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Drug-induced liver injury (DILI) is a persistent matter in the pharmaceutical field,
with extensive research being dedicated to understanding the causes, risk factors, and
potential biomarkers associated with it. While DILI manifests in a variety of ways and
diseases, the most severe form is drug-induced cholestasis. Bile acids are amphipathic
molecules responsible for the extraction of lipids from the diet, and while necessary for
function, their amphipathic nature can cause toxicity if allowed to accumulate in tissue.
Constant flow of bile acids through biliary tissue is facilitated by specific bile
transporters, with the bile salt export pump (BSEP; ABCB11) dictating excretion of bile
acids from the liver to the gall bladder. Disruption of BSEP function is a major
contributor to both inherited and acquired cholestasis. The predominant mechanism of
drug-induced cholestasis is direct inhibition of BSEP, however in the following work, the

contribution of BSEP repression on BSEP function was investigated.



In the following studies, human primary hepatocytes (HPH) were used
predominantly as a physiologically relevant system for studying drug transporter function
and expression upon drug treatment. The functional transport assay employed was
modified from the prototypical inhibition assays primarily used in cholestatic studies, and
represents a novel approach to assess the cholestatic potential of BSEP repressors.
Additional BSEP repressors were predicted from reported cases of drug-induced
cholestasis combined with Bayesian modeling.

It was determined from our study, that compared to inhibition alone, BSEP
inhibition combined with repression correlated with severe clinical manifestations of
DILI. Mechanistically, activation of AMPK was found to repress basal BSEP expression,
while known transcriptional regulators FXR and Nrf2 had no effect. Most importantly,
under conditions which cause BSEP repression, bile acid efflux was also significantly
reduced. Metformin was used as a model drug in our studies, however, a number of drugs
associated with cholestasis do not inhibit BSEP directly. Employing a strategy to
elucidate additional cholestatic BSEP repressors, tamoxifen was found to potently repress
BSEP expression, indicating the potential discovery of additional repressors. Overall,
these results confirm BSEP repression represents an understudied mechanism for drug-

induced cholestasis.
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Chapter 1: Overview and Objectives

1.1 Drug-Induced Liver Injury
As the primary source for detoxification in the body, the liver is subjected to

countless endogenous and xenobiotic chemicals daily (1). It is arguably the most exposed
tissue to drugs; therefore, it is not surprising over 1000 drugs are reported to cause
hepatotoxicity (2, 3). Of these, anti-microbials have the greatest incidence at 45.5%, with
central nervous system agents coming in second at 15%. Additionally,
immunomodulatory agents, analgesics, antihypertensive agents, antineoplastic agents and
lipid-lowering agents are less commonly associated classes, yet they still make up 5.5%,
5%, 5%, 4%, and 3.4%, respectively (4). Drug-induced liver injury (DILI) is a growing
problem in drug development, representing the leading cause for drug attrition in the
United States (5, 6). In response, over the past fifteen years substantial research efforts
have been made to better understand DILI. However, there is still much to be discovered
regarding causes, risk factors, and potential biomarkers for prediction (7).

Hepatoxicity associated with drug treatment is referred to as drug-induced liver
injury and is predominantly characterized by an increase of liver enzymes in serum (4, 8),
which typically resolve when the drug is discontinued (4). Specifically, alanine/aspartate
aminotransferases (ALT/AST) and alkaline phosphatase (ALP) are monitored, and when
levels exceed the upper limit of normal (ULN), liver dysfunction is typically observed
(9). Enzyme levels are considered individually, but also as computed into an R-value
(ALT divided by ALP). The calculated R-value can indicate the pattern of hepatocellular

injury present—R > 5 = hepatocellular; 5>R>2 = mixed; R<2 = cholestatic (8, 10).



Moreover, elevated total bilirubin in serum (>2 x ULN) is a distinguishing feature of
DILI, often ruling out other liver diseases. While elevated enzyme levels are a good first

indicator of liver dysfunction, most diagnoses require additional consideration (11, 12).

1.1.1 Hy’s Law

Hyman J. Zimmerman is credited for the observation that serum AST levels, in
general, were not sufficient to predict acute liver failure or drug-induced hepatotoxicity
(13, 14). 1t was dubbed “Hy’s law” by Dr. Robert Temple, Deputy Center Director for
Clinical Science at The Center for Drug Evaluation and Research of the FDA, in the
1980’s (according to a statement he made in a 2006 publication), and has continued use
through the present (15). Hy’s Law predicts that elevations in both AST and bilirubin
levels (jaundice), especially when no other cause for these elevations can be observed,

will lead to at least a 1 in 10 risk of developing DILI (4).

1.1.2 Roussel Uclaf Causality Assessment Method (RUCAM)

Developed in 1993, the Roussel Uclaf Causality Assessment method (RUCAM) is
one of the leading tools for determining the strength of association between liver injury
and a suspected causative agent (16, 17). The method uses seven criteria, including: time
to onset of DILI, recovery of liver function upon withdrawal of drug, risk factors,
exclusion of other causes of liver injury, simultaneous use of other drugs, previous
hepatotoxic reactions, and reaction to re-administration of drug, with each condition
being assigned a point value (11, 18). Total point values possible for the RUCAM test

range from -8 to 14, and higher values indicate a greater association with hepatotoxicity.



While some components and even the final score is considered to be imprecise, many still
continue to use this method to help narrow down the cause for liver injury to be drug-

related (18).

1.1.3 Clinical manifestation of DILI

Drug-induced liver injury manifests in a variety of ways, and parallels all forms of
acute and chronic liver disease (19). The clinical presentation can range from nausea and
abdominal pain (most frequently) to jaundice and pruritus; left undiagnosed, these can
lead to acute liver injury and eventually hepatocellular death (10). Some of the diseases
which DILI can mirror, their clinical presentation, and example causative agents are
listed in Table 1.1 (10). Mimicking the clinical appearance of so many liver disorders
confounds diagnosis of DILI and often requires thorough investigation of the drug, after
elimination of these confounding liver diseases as a cause (20). In addition to searching
literature for previous reports of hepatotoxicity, specifically with the same histological
features, clinicians can consult databases which aim to include all relevant reports and
data on drug-induced liver injury (21, 22). Accurate diagnosis and up-to-date reporting of
DILI are crucial to the on-going efforts to understand, quickly identify, and possibly

predict future cases of DILI.

1.2 Intrinsic versus idiosyncratic DILI
DILI can be classified into two categories based on mechanism, intrinsic
(predictable) or idiosyncratic (unpredictable) drug induced liver injury (23, 24) (Table

1.2). Acetaminophen is the most commonly cited drug associated with intrinsic DILI;



Table 1.1: Examples of Liver Injury which DILI may resemble

Phenotype Histological features Example agents

Acute fatty liver with lactic | Microvesicular hepatic Didanosine, Fialuridine,

acidosis steatosis + other tissue Valproate
involvement

Acute hepatic necrosis Collapse and necrosis of Isoniazid
liver parenchyma Niacin

Autoimmune-like hepatitis | Plasma cells & interface Nitrofurantoin,
hepatitis with detectable Minocycline
autoantibodies

Bland cholestasis Balloon hepatocytes with Anabolic steroids
minimal inflammation

Cholestatic hepatitis Balloon hepatocytes with Phenytoin, amoxicillin-
inflammation, clavulanate

predominance of serum
alkaline phosphatase
elevation (phenytoin,
amoxicillin-clavulanate)

Fibrosis/cirrhosis Hepatic collagenization Methotrexate, Amiodarone
with minimal inflammation
Immunoallergic hepatitis Eosinophilic infiltrate Trimethoprim-
sulfamethoxazole
Nodular regeneration Micro- or macroscopic Azathioprine, Oxaliplatin
liver nodules
Nonalcoholic fatty liver Macro- and microsteatosis, | Tamoxifen

hepatocyte ballooning and
periportal inflammation

Sinusoidal obstruction Inflammation with Busulfan

syndrome obliteration of central veins

Vanishing bile duct Paucity of interlobular bile | Sulfonamides, Beta-
syndrome ducts lactams

Table 1.1 Histological findings and associated diseases which mimic drug-induced liver injury. Several
examples of liver injury which share similar symptoms and clinical manifestations with drug-induced liver
injury. The phenotypes, histological features, and examples of drugs reported for each are listed. This table
was modified from ref (Hayashi and Fontana, Seminars in Liver Disease (10))



while safe at therapeutic doses, it becomes toxic in overdose situations (or in patients
with hepatic impairment) (23). Dose-dependent toxicity is a hallmark feature of intrinsic
DILI, typically identified during drug development, in animal models with high
frequency (24). These features lend to the predictability of intrinsic DILI and provide
rationale for safe, therapeutic dosing in drugs which make it to market. In most cases
however, preclinical observations of intrinsic DILI result in discontinuing development
of the drug, preventing it from harming the general population (24). Altogether, even
with a majority of acute liver failure cases being attributed to intrinsic DILI, it is

manageable and potentially avoidable, making it the less severe of the two forms.

1.2.1 Idiosyncratic Drug-Induced Liver Injury

While DILI in general is undesirable and an obstacle pharmaceutical industries
must address, idiosyncratic DILI (iDILI) is particularly troublesome to the
pharmaceutical field as a whole. Due to the random nature in which it occurs, iDILI is not
normally observed preclinically, and only becomes realized post-marketing (25).
Unfortunately, the resources expended on a drug at this stage is much greater than in
earlier stages of development, making it a costly issue for industry. Unforeseen toxicity
also becomes a major concern for clinicians and patients, as well as the regulatory bodies,
and requires additional monitoring to fully characterize such toxicity (26).

Post-approval, drugs become more accessible to the general population,
broadening the number and type of individuals exposed. Since iDILI does not typically
effect a specific patient population or adhere to dose-related toxicity, it is often not

observed during clinical trials (24). A rare occurrence, with only 1 in 10000 individuals



Table 1.2: Intrinsic v. idiosyncratic DILI

Intrinsic

Idiosyncratic

Affects all individuals at some dose

Attacks only susceptible individuals

Clearly dose-related

Obscure relation to dose

Predictable latent period after exposure

Variable onset relative to exposure

Distinctive liver lesion

Variable liver pathology

Predictable using routine animal testing

Not predictable using routine animal testing

Modified from Roth and Ganey, 2010 (24).



suspected to develop iDILI (20, 27), it is very difficult to capture during development,
when sample sizes are typically ~2500 individuals (22). This puts a greater emphasis on
post-marketing surveillance of drugs, requiring both the pharmaceutical companies and
regulatory agencies to monitor clinical reports associated with drug use (28, 29). When
DILI is consistently observed, regulatory bodies and/or manufacturers can respond in a
number of ways, which including making changes to the label (adding warnings and
contraindications), issuing correspondences to clinicians (which may suggest regular liver

monitoring), or in severe cases, withdrawing the drug from the market (5, 12).

1.2.2 Prediction of iDILI

Unpredictability is one of the greatest limitations in managing idiosyncratic DILI.
A majority of research in the field continues to search for biomarkers or predictors of
iDILI, or a common cause amongst drugs associated with it (12, 20). One of the greatest
limitations in the prediction of iDILI centers on the numerous clinical manifestations of
iDILI, making a one-size-fits-all solution unlikely. Categorizing the histopathological
patterns of DILI into hepatocellular, cholestatic, or mixed allows common agents to be
grouped together, providing a limited, but promising association to be utilized in
prediction strategies (10). Furthermore, recent studies have discovered immunological
responses associated with unpredictable drug-induced liver injury, prompting a new
classification of iDILI which includes allergic and non-allergic type (12, 29). The exact
role of the immune response is still under investigation, however several reports indicate
drugs and/or their metabolites bind with liver proteins, producing an immune response

from antibodies or cytotoxic T cells (28). As a result of the newly discovered



immunological connection to drug-induced liver injury, a genetic biomarker has emerged,
with some success in predicting/diagnosing iDILI with regards to specific drugs (11, 12).
Polymorphisms in the human leukocyte antigen (HLA) can predispose individuals to
developing DILI upon treatment with particular drugs, specifically those which elicit an
immune response (8, 30). Such innovative findings provide hope for even greater

understanding in idiosyncratic drug-induced liver injury.

1.2.2.1 Liver toxicity databases

With an increasing number of drugs linked to drug-induced liver injury (over
1000 have been reported (11, 29)), a growing need has developed to collect information
associated with it. Databases have been established to report cases of drug induced liver
injury, including information about time of onset, dosage, clinical manifestation, and
demographic information (22). The National Institutes of Health (NIH)-sponsored
LiverTox database, Drug-Induced Liver Injury Network (DILIN), and Food and Drug
Administration (FDA)-sponsored Liver Toxicity Knowledge Base (LTKB) are three
highly consulted databases which compile reports of drug-induced liver injury. While
their primary focus is to combine information about drug-induced liver injury in a
centralized location, and not actively attempt to predict DILI, connections between drugs
with common histological signatures, immunological responses, and genetic
predispositions can become apparent. Additionally, these databases can aid in the
diagnosis of iDILI, as previous hepatotoxicity associated with a drug can indicate to a
clinician drug-induced liver injury may be in play, rather than other forms of liver

disease.



Information contained in the liver toxicity databases can be also be used in the
development of computational models for idiosyncratic drug-induced liver injury. As the
databases contain a wealth of information regarding drug-induced liver injury, some
studies have used text-mining strategies as a means to find connections, keywords, and/or
indicators of DILI (31). Additionally, tracking hepatotoxic side-effects in the clinical
reports found in databases can establish subgroups of drugs with common toxicities.
Further categorization of these subgroups by looking for common chemical features can
be utilized to generate quantitative structure-activity relationship (QSAR) models (32,
33). Overall, the establishment and maintenance of publicly accessible drug-induced liver

toxicity databases provides numerous benefits in the battle against DILI.

1.3 Forms of drug-induced liver injury

While drug-induced liver injury can mimic any form of liver disease, these
histopathological manifestations can also define the type of drug-induced liver injury
experienced. There are five main classifications of DILI, as reported by the drug-induced
liver injury network, and they include necrosis, cholestasis, steatosis, vascular injury
patterns, and cytoplasmic alterations (34). Other studies or groups classify the pattern of
DILI into acute hepatocellular injury (including necrosis), various forms of hepatitis,
cholestasis, and vascular patterns of injury (35), however the overall features remain the
same.

Many forms of drug-induced liver injury result in varying degrees of necrosis,
ranging from individual hepatocyte necrosis, to entire zones (35). Cell death can be a

precursor for other types of liver injury, such as acute liver injury. Inflammation, likely



through activation of the immune response, characterizes hepatitis, which can manifest in
a variety of forms: acute hepatitis, chronic hepatitis, cholestatic hepatitis, granulomatous
hepatitis, and steatohepatitis (35). Combined, the many forms of hepatitis may constitute
the most common form of DILI injury, however when considered individually,
cholestatic liver injury accounts for the most cases of DILI reported (36). Cholestatic
liver injury (which includes mixed hepatocellular/cholestatic type) is the most severe

form, with increasing occurrence.

