 3-C model analysis of BOS PK data. (A) BOS PK profile predicted by 2-C
model (green line) overlaid on experimental PK data (Open squares) (B) Residual

analysis for 3-C model, inset shows residual analysis from 0 — 100 min.
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Both, the 2-C and 3-C models well predicted the concentration-time profile of BOS. The
AIC for the 3-C model (4.95) was lesser than that for 2-C model (5.68). However, the
difference in the AICs was not conclusive. Residual analysis demonstrated random
residual distribution for both models. The PK parameters predicted by both models were
not significantly different. A 3-C model was required to explain the experimental data for
BOS+ABT group. The t1» obtained from 3-C model was significantly greater than that by
a 2-C model. The compartmental analysis of the BOS + ABT data are presented in detail

in Appendix C.

Fig 6.15 shows the experimental results for BOS PK in absence and presence of RIF

and/or ABT.
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Figure 6.15 Effect of inhibition of uptake transport by RIF and inhibition of metabolism
by ABT on BOS PK. BOS: n=3, BOS +RIF: n=3, BOS + ABT: n=3, BOS + ABT + RIF:

n=3; Data are presented as mean + SD.
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Table 6.5 Compartmental analysis of BOS PK

CL (mL/min) Vss (ML) t12 (min)
BOS 8.1+0.6 801 + 97 1309
BOS + RIF 1.86 £ 0.1*** 177 £ 12.5%** 116 £ 4
BOS + ABT 1.9 £0.16*** 758 £ 80 479 £ 65***

BOS + ABT + RIF | 0.61 + 0.018*** # 199 + 8*** ## | 380+ pHA* *

Groups significantly different than the BOS group (*) and BOS + ABT group (*) are
marked; Data are presented as mean £ SD

Statistical analysis was performed with one-way analysis of variance followed by posthoc
Tukey’s test, *p < 0.05, ***p < 0.001, *p < 0.05, *p < 0.01, **p < 0.001

The metabolites of BOS were not detectable in plasma. A similar observation has been
made by Treiber and co-workers (Treiber et al., 2004). The B/P ratio of BOS is 0.6
(Gehin et al., 2016) indicating that the drug has minimal partitioning into red blood cells.
The mean CL of BOS corrected using the B/P ratio of 0.6 was 8.1 + 0.6 mL/min (Table
6.5). RIF treatment significantly decreased the CL of BOS by 4.3 fold due to uptake
inhibition. The mean Vs of BOS was also decreased significantly by 4.5 fold with RIF
treatment, possibly since the distribution of the drug was now limited due to uptake
inhibition. Since RIF treatment decreased both CL and Vss of BOS, the t1,2 remained
unchanged (130 + 9 min and 116 + 4 min, without and with RIF, respectively). Inhibition
of cyp mediated metabolism with ABT decreased the mean CL of BOS by 4.1 fold from
8.1 £ 0.6 mL/min to 1.9 + 0.16 mL/min, however, the Vss was not affected. Since the CL
decreased and the Vss was unaffected, the ty in this group increased by 3.7 fold from 130
+ 9 min to 479 £ 65 min, as compared to the BOS only group. The systemic CL and Vs

of BOS decreased by 13.3 -fold and 4 -fold, respectively, when both uptake and
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metabolism of BOS were inhibited when compared to the BOS only group. This resulted
in a 3 -fold increase in the t1, of BOS as compared to the BOS only group. Within the
ABT treated groups, a significant decrease was observed in both CL, Vss and ti> of BOS
with RIF treatment possibly due to uptake inhibition. Due to the complicated results

obtained with ATV, metabolism inhibition for BOS was not tested with KETO.

6.4.4 Prediction of BOS intracellular unbound concentration

The model fitted concentration-time profiles generated by using BOS plasma PK data as
an input for the 2-C hybrid model depicted in fig 6.4 are shown in fig 6.16 and 6.17. Of
the scaling factors tested (1 to 2.25), the scaling factor of 1.75 best explained the
experimental data. Also, the best R? was obtained for both BOS and BOS + RIF groups
when this scaling factor of 1.75 was used. The model predicted BOS plasma PK data
accurately, both for the BOS only and BOS + RIF groups. The R? for fitting was 0.975
and 0.98 in absence and presence of RIF, respectively. The predicted unbound cell
concentration of BOS demonstrated a sharp increase followed by gradual decrease in
both groups. The decline in unbound cell concentrations was parallel to the decline in
plasma concentrations. The maximum peak unbound BOS concentration in the cell was ~
0.1 uM in the BOS only group and 0.125 uM in the BOS + RIF group. Similar to ATV,
the total BOS plasma concentration was higher than the unbound cell concentration at all
times. However, the unbound cell concentration of BOS was consistently higher than the
unbound plasma concentration after Cmax for the unbound cell concentrations (fup =
0.01086). The parameter estimates for distribution rate constants, volume of central

compartment and fraction of viable intrinsic uptake clearance are summarized in table
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6.6. The volume of the central compartment for BOS decreased from 0.059 liters to 0.024
liters upon treatment with RIF. The modeling exercise with BOS + RIF group resulted in
an estimate of 0.022 for “A”, the fraction of viable intrinsic clearance. The results for
modeling the BOS + RIF data without assuming inhibition of apical efflux of BOS by
RIF are presented in detail in appendix D. It was observed that when inhibition of apical
efflux of BOS with RIF was not assumed, nonreal estimates for k12 and volume of

central compartment were obtained.

