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CHAPTER 1

Summary

Safety and efficacy of drugs depend on their exposure in the body, which is determined by dose
and bioavailability, but also by drug disposition as a result of tissue distribution and elimination
processes. Knowledge about drug disposition in humans is therefore critical for the successful
development of new drugs, with clinical information being unavailable at early development
stages. To overcome this limitation, the pharmacokinetic properties of new drug candidates are
routinely characterized using cell-based in vitro methods and in vitro-in vivo extrapolation (IVIVE)
models. However, the assessment of drug distribution and elimination remains challenging. It was
therefore the aim of this thesis to 1) establish a mechanistic in vitro model to study the hepatic
distribution of unbound drug and to validate the model by predicting the clinical risk of drug-
induced cholestasis, 2) investigate the applicability of additional in vitro methods for the
determination of hepatic distribution of unbound drug, and 3) develop an in vitro model for the
prediction of total (hepatic and renal) drug clearance and elimination pathway contributions in

humans.

Knowledge about the drug distribution into tissues and the corresponding unbound intracellular
drug concentrations is of particular interest in the context of intracellular drug effects related to
toxicity, pharmacokinetics, and pharmacodynamics. For instance, prediction of drug-induced
cholestasis due to inhibition of the intrahepatic bile salt export pump (BSEP) is commonly
conducted using the unbound systemic drug exposure as a surrogate for the unbound
intrahepatic concentration following the “free-drug hypothesis”. However, this assessment offers
limited translatability to the clinical cholestasis risk since the effective unbound intrahepatic drug
concentration is affected by active transport and/or metabolic processes. To improve such
evaluations of intrahepatic drug interactions, the determination of the liver-to-blood partition
coefficient for unbound drug at steady-state (Kp,) was established based on in vitro
measurements of active and passive sinusoidal uptake permeability, sinusoidal efflux permeability,
hepatic metabolism, and biliary secretion according to the Extended Clearance Model (ECM).
Following successful validation of the ECM-based Kp,, approach by in vitro-in vivo correlation in
rats, human Kp,, data of 18 drug compounds were used to calculate unbound intrahepatic drug
concentrations based on clinical drug exposure. This assessment significantly improved the
translation of BSEP inhibition in vitro data to human and allowed the prediction of the clinical
cholestasis frequency. Moreover, usefulness of the ECM as a drug classification system and for
the quantitative evaluation of genetic and physiological risk factors for the development of
cholestasis was demonstrated. The determination of unbound intrahepatic drug concentrations
using the ECM-based hepatic Kpy, is therefore expected to improve early risk assessment of

drug-induced cholestasis as well as of other intrahepatic drug interactions.
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The ECM-based determination of Kp,, was successfully established and validated. However, this
approach is labor and cost-intensive. A second project therefore aimed at comparing alternative in
vitro Kp,, determination methods for the previously investigated compound set. For this purpose,
three straightforward approaches were selected that rely on separate in vitro measurements of
the liver-to-blood partition coefficient for total drug at steady-state (Kp) and the unbound fraction
in hepatocytes (funep). Kp was generally determined in hepatocellular drug accumulation
experiments in the absence of intrinsic metabolic and biliary clearance processes, whereas funep
was either measured in hepatocellular drug accumulation experiments on ice (temperature
method), using homogenized hepatocytes in equilibrium dialysis experiments (homogenization
method), or calculated from the distribution coefficient logD;4 using an empirical model (logD7 4
method). All investigated methods indicated deviations to ECM-derived Kp,, data, which were
closely linked to the pharmacokinetic and physicochemical compound properties, namely the
extent of intrinsic hepatic clearance, logD;4, and molecular weight. The usefulness of the
alternative Kp,, determination methods is therefore limited, with the ECM remaining the preferred
approach for an integrated assessment of hepatic Kpy,. Nevertheless, the alternative methods
can provide valid fupe, data if the physicochemical compound properties are considered for the

selection of the appropriate method.

During drug development, hepatic drug clearance is routinely predicted using in vitro approaches
such as the ECM. In contrast, appropriate in vitro models for the prediction of renal drug
clearance are lacking. Thus, the assessment of total clearance for new drug candidates is
strongly limited. To overcome this drawback, an empirical in vitro model was established that
provides estimates of the relative hepatic metabolic, biliary, and renal elimination pathway
contributions in humans, based on in vitro sinusoidal uptake permeability data. This assessment
subsequently allows the extrapolation of hepatic into total drug clearance. Under consideration of
ECM-based hepatic clearances, the model provided accurate predictions of total human
clearance for 10 developmental compounds. Moreover, it was demonstrated that the Extended
Clearance Concept Classification System (ECCCS) is applicable to evaluate the relevance of
metabolic, biliary, and renal drug elimination, which provides useful guidance for the design of
follow-up enzyme and transporter phenotyping studies. Thus, the established model allows a
simple and highly reliable assessment of total drug clearance and relative elimination pathway
contributions in humans based solely on hepatic in vitro data, facilitating a tailor-made

pharmacokinetic assessment during early drug development.



CHAPTER 2

Introduction

2.1. Drug transport across biological membranes

Permeation across cellular membranes is a key determinant for the ADMET (absorption,
distribution, metabolism, excretion, and toxicity) properties of drugs. Membrane permeation
occurs either via the transcellular route through the cells or via the paracellular route between the
cells (Figure 2.1). Paracellular permeability represents a passive process, which is restricted to
small hydrophilic compounds by intercellular tight junctions (Camenisch et al., 1997; Pade and
Stavchansky, 1997). Transcellular permeation occurs by passive diffusion (passive membrane
permeability) and/or by carrier-mediated (active or facilitated) transport. Passive membrane
permeability is driven by a concentration gradient and is mainly dependent on physicochemical
properties such as lipophilicity, polarity, ionization, and molecular size of a drug. Thereby, small,
lipophilic, and uncharged drugs generally exhibit higher passive membrane permeability
(Oostendorp et al., 2009; Sugano et al., 2010). Active transport of drugs across cell membranes is
mediated by transport proteins of the solute carrier (SLC) family and the adenosine triphosphate
(ATP) binding cassette (ABC) family, whereby SLC transporters mainly facilitate uptake into cells
and ABC transporters mediate efflux out of cells.

2.1.1. SLC transporters

The human SLC superfamily consists of 52 subfamilies (SLC1 - SLC52) with about 400
transporter genes (Hediger et al., 2013). SLC transporters are membrane-bound proteins that
primarily mediate cellular uptake of their substrates by facilitated diffusion or secondary active
transport (DeGorter et al., 2012). Facilitated diffusion is energy-independent and driven by an
electrochemical gradient that determines the direction of transport. Secondary active transport
occurs against an electrochemical gradient and is coupled to the symport or antiport of ions
(Hediger et al., 2013; Sahoo et al., 2014). SLC transporters are important determinants for the
absorption, tissue distribution, and elimination of endogenous substances including sugars, amino
acids, peptides, nucleotides, and ions. Therefore, they have been recognized as potential
therapeutic drug targets due to their physiological functions and role in numerous diseases
(Cesar-Razquin et al., 2015; Lin et al., 2015). In addition, many drugs have been identified as
substrates for SLC transporters in different organs.

In the context of drug transport, SLC transporters of the organic anion transporting
polypeptides (OATP, SLCO (previously SLC21A)) family, the organic anion transporters (OAT,
SLC22A), organic cation transporters (OCT, SLC22A) family, and the multidrug and toxin
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Figure 2.1. Transport mechanisms in epithelial cells. Drugs permeate across epithelial membranes via the
paracellular or the transcellular route in either an absorptive (apical to basolateral) or excretory (basolateral
to apical) direction. Passive paracellular and transcellular permeability is driven by a concentration gradient
and depends on physicochemical properties, with tight junctions between cells limiting paracellular
permeability. Active transcellular permeability is mediated by efflux transporters of the ABC superfamily and
uptake transporters of the SLC superfamily. Taken from Sugano et al. (2010).

extrusion protein (MATE, SLC47A) family are considered to be of high clinical relevance. These
SLC transporters are predominantly expressed in the plasma membrane of polarized epithelial
cells in tissues with barrier or excretory function such as intestinal epithelia, hepatocytes, kidney
proximal tubules, and the blood-brain barrier where they regulate the systemic and tissue
exposure of drugs (Figure 2.2). In addition, interactions between drugs and transporters are
generally associated with a risk for drug-drug interactions (DDI) that might change the exposure
profile of drugs and therefore alter their safety and efficacy. Thereby, transporter substrates are
potential DDI victim drugs and transporter inhibitors can become perpetrators of DDIs. The
evaluation of new drug candidates regarding their interaction with clinically relevant drug
transporters is therefore recommended by American and European health authorities (Food and
Drug Administration (FDA), European Medicine Agency (EMA)) as well as by the International
Transporter Consortium (EMA, 2012; FDA, 2012; Hillgren et al., 2013). The role and

characteristics of these SLC drug transporters is described in the following sections.
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2.1.1.1. OATP family

The OATP family consists of 11 members, with OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3)
representing the most important isoforms with regard to the transport of drugs (EMA, 2012; FDA,
2012; Hillgren et al., 2013). OATP1B1 and 1B3 are exclusively expressed in the sinusoidal
plasma membrane of hepatocytes where they mediate the hepatic uptake of their substrates
(Kullak-Ublick et al., 2001). The transport mechanism of OATPs is not fully understood, but they
likely function as electroneutral exchangers (Roth et al., 2012). OATP1B1 and 1B3 have an
overlapping substrate range including endogenous substances, such as bile acids or conjugated
and unconjugated bilirubin, as well as various drugs (DeGorter et al., 2012; Roth et al., 2012).
Hence, they enhance the access to drug-metabolizing enzymes and biliary secretion in the liver
and mediate the first step in hepatic drug elimination. In addition, OATP1B1 and 1B3 are known
to contribute to drug efficacy for intrahepatic targets, as in the case for the hepatic uptake of
statins, facilitating their lipid-lowering effect as inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase (Niemi et al., 2005). On the other hand, reduced OATP1B1 and 1B3
function is linked to increased systemic exposure and drug toxicity, exemplified by statin-induced
myopathy (Neuvonen, 2010; DeGorter et al., 2012). This condition can be caused by OATP1B1
and 1B3 inhibition due to co-medication or by the presence of nonsynonymous polymorphisms.
The latter is particularly relevant for OATP1B1 (Link et al., 2008; Elsby et al., 2012).

2.1.1.2. OAT and OCT family

The SLC22 gene family is composed of over 30 members in mammals including OATs, OCTs,
and organic/carnitine cation transporter (OCTNSs) (Liu et al., 2016). Among the SLC22 family,
OAT1 (SLC22A6), OAT3 (SLC22A8), OCT1 (SLC22A1), and OCT2 (SLC22A2) are considered
the most relevant drug transporters (EMA, 2012; FDA, 2012; Hillgren et al., 2013). OAT1 and
OAT3 mediate the cellular uptake of hydrophilic anionic and zwitterionic molecules with low
molecular weight including various drugs. They function as antiporters and mediate the
membrane transport of their substrates in exchange for the counter ion a-ketoglutarate (Roth et
al., 2012; Koepsell, 2013; Liu et al., 2016). Both transporters are primarily localized at the
basolateral plasma membrane of renal proximal tubule cells, with OAT1 expression having
additionally been observed in skeletal muscle cells (Takeda et al., 2004; DeGorter et al., 2012).
OCT1 and OCT2 facilitate bidirectional diffusion of their substrates down the electrochemical
gradient (Roth et al., 2012). Their range of substrates covers organic cations with low molecular
weight, including several drugs, and endogenous compounds like monoamine neurotransmitters
and creatinine (DeGorter et al.,, 2012). OCT1 is primarily expressed in the sinusoidal plasma
membrane of hepatocytes. In addition, OCT1 is located in the basolateral plasma membrane of
intestinal epithelial cells and in the apical plasma membrane of kidney proximal tubule and lung
cells (Lips et al., 2005; Muller et al., 2005; Nies et al., 2008; Tzvetkov et al., 2009). Large inter-
individual variability in hepatic OCT1 expression has been observed, which could be linked to

genetic variations and cholestasis (Nies et al., 2009). OCT2 is mainly expressed in the basolateral



6 | CHAPTER 2. Introduction

plasma membrane of kidney distal tubule cells and to a lesser extent in the lung and brain
(Gorboulev et al., 1997; Lips et al., 2005; DeGorter et al., 2012). Hence, OATs and OCT mediate
the elimination of drugs and limit their systemic exposure, whereby OAT1, OAT3, and OCT2

contribute to active renal tubular secretion and OCT1 primarily facilitates hepatic drug uptake.

2.1.1.3. MATE family

The MATE family consists of MATE1 (SLC47A1), MATE2 (SLC47A2), and the splicing variants
MATE2K and MATE2B. Among the MATE2 variants, MATE2K is the active form, whereas the
physiological role of MATE2 and MATE2B is unknown (Masuda et al.,, 2006). MATE1 and
MATEZ2K are mainly expressed in the apical plasma membrane of kidney proximal tubule cells.
MATEL is also located at the canalicular hepatocyte membrane and in skeletal muscle, adrenal
gland, and testis (Otsuka et al., 2005; Masuda et al.,, 2006). MATEs are electroneutral
transporters that typically facilitate bidirectional transport of organic cations with low molecular
weight against a proton gradient (Tanihara et al., 2007). They function in cooperation with hepatic
OCT1 and renal OCT2 and mediate the secretion of organic cations into bile and urine (Otsuka et
al.,, 2005). In addition, transport of anions and zwitterions has been observed, likely working
together with OAT-mediated cellular uptake (Yonezawa and Inui, 2011; Hillgren et al., 2013).

2.1.2. ABC transporters

ABC transporters are membrane-bound transport proteins that mediate energy-dependent cellular
efflux against a concentration gradient by binding and hydrolysis of ATP. So far, 52 human ABC
transporters have been identified, categorized in seven subfamilies (ABCA - ABCG) (Saier et al.,
2016). Similar to SLC transporters, clinically relevant ABC transporters are mainly located in the
plasma membrane of polarized epithelial cells in intestinal epithelia, hepatocytes, kidney proximal
tubule cells, and at the blood-brain barrier (Figure 2.2). ABC transporters play a pivotal role in
limiting the absorption and distribution or mediating the excretion of drugs and other xenobiotics,
protecting the body from potentially harmful substances (Giacomini et al., 2010). Interactions with
ABC transporters are also associated with a potential risk for DDIs (Chan et al., 2004; Konig et al.,
2013). ABC drug transporters of particular clinical importance are P-glycoprotein (P-gp, ABCB1),
breast cancer resistance protein (BCRP, ABCG2), members of the multidrug resistance protein
(MRP, ABCC) family, and bile salt export pump (BSEP, ABCB11) (Hillgren et al., 2013). These

transporters are described in the following section.

2.1.2.1. P-gp and BCRP

P-gp and BCRP are expressed in the apical plasma membrane of polarized epithelial tissues and
mediate the excretory transport of drugs and xenobiotics, thereby limiting their bioavailability and

systemic and intracellular exposure. P-gp and BCRP are present in the intestinal epithelium,
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hepatocytes, kidney proximal tubule cells, endothelial cells in the blood-brain barrier as well as in
blood-nerve, blood-testis, and maternal-fetal barriers. BCRP is also expressed in mammary tissue
where it secretes vitamins but also drugs and toxins into breast milk (Schinkel and Jonker, 2003).
The substrate spectrum of P-gp and BCRP is large and includes endogenous substrates and
xenobiotics such as numerous drugs and carcinogens. P-gp substrates are frequently
hydrophobic cationic or neutral molecules. For BCRP, no definite substrate-structure relationship
2010;

2013). In addition, several inhibitors and inducers of P-gp and BCRP have been

has been established (Schinkel and Jonker, 2003; Robey et al., 2009; Giacomini et al.,

Wessler et al.,
identified, including pharmaceutical drugs, herbal medicines, and food and juice components

(Marchetti et al., 2007; Muller and Fromm, 2011).
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Figure 2.2. Drug transporters in intestinal epithelia (a), hepatocytes (b), kidney proximal tubules (c), and
blood-brain barrier (d). Red highlighted transporters have high clinical relevance and evaluation of their
interaction potential with new drug candidates is requested by health authorities (EMA, 2012; FDA, 2012;
Hillgren et al., 2013). ASBT, sodium/bile acid co-transporter; BCRP, breast cancer resistance protein; BSEP,
bile salt export pump ; MATE, multidrug and toxin extrusion protein; MCT, monocarboxylic acid transporter;
MRP, multidrug resistance protein; NTCP, sodium taurocholate co-transporting peptide; OAT, organic anion
transporter; OATP, organic anion transporting polypeptide; OCT, organic cation transporter; OCTN,
organic/carnitine cation transporter; OSTa-OST, heteromeric organic solute transporter; PEPT, peptide

transporter; P-gp, P-glycoprotein; URAT, urate transporter. Modified from Giacomini et al. (2010).
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2.1.2.2. MRP family

The MRP family comprises 9 members (MRP1 - MRP9), which primarily mediate cellular efflux of
endogenous organic anionic substances such as glucuronide, glutathione, and sulfate conjugates,
and steroids, as well as drugs and their conjugated metabolites (Slot et al., 2011). Among the
MRP family, MRP2 (ABCC2), MRP3 (ABCC3), and MRP4 (ABCC4) are considered the most
clinically relevant members (Hillgren et al., 2013). MRP2 is apically expressed in the canalicular
plasma membrane of hepatocytes, kidney proximal tubule cells, small intestinal epithelium, colon,
gall bladder, bronchi, and placenta. On the contrary, MRP3 and MRP4 are located in the
sinusoidal hepatocyte membrane and mediate efflux towards to bloodstream. Further localizations
of MRP3 and MRP4 are the plasma membrane of intestinal epithelial cells, kidney proximal tubule
cells, and various other tissues (Schinkel and Jonker, 2003; Hillgren et al., 2013). MRP2-
mediated efflux is of particular importance for the hepatobiliary, renal, and intestinal elimination of
conjugated drug metabolites and endogenous substances such as bilirubin glucuronides (Konig et
al., 1999). For instance, patients with Dubin-Johnson syndrome display conjugated
hyperbilirubinemia due to mutations in the ATP-binding regions of MRP2, resulting in complete
MRP2 deficiency (Erlinger et al., 2014; Keppler, 2014). Similarly, MRP2 inhibition by drugs may
induce conjugated hyperbilirubinemia (Chang et al., 2013). Under such conditions, MRP3 and
MRP4-mediated efflux act as compensatory pathways by increased sinusoidal efflux and renal

excretion of conjugated bilirubin (Vlaming et al., 2006; Kock and Brouwer, 2012; Keppler, 2014).

2.1.2.3. BSEP

BSEP is exclusively expressed in the canalicular plasma membrane of hepatocytes and primarily
mediates the biliary secretion of monovalent conjugated bile salts, which works in cooperation
with sinusoidal expressed sodium taurocholate co-transporting polypeptide (NTCP, SLC10A1)
and OATPs. Thus, BSEP has a central function in the vectorial hepatobiliary transport of bile
acids, bile formation, and driving bile flow (Kullak-Ublick et al., 2000; Dawson et al., 2009).
Impairment of BSEP function is linked to intrahepatic cholestasis, a pathophysiological condition
characterized by reduced bile flow as well as potential intrahepatic accumulation of cytotoxic bile
acids and hepatocellular damage (Kosters and Karpen, 2008; Stieger, 2010). So far, more than
100 different mutations in the ABCB11 gene have been identified that are partly linked to severe
hereditary cholestatic syndromes (Dietrich and Geier, 2014). For instance, complete absence of
functional BSEP protein is represented by progressive familial intrahepatic cholestasis type 2
(PFIC-2), which can result in liver cirrhosis, liver failure, and ultimately the need for liver
transplantation (Srivastava, 2014). In addition, acquired and transient forms of cholestasis exist.
Intrahepatic cholestasis during pregnancy commonly arises in the third trimester and resolves
after delivery. Variations in the ABCB11 gene as well as in other genes of bile acid transporters
and the nuclear bile acid-sensitive farnesoid-X receptor (FXR) likely contribute to a genetic

predisposition. Furthermore, inhibition of bile acid transporters by hormones such as estrogens
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and progesterones plays a role in the development of intrahepatic cholestasis of pregnancy (van
der Woerd et al., 2010; Dietrich and Geier, 2014).

With regard to the role of BSEP in hereditary and acquired forms of cholestasis, BSEP
inhibition has been recognized as a key factor for the development of intrahepatic drug-induced
cholestasis (Stieger et al., 2000; Fattinger et al., 2001; Funk et al., 2001a; Dawson et al., 2012).
Drug-induced cholestasis represents one form of drug-induced liver injury (DILI), alternative
phenotypes are hepatocellular or mixed DILI. Every type of DILI is characterized by a different
pattern of elevated liver enzymes, namely alkaline phosphatase (AP), alanine transaminase (ALT),
and aspartate transaminase (AST), in the serum (CIOMS, 1999). Drug-induced cholestasis is
characterized by a predominant elevation of AP compared to no or only moderate increases of
ALT and AST. On the contrary, increases in AST or ALT compared to AP indicate a
hepatocellular pattern of DILI, whereas all three liver enzymes are elevated during mixed DILI.
The severity of drug-induced cholestasis ranges from asymptomatic elevations of liver enzymes
to acute liver failure and is reported to account for up to 26% of all hepatic adverse reactions
(Bjornsson and Olsson, 2005; Hussaini and Farrington, 2007; Yang et al., 2013). Hence, drug
interactions with BSEP are of high relevance, although BSEP has a minor role in the hepatobiliary
elimination of drugs. Accordingly, the evaluation of the BSEP inhibition potential is recommended
for new drug candidates (EMA, 2012; Hillgren et al., 2013; Kullak-Ublick et al., 2017). If clinically
relevant BSEP inhibition is expected, biochemical monitoring of cholestasis markers in clinical
studies should be considered. Yet, recent studies have demonstrated limited predictability of
drug-induced cholestasis from in vitro BSEP data since there is no direct correlation with the

effective cholestasis risk in humans (Dawson et al., 2012; Morgan et al., 2013; Shah et al., 2015).

2.2. Drug absorption and bioavailability

Absorption generally refers to the passage of a drug from its site of application into the
bloodstream and is an important process in terms of bioavailability and systemic exposure of
drugs. While intravenously, intramuscularly, or subcutaneously administered drugs commonly
feature complete bioavailability, different processes influence the gastrointestinal absorption and
can reduce the systemic bioavailability of orally administered drugs (Figure 2.3). Gastrointestinal
absorption mainly takes place in the small intestine due to the large surface area, high
permeability of intestinal membranes compared to that of the stomach, and high blood flow in the
intestinal capillaries (Rowland and Tozer, 1995; Pang et al., 2010). The absorption process itself
is defined as permeation of a drug into the enterocytes of the intestinal epithelium, which is
denoted as the fraction of absorbed drug (F.). The systemic bioavailability of orally administered
drugs (F) further depends on metabolic first-pass effects in the gut wall and in the liver, which are
represented by the fraction escaping gut wall metabolism (Fy) and the fraction escaping hepatic

clearance (Fy) as summarized in Eq. (2.1) (Kwon, 2001):

F =F, x Fy; X Fy 2.1)
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Figure 2.3. Absorption and bioavailability of orally administered drugs. A solute drug in the gastrointestinal
lumen enters the blood capillaries via transcellular or paracellular permeation through the intestinal
epithelium. Gut wall metabolism and active transport by efflux transporters in the luminal enterocyte
membrane reduce drug absorption and systemic bioavailability. The absorbed drug is transported to the liver
via the portal vein and undergoes hepatic-first pass elimination before reaching the systemic circulation.
Taken from van de Waterbeemd and Gifford (2003).

Prerequisites for absorption of an orally dosed drug are the disintegration of the oral dosage form
and the dissolution of the released drug in gastrointestinal fluids, which is mainly determined by
the aqueous solubility (van de Waterbeemd and Gifford, 2003). Once dissolved, the absorption of
drugs into or across the intestinal epithelium occurs either via transcellular or the paracellular
route (Figure 2.1). Transcellular permeation is mediated by passive membrane permeability and
by luminal uptake by OATPs, OCTNSs, and peptide transporter 1 (PEPT1, SLC15A1) and by
basolateral efflux by MRPs (Oostendorp et al., 2009; Estudante et al., 2013) (Figure 2.2, panel A).
While passing the intestinal epithelium, drugs can undergo active excretion by luminal efflux
transporters back into the intestinal lumen, which reduces the fraction of absorbed drug. In
particular, P-gp but also BCRP and MRP2 are known to limit the intestinal absorption of their
substrates (Schinkel and Jonker, 2003; Robey et al., 2009). In addition, these molecules are also
potential substrates of phase | and phase Il drug-metabolizing enzymes in enterocytes (Benet et
al., 2004; Chan et al., 2004). Although the intestinal expression levels of drug-metabolizing
enzymes are relatively low compared to the liver, gut wall metabolism may lead to a substantial
reduction in oral bioavailability (Gertz et al., 2010; Jones et al., 2016). Among all intestinal drug-
metabolizing enzymes, cytochrome P450 (CYP) 3A is the most abundant subfamily and accounts
for 82% of the total intestinal CYP content in humans (Paine et al., 2006). Further enzymes with
relevant contributions to intestinal drug metabolism are other CYP isoforms, sulfotransferases
(SULT), uridine diphosphate (UDP) glucuronosyltransferases (UGT), and N-acetyltransferases
(NAT) (Gundert-Remy et al., 2014).
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The fraction of drug that is absorbed and escaping gut wall metabolism (F, x Fy) enters the blood
capillaries and reaches the liver via the portal vein before entering the systemic circulation. The
liver represents the major organ for drug elimination, with hepatic first-pass extraction by
metabolism and hepatobiliary secretion further substantially reducing the oral bioavailability of a
drug. A detailed description of the mechanisms that contribute to hepatic drug elimination is

provided in section 2.4.1.

2.3. Drug distribution

Upon entering the systemic blood circulation, drugs are reversibly distributed into the different
tissues and compartments of the body. The rate and extent of drug distribution is determined by
the blood perfusion rate, permeability across tissue membranes, and binding within blood and
tissues (Rowland and Tozer, 1995; Smith et al., 2010). Drug distribution into tissues and organs
and the resulting intracellular drug concentrations are of particular interest with regard to the large
amount of intracellular drug targets (Overington et al., 2006). Besides affecting pharmacological
efficacy, the tissue distribution of drugs is an important determinant for drug elimination and
toxicity (Chu et al., 2013).

In the systemic circulation, drugs are partly bound to different blood components and it has been
widely accepted that only free (unbound) drug is able to interact and to exert any pharmacological,
pharmacokinetic, or toxicological effect (“free-drug hypothesis”) (Pang and Rowland, 1977; Smith
et al., 2010). Blood consists of cellular elements (red blood cells, white blood cells, and platelets),
which are suspended in an extracellular matrix (plasma). Red blood cells account for ~99% of the
cellular blood components and as such, drug partitioning into red blood cells represents the major
cellular binding process in blood (Hinderling, 1997). Blood plasma accounts for approximately half
of the total blood volume and is composed of water, proteins, and other solutes. Within plasma,
acidic drugs are mainly bound to albumin, whereas basic drugs are often bound to a1-acid
glycoprotein and lipoproteins (Shen et al., 2013; Liu et al., 2014). Plasma protein binding
generally depends on non-specific hydrophobic interactions or hydrogen bonding and is reversible
(Bohnert and Gan, 2013). Due to the different binding properties in whole blood and plasma, the
total (i.e. unbound and bound) drug concentrations and the unbound fractions in whole blood (C,
and fu,) and in plasma (C, and fuy) can vary substantially, which is represented by the blood-to-
plasma partition coefficient (R,). The unbound drug concentrations in whole blood (Cy,,) and

plasma (C, ) are equal, as outlined in Eq. (2.2) (Kwon, 2001):

Cb,u:Cb Xfub:CPXRb Xfub:Cp Xfup:Cp'u (22)

The “free-drug hypothesis” further implies that unbound drug can freely diffuse across cellular

membranes and that unbound drug concentrations in the blood and in cells are equal at steady-
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state (Pang and Rowland, 1977; Smith et al., 2010). This assumption is traditionally used to justify
the assessment of intracellular drug interactions based on unbound drug concentrations in the
blood as a surrogate for unbound intracellular concentrations, which cannot be measured in
humans (Muller and Milton, 2012; Zamek-Gliszczynski et al., 2013). However, unbound drug
concentrations in blood do not necessarily reflect unbound intracellular drug concentrations in
tissues such as the liver, brain, kidney, intestine, or tumor cells, where active transport by uptake
and efflux transporters or metabolism can disturb the distribution equilibrium (Chu et al., 2013;
Pfeifer et al., 2013a). In particular, the liver expresses a large number of drug transporters and
drug-metabolizing enzymes that affect the unbound intrahepatic drug concentration (Cpep,J). In this
context, the liver-to-blood partition coefficient for unbound drug at steady-state (Kp,,) was
introduced in order to account for the hepatic distribution of unbound drug (Shitara et al., 2006;
Parker and Houston, 2008; Kusuhara and Sugiyama, 2009; Yabe et al., 2011; Chu et al., 2013;
Pfeifer et al., 2013a; Shitara et al., 2013; Varma et al., 2014; Morse et al., 2015; Riccardi et al.,
2016; Ilwasaki et al., 2017):

Chep,u = Kpyy X Cb,u (2.3)

Under the assumption of a homogenous (“well-stirred”) drug distribution in the liver, Kpy, is
governed by active hepatic uptake and efflux by sinusoidal transporters, passive membrane
permeability into and out of the hepatocyte, hepatic metabolism, and biliary secretion by
canalicular efflux transporters (Figure 2.4) (Chu et al., 2013; Pfeifer et al., 2013a). The same
processes are involved in the hepatic elimination of drugs and are described in full detail in
section 2.4.1.

