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Human sodium taurocholate cotransporting polypeptide (NTCP) is the bile acid
transporter that is also involved in hepatitis virus infection, drug disposition and prodrug
targeting. Identification of NTCP inhibitors and substrates may help to treat hepatitis B,
reduce NTCP mediate drug interaction and develop prodrugs to achieve liver specific
drug delivery. However the understanding of structure-activity relationship of NTCP is
very limited. One objective of the work in this dissertation is to fill this gap by exploring
the inhibitor and substrate requirements of human NTCP. The other objective is to utilize
NTCP to achieve liver targeting of ribavirin in order to reduce its off-target side effects.
A common feature pharmacophore, a quantitative pharmacophore and a Bayesian model
were developed and validated using FDA approved drugs to elucidate the inhibitor
requirements of human NTCP. All these in silico models were able to predict NTCP
inhibitors. Twenty seven novel NTCP inhibitors were identified which cover variety of
therapeutic classes.
The substrate requirements of NTCP were studied using native bile acids and bile acid
analogs, suggesting a role of hydroxyl pattern and steric interaction in NTCP binding and
translocation. One common feature pharmacophore was developed for NTCP substrates,
which was used to search a database of FDA approved drugs. Among the retrieved drugs,

irbesartan and losartan were identified as novel NTCP substrates, indicating a potential
role of NTCP in drug disposition.
In order to reduce ribavirin off-target side effects, ribavirin-L-Val-GCDCA was
developed as a prodrug to target NTCP. In vitro uptake and metabolic studies indicated
that the prodrug was taken up by NTCP, released ribavirin in the mouse live S9 fraction
and reduced ribavirin accumulation in red blood cells (RBC). An in vivo study in mice
showed that ribavirin-L-Val-GCDCA provided almost the same ribavirin exposure in the
liver as ribavirin administration, but with about 2-fold less exposure of ribavirin in RBC,
plasma, and kidney, suggesting that ribavirin-L-Val-GCDCA has the potential to achieve
greater liver specific delivery of ribavirin.
Overall, the work carried out in this dissertation will aid to identify human NTCP
inhibitors and substrates, as well as a prodrug design for liver targeting.
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Chapter 1: Introduction and Objectives
1.1 Bile acid transporters
Bile acids are amphipathic steroidal compounds that are synthesized from cholesterol in
the liver and served to promote the digestion and absorption of fats and fat-soluble
vitamins (A, D, E, and K) in the small intestine [1]. In addition, it can activate several
nuclear receptor including farnesoid X receptor (FXR), pregnane X receptor (PXR),
vitamin D receptor (VDR) and one G-protein-coupled receptor (TGR5) that are involved
in lipoprotein and glucose metabolism, energy metabolism as well as inflammatory
responses[2]. Disruption of bile acid homeostasis may result in cholestasis, gallstones,
inflammation, malabsorption of lipids and fat-soluble, vitamins, and bacterial overgrowth
in the small intestine [3].
The bile acid pool in human is about 2–4 g which is initially synthesized in the liver. Bile
acid is excreted to the gallbladder followed by entry into the small intestine with the food
and reabsorbed from the small intestine back to the liver. The process is usually referred
to enterohepatic circulation that takes place 6 to 10 times every day while only 0.5g bile
salts are lost and excreted into feces [4].
The high efficiency of bile acid reabsorption and homeostasis of the bile acid are
maintained by bile acid transporters which are responsible for bile acid or bile salt uptake
and excretion in the liver, cholangiocyte and small intestine [5]. These transporters
include sodium taurocholate co-transporting polypeptide (NTCP), organic anion
transporters (OATP), bile salt export pump (BSEP), apical sodium bile salt transporter
(ASBT) and heterodimeric organic solute transporter (OSTα-OSTβ).
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1.1.1 NTCP, OATP and BSEP
Human NTCP, OATP and BSEP are major bile acid transporters in the liver in which
NTCP and OATP are responsible for taking up bile acids from portal blood into the liver
while BSEP is responsible for bile acid excretion from liver to the bile. NTCP (SLC10A1)
belongs to solute carrier family and transports bile acid in a sodium dependent manner. It
is responsible for taking up more than 80% of conjugated bile salts into the liver [6]. Its
function property, transport property as well as regulation will be discussed in detail
below.
OATP represents the multispecific transporters that also belong to solute carrier family.
Currently only two OATPs were identified as the bile acid transporters in human
hepatocytes which are OATP1B1 (SLCO1B1, OATP-C) and OATP1B3 (SLCO1B3,
OATP-8) [7]. In contrast to NTCP, they are sodium independent transporters and
OATP1B1 plays a predominant role in bile acid uptake [6]. Both OATP1B1 and
OATP1B3 are exclusively expressed at the basolateral membrane of hepatocytes. They
can take up bile acids including cholic acid, taurocholic acid, glycolic acid,
tauroursodeoxycholic acid and glycoursodeoxycholic acid [7]. However they can also
transport numerous drugs such as statins, sartans, repaglinide, digoxin, fexofenadine and
glucuronide [8]. Inhibitors of OATP1B1 and OATP1B3 can cause drug-drug interaction
and jeopardize the treatment [9].
BSEP (ABCB11) which is exclusively located at the canalicular membrane of
hepatocytes is an efflux transporter that belongs to ATP-binding cassette (ABC)
superfamily. It is responsible for canalicular secretion of bile acid to the bile. It has high
affinity to transport monovalent conjugated bile acids while has low affinity to
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unconjugated bile acids. It was suggested that mutations or chemical inhibitors of BSEP
may result in hepatotoxicity by decreasing biliary bile salt secretion and leading to
accumulation of bile salts inside the hepatocytes [10]. Several drugs such as bosentan
have been found to cause hepatotoxicity due to inhibition of BSEP [11].
1.1.2 ASBT and OSTα-OSTβ
Human ASBT and OSTα-OSTβ are two transporters responsible for bile acid uptake and
excretion in the small intestine. ASBT translocates bile acids from the lumen of the small
intestine across the brush border membrane while OSTα-OSTβ efflux the bile acids into
the portal circulation.
As the paralog of the NTCP in intestine, ASBT (SLC10A2) is a sodium dependent
transporter belonging to solute carrier family. It shares 35% amino acid identity with
NTCP. It has high expression in the apical membrane of terminal ileum while has low
expression in renal proximal tubular cells and cholangiocytes. This indicates that ASBT
also plays a role to reabsorb bile acid in the kidney to minimize bile acid loss and to take
up bile acid from lumen of bile ducts to the liver through the periductular capillary plexus,
a process known as cholehepatic shunt [12]. Several evidences suggested that mutation of
ASBT may be associated with reduced taurocholate uptake and diseases such as primary
bile acid malabsorption (PBAM) [13, 14]. In addition, inhibition of ASBT may cause
diarrhea due to greater passage of toxic bile acids into the colon [15].
ASBT can transport both conjugated and unconjugated bile acids with preference for
conjugated one [16]. Although no drugs other than bile acids have been identified as
ASBT substrate, a number of drugs have been shown to inhibit ABST such as calcium
channel blockers (nifedipine, isradipine, diltiazem) and HMG-CoA reductase inhibitors
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(simvastatin, mevastatin, lovastatin)[17]. Great efforts have been made in the past 20
years to understand the inhibitor or substrates requirements of ASBT. It was shown that
there was a reverse relationship between numbers of steroidal hydroxyl groups and
inhibitory potency [18]. Translocation of substrate by ASBT can tolerate C-3
modification on the bile acid while hydroxyl group on C-7 is important for ASBT
mediate transport [19]. In addition, a single negative charge at C-24 region of bile acid is
not necessary for interaction with ASBT, but may be optimal for transport [20]. Cationic
and zwitterionic conjugates are not good substrate of ASBT [20]. It was also
demonstrated that hydrophobic and steric features around C-24 region of bile acid have
great impacts on the interaction with ASBT [21]. Recently the crystal structure of ASBT
from two bacteria species Neisseria meningitides (ASBTNM) and Yersinia frederiksenii
(ASBTYf) was reported. The structure features a ten transmembrane domain composed of
six transmembrane helices as the core domain and four transmembrane helices as the
panel domain [22, 23]. There is also a hydrophobic inward-facing binding cavity for
taurocholate binding. The translocation of taurocholate is carried on by rotating two core
helices transmembrane TM4 and TM9 which switch the ASBT from inward-open state to
outward-open states. It should be noted that the sequence identity of ASBTNM and
ASBTYf with human ASBT are only 26% and 22% respectively. Thus it still needs to
determine how relevant these structures are to human ASBT [24].
OSTα-OSTβ belongs to solute carrier family and is a heterodimeric transporter composed
of two gene products encoded by SLC51A and SLC51B. It is expressed not only in small
intestine but also in variety of other organs such as liver, colon, kidney, testes, ovary, and
adrenal gland. Its function is to mediate bile acid across the basolateral membrane of
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these tissues during which heterodimerization of OSTα and OSTβ is required [25]. It was
shown that OSTα-OSTβ mediates the transport via a facilitated diffusion mechanism [16].
It not only plays an important role in maintaining bile acid homeostasis but also protect
the hepatocytes against high concentration of intracellular bile acid during cholestasis by
exporting bile acid from the liver. Other than bile acid, OSTα–OSTβ also transports
dehydroepiandrosterone sulfate (DHEAS) and pregnenolone sulfate (PREGS). There is
no disease that is related to OSTα–OSTβ mutation probably because its activity is
partially compensated by other efflux transporters such as multidrug resistance-associated
protein-3(MRP3, ABCC3) which is up regulated in the small intestine of Slc51a-deficient
mice [26].