1.4 Bile acids

Bile acids are important amphipathic molecules derived from the catabolism of
cholesterol in the liver (37). There are several species of bile acids in humans, ranging
from primary bile acids formed de novo, to their metabolites, the secondary and tertiary
bile acids (38). The two primary bile acids are cholic acid (CA*) and chenodeoxycholic
acid (CDCA), which are formed solely in the liver via the classical or alternative
pathways of cholesterol catabolism (39, 40). Each pathway is initiated by a different
metabolizing enzyme: the classical begins with cholesterol-7a-hydroxylase (CYP7AL),
while the alternative pathway starts with mitochondrial sterol 27 hydroxylase (CYP27A1)
(40). Conjugation of CA and CDCA in the liver with glycine or taurine form glyco- or
tauro- cholic acid (GCA or TCA) and glyco- or tauro- chenodeoxycholic acid (GCDCA
or TCDCA) and aids in their excretion from the liver, through the bile canaliculi, to the
gallbladder (38, 41). Upon ingestion of food, bile acids are released from the gallbladder
into the small intestine, where they can be deconjugated and dehydroxylated by the
bacterial flora, creating the secondary bile acids deoxycholic acid (DCA; formed from

CA) and lithocholic acid (LCA; formed from CDCA) (40, 42, 43). Finally,
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transformation of lithocholic acid in the liver or intestine results in the formation of the
tertiary bile acids sulfolithocholic acid and ursodeoxycholic acid (43).

The many roles of bile acids in the body include sequestration of water-insoluble
lipids, regulation of glucose and lipid metabolism, excretion of endogenous metabolites
and xenobiotics, and activation of signaling cascades by binding to receptors (44, 45).
Many of these functions are interrelated, for example, activation of the nuclear receptor
farnesoid-x-receptor (FXR) by CA or CDCA leads to the regulation of glucose and lipid

metabolism (45, 46).

1.4.1 Feedback regulation of bile acids

The regulation of lipid metabolism by bile acids, specifically with their formation
from the catabolism of cholesterol, is a feedback mechanism in response to bile acid
levels. In the case of too many bile acids, the metabolizing enzyme CYP7AL becomes
repressed by bile acid-mediated activation of the FXR and its downstream target small
heterodimer partner (SHP). SHP binds to the promoter of CYP7A1, along with the liver-
related homolog-1 (LRH-1), to block further transcription of the gene, thus terminating
the breakdown of additional cholesterol (2, 47). On the other hand, if there are not
enough bile acids, FXR would cease to be activated, restoring CYP7AL expression and
activity to normal. Intestinal FXR is also very important in the regulation of bile acids,
being activated by bile acids in the small intestines to induce the expression of fibroblast
growth factor (FGF) 19. FGF19 binds to the liver FGF receptor 4, initiating a signaling
cascade of kinases to inhibit CYP7A1 action (39). The net effect results in a decrease of

newly synthesized bile acids.
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As a feedback mechanism in response to endogenous changes in bile acid levels,
regulation of bile acids can be used to purposefully reduce serum cholesterol amounts by
forcing a decrease in hepatic bile acids. The drug cholestyramine interferes with the
reabsorption of bile acids into the liver, by sequestering them in the intestinal lumen,
therefore the liver senses a need for bile acids, and initiates the catabolism of cholesterol,
which can be pulled from the sera (48). Bile acids diverted from the liver are excreted

from the body, allowing bile acid homeostasis to remain intact.

1.4.2 Role of bile acids in the body

One of the most notable functions of bile acids is the emulsification of dietary fats
and fat-soluble vitamins from the intestine (44). Their amphipathic quality allows bile
acids to form micelles, which allows their hydrophilic ends to interact with the
intracellular fluid, forming an outer shell, and their hydrophobic tails to stay protected
inside of the micelle (49-51). The inner hydrophobic core of the micelle interacts with
dietary fats and vitamins, in addition to toxic endo- and xenobiotics which need to be
removed from the body, and sequester them inside, away from unfavorable interactions
with the cytoplasm (51). Once the lipids or toxic constituents are sequestered inside of
the bile acid micelles, they can easily be transported through the intestine and liver, for
further processing or removal from the body, respectively. The sequestration of dietary
lipids and their delivery to the liver provides an additional mechanism for bile acids in
the regulation of lipids. Outside of their direct interaction with lipids, as mentioned
above, bile acids also serve as signaling molecules, binding to nuclear receptors and g-

protein coupled receptors to initiate downstream effects (52).
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1.4.3 Enterohepatic circulation

The most abundant bile acids in humans are CA, CDCA, and DCA, with the other
species contributing minimally to the bile acid pool (53). Bile acid levels in the body are
maintained via two mechanisms: de novo synthesis, as discussed above, or enterohepatic
circulation. The majority of the bile acid pool, which is ~2-3 g (53, 54), is recycled from
the intestines in a process known as enterohepatic circulation, limiting the amount of bile
acids synthesized de novo each day to between 200-600 mg (53). This recycling of bile
acids is vital to ensuring bile acid homeostasis, which is necessary for its variety of
endogenous functions.

Enterohepatic circulation maintains flow of bile acids from the liver where they
are synthesized, to the gallbladder for storage, and eventually the small intestines where
they aid in the absorption of dietary fats and vitamins (55, 56). Once biliary micelles
contain these lipids, they are shuttled back to the liver where they can deposit their
contents and start the process again (56). As the bile acids individually, and in the form of
micelles, can inflict toxic effects, this flow is essential not only to function, but also to the

protection of biliary tissue from toxic accumulation of bile acids.

1.4.4 Biliary transporters

In order to facilitate flow of bile through their respective tissues, several biliary
transporters are expressed. Bile acids are taken up into the liver by the sodium-
taurocholate cotransporter polypeptide (NTCP), located on the basolateral membrane,
and to a lesser extent, by the organic anion transporter proteins (OATPs) (57). The

primary route of elimination for bile acids from the liver once synthesized, is through the
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bile salt export pump (BSEP), which is expressed on the apical membrane of hepatocytes.
Another transporter found at the apical membrane is the multi-drug resistance-associated
protein 2 (MRP2). In addition to transporting sulfated bile acids, MRP2 is important in
excreting bilirubin and glutathione into the bile canaliculi, both essential components of
bile (58, 59). Similarly, multi-drug resistance protein 3 (MDR3) and the p-type ATPase
ATP8B1 flippases contribute to bile flow by ensuring phospholipids are present in the
bile canaliculi (60). Additional anions are needed for bile formation, and are transported
by the multi-drug resistance protein (MDR1) (61). Mixed micelles are formed from the

bile constituents once they have been transported to the bile canaliculi.

From the liver, bile travels through the bile ducts to the gallbladder for storage.
The gallbladder releases bile acids into the small intestine upon consumption of a meal to
initiate absorption of dietary lipids (49). The major transporters in the small intestines and
colon responsible for biliary transport are the apical sodium-dependent bile-salt
transporter and organic solute transporter a and  heterodimer (OSTa/B) (53). Once
recycled through the small intestine, bile acids travel back to the liver through the portal

vein.

1.4.5 Hepatic transporters

Enterohepatic circulation of bile acids starts and ends in the liver. There are
several transporters expressed to ensure successful flow of bile acids and all other
constituents that make up bile (61) (Figure 1.1). In addition to primary transporters for

uptake and efflux, there are secondary transporters, as well as compensatory transporters
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that flow in the opposite direction of traditional bile flow. This ensures a proper balance

of bile acids and maintains toxicity that may associate with bile acids.

1.4.5.1 Basolateral uptake transporters

The sodium-dependent taurocholate cotransporter polypeptide, NTCP (SLC10A1)
was first identified in 1978 and is the first member of its family of transporters (62). As
the name suggests, NTCP requires the selective transport of sodium ions in order to
transport bile acids (57). Specifically, two sodium ions must be present for biliary
transport, and transport occurs in the same direction. While NTCP is selective for
sodium, it can co-transport a range of substrates, including hormones and drugs. The
affinity of NTCP for drugs allows competitive inhibition of bile acid transport, in
addition to potential inhibition on away from the active site (57, 63). NTCP is responsible
for transporting 80% of conjugated bile acids, therefore disruption of NTCP activity can
have significant effects on bile acid homeostasis (63).

Serving as a supportive biliary uptake transporter, the organic anion transporting
polypeptide family of transporters (SLCO; formerly SLC21), transport unconjugated bile
acids in a sodium-independent manner (64). OATP typically transports molecules with
molecular weights > 350 daltons, including drugs bound to albumin (65). Many features
of OATP oppose those of NTCP, including the co-transport of one or two negatively
charged molecules with the transport of bile acids (65). While there are other minor
uptake transporters available, NTCP and OATP maintain the majority of bile acid

transport into hepatocytes.
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Figure 1.1 Hepatobiliary transporters. The hepatobiliary transporters discussed in this chapter are shown,
in relation to their position in hepatocytes. The basolateral membrane contains the uptake transporters,
NTCP and OATPs, as well as the efflux transporters MRP3 and MRP4. The bile canaliculi (in green),
depicted between two hepatocytes, contains the canalicular efflux transporters BSEP, MRP2, MDR1, and
MDR3. Arrows indicate direction of transport.
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1.4.5.2 Canalicular efflux transporters

Known as the rate-limiting step of bile acid excretion from the liver, the bile salt
export pump (ABCB11) was first cloned in rats in 1998, however it was first identified as
the “sister of p-glycoprotein,” as it shared 88% sequence homology with p-glycoprotein
when the sequence was characterized in 1995 (66, 67). BSEP is located on the
canalicular membrane and transports conjugated bile acids from the liver in an ATP-
dependent manner (64). Substrate preference for BSEP is highly preferential for bile
acids, however numerous inhibitors have been identified, with some reported as
competitive inhibitors (55).

Unusual bile acids not transported by BSEP can be excreted into the bile
canaliculi by either the multi-drug resistance-associated protein 2 (ABCC2) or the multi-
drug resistance protein 1 (ABCB1) (68). Divalent conjugates of bile acids, bilirubin,
glucuronides, and glutathione conjugates are a few examples of substrates for MRP2.
MDR1 is involved in transporting bulky amphipathic anionic conjugates (68). Both
transporters also belong to the ATP-binding cassette (ABC) superfamily of transporters,
and require ATP to function (61).

Though not involved in bile acid transport, the mult-drug resistance protein 3
(ABCBA4) is essential in its role for translocating phospholipids to bile (61). Also
expressed at the canalicular membrane, MDR3 is an ABC transporter dependent on ATP

for function.

1.4.5.3 Basolateral efflux transporters
The major route of elimination for bile acids is through the canalicular membrane,

however, in the event that transport in that direction is not possible, compensatory
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mechanisms are available on the basolateral membrane (68). Multi-drug resistance-
associated protein 3 and 4 (ABCC3/4) specifically transport divalent conjugated bile
acids and are dependent on ATP. During normal conditions, the basal expression of
MRP3 and MRP4 are quite low, however under conditions with excess bile acids in

hepatocytes, these transporters are upregulated (68).

1.4.6 Transcriptional regulation of biliary network by FXR

Regulation of bile homeostasis primarily relies on the farnesoid x receptor (FXR;
NR1H4) (69). FXR is a member of the nuclear receptor family of transcriptional
regulators, and is predominantly expressed in tissues related to bile acids: liver,
intestines, and kidney. As a regulator of bile acids, FXR is directly bound and activated
by primary, and to a lesser extent, secondary bile acids (both conjugated and
unconjugated), before dimerizing with the retinoic x receptor (NR2B1) (52). FXR binds
to a specific DNA-binding motif, called the inverted repeat 1, with the following
sequence: AGGTCA, separated by one base pair.

Also referred to as the bile acid receptor, FXR is involved in the transcriptional
regulation of bile acid metabolizing enzymes, binding proteins, and transporters (40). In
response to low bile acid levels in the liver, FXR transactivates CYP7A1, the enzyme
responsible for the catabolism of cholesterol to bile acids. Additionally, the non-classical
pathway of bile acid synthesis, initiated by CYP8BL1 is also regulated by FXR (70). As
mentioned above, intestinal FXR induces FGF19, which inhibits CYP7AL in the liver in
response to excess bile acids in the small intestine (52). The ileal bile acid binding
protein, which facilitates transport of bile acids through enterocytes to be taken up into

the portal blood system, is also induced by FXR activation in the intestines (71). These

18



mechanisms ensure adequate levels of bile acids, needed to maintain enterohepatic
circulation. Transporters play a pivotal role in facilitating bile flow, many of which are
also regulated by FXR.

Biliary uptake and efflux transporters are also regulated by FXR, including:
NTCP, OATPs, BSEP, MDR3, and MRPs (52, 72). Uptake transporters NTCP and
OATPs are upregulated when hepatic bile acid levels are low, allowing an influx of bile
acids to enter the liver, and down-regulated when there are excess bile acids. Conversely,
BSEP is upregulated when bile acid levels exceed normal levels. Notably, MRP3 and
MRP4 have been shown to be upregulated in excessive bile acid conditions, again,
allowing toxic bile acids to escape the liver, however this regulation is through the
pregnane x receptor (PXR; NR1I2) (52). A schematic indicating the hepatic proteins
regulated by FXR can be found in Figure 1.2 (68). The downregulation of NTCP occurs

through FXR induction of the small heterodimer partner, (SHP).

1.5 Cholestatic liver injury

Disruption of bile flow, whether metabolic or mechanical, can result in the
accumulation of bile acids, predominantly in the liver. Due to their amphipathic nature,
bile acids are inherently toxic and cause damage to the hepatocytes if they remain in the
liver for an extended period (73). Clinically DILI is characterized by an elevation in
alkaline phosphatase and bilirubin levels in the blood, compared to hepatocellular injury,
which typically experiences elevations in alanine aminotransferase levels (73). The
detergent-like nature of bile acids produces damage to the plasma membrane, even
leading to holes. In addition to perturbations to the plasma membrane, the mitochondrial

membrane can also be targeted by excess bile acids, eventually inducing apoptosis and
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Figure 1.2: Role of ligand-activated transcription factors in the transcriptional regulation of bile salt
synthesis and transport. Conversion of cholesterol to bile salts by CYP7A1 and 8B1 is stimulated by
oxysterol-activated liver X receptor (LXR). Bile salts inhibit their own synthesis by farnesoid X receptor
(FXR)dependent activation of SHP-1, which in turn suppresses CYP7AL and 8B1 transcription. Bile salts
also suppress retinoic acid receptor (RAR)-dependent genes such as Ntcp via the same pathway. Activation
of FXR by bile salts stimulates transcription of Bsep, Mrp2, I-Babp, and OATP8. Activation of pregnane X
receptor (PXR) by bile salts induces transription of Oatp2 and Mrp2. Finally, liver receptor homolog-1
(LRH-1) may mediate induction of MRP3 by bile salts in human enterocytes. RXR, retinoid X receptor;
FTF, fetoprotein transcription factor. *Modified from Trauner and Boyer, 2002 (68).
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cell death (43). Cholestasis can be acquired or inherited, with several subclasses of

cholestasis possible.