In addition, different intrahepatic partitioning and binding processes affect the hepatic drug
distribution (Figure 2.4), which is represented by the liver-to-blood partition coefficient of total drug
at steady-state (Kp) and the unbound fraction in hepatocytes (funep). However, the extent of
intrahepatic partitioning processes is reflected by both parameters and only affects the hepatic
distribution of total drug, whereas Kp,, and unbound intrahepatic drug concentrations are solely
determined by membrane permeability and intrinsic elimination processes at steady-state (Chu et
al., 2013). The relationship between Kp,,, Kp and fune, is outlined in Eq. (2.4):

funep

Kpuy = Kp X Fup (2.4)

Drug partitioning into membranes or binding to intrahepatic proteins and other cellular structures
is usually attributed to non-specific hydrophobic interactions, which are mainly dependent on the
physicochemical drug properties such as lipophilicity and molecular charge (Kilford et al., 2008;
Yabe et al., 2011; Nagar and Korzekwa, 2012; Fan and de Lannoy, 2014; Poulin, 2015). Specific
binding to cellular structures such as proteins or deoxyribonucleic acid (DNA) generally occurs in

form of drug-target interactions and rarely contributes to intracellular drug accumulation (Terasaki
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et al.,, 1984). In addition, pH and electrochemical gradients across plasma membranes or
organelle membranes affect the cellular and subcellular drug distribution. While the cytosolic pH is
~7.2, ATPases in the lysosomal membranes maintain low pH values of 4 - 5 within the lysosomal
compartments. Lipophilic weak bases (octanol-to-water partition coefficient (logP) > 1 and acid
dissociation constant (pK,) > 6 (Kazmi et al., 2013)) that are uncharged in the cytosol, freely
diffuse into lysosomes and become charged in the acidic environment. This substantially reduces
their membrane permeability and results in lysosomal trapping and enhanced cellular
accumulation of these drugs (Ohkuma and Poole, 1981; Trapp et al., 2008; Chu et al., 2013;
Kazmi et al., 2013; Mateus et al., 2013). In addition, polar acids (pK, = 5 - 9) and lipophilic bases
(pKay > 11) are trapped in mitochondria due to the alkaline mitochondrial pH (~8) or the
electrochemical gradient across the inner mitochondrial membrane (-160 mV), respectively (Trapp
and Horobin, 2005; Chu et al., 2013).
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Figure 2.4. Processes affecting hepatic drug distribution and the intrahepatic drug concentration. Only
unbound drug, which is not associated with plasma proteins or red blood cells (1), can cross the sinusoidal
(basolateral) hepatocyte membrane via passive membrane permeability (2) or via transporter-mediated
active uptake (3). Within the hepatocyte, drugs bind to intracellular proteins (4) or membranes (5) and
distribute into subcellular organelles such as lysosomes or mitochondria (6). Unbound intrahepatic drug
fractions undergo sinusoidal (basolateral) efflux via passive membrane permeability (2) or via transporter-
mediated active efflux (7), are subject to biotransformation by drug-metabolizing enzymes (8) or biliary

secretion by canalicular (apical) efflux transporters (9). Taken from Chu et al. (2013).
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2.4. Drug elimination

Drug elimination denotes the irreversible removal of a parent drug compound from the systemic
circulation, which occurs either by metabolic processes or by direct excretion into bile or urine,
primarily mediated by the liver and the kidneys. The combination of drug distribution and drug
elimination is referred to as drug disposition. The capacity of drug elimination is described by the
drug clearance (CL), which is defined as the volume of blood or plasma being cleared from a drug
over time. As such, clearance relates the elimination rate to the drug concentrations (Pang and
Rowland, 1977; Rowland and Tozer, 1995). Clearance can refer to an individual organ or
elimination pathway, i.e. hepatic (CLy) and renal clearance (CL., or to the overall drug
elimination in the body, i.e. total clearance (CLy), which is the sum of each individual organ
clearance as outlined in Eq. (2.5) (Rowland and Tozer, 1995):

CLtor = CLhep + CLyen + CLother (2.5)

The liver and kidneys are the most important drug-eliminating organs, whereas drug clearance by
other elimination pathways (CLgher) is generally of less relevance. The liver expresses a broad
range of drug-metabolizing enzymes and hepatic metabolism is the major elimination pathway for
most drugs. Metabolic biotransformation of drugs generally describes the conversion of lipophilic
compounds into more hydrophilic metabolites that are subsequently excreted into urine or bile.
The most common metabolic reactions with drugs are oxidation, reduction, hydrolysis, and
conjugation (Rowland and Tozer, 1995; Fan and de Lannoy, 2014). More hydrophilic drugs
undergo direct urinary and/or biliary excretion, which is mediated by renal and hepatic
transporters. In addition, transporters play an important role in the hepatic and renal uptake of
drugs and regulate the access to hepatic and renal drug elimination. The underlying physiological
mechanisms in the liver and kidneys are described in full detail in sections 2.4.1 and 2.4.2,

respectively.

Non-hepatic/non-renal drug elimination mainly occurs by extra-hepatic drug metabolism in the
respiratory tract, gastrointestinal tract, skin, brain, heart, blood, and in various other organs and
tissues. Enzymes in tissues that act as a boundary between the external and internal environment
such as skin, respiratory tract, and gastrointestinal tract protect the body by preventing the entry
of xenobiotics. The relevance of these drug-metabolizing enzymes strongly depends on the site of
drug application (Ding and Kaminsky, 2003; Walsh et al., 2013; Costa et al., 2014; Gundert-Remy
et al., 2014). Special attention is required if extra-hepatic metabolism occurs in target tissues,
which may affect the respective tissue drug concentration and therefore reduce the drug efficacy
(e.g. in cancer cells, brain, or lung) (Foti et al., 2015). Besides drug excretion into bile and urine,
excretion can occur via the breath, sweat, tears, salvia, and breast milk, however, these pathways

generally do not considerably contribute to overall drug elimination (Costa et al., 2014).
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2.4.1. Hepatic drug elimination

The liver is the main organ for detoxification and elimination of endogenous and xenobiotic
substances. In addition, the liver plays an important role in the absorption and digestion of fats
and vitamins though production and excretion of bile, metabolism of gastrointestinal absorbed
nutrients including glycogen storage and regulation, decomposition of red blood cells, and
synthesis of proteins and hormones (Corless and Middleton, 1983; Malarkey et al., 2005).
Lobules are the functional units of the liver (Figure 2.5). They are composed of parenchymal cells,
called hepatocytes, and non-parenchymal cells such as sinusoidal endothelial cells, Kupffer cells,
stellate cells, dendritic cells, and lymphocytes (McCuskey, 2008; Godoy et al., 2013).
Hepatocytes account for 60% of hepatic cells and surround the sinusoid and the bile canaliculi,
which face the sinusoidal and canalicular hepatocyte membranes, respectively. Peripheral
oxygen-rich blood reaches the liver via branches of the hepatic artery, whereas branches of the
portal vein deliver blood containing absorbed nutrients and potential harmful substances from the
gastrointestinal tract. Within the sinusoids, arterial and venous blood is mixed and leaves the liver
via the central vein (Malarkey et al., 2005; Eipel et al., 2010). The hepatocytes produce and
secrete bile into bile canaliculi, which merge into bile ductules and form the common bile duct.
The common bile duct transports and releases the bile into the duodenum in order to facilitate the
absorption and digestion of fats and lipid-soluble vitamins (Kosters and Karpen, 2008; Li and
Chiang, 2014).

The hepatic elimination of drugs takes place in the hepatocytes and represents a complex
interplay between drug-metabolizing enzymes and drug transporters. As outlined above, drug
from the systemic circulation reaches the sinusoidal blood via the hepatic artery, whereas
gastrointestinal absorbed drug is delivered to the sinusoid via the portal vein and undergoes
hepatic first-pass extraction. The rate of delivery is determined by the hepatic blood flow (Qp)
(Pang and Rowland, 1977). Within the sinusoid, unbound drug can become subject to intrinsic
hepatic clearance (CLyiy), Which results from the interplay between sinusoidal membrane
permeability into the hepatocytes and back into the blood, biliary secretion at the canalicular
membrane and hepatic metabolism. Assuming that the liver is a homogenous compartment, these
relationships can be described by the “well-stirred” liver model (Pang and Rowland, 1977):
_ QpXfupXCLpint

CLhep T QutfupXClpint (2.6)

2.4.1.1. Sinusoidal membrane permeability

The permeation through the sinusoidal plasma membrane into the hepatocyte represents the first
step in hepatic drug elimination. Small, lipophilic, and uncharged drugs mainly enter the

hepatocytes via passive membrane permeability (Sugano et al., 2010). These drugs will partly
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Figure 2.5. Microanatomy of the liver. Lobules are the functional units of the liver and are primarily
composed of hepatocytes, sinusoids, and bile ductules. Blood enters the liver via branches of the hepatic
artery and the portal vein, reaches the sinusoidal (basolateral) membrane of hepatocytes via the sinusoid
and is collected in the central vein. Bile canaliculi transport secreted bile from the hepatocytes via the bile

ductules and the common bile duct to the intestine. Taken from Chu et al. (2013).

diffuse back into the sinusoidal blood and probably enter other hepatocytes (lusuf et al., 2012;
van de Steeg et al., 2012). In addition, hepatocytes express a variety of uptake transporters at the
sinusoidal membrane that mediate the cellular uptake of less lipophilic and charged drugs. Among
these transporters, OATP1B1, OATP1B3, and OCT1 are most important for the hepatic uptake of
drugs (Figure 2.2, panel B and section 2.1.1). Active sinusoidal back flux has likely minor
relevance for drugs, whereas endogenous substances such as bile acids or bilirubin glucuronides

potentially undergo sinusoidal efflux by MRPs (section 2.1.2.2).
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2.4.1.2. Hepatic metabolism

Hepatic metabolism is the most common route of drug elimination and is mediated by numerous
drug-metabolizing enzymes from different families. The metabolic biotransformation of drugs is
categorized into phase | (“functionalization” by oxidation, reduction, and hydrolysis) and phase Il
reactions (“conjugation”, e.g. by glucoronidation, sulfation, and acetylation), where the phase of
metabolism does not necessarily provide information on the order of reactions (Rowland and
Tozer, 1995; Fan and de Lannoy, 2014).

Phase | reactions are mainly catalyzed by members of the CYP family, with additional phase |
drug-metabolizing enzymes such as flavin-containing monooxygenase (FMO), alcohol
dehydrogenase, carbonyl reductase, carboxylesterase, epoxide hydrolase, and others (Pang et
al., 2010). The CYP family has more than 50 members and is organized into five subfamilies
(CYP1 - CYP4 and CYP7), which are responsible for the metabolism of ~90% of all clinically used
medications (Xu et al., 2005; Lynch and Price, 2007; Chen et al., 2011). The isoforms CYP1A2,
2B6, 2C9, 2C19, 2D6, and 3A4 are considered to be of particular importance for the elimination of
drugs, whereby CYP3A4 is the most abundant and relevant isoform (Zhou, 2008). CYPs mediate
oxidative metabolism and are located in the endoplasmatic reticulum membrane in hepatocytes,
oriented towards the cytosol, but can be found in virtually all tissues in the body (Neve and
Ingelman-Sundberg, 2010; Gundert-Remy et al., 2014). Similar to drug transporters, drug-
metabolizing enzymes are associated with DDIs through enzyme inhibition or induction as well as
with polymorphisms. In particular CYP3A4 has a high DDI potential due to the large number of
substrates, inhibitors, and inducers that partly overlap with the specificity of P-gp (Benet et al.,
2004; Marchetti et al., 2007; Zhou, 2008). The most relevant polymorphisms have been identified
for the CYP isoforms 1A2, 2B6, 2C9, 2C19, and 2D6 (Lynch and Price, 2007; Pang et al., 2010;
van Leeuwen et al., 2013).

Phase Il reactions are mediated by members of the UGT, SULT, glutathione S-transferase
(GST), and NAT families of which UGT and SULT enzymes are particularly important for the
elimination of drugs (Pang et al., 2010; Hardwick et al., 2013). UGT and SULT enzymes catalyze
the covalent linkage to glucuronic acid (glucoronidation) or sulfate (sulfation) in order to increase
the water-solubility and subsequent excretion of their substrates. UGT1A1, UGT2B7, SULT1A1,
and SULT1B1 have the highest clinically relevance with regard to the glucoronidation and
sulfation of drugs and endogenous substrates (e.g. bilirubin glucoronidation) (Pang et al., 2010;
Rowland et al., 2013; Coughtrie, 2016). UGTs are predominately expressed in hepatocytes where
they are localized in endoplasmatic membrane facing the luminal side (Radominska-Pandya et al.,
1999). SULTSs are likewise expressed in hepatocytes as well as in other tissues but are located in
the cytosol (Gundert-Remy et al., 2014; Coughtrie, 2016).

2.4.1.3. Biliary secretion and enterohepatic circulation

Biliary secretion represents another hepatic drug clearance process that refers to the active efflux

of parent drug compound into the bile canaliculi (Figure 2.5). The biliary secretion of drugs as well
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as drug metabolites and endogenous substances like bile acids or bilirubin is mediated by P-gp,
BCRP, MRP2, MATEL, and BSEP (Figure 2.2, panel B and sections 2.1.2 and 2.1.1.3), whereas
passive permeability across the canalicular plasma membrane is considered to be negligible
(Yang et al., 2009). The common physicochemical property of biliary secreted drugs is a high
molecular weight with reported cut-off values between 400 and 600 g/mol (Levine, 1978; Yang et
al.,, 2009; Varma et al., 2012). In addition, biliary secreted drugs frequently have a large polar
surface area, high number of rotatable bonds, and high hydrogen-bond count. Lipophilic and
highly permeable drugs are typically not biliary secreted since such compound properties
increase the affinity to drug-metabolizing enzymes and promote metabolic drug elimination (Benet
et al.,, 2008; Varma et al.,, 2012). Besides the common substrate affinity to canalicular efflux
transporters, biliary secreted drugs are frequently OATP substrates (Varma et al., 2012).

Within the bile duct, drugs and other bile constituents are transported to the duodenum where
bile constituents such as bile acids and cholesterol are efficiently reabsorbed (Kosters and
Karpen, 2008; Dawson et al., 2009). Drugs are commonly excreted into feces but can potentially
be reabsorbed in the intestine as well. In addition, conjugated metabolites might undergo
deconjugation by intestinal bacteria and can be reabsorbed as the parent drug compound (Gao et
al., 2014). Reabsorbed drugs return to the liver via the portal vein where they are again subject to
hepatic elimination processes before reaching the systemic circulation. The repeating process of
absorption, biliary secretion, and reabsorption (with or without hepatic metabolism and intestinal

deconjugation) is called enterohepatic circulation.

2.4.2. Renal drug elimination

The kidneys have an important role in the general detoxification of blood, maintenance of fluid,
electrolyte and base/acid homeostasis in the body, and regulation of blood pressure (Sherwood,
2015). The kidneys are divided into the outer cortex and the inner medulla. The nephrons are the
functional units of the kidney and span across the cortex and medulla. They are composed of a
glomerulus and a tubule consisting of different segments (proximal convoluted tubule, loop of
Henle, and distal convoluted tubule) where the urinary filtrate is formed and delivered to the
collecting duct (Figure 2.6) (Kriz, 1981; Morrissey et al., 2013; Scotcher et al., 2016).

Renal excretion of parent drug compounds is a major elimination pathway for many drugs and
depends on glomerular filtration, tubular secretion, and reabsorption. These processes take place
in the nephron and are determined by physicochemical drug properties as well as by interactions
with uptake and efflux transporters (Masereeuw and Russel, 2001b; Feng et al., 2010). Renal
clearance is defined as the net result of glomerular filtration (ClLng) and tubular secretion
clearance (CLensec) @and the fraction of drug that is reabsorbed from the tubule fluid back into the

blood (frean), @s summarized in Eq. (2.7) (Rowland and Tozer, 1995):

CLren = (CLren,fil + CLren,sec) X (1 - freab) (2-7)
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Figure 2.6. Microphysiology of the kidney. Nephrons are the functional units of the kidney and consist of a
glomerulus and a tubule with different regions (proximal convoluted tubule, loop of Henle, and distal
convoluted tubule). Blood is filtered within the glomerulus. The filtrate passes the tubule where water and
lipophilic molecules are reabsorbed. Transporters in renal tubule cells secrete molecules into the glomerular

filtrate. The filtrate from several nephrons flows together in the collecting duct. Taken from http://cnx.org/.

Peripheral blood enters the nephron via branches of the renal artery (afferent arterioles) and
reaches the glomerulus, a network of blood capillaries surrounded by the Bowman's capsule
(Figure 2.6). Within the glomerulus, the blood is filtered (glomerular filtration) into the Bowman's
capsule, which releases the glomerular filtrate into the proximal tubule (Lote, 2012). The rate of
glomerular filtration depends on the renal blood flow and binding in blood (Feng et al., 2010; Fan
and de Lannoy, 2014). Glomerular filtration is a passive, unidirectional, and size-dependent
process that prevents the excretion of blood cells and large molecules such as plasma proteins.
Hence, only unbound and small molecules (molecular weight < 500 g/mol) undergo glomerular
filtration, representing the counterpart to the biliary secretion of larger molecules (Varma et al.,
2012). Following filtration, the blood leaves the glomerulus via efferent arterioles that form a
network of peritubular capillaries around the tubular segments (Lote, 2012).

The renal tubule is formed by epithelial cells, constituting a barrier between blood in the
peritubular capillaries and the glomerular filtrate inside the tubule. It is divided into three segments:
the proximal convoluted tubule, the loop of Henle, and the distal convoluted tubule (Figure 2.6).
Along the different segments, water and nutrients are reabsorbed by osmotic processes, passive
diffusion, and active transport, whereas certain substances in the blood are actively secreted into
the tubular fluid (Lote, 2012). These processes likewise affect the net renal excretion of drugs.

Active tubular secretion of drugs mainly takes place in the proximal tubule and contributes to their
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elimination (Masereeuw and Russel, 2001b; Scotcher et al., 2016). Proximal tubule cells express
a large number of uptake and efflux transporters of which OAT1, OAT3, OCT2, MATEL, MATE2K,
P-gp, MRP2, and BCRP primarily work as combined carrier systems for the secretory transport of
anionic and cationic drugs (Figure 2.2, panel C and sections 2.1.1 and 2.1.2). Thereby OATs and
OCT2 act as uptake transporters at the basolateral plasma membrane, whereas MATESs, P-gp,
MRP2, and BCRP mediate the apical efflux of drugs into the tubular fluid. In addition, tubular
epithelial cells express phase | and Il drug-metabolizing enzymes including members of the CYP,
UGT, and GST families. Thereby, glucoronidation of drugs by UGT2B7 and UGT1A9 seems to be
the most important metabolic pathway in the kidney (Di, 2014; Gundert-Remy et al., 2014;
Scotcher et al.,, 2016). However, in general, renal metabolism does not contribute to a large
extent to the overall drug elimination (Rowland and Tozer, 1995; Fan and de Lannoy, 2014).
Following glomerular filtration and active secretion processes, drugs and endogenous
substances can be subject to reabsorption back into the systemic circulation (Lote, 2012).
Passive reabsorption mainly occurs in the distal tubules due to high concentration gradients
between the tubular fluid and the blood in peritubular capillaries that result from the reabsorption
of water (Fan and de Lannoy, 2014). The extent of passive tubular reabsorption depends on
physicochemical properties. Lipophilic and uncharged molecules are reabsorbed to a large extent
by passive diffusion, whereas hydrophilic and charged compounds are efficiently eliminated into
the urine (Feng et al., 2010; Scotcher et al., 2016). In this context, the pH of tubular fluid (ranging
between 5 and 8) has a high impact on the degree of ionization and thus on the extent of
reabsorption (Levy, 1976). Active reabsorption of drugs is uncommon although different apical
uptake (e.g. OCTN1 and OCTN2) and basolateral efflux transporters (e.g. MRP1) are expressed
along the renal tubule (Launay-Vacher et al., 2006; Morrissey et al., 2013; Kunze et al., 2014b;
Scotcher et al., 2016). However, the process of active reabsorption is primarily relevant for the
recovery of nutrients such as glucose via the apical sodium/glucose cotransporter SGLT2 and
basolateral glucose transporter GLUT1 (Masereeuw and Russel, 2001a; Vallon et al., 2011). The
primary urine containing non-reabsorbed constituents enters the collecting duct and is further

concentrated and transported to the bladder (Lote, 2012).

2.5. Invitro methods to study hepatic drug disposition

Within the human body, drugs are subject to various active and passive processes that influence
their ADMET properties as outlined in the sections 2.1 to 2.4. Knowledge about these processes
is therefore required to understand the pharmacokinetic and toxicological behavior of drugs in
order to anticipate an appropriate drug dose and to ensure drug safety and efficacy. Furthermore,
interactions with transporters and enzymes are associated with the risk of drugs becoming victims
of DDIs, which potentially alters their ADMET properties. However, clinical pharmacokinetic data
are not or only rarely available at early stages of drug development, while pharmacokinetic and
toxicological data from preclinical animals often show large species-dependent differences to
humans (Chaturvedi et al., 2001; Deguchi et al., 2011; Watanabe et al., 2011; Dave and Morris,
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2015). To overcome this gap, different in vitro systems based on human cells or subcellular
fractions have been developed. These systems allow the investigation of clearance processes,
interactions with specific transporters and drug-metabolizing enzymes, and drug binding in order
to quantitatively predict the pharmacokinetic behavior of drugs in humans using mechanistic in
vitro-in vivo extrapolation (IVIVE) models. The following section provides on overview of in vitro

methods for the study of hepatic drug disposition that were applied within the scope of this work.

2.5.1. Drug binding

The binding of drugs within blood and tissues has high impact on their intra- and extracellular
distribution and elimination in humans (section 2.3). In addition, different binding processes are
present in in vitro systems requiring correction of the measured (apparent) pharmacokinetic
parameters. In the following section, common methods for the determination of drug binding are

introduced using the examples of binding in whole blood, plasma, and liver microsomes.

2.5.1.1. Binding in whole blood and plasma

Drug binding in plasma and whole blood is routinely determined during drug development. fu, is
commonly measured using equilibrium dialysis, ultracentrifugation, ultrafiltration, or gel filtration,
whereas fu, is indirectly determined from experimental measures of R, and fu, (Hinderling, 1997;
Pelkonen and Turpeinen, 2007; Bohnert and Gan, 2013; Fan and de Lannoy, 2014).

In order to obtain plasma for the determination of fu,, whole blood is centrifuged to remove
blood cells and platelets. Equilibrium dialysis is the most common method for the measurement of
plasma protein binding. An equilibrium dialysis device consists of two chambers that are
separated by a semi-permeable membrane (Figure 2.7). The membrane allows the diffusion of
drug but not of plasma proteins (the molecular cut-off value commonly ranges between 6 to 20
kDa, depending on the system). The chambers are either filled with plasma and the test drug
(donor chamber) or buffer solution (receiver chamber). Hence, only unbound drug can reach the
receiver chamber and the unbound drug concentration equilibrates between both chambers.
Following equilibration, the ratio between the drug concentrations in both chambers represents fu,
(Bailey, 1997; Bohnert and Gan, 2013). Equilibrium dialysis is generally considered as the gold-
standard for measuring plasma protein binding of drugs. It can be conducted at physiological
temperature (37°C), is easy in handling, and suitable for high throughput screenings. On the other
hand, fu, can be affected by non-specific binding of drugs to membrane inserts and long
incubations are required to establish the concentration equilibrium, which limits the analysis of
drugs with low stability (Bohnert and Gan, 2013).

Ry, is obtained from incubations of whole blood with test drugs, followed by centrifugation to
separate plasma from cellular blood components (Figure 2.7). The ratio between drug
concentrations in whole blood and plasma represents Ry, and subsequently allows the calculation
of fup (EQ. (2.2)) (Laznicek and Laznickova, 1995; Hinderling, 1997).
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Figure 2.7. Determination of unbound fractions in plasma (fup) and whole blood (fup) using equilibrium
dialysis and centrifugation. The dialysis devices consist of two chambers, which are separated by a semi-
permeable membrane that allows diffusion of drug but not of plasma proteins. After equilibrium of unbound
drug is reached, fu, is calculated from measured drug concentrations in the receiver (Creveiver) and donor
chambers (Cdonor). In order to obtain Ry, drug concentrations in whole blood (Cy) (before centrifugation) and

plasma (Cp) (following centrifugation) are compared. fup is calculated from Ry and fup.

2.5.1.2. Binding in (sub)cellular in vitro systems

During in vitro incubations using (sub)cellular systems such as liver microsomes or hepatocytes,
drugs are subject to different binding processes. Drugs can bind to cellular structures as well as to
plastic surfaces in the assay device, thereby affecting the obtained kinetic parameters, which are
commonly calculated using total applied drug concentration (apparent parameters) (Pelkonen and
Turpeinen, 2007; Kilford et al., 2008). However, intrinsic kinetic parameters depend on the
unbound drug concentration in the in vitro system. Hence, the unbound fraction of drug needs to
be assessed in order to correct apparent parameters and to obtain unbound intrinsic parameters.
For instance, the metabolic drug clearance is commonly determined in human liver
microsomes that are composed of endoplasmic membranes and associated proteins. Accordingly,
the drug concentration in microsomes is affected by membrane partitioning and protein binding,
which is reflected by the unbound fraction in microsomes (fuic) (Pelkonen and Turpeinen, 2007).
In principle, all methods for the measurement of plasma protein binding are applicable to
determine the unbound fraction in a (sub)cellular system (Kilford et al., 2008). Ultracentrifugation
is the most common method for the measurement of fuy,.. This method is based on the

separation of unbound and bound drug by high centrifugal forces. The microsomal membranes,



2.5. In vitro methods | 23

including associated microsomal protein and bound drug, sediment during the centrifugation and
unbound drug can be quantified in the supernatant. Ultracentrifugation is applicable to drugs that
exhibit high non-specific binding but has low through-put and centrifugation cannot be conducted
at physiological temperature (Bohnert and Gan, 2013). As an alternative, mathematical models
have been developed in order to predict drug binding in different systems from physicochemical
drug properties (Austin et al., 2005; Kilford et al., 2008; Yabe et al., 2011).

2.5.2. Hepatobiliary drug transport and transporter inhibition

Three clearance processes predominately contribute to the hepatobiliary transport of drugs,
namely passive sinusoidal membrane permeability, active sinusoidal uptake permeability, and
active canalicular efflux permeability (biliary secretion). These processes are commonly assessed
in freshly isolated or cryopreserved primary hepatocytes that are derived using collagenase
perfusion of the human liver (Lecluyse and Alexandre, 2010). Suspended hepatocytes are
generally used for the measurement of sinusoidal transport processes, whereas canalicular
transport is investigated in plated sandwich-cultured hepatocytes. The obtained information is
subsequently used to predict hepatic drug clearance in humans. In contrast, the interaction with
individual transporters is investigated using membrane vesicles or recombinant cell lines that

express only the transporter of interest (Brouwer et al., 2013).

2.5.2.1. Sinusoidal transport and passive membrane permeability

Isolated human hepatocytes express the majority of sinusoidal uptake transporters and phase |
and Il drug-metabolizing enzymes similar to the situation in the liver. In contrast, the function of
canalicular efflux transporters is strongly limited due to loss of cell polarization and internalization
of canalicular transporters during isolation (Bow et al., 2008; Di et al., 2012). Plated hepatocytes
additionally lose their uptake transporter activity in culture (Ishigami et al., 1995; Sahi et al., 2010).
Therefore, primary suspended hepatocytes are used to investigate the sinusoidal uptake
permeability of drugs. To limit the impact of interindividual variability in transporter expression,

hepatocytes from multiple human donors are pooled within experiments (Brouwer et al., 2013).

The total sinusoidal uptake permeability into hepatocytes (PS;y) represents the sum of active

transporter-mediated (PSin act) and passive uptake permeability (PSin pas):
PSinf = PSinf,act + PSinf,pas (2.8)

PS; is determined by incubating hepatocytes with medium containing the test drug at a low
concentration to avoid saturation of active transport. In order to prevent passive diffusion back
into the medium, hepatic uptake is measured in short incubations within the initial uptake phase.

The influence of metabolism can generally be neglected due to the short incubation times. The
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incubation is terminated by separating cells and medium e.g. by filtration through an oil layer (oil-
spin method) followed by quantification of the drug amount in cells and medium (Umehara and
Camenisch, 2012; Kunze et al., 2014a). The apparent uptake permeability (PS,p) is calculated by
normalizing the amount of drug in cells to the nominal drug concentration, incubation time, and
cell number. PS,y, is potentially affected by non-specific binding to plastic surfaces in the assay
device or by saturable binding to cell surfaces. Non-specific binding to plastic surfaces is
corrected based on the total recovery of radiolabeled substrates. The extent of saturable binding
to cell surfaces can be measured in control incubations at 4°C in order to correct PS,p, into the
intrinsic parameter PS;s (Umehara and Camenisch, 2012; Kunze et al., 2014a).

Three approaches are available to discriminate between active and passive uptake
permeability: the use of uptake transporter inhibitors, high substrate concentrations in order to
saturate active transport, or incubation at 4°C where transporters are not active. It has been
widely accepted that incubation at 4°C is not suitable to measure passive membrane permeability
because membrane fluidity is temperature-sensitive, which also affects the membrane
permeability (Frezard and Garnier-Suillerot, 1998; Pang et al., 2010; Brouwer et al., 2013; Zamek-
Gliszczynski et al., 2013). Therefore, active uptake permeability is usually abolished using uptake
transporter inhibitors or high substrate concentrations (Sugano et al., 2010; EMA, 2012). However,
attempts to saturate active transport can be limited by low substrate solubility, whereas uptake
transporter inhibitors do not necessarily suppress the full activity of all relevant transporters.

The sinusoidal efflux permeability (PSex) of drugs is difficult to assess. Therefore, PSipas iS
commonly used as a surrogate measure for passive sinusoidal efflux permeability (PSefpas)-
Active sinusoidal efflux permeability (PSeract) Se€Ms to have limited relevance for the hepatic
disposition of drugs and this process is generally neglected in IVIVE models (Jones et al., 2012;
Nordell et al., 2013; Zamek-Gliszczynski et al., 2013; Kunze et al., 2015; Varma et al., 2015).

The limitations of suspended hepatocytes as in vitro system for sinusoidal drug transport are
mainly related to the expression of transporters. Although isolated hepatocytes are generally
considered to have an appropriate pattern of transporter expression, recent studies demonstrated
that cryopreservation of hepatocytes can reduce the expression and activity of OATPs, OCTs,
and NTCP, which potentially affects the quality of measured in vitro parameters (Kimoto et al.,
2012; Lundquist et al., 2014b). Therefore, freshly isolated hepatocytes are considered the gold-
standard for measuring sinusoidal drug transport. However, the availability of freshly isolated
human hepatocytes is limited and transport studies are commonly conducted using cryopreserved
hepatocyte batches with confirmed uptake transporter activity (Chiba et al., 2009; Brouwer et al.,
2013; Nordell et al., 2013; Kunze et al., 2015). In addition, it has been shown that P-gp, BCRP,
MRP2, and BSEP exhibit remaining activity in suspended hepatocytes due to incomplete
internalization, which can also affect the assessment of hepatic uptake permeability. Yet, residual
activity of efflux transporters seems to be substantially lower in cryopreserved than in freshly

isolated hepatocytes (Lundquist et al., 2014a).
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2.5.2.2. Biliary secretion by canalicular efflux transporters

Biliary secretion of drugs is mediated by canalicular efflux transporters and is commonly
investigated in sandwich-cultured human hepatocytes (Pan et al., 2012; Brouwer et al., 2013). For
this purpose, freshly isolated or cryopreserved hepatocytes are seeded on collagen-coated plates
and overlaid with an additional layer of collagen (e.g. Matrigel). Although isolated hepatocytes
lose their cell polarization upon plating, they recover their polarization after 6 to 7 days in the
sandwich-culture system including functional expression of the major transporters at the
sinusoidal and canalicular membranes as well as formation of bile canaliculi in form of bile
pockets. Tight junctions between the hepatocytes separate the bile pockets from the extracellular
medium and prevent diffusion of the test drug between both compartments (Figure 2.8) (Liu et al.,
1999; Schaefer et al., 2012; Brouwer et al., 2013). This system therefore allows measuring

canalicular and sinusoidal drug transport under physiologically relevant conditions. Additional
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Figure 2.8. Sandwich-cultured hepatocytes express sinusoidal and canalicular transporters and form bile
canaliculi (bile pockets). Test drug is taken up by sinusoidal uptake transporters and/or passive uptake
permeability and canalicular efflux transporters mediate the secretion of drug into bile canaliculi. In the
presence of Ca”-containing standard buffer, intercellular tight junctions are maintained and prevent the
diffusion of drug into the extracellular medium, whereas tight junctions are disrupted in the presence of ca’-
free buffer. The extent of biliary secretion is represented by differences in the cellular drug accumulation in

the presence of the Ca2+-containing and Ca?*-free buffers. Taken from Brouwer et al. (2013).
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applications of sandwich-cultured hepatocytes include the investigation of hepatic drug
metabolism and its interplay with sinusoidal and canalicular transport processes, bile acid
transport, and hepatotoxicity (Swift et al., 2010; Schaefer et al., 2012). However, sandwich-
cultured hepatocytes exhibit reduced function of sinusoidal uptake transporters and drug-
metabolizing enzymes compared to primary suspended hepatocytes (Mathijs et al., 2009; Kotani
et al., 2011). Therefore, and due to the labor- and cost-intensive culturing procedure, sandwich-
cultured hepatocytes are mainly used for the investigation of canalicular drug transport, whereas
sinusoidal transport and hepatic metabolism are assessed in suspended hepatocytes (section
2.5.2.1) and using liver microsomes (section 2.5.3), respectively (Obach, 2001; Swift et al., 2010;
Brouwer et al., 2013; Yang et al., 2016).