1.2 Sodium taurocholate co-transporting polypeptide
1.2.1 Introduction of NTCP
NTCP is the first member of the SLC10 family which is involved in bile acid transport in
the presence of sodium. Human NTCP consists of 349 amino acids while rat Ntcp has
362 amino acids [27] and shares 77% identity with human NTCP. Mouse has two
alternatively spliced Ntcp isoforms, Ntcp1 and Ntcp2 with 362 and 317 amino acids
respectively although mRNA levels of Ntcp2 are 50-fold lower than Ntcp1. Mouse Ntcp1
shares 78% homology with human NTCP [28]. Despite the different amino acid identity,
NTCP can take up taurocholate in all these species, among which human NTCP has the
highest affinity [29].
NTCP is predominantly expressed at the basolateral membrane of hepatocytes. Recent
study showed that it had low expression on the membrane of pancreatic acinar cells in rat
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[30]. In different species, it has various expression level which is in the order of mouse >
rat >> monkey > human [28].
NTCP transport one bile acid molecule along with two sodium ions. Many unconjugated
or conjugated bile acids have been identified as NTCP substrates in various species
although more extensive studies were conducted on rat and rabbit. Study in human,
mouse and rat suggested that NTCP had higher affinity to conjugated bile acid than
unconjugated bile acid [16]. In addition, rat Ntcp has preference to trihydroxy conjugated
bile acids to dihydroxy conjugated bile acids [31].
Several polymorphisms have been identified in European Americans, African Americans
and Chinese Americans. One of them is variant S267F, seen in 7.5% of allele frequencies
in Chinese Americans which almost aborts transport of taurocholate or cholate [32].
Another one is I223T, a variant seen in 5.5% of allele frequencies in African Americans
which significantly reduce plasma membrane expression of NTCP[32]. However there
were few reports about diseases that are related to NTCP mutation. But one recent
clinical study indicated that a functional defect of NTCP will cause conjugated
hypercholanemia and result in highly elevation of total bile salts in plasma [33].
1.2.2 The regulation of NTCP
The expression level of NTCP is usually altered in many diseases. In diseases such as
progressive familial intrahepatic cholestasis, inflammatory cholestasis and primary
biliary cirrhosis[34-36], its mRNA expression is down regulated while in diseases such as
nonalcoholic steatohepatitis [37], end-stage primary biliary cirrhosis [38] and in patients
with late-stage obstructive cholestasis [39], its expression is up-regulated. It is still under
debate if NTCP expression in hepatitis C patients is altered. In one study, there was no
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change of NTCP mRNA in five noncholestatic patients infected with hepatitis C virus [36]
while in another study NTCP mRNA expression is down-regulated from fibrosis staging I
(periportal expansion) to stage III (portocentral linkage or bridging fibrosis) in 55 chronic
hepatitis C patients. It should be noted that in this study, the expression level at stage III
is about the same as the control which was derived from non-cancerous liver tissues in
metastatic liver cancer patients [40].
Although the molecular mechanism of NTCP regulation in disease is not fully understood,
it is well accepted that the expression and activity of NTCP is regulated both
transcriptionally and posttranscriptionally [10]. Transcriptional regulation involves in
various nuclear receptors and it varies in different species [41]. On one hand, NTCP
expression is regulated through FXR/SHP dependent pathway where bile acid binding of
farnesoid X receptor (FXR) will activate small heterodimer partner (SHP), an inhibitory
nuclear receptor. Activation of SHP will suppress retinoic acid receptor / retinoic X
receptor (RAR/RXR) mediated activation of NTCP in rat, HNF-1α and HNF-4α
(hepatocyte nuclear factor) mediated activation of NTCP in mice as well as
glucocorticoid receptor (GR) mediated activation of NTCP in human[42-45]. On the
other hand, NTCP expression is also regulated through FXR/SHP independent pathway
where c-Jun N-terminal kinase (JNK) is involved in. It was shown that co-transfection of
a JNK expressed plasmid inhibited RXR/RAR-mediated activation of Ntcp promoter by
RXR phosphorylation [46].
Posttranscriptional regulation of NTCP is much faster than the transcriptional regulation.
It involved in plasma membrane translocation and retrieval. The translocation of NTCP
from intracellular compartment to the plasma membrane was attributed to increased
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cAMP, the second messenger in a lot of important cascade signaling pathway. On one
hand, cAMP activated kinase PI3K which results in the activation of its downstream
kinase Akt, PKCδ and PKCζ and prompt NTCP translocation [47]. On the other hand, the
increased cAMP also increases intracellular Ca2+ levels and activates the protein
phosphatase 2B(PP2B), a calcium/calmodulin-dependent serine and threonine protein
phosphatase[48]. This enzyme dephosphorylates NTCP and allows it to translocate to the
plasma membrane. The retrieval of NTCP is mediated by a conventional PKC (PKC α)
which is independent of PI3K. It was shown that taurochenodeoxycholate (TCDCA)
inhibited taurocholate uptake by rat NTCP via PKC α mediated NTCP retrieval [49].
1.2.3 The role of NTCP in drug disposition
In addition to bile acids or bile salts, estrone-3-sulfate and bromosulfophthalein are also
good substrates of NTCP. However, in contrast to OATP1B1 and OATP1B3 which are
also the xenobiotic transporters [7], there are few drug reported as the substrates of NTCP.
HMG CoA reductase inhibitors such as rosuvastatin, pitavastatin and ﬂuvastatin are the
drugs that were transported into the liver by NTCP [50, 51]. It was shown that NTCP
alone contributed approximately 35% of hepatic uptake of rosuvastatin in human
hepatocytes, which was not observed in rats. This also indicates different substrate
requirements between different species [50]. Recent study suggested that the antifungal
agent, micafungin was also the substrate of NTCP which contribute to 45% to 50% of
total in vitro uptake, while a lesser amount was transported by OATPs [52]. All these
suggested that NTCP may play a role in the hepatic drug uptake where inhibition of
NTCP may cause potential drug interaction.
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1.2.4 The role of NTCP in hepatitis B (HBV) and D (HDV) infection
An interesting but important role of NTCP was revealed recently indicating that NTCP is
a functional receptor for human hepatitis B and D virus [53, 54]. It was shown that the
HBV viral antigens (HBsAg and HBeAg) and HDV genome were significantly reduced
by knocking down NTCP mRNA in primary hepatocytes from human and treeshrew, one
of the only two species other than human, known to be susceptible to HBV and HDV
infection. In addition, transfection of NTCP in HepG2 cells which are otherwise resistant
to HBV and HDV infection resulted in cell susceptible to the virus.
It was later found that residues 157 to 165 of human NTCP are critical for hepatitis B and
D virus binding where replacing amino acids 157–165 of nonfunctional monkey NTCP
with the human counterpart allowed HepG2 cells to restore HBV infection [53]. In
addition, residue 84 to 87 is a determinant for HBV entry but not HDV [55]. Further
study suggested that the bile salts and the hepatitis B and D virus may share the
overlapping binding sites which are different from critical region identified above
(residues 157 to 165)[56]. This conclusion was based on two observations. On one hand,
the taurocholate uptake by NTCP was inhibited by hepatitis B pre-S1 domain, the key
determinant for entry of virus. On the other hand, bile salt such as TCA, GCA, LCA,
DCA, CA, CDCA, UDCA, HDCA and TUDCA also block the pre-S1 binding to NTCP.
Moreover the human NTCP variant S267F not only abolish the TCA uptake but also fail
to bind to the pre-S1 domain or get HBV infected indicating the overlap binding sites of
bile acid and HBV. Overall, the findings above suggested that inhibitor of NTCP bile
acids uptake may be used to prevent hepatitis B and D virus invasion into the host cells
[57].
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Interesting this idea was found to be feasible by two recent studies. In one study,
cyclosporine A, a well known NTCP inhibitor, could inhibit HBV infection to the primary
human hepatocytes via direct binding of NTCP [34]. In addition, NTCP inhibitors such as
progesterone, propranolol and bosentan could also block HBV infection [58]. In another
study, irbesartan, ezetimibe, and ritonavir, the potent inhibitor of NTCP discovered from
our study could block HDV infection of NTCP-Huh7 cells [59]. Thus it may become
important to identify the NTCP inhibitors as the potential candidate to treat hepatitis B
and D virus infection.
1.2.5 The role of NTCP as a prodrug target
Given its predominant presence in the liver and high capacity for transporting bile acid
conjugates, NTCP become a potential target for a prodrug to accomplish liver specific
drug delivery which is usually achieved by conjugating the drug to the bile acid with or
without a linker [60]. This strategy usually involved prodrug uptake into the hepatocytes
by NTCP and parent drug released to exert the desired pharmacological effects in the
liver. Since bile acid is the endogenous compound, the advantage of this method is low
risk of potential toxicity. By conjugating cytostatic drug chlorambucil to taurocholate,
Kullak-Ublick et al. showed that chlorambucil-taurocholate can be taken up into the liver
by human NTCP with high affinity [61]. This allows the conjugated compound to be
delivered into the liver specifically, in contrast to the chlorambucil which is
predominantly excreted to kidney [62]. This suggested the possibility of using NTCP to
achieve live specific delivery of the drug. It should be noted that in the study mentioned
above, the intact prodrug was excreted into the bile. However for a successful liver
targeting prodrug, it should also undergo enzymatic and/or chemical transformation to
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release the parent drug in the liver.
1.2.6 Inhibitor and substrate requirements of NTCP
Although the crystal structure of human NTCP has not been solved yet, several studies
have been conducted to probe the structural requirements of NTCP in rabbit, rat and
human using bile acids or bile acid analogs. Figure 1.1 is the general structure of the
native bile acids which vary in steroid hydroxyl pattern and C-24 conjugation pattern.