1.5.1 Inherited forms of cholestasis

Several inherited forms of cholestasis arise from mutations in hepatobiliary genes.
Generally genetic mutations in the hepatic transporters results in non-functional and
severely diminished expression of these transporters, with some forms abolishing
expression altogether (74). The prognosis of inherited cholestasis is quite bleak, as there
is limited therapy available and typically liver surgery or transplantation becomes the
only remedy (75).

The familial intrahepatic cholestasis type can present with mutations in three
different hepatobiliary transporters, and ranges from benign recurrent intrahepatic
cholestasis (BRIC) to progressive familial intrahepatic cholestatsis (PFIC) (75). There are
three types of PFIC, annotated PFIC1/2/3, each with different causative mutations: PFIC1
derives from a mutation in ATP8B1, PFIC2 derives from an ABCB11 mutation, and
PFIC 3 derives from a mutation in ABCB4. While PFIC1 and 2 tend to progress to a
more severe injury, they do not typically associate with elevated gamma-glutamyl
transferase (GGT) levels in serum (76).

Similar to PFIC1 and 2, BRIC 1 and 2 are also derived from mutations in the
ATP81 and ABCBL11 genes, however benign recurrent intrahepatic cholestasis has less
toxicity overall (75). Typically, individuals with BRIC experience spontaneous, benign
attacks of intrahepatic cholestasis which resolve spontaneously without lasting liver
damage. The result of ATP81 deficiency is a reduction in biliary phospholipids, enabling

toxic bile acids to remain free and interact with membranes. Conversely, ABCB11
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deficiency would prevent bile acids from entering the bile canaliculi, however they would

accumulate in hepatocytes, imposing their toxicity (77).

1.5.2 Acquired forms of cholestasis

The bile salt export pump is also implicated in acquired forms of cholestasis,
specifically in intrahepatic cholestasis of pregnancy (ICP) and drug-induced cholestasis.
The predominant cause of BSEP-related acquired development of ICP requires the
presence of MRP2, in addition to BSEP (55). The metabolites of estrogen and
progesterone produced during pregnancy cause an interaction with BSEP, resulting in the
its inhibition, however the dependence on MRP2 suggests the interaction occurs from
inside the bile canaliculi (55, 78).

The most commonly identified etiology for drug-induced cholestasis is deficient
BSEP function, often due to direct inhibition of BSEP function (whether competitive or
allosteric) (55, 77). Drug-induced cholestasis represents the most common and most

severe form of drug-induced liver injury, speculated to be under-reported (79).

1.6 Bile Salt Export Pump

The bile salt export pump (ABCB11), a member of the ABC superfamily of
transporters, requires ATP as an energy source for active transport. Similar to other ATP-
binding cassette family members, the BSEP protein contains twelve transmembrane
domains, which form two motifs referred to as the Walker A and B motifs (66, 80).
Transport of bile acids (and to a small degree xenobiotics) occurs through the tunnel-like

structure created from the two six-transmembrane domain motifs. Substrates preferred by
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the bile salt export pump include the conjugated monovalent bile acids with high
specificity. While a handful of drugs have been reported as substrates or competitive
inhibitors for BSEP, it is generally very selective for bile acid transport (68).

As the primary method of biliary excretion from hepatocytes, expression of the
bile salt export pump is tightly regulated. Transcription factors FXR, nuclear-factor-
erythroid-2-like 2 (NRF2), and liver receptor homolog 1 (LRH1) have previously been
reported to regulate BSEP; regulation through FXR has been the most characterized (81-
83). Activation of FXR by endogenous bile acids creates a feed-forward mechanism of
BSEP regulation, as excess levels of bile acids induce BSEP expression, which allows it

to facilitate their removal (80).

1.6.1 Inhibition of BSEP in drug-induced cholestasis

Inhibition of BSEP function is the hallmark mechanism investigated in the study
of drug-induced liver injury. Disruption of bile flow from the liver can result in the
accumulation of bile acids, which left untreated, can result in toxicity, including cell
death and liver failure. Drug inhibition of BSEP is the most straightforward approach
which can be studied in drug development and toxicity assays, therefore significant
efforts have been dedicated to understanding this strategy.

Insect membrane vesicles provide a simplified system to study transport;
transporters of interest can be over-expressed and their function be monitored
specifically, without other interfering factors (84). Although this system is selective for a
transporter of interest, the physiologically relevant interactions of the transporter with its
natural environment cannot be investigated. This limitation has prompted the use of

human primary hepatocytes for the study of BSEP inhibition, however there are
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drawbacks to this system as well. Hepatocytes are more difficult to obtain, requiring
procuremet from liver resection or donations, and there exists a natural variability in the
expression and function of proteins from one individual to another (85). Both systems are

still widely used, however there must be careful consideration of the endpoints.

1.6.2 Modeling of BSEP in drug-induced cholestasis

Computational modeling approaches to predict BSEP inhibition in drug-
development have been gaining interest in recent years, as a means to screen and
eliminate potentially hazardous drugs from drug studies. Several approaches have been
utilized to develop these models, including structure-activity pharmacophore generation,
Bayesians modeling of physiochemical drug characteristics, and in silico mechanistic
modeling of drug-induced liver injury (86-89). With increasing information regarding the
class of drugs associated with DILI, patterns of injury experienced, and other cellular
mechanisms which influence BSEP function, modeling has provided a strong platform to
narrow-down lead compounds, which can be further characterized in vitro for potential

hepatotoxicity.

1.7 Rationale and hypothesis

Drug-induced liver injury persists as the leading cause for drug attrition from the
pharmaceutical market, with drug-induced cholestasis being the most severe form
reported in recent years. Without sufficient methods to predict and study the cholestatic
potential of drugs in the drug development process, avoidance of cholestasis in future
drug candidates is unlikely. The most commonly employed strategy for studying the

potential development of drug-induced cholestasis is through BSEP inhibitory studies.
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The bile salt export pump (BSEP) represents the limiting step in excretion of bile acids
from the liver. As such, disruption of BSEP function will likely interrupt bile flow. While
inhibition assays study the direct competition or disruption of BSEP function,
downregulation or loss of BSEP expression observed in hereditary forms of cholestasis
suggest drug-mediated repression of BSEP could also provide an additional pathway for
the development of drug-induced cholestasis.

Investigating the role of repression in conjunction with inhibition, as well as on its
own, will provide valuable insight into mechanisms for the development of cholestasis,
and offer a novel approach to identifying cholestatic drugs in development. To this end,
our hypothesis for this work is that drugs determined to repress BSEP expression will
significantly reduce its functional output, potentially resulting in clinical consequences
upon treatment; additionally, modeling of repressors will help predict additional BSEP
repressors from currently approved drugs, while providing structural insight for future
drug development. To address this hypothesis and determine the role of BSEP repression
in drug-induced cholestasis, a number of BSEP inhibitors, as well as cholestatic BSEP
non-inhibitors, will be screened for their effects on BSEP expression in human primary
hepatocytes (HPH). Further characterization of the effects BSEP repressors have on
function will also be investigated using a biliary excretion assay, also performed in HPH.

Upon successful identification of drugs capable of repressing BSEP expression
and function, computational modeling will be used to develop a prediction method for
additional BSEP repressors. Lead compounds generated from such studies will be

characterized in gene expression assays in HPH.

25



Chapter 2: The Role of Bile Salt Export Pump Gene Repression in
Drug-Induced Cholestatic Liver Toxicity!

2.1 Introduction

The primary function of the ATP-binding cassette transporter bile salt export
pump (BSEP, ABCBL11) is to facilitate enterohepatic circulation by expelling bile salts
from hepatocytes to the bile (67). Bile salts are synthesized in the liver via the catabolism
of cholesterol; however, the majority of bile salts is recycled from the small intestine
where they assist in the absorption of dietary fat (90). BSEP represents one of the rate-
limiting mechanisms involved in the enterohepatic circulation (91). Disruption of BSEP
function has been linked to severe forms of cholestasis, characterized by accumulation of
bile salts in the liver, jaundice caused by hyperbilirubinemia, and intestinal malabsorption
of dietary fat (92). Cholestasis can occur either through inherited gene mutation or
acquired via environmental factor-induced impairment of bile flow (93, 94). The bile
salts accumulated in the liver are polar molecules and, at high levels, can cause
inflammation, apoptosis, and lead to various liver diseases (95).

Although a close correlation between hereditary defects in BSEP gene and the
progressive familial intrahepatic cholestasis type 2 has been firmly established, hereditary
forms of cholestasis are clinically rare. In contrast, many xenobiotics including clinically
used drugs are frequently associated with acquired cholestasis, becoming an increasingly

recognized cause of liver disease (96). However, the mechanism(s) underlying the

1Garzel B, Yang H, Zhang L, Huang SM, Polli JE, Wang H. The role of bile salt export pump gene
repression in drug-induced cholestatic liver toxicity. Drug Metab Dispos. 2014;42(3):318-322.
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involvement of BSEP in the development of drug-induced cholestasis remains unclear.
Previous reports have focused primarily on the ability of drugs to inhibit BSEP function,
without adequately considering the potential drug-induced perturbation of BSEP
expression (97, 98). Endpoints for inhibition studies often measure direct efflux
competition between bile salts and drugs using plasma-membrane vesicles
overexpressing BSEP instead of whole viable cells (99). In some other reports that used
rodent or human primary hepatocyte cultures, which provide a physiologically more
relevant in vitro hepatic environment, transporter inhibition was evaluated over a short
period of time (10-60 minutes) after drug exposure (97, 100). Thus, in these studies,
potential contribution of BSEP expression in drug-induced cholestasis was largely
unexplored.

Functioning as the major determinant of bile acid secretion and bile formation,
BSEP gene expression is tightly controlled at the transcriptional level by a number of
liver enriched transcription factors. Farnesoid X-receptor (FXR), a ligand-activated
nuclear receptor, plays a pivotal role in the inductive expression of BSEP (81). Several
bile acids, such as chenodeoxycholic acid (CDCA) and lithocholic acid, are endogenous
ligands for FXR, and when accumulated in the liver, these bile acids bind to FXR and
trigger the expression of the BSEP gene (101). This feedback mechanism ensures the
removal of excess bile salts from the hepatocytes. Notably, BSEP expression is partially
retained in the liver of FXR-/- mice, suggesting the existence of additional regulators of
BSEP expression (102). Recent evidence reveals that expression of BSEP is also
regulated by the nuclear factor erythroid-derived 2-like 2 (NRF2) and the liver receptor

homolog-1 (LRH-1). Knockdown of NRF2 or knockout of LRH-1 was associated with
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decreased expression of BSEP, whereas activation of NRF2 by oltipraz increased BSEP
MRNA (82, 83). Clearly, BSEP expression can be influenced by both endogenous and
exogenous chemicals through their interaction with a number of transcription factors.
Therefore, it is reasonable to speculate that drug-induced perturbation of BSEP
expression in human liver can contribute to acquired cholestasis.

In this study, we use sandwich-cultured human primary hepatocytes to investigate
the role of BSEP repression in drug-induced cholestatic liver injury. Expression of BSEP,
FXR, NRF2, and LRH-1 was determined in human hepatocytes upon treatment with an
array of clinically used drugs that were reported BSEP inhibitors. Luciferase activation
assay for FXR was carried out in HepG2 cells. Correlation of BSEP repression,
inhibition, and clinical reported cholestatic injury for these drugs was analyzed.
Collectively, our results emphasize that in addition to inhibition, drug-induced BSEP
repression is another critical factor that contributes to drug-induced cholestatic liver

injury.

2.2 Materials and methods

2.2.1 Chemicals

Troglitazone, erythromycin estolate, cinnarizine, 17-alpha ethynyl estradiol,
simvastatin, benzbromarone, and rifampicin were purchased from Sigma-Aldrich (St.
Louis, MO). Bosentan was acquired from Waterstone Technology (Carmel, IN).
Glyburide and telmisartan were purchased from AK Scientific Inc. (Union City, CA).
Pioglitazone, cyclosporine-A, gefitinb, lapatinib, sorafenib, and imatinib were purchased

from Selleck Chemicals (Houston, TX). Glimepiride, lopinavir, paclitaxel, pazopanib,
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indinavir sulfate, fusidic acid sodium salt, and ketoconazole were obtained from Axxora
(Farmingdale, NY). Nefazodone, nicardipine hydrochloride, fenofibrate, nelfinavir,
saquinavir, itraconazole, ritonavir, and CDCA were generously provided by Dr. James
Polli. The Dual-Luciferase reagent was obtained through Promega (Madison, WI).
Primers were synthesized by Integrated DNA Technologies (Coralville, IA). Matrigel
was received from BD Biosciences (Bedford, MA). All other cell culture reagents were

purchased from Invitrogen (Carlsbad, CA) or Sigma-Aldrich.

2.2.2 Plasmids

The FXR expression plasmid and BSEP luciferase reporter vector were kindly
provided by Dr. David Mangelsdorf (UT Southwestern Medical Center, Dallas, TX) and
Dr. Ruitang Deng (University of Rhode Island School of Pharmacy, Princeton, RI),
respectively, as previously described (2, 103). The pRL-TK Renilla luciferase plasmid

used to normalize firefly luciferase activities were from Promega.

2.2.3 Human Primary Hepatocytes

Human liver tissues were obtained after surgical resection by qualified pathology
staff with donor consent and prior approval from the Institutional Review Board at the
University of Maryland School of Medicine. Hepatocytes were isolated from human liver
specimens as described previously (104) or obtained from BioReclamationlVT
reclaimation (Baltimore, MD). Hepatocytes were seeded at 7.5 x 10° cells/ well in 12-
well collagen-coated plates and cultured in the sandwich format as described previously

(105). Forty-eight hr after seeding, hepatocytes were treated with 0.1% DMSO or
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specified compounds for 24 and 72 hr for detection of mMRNA and protein expression,

respectively. Culture medium was replaced on a daily basis.

2.2.4 Real-Time Polymerase Chain Reaction

Total RNA was isolated from hepatocytes using the TRIzol reagent and reverse
transcribed using a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City,
CA) following the manufacturer’s instruction. Primer sequences for real-time polymerase
chain reaction (PCR) can be found in Table 2.1. Target gene mMRNA expressions were
normalized against that of GAPDH. PCR assays were performed in 96-well optical plates
on an Applied Biosystems StepOnePlus Real-Time PCR System with SYBR Green PCR
Master Mix. Fold induction values were calculated according to the equation: fold over
control = 2AACt, where ACt represents the differences in cycle threshold numbers
between the target gene and GAPDH, and AACTt represents the relative change in these

differences between control and treatment groups.