In order to measure biliary secretion, sandwich-cultured hepatocytes are incubated with the test
drug at a low substrate concentration to prevent saturation of active transport. The drug is taken
up from the extracellular medium by sinusoidal uptake transporters and/or passive uptake
permeability and secreted into the bile pockets by canalicular efflux transporters. The initial rate of
biliary secretion depends on the unbound intracellular concentration (Swift et al., 2010; Chu et al.,
2013; Pfeifer et al., 2014). Following the incubation, the cells are washed and the drug amount in
cells and associated bile pockets is quantified. In order to discriminate between drug in
hepatocytes and in the bile pockets, different buffers are used in sandwich-culture experiments. In
Ca2+—containing standard buffer, the intercellular tight junctions are maintained, whereas the tight
junctions are disrupted upon incubation in a Ca*'-free buffer (Figure 2.8). The drug accumulation
in bile pockets is represented by the difference between the cellular drug accumulation in Ca**-
containing buffer (cells and bile pockets) and the cellular accumulation in Ca”'-free buffer (cells
only) (Liu et al., 1999). The apparent intrinsic biliary clearance (CLinsecapp) iS Calculated by
normalizing the amount of drug in the bile pockets to the intracellular drug concentration and
incubation time (Brouwer et al., 2013). The intracellular drug concentration can be obtained based
on the cellular accumulation in Ca*-free buffer and the hepatocellular volume (Lee et al., 2003).
In order to account for intracellular binding processes, ClLinsec.app iS SUbsequently corrected into

the intrinsic biliary clearance (CLinsec) USING fuhep (S€CtiON 2.5.1.2).

The sandwich-culture system has limited use for drugs with low sinusoidal uptake permeability
since they might not achieve sufficient intracellular levels in order to become subject to canalicular
efflux. As a consequence, the process of biliary secretion might be underestimated (Brouwer et al.,
2013). In addition, parameters obtained in the sandwich-culture are liable to interindividual
variability in transporter expression. Hepatocytes from multiple donors cannot be pooled for
sandwich-culture experiments since cells from different donors do not homogeneously grow on
culture plates. Thus, parameters from sandwich-culture experiments should be determined using
multiple hepatocyte batches in independent experiments and the functional activity of uptake and
efflux transporters has to be carefully monitored by the use of reference substrates (i.e.
taurocholate) (Brouwer et al., 2013; De Bruyn et al., 2013; Yang et al., 2016).
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2.5.2.3. Transporter inhibition

Primary hepatocytes are suitable to determine hepatic process clearances such as sinusoidal
uptake permeability or biliary secretion (sections 2.5.2.1 and 2.5.2.2). However, the expression of
many transporters makes it difficult to characterize individual transporters, especially since
selective inhibitors are only available for a limited number of transporters (Sahi et al., 2010; Swift
et al., 2010; Brouwer et al., 2013; Yang et al., 2016). Therefore, recombinant cell lines or inside-
out oriented membrane vesicles have been developed that express only individual transporters.

Thus, these systems allow identifying drugs as substrates or inhibitors of individual transporters.

The interaction between transporters and their substrates is described by the maximum velocity
(Vmax) Of transport and Michaelis-Menten constant (K,)). K, represents the substrate affinity and
refers to the substrate concentration that is associated with the half-maximal transport velocity. K,
and V.. are obtained in concentration-dependent phenotyping experiments under initial rate
conditions (Zamek-Gliszczynski et al., 2013). Transporter inhibition by a drug is also
characterized in concentration-dependent experiments under initial rate conditions but in the
presence of a specific reference substrate. Alterations in the transport of the reference substrate
indicate an inhibitory effect of the test drug. The inhibition potency of the test drug is described by
the concentration of inhibitor to achieve half-maximal transporter inhibition (ICsq) or the reversible
inhibition constant (K;) (Zamek-Gliszczynski et al., 2013).

The selection of recombinant cell lines or membrane vesicles as in vitro test systems depends
on compound properties and transport mechanism. Uptake transporter interactions are commonly
studied in recombinant cell lines (Brouwer et al., 2013). In addition, interactions between efflux
transporters and highly permeable drugs (i.e. lipophilic substrates of P-gp and BCRP) should be
investigated in recombinant cells lines (Tweedie et al., 2013; Zamek-Gliszczynski et al., 2013).
However, such cellular systems are not suitable to measure interactions between efflux
transporters and low permeable drugs. In order to reach the intracellular binding site of an efflux
transporter, such drugs often require uptake transporters in vivo, which might not be expressed in
the recombinant cell line. Therefore, inside-out oriented membrane vesicles, where efflux
transporters directly interact with the test drug in the extracellular medium, are the preferred in
vitro system for low permeable drugs (Figure 2.9). For instance, inhibition of the efflux transporter
BSEP is commonly investigated in inside-out oriented membrane vesicles since BSEP substrates
are typically low permeable hydrophilic molecules that cannot be characterized or used as
reference substrates (i.e. the BSEP reference substrate taurocholate) in recombinant cell lines
(Stieger et al., 2000; Morgan et al., 2010; Dawson et al., 2012; Pedersen et al., 2013; Cheng et al.,
20186).

Inside-out oriented membrane vesicles are typically prepared from recombinant cells lines that
were transfected with complementary DNA (cDNA) encoding the human ABC transporter of
interest (Brouwer et al.,, 2013; Cheng et al., 2016). Alternatively, membrane vesicles can be

obtained from human tissue (Funk et al., 2001a). In order to measure the inhibition potential of
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Figure 2.9. Vesicular transport assay. Inside-out oriented membrane vesicles are obtained from
recombinant cell lines that express the efflux transporter of interest. Membrane vesicles are incubated with a
transporter substrate in the presence of ATP or AMP. The efflux transporter reacts with ATP and mediates
the vesicular uptake of substrate. Vesicles and non-associated substrate are separated by filtration and the
amount of vesicle-associated substrate is quantified. Altered transport kinetics of a reference substrate in the

presence of a test drug indicate transporter inhibition. Modified from Brouwer et al. (2013).

drugs, membrane vesicles are incubated with the test drug at various concentrations and in the
presence of a reference substrate and ATP. The ABC transporter mediates the vesicular uptake
of the reference substrate by hydrolysis of ATP unless the test drug inhibits the transport process.
Parallel incubations with adenosine monophosphate (AMP) serve as a negative control for
passive permeation of substrate into the vesicles. The incubation is terminated by separation of
membrane vesicles and medium (e.g. by filtration) and the amount of substrate in the vesicles is
quantified (Figure 2.9) (van Staden et al., 2012; Brouwer et al., 2013). The ICs value for the test
drug is obtained by non-linear regression analysis of the concentration-dependent inhibition of

vesicular uptake (van Staden et al., 2012; Volpe et al., 2014).

2.5.3. Hepatic drug metabolism

The metabolic clearance of drugs is routinely measured in human hepatocytes or in liver
subcellular fractions. Freshly isolated or cryopreserved hepatocytes express the majority of phase

| and Il drug-metabolizing enzymes (Sahi et al., 2010; Vildhede et al., 2015). Cultured primary
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hepatocytes are not suitable to determine metabolic drug clearance since metabolic activity is lost
within a short time, but these cells can be used for metabolite identification, enzyme induction or
toxicity studies (Pelkonen and Turpeinen, 2007; Fasinu et al.,, 2012). As an alternative to
hepatocytes, liver subcellular fractions such as microsomes, S9, and cytosolic fractions are
available, which, however, contain only certain drug-metabolizing enzymes. In order to prepare
liver subcellular fractions, human liver tissue is homogenized and centrifuged at low speed. The
supernatant (S9 fraction) contains the microsomal and cytosolic fractions that can be separated
by ultracentrifugation (Jia and Liu, 2007; Fasinu et al., 2012; Richardson et al., 2016). The S9
fraction covers the same range of drug-metabolizing enzymes like intact hepatocytes but co-
factors that are required for metabolic processes like nicotinamide adenine dinucleotide
phosphate (NADPH) or uridine diphosphate glucuronic acid (UDPGA) for CYP and UGT enzymes,
respectively, are not available in S9 and subsequent fractions. Compared to hepatocytes, the
plasma membrane, which limits the access to drug-metabolizing enzymes, is removed in S9 and
subsequent fractions (Richardson et al., 2016). The microsomal fraction is mainly composed of
membranes from the endoplasmatic reticulum. Microsomes therefore contain all phase | and I
drug-metabolizing enzymes that are bound to endoplasmatic membranes including CYP, UGT,
and FMO enzymes. The cytosolic fraction contains soluble drug-metabolizing enzymes such as
SULT, GST, and NAT (Fasinu et al., 2012).

Human liver microsomes are the most common system to assess the metabolic drug clearance
since they contain phase | CYP enzymes, are cheap, robust, and suitable for high-throughput
screenings (Obach, 2001; Pelkonen and Turpeinen, 2007; Di et al.,, 2013). The influence of
interindividual variability in enzyme expression and activity is reduced by using pools of liver
microsomes from up to 200 donors for clearance measurements. Liver microsomes are typically
incubated with test drug and the co-factor NADPH to determine the CYP-mediated metabolic
clearance. The study of additional microsomal enzymes must be conducted in the presence of
other co-factors. For instance, UGT-dependent metabolism is analyzed in the presence of
UDPGA and requires the pre-treatment of microsomes with the pore-forming peptide alamethicin
to increase the access to the luminal-orientated UGT in the endoplasmatic membranes (Obach,
2001; Walsky et al., 2012). In order to prevent saturation or product inhibition of drug-metabolizing
enzymes, the metabolic clearance is measured in the linear time, substrate, and enzyme
concentration range (Obach, 2001; Fujiwara et al., 2008; Chiba et al., 2009). K, and Vpa Of
enzyme substrates can be assessed in concentration-dependent phenotyping experiments under
initial rate conditions. However, incubations with recombinant enzymes (i.e. using supersomes)
are more suitable to characterize substrate kinetics for individual enzymes (Kuehl et al., 2005; Jia
and Liu, 2007; Pelkonen and Turpeinen, 2007). Following the incubation, the formation of major
metabolites or the decrease of parent drug concentration is quantified by high-performance liquid
chromatography or liquid chromatography coupled to tandem mass spectrometry, respectively.
The apparent intrinsic metabolic clearance (CLinmetapp) IS cCalculated by normalizing the

concentration of major metabolites or the decrease of parent drug concentration to the applied
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concentration of parent drug, incubation time, and microsomal protein. In order to account for
binding processes in the incubation, CLiysecapp IS Subsequently corrected into the intrinsic

metabolic clearance (CLjysec) USING fuyc (Section 2.5.1.2).

2.5.4. Processing of hepatic process clearances

The prediction of hepatic drug clearance in humans from in vitro data requires four different steps.
In the first step, the hepatic process clearances for sinusoidal uptake and efflux, hepatic
metabolism, and biliary secretion are measured in vitro (sections 2.5.1 to 2.5.3). In the second
step, the individual process clearances must be scaled to the human organ level in order to
account for the capacity of the whole liver (Obach, 2011). Thereby, each in vitro system has its
specific scaling factor. The following scaling factors are commonly applied: 99 x10° cells/g liver for
suspended human hepatocytes, 116 mg protein/g liver for sandwich-cultured hepatocytes, 53 mg
microsomal protein/g liver for human liver microsomes, and 25.7 g liver/kg body weight for liver
weight (Carlile et al., 1997; Houston and Galetin, 2008; Swift et al., 2010).

In the third step, the up-scaled hepatic process clearances are feed into a mechanistic IVIVE
model in order to investigate their interplay and to calculate the intrinsic hepatic clearance. In the
last step, liver models such as the “well-stirred” liver model (Eq. (2.6)) are used to relate the
intrinsic hepatic clearance to physiological parameters (i.e. hepatic blood flow and binding in
blood) in order to predict the hepatic drug clearance (Pang and Rowland, 1977).

In this work, the Extended Clearance Model (ECM) was used as mechanistic IVIVE model. The

use and different applications of the ECM are reviewed in full detail in the section 2.6.
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Abstract

Hepatic elimination is a function of the interplay between different processes such as sinusoidal uptake,
intracellular metabolism, canalicular (biliary) secretion, and sinusoidal efflux. In this review, we outline
how drugs can be classified according to their in vitro determined clearance mechanisms using the
extended clearance model as a reference. The approach enables the determination of the rate-
determining hepatic clearance step. Some successful applications will be highlighted, together with a
discussion on the major consequences for the pharmacokinetics and the drug-drug interaction potential of
drugs. Special emphasize is put on the role of passive permeability and active transport processes in
hepatic elimination.

Keywords
extended clearance concept classification system; hepatic elimination; passive permeability; transporters

Extended clearance model

Historically, hepatic clearance models assumed that (i) the unbound drug concentration in blood is
determining the hepatic clearance (metabolism and/or biliary excretion) and that (ii) there is no membrane
transport barrier limiting access to the enzymes or transporters in the hepatocyte. Improved models,
however, reflect the physiological reality more precisely. In the liver drugs first have to overcome the
membrane barrier separating the blood in the sinusoid from the cytosol of the hepatocytes. Permeation
across this barrier might occur by passive diffusion and/or active carrier-mediated transport. Once in the
cytosol drugs are subject to metabolism, efflux transporter-mediated canalicular (biliary) secretion and/or
back-flux (active or passive) into the sinusoid. Consequently, generally referred as the extended clearance
model (ECM), the overall hepatic intrinsic drug clearance (CLy,nt) can be described as the interplay between
all these processes as follows [1,2]:

cL _ PS:'nf *Clin: _ (Psinf.ac! + Psinf.pas) . (CLint.mer + C‘LEnf,sec)
fuint PSeff + CLEnt PSef act + PSeff,pas + CLmt.met + CLmt.s'ec (1)

doi: 10.5599/admet.3.1.144 1
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where, PS;;racand PSi; .. are the active and passive hepatic influx clearances from the blood, respectively,
CLintsec is the intrinsic biliary secretion clearance, and ClLiymetis the intrinsic metabolic clearance. PSeaand
PSerrpas describe the active and passive sinusoidal efflux from the hepatocytes back into the blood,
respectively. PSiy is the sum of PSiytact and PSingpas, PSess is the sum of PSesact and PSesrpas, Clint is the sum of
Clint sec aNd CLintmet and CLiny , is the overall intrinsic hepatic clearance.

The extended clearance model allows the identification of the rate-determining hepatic clearance step
for a given drug molecule [1]. Depending on the relative contributions of the individual processes in Eq. (1),
four different cases can be distinguished (Fig. 1). While (passive) hepatic uptake is the rate-determining
step for ECM class 1 compounds, the sum of metabolism and efflux transporter-mediated biliary
elimination is predicted to be the rate-limiting step for ECM class 2 compounds. The overall hepatic uptake
(sum of active and passive) is projected to be rate-determining for ECM class 3 compounds, whereas the
overall intrinsic clearance of ECM class 4 compounds is dependent on the interplay of all processes

involved in hepatic elimination (namely metabolism, uptake, and efflux).
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Figure 1. Rate-determining hepatic clearance processes (inner panels) derived from the extended clearance model
(ECM) based on different pre-requisites (outer panels) and the assumption thyat PS5 is equal to PS¢, and that
PSeir.act €quals zero (Eq. (1)).

Viewing the liver as a single compartment and assuming that drug molecules are distributing
instantaneously and homogeneously within the liver upon entering (well-stirred liver model) the hepatic
blood clearance (CLy) can be calculated with:

Qh " f;t,b ' (PSmf,ac[ + PSmf,pas) ) (CLIm,mct + Cme.sec} (2)

CLy =
h Qh : (Psgff,act + P-ggf‘f,paf + CLint,met + CL:'ut.?ec) + fu,h . (PSmf,act + P-gmf,pas) : (CLEnt,met + CLint,set)
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where @, is the hepatic blood flow (20.7 mL/(min-kg)) and f,,is the unbound fraction in blood. The
clearance parameters of the extended clearance model can be determined experimentally as discussed in
full detail elsewhere [1,3]. In brief, PSiact and PSistpas can be assessed by uptake experiments in suspended
human hepatocytes (SHH), CLysc can be determined in human sandwich-cultured hepatocyte incubations
(generally assuming that metabolism in this system is negligible) whereas CLiytmet, assuming absence of
non-oxidative metabolism, is usually experimentally evaluated in human liver microsomal (HLM)
incubations. Efflux over the sinusoidal membrane from hepatocytes back into the blood is frequently
assumed to occur via passive diffusion only (i.e. PSe.q = 0). The experimental determination of this
parameter is difficult. In the absence of measured data, the passive sinusoidal efflux is usually assumed to
be equal to the passive influx (i.e. PSefpas = PSinipas)- The individual clearances can finally be fed into Eq. (1)
and Eq. (2) to predict CLy,;,x and CL; of a drug. Table 1 provides a compilation of experimentally determined
intrinsic clearances for a dataset of 19 physicochemically diverse compounds from the literature together
with corresponding in vivo reference data and the ECM classification according to Fig. 1 [1, 4-7].

Table 1. Experimental human hepatic process clearances from in vitro assays and corresponding in vivo reference
data.

Experimental in vitro data In vivo reference data
compounds ECM/ECC  PSifact : ; :::5 ClingmetHim Clingmein  Clingsec fup Clhoos  fNren  fNmer
- mL/(min-kg) mL/(min-kg) mL/(minkg) mL/{min-kg) mL/(min-kg) - mb/(min-kg) - -
lovastatin acid 3/1 165.1 145.5 459.0 119.6 0.0 0.08 11.4 0.10  0.90
simvastatin acid  3/1 116.1 297.9 769.2 ND 1.7 0.11 25.2 0.13 0.87
propanolol 4/2 300.7 276.3 110.8 29.2 6.8 0.11 12.8 0.01 0.99
quinidine a/2 229.4 109.3 28.4 18.0 5.1 0.27 8.7 0.19 0.81
verapamil 2/2 0.0 258.2 127.7 334 8.1 0.13 13.7 0.03 0.97
ketoconazole 2/2 0.0 1568.5 97.4 ND 29.6 0.02 39 0.03 0.97
cerivastatin 4/2 2215 243.8 46.9 ND 0.0 0.02 34 0.00 1.00
fluvastatin 4/2 218.7 325.5 146.8 ND 0.0 0.04 7.0 0.00 1.00
pitavastatin 4/2 364.3 258.7 17.7 ND 0.0 0.07 3.5 0.00 ND
aliskiren 3/3 323 25.4 89.2 ND 31.2 0.70 11.3 0.25 0.10
cimetidine 3/3 3.0 3.6 528.7 3.2 0.2 0.84 2.7 0.84 014
digoxin 3/3 20.0 6.9 24.2 ND 18.4 0.82 4.6 0.66 0.04
cyclospsorine A 3/4 113.2 41.9 77.6 13.5 9.1 0.03 31 0.01 0.96
atorvastatin 4/4 1404 577 64.6 254.4 11.8  0.08 5.9 002 069
furosemide a/4 11.1 239 19.0 0.9 1.2 0.03 0.4 0.66 0.01
ciprofloxacin 4/4 7.0 229 220 ND 0.0 0.69 4.5 0.60 0.12
valsartan 4/4 16.0 18.5 4.1 ND 215 0.09 0.6 0.29 0.11
pravastatin 4/4 57.9 36.0 0.9 53 2.2 0.97 10.4 0.47 0.30
rosuvastatin 4/4 27.2 24.8 15 ND 5.7 0.17 ND 0.30 0.10

ND: Not determined or experimental data subject to a high degree of uncertainty as discussed elsewhere [4]. With exception of the
hepatocyte turn-over data [5,6] all hepatic in vitro and in vivo data were taken from previous in-house manuscripts [1,4,7]. ECM and
ECC class assignment was performed according to Fig. 1 and Fig. 6, respectively (underlying working principle: class 1 or 3 if 2-PSes <
(CLint,met,Him + Clintsec), Otherwise class 2 or 4). Metabolic clearance data from human liver microsomes and human hepatocytes are
labeled with the subscripts HLM and HH, respectively. fimet (= CLmet,obs/CLiot,obs) @nd fNren (= Clren,obs/CLiotobs) Values were calculated
from the observed total (CLiot,obs), renal (Clren,obs) and metabolic (CLmet,obs) Clearances as derived from peroral human mass balance
studies taking into consideration the estimated absolute oral bioavailability (F). Thereof, fn, (=1- fnen) and fngec (= fn- fimer) values
discussed in this manuscript can be calculated.
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Role of membrane permeability in hepatic elimination

The likelihood that drugs will be subject to enzyme and/or canalicular efflux transporter activities in the
liver depends on the extent of their sinusoidal membrane permeation. For the compounds in our dataset
(Table 1) this is illustrated in Fig. 2 depicting the relationship between (in vitro) sinusoidal passive uptake
(PSintpas) and the fractional contribution of metabolism (fnne., panel A) or biliary secretion (fns, panel B) to
overall in vivo elimination.
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Figure 2. Correlation of sinusoidal hepatic uptake clearances (PS5 OF PSin¢) With the fractional contributions of
metabolic (panel A), biliary (panel B), hepatic (panel C) and renal (panel D) clearance to overall in vivo elimination.

An increase in lipophilicity is well known to promote the passive permeability potential of drugs as well
as their affinity to drug metabolizing enzymes [8]. Above observed inter-relationship, as depicted in Fig. 2
(panel A), is therefore not very surprising. The association of permeability and enzyme activity allows to
define an approximate sinusoidal permeability threshold above which drug elimination seems
predominantly driven by metabolism (> 200 mL/(min-kg)). The corresponding plot of PSis pas VS fsec reveals
that compound recognition by canalicular efflux transporters, in contrast to fnme, is by some means
inversely correlated with rising sinusoidal permeability (Fig. 2, panel B). Fig. 3 shows the contribution of the
measured in vivo metabolic clearance to the in vivo hepatic clearance (= fnye/fny,) for the compounds in
our dataset. Not astonishingly, the compounds with a high (total) sinusoidal permeability are
predominantly cleared via hepatic metabolism, while the contribution of metabolism generally decreases
for lower permeability compounds apparently accompanied by an increasing contribution of active
canalicular secretion.
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=

Figure 3. Contribution of in vivo metabolism to overall hepatic clearance for the dataset in Table 1. The dotted line
separates the high permeability compounds (green bars) from the low permeability drugs (orange bars) as determined
by uptake experiments in suspended hepatocytes (PS;,s threshold: 200 mL/(min-kg)).

Hepatic versus non-hepatic elimination

Figure 2 (panel C) illustrates the relationship between passive sinusoidal uptake (PSinpas) and the
observed (in vivo) fractional contribution of hepatic clearance to overall drug elimination fn,. From this
illustration it appears that a sinusoidal permeability of above 40-60 mL/(min-kg) will result in predominant
hepatic clearance (> 80 %). Numerous data demonstrates that permeability also exerts a key role in renal
elimination similar to the one discussed here for liver [4]. It could be demonstrated that for the highly
permeable compounds, despite significant tubular secretion, reabsorption from the tubule back into the
blood is so extensive that overall renal clearance for these compounds will be low. For the low permeable
compounds on the other hand reabsorption, in agreement with their reduced permeability potential, will
be much less. As illustrated in Fig. 4, for all compounds in our dataset with a (passive) sinusoidal
permeability beyond 40 mL/(min-kg) renal clearance is a minor route of elimination (fn,., < 20 %). For the
lower permeable compounds the fractional contribution of renal clearance to total body clearance exceeds
20% or even represents the predominant route of elimination suggesting that hepatic and renal

elimination are somehow complementary with regards to the role of sinusoidal permeability in drug

elimination.
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Figure 4. Contributions of the observed renal (red bars) and hepatic (blue bars) clearance pathways to the total body
clearance (Cligt obs = Cliobs + Clrenons) fOr the compounds in Table 1. The dotted line separates the compounds with a
PSini,pas Value greater (left part) or lower (right part) than 40 mL/(min-kg)).
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Fig. 2 (panel D) illustrates the relationship between fn., and total sinusoidal uptake (PS;y) for the
present dataset. As discussed above, a low permeability is hindering hepatic elimination pushing drugs
towards alternative elimination routes (with decreasing lipophilicity plasma protein binding usually
decreases which would result in increased glomerular filtration process, possibly increased active tubular
secretion and less reabsorption) [4]. Beyond a PS;,; value of 100 mL/(min-kg)) renal elimination becomes
very unlikely. Consequently, following integration of the information from this and the previous chapter, it
becomes apparent that total sinusoidal uptake is THE predominant gatekeeper between almost exclusive
metabolic hepatic elimination (> 200 mL/(min-kg)), mixed hepatic (metabolism plus biliary secretion,
100-200 mL/(min-kg)) and mixed hepatic/renal elimination (metabolism plus biliary and urinary secretion,
< 100 mL/(min-kg)) (Fig. 5). Exclusive renal clearance is expected only if PS;¢ is approaching a very low value
or if substantial entero-hepatic circulation is taking place. Yet, renal excretion might become the
predominant elimination pathway for low permeable compounds with about PS;; < 30 mL/(min-kg) (Fig. 2,
panel D). For compounds with sinusoidal uptake between 30-60 mL/(min-kg), mixed urinary/biliary
elimination seems to be the most probable clearance pathway. Consequently, the relationship between
PSintpas and fneec as shown in Figure 2 (panel B) likely needs to be interpreted as a bell-shaped curve with a
PSintpas Maximum at around 30 mL/(min-kg) (maximal fn. = 0.6-0.7).
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Figure 5. Schematic illustration of the change in elimination route as a function of sinusoidal uptake (PSiqf). flmet, fNren
and fn,.denote the fractional contributions of (hepatic) metabolic, urinary and biliary elimination to overall clearance,
respectively. Above a PS;; threshold of about 60 mL/(min-kg) liver is the expected primary clearance organ whereas
below 30 mL/(min-kg) renal elimination is likely predominant.

Extended Clearance Concept Classification System

The extended clearance concept (ECC) is the intangible attempt to complete the principles of the
extended clearance model (Fig. 1) with the gatekeeping role of sinusoidal influx as discussed above (Fig. 5)
to allow prediction of in vivo pharmacokinetic performance of drugs from in vitro permeability and
metabolism data as illustrated in Fig. 6. Drugs with a high apparent hepatic intrinsic clearance are removed
from the blood essentially as fast as they can be delivered to the liver, i.e. independent of protein binding
and intrinsic enzyme and canalicular efflux transporter activities. Therefore, the elimination of such drugs is
highly dependent upon liver blood flow and the inherent ability to cross the sinusoidal membrane rapidly.
Consequently, according to the well-stirred liver model, a compound can be ranked as highly permeable if
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CLiint= PSinfpas >> Qu (Eq. (1) and Eq. (2)). From above discussion it is evident that a (passive) sinusoidal
permeability above 60 mL/(min-kg) results in an almost complete hepatic clearance (Fig. 2, panel C and Fig.
5). Thus, a compound can be ranked as highly permeable if PSiy s 2 3-fold Qy, a threshold substantiating
the conceptual approximation PSi¢ = PSet = PSingpas Pertinent to all compounds identified to be hepatic
uptake transporter substrates besides demonstrating a high intrinsic permeation potential across the
sinusoidal membrane of hepatocytes. Hence, it becomes evident that uptake transporter effects for highly
permeable compounds are minimally contributing to overall hepatic clearance while they are expected to
become important/predominant for the hepatic clearance of lower permeable compounds. Applying this
fundamental relationship, the 19 compounds in our dataset were assigned to the four different ECC classes
as summarized in Table 1.

ECCclass 1 ECCclass 2
ECCCS: PSer << Clyy ECCCS: PSer >> Clyy
BDDCS: Solubility= Dose/250mL ~ BDDCS: Solubility < Dose/250 mL
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Figure 6. Predominant routes of drug elimination and potential transporter effects on (hepatic) drug disposition
according to the Extended Clearance Concept Classification System (ECCCS). Thresholds as defined by the
Biopharmaceutics Drug Disposition Classification system (BDDCS) are provided for comparative reasons also [1,8].

Taking all above principles into account it is appropriate to conclude that the major route of elimination
for ECC class 3 and 4 compounds is renal and biliary excretion of unchanged drug whereas metabolism is
the predominant elimination pathway for ECC class 1 and 2 compounds as previously concluded by others
also [8]. However, ECC allows a compound classification of drug molecules based on their in vitro
determined (hepatic) clearance parameters in contrast to the Biopharmaceutics Drug Disposition
Classification System (BDDCS) which allocates drugs into four classes according to their in vivo metabolism
and solubility potential. Both concepts are closely related and have in common that they recognize that the
fundamental parameter controlling (hepatic) drug disposition is the compound class-dependent interplay
between transporters, enzymes and membrane permeability. Both systems provide a similar rational on
the predominant routes of drug elimination and the potential effect of transporters on (hepatic) drug
disposition as illustrated in Fig. 6. Yet, assignment into BDDCS relies on clinical elimination information and
is therefore not really applicable for early Drug Development.
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ECC and IVIVE

The correlation between the in vitro predicted (CLy preq) and in vivo observed (CLy, qbs) hepatic clearances
for our dataset based on the mechanistic in vitro-in vivo extrapolation (IVIVE) method represented by Eq.
(1) and Eq. (2) is illustrated in Fig. 7 (panel A). The approach reveals an excellent correlation with 11 out of
18 drugs predicted within two-fold deviation from the clinically observed value. The prediction accuracy in
terms of average fold error (afe) and geometric mean fold error (gmfe) was 0.92 and 1.55, respectively.
Present results demonstrate that the extended clearance concept model is by far exceeding the accuracy
and performance of other IVIVE prediction methods for hepatic clearance based only on in vitro
metabolism (Fig. 7, panels B and C for microsomes (afe = 0.76, gmfe = 2.11)) and hepatocytes (afe = 0.32,
gmfe = 3.56), respectively) or sinusoidal uptake (Fig. 7, panel D, afe = 1.71, gmfe = 1.84) data.
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Figure 7. Comparison of the reported (CLy o) and predicted (Cly p.q) hepatic clearances using different IVIVE methods.
Panel A represents the relationship according to the extended clearance model (ECM). The panels B and C show the
predictions based on in vitro metabolism data from human microsomes (HLM) and hepatocytes (HH), respectively,
whereas panel D is the representation based on sinusoidal uptake data from suspended human hepatocytes (SHH).
Red diamonds, green squares, blue triangles and orange circles show the class 1, 2, 3 and 4 assignments according to
ECC (Table 1). The blue line represents the line of unity for each panel.

In accordance with previous research, the correlation analysis in Fig. 7 reveals a systematic under-
prediction of in vivo hepatic clearance when using metabolic turn-over data from human hepatocyte
incubations whereas sinusoidal uptake data from suspended human hepatocytes tend to over-predict the
in vivo situation [9,10]. Metabolic clearance data from human liver microsomes on the other hand are
highly scattered along the line of unity providing under- and over-estimations of the observed human
hepatic clearance. The potential rate-determining role of the hepatocyte membrane (missing in the
microsomal system) is extensively discussed in literature. In line with this theory more in-depth data
examination reveals that metabolism information from microsomes and hepatocytes generally provide
reasonable results for the ECC class 1 and 2 compounds while hepatocyte uptake data seem to be highly
predictive for the in vivo hepatic clearance of ECC class 3 compounds. IVIVE based on the extended
mechanistic model surely works best for ECC class 4 compounds though. Imposing these observations on
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the principles of ECC the expected performance of the different IVIVE approaches can be summarized as
depicted in Fig. 8. It is self-explanatory that with increasing contribution of renal clearance the
predictability of all hepatobiliary IVIVE tools for overall (total) clearance is decreasing (tendency for
underestimation). Based on above discussion, this is mainly true for ECC class 3 and 4 compounds while the
overall prediction performance for ECC class 1 and 2 compounds likely remains good. In-house research
intending to improve bottom-up predictions for overall human clearance using different in vitro and in vivo
approaches is currently ongoing.
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Figure 8. Anticipated hepatobiliary IVIVE accuracy of different in vitro tools: Metabolism assessment in human liver
microsomes (HLM) or human hepatocytes (HH), uptake data from suspended human hepatocytes (SHH) and
integrated approach with the extended clearance model (ECM). For the assignment the following assumptions were
made: (i) absence of significant biliary secretion (i.e. CLipgsec << CLintmet), (i) @bsence of phase Il metabolism and, (iii) no
or down-regulated transporter activity in HH.