Figure 1.1. General Structure of native bile acids. The compound possessed different
hydroxyl pattern at C-3 (R1), C-7 (R2) and C-12 (R3) and different conjugation pattern at
C-24 region (R4).

Kramer used native bile acids or bile acid analogs to study the inhibitor and substrate
requirements of rabbit NTCP expressed in CHO cell [63]. It was shown that two hydroxyl
groups at position 3 and either 7 or 12 of a bile acid is optimal for bile acid transport,
while three hydroxyl groups will decrease the capacity. Single negative charge on C-24
side chain of the bile acid plays as a hydrogen bond acceptor which may be necessary for
optimal transport by rabbit NTCP while 3-α hydroxyl group is not required for
transporter-bile acid interaction. In this study, only IC50 of bile acids or bile acid
conjugated was determined while no Km or Vmax information was disclosed.
Hata et al. and Schroeder et al. screened several native bile acids on rat NTCP using Hela
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cells and CHO cells which were stable transfected with rat NTCP respectively [31, 64]. It
was shown that conjugated bile acids were transported better than nonconjugated bile
acids, while configure of the hydroxyl group at either C-6 or C-12 of a bile acid is not
important for uptake. From their study, the Km of glycocholate, taurocholate,
taurochenodeoxycholate,

tauroursodeoxycholate,

taurohyodeoxycholate,

taurodeoxycholate were determined.
Our lab previously studied human NTCP structure activity relationship using bile acid
analogs with modification on C-3 or C-7[19]. It was shown that modification of C-7 but
not C-3 abolishes NTCP uptake. Greupink et al. recently developed an inhibitor
pharmacophore for human NTCP based on bile acids and estrone sulfate using human
NTCP-CHO cells [65]. The pharmacophore featured three hydrophobes and two
hydrogen bond acceptors. Later they found that the distance between the hydrogen bond
acceptor and presences of one or two negative charges are critical for NTCP inhibition.
Mita et al. and Maeda et al. used native bile acids to probe the substrate requirements of
human NTCP using NTCP/BSEP double transfected LLC-PK1 and NTCP stable
transfected HEK293 cells respectively[66, 67]. It was shown that there were more taurine
conjugates transported by NTCP than glycine conjugates while unconjugated bile acids
have the least uptake. From these studies, only Km of glycoursodeoxycholate and
tauroursodeoxycholate were determined.

1.3 Research objectives
The predominant expression of human NTCP in the liver and its high efficient bile acid
transport warrants its application in liver specific drug delivery using bile acid conjugated
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prodrugs. In addition, recent finding of NTCP in hepatitis B infection also suggested a
potential role of NTCP inhibitor in preventing virus invasion. However lack of the crystal
structure hamper both the prodrug design for liver targeting and inhibitor development
for treating HBV. The objective of this study is trying to understand inhibitor and
substrate requirements of human NTCP and explore its application in liver specific drug
delivery. Thus four specific aims were pursued in this study where computational
modeling, in vitro and in vivo method were employed. Aim one to three were trying to
probe the structure activity relationship of human NTCP and aim four is to design and
characterize a prodrug for liver targeting via NTCP.
1.3.1 Qualitative computational models for human NTCP inhibitor
Human NTCP inhibitor is important because of its potential role in treating HBV and
drug disposition. However there are very few drugs or compounds identified as NTCP
inhibitor. One objective of this aim was to identify FDA approved drug that inhibit
human NTCP and subsequent derived the qualitative computational model for NTCP
inhibition. ASBT, the paralog of the NTCP in the small intestine, was believed to have
narrower inhibitor profile than NTCP which is based on the limited drug screening. This
may generate a biased conclusion [63]. Thus the second objective of this aim was to
reexamine human NTCP and ASBT transport inhibition requirements by screening drugs
with more structural variety. Human NTCP inhibitors were screened on NTCP stable
transfected HEK293 cell while human ASBT inhibitors were screened on ASBT stable
transfected MDCK cells. For both inhibition studies, taurocholate was used as substrates.
This study expanded list of NTCP inhibitors and elucidate the features of human NTCP
inhibitors
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1.3.2 Quantitative computational models and hepatotoxicity assessment for human
NTCP inhibitor
In this aim, we want to extend our previous study to develop a quantitative model for
NTCP inhibitors in order to predict inhibitor potency for human NTCP inhibition and aid
in elucidating potent NTCP inhibitors. In addition, one study using the human sandwichcultured hepatocyte model showed that several known (or suspected) hepatotoxic drugs
inhibited taurocholate uptake, without inhibiting taurocholate efflux from hepatocytes
[68]. Since NTCP is the major transporter for taurocholate uptake in the liver, the second
objective of this aim was to examine if drug-induced hepatotoxicity (DILI) is associate
with human NTCP. A relationship between human NTCP inhibition and DILI would have
safety implications for drug candidates aimed at preventing HBV infection via NTCP
inhibition. In this aim, a quantitative pharmacophore was employed to elucidate the
structure activity relationship between NTCP and its inhibitors. A method using drug
label information was adopted to assess the DILI potential.
1.3.3 Substrate requirements of human NTCP using bile acids, bile acid conjugates
and FDA approved drugs
Although the substrate requirements of NTCP have been studied in rabbit and rat, it may
be different from human’s since rosuvastatin was translocated by human NTCP but not
rat [50]. However there are very few studies on substrates requirements of human NTCP
resulting in lack of computational models to elucidate this structure activity relationship.
Thus the objective of this aim is to develop a common feature pharmacophore for human
NTCP substrates and identity NTCP substrates which currently are very limited. Both
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NTCP inhibition and uptake studied were performed using NTCP-HEK293 cells and
corresponding kinetics Ki, Kt and Jmax were measured for each compound respectively.
One common feature pharmacophore was developed which was further used to identify
NTCP substrates in order to assess the role of NTCP in drug disposition.
1.3.4 Synthesis and evaluation of bile acid-ribavirin conjugates as prodrugs to target
the liver
The antiviral drug ribavirin can cause serious hemolytic anemia due to accumulation in
red blood cells. The objective of this study was to develop a bile acid-ribavirin prodrug to
achieve liver specific drug delivery. Several bile acid conjugates were synthesized. The
NTCP uptake and in vitro metabolic studies were conducted to determine the extent of
prodrug liver uptake and ribavirin release in the liver. Ribavirin accumulation was also
assessed in human whole blood followed by in vivo pharmacokinetics study on both
ribavirin and prodrug to evaluate the potential of liver specific drug delivery. The study is
to demonstrate a new ribavirin prodrug that is able to achieve liver targeting and reduce
side effects by decreasing ribavirin accumulation in the red blood cell.
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Chapter 2: Qualitative computational models for
human NTCP inhibitors1
2.1 Introduction
Human Sodium Taurocholate Cotransporting Polypeptide (NTCP, SLC10A1) is a key
bile acid transporter and is predominantly expressed at the basolateral membrane of
hepatocytes. Its primary role is to transport bile salts from the portal blood into the liver
in a sodium-dependent fashion. This transporter accounts for more than 80% of
conjugated bile salts taken up into the liver [1].
NTCP also transports some drugs and can impact drug disposition [2-5]. For example, the
HMG-CoA reductase inhibitor rosuvastatin was the first drug identified as a substrate of
human NTCP, contributing 35% of total drug uptake into isolated human hepatocytes [2].
Interestingly, this drug is not transported by rat Ntcp, indicating species specificity in
substrate affinity. Other statins such as pitavastatin, atorvastatin and fluvastatin are also
NTCP substrates in vitro, although NTCP’s contribution to their in vivo hepatic uptake is
unknown [3, 4]. Recently, the antifungal micafungin was shown to be significantly taken
up by NTCP (i.e. 45%-50% of total in vitro uptake), while a lesser amount was
transported by Organic Anion Transporting Polypeptides (OATPs), which are responsible
for sodium-independent bile acid uptake [5]. There is growing evidence of NTCP’s role
in hepatic drug uptake, including drug-drug interactions due to drug inhibition of this