2.2.5 Western Blotting

Homogenate proteins (40 mg) from hepatocytes were resolved on SDS-polyacrylamide
gels and transferred onto polyvinylidenefluoride membranes. Subsequently, membranes
were incubated with specific antibodies against BSEP (Kamiya, Seattle, WA) or p-actin
(Santa Cruz Biotechnology, Santa Cruz, CA) followed with horseradish peroxidase-
labeled 1gG antibodies. Membranes were developed with West Femto chemiluminescent

substrate (Thermo, Rockford, IL).
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Table 2.1: Primers used for RT-PCR gene expression assays

Species Gene Sequence (5’ to 3°)

Human GAPDH CCCATCACCATCTTCCAGGAG
GTTGTCATGGATGACCTTGGC

Human BSEP ACATGCTTGCGAGGACCTTTA
GGAGGTTCGTGCACCAGGTA

Human FXR ATGGGAATGTTGGCTGAATG
CCTGCATGACTTTGTTGTCG

Human NRF2 TCCAGTCAGAAACCAGTGGAT
GAATGTCTGCGCCAAAAGCTG

Human LRH1 TGATGGGATTGAAGTTCATGGC

GGCAGAAGAGCACTGATCGTA
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2.2.6 Transfection in HepG2 Cells

HepG2 cells cultured in 24-well plates at 1 x 10° cells/well were transfected with the
XtremeGene 9 DNA transfection reagent (Roche Applied Science, Indianapolis, IN)

24 hour after seeding. The transfection mixes contained the BSEP luciferase reporter
plasmid, FXR expression plasmid, and the pRL-TK construct as internal control. Sixteen
hr after transfection, cells were treated with vehicle control (DMSO 0.1%) or CDCA (50
mM) in the presence and absence of selected compounds for 24 hr before harvesting. Cell
lysates were assayed for firefly activities and normalized against the activities of Renilla
luciferase using the Dual-Luciferase Kit (Promega). Data are represented as mean + S.D.

of three individual transfections.

2.2.7 MTT Assay

Human primary hepatocytes seeded 7.5 x 10* cells/well in 96- well plates were
cultured for 48 hr before treatment with BSEP inhibitors at previously indicated
concentrations. A typical 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay was carried out as described previously (106). Cell viability was expressed

as percent of vehicle control (0.1% DMSO).

2.2.8 Data Analysis
Results from real-time PCR and reporter gene assays are expressed as mean +
S.D. of triplicate determinations unless otherwise indicated. Statistical analyses were

made where appropriate using one-way analysis of variance and y2 tests.
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2.3 Results
2.3.1 Repression of BSEP gene expression by inhibitors

Thirty known BSEP inhibitors, with ICsg of 25 uM, were screened in multiple
donors of human primary hepatocytes (HPH) to determine their repressive potential.
Upon treatment with inhibitors, BSEP gene expression changes were established and
shown in Figure 2.1 as a percentage of negative control (0.1% DMSO) treatment. These
inhibitors can be further classified into three categories: potent repression, moderate
repression, or no repression. Half of the drugs had no significant effect on BSEP gene
expression, while ten only had moderate effects. Interestingly, five BSEP inhibitors were
found to potently repress BSEP greater than 60% of DMSO treatment (Figure 2.1A).
Repression was determined not to be a side effect of toxicity, by performing an MTT
assay (Figure 2.1B), confirming a handful of BSEP inhibitors were also capable of

repression.

2.3.2 Potent repression of BSEP is concentration dependent

Further investigation of the five inhibitors which repressed BSEP expression in
Figure 2.1 revealed a concentration-dependent reduction in gene expression when human
primary hepatocytes were treated with multiple concentrations (Figure 2.2). At the
highest concentration for each inhibitor, which match previously used concentrations in
the screening of 30 inhibitors, the same order of potency (lopinavir-greatest; glimepiride-
5™ most potent) was observed. Additionally, when treated with the highest chosen

concentration for each inhibitor, BSEP protein expression was also potently repressed.
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Figure 2.1 Repression of BSEP gene expression upon treatment with reported BSEP inhibitors in human
primary hepatocytes. BSEP mRNA expression was measured using real-time PCR in hepatocytes from at
least three donors upon treatment with BSEP inhibitors as described in Materials and Methods (A). Dotted
lines indicate 20% (dark) and 60% (light) BSEP repression compared with vehicle control (0.1% DMSO).
A standard MTT assay as described in Materials and Methods was performed in human primary
hepatocytes to monitor cytotoxicities associated with BSEP inhibitors at selected concentrations (B). All
the data are expressed as mean £ S.D. (n = 3). Modified from Garzel et al. 2014 (107).
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2.3.3 FXR is partially involved in BSEP repression

A brief investigation into the mechanism of repression revealed FXR expression
was not altered by BSEP inhibitors (Figure 2.3A), however two of the five potent
repressors (lopinavir and troglitazone) disrupted FXR activity at their highest
concentrations, as demonstrated with a luciferase reporter assay (Figure 2.3B). A known
endogenous activator of FXR, chenodeoxycholic acid (CDCA), pre-induced BSEP
expression, before co-treatment with repressors. After co-treatment, only lopinavir and
troglitazone were able to attenuate FXR-mediated induction of BSEP through CDCA-
activation (Figure 2.3B). This data provides preliminary information regarding the

regulation of BSEP expression by BSEP inhibitors.

2.3.4 Expression of NRF2 and LRH1 are unchanged by BSEP repressors

In addition to studying the involvement of the prototypical BSEP regulator, FXR,
in inhibitor-mediated repression of BSEP, the transcription factors NRF2 and LRH1 were
also investigated. As demonstrated in Figure 2.4, most compounds had no effect on
NRF2 or LRH1, even at multiple concentrations. There was a moderate decrease in
NRF2 expression at the highest concentration of glimepiride (Figure 2.4A), and similarly
a small decrease in LRH1 expression with treatment of the highest concentration of
bosentan (Figure 2.4B). Overall transcription factor expression was not altered by BSEP

inhibitors.
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Figure 2.2 Concentration-dependent repression of BSEP. In human primary hepatocytes, five potent
repressors of BSEP (>60% BSEP repression, lopinavir, troglitazone, benzbromarone, bosentan, and
glimepiride) were investigated in a concentration-dependent manner to determine their effects on BSEP
MRNA expression as described in Materials and Methods. Repression of the BSEP protein was
demonstrated in hepatocytes from liver donor #85 (HL#85). Modified from Garzel et al. 2014 (107).
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Figure 2.3 Effect of BSEP repressors on FXR expression and function. (A) In human primary hepatocytes,
five potent repressors of BSEP (>60% BSEP repression, lopinavir, troglitazone, benzbromarone, bosentan,
and glimepiride) were investigated in a concentration-dependent manner to determine their effects on FXR
mMRNA expression as described in Materials and Methods. (B) A cell-based luciferase assay was performed
in HepG2 cells by cotransfection of the FXR expression and BSEP reporter constructs as detailed in
Materials and Methods. The known FXR activator CDCA (50 uM) was used as a positive control.
Influence of drugs on FXR activity was determined by comparison between CDCA alone and CDCA +
drugs. All the data are expressed as a mean = S.D. (n = 3). ***P , 0.001; **P, 0.01; *P, 0.05. Modified
from Garzel et al. 2014 (107).
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2.3.5 Repression of BSEP by inhibitors positively correlates with DILI

BSEP inhibitors were categorized by drug-induced liver injury (DILI) potential,
as described by Chen et al (108), and when compared to their repressive capabilities,
there was a greater association with DILI for drugs which potently repressed BSEP
(Figure 2.5A). A chi-squared test revealed a positive correlation between inhibitors which
also repress and drugs with “most DILI concern (Figure 2.5B), with four out of five
inhibitors having sever clinical manifestations. Similarly, average BSEP expression
changes differed significantly between the three classes of repressors, compared to
average ICso, where there was no difference (Figure 2.5C). While all thirty drugs chosen
were potent inhibitors, the additional repressive characteristic contributed to their

potential to cause clinical manifestations of liver injury.

2.4 Discussion

Preclinical prediction of drug-induced liver injury (DILI), the leading cause of attrition in
drug development, has proven to be challenging. Oftentimes endogenous and/or
exogenous chemicals were accumulated in the hepatocytes and led to inflammation,
cholestasis, apoptosis, or necrosis during DILI (84, 109). Currently, mounting evidence
revealed that inhibition of BSEP function is correlated with a large number of drug-
induced cholestatic liver liabilities (92). Many BSEP inhibitors have been identified.
Nevertheless, whether transcriptional repression of BSEP expression could contribute to
such correlation remains unclear. Utilizing membrane vesicles from transfected Sf9
insect cells, Morgan et al. (2010) evaluated more than 200 compounds including Food

and Drug Administration-approved drugs and suggested a relatively strong association
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Figure 2.4 Effect of BSEP repressors on NRF2 and LRH-1 mRNA expression. Human primary
hepatocytes from two donors were treated with vehicle control (0.1% DMSO) or multiple concentrations of
lopinavir, troglitazone, benzbromarone, bosentan, and glimepiride as detailed in “Materials and Methods”.
NRF2 (A) and LRH-1 (B) mRNA expression was measured using real-time PCR.
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Figure 2.5 Correlation between BSEP repression and clinically reported DILI. A, Number of DILI drugs in
each group of BSEP repressors. B, The correlation between potent BSEP repression and DILI was analyzed
by x2 test. DILI was determined using criteria set forward in Chen et al., (2011). C, Average BSEP
expression and reported 1Cso for potent (5), moderate (10), and non-repressors (15). One-way analysis of
variance with post-hoc test Tukey analysis was performed. ***P , 0.001. Modified from Garzel et al. 2014

(107).
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between the pharmacological interference with BSEP function and human liver toxicity.
In the current study, 30 drugs with a BSEP ICso value of 25 pM or less from Morgan’s
report (98) were analyzed for the BSEP mRNA expression in HPH. At non-toxic
concentrations, BSEP mRNA and protein expression was repressed by five of the thirty
BSEP inhibitors, underlining an under-explored mechanism for toxicity which can work
in addition to inhibition.

Unlike immediate functional inhibition, alteration of BSEP transcription is
regulated by a number of transcription factors and can only be reliably measured in
physiologically relevant viable cells or in vivo. Among others, FXR has been recognized
as one of the key nuclear receptors that mediates drug-induced as well as basal expression
of BSEP (81). Expression of FXR was largely unchanged upon treatment with potent
BSEP repressors. It is noteworthy to point out that although the expression level of some
nuclear receptors correlates well with their target gene expression, prototypical agonists
or antagonists often do not affect the expression of their target receptors (110, 111). FXR
activity was disrupted by lopinavir and troglitazone treatment, however benzbromarone,
bosentan, and glimepiride had no effect. Intriguingly, a previous report revealed that in
Huh7 cells, although troglitazone (10 uM) moderately induces the basal expression of
BSEP, it dose-dependently represses CDCA-induced BSEP mRNA in a FXR-dependent
manner (112). It appears that some of these potent repressors, however, may suppress
BSEP expression via FXR-independent mechanisms. Notably, the expression of NRF2
and LRH-1, two transcription factors that have recently been linked with BSEP

expression (82, 83), was not significantly affected by the same panel of potent repressors
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in human hepatocytes. Further activity assays are warranted for elucidating the role of
NRF2 and LRH-1 in drug-induced BSEP repression.

Correlation of the drug-induced BSEP expression profile with clinically reported
DILI further reveals that among the five potent repressors, troglitazone and
benzbromarone were withdrawn from the market because of severe liver toxicity, and the
clinical use of bosentan, an endothelin receptor antagonist, requires monthly monitoring
of liver function partly because of its well-known role in intracellular accumulation of
cytotoxic bile salts (Table 2.2) (113). Although it is difficult to quantify these clinically
observed DILI, our findings imply that among the 30 selected BSEP inhibitors, the five
potent repressors are generally associated with more severe clinical DILI (108).
Interestingly, the average BSEP ICso values among the three groups of drugs classified
based on BSEP repression were not significantly different, further supporting the
contribution of BSEP expression in DILI. Meanwhile, in the current study, we do
recognize that a number of known BSEP inhibitors exhibited moderate induction of
BSEP mRNA. Although it is extremely challenging to dissect the net effects of inhibition
versus induction on the same target molecule, moderate induction of BSEP is unlikely to
be a risk factor that enhances BSEP inhibition-mediated liver injury.

In conclusion, the present study in human primary hepatocytes identifies that a
number of known BSEP inhibitors are also potent repressors of this gene. Dual inhibitors
and repressors of BSEP are often associated with severe clinically reported DILI.
Although further systematic and intensive investigations with a larger number of drugs

are clearly needed, our current findings indicate that in addition to the well-studied BSEP
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inhibition, altered expression of this gene should be taken into consideration in predicting

drug-induced liver toxicities.
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Table 2.2: BSEP repressive and inhibitory values for BSEP inhibitors

Compounds Average Human DIiLl
BSEP BSEP IC,, Severity
Expression ()=
Score™®*
(> DMSO)

Lopinavir 219+55 17.3 8 WP, MDC
Troglitazone 242 +389 59 -2; W, MDC

g § Benzbromarone 324+ 42 175 -2; W, MDC

E Al

E- Bosentan 358+ 59 32.0 7: BW, MDC
Glimepiride 39.2+x90 15.7 7.AR, LDC
Fenofibrate 42076 153 3. WP, LDC
Glyburide 45 2+ 35 &1 —
Nelfinavir 474 £ 865 112 -
Erythromycin estolate S8 8+56 130 5 WP, MDC

E Gefitinib 5.2+ 232 109 -

g Saquinavir 596+t 6.0 4.9 3. WP, LDC

Ritonawvir 0.8+ 85 22 5 WP, MDC
Rifampicin 581+ 104 2513 8. WP, MDC
Cinnarizine 728+ 121 15.7 -
17-alpha ethinyl 9.1+ 70 140 2. AR, LDC
estrad ol
Itraconazole 215+ 209 120 -
Imatinib 862+ 143 251 -

E

E Simwvastatin Bo 4+ 85 247 3, WP, LDC

E Wi

g- Paclitaxel 859+ 35 15.0 -
Telmisartan 1009+ 151 16.2 -

*BSEP ICs; values reported by Morgan et al. (2010)
*=*DILI severity score determined by Chen et al. (2011) and the associated LTKB benchmark dataset (FDA)
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Table 2.2 BSEP expression changes as a percentage of DMSO, as depicted in Figure 2.1 are summarized,
along with BSEP IC50 values and reported DILI severity score. Drugs that did not meet the criteria set
forth in Chen et al. (2011) and were determined not to have DILI concern are indicated by (--).
Abbreviations used for DILI represent withdrawn drugs (W); DILI implicated in the box warning (BW),
warnings and precautions (WP), or adverse reactions (AR) sections of label; and most DILI concern
(MDC) or less DILI concern (LDC) classifications. Modified from Garzel et al. 2014 (107).
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Chapter 3: Metformin-mediated AMPK activation disrupts bile acid

efflux through repression of BSEP

3.1 Introduction:

Drug-induced liver injury (DILI) is one of the most common causes of drug
attrition, from both drug development and post-marketing - a major concern for
pharmaceutical industries, regulatory agencies, and clinical practice (114, 115). DILI can
manifest in a variety of ways, mimicking a wide range of disorders associated with both
acute and chronic liver diseases (116). One of the most prevalent manifestations of DILI
is drug-induced cholestasis (114), characterized by interrupted bile flow from the liver to
the intestines and toxic levels of bile acids accumulate in the liver, particularly within
hepatocytes (117). Physiologically, bile acids play an important role in lipid and fat-
soluble vitamin emulsification and absorption from the small intestine. To facilitate their
function, bile acids have distinct polar and non-polar regions that allow them to form
micelles (118, 119). These detergent-like micelles are necessary for lipid-trapping;
however, this property also contributes to toxicity.