Static DDI predictions

A perpetrator drug may inhibit any active clearance pathway contributing to the total hepatic
elimination of a substrate. Accordingly, based on Eq. (1) (assuming PSesace = 0 and PSefrpas = PSinipas), the
overall hepatic intrinsic clearance in the presence of a perpetrator (CLyq,) can be expressed as follows
[1,7]:

CL _ [(1 - fl,ﬂ'lf) : Psmf,act + Psmf,pus] : [(1 - fi,met) : CLint,met +(1- fi,sec) : CLint,sec] (3)
h,int,i —

[Psinfjpns + (1 - Jﬁ'.met) : CLIm,mm: + (1 - fljsec) : CLm.L,sec]

where finr, fisee and fimer denote the inhibited fractions of active influx, canalicular secretion, and
metabolism, respectively. A f; value of zero thereby indicates no inhibition whereas a value of one refers to
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complete inhibition. Based on this relationship the hepatic clearance in the presence of any perpetrator
compound (CLy;) can be anticipated in accordance with Eq. (2).

Following oral (po) administration of a drug and its perpetrator, assuming the presence of hepaticand a
non-hepatic (e.g. renal) elimination pathways and that the perpetrator drug only affects active processes in
the liver, the exposure (AUC) fold-change (expressed as AUC,,,/AUC,,) can be described as follows:

AUCpo, _ Fhi 1 (4)

AUCpo - F, fny: CLh,i/CLh +1-fn,

where, Fy (= 1-CLy/Qy) and Fy; (= 1-CL,;/Qp) are the fractions of the oral dose escaping hepatic first-pass in
the absence and presence of a perpetrator, respectively.

Under the additional assumption that the liver is the only clearance organ (i.e. fn,, = 1) Eq. (4) simplifies
to:

AUCpo,i _ CLh,int (5)

AUCpo - CLh.int i

In an abbreviated manner, based on Eq. 5 and previous discussion, the drug-drug interaction (DDI)
potential for the four ECM cases in Fig. 1 can therefore be represented as shown in Fig. 9.

ECM class 1 ECM class 2

Clintsec << Clintmet

f 2Sint _, 4 CLintmet
I PSingi CLint,met,i
S
(2]
o
AUCp;
AUC,,
]
a PSing * CLintmet
b PSing PSer
ng. PSinf,i PSinl’,i 2 CLim,mel‘i
PSefri
Pseﬂ = CLmLmet pseﬂ > CLml,met
ECM class 3 ECM class 4

Figure 9. Compound class-dependent DDI prediction (inner panel) according to Eq. 5 for the four different ECM cases
based on different pre-requisites (outer panel). i refers to a change in clearance in the presence of any perpetrator
compound.

Fig. 10 depicts the predicted static DDI risk assessment of 3 representative compounds from our dataset
(namely the ECM class 2 compound verapamil, digoxin as a typical ECM class 3 compound and pravastatin
representing the ECM class 4) according to Eq. (4) and Eq. (5), assuming 90% inhibition of the respective

10 (co) IR



42 | CHAPTER 2. Introduction

ADMET & DMPK 3(1) (2015) 1-14 Extended Clearance Concept Classification System (ECCCS)

processes (i.e. fiins= fimet = fisee = 0.9, not taking into consideration fractional contributions of different
enzymes or transporters to overall metabolic or transport clearance). In the absence of a renal clearance
contribution (Fig. 10, panel A), in accordance with the extended clearance model, for the ECM class 2
compound in our selection, metabolism is identified as the major clearance mechanism primarily
responsible for causing DDI’s. Selective inhibition of active hepatic influx or biliary secretion has no
significant effect on exposure though. A similarly distinct overall DDI behavior can be derived for the ECM
class 3 compound digoxin with sinusoidal transporter inhibition being the major mechanism causing the
interaction. For the ECM class 4 compound pravastatin, assuming absence of a renal clearance
contribution, we predict a substantial AUC change upon concomitant inhibition of hepatic uptake, biliary
secretion and metabolism whereas inhibition of the single clearance pathways results in comparatively
moderate AUC ratios. Taking the clinically observed fn, values according to Eqg. (4) into account, the
individual as well as the overall DDI risk assessment of verapamil is only marginally effected whereas the
impact on the projected exposure changes for digoxin and pravastatin is significant (e.g. the overall
AUC,,/AUC,, ratio for pravastatin decreases about 8-fold) (Fig. 10, panel B). This concept is well reflected
by ECM and can be rationalized by the process inter-dependencies as discussed above. It is noteworthy to
mention at this point, that the extended clearance model represents the four extremes of hepatobiliary
elimination and that most drugs settle somewhere in-between the ultimate limits given in Fig. 1. To
eventually predict the overall DDI potential of drug molecules it is therefore essential to (quantitatively)
assess all the individual hepatic process contributions as defined by Eq. (1).
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Figure 10. Static victim drug DDI predictions for verapamil (CYP2C8, CYP3A and P-gp), digoxin (P-gp, CYP3A and
unknown sodium-dependent sinusoidal uptake transporter) and pravastatin (BCRP, MRP2, OATP1B1, OATP1B3,
OATP2B1 and CYP3A4) according to Eq. (5) (panel A) and Eq. (4) (panel B). The projected AUC fold-changes with f; ;=
fi met = fisec = 0.9 are represented as follows: metabolism inhibition only (blue bars), exclusive sinusoidal active uptake
inhibition (red bars), inhibition of canalicular efflux (light green bars) and, simultaneous inhibition of all active
processes together (yellow bars).

Neglecting time-dependent concentration changes, static DDI predictions are expected to provide
conservative (worst-case) estimates for the effective in vivo situation [1]. Nevertheless, DDI assessments
according to Eq. (4) are generally in good agreement with clinical DDI data for ECM class 1 and 2
compounds as discussed elsewhere [7]. However, with increasing fn.., (i.e. decreasing fn;), the predictions
become less reliable for ECM class 3 and 4 compounds, often resulting in significant under-estimations of
the effective DDI risk observed in clinics (e.g. pravastatin exposure in the presence of cyclosporine A
(inhibitor of OATP’s, OAT’s, NTCP, P-gp, BCRP, MRP2, CYP3A4 and UGT'’s) was reported to increase about
20-fold, significantly exceeding the theoretically possible hepatic DDI potential of 2.6-fold (Fig. 10)) [7]. The
main reason for this ohservation is that a significant renal secretion process for these low permeable
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compounds is typically governed by active transporter processes which often are concomitantly inhibited
by perpetrator drugs also interfering with the sinusoidal uptake carrier system in the liver. Consequently,
for conservative bottom-up DDI estimates the physiologically less appropriate Eq. (5) should be preferred
as it accommodates for possible cross-reactivity on hepatic and renal (transporters) systems (e.g. the
clinical observation for pravastatin in the presence of cyclosporine A is well predicted with Eq. (5) (Fig. 10)).
Nevertheless, in combination with clinical DDI data and applying a top-down approach, comparative static
DDI assessments according to Eq. (4) and Eq. (5) can be extremely helpful in revealing alternative (extra-

hepatic) active elimination processes as discussed in full detail elsewhere [7].

Prediction of unbound intracellular hepatic drug concentrations
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Figure 11. ECM class-dependent effect on the unbound liver-to-capillary blood concentration ratio (Kp,,) according to
Eq. 6.

According to the so-called free drug hypothesis, at steady-state and in the absence of a membrane
transport barrier limiting access to the hepatocyte, the unbound (free) intracellular concentration C is
equal to the unbound blood concentration Cy, (i.e. Cp,/Cs.= 1). However, according to the extended
clearance model, G, ,is not only governed by uptake and protein binding but also by all intracellular
elimination processes. Therefore, based on Eq. (1), for the liver this relationship needs to be rewritten as
follows [11]:

Ch,u
Cb,u

PSinf (6}

= Kpw = PSerr + Clie

12 (o) TR
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where, Kpy, is the unbound liver-to-capillary blood concentration ratio. In line with ECM, the impact of the
relative process contributions on Kp,, can be summarized as shown in Fig. 11. The knowledge of the
relevant (effective) intrahepatic concentrations is important when performing DDI risk assessments
(compound acting as inhibitor) on active processes such as metabolism and/or canalicular efflux. However,
due to experimental inaccessibility of Cy,,, static perpetrator risk calculations for the liver generally refer to
Cy,u (usually expressed as Cy,/Ki, where K; denotes the inhibition constant on a particular process). Based
on the extended clearance model it becomes evident that the use of this substitute might lead to a
considerable misjudgment of the DDI potential of perpetrator drugs though. Depending on the major rate-
determining process driving hepatic elimination significant under- (e.g. Kp., equals 2.4 for ECM class 4
compound pravastatin) or over- (e.g. C,, is about 80-fold less than C,, for ECM class 3 compound
cimetidine) estimations of the real interaction risk might result. The use of systemic unbound drug
concentrations (or unbound drug concentrations in the portal vein) is thus likely insufficient to properly
assess the actual drug-drug interaction potential on intracellular enzymes/transporters for class 1, 3 and 4
compounds as illustrated in Table 2.

Table 2. Effect of Kp,, on C;,,and the DDI risk outcome for perpetrator drugs.

ECM class Effect of Kp,, on Cp,, (Eq. (6))  Risk assessment with Cy,, /K;

1 Chu<< Cpy overestimation

2 Chu=Chu predictive

3 Chu<or>Cyy under- or overestimation (generally overestimation as usually PS;; < CLint)
4 Chu<or>Cyy, under- or overestimation (generally underestimation as usually PS¢ > PSe)

Although currently not requested by health authorities present ECM-based principles might change the
way we are doing perpetrator DDI risk assessments for intracellular hepatic processes in the future, all the
more the mechanistic IVIVE method presented in this manuscript was demonstrated to provide
quantitative reliable estimates of CLy s and therewith of Kp,, (see above). Further in-house research on
this this topic is currently ongoing.

Conclusions

In this review, we have illustrated the usefulness of the extended clearance model for classifying drug
compounds depending on the relative contributions of the individual hepatic elimination processes. The
ECM classification system based upon easily accessible in vitro data for metabolism, sinusoidal transport
and canalicular efflux allows the quantitative bottom-up assessment of a series of (pharmacokinetic)
parameters such as the hepatic clearance, the unbound liver-to-capillary blood concentration ratio and the
static prediction of the DDI potential of drug molecules. The method reveals the major role of sinusoidal
uptake as a gatekeeper for drug elimination, provides insight into the performance of different IVIVE
approaches for hepatic clearance prediction and highlights potential limitations of currently applied drug-
drug interaction risk assessment approaches. Consequently, following a thoughtful implementation, the
approach may facilitate the compound selection process in Pharmaceutical Research and improve some of
the compound profiling methodologies (e.g. DDI risk assessment) applied in Drug Development.

doi: 10.5599/admet.3.1.144 13
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CHAPTER 3

Aim of the thesis

Drug disposition processes are important determinants for drug safety and efficacy since they
directly influence the drug exposure in the different compartments of the human body.
Understanding the pharmacokinetic behavior of new drug candidates is therefore of critical
importance for the development of efficacious and safe drugs. However, clinical information about
the pharmacokinetic properties of new drug candidates is rarely available at early preclinical
development stages. Hence, in vitro systems and IVIVE models are valuable tools to provide
estimates of human pharmacokinetic data. This work focused on the development of hew in vitro

methods to predict drug disposition in humans. The individual objectives were defined as follows:

1. Establishment of a mechanistic in vitro Kp,, model to predict drug-induced cholestasis

In the absence of tissue concentration data in humans, systemic drug exposure is commonly
used as surrogate for unbound intracellular drug concentrations. However, this approach is
inappropriate for the liver where unbound intracellular drug concentrations are affected by
active transport and metabolic processes (section 2.3). This study aimed at establishing an in
vitro Kp,, approach under consideration of all hepatic processes based on the ECM concept.
As a proof-of-concept, the resulting estimates of unbound intrahepatic drug concentrations
were validated by predicting the clinical risk of drug-induced cholestasis upon inhibition of the

intrahepatic transporter BSEP.

2. Investigation of alternative in vitro Kp,, methods

Besides the ECM approach, different alternative in vitro Kp,, determination methods have
been described that rely on separate measurements of hepatocellular drug accumulation and
the unbound fraction in hepatocytes. These methods are based on simplified in vitro systems
that neglect intrinsic hepatic drug elimination by metabolism and biliary secretion, though they
represent straightforward and less labor-intensive approaches. The aim of this study was to
investigate the applicability of three alternative Kp,, determination methods in comparison to
the ECM approach. Deviations between the applied methods were investigated with regard to

pharmacokinetic and physicochemical drug properties.

3. Development of an in vitro model for the prediction of total drug clearance in humans

Sophisticated hepatic IVIVE approaches have been developed to study hepatic elimination
and DDIs (sections 2.5 and 2.6). Nevertheless, the usefulness of corresponding renal IVIVE

approaches is limited and the prediction of total drug clearance is hampered. Alternatively,
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knowledge about hepatic and renal elimination pathway contributions allows extrapolating the
ECM-based hepatic clearance to total clearance. Thus, this strategy can compensate the lack
of appropriate renal IVIVE models. This study aimed at establishing the quantitative prediction
of hepatic metabolic, biliary, and renal elimination pathway contributions in humans from in
vitro sinusoidal uptake permeability data and to demonstrate the validity of the Extended
Clearance Concept Classification System (ECCCS) for elimination pathway predictions. The
predicted data were compared with observed total drug clearances in order to validate the

developed approach.
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CHAPTER 4

Results

The results of this thesis were published in the following articles:
1. Assessing the risk of drug-induced cholestasis using unbound intrahepatic
concentrations

Riede et al., Drug Metabolism and Disposition (2017), 45 (5), 523-531

2. Current in vitro methods to determine hepatic Kp,,: a comparison of their usefulness
and limitations

Riede et al., Journal of Pharmaceutical Sciences (2017), 106 (9), 2805-2814

3. New IVIVE method for the prediction of total human clearance and relative elimination

pathway contributions from in vitro hepatocyte and microsome data

Riede et al., European Journal of Pharmaceutical Sciences (2016), 86, 96-102



50 | CHAPTER 4. Results

4.1. Assessing the risk of drug-induced cholestasis using unbound

intrahepatic concentrations

Julia Riede™?, Birk Poller?, J6rg Huwyler?, Gian Camenisch?

! Division of Drug Metabolism and Pharmacokinetics, Integrated Drug Disposition Section,

Novartis Institutes for BioMedical Research, Basel, Switzerland

*Department of Pharmaceutical Sciences, Division of Pharmaceutical Technology,

University of Basel, Basel, Switzerland

published in
Drug Metabolism and Disposition (2017)

45(5):523-531

doi: 10.1124/dmd.116.074179

Reprinted with permission of the American Society for

Pharmacology and Experimental Therapeutics. All rights reserved.


http://dmd.aspetjournals.org/content/45/5/523.long

7
0
-
;
5
-
Z
;
2
>3
w
:
5
”
-
48]
>3
:
o
)

4.1. Unbound intrahepatic drug concentrations predict cholestasis | 51

1521-009X/45/5/523-531525.00
Druc MerasoLism anp Disposimion

https://doi.org/10.1124/dmd. 116.074179
Drug Metab Dispos 45:523-531, May 2017

Copyright @ 2017 by The American Society for Pharmacology and Experimental Therapeutics

Assessing the Risk of Drug-Induced Cholestasis Using Unbound
Intrahepatic Concentrations®™

Julia Riede, Birk Poller, J6rg Huwyler, and Gian Camenisch

Division of Drug Metabolism and Pharmacokinetics, Integrated Drug Disposition Section, Novartis Institutes for BioMedical
Research, Basel, Switzerland (J.R., B.P., G.C.); and Department of Pharmaceutical Sciences, Division of Pharmaceutical
Technology, University of Basel, Basel, Switzerland (J.R., J.H.)

Received November 16, 2016; accepted March 1, 2017

ABSTRACT

Inhibition of the bile salt export pump (BSEP) has been recognized as
a key factor in the development of drug-induced cholestasis (DIC).
The risk of DIC in humans has been previously assessed using
in vitro BSEP inhibition data (ICsg) and unbound systemic drug

data. Using these values, corresponding safety margins against BSEP
ICg, values were determined and compared with the clinical incidence
of DIC. Depending on the ECM class of a drug, in vitro Kp,,, values

exposure under assumption of the “free drug hypothesis.” This
concept, however, is unlikely valid, as unbound intrahepatic drug
concentrations are affected by active transport and metabolism. To
investigate this hypothesis, we experimentally determined the in vitro
liver-to-blood partition coefficients (Kp,,) for 18 drug compounds using
the hepatic extended clearance model (ECM). In vitro—in vivo trans-
latability of Kp,,, values was verified for a subset of compounds in rat.
Consequently, unbound intrahepatic concentrations were calculated
from clinical exposure (systemic and hepatic inlet) and measured Kp,,,

deviated up to 14-fold from unity, and unbound intrahepatic concen-
trations were affected accordingly. The use of in vitro Kp,,-based
safety margins allowed separation of clinical cholestasis frequency
into three cl (no cholestasis, cholestasis in 2%, and cholestasis
in >2% of subjects) for 17 out of 18 compounds. This assessment was
significantly superior compared with using unbound extracellular
concentrations as a surrogate for intrahepatic concentrations. Fur-
thermore, the assessment of Kp,,, according to ECM provides useful
guidance for the quantitative evaluation of genetic and physiologic risk
factors for the development of cholestasis.

Introduction

The liver is the major organ involved in the elimination of potentially
harmful endogenous and xenobiotic substances, including pharmaceu-
tical drugs, and is itself predisposed to toxicity resulting from high
exposure to drugs and their metabolites. Drug-induced liver injury
(DILI) s a leading cause of acute liver failure, termination of compounds
in drug development, and drug withdrawal from the market (Lee, 2003;
Food and Drug Administration, 2009). The severity of DILI ranges from
asymptomatic elevations of liver enzymes to acute liver failure and manifests
with hepatocellular, cholestatic, or mixed (hepatocellular/cholestatic)
paltems.

Although drug-induced cholestasis (DIC) usually represents a less
severe form of DILL it is nevertheless reported to account for up to 26%
of all hepatic adverse reactions (Bjornsson and Olsson, 2005; Hussaini
and Farrington, 2007). Cholestasis is characterized by reduced bile flow,
potentially resulting in accumulation of cytotoxic bile salts within

https://doi.org/10.1124/dmd.116.074179.
[SIThis article has supplemental material available at dmd.aspetjournals.org.

hepatocytes, leading to liver damage (Stieger, 2010). The bile salt
export pump (BSEP), a member of the ATP-binding cassette super-
family encoded by the ABCBI1 gene, is expressed at the canalicular
membrane of hepatocytes and plays a fundamental role in bile homeostasis
by secreting bile acids from the hepatocyte into bile ducts. Impairment of
BSEP function due to inhibition by drugs or genetic defects was previously
identified as a key factor in the development of DIC, hereditary cholestatic
syndromes, or intrahepatic cholestasis of pregnancy (Stieger et al., 2000;
Fattinger et al., 2001; Funk et al., 2001; Pauli-Magnus et al., 2010; Dietrich
and Geier, 2014). Several attempts have been made to predict DIC or DILI
in humans from in vitro BSEP inhibition data due to limited translatability
of hepatic adverse events from preclinical models (Olson et al., 2000).
Recently, Dawson et al. (2012) and Morgan et al. (2013) demonstrated that
potent BSEP in vitro inhibition and high systemic drug exposure correlate
with the occurrence of DIC. However, the assessments did not allow clear
separation of cholestatic/mixed from non-cholestatic drugs, and thus
reliable prediction of DIC remains challenging.

Clinical drug toxicity, drug-drug interactions (DDIs), and pharmaco-
logical drug-target interactions are commonly anticipated by relating the
in vitro target potency (ICsq, K;, or ECs;, value) to the unbound (i.e., free)

ABBREVIATIONS: AP, alkaline phosphatase; AUC, area under the curve; BSEP, bile salt export pump; Ciepinetw, Unbound intrahepatic
concentration on the basis of Cinety; Chepsysus Unbound intrahepatic concentration on the basis of Cgys i Chepu, Unbound intrahepatic
concentration; Cjjetmax., “Worst-case assessment” of unbound concentration at the hepatic inlet; Gy, unbound concentration at the hepatic
inlet; CLj, intrinsic clearance; CLiy mer, intrinsic metabolic clearance; CLy sec intrinsic biliary clearance; Cgys . unbound systemic concentration;
C,, unbound extracellular concentration; DDI, drug-drug interaction; DIC, drug-induced cholestasis; DILI, drug-induced liver injury; ECM, extended
clearance model; fn, fractional in vivo contribution; IVIVC, in vitro-in vivo correlation; Kp,,, liver-to-blood partition coefficient for unbound drug at
steady state; MRP, multidrug resistance protein; OATP, organic anion transporting polypeptide; PAH, pulmonary arterial hypertension; PS.s,
sinusoidal efflux clearance; PSact active sinusoidal efflux clearance; PSepas passive sinusoidal efflux clearance; PS;y, total sinusoidal uptake
clearance; PSqs act, active sinusoidal uptake clearance; PS s pas, Passive sinusoidal uptake clearance; ROC, receiver operating characteristic curve;

ULN, upper limit of normal.
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Fig. 1. ECM and Kp,, Schematic diagram of hepatic clearance processes
determining the liver-to-blood partition coefficient for unbound drug at steady state
(Kpyy). The unbound intrahepatic concentration (Cyep,) is determined by the
unbound extracellular concentration (C,) and the interplay between all hepatic
process clearances, where Chepy = Cy % Kpy,. Unbound drug in the blood stream is
taken up into hepatocytes (PS;,) by transporters (PSiyraq) and/or by passive
diffusion (PSjy;pq). Elimination of drug from the hepatocyte (CL,,) occurs via
hepatic metabolism (CLjy ), by active secretion into bile (CL;, ). and by
sinusoidal efflux (PS.;) via active transport (PSgi.c) andfor passive diffusion (PS,y ).

systemic drug concentration due to limited availability of tissue
concentration data in humans (Muller and Milton, 2012; Zamek-
Gliszczynski et al., 2013). This assessment is based on the “free drug
hypothesis,” which assumes complete distribution equilibrium of the
unbound drug between blood and tissue at steady state. This assumption,
however, is unlikely to apply to organs such as the liver, where the
distribution equilibrium is affected by active cellular transport and
metabolic processes (Chu et al., 2013). Therefore, recent publications
proposed estimating the unbound intracellular liver concentration using
the liver-to-blood partition coefficient for unbound drug at steady state
(Kpyy) in vitro (Yabe et al., 2011; Mateus et al., 2013; Pfeifer et al., 2013;
Shitara et al., 2013; Nicolai et al., 2015). Following the concept of the
hepatic extended clearance model (ECM), the in vitro (hepatocyte-to-
medium) Kp,, can be derived from in vitro measurements of individual
hepatic elimination process clearances (sinusoidal influx and efflux,
metabolism, and biliary secretion), which govern hepatic elimination
(Fig. 1) (Shitara et al., 2013; Camenisch et al., 2015; Camenisch, 2016).
Measurements of individual hepatic process clearances additionally
allow assignment of compounds into four distinct ECM categories to
anticipate class-dependent effects on Kp,, and, as a consequence, on the
unbound intrahepatic concentration (Fig. 2) (Camenisch et al., 2015;
Camenisch, 2016).

The aim of the present study was to identify the reference drug
concentration (unbound systemic, unbound hepatic inlet, or unbound
intrahepatic concentration) that provides the best anticipation of DIC risk
due to BSEP inhibition. Upon assessing in vitro—in vivo correlation
(IVIVC) for Kp,, in rat using literature data, we experimentally
determined human hepatic in vitro Kp,, values using the ECM concept
for 18 drug compounds with diverse physicochemical and pharmaco-
kinetic properties. Unbound intrahepatic concentrations in humans were
estimated by applying ECM-based Kp,, to either unbound systemic or
hepatic inlet concentrations. The resulting safety margins between
in vitro BSEP ICs, and the various reference concentrations were
compared with the clinical incidence of DIC. In addition, the potential
impact of genetic and physiologic risk factors on the induction of
cholestasis is discussed using bosentan as tool compound.

Riede et al.

Materials and Methods

Materials. Radiolabeled test compounds ([*H] or [*C]) were obtained from
PerkinElmer (Boston, MA), American Radiolabeled Chemicals (St. Louis, MO),
and Moravek Biochemicals (Brea, CA). Radiochemical purity of all compounds
was =95% as determined in-house by high-performance liquid chromatography
analysis. All other chemicals were purchased from commercial sources and were
of analytical grade.

Determination of Hepatic In Vitro Kp,,. Previous work performed by our
group has shown that in vivo hepatic organ clearances (CL;,) were correctly
predicted by feeding up-scaled in vitro hepatic process clearances into the ECM
(eq. 1) and by applying the “well stirred” liver model (eq. 2) (Camenisch and
Umehara, 2012; Umehara and Camenisch, 2012; Kunze et al., 2015):

PSinf.act + PSinf pas

Clhim = x (CLy CL
O PS rae + PSetrpas + Clintmet + Clintsec (Climane + Clinisc)
PSint
PSar + CLyp M
Qp * fup X Clping
Cly=—"———" 2
" Qy + fup x CLpine @

where CLy, ;,, is the intrinsic hepatic clearance, PS;, ¢ is the sum of active (PS; ;o)
and passive uptake membrane permeability (PSingpas), PSc is the sum of active
(PS,ft 4c1) and passive sinusoidal efflux membrane permeability (PScg pas), CLin; is
the sum of intrinsic metabolic (CLy mer) and biliary clearances (CLiy ec), Qn 18
the hepatic blood flow, and fuy, is the unbound fraction in blood.

This in vitro-in vivo extrapolation approach for human and rat hepatic
clearance provided a good prediction accuracy for a diverse data set of 13 compounds
with ~80% within 2-fold error (Camenisch and Umehara, 2012; Umehara and
Camenisch, 2012). According to the concept of the ECM, the intrinsic clearance
is driven by the intracellular concentration (Shitara et al., 2013), and eq. 1 can be
rearranged as follows:

CLy it = Kpy, % CLin (3)

Hepatic Process Clearances. Hepatic process clearances for 18 test com-
pounds were experimentally determined as previously described in full detail
elsewhere (Camenisch and Umehara, 2012; Umehara and Camenisch, 2012;
Kunze etal., 2014, 2015). All presented in vitro data for atorvastatin, cerivastatin,
cyclosporine A, fluvastatin, ketoconazole, lovastatin acid. pitavastatin,

ECM class 1 ECM class 2
Pseﬂ‘ & CLint PSe[f > CLint
& PSwr_, PSinr _
I CLine PSerr
r.nn;E Chep,u < Cu Chep,u & Cu
Kpo, = PSint
% o Pseff + CLint
7]
: l)sinf < 1 Psinf 1
>
= CLint Pse“
=
= chep.u ; Cy Chep.u > Cy
ECM class 3 ECM class 4

Fig. 2. Drug classification according to ECM and expected impact on Kp,, and
Chepu ECM class 1/2 was assigned if PS.y < CL;,; otherwise, class 3/4 was
assigned. Class 1/3 was assigned if PS.rr = PS;, otherwise, class 2/4 was assigned.
In the present study, PS. was assumed to occur only via passive diffusion and to be
equal 1o PSjpppas (PSerr = PSiggpas). Adapted from Camenisch et al. (2015).
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pravastatin, rosuvastatin, simvastatin acid, and verapamil were taken from
Camenisch and Umehara (2012) and Kunze et al. (2015).

In brief, PSipsac and PSjus ., were determined in pooled suspended human
hepatocytes using the oil-spin method. PSiag ac and PS¢ pas represent single time-
point measurements within the linear time and concentration range, and PS¢ pas
was determined in the presence of uptake transporter inhibitors or at high substrate
concentrations where active transport processes are known to be saturated.
Measured (apparent) uptake clearances were corrected for nonspecific binding to
the assay device using radioactivity recoveries and for saturable binding to cell
surfaces using data from control incubations at 4°C (Kunze et al., 2014). For the
highly lipophilic compounds ketoconazole and atazanvir (logD+ 4 = 4), PS¢ was
determined from the slope of initial uptake velocity (3 time points between 0.5 and
3 minutes), taking into account initial cellular binding and nonspecific binding to
the assay device.

PS.;y was assumed to occur only via passive diffusion and to be equal to
PSint.pas (PSerriact = 0y PSerrpas = PSingpas)-

Apparent metabolic clearance (CLin metapp) Was determined using human liver
microsomes. Incubations with all test compounds were performed in the presence
of nicotinamide adenine dinucleotide phosphate (NADPH). The known uridine
diphosphate (UDP) glucuronosyltransferase (substrates cerivastatin, fluvastatin,
ibuprofen, pitavastatin, and simvastatin acid were additionally incubated in the
presence of UDP, and CLj, e represents the sum of NADPH and UDP
incubations. CLiymetqpp Values were corrected for the unbound fraction in liver
microsomes (fu,,;.) as follows:

CLint met app
fUmic

CLim.mcl = (4)
Values for fu,,. and comesponding literature references are provided in
Supplemental Table 1.

Apparent biliary clearance (CLipscc app) Was determined in sandwich-cultured
human hepatocytes (B-CLEAR method; Qualyst, Inc., Durham, NC) and was
corrected for the unbound fraction in hepatocytes (fuy,,) as given in eq. 5:

Clig e = s (5)
fupep
Values of fuy,, were derived from logD5 4 as follows (Yabe et al., 2011):
log(fupep) = — 0.9161 — 0.2567 x logD; 4 (6)

Values for logD74 and corresponding literature references are provided in
Supplemental Table 1.

The in vitro clearances were up-scaled to human organ level (ml/min/kg) using
the following scaling factors: 99 (10° cells/g liver) for suspended hepatocytes,
53 (mg protein/g liver) for human liver microsomes, 116 (mg protein/g liver) for
sandwich-cultured hepatocytes, and 25.7 (g liver/kg body weight) for liver
weight.

Calculation of Unbound Drug Concentrations in the Systemic Circulation,
at the Hepatic Inlet, and in the Hepatocyte, Unbound drug concentrations in
blood and plasma are equal (Kwon, 2001) and herein are referred to as unbound
systemic drug concentrations (Cyysy). Coysu Was calculated from the total
maximum available drug plasma concentration (C,,.x) at steady state upon oral
administration of the maximum recommended dose in healthy human subjects
and the fraction unbound in plasma (fu,):

Cyysu = Cinay x fuy (7)

According to eq. 8, unbound drug concentrations at the hepatic inlet (Cipjer o) Were
calculated as the sum of drug in the systemic circulation reaching the liver via the
hepatic artery (i.e., Cyy.y) and drug that is delivered by the portal vein upon
intestinal absorption (Giacomini et al., 2010):

fu, x ky x Fy x Fy x D

Qp x Ry ®

Cinletu = C\_v».u—
where k, is the absorption rate constant, F, is the fraction absorbed, F, is the
fraction escaping gut metabolism, D is the maximum recommended single oral
dose, Qy, is the hepatic blood flow (1.45 I/min), and Ry, is the blood-to-plasma
partition coefficient.

525

Additionally, maximum unbound hepatic inlet concentrations (Ciprermax.u)s
representing a “worst-case,” were calculated according to eq. 8 assuming
complete and fast drug absorption (i.e., F, x F, =1 and k, = 0.1 min_ ") (Ito
et al., 1998).

Unbound intracellular drug concentrations in the hepatocyte [hereafter referred
to as unbound intrahepatic concentration (C,p, ,)] were calculated on the basis of
Coysn (€. 9, Cintern (eg. 10), o1 Cigjeqmaxu (€q. 11):

Chep sysu = Kpyy % Cyysu 9)
Chepintetn = Kpyy X Cintetu (10)
Chcp,m\n.mux,u = Kpuu % Cinletmax,u (] 1)

All clinical exposure data, pharmacokinetic parameters, and calculations thereof
are provided in the Supplemental Material together with the corresponding
literature references (Supplemental Tables 1-3).

Human BSEP ICs, Values. In vitro 1Cs, data for BSEP inhibition were
collected from the literature. In the case of multiple reported values, the lowest one
was used for risk assessments (Table 1), whereas Supplemental Table 4 shows the
range of reported data. All data were determined under comparable conditions using
membrane vesicles expressing human BSEP with [*Htaurocholate as probe substrate.