1

Dong Z, Ekins S, Polli JE. Structure-activity relationship for FDA approved drugs as
inhibitors of the human sodium taurocholatecotransporting polypeptide (NTCP). Mol
Pharm. 2013. 10, 1008-1019. Reprinted (adapted) with permission from Mol.
Pharmaceutics, 2013, 10 (3), pp 1008–1019. Copyright 2014 American Chemical
Society.
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transporter, as exemplified by coadministration of micafungin with cyclosporine A,
which mildly increases micafungin AUC exposure in healthy volunteers [6].
Because of NTCP-mediated drug-drug interaction potential, it would be advantageous to
identify potential inhibitors early in drug development. However, since human NTCP
was cloned 18 years ago, very few human NTCP inhibitors have been identified, which
include cyclosporine A, ketoconazole, and ritonavir [7, 8]. Therefore, the first two
objectives of the present study were a) to identify FDA approved drugs that inhibit
human NTCP and b) to develop pharmacophore and Bayesian computational models for
NTCP inhibition.
The two computational modeling approaches, namely pharmacophore and Bayesian
models, have been previously successfully developed and applied to identify novel
inhibitors for several transporters, including PepT1, P-gp, MRP1, OCTN2 and
MATE1[9-13]. When there is limited data available, a common feature pharmacophore
can be generated as a three dimensional qualitative model that describes the arrangement
of the key features essential for biological activity. When more data is available (tens to
thousands of compounds), a Bayesian machine learning model can be produced, often as
a classification model with a two dimensional fingerprint. Both approaches can be used to
virtually screen libraries of compounds and predict active and inactive compounds, prior
to in vitro verification. Both approaches were applied in this study to identify novel
NTCP inhibitors.
The Apical Sodium Dependent Bile Acid Transporter (ASBT, SLC10A2) is the ileal
paralog of NTCP with 35% amino acid sequence identity and is responsible for absorbing
bile acid in the terminal ileum. It appears widely accepted that NTCP has a broader
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inhibitor profile than ASBT, based on studies in rabbit with a limited number of
inhibitors [14, 15]. Such studies may however yield a biased conclusion because of small
sample size and species specificity. A third objective of this study was to compare human
NTCP and ASBT transport inhibition requirements.
Briefly, 31 drugs from various therapeutic classes were found to inhibit human NTCP.
Among them, 27 were novel inhibitors that had not previously been reported as NTCP
inhibitors. Both the common feature pharmacophore and a Bayesian model were used to
screen an FDA approved drug database and were validated by additional in vitro testing.
Angiotensin II receptor antagonists were found to be human NTCP inhibitors to varying
degrees, with irbesartan being the most potent inhibitor. Interestingly, the inhibitor
selectivity for ASBT was more permissive than for NTCP.

2.2 Materials and methods
Figure 2.1 illustrates the overall approach to identify human NTCP and ASBT inhibitors.
Iterative experimental and computational screening was undertaken. For initial screening,
23 drugs were selected based on commercial availability and whether they were known
ASBT inhibitor, as ASBT and NTCP are paralog transporters. A common feature
pharmacophore for NTCP inhibition was developed using these observed 11 inhibitors
and 12 non-inhibitors, while a Bayesian model was developed from 50 drugs evaluated
from initial and secondary screening. All drugs screened for NTCP inhibition were also
screened for ASBT inhibition and cytotoxicity in their respective cells.

25

2.2.1 Materials
[3H] Taurocholate (1 mCi/mL) was purchased from PerkinElmer, Inc (Waltham, MA).
Taurocholate was obtained from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS), penicillin-streptomycin, geneticin, non-essential amino acid, trypsin, and
Dulbecco's modified Eagle's medium (DMEM) were purchased from Invitrogen
Corporation (Carlsbad, CA). WST-1 reagent was bought from Roche Applied Science
(Indianapolis, IN). All drugs and other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO), Enzo Life Sciences (Farmingdale, NY), AK Scientific (Mountain View,
CA), and LKT Labs (St. Paul, MN).
Initial screen for NTCP inhibition (23 drugs)

Develop common feature pharmacophore from 11
most potent inhibitors and 12 inactives used for
excluded volumes and virtual screen FDA
approved drug databases.

Secondary screen for NTCP inhibition (18 drugs
retrieved from common feature pharmacophore
and 9 drugs not retrieved).

Develop Bayesian model (all 50 drugs above)
from primary and secondary screen.

Tertiary screen for NTCP inhibition (10 drugs
retrieved from Bayesian model and 12 drugs not
retrieved).

Screen all the above 72 drugs for ASBT inhibition
and compare inhibition potency between NTCP
and ASBT.
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Figure 2.1. Flow diagram of approach to identify drugs that inhibit human NTCP,
develop computational models for NTCP inhibition, and compare the drug inhibitor
selectivity of NTCP and ASBT. NTCP inhibition studies involved an initial, a secondary,
and a tertiary screen for inhibitors.

2.2.2 Cell culture
Stably transfected human NTCP-HEK293 and human ASBT-MDCK cells were cultured,
as previous described with minor modifications [16-18]. Briefly, NTCP-HEK293 and
ASBT-MDCK cells were grown in 37oC, 90% relative humidity and fed every 2 days.
The medium consisted of media DMEM supplemented with 10% fetal bovine serum, 100
units/mL penicillin and 100 μg/mL streptomycin. Geneticin (1 mg/mL) was used to
maintain selection pressure. For NTCP-HEK293 cells, medium also included 100 μM
non-essential amino acid. Cells were passaged after reaching 80% confluence.
2.2.3 Inhibition studies
Inhibition studies were conducted as previously described with minor modifications [1618]. Briefly, NTCP-HEK293 cells were seeded at the density of 300,000 cells/well in 24
well Biocoat plates (2cm2; BD, Franklin Lakes, NJ) for 2 days. ASBT-MDCK cells were
seeded at the density of 1.5 million cells/well in 12 well plates (3.8 cm2; Corning,
Corning, NY) and grown until 80% confluent. ASBT-MDCK cells were induced by 10
mM sodium butyrate 12-17 hr before each inhibition study to enhance ASBT expression.
All inhibition studies were conducted by exposing cells to donor solution. Donor solution
consisted of Hank's Balanced Salt Solution (HBSS) and cold taurocholate (10 μM for
NTCP studies, or 2.5 μM for ASBT studies), along with 0.5 μCi/mL [3H]-taurocholate.
Inhibition studies were either drug screening studies or Ki determination studies.
Screening studies employed only one drug inhibitor concentration, while Ki
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determination studies used seven drug inhibitor concentrations. In screening studies,
donor solution also contained drug (typically 100 μM), which was compared to no-drug
controls to evaluate whether drug was an inhibitor or not. Taurocholate was incubated for
10 min for ASBT studies, over which taurocholate uptake is linear [16]. Taurocholate
was incubated for 5 min for NTCP studies, as prior studies conducted here showed
taurocholate uptake is linear between at least 5 and 20 min. After incubation, buffer was
removed, and cells were washed with cold sodium-free buffer. Sodium-free buffer
replaced sodium chloride with tetraethylammonium chloride. Cells were lysed using
acetonitrile as previously described [19]. Lysate was dissolved in phosphate buffered
saline (PBS), and aliquots were counted for associated radioactivity using a liquid
scintillation counter. A few screening studies employed a drug concentration lower than
100 μM due to drug solubility limitation (i.e. ezetimibe and tioconazole each used 50
μM).
For selected drugs whose screening results showed the drugs to be inhibitors, Ki
determination studies were identically performed, except used a range of drug inhibitor
concentrations (0-200 μM).
Estimated Ki from screening studies was calculated from three types of taurocholate
uptake studies: studies in the presence and absence of sodium, as well as studies in the
presence of inhibitor with sodium. Since NTCP and ASBT are sodium-dependent (Figure
A.1 in Appendix), studies without sodium measure passive uptake of taurocholate.
Studies with sodium but without inhibitor measure total uptake without inhibitor. Active
uptake without inhibitor was calculated by subtracting passive uptake from total uptake
without inhibitor, which is represented by