Typically, drug-induced cholestasis occurs soon after initiating a new drug, and is
confirmed when discontinuing the drug alleviates toxicity (120, 121). While, often not
life-threatening when diagnosed early, prolonged cholestasis can result in severe liver
injury, liver transplantation, and death (115, 117). With an increasing number of drugs
reported to cause cholestasis after FDA approval, drug-induced cholestasis has become a

major focus of investigation (86, 122).

46



The bile salt export pump (BSEP, ABCBL11) is the rate-limiting step of bile flow
from the liver to the intestine (66, 123). As the key determinant of hepatic bile acid
elimination, BSEP is a major focus of drug-induced cholestasis research. Most current
studies focus on disruption of BSEP function through direct inhibition of bile acid
transport (124, 125). Indeed, the recently issued FDA guidance for industry on
transporter-based drug interactions focuses on transporter inhibition (126, 127).
Nevertheless, BSEP inhibition alone cannot fully explain BSEP-associated cholestasis.
Genetic mutations in BSEP are linked to substantial decreases and even absent BSEP
expression (e.g. progressive familial intrahepatic cholestasis) (123). A group of
compounds with cholestatic liability did not inhibit BSEP activity in BSEP functional
assays (128). Notably, our previous study showed that several agents classified as BSEP
inhibitors were also capable of repressing BSEP expression (107). Of importance, dual
inhibitors and repressors of BSEP appear to be associated with severe DILI. Based on
these observations, we pursued the current study wherein drug-mediated repression of
BSEP expression is shown to play an important role in drug-induced cholestasis.

Metformin is one of the most commonly prescribed drugs used to treat type 2
diabetes mellitus. While generally considered a safe medication, there have been several
reports of cholestasis with metformin use, and discontinuation of the drug alleviated
cholestatic toxicity (121, 129, 130). Notably, metformin does not directly inhibit BSEP
(128). Accordingly, we hypothesized that instead of directly inhibiting BSEP activity,
metformin represses BSEP expression, thus inducing cholestatic liver injury. Given that
activation of the cellular energy sensor, AMP-activated protein kinase (AMPK), is an

important mechanism through which metformin exerts its pharmacological actions (131),
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we also hypothesized that metformin represses expression of BSEP in HPH by activating
AMPK.

In this report, we provide experimental evidence to show that metformin exhibits
potent repression of BSEP expression in HPH, which is contradictory to its effect in
mouse primary hepatocytes. Utilizing combined pharmacologic and genetic approaches,
we showed that a number of known AMPK activators other than metformin also repress
BSEP expression, and adenovirus-driven genetic activation of AMPK alone is sufficient
to repress BSEP expression in HPH. Collectively, our results indicate that a class of
metformin-like compounds has the potential to repress expression of BSEP, an

underappreciated mechanism that may contribute to drug-induced cholestasis.

3.2 Materials and methods:
3.2.1 Reagents:

Metformin, GW-4064, 5-aminoimidazole-4-carboxamide 1-B-D-ribofuranoside
(AICAR), chenodeoxycholic acid (CDCA), rapamycin, (S)-(+)-4-[1-(4-tert-Butylphenyl)-
2-oxo-pyrrolidin-4-ylJmethoxybenzoic acid (S-2E), fatostatin, and U0126 were
purchased from Sigma Aldrich (St. Louis, MO). [*H]-taurocholic acid was purchased
from Perkin Elmer (Waltham, MA). Erlotinib, VTX-11e, and SB-203580 were purchased
from Selleck Chemicals (Houston, TX). PCR Primers were synthesized by Integrated
DNA Technologies (Coralville, I1A). High Capacity cDNA Archive Kit was obtained
from Applied Biosystems (Foster City, CA). The Dual-Luciferase assay kit was obtained

through Promega (Madison, WI). Matrigel was received from BD Biosciences (Bedford,
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MA). All other cell culture reagents were purchased from Thermo Fisher Scientific

(Waltham, MA) or Sigma-Aldrich.

3.2.2 Culture and treatment of HPH:

Human liver tissues were obtained after surgical resection by qualified pathology
staff, with donor consent and prior approval from the Institutional Review Board at the
University of Maryland School of Medicine. Hepatocytes were isolated from human liver
specimens as described previously (104) or obtained from BioreclamationlVT
(Baltimore, MD). The demographic information of liver donors is listed in Table 3.1.
Hepatocytes (viability > 85%) were seeded at 1.5 x 10° cells/well and 7.5 x 10° cells/well
in 6-well and 12-well collagen-coated plates, respectively, and cultured in the sandwich
format as described previously (105). Hepatocytes were treated 48 h after seeding with
0.1% DMSO or specified compounds for 24 h for mRNA analysis or 72 h for western

blotting and functional assays. Culture medium was replaced on a daily basis.

3.2.3 Isolation of mouse primary hepatocytes

Mouse primary hepatocytes were isolated from 6-8 week-old C57BL/6J
male mice (Charles River Laboratories, Inc.; Germantown, MD) using a two-step
collagenase perfusion method as described previously (100). Mice were kept in 12:12 h
dark/light cycle with free access to water and food prior to surgery. All animal
procedures complied with the guidelines of the Institutional Animal Care and Use
Committee (University of Maryland Baltimore, MD). Isolated hepatocytes were seeded at

7.5 x 10° cells/well in 12-well collagen coated plates and cultured in the sandwich format
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. After 24 hr of culture, hepatocytes were were treated with vehicle control (0.1%
DMSO0), CDCA (10, 50, and 100 uM), AICAR (0.1, 0.25, and 0.5 uM), or metformin

(0.1, 0.5, and 1 mM) for 24 h.

3.2.4 RT-PCR:

Total RNA was isolated from HPH using the TRIzol® reagent and reverse
transcribed using a High Capacity cDNA Archive Kit following the manufacturers’
instructions. Primer sequences used for amplification of GAPDH, BSEP, AMPK, FAS,
FXR, Nrf2, and NQOL1 are shown in Table 3.2. Target gene MRNA expression was
normalized against that of GAPDH. Real-time PCR assays were performed in 96-well
optical plates on an StepOnePlus Real-Time PCR System (Applied Biosystems) with
SYBR Green PCR Master Mix as described previously (132). Data are represented as

mean £ SD of three individual experiments.

3.2.5 Western blotting:

Antibodies against BSEP (F-6) and p-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies against phosphor-AMPKa (Thr172) (40H9)
and AMPKa were purchased from Cell Signaling Technology (Danvers, MA). Crude
protein lysates from treated HPH were harvested using RIPA buffer, and protein
concentrations were determined using a bicinchoninic acid (BCA) based assay from

Thermo Fisher Scientific. SDS-polyacrylamide gels (4-12% bis-tris) were loaded with 50
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Table 3.1: Demographic information for human primary hepatocytes

HL Donor # Sex Age (years) Race
66 Male 61 Caucasian
69 Female 78 Caucasian
70 Female 57 Black/Hispanic
75 Male 53 Caucasian
90 Male 41 Caucasian
91 Male 44 Caucasian
93 Male 76 Caucasian
106 Female 48 Caucasian
107 Male 47 Caucasian
109 Male 51 Hawaiian
111 Male 60 Caucasian
113 Data Not Available
118 Male 45 Caucasian
119 Male 36 Caucasian
120 Male 45 Caucasian
123 Female 30 Hispanic
126 Female 47 Caucasian
127 Male 39 Caucasian
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Table 3.2: Primers used for RT-PCR gene expression assays

Species Gene Sequence (5’ to 3°)
Human GAPDH GTGACCAGGCGCCCAATACGA
TTCCTTTTGCGTCGCCAGCCGA
Human BSEP ACATGCTTGCGAGGACCTTTA
GGAGGTTCGTGCACCAGGTA
Rat AMPK TAGAACACACCCCCTCGGAT
ACCTGAAGCCAGAGAACGTG
Human FAS TGTGGACATGGTCACGGAC
GGCATCAAACCTAGACAGGTC
Human FXR ATGGGAATGTTGGCTGAATG
CCTGCATGACTTTGTTGTCG
Human Nrf2 TCCAGTCAGAAACCAGTGGAT
GAATGTCTGCGCCAAAAGCTG
Human NQO1 TGATGGGATTGAAGTTCATGGC

GGCAGAAGAGCACTGATCGTA
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Mg of protein lysate and used to separate proteins before transferring to polyvinylidene
difluoride membranes. Primary antibodies against BSEP (1:250 dilution), phosphor-
AMPK (1:1000 dilution), AMPK (1:1000 dilution), and B-actin (1:30,000 dilution)
probed membranes overnight at 4°C, followed by horseradish peroxidase-conjugated
secondary antibodies. B-actin was used as loading control. Membranes were developed
with chemiluminescent reagents and the relative protein expression was estimated by

densitometry analysis using NIH ImageJ software (Bethesda, MD).

3.2.6 Biliary Efflux Assay:

Human primary hepatocytes were seeded on 12-well plates as described above,
and cultured for 96 h after Matrigel overlay for BSEP functional assays. In a modification
to the transport assay described previously (133), transport of the tritiated BSEP substrate
taurocholic acid ([3H]-TCA) was monitored to assess BSEP function in the presence of
selected drugs. Briefly, cells were incubated with standard or calcium(Ca?*)-free Hank’s
balanced salt solution (HBSS) for 10 min, before HBSS (standard and Ca?*-free)
containing [*H]-TCA was applied to cells for a 10-min incubation. During the inhibition
assay, biliary efflux was monitored in the presence of metformin at different
concentrations for 10 min. Conversely, the effect of BSEP repression on its function was
monitored by pretreating HPH for 72 h with metformin and followed by monitoring [3H]-
TCA biliary efflux for 10 min in HBSS (standard or Ca?*-free) free of drug. The assay
was terminated by aspirating the [?H]-TCA containing HBSS, and adding ice-cold
standard HBSS. Cell lysates harvested in 0.5% Triton X-100 were analyzed by

scintillation counting and normalized to protein concentration. Data are represented as a
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mean £ SD of treatments in duplicate. The amount of bile acids excreted from
hepatocytes, as a measurement of [*H]-TCA, was calculated into a percentage and
referred to as the biliary excretion index (BEI) as described previously (133).

BEI = (([3H]-TCA in ST HBSS — [*H]-TCA in CF HBSS) / [?H]-TCA in ST HBSS) x

100%.

3.2.7 Adenoviral Overexpression of CA-AMPK in HPH:

HPH cultured on 12-well plates were infected with adenoviral CA-AMPK-GFP
(generously provided by Dr. Benoit Viollet; INSERM, Paris, France) (134) in increasing
volumes (2, 6, 10, and 40 L) for 48 h. Successful infection was monitored through the
GFP on a Nikon Eclipse T1 fluorescence microscope (Nikon, Melville, NY). Cells were
infected for 48 h or treated with select compounds for an additional 24 h before being
harvested for RNA extraction. Subsequent gene expression assays were conducted as

described above for CA-AMPK, BSEP, and FAS expression.

3.2.8 Luciferase Reporter Assay:

The FXR expression plasmid and BSEP luciferase reporter vector were kindly
provided by Dr. David Mangelsdorf (UT Southwestern Medical Center, Dallas, TX) and
Dr. Ruitang Deng (University of Rhode Island School of Pharmacy, Princeton, RI),
respectively (2, 103). HepG2 cells were obtained from ATCC (Manassas, VA) and
authenticated by using the short tandem repeat DNA profile every 6 months
(Biopolymer/Genomics Core Facility, University of Maryland School of Medicine), and

were used for no more than 35 passages. Cells were cultured in 24-well plates at 1 x
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10° cells/well for 24 h, and were transfected with the BSEP luciferase reporter plasmid
(60 ng/well), the FXR expression plasmid (30 ng/well), and the pRL-TK construct (10
ng/well) using XtremeGene 9 DNA transfection reagent (Sigma-Aldrich). Sixteen hr after
transfection, cells were treated with vehicle control (DMSO 0.1%), CDCA (50 uM), or
increasing concentrations of metformin for 24 h before harvesting. Cell lysates were
assayed for firefly activities and normalized against the activities of Renilla luciferase
using the Dual-Luciferase Kit (Promega). Data are represented as mean + S.D. of three

individual transfections.

3.2.9 Statistical Analysis:
Results from real-time PCR, functional efflux assays, and reporter gene assays are
expressed as mean = S.D. of triplicate determinations unless otherwise indicated.

Statistical analyses used one-way analysis of variance (ANOVA) and Dunnett’s posttest.

3.3 Results:
3.3.1 Metformin represses BSEP expression and increases AMPK phosphorylation
in HPH.

The effects of metformin on BSEP expression were evaluated in sandwich-
cultured HPH prepared from multiple liver donors. As demonstrated in Figure 3.1A and
3.1B, expression of BSEP mRNA was markedly repressed by metformin treatment in a
concentration-dependent manner. Maximal repression (approximately 75%) of BSEP
MRNA expression was achieved with 1 mM metformin, a concentration that is not

cytotoxic in HPH (135, 136). As expected, the positive control, GW-4064, robustly
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induced BSEP expression. Western blotting analysis confirmed metformin repressed
BSEP protein expression in a pattern consistent with the changes in BSEP mRNA (Figure
3.1C and 3.1D). Metformin is a well-known activator of AMPK (131, 137); as expected,
metformin markedly increased AMPK phosphorylation without altering expression of
total AMPK (Figure 3.1E and 3.1F). These results reveal metformin as a potent repressor

of BSEP expression in HPH at concentrations that activate AMPK.