Cholestasis Classification. Cholestasis annotation was carried out exclusively
on the basis of clinical studies, drug labels, and a comprehensive literature search
where cholestasis or mixed liver injury was observed under controlled conditions
(i.e., declaration of comedication, underlying disease state, known dosing
regimen). Drugs were categorized as “cholestatic” based on reports of one of
the following adverse events: cholestasis, cholestatic liver injury, cholestatic
jaundice, cholestatic hepatitis, mixed liver injury, or biochemical evidence of
cholestasis or mixed liver injury in the form of elevated serum alkaline
phosphatase (AP) [AP = 2x upper limit of normal (ULN) and ratio between
alanine aminotransferase ULN and AP ULN <5] (Council for International
Organizations of Medical Sciences, 1999). Based on the reported cholestasis
incidence, drugs were assigned to the subclasses “common” (2% of subjects) or
“rare” (=2% of subjects). In the absence of the previously defined cholestasis
events, drugs were categorized as “no cholestasis.,” The threshold of 2% was
selected based on literature information from clinical reports or from the drug label,
where rare adverse events were commonly defined as <<2%. Detailed cholestasis
annotations and literature references are summarized in Supplemental Table 4.

Data Analysis. The DIC risk was assessed based on safety margins, calculated
as the ratio between BSEP ICs; and the unbound intrahepatic drug concentration.
Following the static R-value approach for reversible enzyme or transporter
inhibition and using C,, , as the basis for unbound intrahepatic concentrations,
the assessment represents a “worst-case” scenario for DIC (Rowland and Matin,
1973). Receiver operating characteristic (ROC) curve analysis (OriginPro 2016;
OriginLab Corporation, Northampton, MA) was used to determine the optimal
cut-off values (safety margin thresholds) between the three different cholestasis
classes and to evaluate the accuracy with which cholestasis classes can be
separated. ROC analysis calculates the sensitivity (fraction of true positive (TP)
classifications) and specificity (fraction of true negative (TN) classifications) for any
possible cut-off value and plots sensitivity against 1 — specificity, representing the
ROC curve. The optimal cut-off values correspond to the maximum rate of correct
positive and negative classifications and were determined by minimizing the
distance (d) between point [0,1] in the ROC space (where sensitivity and specificity
are maximum) and any point on the ROC curve (Kumar and Indrayan, 2011):

”

d = (1-TP)* + (1-TN) (12)
The separation of cholestasis classes by the estimated safety margin thresholds
was compared using the area under the ROC curves (ROC AUCs), where 1.0
represents a perfect discrimination between two classes, and 0.5 represents the
poorest discrimination,

Quantification of Physiologic and Genetic Factors. A theoretical assess-
ment for the impact of disease state and polymorphic pathways on DIC was
conducted using bosentan as an example drug compound. The impact of disease
state on Cy,, , concentrations was estimated based on literature observations that
pulmonary arterial hypertension (PAH) patients show 2-fold increased systemic
bosentan concentrations compared with healthy volunteers (Dingemanse and van
Giersbergen, 2004). The resulting hepatic inlet and intrahepatic concentrations
were calculated according to egs. 8 and 10 using a C,, , value of 0.1327 pM.
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TABLE 1

In vitro process clearances, in vitro Kp,,,, and human drug exposure

ECM classes were derived as described in Fig. 2. Unbound extracellular (systemic and hepatic inlet) and intrahepatic concentrations were calculated as described in Marerials and Methods, and all
required pharmacokinetic parameters and corresponding literature references are summarized in Supplemental Tables 1-3. Literature references for BSEP 1Cs; values are provided in Supplemental

Table 4; presented data represent the lowest available 1Cs; value.

Hepatic Process Clearances

Unbound Extracellular
Concentrations

Unbound Intrahepatic

5 BSEP Inhibition
Concentrations

Drug Compounds In Vitro Kpy,
PSintace PSirpus”  Clinumer  Clingsec Caysu Cinletu Chepsys.u Chep.intetu 1Cs0
mifmintkg  mifminfkg  miminfkg  mliminkg M M wM M M

ECM class 1

Ketoconazole 0.0 58.5 97.4 29.6 0.32 0.1661 0.2941 0.0532 0.0941 29
ECM class 2

Imatinib 0.0 300.9 40.9 32 0.87 0.4781 1.1534 0.4159 1.0035 <10

Verapamil 0.0 258.2 127.7 8.1 0.66 0.0607 0.2398 0.0401 0.1583 205
ECM class 3

Atazanavir 71.8 20.8 1240.5 81.9 0.07 1.1653 2.3500 0.0816 0.1645 3.1

Atorvastatin 140.3 577 64.6 11.1 1.48 0.0226 0.0819 0.0334 0.1212 15.0

Cyclosporine A 113.2 419 71.6 9.1 1.21 0.0512 0.1371 0.0620 0.1659 0.4

Erythromycin 10.2 20.3 99.7 8.9 0.24 1.0083 1.1334 0.2420 0.2720 4.1

Ibuprofen 222 217 342 10.3 0.66 3.9289 5.1880 2.5931 3.4241 598.6

Lovastatin acid 165.1 145.5 459.0 0 0.51 0.0050 0.0114 0.0026 0.0058 19.3

Rosiglitazone 45.6 46.6 98.1 0 0.64 0.0036 (.0048 0.0023 0.0031 1.9

Simvastatin acid 116.1 297.9 769.2 1.5 0.39 0.0008 0.0917 0.0003 0.0358 209
ECM class 4

Bosentan (125 mg BID) 30.7 61.5 16.2 0.8 1.17 0.0663 0.0960 0.0776 0.1123 220

Bosentan (1000 mg BID) 30.7 61.5 16.2 0.8 1.17 0.4644 0.9312 0.5433 1.0895 220

Cerivastatin 221.5 2438 46.9 0 1.60 0.0003 0.0005 0.0005 0.0008 18.8

Fluvastatin 218.7 3255 146.8 0 1.15 0.0052 0.0133 0.0060 0.0153 36.1

Glibenclamide 606.4 109.6 41.1 6.3 1.12 0.0094 0.0133 0.0105 0.0149 1.5

Pitavastatin 364.3 258.8 17.7 0 225 0.0111 0.0392 0.0245 0.0882 422

Pravastatin 58.0 36.0 0.9 2.1 241 0.0716 0.7999 0.1726 1.9278 208.4

Rosuvastatin 27.2 24.8 1.5 5.8 1.62 0.0092 0.0670 0.0149 0.1085 197.6

BID, twice daily.

“In the present study, PS.; was assumed to oceur only via passive diffusion and to be equal to PSjuspas (PSerr = PSigpas).

The effect of nonsynonymous polymorphisms of hepatic metabolic enzymes
and transporters on the in vitro Kp,, of bosentan was calculated according to
eq. 13 using measured in vitro process clearances (Table 1), their fractional in vivo
contribution (fn), and reported fold changes in activity compared with the
reference genotype («):

ooateipl ¥ Moareisr X PSina + cosreies % Moareiss % PSiraa + PSir s
PSerr + teveaag ¥ fncypans % Clinume + ocvpace ¥ fevpacs % CLinyme + cmpez % finarpz % Clin see
(13)

Kpyy =

The a values used were determined from the following data. Increased activity
was reported for the organic anion transporting polypeptide (OATP) variants
OATPIB1#1b and OATPIB3*2 (aparpin1 = aoarrins = 2) (Rowland and
Matin, 1973; Letschert et al., 2004). The cytochrome P450 variants CYP3A4%20
and CYP2C9#3 are associated with loss of function (¢cypias = @cypace =0) (Lee
etal., 2002; Werk and Cascorbi, 2014), similar to the multidrug resistance protein
(MRP) 2 variant MRP2¥16 (¢.2302C=>T) (appp2 = 0) (Hulot et al., 2003; Pratt
etal., 2015). According to the literature, OATP1B1 and OATP1B3 equally contribute
to the total active hepatic uptake of bosentan (fnpatpig) = floaTeips = 0.5)
(Treiber et al., 2007). Hepatic metabolism is mediated by CYP3A4 (ficypsag = 0.6)
and CYP2C9 (fncypce = 0.4) (Dingemanse and van Giersbergen, 2004), and
biliary secretion is mediated by MRP2 (fnygp; = 1.0) (Fahrmayr et al., 2013).

To estimate the potential impact of BSEP polymorphisms on the DIC safety
margin, reduced BSEP activity was assumed to mimic an increased inhibition
potential, where 100% activity corresponds to the BSEP ICs, value of bosentan
(22 uM). According to the literature, BSEP G855R (¢.2563G>A) has <20%
transport activity compared with nonpolymorphic BSEP (Lang et al., 2007),
which was simulated using a 5-fold reduced BSEP ICs; value (4.4 uwM).

Results

Kp,, and ECM Class Assignment. In vitro measured hepatic
process clearances for the 18 investigated drug compounds are
summarized in Table 1 together with the resulting in vitro Kp,,, values,

which range from 0.07 to 2.41. Figure 3 displays the corresponding fold
change in intrahepatic unbound drug concentrations (Ciep ) calculated
from extracellular concentrations and in vitro Kp,,, where atazanavir
and pravastatin represent the extremes with ~14-fold decreased and
~2.4-fold increased Ciep . respectively.

Compound classification according to ECM is based on the extent of
individual hepatic in vitro clearance processes (Fig. 2). As hepatic
clearance processes significantly impact intrahepatic concentrations, as
illustrated in Figs. 2 and 3, ECM class-dependent effects on Kp,, values
can be expected. For the ECM class 1 compound ketoconazole, a Kp,,
value <1 was obtained as a result of a predominant intrinsic clearance
contribution (i.e., PScr + CLiy = PSiye). On the other hand, for ECM
class 2 compounds imatinib and verapamil, Kp,,, was mainly determined
by passive uptake and efflux processes and, consequently, approached
values of 1 (i.e., PSqg + CLiy, = PSiye). For the ECM class 3 compounds
with predominant intrinsic clearance (atazanavir, erythromycin, ibupro-
fen, lovastatin acid, rosiglitazone, and simvastatin acid), Kp,, values <1
were obtained (i.e., PS¢ + CLiy, = PS;p). The ECM class 3 compounds
with substantial active hepatic uptake — namely, atorvastatin and
cyclosporine A — exhibit Kp,, values >1 (i.e., PS ¢ + CLi, < PS;,p).
Similarly, the ECM class 4 compounds bosentan, cerivastatin, fluvastatin,
glibenclamide, pitavastatin, pravastatin, and rosuvastatin reveal Kp,,
values =1 due to predominant hepatic uptake (i.e., PS.g + CLiy, << PSiyp).

In Vitro—In Vivo Correlation of Kp,, in Rat. Estimation of Cy,
using ECM-based in vitro Kp,, data implies that the in vitro Kpy,
directly translates to in vivo Kp,,. We made this assumption based on
previous successful applications of the ECM approach for hepatic
clearance and DDI predictions (Camenisch and Umehara, 2012;
Umehara and Camenisch, 2012; Kunze et al., 2015). To further validate
the ECM concept, we performed an IVIVC for Kp,, in rat using
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published in-house data (Umehara and Camenisch, 2012) (Fig. 4). In
addition, IVIVC of reported in vitro Kp,,, values from initial rate hepatic
uptake clearances in suspended hepatocytes (Yabe et al., 2011; Shitara
et al., 2013) and from sandwich-cultured hepatocytes (Pfeifer et al.,
2013) is shown in Fig. 4. Observed (in vivo) and predicted (in vitro)
Kpy, data following the ECM concept were in good agreement, with all
five compounds deviating by less than 2.5-fold. Also, Kp,, from rat
sandwich-cultured hepatocytes demonstrated close IVIVC for three
compounds. In contrast, in vitro Kp,, from suspended hepatocytes
generally provided overestimations of in vivo Kp,,, most likely due to
the absence of intrinsic clearance processes (metabolism and biliary
secretion).

For atorvastatin, cyclosporine A, and verapamil, different ECM
classes were assigned for rat and human due to different contributions
of the individual clearance processes. The impact of in vitro and in vivo
Kpyy values in rats, however, was in line with the ECM theory described
earlier (ECM class 1: Kp,, < 1; ECM class 4: Kp,,, > 1).

Correlation between BSEP Inhibition, Drug Concentrations,
and Drug-Induced Cholestasis. The assignments of the 18 test drug
compounds into the three cholestasis frequency classes (“no,” “rare,”
“common’) are shown in Table 2. Risk assessments with regard to DIC
were conducted using safety margins calculated as the ratio of BSEP
IC5p and either unbound extracellular drug concentrations (Cgysy
or Cipier) Or unbound intrahepatic concentrations upon application of
Kpuu (Chep,sys.u OF Chepinlet,) (Fig. 5). The risk assessment with unbound
systemic concentrations showed a separation between drugs in chole-
stasis classes “common” and “no cholestasis,” whereas drugs in the class
“rare” markedly overlapped with drugs in the other classes (Fig. 5A).
The separation of drugs in cholestasis class “rare” from “common” or
“no cholestasis” was not improved by using the substantially higher
unbound drug concentrations at the hepatic inlet (Fig. 5B). This
incomplete separation of the cholestasis classes based on extracellular
concentrations is reflected by ROC AUC values of 0.83-0.94. In
contrast, the use of unbound intrahepatic drug concentrations following
Kpyu correction markedly enhanced the separation between the three
cholestasis classes. The risk assessment based on Cjep eysu provided
a good separation between the three classes, with only one drug

(rosiglitazone, class “no”) being clearly mispredicted (Fig. 5C). The
risk assessment was further improved by using Kp,,-corrected unbound
hepatic inlet concentrations. Using this reference concentration, an
almost complete separation of all drugs into classes “no,” “rare,” and
“common” was achieved (Fig. 5D), as supported by ROC AUC
values =0.97. Using Chep inier.u s a reference, safety margin thresholds

1'000

100

itro Kp,,
]

mnvi

0.1 1 10 100
invivo Kp

T
1000

Fig. 4. In vitro—in vivo correlation of hepatic Kp,,, in rat. Rat in vitro Kp,,, values
were calculated according to ECM (egs. 1 and 3) using published in-house in vitro
hepatic process clearance data or were taken from the literature. Rat in vivo Kp,,
values were derived from reported liver partition and drug-binding data. Detailed
calculations of Kp,, and literature references are summarized in Supplemental
Table 5. Black diamonds refer to ECM-based Kp,,, (in-house data); white squares,
triangles, and circles represent in vitro Kp,, obtained by Pfeifer et al. (2013), Yabe
et al. (2011), and Shitara et al. (2013), respectively. The solid line is the line of unity
and dotted lines are 3-fold deviations. Numbers represent the investigated drugs: 1,
atorvastatin; 2, cyclosporine A; 3, furamidine; 4, ketoconazole; 3, pravastatin; 6,
ritonavir; 7, rosuvastatin; 8, verapamil.
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TABLE 2
Cholestasis classification

Cholestasis Class Drug Compounds

Common (>2%) Bosentan (1000 mg BID), cyclosporine A, erythromycin,
imatinib

Atazanavir, atorvastatin, bosentan (125 mg BID),
glibenclamide, ibuprofen, ketoconazole, pitavastatin,
pravastatin, verapamil

Cerivastatin, fluvastatin, lovastatin acid, rosiglitazone,
rosuvastatin, simvastatin acid

Rare (=2%)

No cholestasis

Bosentan was assigned to the classes “common™ and “rare” depending on the administered
dose [1000 and 125 mg twice daily (BID), respectively]. Literature references and detailed
annotations are summarized in Supplemental Table 4

between classes “common”/ rare” and “rare”/no” of 26 and 529,
respectively, were obtained (Fig. 5D). These thresholds are clearly lower
than those obtained from risk assessments using unbound extracellular
concentrations (Fig. 5, A and B; “common”/rare™; 100 and 59, “rare”/

Riede et al.

"no”: 3821 and 728 for Cyy; , and Ciyjeq . respectively). Using Chep intecus
the safety margin of simvastatin was reduced to 584-fold compared with
69,667-fold based on Cpep sys,ur representing the largest safety margin
change within our test set.

Additionally, maximum (worst-case) unbound hepatic inlet concen-
trations (Cipjermax.u) Were calculated to represent the situation during
early drug development, where no clinical data are available. Assuming
fast and complete intestinal absorption, substantially higher unbound
intrahepatic concentrations were obtained compared to using measured
clinical parameters. Whereas the resulting ratios still allowed separation
of “common” from “rare” cholestasis events, the separation between
“no” and “rare” was poorer than that obtained in risk assessments based
on measured clinical parameters (Fig. 5D vs, Fig, SE).

Quantification of Risk Factors for DIC. The theoretical impact of
disease state and polymorphic hepatic enzymes and transporters on
bosentan-induced cholestasis was estimated based on clinical systemic
exposure and in vitro enzyme and transporter polymorphism data (Fig. 6).
The systemic exposure of bosentan is reported to be ~2-fold higher in
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Fig. 5. Correlation between BSEP inhibition, drug concentration, and drug-induced cholestasis. Safety margins for all 18 drug compounds representing the ratio of BSEP

1C5q value and unbound systemic concentration (Csy,,) (A), unbound concentration at the hepal

> inlet (Ciyer,) (B), unbound intrahepatic concentration on basis of Cyy,

(Ciiepsysu) (C), unbound intrahepatic concentration on basis of Cigjery (Chepinter,o) (D), and worst-case assessment of maximum unbound intrahepatic concentration (Ciep intetmax.u) (E)-
Red, yellow, and green symbols represent the cholestasis classes “common,” “rare,” and “no cholestasis,” respectively. Squares, circles, triangles, and diamonds represent the ECM
classes 1, 2, 3, and 4, respectively. Estimated safety margin thresholds between the cholestasis classes “common”/“rare” and “rare”/*no cholestasis” are shown next to dashed lines

with ROC AUCs in brackets.
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PAH patients compared with healthy subjects (Dingemanse and van
Giersbergen, 2004). Based on this, we calculated the corresponding
Chep.intetu in PAH patients (0.1901 uM), which is 69% higher than in
healthy subjects (Fig. 6, healthy vs. PAH patients). Next, we calculated
KPuus Chepintet,u» @nd corresponding safety margins for bosentan using
altered transporter and enzyme activities due to genetic polymor-
phisms according to eq. 13. Our assessment indicates that the increased
transport activity of OATPIBI*1b or OATP1B3*2 variants would
increase Kpyy and Ciepineru by 17% (Fig. 6, “PAH patients™ vs.
“OATPIB1*#1b” or “OATP1B3#2"). Loss-of-function mutations in
CYP3A4, CYP2C9, and MRP2 would result in increases in both Kpy,
and Chepintetu by 14, 9, and 1%, respectively (Fig. 6, “PAH patients”
vs. “CYP3A4*20”, “CYP2C9*3”, or *“MRP2*16”). The assumption of
concurrence of all these genetic variants leads to predicted increases of
Kpuu and Cyep inter,u by 70% and a reduction of the safety margin from
116 to 68 (Fig. 6, “PAH patients” vs. “CYP3A4#20, CYP2C9*3,
MRP2#16, OATP1B1#1b, OATP1B3#2”). Additionally, we evaluated
the potential impact of BSEP polymorphisms on the DIC risk assessment.
Presence of the low-activity variant BSEP GB85R was simulated using a
5-fold reduced BSEP ICs, value (4.4 puM). This estimation leads to a
23-fold safety margin (Fig. 6, “PAH patients” vs. “BSEP G885R™). The
theoretical combination of the BSEP G885R variant with genetic variants
that affect the Kp,, of bosentan would further increase the DIC risk, as
shown in Fig. 6 (“PAH patients” vs. “BSEP GB85R, CYP3A4%20,
CYP2C9%3, MRP2#16, OATPIB1*1b, OATP1B3%27).

Discussion

In the present work, we compare the use of unbound extracellular
(systemic and hepatic inlet) or Kp,,—based intrahepatic concentrations in
risk assessments of cholestasis upon BSEP inhibition.

Our work follows up on recent studies, which investigated the impact
of systemic drug exposure on the clinical manifestation of DIC or DILIL
Using safety margin ratios of BSEP ICsj to systemic drug concentration,
our analyses revealed a generally increased risk of DIC among drugs
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Fig. 6. Theoretical impact of polymorphic hepatic enzymes and transporters on DIC
safety margins for bosentan. Chep jniery Of bosentan (125 mg twice daily) in PAH
patients in various enzyme/transporter polymorphism scenarios was calculated from
extracellular Cjp, and in vitro Kp,, using in vitro activity data (eq. 13).
Contributions of transporters and cytochrome P450 enzymes to the hepatic bosentan
clearance as well as functional impact of polymorphisms are described in Materials
and Methods. The dashed line represents the safety margin threshold between the
cholestasis classes “common”/rare” (26-fold).
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with lower safety margins (Fig. 5A). However, no reliable separation of
cholestatic and non-cholestatic drugs was obtained from this assessment.
The outcome was not improved when hepatic inlet concentrations were
used for safety margin calculations (Fig. 5B), even though this
concentration is considered most relevant with regard to inhibition of
hepatic enzymes or transporters (Zamek-Gliszczynski et al., 2013).
These observations based on extracellular concentrations are in line with
previous studies using similar approaches (Dawson et al., 2012; Morgan
et al., 2013; Shah et al., 2015). However, several differences from
previous work are important to highlight. First, following the “free drug
hypothesis,” we used only unbound drug concentrations rather than total
drug concentrations. Indeed, we obtained poorer predictions of DIC
using total drug concentrations in plasma or blood (data not shown).
Second, we evaluated the association of BSEP inhibition with DIC only
and not with other types of liver toxicity. Hepatocellular DILI cases, which
are included in other studies, are rather caused by direct toxicity or immune-
mediated reactions (Chen et al., 2015) and are likely not explained by BSEP
inhibition. Third, we classified the investigated drugs according to the DIC
incidence instead of a commonly used DILI severity grading (Chen et al.,
2011; Pedersen et al, 2013; Aleo et al, 2014). Fourth, the present
assessment represents a worst-case scenario using the lowest reported
in vitro BSEP ICs, (variability in ICsq values was within a 3-fold range for
the majority of dugs with the exception of cyclosporine A, erythromyein,
glibenclamide, and rosiglitazone) and the maximum reported systemic drug
concentration at steady state after administration of the highest recom-
mended oral dose. At least for certain drugs (e.g., Cyy., of atorvastatin and
rosiglitazone), our parameters significantly deviate from previous studies
(Dawson et al., 2012; Morgan et al., 2013; Shah et al., 2015).

However, relating extracellular drug concentrations to inhibition of an
intracellular liver target (BSEP) is not expected to provide meaningful
risk estimations if intracellular drug concentrations are affected by active
transport or metabolic processes (Dawson et al., 2012; Chu et al., 2013;
Camenisch et al., 2015; Camenisch, 2016). Indeed, applying the in vitro
Kp,, values to obtain unbound intrahepatic drug concentrations
markedly improved the separation of cholestasis classes. This
became particularly evident for the correlation with unbound intra-
hepatic concentrations based on hepatic inlet concentrations, where
almost complete separation between the different cholestasis classes was
obtained (Fig. 5D). The use of hepatic inlet concentrations is most
important for drugs with high hepatic first-pass elimination and signifi-
cantly reduced systemic concentrations, as observed for simvastatin (115-
fold difference between Ci,y,, and Ciye,,). We therefore conclude that
the unbound intrahepatic drug concentration based on hepatic inlet
concentrations clearly represents the most reliable reference concentration
for prediction of the DIC risk using BSEP inhibition assays.

BSEP in vitro inhibition data are commonly generated in early drug
development. However, at this stage, clinical drug exposure data are
rarely available, and DIC risk assessments based on the presented
approach are not possible. We therefore performed an alternative risk
assessment assuming that the clinical systemic exposure can be
accurately predicted and assuming complete and rapid absorption to
obtain worst-case hepatic inlet concentrations (Fig. S5E) (Ito et al., 1998;
Giacomini et al., 2010). While the cholestasis classes “common” and
“rare” were reasonably well separated by this approach, the separation
between classes “no cholestasis™ and “rare” failed compared with risk
approaches using measured clinical input parameters (Fig. 5D vs. Fig. 5E).
Therefore, for DIC risk assessments during preclinical development, we
suggest applying unbound intrahepatic drug concentrations derived from
in vitro Kp,, and predicted systemic exposure (e.g., using physiologically
based pharmacokinetic modeling).

Kpy, and corresponding unbound intrahepatic drug concentrations are
affected by the individual contributions of active hepatic transport and
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metabolic processes and correlate well with the four ECM classes (Figs.
2 and 3). For drugs in ECM classes | and 3, where hepatic uptake is the
rate-limiting elimination step, Kp,, is likely to be below 1 (Cyepu << Cy).
On the other hand, class 3 drugs can also approach Kp,, above 1 if active
hepatic uptake is extensive (Cpepu > Cu). As illustrated in Fig. 7,
unbound extracellular concentrations of ketoconazole and simvastatin
acid markedly overestimated the DIC risk. Use of Kp,,-corrected
unbound intrahepatic concentrations shifted ketoconazole (Kp,, =
0.32) and simvastatin acid (Kp,, = 0.39) into their appropriate risk
zones (“rare” and “no” cholestasis, respectively). For class 4 drugs,
passive uptake/efflux permeability exceeds intrinsic hepatic clearance.
In combination with active hepatic uptake processes, drugs accumulate
within the hepatocytes, resulting in Kp,, values greater 1 (Figs. 2 and 3).
For these drugs, the DIC risk is underestimated by unbound extracellular
concentrations, as highlighted for pitavastatin in Fig. 7. After correction
with Kpy,, pitavastatin was assigned to the correct risk zone (“rare”).
Only for class 2 drugs, such as imatinib, do unbound extracellular
concentrations represent an appropriate surrogate for the unbound
intrahepatic concentration (Kpy, = 1.0, Cyepy = C,) (Fig. 7).

For the in vitro Kp,, assessment, we generally assumed absence of
active sinusoidal efflux. Kp,, values of substrates for basolateral MRP3
and MRP4, which have been shown to be upregulated in human and rat
under cholestatic conditions (Soroka et al., 2001; Gradhand et al., 2008),
might therefore be overpredicted. However, except for rosuvastatin, the
relevance of MRP3 and MRP4 in transport of pharmaceutical drugs is
unknown and requires further research. In addition, we assumed that the
ECM-based in vitro Kp,, directly translates to in vivo Kp,,. The
assumption was based on the good IVIVC for Kp,,, in rat (Fig. 4) and on
previous hepatic clearance predictions using the ECM, where no
systematic underprediction of in vivo hepatic clearance was observed.
Similarly, in vitro Kp,, using sandwich-cultured hepatocytes recently
provided a close IVIVC in rats for rosuvastatin, ritonavir, and furamidine
(Pteifer et al., 2013), whereas Kp,,, from suspended hepatocytes generally
overpredicted Kp,, in vivo, likely due to the absence of intrinsic clearance
processes, Partial loss of activity in certain in vitro systems has previously
been described (Lundquist et al., 2014); however, the need of scaling
factors for pharmacokinetic modeling is controversially discussed and
likely compound-dependent, requiring clinical data (Jones et al., 2012;
Morse et al., 2015; Yoshikado et al., 2016). Especially in an early drug
development stage, the direct use of in vitro Kp,, is therefore expected to
enable estimations of unbound intrahepatic drug concentrations.

Our risk assessment using unbound hepatic inlet concentrations
predicted a DIC risk in more than 2% of subjects for safety margins
below ~25 (Fig. 5D). Since unbound intrahepatic concentrations are
25-fold below the ICs, of BSEP, no relevant inhibition of BSEP would
be expected. However, the occurrence of DIC in a low percentage of
patients leads us to the hypothesis that these subjects react more
sensitively to BSEP inhibition than the rest of the population. This
variability might be explained by various physiologic (e.g., age, gender,
underlying diseases), exogenous (e.g., comedication, nutrition), and
genetic factors (polymorphisms) that potentially modify intrahepatic
drug concentrations or BSEP activity, resulting in increased cholestasis
risk. Using bosentan as an example, we evaluated the theoretical impact
of disease state and polymorphic hepatic enzymes and transporters on
DIC risk (Fig. 6). Physiologic factors, such as increased age and gender,
are not associated with altered risk of bosentan-induced cholestasis
(Markova et al., 2013). Similarly, increased systemic bosentan exposure
in PAH patients could not be linked to higher incidence of liver injury
(Dingemanse and van Giersbergen, 2004), which is in line with our
assessment (Fig. 6). The present analysis suggests that genetic variants
of transporters and enzymes involved in bosentan elimination only
marginally affect the DIC risk assessment, even upon the unlikely
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Fig, 7. ECM class-dependent effect of Kp,, on the DIC risk assessment. BSEP ICs
values were plotted against unbound hepatic inlet concentrations before (Ciyyy,,) and
after correction with in vitro Kp,, to unbound intrahepatic concentrations (Chep interu)-
Ketoconazole (class 1), imatinib (class 2), simvastatin acid (class 3), and pitavastatin
are shown as yellow squares, red circles, green triangles, and yellow diamonds,
respectively. Red, yellow, and green symbols represent the cholestasis classes
“common”, “rare,” and “no cholestasis,” respectively. Dashed lines represent the
safety margin thresholds between cholestasis classes “common”/*rare” (26-fold) and
“rare”/*no” (529-fold), respectively.

concurrence of all polymorphisms (Fig. 6). Indeed, bosentan-induced
liver injury could not be associated with polymorphic variants of
OATPIB1, OATP1B3, CYP2C9, or MRP2 (Markovaetal., 2013, 2014;
Roustit et al., 2014). In addition, we evaluated the impact of the BSEP
variant G885R, which was recently associated with DIC, likely due to
substantially reduced activity (<<20%) (Lang et al., 2007). Based on
these data, we estimated a significantly increased risk of bosentan-
induced cholestasis in PAH patients carrying the G885R variant, as
indicated by a 23-fold safety margin and the change in cholestasis class
from “rare” to “common” (Fig. 6). In summary, the presented risk
assessment for bosentan illustrates the utility of ECM-based Kpy,
assessments to define the relevance of polymorphic enzymes and
transporters in the hepatic elimination of a drug. Especially for drugs
with high risk of DIC, such information could guide the selection of
genotyping targets in clinics and ultimately allow personalized dosing
regimens. However, further research on frequency, global distribution,
and in vivo effects of polymorphisms will be required to estimate the
incidence of DIC in heterogenic populations.

In conclusion, we demonstrated that the incidence of DIC upon BSEP
inhibition correlates with Kpy,-based unbound intrahepatic drug
concentrations. To the best of our knowledge, this approach represents
the most reliable prediction of DIC available so far, which also allows to
account for polymorphisms on hepatic enzymes and transporters
associated with DIC risk. Our study represents a proof-of-concept for
estimating the inhibition potential of an intracellular transporter and is
therefore expected to likewise improve risk assessments for other
intrahepatic targets involved in DDI, pharmacologic efficacy, and
toxicology, such as hyperbilirubinemia upon MRP2 or UGTIAI
inhibition. The validation of ECM-based risk assessments for other
target enzymes or transporters as well as the extension of the approach to
other organs, such as the kidney, will require extensive future research.
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Calculation of pharmacokinetic parameters:
The absorption rate constant (k,) was calculated based on eq. 1 and 2 [1]:

k
G
Tnax = ka—k}ie (1)
n(2)
k, =—— 2
Ti/2 ( )

where T, is the time to reach the maximum plasma concentration, k. is the elimination rate
constant and T+, is the elimination half-life.

The fraction absorbed and escaping gut metabolism (F, x Fg) was calculated based on eq. 3

and 4 [1]:
Fax}},=% (3
Fh=lf%‘: (4)

where F represents the oral bioavailabilty, F,, is the fraction escaping hepatic clearance, CL,
is the hepatic blood clearance and Qy, is the hepatic blood flow (1.45 I/min).
Pharmacokinetic parameters required for the calculations and literature references for all 18

compounds are summarized in Supplemental Table 2.