J max S
. Active uptake with inhibitor was
Kt  S
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calculated by subtracting passive uptake from total uptake with inhibitor, which is
represented by

J max S
. The ratio of active uptake with inhibitor versus active
K t (1  I )  S
Ki

uptake without inhibitor is:
[S ]
Kt
active uptake with inhibitor

active uptake without inhibitor 1  [ I ]  [ S ]
Ki Kt
1

eqn 1

where I is the inhibitor concentration, S is the taurocholate concentration, Ki is the
inhibition constant, and Kt is taurocholate Michaelis-Menten constant. Of note from
Figure A.1 in Appendix, taurocholate uptake kinetic parameters into NTCP-HEK293
cells are Kt = 22.7(+3.4) μM, Jmax = 1.80(+0.03) pmol/sec/cm2, and passive permeability
Pp = 1.27(+0.03)x10-6 cm/sec.
Observed Ki differed from estimated Ki in that observed Ki used an inhibition profile over
a range of inhibitor concentrations, while estimated Ki used one inhibitor concentration
(i.e. from inhibition screening study). In order to determine observed Ki, inhibition
profile data was fitted to competitive inhibition model:
J

J max S
 Pp S
Kt (1  I )  S
Ki

eqn 2

where J is the taurocholate flux, and Jmax is maximal flux of taurocholate without
inhibitor.

Jmax was estimated from taurocholate uptake studies at high taurocholate

concentrations where transporter was saturated (i.e. 200 μM).

Observed Ki was

calculated through nonlinear regression using WinNonlin (Pharsight; Sunnyvale, CA).
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2.2.4 Cytotoxicity studies
Cytotoxicity studies were conducted to assess whether drug was cytotoxic to NTCPHEK293 and ASBT-MDCK cells [20]. For each NTCP-HEK293 and ASBT-MDCK
cells, cells were seeded at the density of 50,000 cells/well in 96-well Biocoat plates for
two days. Cells were washed three times with HBSS buffer and exposed to donor
solution of drug (100μM) for 10 min. Donor solution was removed, followed by addition
of 10 μL of cell proliferation reagent WST-1 in 100 μL of HBSS and incubated for 4 hr.
Absorbance at 440nm was measured using a SpectraMax 384 Plus plate reader
(Molecular Devices; Sunnyvale, CA).
2.2.5 Common feature pharmacophore development
A common feature pharmacophore was developed using Catalyst™ in Discovery Studio
2.5.5 (Accelrys; San Diego, CA). Template molecule structures were downloaded from
ChemSpider (www.chemspider.com), and conformer generation was carried out using the
CAESAR algorithm applied to the selected template molecules (maximum of 255
conformations per molecule and maximum energy of 20 kcal/mol) [21]. Hydrophobic,
hydrogen bond acceptor, hydrogen bond donor, and the positive and negative ionizable
features were selected, as well as excluded volumes. The principal value of the inhibitors
with estimated Ki less than 100μM were assigned as 2, while principal value of the
inhibitors with estimated Ki between 100-300μM were assigned as 1. For the compounds
whose estimated Ki was larger than 300μM, the principal value was set as 0. The
common features of NTCP inhibitors were extracted from inhibitors with estimated Ki <
300μM, while excluded volumes were added using inhibitors with estimated Ki > 300μM.
The van der Waals surface of ezetimibe was applied as a shape restriction to limit the
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number of hits returned in database searching. The model was subsequently used to
screen the Clinician’s Pocket Drug Reference (SCUT) database of 814 frequently used
FDA approved drugs, as well as the larger Collaborative Drug Discovery (CDD;
Collaborative Drug Discovery, Inc.; Burlingame, CA., www.collaborativedrug.com)
database of 2690 FDA approved drugs using the FAST method. We then selected from
these compounds molecules which could be purchased and tested. We also selected
molecules that were not retrieved by the pharmacophore.
2.2.6 Bayesian model with 2D descriptor development
A Laplacian-corrected Bayesian classifier model was developed using Discovery Studio
2.5.5[22]. Molecular function class fingerprints of maximum diameter 6 (FCFP_6), along
with eight other descriptors (i.e. AlogP, molecular weight, number of rotatable bonds,
number of rings, number of aromatic rings, number of hydrogen bond acceptors, number
of hydrogen bond donors, and molecular fractional polar surface area) were calculated
from an input sd file using the “calculate molecular properties” protocol. The model was
generated by the “create Bayesian model” protocol. Both the leave-one out crossvalidation approach and external validation were conducted to evaluate the model, which
included using the custom protocol, where 10%, 30%, and 50% of the training set were
left out 100 times. The best split was calculated by selecting the split that minimized the
sum of the percent misclassified for NTCP inhibitors and for non-inhibitors, using the
cross-validated score for each sample.
2.2.7 Principal Component Analysis
Principal Component Analysis (PCA) from Discovery Studio version 3.5 was used to
compare the molecular descriptor space for the NTCP and CDD FDA approved drugs
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data sets (using the descriptors of ALogP, molecular weight, number of hydrogen bond
donors, number of hydrogen bond acceptors, number of rotatable bonds, number of rings,
number of aromatic rings, and molecular fractional polar surface area). In each case, the
respective sets of compounds were combined and used to generate the PCA analysis.

2.3 Results
2.3.1 Initial screening for human NTCP inhibition
Twenty-three drugs from various therapeutic classes were screened for human NTCP
inhibition. If the drug was an NTCP inhibitor, taurocholate uptake was reduced compared
to control and used to calculate estimated Ki (Table 2.1). Molecules with estimated Ki
less than 300μM were denoted NTCP inhibitors. Eleven FDA approved drugs were found
to be NTCP inhibitors: bendroflumethiazide, ezetimibe, simvastatin, nitrendipine,
rosuvastatin, nefazodone, indomethacin, nifedipine, tioconazole, methylprednisolone and
prochlorperazine (Table 2.1). These drugs reduce taurocholate uptake by at least 19.0%
and their estimated Ki ranged from 26.2 μM to 280 μM.

These 11 drugs were

subsequently subjected to inhibition studies employing a range of seven drug
concentrations (0-200μM), yielding an observed Ki (Table 2.1).