Table 6.6 Parameter estimates obtained by analysis of BOS data with the 2-C hybrid

model
Parameter Group
BOS only BOS + RIF
ki2 (min™) 0.3+0.06 0.44+0.2
ka1 (min™) 0.04 £0.011 0.087 +0.022
Veentral (L) 0.059 +0.02 0.024 +0.012
A - 0.022 +0.011

Data are represented as mean + standard error
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Figure 6.16 Fitted BOS concentration-time profiles for BOS only group using the 2-C
hybrid model. Solid circles are experimental data for plasma concentrations, black solid
line represents model fitted plasma profile, and red solid line represents model predicted

unbound intracellular concentration-time profile.
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Figure 6.17 Fitted BOS concentration-time profiles for BOS + RIF group using the 2-C
hybrid model. Solid circles are experimental data for plasma concentrations, black solid
line represents model fitted plasma profile, and red solid line represents model predicted

unbound intracellular concentration-time profile.
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The results for sensitivity analysis with CLpy are summarized in fig 6.18. Decrease in
CLuy increased the plasma concentrations and decreased the unbound cell concentrations
of BOS. Decreasing the CLpy from 100% (21.95 L/min) to 50% (11 L/min) resulted in
increase in plasma concentrations and corresponding decrease in unbound cell
concentrations. Decreasing the CLy, from 50% to 10% resulted in further increase in
plasma concentrations and decrease in unbound cell concentrations. Decreasing the CLupy
from 10% to 1% resulted in a smaller increase in plasma concentrations as compared to
the increase obtained upon reducing the CLpy from 100% to 50% or 50% to 10%. Similar
trend in decrease in BOS unbound cell concentration was observed. Changing CLy, from
1% to 0.1% neither affected the plasma concentrations, nor the unbound cell
concentrations of BOS. Similar to ATV, the cell exposure remained unchanged
irrespective of the CLyy value. The AUCcen from 0 to 100 hours was approximately equal

to 14.51 pM.min from CLby = 0.1% to 100%.
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Figure 6.18 Sensitivity analysis with CLy for BOS. Simulated (A) plasma and (B)
unbound cell concentration-time profiles for CLy, = 100% (red), 50% (green), 10%

(blue), 1% (pink) and 0.1% (brown) of the actual value of 21.95 L/min
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The impact of inhibition of CLyy on its contribution to the net uptake clearance for both

ATV and BOS is summarized in table 6.7. The net intrinsic uptake clearance, defined as a

sum of the active clearance and passive diffusion, decreased with inhibition of active

uptake. The decrease was consistent from 0% to 99.9% inhibition (or 100% to 0.1%

viable CLyy) for ATV, while the decrease plateaued for BOS at 99% inhibition. For ATV

the fractional contribution of CLy, towards this total intrinsic clearance approximated 1

until 90% inhibition (10% viable CLuy), and decreased drastically with any further

inhibition. For BOS, the fractional contribution of CLyy to net uptake clearance decreased

consistently from 100% viable CLp, to 0.1% viable CLuy.

Table 6.7 Effect of inhibition of active uptake of ATV and BOS on its contribution to the

total clearance

ATV BOS
CLbu*
(L/min) 24.4 21.95
CLi*
(L/min) 0.155 12.54
CLd =
CLi/2_ 0.0775 6.25
(L/min)
% Fractional Net intrinsic % Fractional | Netintrinsic
viable | contribution uptake viable | contribution uptake
CLbuy of CLy, to clearance CLupu of CLy, to clearance
net uptake (L/min) net uptake (L/min)
clearance (viable CLy, + clearance (viable CLyy
CLy) + CLa)
100% 0.997 24.47 100% 0.77 28.2
50% 0.96 12.27 50% 0.63 17.22
10% 0.955 2.51 10% 0.26 8.44
1% 0.76 0.32 1% 0.034 6.47
0.1% 0.239 0.10 0.1% 0.0034 6.27

*from tables 6.1 and 6.2
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6.5 Discussion

Drug transporters can complicate drug disposition, prediction of PK properties, and
safety and efficacy profiles of drugs. Evaluating transporter enzyme interplay is crucial in
understanding the disposition of drugs. Inhibition of drug transporters versus inhibition of
drug metabolism can have different effects on drug PK and intracellular drug disposition.
Semi-physiological or hybrid PK models have been previously used to study DDIs
(Quinney et al., 2009; Zhang et al., 2010). The current chapter summarizes the PK studies
performed to test the effect of active uptake versus metabolism on the PK of ATV and
BOS. Data from PK studies were used as input for the semi-physiological model to
predict the unbound intracellular concentrations and study the effect of inhibition of

active uptake.

Inhibition of active uptake of ATV decreased the clearance because uptake is the rate
limiting step in the disposition of ATV (Watanabe et al., 2009a). Also, since the uptake is
inhibited, the drug distribution in the peripheral compartments is also decreased. Thus it
is expected that the steady state volume of ATV should also decrease. However, the
decrease in the mean Vss upon RIF dosing was not statistically significant since the error
in estimation of Vss was high (Table 6.3). Unchanged t1> of ATV upon inhibition of

uptake with RIF could be explained by decrease in both clearance and Vs of the drug.