Human in vitro BSEP inhibition:
Ki values from Hirano et al., 2005 [2] were converted to ICs, values according to eq. 5,
assuming competitive inhibition [3]:

ICso = Ky x (1411 (5)
where the substrate concentration of taurocholate [S] = 3 uM and Michealis-Menten constant
(K.) for BSEP-mediated taurocholate transport = 4.64 uM [2].
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Unbound intrahepatic drug concentrations determine the interaction potential with intracellular
targets related to toxicity, pharmacokinetics, or pharmacodynamics. Recently, the unbound liver-
to-blood partition coefficient (Kp,,) based on the Extended Clearance Model (ECM) has been devel-
oped providing indirect estimates of unbound intrahepatic drug concentrations. This study aimed to
determine Kpy, for 18 diverse drug compounds by 3 alternative in vitro methods and to compare the
outcome with the ECM approach. Kp,, was calculated from independent measurements of hepato-
cellular drug accumulation (Kp) and unbound fraction in hepatocytes (fupep) either assessed from
steady-state accumulation at 4°C (temperature method), using equilibrium dialysis (homogenization
method), or empirically from logD;4 (logD74 method). Deviations to ECM-based Kp,, data were
closely linked to the absence of intrinsic clearance processes (metabolism, biliary secretion) in the
investigated methods. Differences in fupe, additionally contributed to deviations in Kpyy. The
homogenization method generally provided lowest fuyep values, especially for compounds with high
molecular weight or low logD74. Kpy, values of compounds with low intrinsic clearance correlated
well between the ECM and temperature methods independent of physicochemical properties.
Therefore, only the ECM provides an integrated quantitative determination of hepatic Kpy,. Temper-
ature and homogenization methods, however, represent useful alternatives if compound properties
are appropriately considered.

© 2017 American Pharmacists Association™. Published by Elsevier Inc. All rights reserved.

Keywords:

active transport

passive diffusion/transport
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biliary excretion
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protein binding
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human liver microsomes

of the unbound drug between blood and tissue. However, in organs
such as the liver or brain, this concept is violated for drugs, which
are subject to active cellular transport and metabolic processes.>*
Therefore, indirect methods for the determination of unbound

Introduction

Assessments of pharmacological efficacy, drug-drug interaction
(DDI) potential, and toxicity of drug candidates were traditionally

performed by relating the systemic unbound drug concentration to
the respective target inhibition (ICsg or Ki). Because of the limited
access to human tissue concentrations, the unbound systemic drug
concentration served as surrogate for determining intracellular
target interactions based on the concept of the “free drug hypoth-
esis.” This approach assumes a rapid and complete equilibration

Abbreviations used: ABT, 1-aminobenzotriazole; AFE, average fold error; CLiy,
intrinsic clearance; CQ, chloroquine; CYP, cytochrome P450; DDI, drug-drug inter-
action; ECM, extended clearance model; fukep, unbound fraction in hepatocytes;
HEK293, human embryonic-kidney 293 cells; Kp, liver-to-blood partition coeffi-
cient for total drug at steady-state; Kpyy, liver-to-blood partition coefficient for
unbound drug at steady-state; PS.y, sinusoidal efflux clearance; PSi,;, sinusoidal
uptake clearance.
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intracellular drug concentrations have been developed using the
tissue-to-blood partition coefficient for unbound drug at steady-
state (Kpyy), allowing to account for active processes.”"

Several in vitro approaches using cells, tissue slices, and homoge-
nates from different organs have been developed. For the determi-
nation of hepatic Kpy,, 4 different methods can be applied with
primary hepatocytes and subcellular fractions as outlined in Table 1.
Three of these methods rely on separate experimental determinations
of the liver-to-blood (i.e., hepatocyte-to-media) partition coefficient
for total drug at steady-state (Kp) and the unbound fraction in hepa-
tocytes (fupep). Kp can be obtained from cellular drug accumulation
experiments usually in the absence of metabolic activity.””'' However,
different methods have been used to assess fupep: (1)incubations with
intact cells on ice (temperature method)*'? (2) equilibrium
dialysis using homogenized cells or tissue (homogenization
method),””%'"!*! and (3) estimation from logD7 4 using an empirical
correlation with fuye, data (logD74 method)” (Table 1). Nevertheless,

0022-3549/@ 2017 American Pharmacists Association®™. Published by Elsevier Inc. All rights reserved.
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Table 1
Investigated Methods for the Determination of Kp, fupep, and Kpyy

J. Riede et al. / Journal of Pharmaceutical Sciences 106 (2017) 2805-2814

Methods Kp fupep Kpuu

Assumptions

Temperature method Kp (steady-state

hepatocyte uptake)

fuhep temp

Homogenization method funep hom

logDy 4 method

funep togn

ECM method - - KPuuecm =

KPuu.temp = KP * funep temp

KPuu.hom = KP * fUhep hom

KPuu,logp = KP % funep logn

Negligible intrinsic clearance processes

Steady-state reached

Transporter activity is abolished on ice (for fupe, only)
fupep is not temperature-dependent

Negligible intrinsic clearance processes
Steady-state reached
fupep is not influenced by cell homogenization

Negligible intrinsic clearance processes
Steady-state reached
Kpyy depends on cellular volume

No active sinusoidal efflux
Passive sinusoidal influx and efflux are equal

each of the described methods relies on different assumptions, which
might affect the assessment's outcome depending on the pharma-
cokinetic and physicochemical properties of a drug (Table 1).

Alternatively, Kpy, can be calculated from individual in vitro
hepatic process clearances (i.e., active and passive hepatic uptake
and efflux, metabolism, biliary secretion) according to the extended
clearance model (ECM) (Table 1).81%'9 Qur group recently deter-
mined ECM-derived Kpy, data and corresponding intrahepatic
concentrations for a set of compounds to predict drug-induced
cholestasis from bile salt export pump inhibition data.'” The
approach provided superior predictions as compared to using un-
bound systemic concentrations, thus demonstrating the utility of
the ECM-derived Kpy, method. The in vivo relevance of the approach
was supported by a close in vitro—in vivo correlation of Kpy, in rat."?
Furthermore, the ECM serves as a drug classification system, which
is based on in vitro hepatic process clearances (sinusoidal membrane
permeability and intrinsic clearance). Four ECM classes have been
derived based on the processes that govern hepatic drug clearance
and disposition (i.e., Kpyy).*'>'? ECM class 1 and class 2 compounds
enter the liver only via passive diffusion, whereas class 3 and class 4
compounds require additional transporter-mediated hepatic up-
take. The intrinsic clearance of ECM class 1 and 3 compounds is
higher than passive sinusoidal permeability. In contrast, passive si-
nusoidal permeability exceeds the intrinsic clearance of class 2 and
class 4 compounds. According to the ECM concept (Table 1), the Kpyy
of ECM class 1 and class 3 compounds is typically <1 (i.e., PSet + CLint
> PSjnf) due to the predominant role of intrinsic clearance. In
contrast, for class 3 compounds that exhibit substantial hepatic
uptake, Kpyy is > 1 (i.e., PSefr + CLint < PSinr). ECM class 2 compounds
display Kpy, values close to 1 because intrinsic clearance is
compensated by predominant passive membrane permeability (i.e.,
PSeft + CLint = PSipr). ECM class 4 compounds exhibit Kpy,, values > 1
as a result of active hepatic uptake and predominant passive
membrane permeability (i.e., PSegr + CLint < PSing).

We recently demonstrated the in vivo relevance and usefulness of
ECM-derived Kp,, data, which however represents a labor-intensive
approach to obtain hepatic Kpyy. It was therefore the aim of the
present study to compare the ECM method with 3 alternative ap-
proaches for hepatic Kpy, determination as outlined in Table 1. A test
set of 18 drug compounds with diverse physicochemical and phar-
macokinetic properties was analyzed under uniform conditions
according to the homogenization, temperature, and logD74
methods. The obtained Kpy, and fuye, data were compared among
the investigated methods and were correlated with ECM-based data.
Differences in the outcome were examined with regard to physi-
cochemical and pharmacokinetic compound properties.

Methods
Test Compounds

[H]Glibenclamide (1.48 MBgq/nmol), [*H]rosiglitazone (1.927
MBq/nmol), and [*H]verapamil (3.067 MBq/nmol) were obtained
from PerkinElmer (Boston, MA). [*H]Atorvastatin calcium (0.37
MBgq/nmol), [*H]cerivastatin sodium (0.185 MBg/nmol), ['C]
erythromycin (0.002035 MBq/nmol), [*H]fluvastatin sodium (0.74
MBg/nmol), [*CJibuprofen (0.002035 MBq/nmol), [*H]ketocona-
zole (0.37 MBg/nmol), [*H]lovastatin acid sodium (0.37 MBg/nmol),
[*H]pitavastatin calcium (0.182 MBg/nmol), [*H]pravastatin cal-
cium (0.37 MBg/nmol), [*H|rosuvastatin calcium (0.37 MBg/nmol),
and [3H]sirnvastatin acid sodium (0.37 MBg/nmol) were obtained
from American Radiolabeled Chemicals (St. Louis, MO). [*H]Ataza-
navir sulfate (0.037 MBq/nmol), [*H|bosentan (0.148 MBg/nmol),
and [3H]cyclosporine A (1295 MBg/nmol) were obtained from
Moravek Biochemicals (Brea, CA). ["4C]Imatinib mesylate (0.001988
MBa/nmol) was synthesized in the Isotope Laboratories, Novartis
Pharma AG (Basel, Switzerland). Radiochemical purity of all com-
pounds was >95% as determined in-house by HPLC analysis. All
other chemicals were purchased from commercial sources and
were of analytical grade.

Thawing and Preparation of Hepatocytes

Cryopreserved primary human hepatocytes (pool of 20 donors,
lot: PQP; Bioreclamation IVT, Baltimore, MD) used in steady-state
hepatocellular uptake and equilibrium dialysis experiments have
been qualified for transporter activity by the vendor. The activity of
the most relevant hepatic uptake transporters (organic anion-
transporting polypeptides, organic cation transporter 1, sodium
taurocholate cotransporting polypeptide) was also confirmed
internally by determining the ratio of uptake clearances at 37°C
and 4°C for reference substrates, The OATP1B1 substrate estrone-
3-sulfate was measured in each experiment and uptake ratios were
on average 5.6 + 1.0.

Upon thawing of the cryopreserved hepatocytes,”” living and
dead cells were counted using a NucleoCounter NC-100 (Chemo-
Metec, Allerod, Denmark). The resulting cell viability was on
average 88 + 6%. Hepatocytes were resuspended (2 x 10 viable
hepatocytes/mL) in prewarmed Krebs-Henseleit buffer (KHB)
containing 1 mM of the pan-cytochrome P450 (CYP) inhibitor
1-aminobenzotriazole (ABT). The cell suspensions were pre-
incubated for 15 min for complete inhibition of CYP activity.”'
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Determination of Kp From Steady-State Hepatocyte Uptake
Experiments

Cellular uptake was initiated by mixing the hepatocyte sus-
pension with the incubation solution (KHB containing 1 mM ABT
and test compound) to obtain final concentrations of 1.3 x 10°
viable hepatocytes/mL and 0.05 M or 0.5 pM for *H- or '“C-labeled
compounds, respectively. All incubations were carried out at 37°C
under gentle shaking. Incubations were terminated after 30 and
60 min using the oil-spin method (Hepatocyte Transporter Sus-
pension Assay Kit, BD Biosciences, Woburn, MA)*" and the drug
amount in hepatocytes and media was quantified by liquid scin-
tillation counting. Subsequently, Kp was calculated according to
Equation 1:

C
Kp — <P )

where Cpep and Cpeq are the compound concentrations in hepa-
tocytes and in media, respectively. Cpep was calculated based on cell
number and volume assuming a cell diameter of 16.2 ym and a
spherical cell shape.'®

Kp was determined at 30 and 60 min. For all compounds, the
concentration equilibrium was achieved at 60 min, and Kp was
calculated for this time point. To investigate the impact of lyso-
somal trapping on Kp of positively charged compounds (erythro-
mycin, imatinib, verapamil), additional incubations were
performed in the presence of 0.5 mM chloroquine.

Unbound Fraction in Hepatocytes

Temperature Method

Shitara et al® previously described the determination of
fupep from steady-state hepatocyte uptake experiments at 4°C
(funeptemp). Accordingly, hepatocyte uptake experiments were
conducted for 60 min as described previously except that in-
cubations were maintained at 4°C. The impact of lysosomal trap-
ping on fupep temp Of positively charged compounds (erythromycin,
imatinib, verapamil) was investigated in additional incubations in
the presence of 0.5 mM chloroquine.

Assuming complete inactivation of uptake transporters at 4°C
and concentration equilibrium of the unbound drug between
media and hepatocytes, the unbound fraction is defined as the ratio
of the unbound concentrations in the media (Cmed,u) and in the
hepatocytes (Chep,u):

Crnedu = Chepu = Chep X I:‘-lhep‘temp (2)

In the absence of nonspecific binding in the media compartment
(i.e., Cmed = Cied,u), Equation 2 can be rearranged as follows:

cmed (3)

fuhep‘temp = ch
ep

Homogenization Method

The determination of fupep using equilibrium dialysis (funep hom)
was adapted from Mateus et al.'” Hepatocyte suspensions were
homogenized using a Dounce homogenizer (glass/teflon, tight, 50
strokes) and mixed with incubation solutions (KHB containing
1 mM ABT and test compound). Final concentrations were 0.05 pM
or 0.5 pM for 3H- or '“C-labeled compounds, respectively, and
1.3 x 10° homogenized hepatocytes/mL. The impact of lysosomal
trapping on fupephom of positively charged compounds (erythro-
mycin, imatinib, verapamil) was investigated in additional in-
cubations in the presence of 0.5 mM chloroquine. Equilibrium

dialysis was performed using a Rapid Equilibrium Dialysis device
(molecular weight cutoff: 8 kDa, Thermo Fisher Scientific Inc,,
Rockford, IL) by placing 300 pL of compound-containing hepatocyte
homogenates and 500 L of KHB buffer containing 1 mM ABT into
the respective chambers. The dialysis unit was incubated at 37°C on
an orbital shaker (250 rpm) for 4 h. After the incubations, aliquots
from both chambers were taken and the drug amount was quan-
tified by liquid scintillation counting. The unbound fraction in the
homogenate (fupem) was calculated as follows:

C
fUupom = Cburrer (4)
hom

where Chom and Cpusrer are the compound concentrations in the
homogenate and in the buffer chamber, respectively. Subsequently,
funepnom Was calculated according to Equation 5:

1
Dx(fu:?—l)ﬂ

where D is the homogenate dilution factor. D was estimated to be
337 assuming a cell diameter of 16.2 pm and spherical cell shape.'”

(3)

fuhep.hom =

logD7 4 Method
The empirical model to predict fupep from logD7.4 (fupep,10gp) Was
developed by Yabe et al.” funep,logp Was calculated as follows:

lnguhep,lugD = —0.9161 — 0.2567 x logD7_4 (6)

logD74 values and corresponding literature references are sum-
marized in Table 2.

Calculation of Kpyy

For all compounds, Kp,, was calculated using Kp from
steady-state hepatocyte uptake experiments and fuye, either based
on the temperature method (Kpyytemp) the homogenization
method (Kpyy,hom), or the logD74 method (Kpyy,ogn) according to
Equations 7-9:

Kpuu‘temp = Kp x fuht?[:),temp (7)
Kpuu‘hum = Kp x fuhep hom (8)
Kpuu.logD =Kp x fuhep.ll:ngD (9)

Determination of Kpyy Using the Extended Clearance Model

The ECM method has been proposed for the prediction of overall
intrinsic hepatic clearance (CLiyc 1) using in vitro process clearances
as follows®!718:22;

CLp jnt =
Psinf.act + PSinf‘pas
PSeff act + Pseff.pas + CLint.]'net + Clintsec
__ PSig
Pseff + CLint

% (CLingmet + Clingsec)

% CLiny = Kpyy * Cline
(10)

where PSjyr is the sum of active (PSipract) and passive uptake
membrane permeability (PSinfpas), PSer is the sum of active



4.2. Current methods to determine hepatic Kpuw | 75

2808 J. Riede et al. / journal of Pharmaceutical Sciences 106 (2017) 2805-2814

Table 2

Parameters for Kp and fuye, Obtained From Temperature, Homogenization, and logD;, Method and Physicochemical Properties

Compound Kp* funep,temp” fuhep,hom” funep,logn logD74 MW Charge at pH 74
Atazanavir 180.19 + 6.82 0.0359 + 0.0026 0.0049 + 0.0006 0.0040 5774 704.9 Neutral
Atorvastatin 240.73 + 4.79 0.0284 + 0.0015 0.0027 + 0.0001 0.0563 130% 558.6 Negative
Bosentan 38.64 + 1.90 0.0801 + 0.0165 0.0025 + 0.0006 0.0579 1257 551.6 Negative
Cerivastatin 455.77 + 21.76 0.0168 + 0.0007 0.0028 + 0.0005 0.0395 190" 459.6 Negative
Cyclosporine A 705.93 + 47.70 0.0239 + 0.0023 0.0001 + 0.0000 0.0216 292" 1202.6 Neutral
Erythromycin 28.87 + 116 0.3968 + 0.1378 0.0038 + 0.0003 0.0633 1.10” 733.9 Positive
Fluvastatin 219.22 + 10.58 0.0150 + 0.0014 0.0123 + 0.0027 0.0471 1.60°* 4115 Negative
Glibenclamide 142.82 + 251 0.0212 + 0.0008 0.0072 + 0.0006 0.0332 219" 494.0 Negative
Ibuprofen 832 + 0.70 0.1410 + 0.0298 0.0246 + 0.0050 0.0752 0.817° 206.3 Negative
Imatinib 38121 + 17.72 0.0071 + 0.0008 0.0034 + 0.0000 0.0294 240" 493.6 Positive
Ketoconazole 42111 + 14.79 0.0023 + 0.0001 0.0017 + 0.0002 0.0111 405% 5314 Neutral
Lovastatin acid 256.81 + 38.05 0.0309 + 0.0017 0.0075 + 0.0016 0.0497 151 404.5 Negative
Pitavastatin 29161 + 3524 0.0221 + 0.0040 0.0072 + 0.0019 0.0500 1.50* 4215 Negative
Pravastatin 10.72 + 1.20 0.1689 + 0.0066 0.0130 + 0.0039 0.1537 —0.40* 4245 Negative
Rosiglitazone 37.72 + 540 0.0188 + 0.0039 0.0097 + 0.0012 0.0261 260" 3574 Neutral
Rosuvastatin 50.08 + 2.66 0.1317 + 0.0063 0.0141 + 0.0081 0.2048 -0.89" 4815 Negative
Simvastatin acid 536.63 + 15.97 0.0366 + 0.0010 0.0037 + 0.0005 0.0399 1.88°* 436.6 Negative
Verapamil 30233 + 14.29 0.0024 + 0.0002 0.0022 + 0.0004 0.0431 1.75% 454.6 Positive

MW, molecular weight (g/mol).
* Data represent mean = SD of triplicates.

(PSefract) and passive sinusoidal efflux membrane permeability
(PSefrpas) and CLiy, is the sum of intrinsic metabolic (CLintmer) and
biliary clearances (CLintsec) (Table 3).

Accordingly, ECM-based Kpy, values (Kpyygcv) can be calcu-
lated according to Equation 11:

o Psinf
Kpyu pem = BSur + CLine

Kpuukeem for the 18 test compounds were taken from Riede
et al'? The underlying hepatic process clearances were experi-
mentally determined as described in full detail elsewhere.”"**** In
brief, PSinfact and PSjqfpas were determined from incubations with
suspended human hepatocytes within the linear time and con-
centration range using the oil-spin method. PSj¢p,s was deter-
mined in the presence of uptake transporter inhibitors or at high
substrate concentrations where active transport processes are
known to be saturated. PSqs was assumed to occur only via passive
diffusion and to be equal to PSinf,pas (PSeffact = 0, PSeffpas = PSinfpas)-
CLint,met Was determined using human liver microsomes taking the
experimentally determined unbound fraction in microsomes into
account. CLiprsec Was determined in sandwich-cultured human
hepatocytes (B-CLEAR® method; Qualyst, Inc., Durham, NC) and
was corrected for the unbound fraction in hepatocytes (logD74
method).

ECM classes were assigned as follows: ECM class 1/2 was
assigned if PSefr < CLip, otherwise class 3/4. Class 1/3 was assigned
if PSefr = PSins, otherwise class 2/4.'*

(11)

Physicochemical Properties

Molecular weight and logD74 values were obtained from the
literature. Molecular charge at pH 7.4 was calculated using ADMET
Predictor 8.0 (Simulations Plus, Lancaster, CA).

Statistical Analysis

Experimental data generally represent means of triplicates,
and experimental errors are indicated by standard deviations (SDs).
SDs of composed parameters (z) upon summation and multiplica-
tion of 2 independent parameters (x and y) were calculated ac-
cording to Equations 12 and 13, respectively:

SD; = 1/SD} + 5D} (12)

2 2
D527 (52 a3)
|| x| vl
The correlation between Kpyy or funep values obtained from
different methods was assessed by fold-error deviations (% fold

deviation <3 or <10) and average fold errors (AFEs) according to
Equation 14:

AFE — 108 2 los} (14)

where n is the number of data points, and x and y represent cor-
responding Kpyy or fupe, values on the x-axis and y-axis,
respectively.

Results

Determination of Kp and fupep Values Using the Temperature,
Homogenization, and logD7.4 Methods

The Kp and fupep values obtained from the temperature, ho-
mogenization, and logD74 methods for the 18 test compounds are
summarized in Table 2. Measured Kp values in human hepatocytes
were within a range of 8.32 and 706. The experimental variability
(SD) was on average +7% of the mean Kp values. High Kp values
generally correlated with higher logD74 and positive charge;
however, because Kp determinations at 37°C were partially gov-
erned by active transport processes, correlations with molecular
charge became more evident when Kp was calculated from 4°C
incubations, where active transport processes are inactive (where
Kp = 1/fupep temp)- The mean Kp values from 4°C experiments were
31.50 (range: 5.92—66.7) for negatively charged compounds and
increased to 140 (range: 27.8—436) for neutral compounds and to
188 (range: 2.52—420) for positively charged compounds.

Figure 1 shows the correlation of the fraction unbound in hu-
man hepatocytes obtained from the 3 different methods. fupep
values determined with the temperature and logD74 methods were
markedly higher compared to funep using the homogenization
method for most of the compounds. This observation was sup-
ported by AFE values of 6.67 and 9.31, respectively (Figs. 1a and 1b)
with only 33% and 11% of the corresponding measured values lying
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Table 3
ECM Classification and Hepatic In Vitro Process Clearances
Compound ECM Class PSinfact PSinfpas = PSerr CLint,met CLintsec
mL{min/kg
Atazanavir 3 71.8 £ 10.7 208 £ 6.0 1240.5 + 105.5 819 £ 298
Atorvastatin 3 140.3 + 88.0 S57.7 £92 64.6" 111 £ 9.0
Bosentan 4 30.7 £ 11.2 61.5 + 6.6 16.2 + 3.0 08 + 124
Cerivastatin 4 2215 + 140 2438 + 103 46.9° 1]
Cyclosporine A 3 113.2 + 106 419 + 42 776" a1’
Erythromycin 3 102 + 5.1 203 +24 99.7¢ 89+ 14
Fluvastatin 4 218.7 + 493 3255+ 315 146.8" 0
Glibenclamide 4 66.4 + 28.8 109.6 = 13.9 41.1° 63 +54
Ibuprofen 3 222452 217 £ 24 342 £ 35 103 + 4.0
Imatinib 2 0 3009 + 458 409 + 50.7 32+47
Ketoconazole 1 0 58.5 £ 31.7 974" 29.6°
Lovastatin acid 3 165.1 + 16.7 1455 £ 9.2 459.0° 0
Pitavastatin 4 364.3 + 453 258.8 + 368 17.7¢ 0
Pravastatin 4 58.0 + 285 36.0+21 09° 21+08
Rosiglitazone 3 45.6 + 386 46.6 + 26.3 98.1 + 9.3 o
Rosuvastatin 4 272+ 21 248 + 12 15° 58+ 10
Simvastatin acid 3 1161 + 125 2979 + 124 769.2° 1.5+30
Verapamil 2 0 258.2 + 16.6 1277 £33 81 +293

Data represent mean + SD of triplicates. In vitro process clearances were taken from Riede et al.'” ECM classes were assigned as follows: ECM class 1/2 was assigned if
PSesr < CLint, otherwise class 3/4. Class 1/3 was assigned if PSer = PSiyp, otherwise class 2/4."*
PSint.act, active uptake membrane permeability; PSintpas. passive uptake membrane permeability; PSer, sinusoidal efflux membrane permeability; CLintmer. intrinsic metabolic

clearance; Clingsec, Intrinsic biliary clearance,
? SD not available.

within a 3-fold deviation. Several compounds (i.e., atorvastatin,
bosentan, cerivastatin, cyclosporine A, erythromycin, pravastatin,
rosuvastatin, simvastatin acid, and verapamil) showed discrep-
ancies of even more than 10-fold between fupephom and funep,temp
or fupeplogn, respectively. As illustrated in Figure 1, these com-
pounds were generally characterized by small logD74 values (<2) or
by a high molecular weight (>1200 g/mol). In contrast, fupe, data
from the temperature and logD74 methods provided more com-
parable values (AFE = 1.39) with 67% and 94% of the values lying
within 3-fold and 10-fold deviations (Fig. 1c). Experimental deter-
mination of fupep using the temperature and homogenization
methods was associated with average SDs of +11% and +17% of the
mean fupep values, respectively.

Comparison of In Vitro Kpy, Values

Figure 2 and Table 4 provide comparisons of previously deter-
mined ECM-based Kpyy values (Kpuygcm) with measured Kpyy
values using either the temperature (Kpyytemp), homogenization
(Kpuunom)» or logD74 method (Kpyyjogp)- Kpuu values from the
temperature method exceeded the corresponding Kpyypem values
for most test compounds as indicated by an AFE of 5.01 (Fig. 2a).
Here, 44% and 72% of Kpyy temp values were within a 3-fold or 10-
fold deviation from Kpyygcy values, respectively. Similarly, Kpyy
values from the logDs4 method were higher than the respective
Kpuu,ecm Values for most of the compounds (AFE = 6.98) with only
22% and 56% of Kpyy values lying within 3-fold or 10-fold deviation,
respectively (Fig. 2b). In contrast, Kpy, values from the homoge-
nization method demonstrated the closest correlation with
Kpuuecwm values as indicated by an AFE value close to unity (0.75).
More than half of the compounds (61%) deviated by less than 3-fold
and 78% were within a 10-fold range (Fig. 2c). In line with fupep
data, relevant negative deviations (>2-fold) between Kpyyhom and
corresponding Kpyy gev values were only observed for compounds
with a logD74 <1.5 or a molecular weight >1200 g/mol. Experi-
mental variability of the individual Kp,,, methods was generally in a
comparable range. Average SDs of Kpuu temps KPuu,hom, and Kpuyecm
were +14%, +19%, and +19% of the respective mean values, whereas
Kpuulogp values were on average associated with lower variability

(£7% SD) because the empirical determination of fupep,j0gp Was not
associated with experimental variability.

Among the different methods, Kpy, derived from the ECM
represented the only approach that incorporated intrinsic hepatic
clearance processes (metabolism and biliary secretion) (Table 3).
Hence, we examined whether intrinsic clearance could explain the
observed differences in Kpy, between the different methods by
plotting the CL;, /PS¢ ratio against the deviation between the Kp,,
methods (Fig. 3). High positive deviations (>5-fold) between
Kpuu,temp and Kpyygcm values proportionally increased with the
contribution of intrinsic clearance (i.e., for the ECM class 3 com-
pounds atazanavir, cyclosporine A, erythromycin, lovastatin acid,
simvastatin acid) (Fig. 3a). In contrast, close correlations were ob-
tained for drugs with low CLin¢/PSef ratios (ECM class 2, class 4, and
several class 1 and class 3 compounds). Similarly, the highest
positive deviations between Kpyyhom and Kpyygecm values or
Kpuu,logp and Kpyygcm values were observed for ECM class 3 com-
pounds (ie. for atazanavir, lovastatin acid, simvastatin acid),
however, no linear correlation with predominant intrinsic clear-
ance processes was observed, and deviations were much lower
compared to the temperature method (Figs. 3b and 3c). Kpyy hom
values were on average lower than Kpyygcm even for compounds
with relevant intrinsic clearance (e.g., cyclosporine A and erythro-
mycin), whereas Kpuy,logp vValues were generally higher and showed
more scattering compared with ECM-based data.

Impact of Lysosomal Trapping on Kpyy

The effect of lysosomal accumulation on Kp, fupep, and Kpy, was
investigated for the positively charged compounds in our data set
by incubations in the presence of chloroquine. Chloroquine has
previously been shown to reduce the lysosomal trapping of lipo-
philic bases by increasing the lysosomal pH, thus decreasing
cellular drug accumulation.'”*%” In the presence of chloroquine,
Kp values of verapamil, erythromycin, and imatinib were reduced
by 2.3-fold, 3.7-fold, and 8.9-fold, respectively (Table 5). In addition,
the unbound fraction increased on average by 2-fold in the pres-
ence of chloroquine. The result indicates that the pH gradient be-
tween cytosol and lysosomes was partially maintained even at 4°C
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Figure 1. Correlation between fuy,, values obtained from temperature and homogenization methods (a), logD;4 and homogenization methods (b), or logD;4 and temperature
methods (c). The solid line represents the line of unity, and dashed and dotted lines represent 3-fold and 10-fold deviations, respectively. AS, atorvastatin; BT, bosentan; CS,
cerivastatin; CY, cyclosporine A; EM, erythromycin; PS, pravastatin; RS, rosuvastatin; SS, simvastatin; VP, verapamil.

and after cell homogenization. The resulting Kp,, values were 1.6-
fold to 5.2-fold lower in the presence of chloroquine, representing
distribution of the unbound drug without accumulation in the
lysosomal compartment. Only the Kpy, of verapamil, analyzed by
the temperature method, was nearly unchanged in the presence of
chloroquine.

Discussion

Our group recently established an approach for measuring Kpyy
in vitro using the ECM and predicted drug-induced cholestasis
based on resulting unbound intrahepatic drug concentration and
BSEP inhibition data.'” In the present study, we applied 3 alterna-
tive methods for the determination of fupep and Kpyy (temperature
method, homogenization method, and logD74 method) for com-
parison with the ECM approach. Differences in the obtained results
were mostly related to underlying assumptions and experimental
setup as discussed in the following.

Previous work by our group has demonstrated the validity of the
in vitro—based hepatic ECM for different in vitro—in vivo extrapo-
lation applications including hepatic clearance and DDI predictions
as well as for the estimation of hepatic Kpyy in humans.'%?%-29.28
The ECM concept includes the assumptions that (1) sinusoidal
efflux occurs only via passive diffusion and (2) passive sinusoidal
influx and efflux permeability is equal. Both factors, however,
appear to be of limited relevance for most pharmaceutical drugs
because previous work provided successful in vitro—in vivo
extrapolation for hepatic clearance and Kpy, based on the ECM.
Moreover, the in vivo relevance of this approach has further been
corroborated by an in vitro—in vivo comparison of the ECM-based
Kpyy in rat.' Therefore, Kpyy, data obtained from the investigated
alternative methods were primarily compared with ECM-based
Kpyu data. The corresponding deviations in Kpy, data were
closely linked to the underlying assumptions of each method as
outlined in Table 1. Thereby, the most fundamental difference to the
ECM approach was the absence of intrinsic hepatic clearance pro-
cesses (i.e., sum of metabolism and biliary secretion) in Kp
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Figure 2. Correlation between Kp,,, values obtained from the ECM and either temperature method (a), logD74 method (b), or homogenization method (c). The solid line represents
the line of unity, and dashed and dotted lines represent 3-fold and 10-fold deviations, respectively.
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Table 4
Kpyy Values Obtained From the ECM, Temperature, Homogenization, and logD;4 Methods, and ECM Classification
Compounds ECM Class Kpuu
ECM Method Temperature Method Homogenization Method logD5.4 Method

Atazanavir 3 0.07 £ 0.01 647 £ 0.53 0.88 + 0.11 0.72 £ 0.03
Atorvastatin 3 148 £ 0.68° 6.84 £ 038 0.66 + 0.03 13.55 £ 027
Bosentan 4 117 + 0.24 3.10 + 0.66 0.10 + 0.02 224 + 011
Cerivastatin 4 1.60 + 0.08° 7.66 + 047 1.28 +0.24 18.00 + 0.86
Cyclosporine A 3 1.21 + 0.09" 16.87 + 1.98 0.07 + 0.00 15.25 + 1.03
Erythromycin 3 0.24 = 0.04° 1146 + 401 011 + 0.01 1.83 + 0.07
Fluvastatin 4 115 + 0,157 329+034 270 + 0.61 1033 + 0.50
Glibenclamide 4 112 + 0.19° 3.03 + 013 1.03 + 0.09 474 + 0.08
Ibuprofen 3 0.66 + 0.09 117 £ 0.27 0.20 + 0.04 0.63 £ 0.05
Imatinib 2 0.87 £ 018 271 + 046 1.30 + 0.16 11.21 + 140
Ketoconazole 1 032 £ 0.18° 097 £ 0.05 0.72 £ 0.09 467 + 016
Lovastatin acid 3 051 + 0.03" 794 + 125 193 + 0.50 12.76 + 1.89
Pitavastatin 4 2.25 + 0377 6.44 + 140 2.10 + 0.61 14.58 + 1.76
Pravastatin 4 2.41 + 0.74° 181 + 022 0.14 + 0.04 165 + 019
Rosiglitazone 3 0.64 + 0.23 0.71 £ 018 0.37 £ 0.07 098 + 0.14
Rosuvastatin 4 162 + 0.1 6.59 + 047 0.71 £ 0.41 10.28 = 0.55
Simvastatin acid 3 039" £ 0.02 19.64 + 0.80 199 + 0.28 2141 £ 0.64
Verapamil 2 0.66 + 0.07 0.73 + 0.07 0.67 + 0.13 13.03 + 0.62

Data represent mean = SD of triplicates. ECM-derived Kp,, data were taken from Riede et al."”