3.3.2 Metformin alters BSEP function by repressing its expression.

To investigate whether metformin alters BSEP function, two transport assays
were performed in HPH. The effects of metformin on hepatic bile acid efflux were tested
in a prototypical inhibition assay with 10 min drug exposure (Figure 3.2A) or in a
modified inhibition assay condition where a 72-h drug pre-treatment precedes the bile
acid efflux measurement (Figure 3.2B). Our results demonstrated that under typical
inhibitory conditions, metformin did not alter bile acid efflux compared to the vehicle
control (0.1% DMSO) (Figure 3.2C and 3.2E). As a positive control, a known cholestatic
BSEP-inhibitor, troglitazone, potently inhibited bile acid transport through BSEP.
Interestingly, when HPH were pre-treated for 72 h with metformin (0.1, 0.5, and 1 mM),
[*H]-TCA efflux was significantly decreased (Figure 3.2D and 3.2F). Metformin (1 mM)
did not alter clearance of [*H]-TCA (82.45% for metformin vs. 81.72% for vehicle

control) under typical
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Figure 3.1 Metformin represses BSEP expression in human primary hepatocytes. (A & B) mRNA
expression of BSEP was measured using RT-PCR in two human primary hepatocyte donors, HL #66 (A) &
#111 (B), treated with vehicle control (0.1% DMSO), metformin (0.1, 0.5, and 1 mM), or positive control
BSEP inducer, GW-4064 (2 uM). Data are expressed as mean * S.D. (n=3). BSEP (C & D), AMPK
phosphorylated at Thr 172 (p-AMPK) (E & F), total AMPK (AMPK) (E & F), B-actin (C-F) protein
expression was measured using Western blotting in two donors, HL #111 (C & E) & #120 (D & F).

Human primary hepatocytes were treated for 72 h with vehicle control (0.1% DMSO), metformin (0.1, 0.5,
and 1 mM), or GW-4064 (2 uM).
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Figure 3.2 Metformin represses BSEP function in human primary hepatocytes. (A) Schematic of inhibition
assay — 10-min incubation with metformin. (B) Schematic of repression assay — 72-h incubation with
metformin. (C & E) BSEP inhibition assay measured via bile flow of [*H]-TCA in two human primary
hepatocytes donors, HL #90 (C) & #91 (E), upon 10-min exposure to vehicle control (0.1% DMSO),
positive control BSEP inhibitor troglitazone 100 uM, or metformin (0.1, 0.5, and 1 mM). Solid bars
represent dpm/mg protein of [*H]-TCA that accumulated in the cells + bile canaliculi (standard buffer
used), while open bars represent dpm/mg protein [*H]-TCA in the cells only (calcium-free buffer used).
Data are expressed as mean + S.D. (n =2). (D & F) BSEP repression assay measured via bile flow of [*H]-
TCA in two human primary hepatocytes donors, HL #90 (D) & 91(F), upon 72-h pre-treatment with
vehicle control (0.1% DMSO) or metformin (0.1, 0.5, and 1 mM). Solid bars represent dpm/mg protein of
[®H]-TCA that accumulated in the cells + bile canaliculi (standard buffer used), while open bars represent
dpm/mg protein [*H]-TCA in the cells only (calcium-free buffer used). Data are expressed as mean + S.D.
(n =2). (G) Tabular representation of biliary excretion index (BEI; equation in methods) of DMSO or
metformin treatments during inhibition and repression assays. ***P < 0.001; **P < 0.01; *P < 0.05.
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inhibition assay conditions (10-min incubation), whereas bile acid clearance in the
presence of metformin was reduced to 19.22% compared to the control value of 81.52%
in the 72-h repression assay (Figure 3.2G). These results indicate that metformin does not
inhibit BSEP through direct substrate competition; instead, longer exposure to metformin

repressed BSEP expression, thereby decreasing bile acid clearance capacity at 72 h.

3.3.3 Both chemical and genetic activation of AMPK repress BSEP expression in
HPH.

AMPK activation is a key mediator of metformin actions. The role of AMPK activation
in BSEP repression was investigated using a known AMPK activator, AICAR. Treatment
of HPH (HL #69, #70, #75) with 0.1, 0.25, and 0.5 mM AICAR significantly repressed
BSEP mRNA levels (Figure 3.3A). Similar repressive effects on the expression of BSEP
protein by AICAR were also observed in HPH prepared from HL#119 and HL#126
(Figure 3.3B and 3.3C). In addition to small molecular modulation, the role of AMPK in
BSEP expression was investigated further using the constitutively activated (CA)-AMPK
(134). Infection of HPH with increasing amounts of the CA-AMPK-GFP-expressing
virus was monitored using fluorescence microscopy (Figure 3.3D) and AMPK over-
expression confirmed by qPCR (Figure 3.3E). As shown in Figure 3.3F, overexpression
of CA-AMPK reduced BSEP mRNA expression. As a positive control, we examined the
action of CA-AMPK on expression of fatty acid synthase (FAS), which is known to be

repressed by AMPK activation; as expected, increasing amounts of CA-AMPK
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Figure 3.3 AMPK activation represses BSEP expression. (A) mRNA expression of BSEP was measured
using RT-PCR in three human primary hepatocyte donors (HL #69, #70, and #75) treated with vehicle
control (0.1% DMSO) or AICAR (0.1, 0.25, and 0.5 mM). Data are expressed as mean + S.D. (n=3). (B &
C) BSEP and B-actin protein expression in two donors, HL #118 (B) & #126(C), was measured using
Western blotting. Human primary hepatocytes were treated for 72 h with vehicle control (0.1% DMSO) or
AICAR (0.1, 0.25, and 0.5 mM). (D) Fluorescence microscopy images of GFP in human primary
hepatocyte donor HL #105 upon infection with 2, 6, 10, and 40 uL GFP-tagged CA-AMPK containing
adenovirus; 48 h post-infection. mMRNA expression of CA-AMPK (E), BSEP (F), and fatty acid synthase
(FAS) (G) was measured using RT-PCR in one representative human primary hepatocyte donor, HL #105,
infected with CA-AMPK (2, 6, 10, and 40 pL). Data are expressed as mean + S.D. (n=3). ***P < 0.001;
**pP < 0.01; *P < 0.05.
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progressively reduced FAS expression (Figure 3.3G). Together, these results support the

hypothesis that metformin-induced AMPK activation in represses BSEP expression.

3.3.4 Downstream targets of AMPK activation, Hmg-CoA reductase and ACC,
potently repress BSEP expression

To determine their effect on BSEP expression, down-regulated targets of AMPK
activation—mechanistic target of rapamycin (mTOR), 3-hydroxy-3-methyl-glutaryl-
coenzyme A (Hmg-CoA) reductase, acetyl coenzyme A carboxylase (ACC), and sterol
regulatory element binding protein 1 (SREBP1)—were investigated using chemical
inhibitors. The dual inhibitor S-2E (Hmg-CoA reductase and ACC) repressed BSEP
expression in HPH potently, while the selective inhibitors rapamycin (MTOR) and
fatostatin (SREBP1) had no effect (Figure 2.4A). When exploring the inhibitor S-2E in
three consecutive concentrations, it was found to repress BSEP in a concentration-
dependent manner (Figure 2.4B). These results establish an additional link between
AMPK activation and BSEP repression.

In addition to exploring targets of the AMPK pathway, downstream targets of the
mitogen-activated protein kinase (MAPK) pathway were investigated to explore the role
of other kinases in the repression of BSEP. The extracellular signal-regulated kinases 1/2
(ERK 1/2), p38 MAP kinases, MAPK and ERK kinases 1/2 (MEK 1/2), and epidermal
growth factor receptor (EGFR) were targeted with selective inhibitors in HPH (VX-11e,
SB-203580, U0126, and erlotinib respectively), and BSEP expression was assessed.
Interestingly, none of the MAPK inhibitors chosen for this study repressed BSEP

expression (Figure 2.4A).
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Figure 3.4 Downstream targets of AMPK, Hmg-CoA reductase and ACC, potently repress BSEP
expression. MRNA expression of BSEP was measured using RT-PCR in two human primary hepatocyte
donors (HL #113 and #114) treated with (A) vehicle control (0.1% DMSO), GW-4064 (2 uM), metformin
(0.5 mM), S-2E (100 puM), fatostatin (20 pM), SB-203580 (10 uM), U0126 (10 pM), VX-11e (10puM),
erlotinib (10uM), or rapamycin (100 nM). (B) BSEP mRNA expression was measured using RT-PCR in
one representative donor (HL #114) treated with vehicle control (0.1% DMSO), GW-4064 (2uM), or S-2E
(10, 50, and 100 uM). Data are expressed as mean + S.D. (n=3). ***P < 0.001; **P < 0.01; *P < 0.05.
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3.3.5 AMPK activation induces BSEP expression in mouse primary hepatocytes

To explore the effects of AMPK activation in another species, mouse human
primary hepatocytes were treated with metformin and AICAR before changes in BSEP
expression were assessed. All three concentrations of AICAR induced mBSEP
expression (~ 5 fold induction at 250 pM), to levels > a positive control, CDCA (~3 fold
induction at 50 uM) (Figure 3.5). Conversely, up to 1 mM metformin had no effect on

mBSEP expression.

3.3.6 FXR and Nrf2 do not contribute to metformin-mediated repression of BSEP in
HPH.

The transcription factors FXR and Nrf2 play key roles in regulating BSEP
expression in hepatocytes (83, 138). Both xenobiotic and endobiotic chemicals, including
bile acids such as CDCA, can induce BSEP expression by activating FXR (81, 139). We
explored whether FXR and Nrf2 were involved in metformin-induced repression of
BSEP expression. In HPH, CDCA, a potent activator of FXR, induced BSEP expression,
an action that was efficiently repressed by co-treatment with metformin (Figure 3.4A) or
over-expression of CA-AMPK (Figure 3.4B). In contrast, metformin neither altered
expression of FXR in HPH (Figure 3.4C), nor affected FXR activity in luciferase reporter
assays (Figure 3.4D). Additionally, metformin did not alter Nrf2 expression and only
exhibited moderate induction of NQO1, a Nrf2 target gene (Figure 3.4E). Collectively,
these results confirm metformin attenuates FXR activator-mediated BSEP expression,
while neither FXR nor Nrf2 contribute to metformin-mediated repression of basal BSEP

expression.
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Figure 3.5 AICAR-mediated activation of AMPK induces BSEP expression in mouse primary hepatocytes.
BSEP mRNA expression was measured using RT-PCR in three mouse primary hepatocyte donors treated
with vehicle control (0.1% DMSQ), CDCA (10, 50, and 100 uM), AICAR (0.05, 0.1, and 0.25 mM), and

metformin (0.1, 0.5, and 1 mM). Data are expressed as mean + S.D. (n=3) in three separate donors. ***P <
0.001; **P < 0.01; *P < 0.05.
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Figure 3.6 Transcriptional regulators FXR and Nrf2 are not involved in basal BSEP gene repression. (A)
MRNA expression of BSEP was measured using RT-PCR in one representative human primary hepatocyte
donor (HL #93) treated with vehicle control DMSO (0.1%), CDCA (50 and 100 pM), GW-4064 (2 uM),
or in combination with metformin (1 mM). Data are expressed as mean + S.D. (n=3). (B) mMRNA
expression of BSEP was measured using RT-PCR in one representative human primary hepatocyte donor
(HL #107) infected with CA-AMPK (2, 6, 10, and 40 L) containing adenovirus, in the presence of CDCA
100 uM, or with 2 uL CA-AMPK alone containing adenovirus. Data are expressed as mean + S.D. (n=3).
(C) mRNA expression of FXR was measured using RT-PCR in one representative human primary
hepatocyte donor (HL #106) treated with vehicle control DMSO (0.1%) or metformin (0.1, 0.5 and 1 mM).
Data are expressed as mean + S.D. (n=3). (D) A dual-luciferase reporter assay was performed in HepG2
cells by co-transfection with FXR expression, BSEP reporter, and pRL-TK background reporter plasmids.
Transfected cells were treated with vehicle control (0.1% DMSO), metformin (0.1, 0.5, and 1 mM), or
BSEP inducer positive control CDCA (50 uM). Data are expressed as a mean + S.D. (n = 3). (E) mRNA
expression of NQO1 and Nrf2 were measured using RT-PCR in one representative human primary
hepatocyte donor (HL #126) treated with vehicle control DMSO (0.1%), metformin (1 mM), or NQO1
inducer, SFN (10 uM). Data are expressed as mean + S.D. (n=3) ***P < 0.001; **P < 0.01; *P < 0.05.
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3.4 Discussion:

Drug-induced cholestasis is a leading cause of drug attrition, prompting an
expanding research effort to understand the underlying mechanisms (87, 140). Until
recent years, the primary focus has centered on investigating the ability of drugs to inhibit
bile acid efflux from the liver by interaction with the bile salt export pump BSEP (124,
125). Although this strategy has elucidated the mechanism of action for many cholestatic
drugs, some chemicals with cholestatic liability do not directly inhibit BSEP activity
(128), suggesting alternate mechanisms may contribute to drug-induced cholestasis. Our
previous screen of 30 known BSEP inhibitors identified five potent (> 60% repression)
and 10 moderate (20-60% repression) repressors of BSEP expression (107). Importantly,
drugs exhibiting both potent repression of BSEP expression and inhibition of its activity
were associated with the greatest DILI concern, i.e. black box warnings and withdrawal
from the market (108). Using metformin as a model compound, the present study
unequivocally shows that drug-induced BSEP repression alone is sufficient to affect bile
acid clearance from HPH and, thus, may represent an overlooked mechanism leading to
drug-induced cholestatic liver injury.

As the first-line medication for the treatment of type 2 diabetes, metformin
exhibits several metabolic benefits and is generally well-tolerated with few side effects.
Nonetheless, several case reports revealed the association of metformin with intrahepatic
cholestasis and liver injury in type 2 diabetic patients (121, 129, 130). In mice, metformin
treatment increased bile acid accumulation in both the liver and the blood (141). The
underlying mechanisms of these observations however remained elusive. Using

membrane vesicles from Sf9 cells overexpressing human BSEP, Pedersen et al., screened
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250 compounds for BSEP inhibition and identified metformin as a non-inhibitor of BSEP
(142). In the current study, we found that metformin markedly repressed BSEP
expression in sandwich-cultured HPH at pharmacologically-relevant concentrations.
These results suggest metformin may represent a pure repressor of human BSEP that
could influence bile acid clearance without direct substrate competition.