Inhibition of ATV metabolism by ABT resulted in highly variable profiles (Fig 6.8). The
clearance and Vs values obtained from these profiles bracketed the clearance value from

ATV only group. Only experiment 3 resulted in a clearance value lower than the ATV
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only group. This phenomenon can have multiple possible explanations. The variability of
experimental data could result from batch to batch variability in the ABT purchased.
ABT is a very potent nonspecific suicidal CYP inhibitor and may affect CYPs involved
not only in the metabolism of drugs, but also the ones involved in the maintenance of
normal physiology. Hence the variable effect of ABT on ATV PK could also be an
indirect effect resulting from interference with one or more normal physiological
functions. Poorly water soluble drugs can result in highly variable PK profiles due to
precipitation. This seems unlikely in case of ABT since it has reasonable water solubility
(25 mg/mL). Moreover, if precipitation of ABT were actually occurring, there would be
less or no inhibition of ATV metabolism instead of decreased exposure. Therefore, the
variable effect of ABT on ATV PK appears to be related to the complex nature of ABT.
Previous studies optimizing ABT treatment regimen in rats recommend pretreatment with
ABT 2 hours before administration of the drug of interest (Balani et al., 2002; Parrish et
al., 2016). These studies were optimized with the cyp3a probe substrate MDZ. It is
possible that the treatment regimen used in the current study for ATV may not be
appropriate. Instead, multiple dosing with ABT to ensure complete inactivation of the
enzymes could be performed in the future. Glucuronidation has also been reported as a
minor route of ATV metabolism (Prueksaritanont et al., 2002; Goosen et al., 2007). In
absence of cyp mediated metabolism, it is possible that an alternative pathway could be
taking over at a higher efficiency resulting in increased clearance. It would be helpful to
quantitate the hydroxy metabolites of ATV in the future to confirm the inhibition of cyp

mediated metabolism.
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The clearance of ATV + KETO group was not significantly different than the ATV only
group (Table 6.3). KETO has been shown to be an inhibitor of cyp3a mediated
testosterone metabolism in rat liver microsomes (Eagling et al., 1998). It was observed
from the liver perfusion data with KETO perfusions that KETO is somehow assisting the
uptake of ATV (Chapter 3, section 3.5.5). A similar phenomenon could be occurring in
the in vivo PK experiments with KETO, resulting in masking the metabolism inhibition
effect of KETO. The treatment regimen for inhibition of metabolism with KETO has
been chosen based on a literature report for similar experiment with ATV in mice (Chang
et al., 2014). Another possibility for unchanged clearance in the KETO group as
compared to the ATV only group is that the chosen dosing regimen for metabolism
inhibition by KETO is not appropriate for rats. The significant decrease in clearance upon
concomitant administration of KETO and RIF or ABT and RIF could have resulted from

inhibition of uptake clearance by RIF.

Using the PK data as an input for the 3-C hybrid model described in fig 6.3 indicated that
the model predicted maximum unbound intracellular ATV concentrations in the presence
and absence of RIF were not different (~ 1 uM). The sensitivity analysis performed for
CLuy indicated that the inhibition of intrinsic active uptake clearance from 100% viable
clearance to 10% viable clearance results in minimal change in both plasma and unbound
cell concentrations for ATV. This explains the similar ATV Cmax obtained for unbound
intracellular ATV concentration in presence and absence of RIF, since the parameter
estimate for the fraction of viable intrinsic active uptake clearance (“A”) was 6.9. This

means that even in presence of RIF, 6.9% active uptake clearance is still viable. The
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reason there is minimal change in plasma and unbound cell concentrations from 100%
and 10% viable active uptake clearance is the relative magnitudes of the intrinsic uptake
clearance (~24 L/min) and the blood blow (~17.5 mL/min). No matter how high the
magnitude of the intrinsic uptake clearance is, the blood flow is restricting the uptake of
ATV into the cell, resulting in a certain cell concentration. Therefore, the inhibition of
uptake will not make a difference in this case unless the inhibition occurs to such an
extent that the intrinsic active uptake clearance is comparable to the blood flow. Thus, in
the +RIF group, even though 93.1% of the intrinsic uptake clearance was inhibited, a
6.9% was still viable, and this value is still higher than the blood flow in this group.
Therefore, no change in the unbound intracellular ATV concentrations can be seen (Fig
6.11), even though the plasma exposure of ATV in this group has increased (clearance
significantly decreased). Therefore, increase in plasma concentrations of uptake
transporter substrates may not necessarily imply a decrease in unbound cell
concentrations. Hence, interpretations regarding the effect on intracellular
pharmacological targets or DDIs should be made with caution. In case of strong uptake
substrates like ATV, in order to achieve complete inhibition of active uptake, a very high
concentration of the perpetrator may be required. Toxicity limitations may never allow
testing of uptake perpetrator concentrations high enough to completely inhibit active
uptake of drugs like ATV. Hence, drug interactions due to decreased unbound cell
concentrations may not be a concern for such drugs. However, increased plasma exposure
could result in extra-hepatic drug interactions like rhabdomyolysis in case of statins. It

can be seen from fig 6.12 B that the Cmax 0f the unbound ATV cell concentrations
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decreases at CLyy values of 1% and more so for 0.1%. However, the overall exposure of
the cell is not affected irrespective of the percentage of viable CLy, (AUC ~ 27.22
HM.min). This is because for drugs like statins, if liver is the only eliminating organ, then
DDIs with uptake transporter inhibitors can result in decreased unbound cell Cmax and the
drug will gain entry to the cell slower than that in the absence of the perpetrator of uptake
transport. However, all the drug will eventually enter the cell to be eliminated therefrom,
resulting in unchanged exposure. Similar observation has also been made by other groups

(Patilea-Vrana and Unadkat, 2016).