Figure 2.2 shows

inhibition of taurocholate uptake into NTCP-HEK293 cells by bendroflumethiazide. As
expected, in Table 2.1, the observed Ki of these 11 drugs were less than 300μM,
consistent with their estimated Ki (from a single drug inhibition concentration). Of the 23
drugs, the remaining 12 drugs were denoted as non-inhibitors of NTCP.
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Table 2.1. Initial NTCP inhibition results. From a single inhibitor concentration, the
percent taurocholate uptake compared to no-drug control was measured, from which an
estimated Ki was calculated. Additionally, for 14 compounds, an observed Ki was
measured from a range of inhibitor concentrations. Compounds are listed in order of
estimated Ki.
Percent taurocholate Estimated
Observed
Compound
uptake a
Ki (μM) b
Ki (μM)c
Bendroflumethiazide* 27.6+0.7
26.2+1.0
53.0+6.8
Ezetimibe*
62.5+1.4
53.8+3.3
25.0+3.2
Simvastatin*
47.6+4.2
57.3+11
47.9+3.7
Nitrendipine*
67.7+1.6
72.3+5.2
111+10
Rosuvastatin*
59.1+3.0
100+12
128+13
Nefazodone*
60.8+1.9
100+8
126+20
Indomethacin*
68.4+2.5
141+14
173+24
Nifedipine*
67.7+5.8
144+43
62.6+10
Tioconazole*
84.3+5.1
177+66
148+34
Methylprednisolone* 79.5+3.5
255+53
238+33
Prochlorperazine*
81.0+2.5
280+37
209+27
Chloroquine*
83.0+4.5
336+101
Ketoprofen*
84.6+6.1
361+178
321+57
Propafenone HCl*
85.4+3.8
402+116
Probenecid*
86.8+3.3
435+114
544+217
Diltiazem*
87.5+5.9
460+232
599+212
Ethosuximide*
88.2+3.8
513+169
Abacavir
94.9+4.4
1291+4144
Quinine
95.6+1.8
1491+581
Thiothixene
99.2+1.0
3000
Acarbose
99.7+4.9
3000
Aztreonam
104+4
3000
Omeprazole
105+6
3000
a
Denotes percent of taurocholate uptake in presence of 100 μM of compound (except
ezetimibe, nitredipine and tioconazole, which used 50 μM due to solubility limitation),
compared to taurocholate uptake in absence of compound. Values denote mean (+SEM).
b
Estimated Ki was determined from a single inhibitor concentration. A value of 3000μM
was assigned if drug did not inhibit. Throughout the manuscript, estimated Ki is an
experimentally-determined value from a single inhibitor concentration and is not a result
from computational chemistry prediction.
c
Observed Ki was determined using seven concentrations in the range of 0 to 200μM.
Values denote mean (+SEM).
* Percent of taurocholate uptake was significantly different from 100% (p < 0.05).
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Figure 2.2 Inhibition of NTCP by bendroflumethiazide. Taurocholate uptake into NTCPHEK293 cells was reduced in the presence of bendroflumethiazide in a concentrationdependent fashion. Inhibition studies were conducted using seven concentrations of
bendroflumethiazide (0-200 μM). Closed circles indicate observed data points, while the
solid line indicates model fit. Observed Ki of bendroflumethiazide was 53.0(+6.8) μM.

2.3.2 Common feature pharmacophore for NTCP inhibitors
The 11 inhibitors and 12 non-inhibitors from initial screening were used as a training set
to develop a common feature pharmacophore. The resulting model featured two
hydrophobes and one hydrogen bond acceptor (Figure 2.3). Ezetimibe was applied to
restrict the pharmacophore to the van der Waals shape. The 12 non-inhibitors were also
used to yield ten excluded volumes. The developed pharmacophore was used to screen
the SCUT and CDD databases of FDA approved drugs and retrieved 45 and 85 drugs,
respectively (Table A.1 and A.2 in Appendix). Fit Value ranged from 0.001 to 2.48 for
the SCUT database and from 0.00031 to 2.75 for the CDD database. Eighteen drugs with
Fit Values from 0.0012 to 2.58 in the CDD database were screened for inhibition, along
with 9 other drugs not retrieved by the pharmacophore. The 18 retrieved drugs were
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selected since they exhibited a range of Fit Values, which reflected the level of
compound mapping to the pharmacophore.

Figure 2.3. Common feature pharmacophore of NTCP inhibitors. The pharmacophore
employed the 11 most potent inhibitors from initial screening and the 12 inactive
compounds were used for developing the excluded volumes. Ezetimibe (shown as stick
format) is used as the shape restriction (grey) due to its high potency (i.e. smallest
observed Ki of 25.0 μM). Pharmacophore features are two hydrophobes (cyan), one
hydrogen bond acceptor (green), and 10 excluded volumes (grey).

Table 2.2 shows the results of secondary screening of these 27 drugs. Of the 18 drugs
retrieved by the pharmacophore, six inhibited NTCP: nateglinide, irbesartan, losartan,
olmesartan, fenofibrate, and candesartan. Of the 9 non-retrieved drugs, two inhibited
NTCP: doxazosin and budesonide. Observed Ki values were measured from a range of
inhibitor concentrations. The most potent inhibitor was irbesartan (Ki = 11.9 μM), which
also has a high Fit Value (2.48) (Figure 2.4). Irbesartan was a more potent inhibitor than
ezetimibe (Ki = 25.0 μM) from the initial screen. Interestingly, four of the six angiotensin
II receptor antagonists tested were NTCP inhibitors: irbesartan, losartan (Ki = 72.1 μM),
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olmesartan (Ki = 233 μM), and candesartan (Ki = 233 μM). Valsartan and eprosartan did
not inhibit NTCP (Table 2.2). The second most potent NTCP inhibitor from secondary
screening was doxazosin (Ki = 35.3μM), which did not map to this pharmacophore.
Interestingly, doxazosin did map to the pharmacophore (Fit Value = 2.12) when the
ezetimibe shape restriction was removed.

Table 2.2. Secondary NTCP inhibitor results. Of the 85 drugs retrieved from the database
of FDA approved drugs, 18 drugs were tested, along with 9 drugs not retrieved. The 18
retrieved drugs that were tested were selected to represent a wide range of Fit Values
from Common feature pharmacophore predictions. From a single inhibitor concentration,
the percent taurocholate uptake compared to no-drug control was measured, from which
an estimated Ki was calculated. Additionally, for 9 compounds, an observed Ki was
measured from a range of inhibitor concentrations. Compounds are listed in order of Fit
Value. Fit Value for compounds not retrieved by Common feature pharmacophore is
denoted “No fit”. Higher Fit Value anticipates a greater congruence to the
pharmacophore (i.e. anticipates NTCP inhibition).
Percent
taurocholate
uptake a
Yohimbine
108+4
Nateglinide*
62.0+1.4
Irbesartan*
15.9+1.6
Losartan*
60.7+2.0
Ropinirole
133+4
Sulfinpyrazone
96.1+3.2
Bortezomib
107+4
Olmesartan*
86.0+5.5
Fenofibrate*
76.3+6.0
Valsartan
101+3
Cefaclor
99.1+6.2
Eletriptan
104+8
Nafcillin
96.7+5.6
Oseltamivir
102+9
Raloxifene HCl* 90.5+4.6
Eprosartan
99.9+0.7
Enalapril
111+4
Candesartan*
68.0+7.2
Doxazosin*
70.8+3.7
Budesonide*
79.3+6.4
Compounds

Est Ki (μM) b

Observed Ki
(μM) c

Fit Value

3000
111+7
12.0+1.6
105+9
3000
1664+2871
3000
422+204
211+60
3000
3000
3000
2006+5836
3000
321+139
3000
3000
145+44
41.2+7.1
264+94

200+32
11.9+0.7
72.1+5.1
233+43
129+20
301+131
233+37
35.3+5.4
220+45

2.58
2.49
2.48
2.25
2.24
2.10
2.01
1.84
1.80
1.72
1.59
1.07
0.82
0.60
0.58
0.17
0.0048
0.0012
No fit
No fit
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Table 2.2 continued
Percent
Compounds
taurocholate
uptake a
Econazole*
92.3+4.5
Miconazole*
94.6+2.6
Daunorubicin
107+3
Dibucaine
100+1
Oxiconazole
99.5+2.6
Warfarin
102+2
Formoterol
111+2

Est Ki (μM) b

Observed Ki
(μM) c

Fit Value

416+624
601+300
3000
3000
3000
3000
3000

-

No fit
No fit
No fit
No fit
No fit
No fit
No fit

a

Denotes percent of taurocholate uptake in presence of 100 μM of compound [except
doxazosin (25μM); and econazole, miconazole, oxiconazole, and raloxifene (50 μM) due
to solubility limitation], compared to taurocholate uptake in absence of compound.
Values denote mean (+SEM).
b
Estimated Ki was determined from a single inhibitor concentration. A value of 3000μM
was assigned if drug did not inhibit.
c
Observed Ki was determined using seven concentrations in the range of 0 to 200μM.
Values denote mean (+SEM).
* Percent of taurocholate uptake was significantly different from 100% (p < 0.05).
screening was doxazosin (Ki = 35.3μM), which did not map to this pharmacophore.