Transport activity of membrane proteins has often been evaluated using insect
membrane vesicles, immortalized cell lines ectopically expressing particular transporters,
or sandwich-cultured hepatocytes that maintain functional endogenous transporters (125,
133, 143, 144). Typical inhibition assays involve a short-term (10- to 30-min) incubation
of test compounds with substrate probes in membrane vesicles or cultured cells (125,
145). Utilizing this traditional approach, we showed that metformin does not directly
inhibit BSEP-mediated efflux of taurocholic acid in HPH, which is consistent with earlier
observations in inverted insect membrane vesicles (142). Nevertheless, this methodology
fails to evaluate a drug’s effects on BSEP after an extended period of exposure. In our
modified experiments depicted in Figure 3.2B, the 72-h pre-treatment prior to bile acid
efflux measurements in HPH allowed a transport assay to coordinate effects of gene
expression on transporter function, and confirmed that repression of BSEP expression
alone can have a significant effect on BSEP-mediated bile acid transport.

It is well established that activation of the cellular energy regulator, AMPK, is a
key mechanism by which metformin exerts its pharmacological effects (131, 137).
AICAR, an analog of adenosine monophosphate, has often been cited as another AMPK

activator (146). We found that similar to metformin, AICAR robustly repressed BSEP
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expression, and the role of AMPK was further confirmed when a constitutively active
AMPK adenoviral construct was overexpressed in HPH.

In contrast, previous studies in mice demonstrated that activation of AMPK by
metformin and/or AICAR, in addition to genetic alterations with adenoviral-mediated
overexpression, enhanced BSEP expression (134, 141). While results varied depending
on the use of primary hepatocytes or in vivo treatment with AMPK activators, the overall
trend was induction in BSEP expression, or at the very least no change. Interestingly
under these conditions, both serum and liver bile acid levels observed an increase,
suggesting a cholestatic phenotype (141). These results seem paradoxical, as the
increased expression of BSEP should alleviate liver accumulation of bile acids, however
the order of these events (bile acid accumulation and overexpression of BSEP) may be
indicative of a compensatory mechanism, rather than direct effects of metformin
treatment. Our own experiments in mice mirrored these mMRNA changes in mouse
primary hepatocytes, with AMPK activation either inducing BSEP expression or having
no effect. Although mechanisms for these contradictory observations are largely
unknown, as increasingly recognized, species differences between mice and humans
contribute to the relatively low predictability of preclinical models for toxicological
evaluation during drug development (97, 147, 148).

Exploring the downstream mechanism(s) following AMPK activation involved in
BSEP repression revealed two potential targets, Hmg-CoA reductase and ACC. The drug
S-2E is a dual-inhibitor of both enzymes, therefore it is not clear which, if not both, are
involved in BSEP repression. Notably, a recent study showed that atorvastatin, a selective

Hmg-CoA reductase inhibitor, repressed BSEP expression in mice (149). While no
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current reports link ACC inhibition to BSEP, the role of Hmg-CoA reductase as a
downstream participant in AMPK-mediated repression BSEP is likely. Further studies to
investigate the role of these enzymes alone or in combination in human primary
hepatocytes is necessary to clarify this pathway.

The most highly studied transcription factors associated with BSEP expression are
FXR and Nrf2 (81, 83, 138, 139, 148). In accordance with a previous report, we found
that CDCA-mediated induction of BSEP through FXR activation can be disrupted in
HPH by both metformin treatment and genetic activation of AMPK (150). However,
metformin did not alter the expression and the basal transcriptional activity of FXR. We
also found that metformin does not repress the expression or activity of Nrf2 in HPH.
Together these findings suggest metformin-mediated repression of basal BSEP
expression is independent of either FXR or Nrf2,

In conclusion, BSEP inhibition cannot fully explain drug-induced cholestasis;
hence, we have directed our work at identifying alternate mechanisms. In the current
study, we found that metformin alters BSEP function through repression of BSEP
expression without directly inhibiting its activity. AMPK activation was found, at least in
part, to mediate metformin-induced BSEP repression. Although AMPK activation also
disrupts FXR activation by CDCA, which interferes with BSEP induction by FXR,
neither FXR nor Nrf2 is associated with metformin-induced repression of basal BSEP
expression. Regardless of the exact mechanisms, repression of BSEP decreases bile acid
efflux from the liver. Our results suggest transcriptional BSEP repression represents an

overlooked mechanism underlying drug-induced cholestasis.
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Chapter 4: Predicting Cholestatic BSEP Repressors

4.1 Introduction

Drug-induced cholestasis is most often associated with direct inhibition of the bile
salt export pump (BSEP; ABCB11). While the prevailing view is that the primary
mechanism of BSEP-related cholestasis studied is direct inhibition, emerging evidence
suggests alternatives that are both dependent and independent of BSEP function. After
BSEP inhibition is excluded, secondary bile acid transporters are often evaluated for their
potential contribution to drug-induced cholestasis. Compensatory biliary efflux
transporters, multi-drug resistance-associated protein 3 and 4 (MRP3; ABCC3, MRP4;
ABCC4), as well as bile transporters, multi-drug resistance protein 3 (MDR3; ABCB4)
and multi-drug resistance-associated protein 2 (MRP2; ABCC2) are most commonly
studied alternatives, as they play important roles in enterohepatic circulation, especially
when BSEP function has been disrupted. In addition to the above bile transporters, breast
cancer resistance protein (BCRP; ABCG2) and multi-drug resistance protein (MDR1,
ABCB1) may also be considered, as they regulate the ion concentration of bile.
Generally, transport inhibition remains the primary mechanism considered regarding
these transporters, similar to BSEP studies.

As a consequence of BSEP inhibition or dysfunction, bile acid transporters MRP3
and MRP4 are upregulated and responsible for excreting excess bile acids from the liver,
into the circulation. Recent studies by the Swann and Brouwer research groups have
investigated the role of these transporters, both when BSEP is inhibited but also as
primary mechanisms. In their 2015 publication, Welch et al. reported inhibition of MRP4

often correlated with BSEP inhibition, and this dual inhibition shut down two of the three

73



hepatic elimination routes for bile acids. Drugs associated with this additional inhibition
of MRP4, were more likely to cause cholestasis, as the compensatory pathway for efflux
was disrupted. A conclusion drawn from that work suggests MRP3 would be the sole
efflux mechanism available for bile acid elimination, and cannot accommodate the need.
Interestingly, a more recent study by the same group uncovered that MRP3 can also be
subject to drug inhibition, underlining the importance of biliary transporter inhibition
studies. With all routes of elimination potential targets of drug inhibition, biliary transport
can be significantly disrupted, inevitably leading to drug-induced cholestasis.

The aforementioned studies represent one example of current research regarding
MRP3 and MRP4 involvement in drug-induced cholestasis; specifically, using
computational modeling as a tool to predict and characterize transporter inhibition.
Modeling has become a valuable tool in drug discovery, allowing studies to eliminate
poor performers or toxic compounds from in vitro testing. Providing a more successful
pool of compounds in efficacy studies, while limiting potential toxicants, saves time,
money, and disappointment. In the following studies, a combination of Bayesian and
pharamacophore modeling, as well as literature evidence, will be employed to better
predict BSEP repressors, with or without inhibitory capabilities.

As described in the previous chapters, our studies have provided solid evidence to
suggest repression of the BSEP gene, and thus protein, can result in deficient bile salt
excretion. If allowed to persist, this deficiency could lead to cholestasis, and eventually
liver failure. Using the information obtained from the previous repression studies, in
addition to literature reports of cholestasis, a model for BSEP repression will be

determined. Our strategy will generate a Bayesian model from drugs associated with
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cholestasis but not with BSEP inhibition—referred to as cholestatic BSEP non-inhibitors.
A pharmacophore model of the BSEP repressor identified previously by our group,
metformin, will be coupled with the Bayesian model, to predict additional metformin-like
repressors. Lead compounds will be screened in human primary hepatocytes (HPH) for
their effect on BSEP gene expression, with any successful hits being characterized
further.

Establishing a model for BSEP repression can advance the development of safer
drugs, especially when combined with the current BSEP inhibition screens. As BSEP is
the primary mechanism for removing bile acids from the liver, it is important that
disruption of BSEP function, whether by inhibition or repression, be easily determined,

preferably early in the drug development process.

4.2 Materials and Methods
4.2.1 Materials

Carbamazepine and cimetidine were purchased from Perkin Elmer (Waltham,
MA); GW-4064, d-penicillamine, nitrofurantoin, and nortriptyline were purchased from
Sigma Aldrich (St. Louis, MO). Ibuprofen, tamoxifen, trimethoprim, and verapamil were
purchased from AK Scientific (Union City, CA). PCR Primers were synthesized by
Integrated DNA Technologies (Coralville, 1A). High Capacity cDNA Archive Kit was
obtained from Applied Biosystems (Foster City, CA). Matrigel was received from BD
Biosciences (Bedford, MA). All other cell culture reagents were purchased from Thermo

Fisher Scientific (Waltham, MA) or Sigma-Aldrich.
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4.2.2 Culture and treatment of HPH:

Human liver tissues were obtained after surgical resection by qualified pathology
staff, with donor consent and prior approval from the Institutional Review Board at the
University of Maryland School of Medicine. Hepatocytes were isolated from human liver
specimens as described previously (104) or obtained from BioreclamationlVT
(Baltimore, MD). The demographic information of liver donors is listed in Table 4.1.
Hepatocytes (viability > 85%) were seeded at 1.5 x 10° cells/well and 7.5 x 10° cells/well
in 6-well and 12-well collagen-coated plates, respectively, and cultured in the sandwich
format as described previously (105). Hepatocytes were treated 48 h after seeding with
0.1% DMSO or specified compounds for 24 h for mRNA analysis or 72 h for western

blotting. Culture medium was replaced daily.

4.2.3 Computational model to determine BSEP repressors

A combination of computational approaches was used to identify a preliminary
screen of potential BSEP repressors. Previous data from Chapter 2, which identified
BSEP inhibitors with a range of repressive capabilities, were used to create a
pharmacophore model of BSEP repressors. Additionally, a Bayesian model was created
from the BSEP inhibitors which potently repressed BSEP; this model uses even more
descriptors than structure to predict BSEP repressors (as compared to pharmacophore
modeling). Finally, a pharmacophore was developed from the structure of metformin, as
it was found in Chapter 3 to potently repress BSEP without a potentially confounding
inhibitory signature. These approaches combined with literature reports of cholestasis,

identified the 10 compounds examined in this study.
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4.2.3.1 Generation of a BSEP repressor pharmacophore

Chemical structures for BSEP inhibitors which potently repressed BSEP—
lopinavir, troglitazone, benzbromarone, bosentan, and glimepiride—were retrieved from
PubChem and imported into the LigandScout software with default settings (version 3.12,
build 20130912; Inte:Ligand, Vienna, Austria) for pharmacophore generation. Common
structural features were determined among the five drugs and a shared-feature
pharmacophore was generated. For the five drugs modeled, 10 pharmacophores were
generated and the pharmacophore with the highest score, and aligned best with the five
drugs was selected for further testing. The pharmacophore model was then used to screen

814 commonly prescribed drugs, derived from the SCUT database.

4.2.3.2 Bayesian model of BSEP repressors

Of the 30 BSEP inhibitors screened in Chapter 2, 28 were used to create a
Bayesian model of BSEP repressors (cyclosporin A and paclitaxel were excluded due to
structural complexity that could not be modeled). Specifically, the dataset was split in
half, with drugs which repressed BSEP > 20% of vehicle control deemed repressors, and
the remaining 14 drugs labeled non-repressors. Discovery Studio 4.0 (Accelrys, Inc., San
Diego, CA) was used to generate the model, applying the “Create Bayesian Model”
protocol, with the number of bins set to 10. Sixteen molecular descriptors (Table 4.1), as
well as functional-class fingerprints maximum diameter 6 (FCFP_6) (151), were
calculated for all compounds. The models were validated with a leave-one-out cross-

validation statistics receiver operating characteristic area under the curver (LOO ROC
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Table 4.1: Molecular descriptors used in Bayesian model

ALogP

Formal charge

LogD

Molecular weight

Number of aromatic rings

Number of hydrogen-bond acceptors
Number of hydrogen-bond donors
Number of rings

Number of rotatable bonds

Molecular fractional polar solvent
accessible surface area

Molecular fractional surface area

Molecular polar solvent accessible
surface area

Molecular polar surface area
Molecular solvent accessible surface area
Molecular solvent accessible volume

Molecular surface area
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AUC) method. A dataset of 1510 U.S. Food and Drug Administration-approved drugs,

retrieved from DrugBank (http://www.drugbank.ca) (152), excluding ionic salts and large

polymeric drugs and proteins (leaving ~1488 drugs), was screened using the Bayesian

model.

4.2.3.3 Metformin pharmacophore

Using the PubChem structure for metformin, all pharmacophore features of
metformin were assigned using LigandScout software with default settings (version 3.12,
build 20130912). The metformin pharmacophore was then compared to 25 drugs
(structures also retrieved from PubChem) which have been reported as “cholestatic BSEP
non-inhibitors” (128). Each drug sampled up to 255 conformations, and those which
shared at least four of the pharmacophore’s eight features were ranked according to the

best fit with the model.

3.2.4 RT-PCR:

Total RNA was isolated from HPH using the TRIzol® reagent and reverse
transcribed using a High Capacity cDNA Archive Kit following the manufacturers’
instructions. Primer sequences used for amplification of GAPDH and BSEP are as
follows: GAPDH 5’-GTGACCAGGCGCCCAATACGA-3’ (forward), 5’-
TTCCTTTTGCGTCGCCAGCCGA-3’ (reverse); BSEP 5’-
ACATGCTTGCGAGGACCTTTA-3’ (forward), 5’-GGAGGTTCGTGCACCAGGTA-
3’ (reverse). Target gene mMRNA expression was normalized against that of GAPDH.

Real-time PCR assays were performed in 96-well optical plates on an StepOnePlus Real-
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Time PCR System (Applied Biosystems) with SYBR Green PCR Master Mix as
described previously (132). Data are represented as mean + SD of three individual

experiments.

3.2.5 Western blotting:

Antibodies against BSEP (F-6) and -actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Crude protein lysates from treated HPH were harvested
using RIPA buffer, and protein concentrations were determined using a bicinchoninic
acid (BCA)-based assay from Thermo Fisher Scientific. SDS-polyacrylamide gels (4-
12% bis-tris) were loaded with 50 ug of protein lysate and used to separate proteins
before transferring to polyvinylidene difluoride membranes. Primary antibodies against
BSEP (1:250 dilution) and B-actin (1:30,000 dilution) probed membranes overnight at
4°C, followed by horseradish peroxidase-conjugated secondary antibodies. 3-actin was
used as loading control. Membranes were developed with chemiluminescent reagents and
the relative protein expression was estimated by densitometry analysis using NIH ImageJ

(Bethesda, MD).