For uptake inhibition studies with BOS using RIF, significant decrease in clearance of
BOS could be explained by the inhibition of uptake mediated clearance of the compound
(Fig 6.15/Table 6.5). The decrease in Vs is possibly due to limitation in the distribution
of the compound into tissues when uptake was not inhibited. Since both clearance and Vs
decreased significantly, there was no change in the t1,2, which is defined as a function of
both clearance and volume of distribution of a drug. Inhibition of metabolism by ABT
demonstrated a similar decrease in clearance of BOS as obtained by uptake inhibition
with RIF (Fig 6.15, Table 6.5), indicating that active uptake and metabolism are both
crucial to the disposition of this drug. Concomitant inhibition of uptake transport and
metabolism by both ABT and RIF demonstrated an additive effect in the decrease in
clearance. Also, the decrease in Vs in this group was similar to that observed in the BOS

+ RIF group (Table 6.5), indicating that this decrease is due to inhibition of active uptake.

Unlike ATV, BOS followed a 2-compartment model for all groups except BOS + ABT

group. This could be due to the differences in lipophilicities of the two drugs. ATV is
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more lipophilic than BOS. The measured log P of ATV and BOS is 5.7 and 3.7,
respectively (https://www.drugbank.ca/drugs/DB01076, accessed on 03/13/2017,;
https://www.drugbank.ca/drugs/DB00559 accessed on 03/13/2017). Recall from chapter
4 that for ATV, the fraction diffusing back from the bile compartment was smaller (0.03)
than BOS (0.2) (Chapter 4, section 4.4.4). Therefore, ATV may distribute deeper and
more extensively in the tissues as compared to BOS. Thus an additional compartment
was required to explain ATV PK as compared to BOS. The 3-C behavior of the BOS +
ABT group could be explained by the possibility that the inactivation of cyps by ABT is

not complete yet, resulting in the appearance of a third phase.

Similar to ATV, unbound intracellular BOS concentrations were determined using the PK
data as an input for the 2-C hybrid model described in fig 6.4. Unlike ATV, the model
predicted maximum unbound intracellular BOS concentrations in the presence of RIF (~
0.125 uM) were slightly higher than that in the absence of RIF (~ 1 uM) (Fig 6.16, 6.17).
This could be explained by the lower apical efflux clearances used in the RIF treated
group as compared to BOS only group. Lower apical efflux clearances were used
assuming that RIF causes inhibition of apical efflux clearance of BOS, as was observed
with the liver perfusion data with RIF co-perfusions. The failure of the modeling exercise
without apical efflux inhibition to give real parameter estimates further supports the
hypothesis that apical efflux is indeed occurring with RIF. Similar to ATV, the overall
BOS exposure of the cell is not affected irrespective of the percentage of viable CLpy

(AUC ~ 14.51 puM.min), for reasons similar to those described for ATV.
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The sensitivity analysis performed for CLy, indicated that the disposition of BOS is
sensitive to inhibition of active uptake until the CLyy value reaches 1% of the actual
intrinsic clearance (Fig 6.18). This is in contrast to the observation for ATV, where the
disposition was relatively insensitive between CLyy values of 10% and 100% (Fig 6.12).
This difference in sensitivity for CLn, by ATV and BOS may be due to the different
diffusional clearances into membrane (CL; ~ 0.15 L/min for ATV versus ~ 12.5 L/min for
BOS), although the CLyy values are comparable (~ 24 L/min for ATV versus ~26 L/min

for BOS).

In case of ATV, the fractional contribution of active uptake clearance towards total
clearance is approximately 1 when active uptake is between 100% viable and 10% viable,
since the diffusional clearance contributes very little to the uptake of ATV (Table 6.7).
When the active uptake is 99% inhibited (i.e. 1% viable), this contributing fraction
decreases to 0.76. Thus, of the total hepatic clearance, 76% is contributed by active
uptake and 24% by passive diffusion. With further inhibition to 99.9% (or 0.1% viable
CLuu), the fractional contribution of active uptake further decreases to 0.24. Since the
contribution of the inefficient pathway (diffusional clearance) in the uptake of ATV
increases, the efficiency of the overall uptake process decreases, thus decreasing the
clearance and increasing the exposure of ATV. However, this is not the case until 0 to
90% CLuy inhibition (or when CLuy is 100 to 10% viable), since active uptake is still an

equal contributor in the clearance.