4 No SD available for CLip, as indicated in Table 3.

measurements with the temperature, homogenization and logD4
methods using isolated hepatocytes in suspension. These cells are
known to express biliary efflux transporters only to a limited extent
on account of the lack cellular polarization.”® Therefore, an inte-
grated assessment including biliary secretion is not feasible in this
in vitro system.*” In addition, the activity of metabolic enzymes was
blocked by the pan-CYP inhibitor ABT?! to achieve steady-state
equilibration of parent drug compound between hepatocytes and
media. In contrast, metabolic and biliary clearance processes are
integrated in the ECM-based Kpy,, as they are measured in inde-
pendent liver microsomes and sandwich-cultured hepatocyte
(B-CLEAR method) experiments. Incorporation of intrinsic clear-
ance processes generally results in a decreasing hepatic Kpyy
(Eq. 11). Nevertheless, a substantial impact on Kpy, is only expected
for compounds, where the intrinsic clearance is exceeding the
sinusoidal diffusion (CLinr > PSefr, ECM class 1 and class 3 com-
pounds).”'*'>!¥ [ndeed, the largest positive deviations between
ECM and the temperature, homogenization, or logD74 methods
were observed for ECM class 3 compounds such as atazanavir or
simvastatin acid (Fig. 3). In particular, Kpy, deviations between the
temperature and ECM methods indicated a clear correlation with

the extent of intrinsic clearance (Fig. 3a). In contrast, ECM class 1
and class 3 compounds with limited intrinsic clearance as well as
ECM class 2 and class 4 compounds, where passive membrane
permeability exceeds the intrinsic clearance (CLinr < PSefr), showed
a close correlations in Kpy, between the ECM and the temperature
method. Taken together, these aspects explain the different results
from the alternative Kp,, methods to the ECM-based approach.
However, also differences in Kp,, among the temperature, ho-
mogenization, or logD74 methods were obtained. As all 3 methods
are based on the same experimental determination of Kp, any dif-
ferences in Kpy, originated accordingly only from differences in the
experimental procedures for fupep (Table 1). The determination of
fupep using temperature method was associated with the following
assumptions: (1) transport processes are completely abolished on
ice and (2) drug binding is not temperature-dependent. Although
the first assumption is a general concept for in vitre transport
studies, binding properties have been reported to be either
increased or reduced at temperatures lower than 37°C°'** To
investigate the impact of temperature on binding properties of our
test compounds, we performed parallel incubations at 37°C in the
presence of an uptake transporter inhibitor cocktail (data not
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Figure 3. Deviation between either Kpuygcm and Kpuwtemp (2), KPuwhom (b), o Kpuuiego () depending on the ratio of intrinsic clearance (CLiy) to membrane permeability (PSes).
Deviations <1-fold were transformed to negative deviations (—x-fold) by the negative reciprocal function. Squares and triangles refer to ECM class 1/3 and class 2/4 compounds,
respectively. The solid line represents the line of unity. AZ, atazanavir; CS, cerivastatin; EM, erythromycin; LS, lovastatin; SS, simvastatin.
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Table 5
Influence of Chloroquine on Kp, fuyep, and Kpy, Values for Basic Drug Compounds
Compounds Kp fupep,emp funep hom KDuu,temp KPuu,hom
Erythromycin
-cQ 28.87 + 116 0.3968 + 0.1378 0.0038 + 0.0003 1146 + 4.01 0.11 + 0.01
+CQ 7.63 + 098 0.4407 + 0.0650 0.0082 + 0.0020 3.36 + 0.66 0.06 + 0.02
Imatinib
-cQ 38121 + 47.72 0.0071 + 0.0008 0.0034 + 0.0000 271 + 046 130 + 0.16
+CQ 42,67 + 7.31 0.0132 + 0.0008 0.0058 + 0.0007 0.56 + 0.10 0.25 + 0.05
Verapamil
-CQ 302.33 £ 14.29 0.0024 + 0.0002 0.0022 + 0.0004 0.73 £ 0.07 0.67 £ 013
+CQ 12910 £ 6.75 0.0081 + 0.0005 0.0032 £ 0.0005 1.05 £ 0.08 0.41 + 0.07

Data represent mean =+ SD of triplicates. —CQ and +CQ refer to the presence or absence of chloroquine (0.5 mM), respectively.

CQ, chloroquine.

shown). The obtained funep data correlated well with the corre-
sponding data at 4°C incubations for most test compounds (<3-fold
deviation) suggesting that the temperature only marginally
affected the binding in human hepatocytes. Only for cyclosporine A
and erythromycin, temperature-dependent deviations of >4-fold
were observed, likely resulting from alterations in membrane
binding and lysosomal trapping processes, respectively. Izumi
et al.** recently applied the temperature method to determine Kpyy
in human hepatocytes and obtained highly comparable data for an
overlapping subset of compounds, thus confirming robustness and
reproducibility of the data obtained via the temperature method.
Because Kpyy from the temperature method correlated well with
ECM-based data for drugs in ECM classes 2/4 and 1/3 (with low
intrinsic clearance), we conclude that funep from the temperature
method matches with the corresponding Kp data and provides
realistic estimates of Kp,, in the suspended human hepatocytes
(Fig. 3a).

The homogenization method has previously been applied to
determine fupe, and Kpyy in human embryonic-kidney 293 cells
(HEK293)."” The authors further described generally higher binding
in human hepatocytes than in HEK293 cells (average 4.9-fold lower
fuhep) due to differences in membrane composition and cellular
protein content.'®** Comparison of our fupep data for a subset of
compounds with the corresponding binding data in HEK293 cells
reported by Mateus et al.'” revealed on average 6.7-fold higher
binding in hepatocytes. Therefore, minor differences in experi-
mental procedures such as the homogenization process (ultra-
sonication as used by Mateus et al'’ or using a Dounce
homogenizer as in the present study) or the cell number in the
incubations (0.13 x 10° vs. 10 x 10° hepatocytes/mL)'"” did not
appear to affect fupep results. The homogenization method implies
the fundamental assumption that drug binding to intracellular
structures is not affected by the cell homogenization process.
Nevertheless, mechanical cell homogenization by ultrasonication
or douncing is known to not only disrupt the plasma membrane but
also to break cell organelles including intracellular membranes
thereby increasing the number of intracellular binding struc-
tures.*>*° This aspect provides a likely explanation for the signifi-
cantly lower funep data obtained with the homogenization method
compared with the temperature and logD;4 methods. Among the
investigated compounds, low lipophilicity and high molecular
weight were associated with the highest deviation in funep between
the homogenization and temperature or logD74 methods (Fig. 1). In
intact cells, the intracellular distribution of large hydrophobic
compounds is likely more restricted compared with drugs with
lower molecular weight and higher lipophilicity, which feature
high passive membrane permeability®”** and thus unlimited ac-
cess to binding sites of integral membrane proteins. Consequently,
upon breakdown of cellular structures, the binding of such mole-
cules to the cell homogenate may be particularly increased which

results in very low fupep values as shown in Figures 1a and 1b (i.e.,
for atorvastatin, bosentan, cerivastatin, cyclosporine A, erythro-
mycin, pravastatin, rosuvastatin, simvastatin acid, verapamil).
These observations are also linked to the generally lower Kpy,
values from the homogenization method compared with the ECM-
derived Kpy,, and it cannot be excluded that good correlations for
compounds with the described properties might result from
simultaneous overestimation of Kp and underestimation of fupep.
Thus, the homogenization method likely provides good fupep esti-
mates for compounds with moderate or high logD;4 and rather
small molecular weight, whereas the temperature method seems
to be reasonably applicable for compounds with low logD74 and
high molecular weight. Further research on a larger set of com-
pounds will be required though to refine these anticipated re-
lationships between physicochemical compound properties and
the different fupep, prediction methods.

The logD74 method is an empirical equation, which has been
established by Yabe et al.” based on the correlation of experimental
fupep and logDy 4 data from 13 drugs and consequently allows to
predict fupep solely from the logD;4 of a compound without
requiring any experimental data, The obtained fupe, data for our test
compounds showed significant deviations from fupep derived from
the homogenization method but a better correlation with the data
from the temperature method. This behavior is likely explained by
the fact that fupep values in the original publication were generated
using highly comparable experimental conditions as used for the
temperature method in our study. Consequently, we also observed
the correlation of Kp at 4°C with logD5 4. Resulting Kp,,, data derived
from the logD74 method showed the largest deviation to the cor-
responding data using the ECM or homogenization methods (44% of
compounds deviating >10-fold). Although deviations observed
with the other methods could mechanistically be explained, the
logD74-based results did not follow a distinct pattern and are
considered to be due to the nature of the empirical approach, which
does not account for factors such as molecular weight or intrinsic
clearance (Figs. 1c and 3b). Nevertheless, the logD74 method can
provide an initial estimate of fupep in the absence of in vitro data. It is
also worth noting that the hepatocyte cell volume is a critical
parameter for the logD74 method because calculated Kp and
resulting Kpy,, values are inversely proportional to the applied cell
volume. In the present study, we used a cellular volume of 2.2 pL/
105 hepatocytes in line with the study by Mateus et al.'”; however, a
range of 2.2-4.5 uL/10% hepatocytes has been reported in the liter-
ature.'%12°941 Applying a cell volume of 4.5 pL/10® hepato-
cytes” 1% would result in 2-fold lower Kpyy, 10gp values and a closer
correlation with Kpy,pcm data. In contrast, Kp,, estimations using
the temperature and homogenization methods are not affected by
changing cellular volumes. Although this parameter is also required
for the determination of Kp and fupep, the cell volume is ultimately
canceled out in the calculation of Kpy, using these methods.
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Lysosomal trapping has previously been shown to especially
increase the overall cellular accumulation of lipophilic bases with
pK, values in a pH-sensitive range.'”® We confirmed these results
by inhibiting the lysosomal accumulation of erythromycin, imati-
nib, and verapamil using chloroquine. In addition, however, we
found that also experimentally determined fupe, data were
partially affected by lysosomal trapping effects. These data suggest
that residual pH gradients between the cytosolic and lysosomal
compartments are maintained even on mechanical disruption or at
low temperature. Because lysosomal trapping affected the deter-
mination of Kp and fupep to a different extent, special attention is
required if the temperature and homogenization methods are
applied to lipophilic basic compounds. In contrast, Kp,, based on
the ECM represents the distribution of the unbound uncharged
drug species only because the charged fraction is assumed to be
unable to permeate across membranes. Mechanistic modeling
would be required to incorporate the fraction of the unbound
charged drug.'” The unbound charged fraction in the cytosol, which
is relevant for DDI or toxicity assessments, however, is assumed to
be of limited relevance based on the small pH difference between
medium/plasma and cytosol (~0.2 pH units).

Taking into account the assumptions and limitations of the
investigated methods (ECM, temperature, homogenization, and
logD74 methods), comparable Kpy, data were obtained for a sig-
nificant fraction of test compounds, The alternative methods
require markedly less experimental effort compared with the
resource-intensive ECM-based approach, which involves 4 inde-
pendent experiments (hepatic uptake in suspended hepatocytes,
metabolic clearance in liver microsomes, fraction unbound in
microsomes, biliary secretion in sandwich-cultured hepatocytes).
However, for compounds with predominant intrinsic clearance (i.e.,
ECM class 1 and class 3 compounds), unreasonably high Kpy,
values were obtained by the alternative methods, and knowledge of
the contribution of intrinsic clearance to the overall hepatic drug
disposition is only available once the corresponding in vitro ex-
periments have been performed. In conclusion, the ECM is
considered as the preferred approach for an integrated quantitative
determination of hepatic Kpy,. Nevertheless, the alternative
methods, in particular the temperature method, provide valid fupep
data if the methods are appropriately selected based on the phys-
icochemical properties of a compound.
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Total human clearance is a key determinant for the pharmacokinetic behavior of drug candidates. Our group re-
cently introduced the Extended Clearance Model (ECM) as an accurate in vitro-in vivo extrapolation (IVIVE)
method for the prediction of hepatic clearance. Yet, knowledge about relative elimination pathway contributions
is needed in order to predict the total human clearance of drug candidates. In the present work, a training set of
18 drug compounds was used to describe the affiliations between in vitro sinusoidal uptake clearance and the
fractional contributions of hepatic (metabolic and biliary) or renal clearance to overall in vivo elimination. By
means of these quantitative relationships and using a validation set of 10 diverse drug molecules covering differ-
ent (sub)classes of the Extended Clearance Concept Classification System (ECCCS), the relative contributions of
elimination pathways were calculated and demonstrated to well correlate with human reference data. Likewise,
ECM- and pathway-based predictions of total clearances from both data sets demonstrated a strong correlation
with the observed clinical values with 26 out of 28 compounds within a three-fold deviation. Hence, total
human clearance and relative contributions of elimination pathways were successfully predicted by the present-
ed method using solely hepatocyte and microsome in vitro data.
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1. Introduction

Clearance describes the capacity by which a compound is eliminated
from the body via metabolism or direct excretion. The liver is the major

Abbreviations: AFE, average fold error; CLy, hepatic clearance; CLiy, intrinsic clearance;
CLinen, intrinsic hepatic clearance; CLip met, intrinsic metabolic clearance; CLiyg sec, intrinsic
secretory clearance; CLy.,, renal clearance; Cly,,, total clearance; CYP, cytochrome P450;
ECCCS, Extended Clearance Concept Classification System; ECM, Extended Clearance
Model; fny, fraction of hepatic elimination; fn,e, fraction of metabolic elimination; fne,,
fraction of renal elimination; fns.., fraction of biliary elimination; fus, unbound fraction
in blood; HLM, human liver microsomes; IVIVE, in vitro-in vivo extrapolation; NADPH,
nicotinamide adenine diphosphate; NVS, Novartis developmental compound; obs,
observed; pred, predicted; PS.g, sinusoidal efflux clearance; PS;y sinusoidal influx
clearance; PSjntact, Sinusoidal active influx clearance; PSapas, sinusoidal passive influx
clearance; Qy, hepatic blood flow rate; UDPGA, uridine diphosphate glucuronic acid;
UGT(s), UDP-glucuronosyltransferase(s).

* Corresponding author.
E-mail address: gian.camenisch@novartis.com (G. Camenisch).
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0928-0987/© 2016 Elsevier B.V. All rights reserved.

organ involved in the metabolism. In general, lipophilic compounds are
enzymatically converted into more hydrophilic metabolites in order to
facilitate their excretion. Alternatively, parent compounds may be sub-
ject to biliary and/or renal secretion. Biliary excretion is generally medi-
ated by canalicular efflux transporter proteins and depends on
physicochemical properties such as molecular weight, polarity or ioni-
zation (Varma et al., 2012). Renal excretion typically occurs for small,
hydrophilic compounds (Fan and de Lannoy, 2014). It involves passive
filtration through the glomerulus and, depending on the respective
compound properties, active and/or passive carrier-mediated tubular
secretion as well as reabsorption back into the blood.

Early knowledge of the predominant clearance mechanism(s) of a
drug candidate in human has increasingly gained importance during
drug development since efficacy and safety are directly impacted by the
pharmacokinetic behavior of a drug (Varma et al,, 2015). Recently, the
so-called Extended Clearance Concept Classification System (ECCCS)
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hepatic clearance pathway contributions for new chemical entities based
on in vitro data for (passive) sinusoidal uptake and intrinsic hepatic clear- ECM _ -
ance (Camenisch et al,, 2015). ECCCS class 1/2 compounds are known to metabolism sinusokdal efffux
be predominantly cleared in the liver, mainly by metabolism. Renal clear- billary secretion

ance is a minor elimination route (£20% contribution) for these com-
pounds due to a high degree of plasma protein binding and extensive
reabsorption via passive diffusion from the renal tubules back into the
blood (Camenisch et al,, 2015; Kunze et al,, 2014). In contrast, the less per-
meable ECCCS class 3/4 compounds are much less undergoing hepatic
metabolism and, as a consequence, direct elimination as unchanged
drug via the renal and/or biliary routes becomes of increasing importance.
Yet, a numerical quantification of all the clearance pathway contributions
is still missing although over the past decades, several empirical and
mechanistic approaches using preclinical species (allometric scaling)
and in vitro data have been developed (Lave et al, 1999; Ring et al.,
2011; Varma et al., 2015). Allometric scaling based on body weight has
been used to predict renal, hepatic and total clearance in human from pre-
clinical animal data from single or multiple species. However, the predict-
ability of this approach has been limited for compounds, which show
species disconnects due to differences in transporter and/or enzyme ex-
pression and specificity, in the contribution of elimination pathways or
in plasma protein binding (Chaturvedi et al,, 2001; Deguchi et al,, 2011;
Feng et al,, 2010; Ring et al,, 2011). More mechanistic methods, generally
referred as in vitro-in vivo extrapolation (IVIVE) approaches, use in vitro
data to predict in vivo clearances. (Metabolic) in vitro clearances from
human liver microsomes (HLM) or primary hepatocytes are routinely
measured during early drug development and converted to hepatic
in vivo clearances according to the “well-stirred” liver model (Chao
et al., 2010; Obach, 2001; Pang and Rowland, 1977). Improved IVIVE
methods, based on the Extended Clearance Model (ECM) concept de-
scribing hepatic elimination as the interplay of sinusoidal uptake, intra-
cellular metabolism, biliary secretion and sinusoidal efflux, have recently
been demonstrated to provide much more accurate predictions of hepatic
clearance though (Camenisch et al,, 2015). Yet, all these IVIVE approaches
still neglect renal clearance as a frequently occurring important elimina-
tion pathway.

The objective of this work was to develop a novel concept for the
prediction of total body clearance in human. A training set of 18 drug
compounds was used to establish the mathematical relationships be-
tween in vitro hepatocyte uptake clearance and the fractional elimina-
tion pathway contributions. For a diverse dataset of 28 compounds
(including an independent validation set of 10 in-house compounds)
total body clearances were subsequently obtained from ECM-based pre-
dictions of hepatic clearance and the anticipated fractional contribu-
tions of hepatic and renal clearance to total elimination as illustrated
in Fig, 1.

2. Methods
2.1. Test compounds

The entire training set information (namely for lovastatin acid,
simvastatin acid, cerivastatin, fluvastatin, ketoconazole, pitavastatin,
propranolol, quinidine, verapamil, aliskiren, cimetidine, digoxin,
atorvastatin, ciprofloxacin, cyclosporine A, furosemide, pravastatin
and valsartan) was published elsewhere (Camenisch et al., 2015;
Camenisch and Umehara, 2012; Kunze et al., 2014; Kunze et al.,
2015). Our validation/test set consisted of 10 diverse Novartis devel-
opmental compounds (NVS 1 to 10). All ["*C]- or [*H]-labeled drug
candidates were synthesized in the Isotope Laboratories, Drug Me-
tabolism and Pharmacokinetics, Novartis Pharma AG (Basel,
Switzerland). The corresponding unlabeled Novartis compounds
were chemically synthesized at Novartis Pharma AG. All other
chemicals and reagents were of analytical grade and purchased
from commercial sources.

\

5 |
hepatic clearance

Fig. 1. Workflow for the prediction of total human clearance according to the novel IVIVE
approach described in this manuscript. Shortly, in accordance with Extended Clearance
Model (ECM), hepatic clearance is projected using in vitro parameters for sinusoidal
uptake, hepatic metabolism, biliary secretion and sinusoidal efflux back into the blood.
The fractional contribution of hepatic and, consequently, of renal elimination can be
quantitatively assessed based on their numerical relationship with the in vitro hepatic
uptake clearance. Subsequently, at least for compounds undergoing significant extra-
hepatic elimination (i.e. ECCCS class 3/4 compounds), the predicted hepatic clearance
needs to be completed with fractional renal clearance information to derive total
systemic clearance.

2.2. Determination of in vitro hepatic clearance parameters

All experimental methods and calculation procedures have been de-
scribed in full detail previously (Camenisch and Umehara, 2012; Kunze
et al.,, 2015). Shortly, metabolic clearances (CLinmet) Were generally mea-
sured in nicotinamide adenine diphosphate (NADPH)-containing HLM.
For simvastatin acid, pitavastatin, cerivastatin and fluvastatin CLingmet
was additionally analyzed in uridine diphosphate glucuronic acid
(UDPGA)-containing HLM. Biliary secretion (CLiptsec) Was determined in
sandwich-cultured human hepatocytes (B-CLEAR® method, Qualyst,
Inc.,, Durham, NC). Active (PSipgact) and passive (PSinspas) hepatic uptake
data were determined using suspensions of pooled human hepatocytes.
Sinusoidal efflux from hepatocytes back into blood (PSes) was assumed
to occur via passive diffusion so that PS.f is equal to PSintpas. The in vitro
process clearances were up-scaled to human organ level using the follow-
ing scaling factors: 99 [10° cells/g liver] for suspended hepatocytes, 53
[mg protein/g liver] for HLM, 116 [mg protein/g liver] for sandwich-
cultured hepatocytes and 25.7 [g liver/kg body weight] for liver weight.
Allin vitro parameters for all our training and test set compounds are pro-
vided in Table 1. ECCCS class assignments were carried out as depicted in
Fig. 2 and as described previously (Camenisch et al., 2015; Camenisch and
Umehara, 2012; Kunze et al,, 2015).

2.3. Anticipation of fractional elimination pathways

Assuming absence of extra-hepatic/renal elimination pathways (e.g.
lung metabolism) the fractional contribution of renal elimination to
overall in vivo body clearance (fi.,) is defined as follows:

fgen — 1—fny, (1

where, fn, is the fractional contribution of total hepatic elimination to
overall clearance.

Therefore, the fractional contribution of biliary (fnse.) elimination to
overall clearance can be calculated with:

fgec = fy — et (2)
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the training and validation compounds (Table 2). Subsequently, fie = L2

and fng.. were calculated according to Egs. (1) and (2). .
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2.4. Prediction of hepatic organ and total body clearances

The overall hepatic intrinsic clearance (CLy, i) was calculated by
feeding the up-scaled in vitro process clearances into the ECM
(Camenisch and Umehara, 2012; Kunze et al,, 2015):

_ (Ps infact + PS mr.pas) - (CLmt,se:: + C]-inl.rnel)
CLpjne = . (3)
(Pseﬂ’ + CLmL sec + CLint.met)

Table 1

In vitro process clearances and ECCCS class assignments,
Compounds ECCCS  PSiprace PSingpas Clintmer  Clingsec iy

= PSeir

Training set
Lovastatin acid 1 165.1 145.5 459.0 0.0 0.08
Simvastatin acid 1 116.1 297.9 769.2 1.7 0.11
Cerivastatin 2 2215 2438 46.9 0.0 0.02
Fluvastatin 2 2187 3255 1468 0.0 0.04
Ketoconazole 2 0.0 1568.5 974 296 0.02
Pitavastatin 2 3643 258.7 177 0.0 0.07
Propranolol 2 300.7 276.3 1108 6.8 0.11
Quinidine 2 229.4 109.3 284 5.1 0.27
Verapamil 2 0.0 258.2 127.7 8.1 0.13
Aliskiren 3 323 254 892 31.2 0.70
Cimetidine 3 3.0 36 5287 0.2 0.84
Digoxin 3 200 6.9 242 18.4 0.82
Atorvastatin 4 140.4 57.7 64.6 11.8 0.08
Ciprofloxacin 4 70 229 220 0.0 0.69
Cyclosporine A 4 1132 419 776 9.1 0.03
Furosemide 4 11.1 239 19.0 1.2 0.03
Pravastatin 4 579 36.0 09 22 097
Valsartan 4 16.0 18.5 41 215 0.09
Validation set
NVS 1 2 0.0 3320 5244 nd 0.05
NVS 2 2 0.0 114.7 300 nd 0.07
NVS 3 2 0.0 457.2 1116 nd 0.02
NVS 4 2 0.0 407.1 2356 nd 0.02
NVS 5 2 140.2 154.2 36.0 nd 0.30
NVS 6 2 0.0 300.2 823 3.2 0.08
NVS 7 3 0.0 94.1 207.0 nd 0.05
NVS 8 3 56.0 280 1.7 9453 0.20
NVS 9 4 0.0 88.0 42.2 nd 0.02
NVS 10 4 25 20 0.7 nd 0.10

nd: not determined. All process clearances are expressed in [ml/min/kg] and were deter-
mined as described under “Methods”. ECCCS classification was performed as outlined in
Fig. 2 and as described previously (Camenisch et al., 2015). The unbound fraction in blood
(fuy,) was taken from literature (Camenisch and Umehara, 2012; Kunze et al, 2015) or, for
all compounds in the validation set, was calculated from in-house plasma protein binding
(fu,) and blood-to-plasma partition coefficient (Ry,) data with fu, = fu/Ry.

1 1 T T T T T 1 T 1
0 100 200 300 400 500 600 700 800 900 1000
CL,, [ml/min/kg]

Fig. 2. Schematic Extended Clearance Concept Classification (ECCCS) diagram. PSjqspas
denotes the passive sinusoidal uptake permeability, PS.z is the sinusoidal efflux
permeability and CLi,, describes the sum of intrinsic metabolic (CLintmer) and biliary
(CLint,sec) clearances. The solid line defines the previously defined ECCCS class 1/2 vs
class 3/4 permeability threshold at PSjn¢p.s ~ five-times Qy, whereas the dotted line
represents ECCCS class 1/3 vs class 2/4 threshold where 2*PS.; = CLiy,, (Camenisch
etal, 2015). Dark gray and white diamonds represent the compounds of the validation
and the training sets, respectively (Table 1).

Subsequently, the hepatic organ clearance (CL,) can be predicted
based on the “well-stirred” liver model as follows:

Qp - fup - Cly e

(:L -
" Qn + fup - Cly e

(4)

where, Qy, is the hepatic blood flow (20.7 ml/min/kg) and fuy, is the un-
bound fraction in blood (Table 1).

The total human body clearance (CLy,) can be anticipated according
to Eq. (5):

CLiot = (5)

oy

Accordingly, renal organ clearance (CL..,) can be calculated as fol-
lows:

CLren = ClLiot—CLy,. (6)

For all training and validation compounds Eqgs. (3) to (6) were used
to predict CLy, CLyen and CLi as summarized in Table 2.

2.5, Statistical analysis

The non-linear relationships between sinusoidal permeability and
fractional hepatic or metabolic contributions as well as the linear corre-
lations between observed (obs) and predicted (pred) fractional path-
way contributions were investigated by regression analysis to obtain
the regression equations and the correlation coefficients (r*) (OriginPro
9.1). To indicate the accuracy of the total clearance predictions, fold-
error deviations (% fold error < 2 or <3) were determined. Average
fold errors (AFE) were calculated as follows:

AFE — 10520 8 (7)

where, n is the number of data points.
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Table 2
Predicted and observed in vivo clearance/elimination pathway information.
Compounds foy, Mier Myen Myec CLy Clien CLigt fy Mimer fMren e CLy Clren CLigt
Predicted (pred) Observed (obs)

Training set

Lovastatin acid 1.00 0.89 0.00 0.10 99 0.0 99 0.90 090 0.10 0.00 11.4 13 126
Simvastatin acid 1.00 0.99 0.00 0.01 127 0.0 127 0.87 0.87 0.13 0.00 252 38 290
Cerivastatin 1.00 0.98 0.00 0.02 14 0.0 14 1.00 1.00 0.00 0.00 3.4 0.0 34
Fluvastatin 1.00 0.99 0.00 0.01 5.1 0.0 5.1 094 094 0.06 0.00 7.0 0.4 7.5
Ketoconazole 1.00 1.00 0.00 0.00 1.7 0.0 1.7 097 097 0.03 0.00 3.9 0.1 4.0
Pitavastatin 1.00 0.98 0.00 0.02 25 0.0 25 1.00 na 0.00 na 35 0.0 35
Propranolol 1.00 0.99 0.00 0.01 9.9 0.0 99 0.99 099 0.01 0.00 12.8 0.1 129
Quinidine 1.00 081 0.00 0.19 105 0.0 105 0381 0381 0.19 0.00 87 20 10.7
Verapamil 0.99 0.98 0.01 0.01 74 0.1 7.5 097 097 0.03 0.00 13.7 04 14.1
Aliskiren 063 032 037 031 128 74 202 0.75 0.10 025 0.65 11.3 38 15.1
Cimetidine o 0.05 0.89 0.06 43 356 399 0.16 0.14 0.84 0.02 2.7 14.2 16.9
Digoxin 037 0.10 063 0.27 99 16.5 264 034 0.04 0.66 030 4.6 89 135
Atorvastatin 097 0.58 0.03 0.38 6.5 02 6.7 0.98 0.70 0.02 0.28 59 0.1 6.0
Ciprofloxacin 041 0.29 0.59 0.11 6.8 99 16.7 0.40 0.12 0.60 0.28 4.5 6.8 113
Cyclosporine A 093 0.47 0.07 0.46 2.7 0.2 29 0.99 0.96 0.01 0.03 3.1 0.0 31
Furosemide 0.46 0.30 0.54 0.15 0.5 0.6 1.1 0.34 017 0.66 0.17 0.4 0.8 1.2
Pravastatin 0.81 0.42 0.19 0.38 5.4 1.3 6.7 0.53 0.30 0.47 0.23 104 93 19.8
Valsartan 0.45 0.25 0.55 0.21 1.7 20 3.7 0.71 011 0.29 0.60 0.7 03 0.9
Validation set

NVS 1 1.00 0.99 0.00 0.00 6.8 0.0 6.8 1.00 1.00 0.00 0.00 3.0 0.0 30
NVS 2 0.86 0.83 0.14 0.04 16 0.2 1.8 0.99 099 0.01 0.00 1.5 0.0 1.5
NVS 3 1.00 1.00 0.00 0.00 14 0.0 14 1.00 099 0.00 0.01 2.7 0.0 27
NVS 4 1.00 1.00 0.00 0.00 30 0.0 30 1.00 099 0.00 0.01 4.7 0.0 47
NVS 5 0.99 0.90 0.01 0.09 92 0.1 93 094 0.88 0.06 0.06 6.0 04 6.4
NVS 6 0.99 0.99 0.01 0.01 42 0.0 4.2 0.95 0.85 0.05 0.10 4.0 02 43
NVS7 0.81 0.76 0.19 0.04 28 0.7 34 1.00 1.00 0.00 0.00 12.0 0.0 120
NVS 8 077 0.35 023 042 9.0 27 118 0.78 0.55 0.22 023 10.6 3.0 136
NVS9 0.78 0.74 022 0.05 07 0.2 09 0.96 0.87 0.04 0.09 0.8 0.0 09
NVS 10 0.08 0.03 0.92 0.05 0.1 14 1.5 0.10 0.06 0.90 0.04 0.2 19 21

na: information not available, Clearance values are generally expressed in [ml/min/kg] and refer to systemic elimination from blood. All predicted values were derived as described under
“Methods”. For the training set all observed values were taken from literature (Camenisch and Umehara, 2012; Kunze et al, 2014; Kunze et al., 2015). fiyet ops (= CLlietobs/Cleot.obs) and
frenobs (= Clrenobs/Cliotobs) Values for the validation set were calculated from the observed total (CLigt ops), €Nl (Clyenobs) and metabolic (CLyerons) clearances as derived from peroral
human mass balance studies taking into consideration the estimated absolute oral bicavailabilities (F) (unpublished data). Thereof, fy, obs {= 1-fMenobes) aNd fMec oss (= Mk obe-Mimet obs)

values were calculated.