Figure 2.4. Inhibition of NTCP by irbesartan. Taurocholate uptake into NTCP-HEK293
cells was reduced in the presence of irbesartan in a concentration-dependent fashion.
Inhibition studies were conducted using seven concentrations of irbesartan (0-200 μM).
Closed circles indicate observed data points, while the solid line indicates model fit.
Observed Ki of irbesartan was 11.9(+0.7) μM.
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2.3.3 Bayesian model for NTCP inhibitors
A Bayesian model was developed using results of the 50 drugs from initial and secondary
screening (Tables A.3-A.6 in Appendix). The area under the receiver operator curve
(ROC) for the leave-one-out cross validation was 0.769. The best split was -0.956, which
is the Bayesian score to discriminate NTCP inhibitors from non-inhibitors. Of the 50
compounds, 19 drugs were inhibitors and 31 were non-inhibitors. Of the 19 inhibitors, the
Bayesian model classified all these 19 correctly as inhibitors. Of the 31 non-inhibitors,
the Bayesian model classified 10 incorrectly as inhibitors (i.e. valsartan, raloxifene,
econazole, miconazole, chloroquine, probenecid, ketoprofen, propafenone, diltiazem and
ethosuximide). Hence, the model showed good fit to the training set with 80% correct
prediction.
The model was tested by leaving out 10, 30 and 50% randomly and repeated 100 times
(Table A.7 in Appendix). The ROC values were lower than for leave-one out cross
validation, while concordance specificity and selectivity declined as the size of the leave
out group increased, suggesting that the model was not stable to large leave out groups
(e.g. using 25 molecules for testing and 25 for training).
In order to further assess the model’s ability to discriminate NTCP inhibitors and noninhibitors, an additional 10 drugs with high Bayesian score (>5) and 12 drugs with low
Bayesian score (< -0.956) were tested for NTCP inhibition potency. Seven of the 10 high
Bayesian score drugs (70%) were found to be NTCP inhibitors: sulconazole, lovastatin,
ketoconazole, cerivastatin, itraconazole, nimodipine and isradipine (Table 2.3).
Meanwhile, seven of 12 low Bayesian score drugs (58%) were identified as NTCP noninhibitors. However, naproxen, sulfanilamide, reserpine, cyclosporine A and ritonavir
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each inhibited NTCP. The model showed good ability to predict NTCP inhibitors from
non-inhibitors (64% correct overall). In Table 2.3, it should be noted that sulconazole,
itraconazole, reserpine, and cyclosporine A inhibition studies employed lower drug
concentrations due to limiting drug solubility, and hence impacted the extent of
taurocholate inhibition. Figure 2.5 shows inhibition of taurocholate uptake into NTCPHEK293 cells by cyclosporine A

Table 2.3. Tertiary NTCP inhibitor results. Of the 1360 FDA-approved drugs (CDD
dataset) predicted by the Bayesian model to be inhibitors, 10 drugs were tested, along
with 12 additional, non-retrieved drugs. The 10 predicted inhibitors that were tested were
selected since their Bayesian scores were five or higher. From a single inhibitor
concentration, the percent taurocholate uptake compared to no-drug control was
measured, from which an estimated Ki was calculated. Compounds are listed in order of
Bayesian score.
Compounds
Sulconazole*
Prednisolone*
Chlorpromazine*
Lovastatin*
Ketoconazole d,*
Cerivastatin*
Itraconazole*
Nimodipine d,*
Nicardipine*
Isradipine*
Naproxen*
Sulfanilamide*
Imatinib*
Metronidazole*
Triamterene*
Furosemide*
Cimetidine*
Famotidine*
Cyclosporine Ad,*
Procainamide HCl*
Ritonavir d,*
Reserpine*

Percent taurocholate
uptake a
86.7+7.2
83.0+8.4
91.8+3.0
74.7+3.2
59.1+3.0
68.6+7.4
81.8+5.6
55.9+1.6
81.8+6.5
59.3+3.2
76.0+5.2
78.4+3.4
90.7+1.6
84.3+2.7
85.7+4.3
81.6+6.9
82.9+2.9
84.9+3.6
24.0+1.9
84.8+6.7
27.0+1.2
83.8+8.3
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Est Ki (μM) b
112+115
335+177
767+268
202+32
98.8+12
150+52
77.1+38
86.5+5.4
309+144
99.5+14
217+69
250+50
673+130
369+83
411+139
304+132
332+73
387+130
10.3+1.1
384+185
25.1+1.6
89.1+65

Bayesian Score c
11.62
9.77
8.14
7.92
7.81
7.66
7.13
6.77
6.65
5.00
-1.37
-1.41
-1.86
-2.41
-2.50
-2.61
-2.73
-3.16
-6.05
-6.14
-6.28
-15.6

a

Denotes percent of taurocholate uptake in presence of 100 μM of compound [except 25
μM sulconazole, 25 μM itraconazole, 25 μM reserpine, and 50 μM cyclosporine A due to
solubility limitation], compared to taurocholate uptake in absence of compound. Values
denote mean (+SEM).
b
Estimated Ki was determined from a single inhibitor concentration.
c
A Bayesian score higher than -0.956 indicates that the Bayesian model predicts the
compound to be an NTCP inhibitor. Lower Bayesian scores predict compound to not be
an NTCP inhibitor.
d
Observed Ki values for ketoconazole, nimodipine, cyclosporine A and ritonavir were
202+48μM, 190+31μM, 7.6+1.1, and 18.4+1.6μM respectively.
* Percent of taurocholate uptake was statistically significant difference from 100% (p <
0.05).

Figure 2.5. Inhibition of NTCP by cyclosporine A. Taurocholate uptake into NTCPHEK293 cells was reduced in the presence of cyclosporine A in a concentrationdependent fashion. Inhibition studies were conducted using seven concentrations of
irbesartan (0-200 μM). Closed circles indicate observed data points, while the solid line
indicates model fit. Observed Ki of cyclosporine A was 7.6(+1.1) μM.
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2.3.4 ASBT inhibition
All 72 drugs from initial, secondary, and tertiary NTCP screening were screened for
ASBT inhibition, in order to compare the inhibition selectivities of NTCP and ASBT
(Table 2.4 and Table A.8 in Appendix). ASBT studies used the same drug concentration
as NTCP. As with NTCP, a Ki value of 300 μM was applied to differentiate ASBT
inhibitors and non-inhibitors. Of the 72 drugs, 51 drugs were ASBT inhibitors, which is
much greater than the 31 drugs that inhibited NTCP.

ASBT and NTCP share 29

inhibitors and 19 non-inhibitors. However, 22 drugs were ASBT inhibitors but not NTCP
inhibitors. Only two drugs, olmesartan and methylprednisolone, inhibited NTCP but not
ASBT. Statins, sartans, and calcium channel blockers inhibited both ASBT and NTCP.
Meanwhile, antifungal drugs with an imidazole ring were ASBT inhibitors (econazole,
itraconazole, ketoconazole, metronidazole, miconazole, oxiconazole, sulconazole,
tioconazole), but only a few were NTCP inhibitors (itraconazole, ketoconazole,
sulconazole, tioconazole). Figure 2.6 plots the percent taurocholate uptake across ASBT
versus percent taurocholate uptake across NTCP. Each of the 72 data points represents
one drug. Fitting a line yielded a slope of 0.439 (+0.135) and r2=0.131. Hence, there was
at best a weak correspondence between ASBT inhibition and NTCP inhibition. Relative
to the line of unity, 20 drugs were above the line, while 52 drugs were below the line,
indicating more drugs were better ASBT inhibitors than NTCP inhibitors. Figure A.2 in
Appendix presents this data in terms of estimated Ki, rather than percent taurocholate
uptake.
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Table 2.4. Comparison of 72 drugs in terms of NTCP and ASBT inhibition. For each
NTCP and ASBT, estimated Ki was derived from a single inhibitor concentration.
Compounds are listed in order of estimated Ki for NTCP.
Compounds
Cyclosporine A
Irbesartan
Ritonavir
Bendroflumethiazide
Doxazosin
Ezetimibe
Simvastatin
Nitrendipine
Itraconazole
Nimodipine
Reserpine
Ketoconazole
Isradipine
Rosuvastatin
Nefazodone
Losartan
Nateglinide
Sulconazole
Indomethacin
Nifedipine
Candesartan
Cerivastatin
Tioconazole
Lovastatin
Fenofibrate
Naproxen
Sulfanilamide
Methylprednisolone
Budesonide
Prochlorperazine
Furosemide
Nicardipine
Raloxifene HCl
Cimetidine
Prednisolone
Chloroquine
Ketoprofen
Metronidazole
Procainamide HCl
Famotidine