In case of BOS, the fractional contribution of active uptake clearance towards total

clearance is 0.77 when active uptake is 100% viable. This fraction decreases to 0.63,
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0.26, 0.034 and 0.0034 as the viable intrinsic uptake clearance decreases to 50%, 10%,
1% and 0.1% of the original value (original CLp, = 21.95 L/min). Thus it can be seen that
in contrast to ATV, the fractional contribution of active uptake decreases significantly
with any degree of inhibition of this process. As a result the plasma concentrations
become very sensitive to inhibition of active uptake at high CLy, values. The net uptake
including passive and active clearances does not differ much when CLuy is 1% viable (net
uptake clearance = 6.47 L/min) versus when CLuy is 0.1% viable (net uptake clearance =
6.27 L/min). Thus the exposure of BOS does not change with an inhibition of active

uptake higher than 99%.

6.6 Conclusion

In vivo PK studies were performed to study the effect of metabolism and uptake on
disposition of ATV and BOS. Inhibition of active uptake resulted in decreased clearances
for both drugs. Inhibition of metabolism of ATV with ABT resulted in highly variable
PK profiles, while with KETO resulted in unchanged clearance. Concomitant inhibition
of metabolism and uptake transport of ATV resulted in decrease in clearance equivalent
to that obtained with inhibition of active uptake. Inhibition of BOS metabolism with ABT
resulted in significant decrease in clearance of BOS, while Vss was unaffected, since
inhibition of metabolism does not alter drug distribution. Concomitant inhibition of
metabolism and uptake of BOS resulted in additive effect on decrease in clearance,
compared to inhibition of each pathway alone. A semi physiological modeling approach
was successfully used to predict unbound intracellular ATV and BOS concentrations

using PK data as input. The results from the modeling exercise indicated that increase in
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plasma concentrations may not always result in decrease in unbound cell concentrations.
If liver is the only eliminating organ, decrease in intrinsic uptake clearance due to DDIs
with uptake inhibitors will not change the overall cell exposure (AUC) of the drug,

however, the unbound Cmax may decrease.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

This chapter summarizes the studies conducted to predict unbound intracellular ATV and
BOS concentrations, and to study the effect of metabolism and transport on these
predictions. Liver perfusion and in vivo PK experiments were conducted in rats for ATV
and BOS in presence of perpetrators of drug metabolism and transport. The 5-C explicit
membrane model was modified to describe in situ liver disposition and was connected to
compartmental mammillary models to describe liver disposition upon intravenous dosing
of ATV and BOS. The liver perfusion and in vivo PK data were used as inputs for these

modeling exercises.

Robust LC-MS/MS methods were required for analysis of ATV, BOS and their

metabolites from complex biological matrices. LC-MS/MS based bioanalytical methods
were developed and validated for quantitation of ATV, BOS and their metabolites i.e. 2-
OH ATV, 4-OH ATV, OH-BOS and OH-DM BOS in perfusate and biological matrices

like liver homogenate, bile, plasma and rat liver microsomal suspension in buffer.

In order to study the effect of metabolism and transport on ATV and BOS liver
concentrations, liver perfusion studies were conducted in Sprague Dawley rats. RIF
caused a dose-dependent decrease in ATV liver concentrations due to inhibition of active
uptake. Passive diffusion studies for ATV at 4°C showed that there was minimal drug
partitioning into liver at this temperature as compared to studies conducted with
concomitant inhibition of metabolism and transport at 37°C, possibly due to decrease in

membrane fluidity at lower temperatures. Hence, data obtained from passive diffusion
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studies conducted at 4°C should be interpreted with caution. However, RIF inhibited
ATV metabolism and possibly also inhibited BOS apical efflux. Thus, careful choice of
inhibitors for specific pathways of interest is important. From the present results, active
uptake appeared to the more important for the disposition of ATV as compared to
metabolism. Inhibition of ATV active uptake by RIF demonstrated a higher increase in
the outflow perfusate concentrations as compared to inhibition of metabolism. The
concentration of RIF used in the present study did not result in a significant decrease in
liver concentration of ATV. Inhibition of metabolism by RIF as seen in the decreased
metabolite-to parent ratios in the ATV+RIF group as compared to the ATV only group,
could explain this lack of change. Pre-treatment with ABT resulted in significant
decrease in ATV liver concentrations, further confirming the possibility of metabolism
inhibition by RIF. Metabolism inhibition studies for ATV with KETO resulted in
complicated data that could be explained by interference on ATV transport by KETO.
Inhibition of active uptake increased the BOS outflow perfusate concentrations and
decreased the amount of BOS recovered in the bile, although the BOS liver
concentrations were unaffected. This could be a result of inhibition of apical efflux of
BOS by RIF, in addition to inhibition of active uptake. ABT treatment resulted in no
change in BOS liver concentrations, probably due to diversion of BOS metabolism to
other non-cyp3al mediated pathways. Due to the complicated nature and limited
mechanistic understanding of the experiments conducted with KETO for ATV and with

ABT for BOS, these datasets could not be used for modeling. It was also observed that in
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the liver perfusion experiments, BOS and RIF resulted in increased bile flow, possibly

due to stimulation of mrp2 mediated bile salt independent bile flow.