4.3 Results
4.3.1 Pharmacophore model of BSEP repressors identifies 21 lead drugs

In order to predict additional BSEP repressors, a number of computational models
were developed. The first, a shared-feature pharmacophore model, was created using the
five potent repressors from Chapter 2. Ten pharmacophores were generated and the BS1-

1 model with the highest-fit score was chosen for screening of 814 drugs from the SCUT
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Figure 4.1 Pharmacophore model of BSEP repressors generates 21 lead drugs when screened against the
SCUT database. BS1-1 pharmacophore model generated from LigandScout software, with lopinavir (A) or
all five repressors (lopinavir, troglitazone, benzbromarone, bosentan, and glimepiride) (B) overlaid. Yellow
spheres = hydrophobic groups (3), red sphere = hydrogen-bond acceptor (1), and purple (within bottom
yellow sphere) = aromatic group (1). Chemical structures of 21 drugs (C) which shared all five features of
the pharmacophore, listed in order of highest-fit score.
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database (Figure 4.1A and B). Figure 4.1 A shows the pharmacophore with lopinavir
overlaid, while Figure 4.1B includes all five potent repressors overlaid. The
pharmacophore is color-coordinated, with yellow = hydrophobic group, red = hydrogen-
bond acceptor, and purple = aromatic ring. Twenty-one drugs were identified that shared

all features with the pharmacophore and their structures are provided in Figure 4.1C.

4.3.2 Bayesian modeling of BSEP repressors

A Bayesian model was also created for the BSEP repressors in Chapter 2,
however drugs were split into two groups: those with > 20% BSEP repression and those
that did not repress. This equal division of drugs (14 in each group) allowed a stronger
model to be developed, compared to only five repressors (data not shown). The leave-
one-out cross validation receiver operating characteristic area under the curve for the
BSEP repressor Bayesian model was calculated to be 0.832, with a confusion matrix (true
positive/false negative/false positive/true negative) of 8/6/0/14; correctly identifying all
but six drugs (which were false negatives). Applying the Bayesian model to the

DrugBank set of 1510 compounds generated 119 predicted BSEP repressors (Table 4.2).

4.3.3. Cholestatic BSEP non-inhibitors screened against metformin pharmacphore
The key feature of metformin discovered from Chapter 3 was the ability to repress
BSEP expression and function, without directly inhibiting BSEP. These characteristics
are promising features for a cholestatic BSEP repressor, therefore additional drugs which
have been linked to reports of cholestasis, however do not inhibit BSEP, were identified

and utilized in the third modeling strategy (128). Pharmacophore features of metformin
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were first assigned, before a group of 25 cholestatic BSEP non-inhibitors were compared
to the model. The metformin pharmacophore is shown in Figure 4.2A, with hydrogen
bond donors indicated with green spheres and hydrogen bond acceptors indicated with
red spheres; yellow spheres indicate hydrophobic groups and blue starbursts indicate
positively ionizable groups. Figure 4.2B lists the drugs which shared at least four of the
eight pharmacophore features with metformin, along with the features that matched, and
their pharmacophore-fit scores. The 10 with pharmacophore-fit scores > 50 were

considered the most promising. All 25 drugs screened are listed in Table 4.3.

4.3.4. Drug-induced repression of BSEP expression is not unique to metformin.

In addition to metformin, a prototype drug used to study BSEP repression in
Chapter 3, other drugs are reported to cause cholestasis without inhibiting BSEP (128).
After three computational models were developed, 10 drugs which were reported as
cholestatic, and had successful prediction in one or more BSEP repressor models were
evaluated for their effects on BSEP expression. As shown in Figure 4.3A, most of these
compounds caused modest repression of BSEP expression. However, tamoxifen, an
estrogen antagonist widely used for breast cancer treatment, potently repressed BSEP
expression, confirmed in hepatocytes from additional liver donors at both the mRNA
(Figure 4.3B and 4.3C) and protein (Figure 4.3D and 4.3E) levels. While only tamoxifen
showed potent repression, it is notable to mention some of level of repression measured
for each of the drugs screened may indicate successful prediction power of the models

generated.
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B
Drug Matching features Pharmacophore-fit score
Metformin ||[HBA|HBA|HBD|HBD|HBDIPI|PI 88.47
Famotidine 1|HBA|HBA|HBD|HBD|HBDIPI| 76.01
Cimetidine 1HBA)| [HBD[HBD[HBDIPI[PI 74.87
D-penicillamine |[HBA[HBA[HBD/HBD/HBD|PI|PI 66.53
Tolbutamide IHBA|HBA|HBD|HBD|HBD]| | 66.53
Chloramphenicol {|[HBA|HBA[HBD/HBD|/HBD| | 65.41
Fluoxetine 1HBA] [HBD|HBD| |P1| 56.68
Chlorpropamide [[HBA[HBA[HBD|HBD| [] 56.42
Ranitidine {|HBA/HBAJHBDJHBD|! 11 [ 1] 55.25
“Quinine 1|HBA|'1! - |HBD|HBD| I I |P]] 55.13
Trimethoprim [HBA[HBAHBDHBD[HBD] /| 55.05
Furosemide {|[HBAHBAHBD| | |1 47.68
Haloperidol 1HBA]| [HBD| | |P1| 473
Sulfasalazine {|HBAJHBA|HBD| | 18} 46.41

Figure 4.2 Pharmacophore model of metformin predicts ten compounds to repress BSEP. Pharmacophore
features were assigned to metformin, with hydrophobic groups shown in yellow, hydrogen-bond acceptors
in green, hydrogen-bond donors in red, and positively ionizable points in blue (A). Fourteen cholestatic
BSEP non-inhibitors shared at least four pharmacophore features with metformin and are listed in order of
pharmacophore-fit score (B). The features which were shared with metformin are also indicated, and color-
coordinate with the metformin pharmacophore.
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Table 4.3: Cholestatic BSEP non-inhibitors

Bezafibrate
Carbamazepine*
Chloramphenicol
Chlorpromazine
Chlorpropamide
Cimetidine*
Desipramine
D-Penicillamine*
Famotidine
Fluoxetine
Furosemide
Haloperidol
Ibuprofen*
Maprotiline
Metformin
Nitrofurantoin*
Nortriptyline*
Promethazine
Quinine
Ranitidine
Sulfasalazine
Sulindac*
Tamoxifen*
Tolbutamide
Trimethoprim*

Verapamil*

* Drugs selected for use in in vitro screening
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Figure 4.3 Cholestatic non-BSEP- inhibitor tamoxifen represses BSEP expression. (A) mRNA expression
of BSEP was measured using RT-PCR in a human primary hepatocyte donor (HL #109). Cells were treated
with vehicle control DMSO (0.1%), tamoxifen (20 uM, TAM), ibuprofen (50 uM, IBUP), trimethoprim
(50 uM, TRIM), D-penicillamine (250 uM, D-PEN), sulindac (10 pM, SULLI), carbamazepine (200 pM,
CARB), verapamil (100 pM, VERA), nitrofurantoin (10 uM, NITR), nortriptyline (10 pM, NORT), and
cimetidine (1 mM, CIME). Data are expressed as mean + S.D. (n=3). (B & C) mRNA expression of BSEP
was measured using RT-PCR in two human primary hepatocyte donors, HL #113 (B) & #127 (C), treated
with vehicle control DMSO (0.1%), GW-4064 (2 uM, GW), or tamoxifen (5, 20, 40 uM). Data are
expressed as mean £ S.D. (n=3). (D & E) Protein expression of BSEP was measured using Western blotting
in two human primary hepatocyte donors, HL #120 (D) & #123 (E), treated with vehicle control DMSO
0.1% (DMSO), tamoxifen 5 or 20 uM for 72 h, and positive control BSEP inducer, GW-4064 (2 uM).
***p_0.001; **P, 0.01; *P, 0.05.
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4.4 Discussion

Drug-induced cholestasis remains a major concern in the development and
prescribing of drugs. In an effort to better understand the causes for drug-induced
cholestasis, and develop models for prediction, inhibition of hepatic transporters,
including the bile salt export pump, is heavily investigated (86, 88, 153). However, few
studies consider the repression of hepatic transporters, let alone develop models to predict
this. While it is inherently more difficult to model repression, as there could be multiple
transcription factors and pathways involved, our current study developed pharmacophore
and Bayesian models for drugs which inhibit and repress BSEP, as identified from our
previous work (107).

Three models were developed, including two pharmacophore and one Bayesian,
based on previous work by our group investigating BSEP repressors. Interestingly, when
compared to the pharmacophore model of BSEP repressors, four drugs were also
predicted by the Bayesian model: ritonavir, labetalol, amiodarone, and tolterodine. These
drugs warrant further investigation as likely BSEP repressors. The first pharmacophore
and Bayesian models used a group of drugs which repressed BSEP, however they were
also potent inhibitors. While still important, as it was determined that drugs that both
inhibit and repress BSEP are associated with more severe drug-induced liver injury (107),
the focus of the current study was to identify BSEP repressors and establish their role in
drug-induced liver injury. For this reason, the third model was developed.

Recently, a list of drugs labeled “cholestatic BSEP non-inhibitors” were reported
to induce cholestatic toxicity without inhibiting BSEP activity (128). We speculated a

plausible explanation for the cholestatic effects of these drugs might be repression of
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BSEP gene expression. Included in this list was metformin, which we established in
Chapter 3 to potently repress BSEP expression and function. Using metformin as a
model, pharmacophore features were assigned, and the 24 remaining drugs in the list of
cholestatic BSEP non-inhibitors were screened for BSEP repression.

Of the drugs screened against the metformin pharmacophore model, 10 were
investigated in human primary hepatocytes for BSEP repression. Tamoxifen potently
repressed BSEP expression, while the rest had moderate or no effects. Notably,
tamoxifen has been reported to activate AMPK (154), and is classified as a selective
estrogen receptor modulator (SERM) that can act as either an agonist or antagonist in a
tissue-specific manner (155). Interestingly, previous reports have demonstrated that
estrogen receptor alpha (ERa) exhibits transrepressive effects on BSEP expression, and
estradiol-activated ERa contributes to intrahepatic cholestasis of pregnancy (156, 157).
As an ERa agonist in the liver (158), it is possible that, like estradiol, tamoxifen induces
ERa-mediated transrepressive effects on BSEP; this merits further investigation (156).
Our results support BSEP repression as a mechanism of drug-induced cholestasis, and
suggest other cholestatic drugs may exert their toxicity by this mechanism.

While the strategy for modeling repressors of drug transporters has not been
attempted previously, our studies suggest combining multiple approaches may produce
promising leads. Only a small subset of potential repressors were investigated in the
current study, with most having some repressive effects on BSEP. Additional mMRNA
profiling of the remaining drugs is warranted, as few drugs overlap in more than one

model. Successful identification of BSEP repressors from these modeling strategies can
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be used to revise and strengthen the current models, until one effective model of BSEP

repression is established.
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Chapter 5: Conclusions and Future Directions

With persistent reports of hepatotoxicity, understanding and predicting drug-
induced liver injury (DILI) remains a major focus of the pharmaceutical field. As the
leading cause for post-marketing withdrawal and/or regulatory action, DILI impacts all
aspects of drug development, including the drug industry, regulators, clinicians, and
patients (159). There are many forms of DILI, making it unpredictable by nature, and
difficult to distinguish from other types of liver disease. This may lead to under-reporting
and/or misdiagnosis (12). Advances in the development of biomarkers would help
diagnosis of DILI, while better predictive models would help avoid new drugs that may
cause DILI. Though idiosyncratic DILI is considered unpredictable, recent findings have
begun to make connections and common associations between drugs linked to DILI (8,
32). Continuing to investigate mechanisms involved in the development of DILI, and
determining the pathways targeted will provide the understanding needed to optimize
biomarkers and models.

One of the most prevalent forms of DILI is cholestasis (27, 79). The primary
determinant of hepatobiliary excretion, the bile salt export pump (BSEP) is most
commonly investigated mechanism in the development of drug-induced cholestasis (55).
Current strategies focus on inhibition of BSEP function, through functional assays with
an endogenous substrate. While important, numerous drugs associated with drug-induced
cholestasis have been shown not to inhibit BSEP (128). To this end, work described in
this dissertation confirmed drug-mediated repression of the bile salt export pump could
reduce the transport of bile acids in human primary hepatocytes (HPH), with clinical

implications regarding drug-induced liver injury. Additionally, combined
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computational modeling and literature-based strategies successfully identified a novel,
potent BSEP repressor, tamoxifen.

Completion of the above studies provided novel insights into the contribution of
BSEP repression to the development of cholestasis. A screening of 30 BSEP inhibitors
revealed five potent repressors of BSEP mRNA and protein expression. When
considering the clinical implications inhibition and repression have on DILI, drugs
capable of both inhibiting and repressing BSEP were associated with the greatest
concern. A deeper, mechanistic study identified metformin as a potent BSEP repressor,
however, consistent with literature, metformin did not directly inhibit BSEP function.
Additionally, our studies established the effects of BSEP repression in a modified
functional assay, demonstrating that without drug-inhibition BSEP repression can impair
the excretion of bile acids from HPH.

Computational modeling of the gene repression studies provided the foundation
for identifying additional BSEP repressors. When combined with literature-based
identification of potential BSEP repressors, the metformin pharmacophore model
predicted 10 drugs would repress BSEP. Screening of these drugs in HPH revealed one
potent repressor, tamoxifen, with moderate repression observed for most drugs.
Considering the role of tamoxifen and metformin as activators of AMPK, further
investigation into the role of AMPK revealed it contributed at least partially to BSEP
gene repression.

Future directions for this work include further validation of the computational
models, and additional optimization, as more information is elucidated. Several

promising candidates were predicted from the pharmacophore and Bayesian models of

92



BSEP repression, including labetalol, amiodarone, and tolterodine. Investigating these
drugs in HPH for their effect on BSEP expression should be considered.

Characterizing the clinical impact of in vitro BSEP repression is very difficult,
therefore developing a method which would determine the effect on BSEP expression in
vivo (human clinical data) would be useful. Disruption of bile flow from the liver, should
result in increased serum bile acids, which have been diverted from the liver or effluxed
from the basolateral membrane. Measuring bile acid levels in patients before use of a
suspected cholestatic drug (such as metformin), and during the first 24-48 hr after dosing,
could provide information about the bile homeostasis response to the drug.

It has been suggested that the incidence of drug-induced cholestasis is under-
reported, with some individuals showing only elevated liver enzymes in serum and no
symptoms; therefore, it would be beneficial to conduct a retrospective study to measure
liver enzymes in asymptomatic patients taking drugs highly associated with cholestasis.

Better understanding of drug-induced cholestasis, including its causes,
susceptibility factors and biomarkers is urgently needed, therefore any information or

strategy to advance knowledge in this field is warranted.
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