3. Results
3.1. Quantitative assessment of fractional pathway contributions

The non-linear regression relationship between the observed frac-
tional hepatic elimination (fny, o»s) and the total in vitro sinusoidal mem-
brane permeability (PS;) for the 18 training compounds demonstrated
a good quantitative correlation (r* = 0.82, Fig. 3A). Similarly, a strong
correlation was obtained between the metabolic pathway contribution
in human (fyee 0ps) and the passive sinusoidal membrane permeability
(PSipgpas) (r? = 0.84, Fig. 3B). In the latter case, PSinfpas Was considered
to be more appropriate than PSi,r given that an increase in lipophilicity
promotes both high passive permeability and the affinity to drug me-
tabolizing enzymes (Benet et al., 2008; Camenisch et al., 2015).

A

10 oo °
! o
o8l o (o) ¥
A
06
1 /o
= o4l % fnh=1_exp70.01741-|=$,,‘
il ?=082
©
00— - oo
0 100 200 300 400 1600
PS,, [ml/min/kg]

Pitavastatin was excluded from this analysis due to lack of human refer-
ence data for fiyner and fgee.

Using Egs. (1) and (2), the fractional pathway contributions to over-
all elimination were derived from the inverse exponential relationships
given in Fig. 3 for all 28 validation and training compounds. Fig. 4A and B
show the comparison between predicted and in vivo observed human
oy, and fnye, values, respectively, providing excellent correlations
close to the line of unity (r* = 0.85 vs. 1* = 0.84). The corresponding re-
lationships for fnge, and fng.. are given in Fig. 4C and D, respectively.
While the correlation between calculated and observed fn;., parame-
ters was also excellent (r* = 0.85) it was somewhat weaker for the an-
ticipation of figec (r? = 0.33). Just referring to the validation set, the
correlations between predicted and observed values for fig, fien,
fNmer and fNge. in terms of 12 were 0.90, 0.90, 0.86 and 0.74, respectively.
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Fig. 3. Correlation between in vitro sinusoidal membrane permeability (PSius or PSiugpas) and observed fractional total hepatic (fny o) (A) or metabolic hepatic (met.ons) (B) elimination for
the training set. Solid lines show the non-linear inverse exponential regressions as described under “Methods”,
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All the predicted and observed fn values for hepatic, metabolic, renal
and biliary elimination are given in Table 2.

In agreement with the in vivo data and in accordance with ECCCS, all
class 1/2 compounds from both data sets were predicted to be predom-
inantly cleared via the liver, or more precisely by metabolism (fi, prea =
0.86-1.00 and fiimerprea = 0.81-1.00 vs fipops = 0.81-1.00 and
flmetobs = 0.81-1.00). Significant contributions of renal (fnen prea =
0.03-0.92) and partly also of biliary elimination (fnsecpreq = 0.04-
0.42) were predicted for most of the class 3/4 compounds in both
datasets, All these projections are well in line with the respective
in vivo observations with exception of NVS 7 (fenprea = 0.22) and
NVS 9 (fnyenprea = 0.19) for which no significant renal elimination
was determined in human (<5%).

3.2, Total body clearance prediction

For both compound sets ECM-based CL;, values were calculated ac-
cording to Egs. (3) and (4). Subsequently, CLy, and CL,, were derived
according to Eqgs. (5) and (6). The corresponding predicted and ob-
served clearance estimates are given in Table 2. Fig. 5 shows the corre-
lation between predicted and observed (total) body clearances for
ECCCS class 1/2 (Fig. 5A) and class 3/4 compounds (Fig. 5B). For
ECCCS class 1/2 compounds, well known to be almost exclusively
cleared by hepatic metabolism, all predictions in the absence of a cor-
rection for a fractional renal clearance contribution (i.e. based only on
CL;,) generally provided very accurate CL,,, estimations (AFE of 1.02
and 0.75 for the validation compounds and the complete dataset, re-
spectively) as already shown previously (Camenisch and Umehara,
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2012, Camenisch et al., 2015). In contrast, due to the substantial role
of renal elimination, for the class 3/4 compounds in our dataset the
in vivo observed total clearances were generally under-estimated just
using CLy, (AFE = 0.28 for the validation set, AFE = 0.50 for the com-
plete dataset, Fig. 5B). Taking renal elimination according to Eq. (5)
into account, the accuracy could significantly be improved for this
ECCCS subclass (AFE of 0.65 and 1.06 for the validation and entire
dataset, respectively). Including all 28 compounds the comparison of
predicted and observed total clearance demonstrated overall a good
predictability (AFE = 0.88). 20 (71%) and 26 (93%) out of 28 com-
pounds were predicted within two-fold and three-fold errors, respec-
tively. Exceptions were NVS 7 and valsartan for which CL,, was
significantly under- (3.4-fold) and over- (4-fold) predicted,
respectively.

4. Discussion

In previous studies, our group has developed an ECM-based IVIVE
method for the prediction of hepatic drug clearance from the different
process clearances driving liver elimination (Camenisch and Umehara,
2012; Kunze et al., 2015; Umehara and Camenisch, 2012). Here we
present a novel extension of this IVIVE approach, which allows the pre-
diction of the relevant elimination pathways and the total drug clear-
ance in human purely based on in vitro data and in alignment with the
ECCCS class assignment of drug compounds.

The proposed prediction method is based on the observed non-
linear association between the in vitro sinusoidal membrane permeabil-
ity from suspended hepatocytes and the in vivo fractional hepatic as
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Fig. 4. Correlation between predicted (pred) and observed (obs) human fractional total hepatic (fn,) (A), metabolic hepatic (fnye:) (B), renal { fnge,) (C) and biliary (fnse.) (D) elimination
for the validation (dark gray) and training sets (light gray). Circles and triangles characterize ECCCS class 1/2 and 3/4, respectively. Solid lines represent the linear regression as described

under “Methods”.
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Fig. 5. Comparison of observed (obs) and predicted (pred) human renal (ren), hepatic (h) and total (tot) clearances for the entire data set as described in under “Methods”. Panels (A) and

(B) refer to the predictions for ECCCS class 1,2 and class 3/4 compounds, respectively,

well as metabolic contributions to total clearance (Camenisch et al.,
2015). Taking into consideration these relationships the fractional he-
patic, renal, metabolic and biliary elimination pathway contributions
as well as the total human body clearances could successfully be esti-
mated for a set of 28 compounds. For the investigated compounds
i preds firen prea @5 Well as fiper prea Values were anticipated with high
accuracy (12 2 0.84, Fig. 4A, 4B and 4C). fiec prea revealed slightly higher
deviations to observed values in human though (r?> = 0.33, Fig. 4D).
However, considering that the biliary excretion by humans is often
uncharacterized (i.e. indirectly estimated instead of directly measured)
and that figec preq Was derived from two independently predicted values
(firen,prea aNd fipe prea) this is not further surprising. Yet, the current
approach still provides a very reliable qualitative indication for the rel-
evance of biliary elimination.

The in vitro metabolic profile of drug candidates is usually character-
ized in the early phase of drug development using liver preparations
such as HLM with special emphasis on CYP-mediated elimination due
to its predominant role in metabolic drug elimination (Zientek and
Youdim, 2015). This approach, however, is expected to provide accurate
hepatic clearance predictions only for compounds where enzymatic
(oxidative) metabolism is the predominant clearance pathway. Here,
we propose a new strategy for tailor-made evaluations based on the
ECCCS compound classification system, taking into account all relevant
human clearance processes including direct biliary and renal secretion.
Thereby, the passive sinusoidal uptake clearance into suspended
human hepatocytes (PSingpas) represents a key parameter to assign
compounds into class 1/2 and class 3/4 as well as to derive the related
clearance mechanisms (Fig. 2). The highly permeable ECCCS class 1/2
compounds (PSjygpas above ~100 ml/min/kg) are expected to be mainly
cleared via hepatic elimination (fny, op,s = 0.81-1.0) (Camenisch and

Umehara, 2012). For compounds with PSj,¢ .. above the 100 ml/min/
kg threshold the likelihood for biliary and/or renal secretion of un-
changed drug is low (Camenisch et al., 2015). Consequently, hepatic
metabolism represents the predominant elimination pathway for
ECCCS class 1/2 compounds and clearance data from HLM generally pro-
vide sufficient information to anticipate the hepatic clearance of this
subclass as illustrated in Fig. 5A and as reviewed in detail elsewhere
(Camenisch et al,, 2015). In contrast, for class 3/4 compounds (PSinfpas
below ~100 ml/min/kg, Fig. 2) renal secretion of unchanged drug
often represents an important elimination process besides hepatic elim-
ination (via metabolism and/or biliary secretion) (Camenisch et al.,
2015; Kunze et al., 2014). Therefore, a correction for renal clearance
has to be taken into consideration to anticipate the total clearance of
such compounds. Thus, ECM-based hepatic clearance anticipation
alone would clearly under-predict total body clearance for most of the
class 3/4 compounds as illustrated in Fig. 5B. Pooling all compounds
from the training and validation sets, the total body clearances for 26
out of 28 compounds were predicted within a three-fold error indepen-
dent of the major elimination pathway and the extent of overall clear-
ance. Exceptions were NVS 7 and valsartan, for which the total
clearances were 3.4-fold under-predicted and 4-fold over-predicted, re-
spectively. Based on present predictions NVS 7 is expected to be pre-
dominantly cleared by the hepatic metabolic pathway (fiperpreda =
0.76). In clinics, NVS 7 was truly identified to be predominantly cleared
by metabolism (finerobs = 1.0). However, a considerable fraction (esti-
mated 50%) was due to extra-hepatic metabolism, likely in lung via
CYP1A1. As our prediction model bases on the fundamental assumption
that no extra-hepatic/renal clearance pathways are involved in overall
elimination, the non-hepatic metabolic clearance of NVS 7 is neglected
resulting in an over-estimation of i, and consequently in a significant
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under-prediction of CLy. Taking a lung clearance pathway as outlined
above into account, CL;,, for NVS 7 would have been under-predicted
by 1.1-fold only. Valsartan was previously demonstrated to undergo
transporter-mediated sinusoidal efflux (Camenisch and Umehara,
2012). Consequently, as active sinusoidal elimination is neglected with
the current approach, the determined over-prediction in total human
valsartan clearance mainly results from a discrepancy in the calculation
of hepatic clearance rather than from an inaccurate fny, prediction. Ex-
cluding NVS 7 and valsartan from the analysis the overall prediction ac-
curacy for total clearance is excellent (AFE = 0.87). ECCCS class 1/2
compounds are somewhat under-predicted (AFE = 0.76) while for
ECCCS class 3/4 compounds a slight over-prediction is observed
(AFE = 1.06). Still, the overall quality of presented human clearance an-
ticipation is comparable to or even exceeding currently available
allometry-based methods for total clearance and previous IVIVE predic-
tion methods for renal or hepatic clearance at least with regard to accu-
racy as demonstrated in a large comparative assessment of different
methods for human clearance estimation (Ring et al., 2011).

To further improve the above predictions of total clearance, non-
hepatic/renal elimination, entero-hepatic circulation and/or non-
cytochrome P450 (CYP) metabolism pathways would have to be con-
sidered though. While extra-hepatic/renal elimination processes (such
as lung metabolism or intestinal secretion) or entero-hepatic cycling re-
main difficult to anticipate, the likelihood for the involvement of non-
CYP mediated metabolism pathways seems to increase for compounds
with low metabolic clearance in HLM (CLiy¢ mer below ~10 ml/min/kg).
This surely holds true for pravastatin in our training set or for NVS 8
and NVS 10 in our validation set. Pravastatin has a low reported meta-
bolic in vivo clearance (CLy,er = 5.9 ml/min/kg) which contributes
with 30% to total clearance in human (Hatanaka, 2000). Pravastatin is
considered to be metabolized by non-CYP enzymes, possibly by UDP-
glucuronosyltransferases (UGTs) and sulfutransferases (Elsby et al.,
2012; Hatanaka, 2000), and hepatic clearance is ~2-fold under-
estimated using only NADPH-containing HLM (note: other statins like
simvastatin acid, cerivastatin and pitavastatin are also well-known sub-
strates of UGTs. However, for these compounds, in contrast to pravastat-
in, available in vitro data account for CYP as well as non-CYP mediated
metabolism as described under “Methods”). Similarly, NVS 8 as well
as NVS 10 were demonstrated to be strongly eliminated via direct
glucuronidation in the clinics although hepatic clearance was only
slightly under-predicted (1.2-fold and 1.8-fold, respectively) using the
ECM-based approach according to Eq. (4) (as sinusoidal uptake was
identified to be the rate-determining hepatic clearance process for
both compounds this is not further surprising though (Camenisch
et al, 2015)). For compounds with the described properties, metabolic
clearance assessments might therefore be extended to in vitro systems
such as hepatocytes or 59 fractions, which express additional cytosolic
enzyme families in addition to the CYP enzymes. However, further re-
search will be required to support this theory and to optimize the
in vitro assessment of non-CYP mediated metabolism.

5. Conclusion

The presented correlations allow a quantitative estimation of elimi-
nation routes in human for (new) drug candidates at an early stage of
drug development. Depending on the compounds ECCCS class assign-
ments it further enables a tailor-made pharmacokinetic evaluation in

order to simplify and to refine human clearance predictions during
drug development. Especially, since bottom-up IVIVE approaches for
the prediction of human renal clearance are currently limited, our
novel method provides a fast and simple, yet highly reliable alternative
to anticipate the involvement of metabolic and secretory drug elimina-
tion pathways. Moreover, it allows the quantitative prediction of the
total body clearance in human solely from in vitro clearance data.
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CHAPTER 5

Discussion and future perspectives

In the present work, new IVIVE models for the prediction of drug disposition in humans were
successfully established and validated. Furthermore, the utility of the drug classification systems
ECM and ECCCS for the design and translation of pharmacokinetic in vitro assessments was
demonstrated. In the context of hepatic drug distribution, the applicability of four in vitro methods
to determine hepatic drug partitioning, intracellular drug binding, and unbound intrahepatic drug
concentrations were investigated (sections 4.1 and 4.2). In particular, the mechanistic model
based on the ECM concept indicated high in vivo relevance with regard to the prediction of clinical
cholestasis manifestation upon BSEP inhibition and close in vitro-in vivo correlation (IVIVC) of
Kpw in rats. The temperature and homogenization methods demonstrated usefulness in the
investigation of intracellular drug binding to determine the unbound fraction in hepatocytes. In
addition, a straightforward IVIVE approach for the prediction of total drug clearance was
developed (section 4.3). Determining the hepatic drug clearance together with the relative
elimination pathway contributions from in vitro experiments provided good predictability of total

and renal drug clearance in humans.

Further perspectives and limitations of the investigated IVIVE models for assessments of the
unbound intrahepatic drug concentration and total drug clearance are discussed in the following

sections.

5.1. ECM-based Kp, and the prediction of drug-induced cholestasis

Over the last years, several attempts have been made to predict drug-induced cholestasis using
in vitro data on BSEP inhibition and clinical systemic drug exposure (Dawson et al., 2012; Morgan
et al., 2013; Shah et al., 2015). Nevertheless, no complete correlation between BSEP inhibition in
vitro and clinical risk of cholestasis could be established. This outcome is likely attributed to the
use of systemic drug exposure, which is not expected to represent the unbound intrahepatic drug
concentrations due to active transport or metabolic processes in the liver (Muller and Milton, 2012;
Chu et al.,, 2013). In contrast, the ECM-based model provides estimates of Kp,, under
consideration of all active and passive hepatic clearance processes. This assessment allows the
calculation of unbound intrahepatic concentrations and thus the direct translation of BSEP
inhibition in vitro to the clinical incidence of drug-induced cholestasis. Moreover, the ECM-based
approach supports the evaluation of genetic polymorphisms, disease state, or other potential

factors that contribute to the risk of drug-induced cholestasis.
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Although not directly evident in the present analysis, other processes might contribute to the
development of cholestasis. These are, on the one hand, BSEP-independent pathways that are
involved in maintaining the hepatocellular bile acid homeostasis and, on the other hand, additional
processes that affect intrahepatic drug concentrations. Besides BSEP-mediated canalicular efflux,
hepatic bile acid levels are regulated by other sinusoidal and canalicular transporters. Under
physiological conditions, bile acids are taken up from the sinusoidal blood into the hepatocytes by
NTCP and OATPs followed by canalicular secretion via BSEP and MRP2, whereby NTCP and
BSEP are the driving force in the vectorial bile acid transport. Sinusoidal MRP3, MRP4, and
heteromeric organic solute transporter OSTa-OSTR mediate back-flux of bile acids into the
systemic circulation (Dawson et al., 2009). This process, however, seems to have only a minor
contribution to the overall hepatocellular bile acid disposition under normal conditions. Yet,
increases in the intrahepatic bile acid levels upon BSEP inhibition generally induce an
upregulation of processes that contribute to bile acid clearance from hepatocytes in order to
protect the cells. The bile acid efflux transporter system is induced via activation of the bile-acid
sensitive nuclear receptors FXR, pregnane X receptor (PXR), and constitutive androstane
receptor (CAR), whereas sinusoidal bile acid uptake transporters are down-regulated (Soroka et
al., 2001; Gradhand et al., 2008; Rodrigues et al., 2014). Similarly, activation of FXR, PXR, and
CAR regulates bile acid synthesis and conjugation by gene repression of CYP7AL or induction of
UGT1A1 and SULT2A1, respectively (Li and Chiang, 2014). Hence, these protective pathways
may compensate reduced BSEP function and prevent intrahepatic bile acid accumulation by
increased sinusoidal efflux and conjugation or decreased sinusoidal uptake and synthesis. On the
other hand, concurrent inhibition of BSEP and the described protective pathways such as MRP3
or MRP4-mediated efflux likely increases the risk of drug-induced cholestasis (Morgan et al., 2013;
Kock et al., 2014). The ECM-based assessment, however, only considers the inhibition of BSEP,
while the involvement of any protective pathway probably alters the actual cholestasis risk.
Nevertheless, quantitative information about bile acid transport and metabolism under cholestatic
conditions in humans is currently limited and further research is required in order to refine
mechanistic models for hepatic and systemic bile acid disposition (Woodhead et al., 2014; Guo et
al., 2016).

In the context of hepatic drug disposition and resulting unbound intrahepatic drug concentrations,
different processes are not considered within the ECM approach. Active sinusoidal efflux
permeability as mediated by MRPs is neglected in the assessment. The physiological relevance
of MRP3 and MRP4-mediated drug transport during cholestasis is so far largely unknown and
requires additional investigations. In general, no significant impact on hepatic drug distribution is
expected as discussed in the sections 4.1 and 4.2. However, experimental in vitro setups in
combination with complex modeling approaches have been developed and could be applied on a
case-by-case basis (Pfeifer et al., 2013b).

Besides alterations in transporter and enzyme expression during cholestasis, a number of

drugs are known to induce or inhibit in a time-dependent manner certain elimination pathways.
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For instance, rifampicin or bosentan induce the expression of CYP3A4 via PXR activation and
thus enhance their own metabolic elimination in humans (Dingemanse and van Giersbergen,
2004; Xu et al., 2005). Under such circumstances intrahepatic drug and bile acid concentrations
can change. Depending on the affected pathways, this might result in an increased or reduced
cholestasis risk. Furthermore, co-medication can affect hepatic drug elimination due to inhibition
or induction of drug-metabolizing enzymes and transporters. Consequently, Kp,, and unbound
intrahepatic concentration of victim drugs are likewise affected in the presence of a perpetrator
drug. However, the ECM approach will allow accounting for DDI effects on Kp,, in the same way
as demonstrated for transporter and enzyme polymorphisms (section 4.1) or for DDI effects on
the hepatic clearance (Camenisch and Umehara, 2012; Kunze et al., 2015). Nevertheless,
guantitative information about the extent and the contribution of all underlying hepatic clearance
processes of the victim drug are required to calculate Kp,, for a DDI scenario.

In addition, the assessment is focused on parent drug alone whereas potential effects of
metabolites are neglected. For certain drugs, metabolites exhibit the greater risk for BSEP
inhibition compared to the parent drug compound such as in the case of troglitazone and its
metabolite troglitazone sulfate. Troglitazone is a potent BSEP inhibitor that has been withdrawn
from the market due to several cases of severe liver injury. Studies in rat have shown that male
rats are more sensitive to troglitazone-induced intrahepatic cholestasis and liver toxicity. This
correlated with higher liver tissue concentrations of the major metabolite troglitazone sulfate due
to higher formation rate in male rats. Taking into account the high liver tissue accumulation and
that troglitazone sulfate is a 10-fold more potent BSEP inhibitor compared to the parent drug,
troglitazone-induced cholestasis is likely predominately mediated by troglitazone sulfate (Funk et
al., 2001a; Funk et al., 2001b; Padda et al., 2011). Hence, BSEP inhibition potential and unbound
intrahepatic concentrations should be additionally investigated for metabolites with substantial
exposure (FDA, 2016). However, to the best of our knowledge, the present data set did not
include drugs with metabolites that are associated with a higher BSEP inhibition risk compared to
the parent compound.

The use of ECM-based unbound intrahepatic drug concentrations is not only expected to enable
the risk assessment of BSEP inhibition. Besides that, the ECM can likely also be applied in order
to improve the evaluation of intrahepatic drug interactions with therapeutic targets or other
transporters and drug-metabolizing enzymes that influence the pharmacokinetic,
pharmacodynamics, and toxicological properties of drugs. Taking into account that underlying
hepatic processes need to be determined in vitro once only, Kp,, for a certain drug compound can
be additionally used to evaluate substrate or inhibitor interactions with any other intrahepatic
transporter and enzyme. For instance, in a recent study, the use of Kp,, allowed to improve DDI
predictions for CYP inhibition (Iwasaki et al., 2017). Similarly, improved translation of efficacy data
have been observed in the context of inhibition of HMG-CoA reductase and the lipid-lowering
effect of statins (Riccardi et al., 2017). Also drug-induced hyperbilirubinemia due to inhibition of

MRP2 (conjugated hyperbilirubinemia) and UGT1A1 (unconjugated hyperbilirubinemia) depends
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on the unbound intrahepatic drug concentration and can be likely evaluated using the ECM
approach (Brouwer et al., 2013). Furthermore, the ECM concept might also be applicable to other
organs like kidney or brain where Kp,, depends on similar processes. However appropriate in
vitro systems are currently not available that would allow determining all relevant active metabolic

and transport processes.

5.2. Comparison of Kp,, methods

The validity of ECM-based Kp,, approach and the underlying experimental data was reliably
demonstrated by the prediction of drug-induced cholestasis in humans and IVIVC in rats (section
4.1). Nevertheless, the ECM approach requires the labor and cost-intensive determination of
several in vitro parameters. Therefore, additional in vitro approaches were investigated, which
require less experimental efforts, namely the temperature method, the homogenization method,
and the logD- 4 method. For all three approaches, the absence of metabolism and biliary secretion
in Kp determinations was identified as the main limitation. Hence, hepatic Kp,, cannot be correctly
predicted for compounds with predominant intrinsic clearance (ECM class 1 and 3 compounds).
In contrast, the hepatic Kp,, of ECM class 2 and 4 compounds is assessable at least using the
temperature method (section 4.2). Therefore, knowledge of a drugs ECM class could guide the
selection of the appropriate Kpy, in vitro method. Yet, the assignment of a preliminary ECM class
already requires experimental hepatic uptake and metabolic clearance data (section 4.3). Having
determined these parameters, however, allows the calculation of the ECM-based Kp,, for class 2
and 4 compounds without need for additional experimental work. For ECM class 1 and 3
compounds, in vitro measurements of biliary secretion are required to correctly calculate the
ECM-based Kpy,. A preliminary EMC class assignment thus might reduce the number of
sandwich-culture hepatocyte assays but cannot facilitate the selection of the appropriate Kpy,
approaches. Therefore, the ECM remains the preferred approach for the determination of hepatic
Kpu irrespective of the ECM class. The alternative Kp,, approaches might be applicable to
evaluate drug efficacy or toxicity in cell types where Kp is only determined by transport processes

and not by metabolism as previously demonstrated by Mateus et al. (2013).

In contrast, the alternative approaches allowed determining the binding parameter fuye,, Which is
not directly available from the ECM-based method. Knowledge of fune, is considered to be
important for physiologically-based pharmacokinetic (PBPK) modeling purposes or for binding
correction in hepatocyte incubations (i.e. for the correction of apparent metabolic or biliary
clearance parameters). Among the three investigated approaches, the temperature method
indicated the best applicability, which was suggested by close correlation to ECM-derived data for
ECM class 2 and 4 compounds as discussed in section 4.2. The homogenization method
provided comparable results to the temperature method for small lipophilic compounds. In
contrast, the binding properties of large or hydrophilic compounds were not correctly predicted.

Thus, the homogenization method is likely applicable to compounds with the appropriate
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physicochemical properties, in particular when taking into account that this approach requires
minor experimental effort and is suitable for high-throughput screenings (Mateus et al., 2014).
However, for compounds that not fulfill the described physicochemical requirements, fupe, should
be preferably determined using the temperature method.

Though, a potential influence of temperature cannot generally be excluded. Membrane fluidity
and permeability are known to be temperature-sensitive (Frezard and Garnier-Suillerot, 1998;
Pang et al., 2010; Brouwer et al., 2013; Zamek-Gliszczynski et al., 2013). Yet, altered membrane
permeability will not affect the determination of fupe, Using the temperature method since uptake
and efflux permeability are equilibrated at steady-state and in the absence of active processes (i.e.
PSiit = PSer). As a consequence, temperature would affect uptake and efflux permeability to the
same extent, which will not influence fu,e,. However, temperature-dependent changes in binding
to cellular structures need to be considered which was therefore investigated in control
incubations at 37°C in the presence of a cocktail of uptake transporter inhibitors. This analysis
indicated that binding properties were not affected to a relevant extent with exception of few
compounds, which are associated with extensive binding or lysosomal trapping processes. For
instance, lysosomal trapping processes are reduced at lower temperature, which is expected to
cause an overestimation of fun,,, when using the temperature method. Hence, to assure the
determination of physiologically relevant data, control incubations at 37°C in the presence of
uptake transporter inhibitors could be conducted for susceptible drugs. This concerns in particular
compounds, which likely undergo lysosomal trapping (i.e. positively charged compounds with pK, >
6 (Kazmi et al., 2013)) or exhibit extensive binding. However, incubations at 37°C with inhibitors
for transporters and drug-metabolizing enzymes hold the risk of incomplete inhibition of potentially
unknown active processes, resulting in erroneous fuy, data. Therefore, knowledge of the
compound properties as well as careful selection of the experimental method is recommended in

order to reliably determine fupep.

5.3. Prediction of total drug clearance

Hepatic clearance of drug compounds is routinely predicted during drug development using IVIVE
approaches like the ECM. Renal drug elimination represents the second major clearance pathway
in humans and has to be likewise investigated. Yet, suitable renal IVIVE approaches are currently
limited and allometric scaling from preclinical animals can be impaired by species differences
(Chaturvedi et al., 2001; Deguchi et al., 2011; Watanabe et al., 2011; Kunze et al., 2014b; Dave
and Morris, 2015). In addition, PBPK models have been developed (Neuhoff et al., 2013).
However, such complex approaches are not applicable for bottom-up predictions at early drug
development stages due to the need of extensive experimental data. In this context, the
presented model is a reliable alternative for the prediction of renal and total clearance at early
development stages. The approach is based on the prediction of elimination pathway
contributions estimated from in vitro sinusoidal uptake data. Since this parameter is routinely

measured for hepatic clearance predictions, no further in vitro experiments are required.
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The obtained total clearance thus represents a crucial parameter for human pharmacokinetic
predictions in order to anticipate the pharmacologically effective human dose and the systemic
drug exposure. In addition, information about the contribution of hepatic and renal elimination
pathways is valuable during early drug development. The identification of transporter and enzyme
substrates is requested by health authorities, however, only for transporters and enzymes, which
are involved in major elimination pathways with more than 25% contribution to overall drug
elimination (EMA, 2012; FDA, 2012; Hillgren et al., 2013). Hence, ECCCS classification and
knowledge about the contribution of elimination pathways supports the selection of follow-up

phenotyping studies in order to identify potential DDI victim drugs.

Nevertheless, the presented approach does not provide mechanistic insights of the underlying
renal elimination processes. Renal elimination represents the net effect of glomerular filtration,
tubular secretion, and tubular reabsorption and a mechanistic renal IVIVE approach would be
desirable to elucidate the interplay between the individual processes. However, currently available
in vitro cell lines and primary cells are lacking functional expression of several transporters, in
particular OAT1 and OAT3, thus limiting the investigation of anionic compounds (Hilgendorf et al.,
2007; Kunze et al., 2014b). However, adjustments in transporter expression can be realized by
genetic engineering (Nieskens et al., 2016). In addition, emerging 3D models of the human renal

proximal tubules may have the potential to fill this gap in the future (Weber et al., 2016).

A further limitation of the model is related to neglected non-hepatic/non-renal elimination
pathways as discussed in section 4.3. Although only relevant for a small fraction of drugs,
elimination pathways such as non-CYP-mediated metabolism, extra-hepatic metabolism,
enterohepatic circulation, or intestinal secretion have been observed. Similar to hepatic and renal
elimination, the occurrence of these alternative elimination pathways seems to correlate to in vitro
hepatic process clearances (i.e extent of intrinsic clearance and sinusoidal uptake permeability)
and ECCCS classification (Camenisch, 2016). For instance, low CYP-mediated clearance in vitro
is likely an indication for non-CYP-mediated metabolism. In this case, follow-up studies should be
conducted using microsomal incubations with additional co-factors or using hepatocytes or S9
fractions that contain additional cytosolic drug-metabolizing enzymes in order to account for
enzymes such as UGTs or SULTs. Very high passive uptake permeability seems to be a
prerequisite for extra-hepatic metabolism such as lung metabolism, which can further be
investigated using lung microsomes or slices. In addition, direct intestinal secretion seems to be
relevant only for highly permeable efflux transporter substrates, whereas enterohepatic circulation
is rather significant for low permeable efflux transporter substrates. Nevertheless, in vitro methods
for the described alternative clearance mechanisms must be established and validated in order to
provide quantitative predictions. Hence, extensive research will be required to confirm these
relationships and to implement novel in vitro approaches for the characterization of non-

hepatic/non-renal elimination pathways during drug development.
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5.4. Conclusion

Within the scope of this work, new IVIVE approaches were investigated in order to facilitate the
study of hepatic drug distribution and total drug elimination in humans during preclinical drug
development. In vitro determination of the hepatic process clearances for a drug compound
allows the prediction of hepatic Kp,, based on the ECM concept. This assessment provides the
basis for the evaluation of intracellular drug interactions with hepatic transporters, enzymes, and
drug targets and is expected to significantly improve the translation of in vitro data related to
toxicity, pharmacokinetics, and pharmacodynamics. Information about fuye,, on the other hand, is
needed for modeling purposes or the correction of intrahepatic process clearances and is
preferably obtained by the temperature method.

In parallel, the same hepatic in vitro parameters allow the determination of total drug clearance
and relative pathway contributions. Knowledge about the total drug clearance will provide
valuable information for the estimation of systemic drug exposure and to support dose anticipation
for first-in-human studies. In accordance with the ECCCS classification, quantitative information
about renal and hepatic pathway contributions will additionally provide guidance for selecting the

appropriate phenotyping strategy in order to evaluate the DDI potential of victim drugs.

The results of this thesis are therefore expected to improve the translation of in vitro safety and
efficacy data for new drug candidates. Furthermore, the investigated in vitro models and
classification systems will facilitate integrated and tailor-made pharmacokinetic assessments

during early drug development stages.
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