The 5-C model was successfully used along with the liver perfusion data to predict
unbound intracellular concentrations of ATV and BOS. A step-wise modeling approach
was used to parameterize clearance for a single disposition pathway at a time, for ATV.
The model predicted 8-fold higher unbound ATV concentrations at steady state in
presence of active uptake as compared to in absence of active uptake, supporting the
generally accepted idea that unbound intracellular concentrations for uptake transporter
substrates could be several fold higher than their unbound plasma concentrations.
Inhibition of metabolism predicted only a 2.3 fold increase in the unbound ATV
concentrations. BOS disposition was more complicated than ATV since an additional
apical efflux clearance from the cell was also involved. Moreover, as mentioned
previously, ABT did not efficiently inhibit BOS metabolism completely due to probable
involvement of multiple metabolic pathways that still remained viable in presence of
ABT. Hence, BOS data from ABT treated animals could not be used for modeling. Thus,
multiple parameters like CLm, CLaec, CLaem and back diffusion from bile “a” were
required to be fixed, making the modeling more challenging. The model predicted only
slightly lower unbound cell concentrations in the presence of RIF, even when active
uptake was inhibited in the modeling exercise. This was probably due to inhibition of
apical efflux by RIF. Once again, this highlights the importance of “clean” inhibitors, i.e.
inhibitors specifically targeting only the pathway of interest. Since it is not possible to

experimentally measure the unbound cell concentration, it can be argued whether the

204



predictions resulting from these modeling exercises are real. The model accurately
predicted the outflow perfusate concentrations, liver concentrations and amount of ATV
and BOS recovered in the bile, thus increasing confidence in the predicted unbound

intracellular concentrations.

BOS appeared to be a weak inducer of cyp3al activity in rats from in vivo studies. The
choice of in vivo BOS treatment regimen was found to be critical to see the induction
effect. Less frequent administration of lower doses for extended periods of time could
help avoid confounding effects of competitive inhibition of the probe substrate by the
perpetrator used for the induction study. Initial increase followed by a decrease in activity
of cyp3al during in vitro induction experiments could be saturation of metabolism or

toxicity at higher BOS concentrations.

Inhibition of active uptake in vivo with RIF decreased the systemic clearance of both
ATV and BOS and decreased the Vs of BOS due to uptake inhibition. Inhibition of
metabolism of ATV by ABT resulted in highly variable, complicated data that could not
be clearly explained, thus limiting the use of these data for future modeling exercises.
ABT treatment decreased the clearance of BOS to a similar extent as that observed with
inhibition of active uptake by RIF. This indicates that in addition to active uptake,
metabolism is also an equally important pathway in the disposition of BOS. ABT
treatment resulted in a tri-exponential plasma profile for BOS, whose disposition could
otherwise be described by a bi-exponential profile. This probably indicates that the ABT
mediated-enzyme inactivation is not complete for the duration of the PK experiment for

BOS. In summary, ABT appeared to be a very complicated perpetrator for ATV
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disposition in vivo and for BOS disposition in both liver perfusion and in vivo PK

experiments.

The modeling exercise indicated that the relative magnitudes of active uptake clearance,
diffusional clearance into membranes and the blood flow are important determinants of
the disposition of a drug. Even though a perpetrator inhibits the intrinsic active uptake of
a victim drug, if the inhibition is not complete, and the residual uptake clearance is higher
in magnitude than the blood flow to the organ, the unbound cell Cmax may not be different
as compared to when the active uptake was not inhibited. Thus, in the present study,
although RIF elevated the plasma concentrations of ATV, the unbound cell Cmax was not
different. The unbound cell Cmax was slightly higher for BOS, perhaps due to inhibition
of apical efflux of this drug in the RIF treated group. The sensitivity of active uptake
clearance towards plasma concentrations is also dependent on the magnitude of this
parameter compared to the diffusional clearance of the drug. Therefore, a similar extent
of inhibition of active uptake clearance can have differential impact on the plasma and
cell exposure of various drugs. In summary, the effect of inhibition of active uptake on
unbound cell concentrations is governed by 1) the magnitude of the viable active uptake
clearance relative to the organ blood flow and 2) the magnitude of the viable active
uptake clearance relative to the organ passive diffusion clearance, assuming that the

perpetrator is not inhibiting any other disposition pathway.

In summary, transporters complicate the understanding of drug disposition. Liver

perfusion is a good experimental model to study hepatic disposition of drugs. Modeling
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and simulation is a very powerful tool to improve the mechanistic understanding of drug

disposition.

Future studies

Efficient inhibition of cyp mediated ATV metabolism provided valuable data for step-
wise modeling using the 5-C model. However, inability to generate such type of data for
the BOS group made the modeling challenging. The concentrations of RIF used for
uptake inhibition in this project were detrimental to inhibition of other pathways like
ATV metabolism or BOS apical efflux. The quality of data generated for similar future
projects could be enhanced if cleaner and more specific enzyme and/or transporter
inhibitors, which target only the specific pathway of interest can be used. Alternatively,
knockout animal models for specific proteins of interest could also be used to address this
issue. However, use of such highly sophisticated techniques could be prohibitively

expensive.

Efficient inhibition of BOS metabolism could not be achieved, due to involvement of
multiple enzymatic routes. Future studies could be conducted with dual inhibition of
cyp2c9 and cyp3al. Time dependent inactivation of cyp2c9 could be conducted with
tienilic acid perfusions, similar to the ABT perfusion setup. RIF mediated BOS apical
efflux inhibition could be confirmed by performing studies in inside-out rat mrp2 and P-

gp vesicles.

From a DDI prediction perspective it would be helpful to define the transporter and
enzyme interaction in the current models in a more mechanistic manner. For example, it
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would be useful to define CLpu as Vmax/(Km+S). This way, mechanistic predictions for
DDI can be made. It was not possible to perform this exercise in the current project since
there were too many unknown parameters to begin with. But now that the magnitude of
these clearance parameters is known, more granular modeling can be performed.

Similar transporter and enzyme inhibition experiments can be performed in simpler and
more practical systems like sandwich cultured rat hepatocytes for stepwise determination
of individual clearance pathways involved in drug disposition. If IVIVC from this system
is successful, then similar experiments can be performed in sandwich cultured human

hepatocytes. The model can then be used to predict clinical DDIs.
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APPENDIX A

SENSITIVITY ANALYSIS FOR BOS LIVER PERFUSION MODELING

Sensitivity analysis was conducted for testing the effect of CLm, CLaec, CLaem and “a” on
CL;, total tissue concentrations and amount recovered in the bile for BOS using BOS +
RIF dataset, observed tissue concentrations: 136 UM, observed amount recovered in bile

0.012 pmoles, the predicted values falling outside the 20% cut-off are denoted in red

Table Al. Effect of CL, on CL;, total tissue concentrations and amount recovered in the
bile for BOS using BOS + RIF dataset; Fixed parameters: CLaec = 49.9 L/min, CLaem =

0.00045 L/min, a=0.2 and CLn

CLm (L/min) 0.029 0.058 0.115 0.014 0.007
CL; estimate + 552 + 7.03 £ 8.01 + 49+ 4.62+
standard error 1.02 2.63 8.47 0.72 0.47

(L/min)

R? 0.94 0.90 0.774 0.95 0.96

Adjusted R? 0.93 0.88 0.742 0.95 0.95

Predicted liver 135.4 95.96 57.42 157.6 168.9
concentration

(LM)

Predicted 0.0113 0.0085 0.0057 0.0127 0.0135
amount in bile

(umoles)

Predicted 0.251 0.216 0.143 0.264 0.270
unbound cell

concentration at

50 min (UM)

The predicted values falling outside the 20% cut-off are denoted in red
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Table A2. Effect of CLaec 0n CL, total tissue concentrations and amount recovered in the
bile for BOS using BOS + RIF dataset; Fixed parameters: CLm = 0.029 L/min or 0.0143

L/min, CLaem = 0.00045 L/min, a = 0.2 and CLaec

CLm=0.029 L/min CLn=0.0143
L/min

Claec (L/min) | 99.89 | 199.78 | 24.97 12.49 9.99 199.78 9.99
CL; estimate 11.26 22.77 2.66 1.27 0.99 20.1 0.9124
+ standard + + + + + + +
error 2.01 4.44 0.58 0.36 0.31 2.37 0.2331
(L/min)
R? 0.95 0.95 0.94 0.92 0.91 0.96 0.92
Adjusted R? 0.94 0.94 0.93 0.91 0.90 0.954 | 0.9055
Predicted 135.05 | 134.70 | 136.29 | 136.42 | 136.30 | 157.5 155.2
liver
concentration
(LM)
Predicted 0.0111 | 0.0109 | 0.0118 | 0.0129 | 0.0134 | 0.0123 | 0.015
amount in
bile (umoles)
Predicted 0.254 0.256 0.245 0.235 0.231 0.27 0.245
unbound cell
concentration
at 50 min
(LM)

The predicted values falling outside the 20% cut-off are denoted in red
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Table A3. Effect of CLaem 0n CL;, total tissue concentrations and amount recovered in the
bile for BOS using BOS + RIF dataset; Fixed parameters: CLm = 0.029 L/min or 0.0143

L/min, CLaec =49.9 L/min, a=0.2

CLy,=0.029 L/min CL,=0.0143
L/min

Claem 0.000905 | 0.002714 | 0.004524 | 0.000113 0 0 0.002714
(L/min)
CL; estimate 5.53 5.55 5.65 5.52 5.46 4.89 4922
+ standard + + + + + + +
error 0.99 1.02 1.11 1.01 1.01 | 0.652 0.66
(L/min)
R? 0.94 0.94 0.94 0.94 0.94 | 0.957 0.956
Adjusted R? 0.94 0.94 0.94 0.94 0.94 | 0.951 0.950
Predicted 135.37 134.89 133.80 135.56 | 136.03 | 157.8 156.94
liver
concentration
(LM)
Predicted 0.01178 | 0.01355 | 0.0151 | 0.01099 | 0.0109 | 0.0122 | 0.0156
amount in
bile (umoles)
Predicted 0.251 0.251 0.253 0.251 0.250 | 0.264 0.264
unbound cell
concentration
at 50 min
(LM)

The predicted values falling outside the 20% cut-off are denoted in red
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Table A4. Effect of a (back diffusion from bile) on CL,, total tissue concentrations and
amount recovered in the bile for BOS using BOS + RIF dataset; Fixed parameters: CLny =

0.029 L/min or 0.0143 L/min, CLaec = 49.9 L/min, CLaem = 0.00045 L/min

CLm =0.029 L/min CLn =0.0143
L/min

A 1 0.5 0.1 0.05 0.05 1
CL; estimate + 5.446 5.47 5.63 5.84 5.17 4.82
standard error + + + + + +
(L/min) 0.98 0.87 1.08 1.38 0.73 0.62
R? 0.945 0.945 0.942 0.939 0.953 0.958
Adjusted R? 0.937 0.937 0.934 0.930 0.946 0.952
Predicted liver 137.6 137.13 132.7 127.7 148.83 | 160.22
concentration
(LM)
Predicted 0.00229 0.00458 0.022 0.04307 | 0.0487 | 0.0026
amount in bile
(umoles)
Predicted 0.252 0.252 0.250 0.248 0.261 0.265
unbound cell
concentration at
50 min (UM)

The predicted values falling outside the 20% cut-off are denoted in red
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Table A5. Effect of CLaemand CLaec 0n CLj, total tissue concentrations and amount

recovered in the bile for BOS using BOS + RIF dataset; Fixed parameters: CLm = 0.029

L/minanda=0.2

concentration at 50 min
(LM)

CLaec (L/min) 199.78 9.99 199.78 9.99
CLaem™ (L/min) 0 0 0.002714 0.002714
CL; estimate + standard 23.33 0.33 22.79 1.03
error + + + +
(L/min) 3.62 0.01805 3.78 0.32
R? 0.946 0.912 0.946 0.911
Adjusted R? 0.939 0.899 0.939 0.898
Predicted liver 133.7 136.3 134.64 132.8
concentration (UM)

Predicted amount in bile 0.0107 0.0109 0.0115 0.0249
(umoles)

Predicted unbound cell 0.259 0.233 0.256 0.232

The predicted values falling outside the 20% cut-off are denoted in red
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Table A6. Effect of CLaec and a on CL, total tissue concentrations and amount recovered

in the bile for BOS using BOS + RIF dataset; Fixed parameters: CLm = 0.029 L/min and

CLaem =0
CLaec (L/min) 199.78 9.99 | 199.78 9.99
A 0.05 1]0.05 1
CL; estimate + standard 23.75 1.06 22.37 0.99
error + + + +
(L/min) 4.35 0.37 3.69 0.30
R? 0.942 0.910 0.948 0.912
Adjusted R? 0.933 0.896 0.940 0.899
Predicted liver 127.74 128.7 137.05 138
concentration (UM)
Predicted amount in bile 0.0414 0.0410 0.0023 0.0022
(umoles)
Predicted unbound cell 0.251 0.231 0.257 0.233

concentration at 50 min
(LM)

The predicted values falling outside the 20% cut-off are denoted in red
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APPENDIX B
INDIVIDUAL PK PROFILES IN DIFFERENT EXPERIMENTAL GROUPS FOR

INHIBITION OF ATV METABOLISM BY ABT AND KETO
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Figure B1 Effect of inhibition of ATV metabolism by ABT (experiment 1). ATV: n=3,

ATV + ABT Experiment 1: n=3; Data are presented as mean = SD
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Figure B2 Effect of inhibition of ATV metabolism by ABT (experiment 2). ATV: n=3,

ATV + ABT Experiment 2: n=3; Data are presented as mean + SD
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Figure B3 Effect of inhibition of ATV metabolism by ABT (experiment 3). ATV: n=3,

ATV + ABT Experiment 3: n=3; Data are presented as mean + SD
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Figure B4 Effect of inhibition of ATV metabolism by ABT (experiment 4). ATV: n=3,

ATV + ABT Experiment 4. n=3; Data are presented as mean + SD
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Figure B5 Effect of inhibition of ATV metabolism by KETO. ATV: n=3, ATV + KETO:

n=3; Data are presented as mean = SD
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APPENDIX C
COMPARTMENTAL ANALYSIS FOR BOS PK DATA FROM BOS + ABT

GROUP
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Figure C1 2-C model analysis of BOS PK data from BOS + ABT group. BOS PK profile

predicted by 2-C model (green line) overlaid on experimental PK data (Open squares)
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Figure C2 3-C model analysis of BOS PK data from BOS + ABT group. BOS PK profile

predicted by 3-C model (green line) overlaid on experimental PK data (Open squares)
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Table C1. Compartmental analysis of BOS PK from BOS + ABT group

CL (mL/min) Vss (ML) t12 (min)
BOS + ABT 1.9£0.16 758 + 80 479 + 65
(2C analysis)
BOS + ABT 1.7+£1.06 921 £85 729 £ 107
(3C analysis)
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APPENDIX D
ANALYSIS OF BOS PK DATA FROM BOS + RIF GROUP USING THE 2-C
HYBRID MODEL, WITHOUT THE ASSUMPTION OF INHIBITION OF

APICAL EFFLUX.
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Figure D1 Fitted BOS concentration-time profiles for BOS + RIF group using the semi-
physiological model without the assumption of apical efflux. Solid circles are
experimental data for plasma concentrations, black solid line represents model fitted
plasma profile, and red solid line represents model predicted unbound intracellular

concentration-time profile
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Table D1 Parameter estimates obtained by analysis of BOS data with the 2-C hybrid

model without inhibition of apical efflux

Parameter BOS + RIF (without
apical efflux
inhibition)
K1 0.184 +0.39
K21 0.006 £+ 0.02
Vcentral (IlterS) 0027 + 0044
A 0.0007 £ 0.012
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