Est Ki for NTCP (μM)
10.3+1.1
12.0+1.6
25.1+1.6
26.2+1.0
41.2+7.1
53.8+3.3
57.3+11
72.3+5.2
77.1+38
86.5+5.4
89.1+65
98.8+12
99.5+14
100+12
100+8
105+9
111+7
112+115
141+14
144+43
145+44
150+52
177+66
202+32
211+60
217+69
250+50
255+53
264+94
280+37
304+132
309+144
321+139
332+73
335+177
336+101
361+178
369+83
384+185
387+130
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Est Ki for ASBT (μM)
41.0+7.4
131+34
47.3+9.7
168+10
20.9+7.3
4.61+0.88
99.1+19
31.7+6.5
57.0+25
30.9+1.7
21.6+2.9
61.9+27
17.9+2.3
164+34
30.8+3.6
139+58
77.0+16
29.4+0.6
31.3+7.7
89.9+34
67.6+30
220+100
11.9+2.7
21.7+2.1
121+33
136+13
194+24
3000
62.6+15
27.4+4.6
3000
142+3
65.8+9.2
208+51
89.2+32
3000
480+609
223+90
3000
2275+978

Table 2.4 continued
Compounds
Propafenone HCl
Triamterene
Econazole
Olmesartan
Probenecid
Diltiazem
Ethosuximide
Miconazole
Imatinib
Chlorpromazine
Abacavir
Quinine
Sulfinpyrazone
Nafcillin
Acarbose
Aztreonam
Bortezomib
Cefaclor
Daunorubicin
Dibucaine
Eletriptan
Enalapril
Eprosartan
Formoterol
Omeprazole
Oseltamivir
Oxiconazole
Ropinirole
Thiothixene
Valsartan
Warfarin
Yohimbine

Est Ki for NTCP (μM)
402+116
411+139
416+624
422+204
435+114
460+232
513+169
601+300
673+130
767+268
1291+4144
1491+581
1664+2871
2006+5836
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
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Est Ki for ASBT (μM)
50.3+18
110+3
18.5+3.9
1049+422
425+155
237+21
313+53
61.3+16
177+32
50.7+5.9
1460+5960
239+117
529+600
3000
318+169
1419+5313
811+243
1886+257
3000
85.8+2.3
137+48
162+82
246+119
175+96
103+23
1022+49
94.7+38
30.3+11
3000
1265+7010
97.4+26
377+442

Figure 2.6. Correlation between NTCP inhibition and ASBT inhibition. The percent
taurocholate uptake by ASBT is plotted against percent taurocholate uptake by NTCP for
72 drugs. Linear regression yielded a slope of 0.439 (+0.135) and r2=0.131.

2.3.5 Drug cytotoxicity. Cytotoxicity studies were conducted on each drug using both
NTCP-HEK293 and ASBT-MDCK cells in order to exclude false positive results (i.e. to
exclude decreased taurocholate uptake due to drug cytotoxicity, rather than NTCP or
ASBT uptake inhibition by the drug). Results indicate that no drug was toxic to HEK293
cells under study conditions, with all cell viabilities exceeding 80% [20]. (Table A.9 in
Appendix). Meanwhile, fenofibrate and valsartan exerted minor cytotoxicity to MDCK
cells, with cell viability being 79.2% and 77.9% respectively. Valsartan did not reduce
taurocholate uptake (i.e. was not an inhibitor) into ASBT-MDCK cells, so a false positive
was not a concern. Fenofibrate reduced taurocholate uptake into ASBT-MDCK cells to
64.7%, such that cytotoxicity did not appear to solely contribute to fenofibrate’s
inhibition.
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2.4 Discussion
2.4.1 Inhibitor screening
In our study, inhibitors were identified based on the estimated Ki derived from an
inhibition screening study (i.e. single concentration of inhibitor study). A benefit of this
approach is a requirement for only a minimal amount of drug. However, such an
approach may result in less accuracy to assess Ki, potentially yielding false positive or
false negative results. Thus, comprehensive inhibition profile studies using seven drug
concentrations were conducted on 23 drugs, whose estimated Ki values ranged from 12.0
μM to 460 μM. Results indicate that all drugs whose estimated Ki was less than 300μM
(i.e. 18 drugs) were confirmed to be NTCP inhibitors based on observed Ki (Table 2.5).
Only olmesartan was a non-inhibitor based on estimated Ki, but actually was found to be
an NTCP inhibitor due to an observed Ki less than 300 μM. Additionally, only five of the
27 compounds had an “observed Ki” that differed from “estimated Ki” by more that 2fold (i.e. bendroflumethiazide, ezetimibe, nimodipine, ketoconazole and nifedipine).
Hence, given the favorable consistency between estimated and observed Ki for NTCP, a
single concentration inhibition study was found to be reliable. This finding is consistent
with several methodological studies on CYP450 and transporter inhibitor screening,
which showed that it is reasonable to estimate the Ki from a single drug concentration
[23, 24]. For the 27 drugs where observed Ki was measured for NTCP, there was
favorable agreement between Ki estimated from a single drug concentration and observed
Ki from seven drug concentrations (r2=0.763, Figure A.3 in Appendix).
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Table 2.5. Comparison of estimated Ki and observed Ki for NTCP. Compounds are
listed in order of estimated Ki. Also listed is the percent taurocholate at the highest drug
concentration evaluated.
Observed Ki for NTCP
Compounds
Est Ki for NTCP (μM)
(μM)
Cyclosporine A
10.3+1.1
7.6+1.1
Irbesartan
12.0+1.6
11.9+0.7
Ritonavir
25.1+1.6
18.4+1.6
Bendroflumethiazide
26.2+1.0
53.0+6.8
Doxazosin
41.2+7.1
35.3+5.4
Ezetimibe
53.8+3.3
25.0+3.2
Simvastatin
57.3+11
47.9+3.7
Nitrendipine
72.3+5.2
111+10
Nimodipine
86.5+5.4
190+31
Ketoconazole
98.8+12
202+48
Nefazodone
100+8
126+20
Rosuvastatin
100+12
128+13
Losartan
105+9
72.1+5.1
Nateglinide
111+7
200+32
Indomethacin
141+14
173+24
Nifedipine
144+43
62.6+10
Candesartan
145+44
233+37
Tioconazole
177+66
148+34
Fenofibrate
211+60
129+20
Methylprednisolone
255+53
238+33
Budesonide
264+94
220+45
Prochlorperazine
280+37
209+27
Raloxifene HCl
321+139
301+131
Ketoprofen
361+178
321+57
Olmesartan
422+204
233+43
Probenecid
435+114
544+217
Diltiazem
460+232
599+212

2.4.2 NTCP inhibitors
In the present study, 31 drugs were identified as human NTCP inhibitors, including 27
drugs that are newly identified inhibitors. Most of them (i.e. 20) are antifungal,
antihyperlipidemic, antihypertensive, anti-inflammatory or glucocorticoid drugs. Of
these, cyclosporine A, ketoconazole, and ritonavir have been previously demonstrated to
be a human NTCP inhibitor [8]. Reserpine was previously found to inhibit rabbit Ntcp,
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and also inhibited human NTCP here [15]. Rosuvastatin is substrate of human NTCP [2].
As expected, it inhibited taurocholate transport here. Interestingly, simvastatin was found
here to be a potent inhibitor of NTCP (observed Ki = 47.9 μM), although it is minimally
taken up by human NTCP [3]. In the present study, nifedipine was a potent NTCP
inhibitor (observed Ki = 62.6 μM), although it was previously found not to be an inhibitor
when NTCP was transiently expressed in HeLa cells [8].
The angiotensin II antagonists showed a structure activity relationship with NTCP, with
Ki ranging from 12 to 3000 μM (Table A.10 in Appendix). Interestingly, candesartan was
scored poorly by the ezetimibe shape pharmacophore, perhaps due to candesartan’s
carboxylic acid protruding from the molecule shape (Table A.10 in Appendix), which
penalized scoring. The common features across these molecules, namely the two phenyl
rings and the tetrazole, are not the sole determinants of activity, as the variable parts of
each molecule also impacted activity. For example, valsartan has these features in
common with irbesartan, but there is more than a 100-fold difference in activity (Table
A.10 in Appendix). Many of the angiotensin II antagonists were scored highly in the
SCUT database (Table A.1 in Appendix).
It is important to note that we did not test every compound that was retrieved by the
pharmacophores, but only sampled based in part on commercial availability and cost. A
more exhaustive sampling would require all compounds to be tested. It is possible that
additional NTCP inhibitors are missing from the approach outlined in this study.
However, the drug space coverage for the 72 compounds tested was excellent, as
assessed by principal component analysis with eight simple molecular descriptors (Figure
A.4 in Appendix), indicating a good representation of FDA approved drugs.
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2.4.3 Comparison to previous pharmacophores
Ekins et al. previously developed an initial quantitative (HypoGen) pharmacophore based
on eight human NTCP inhibitors, which were bile acids and drugs, although the model
had not been validated [25]. This preliminary model featured two hydrophobes and two
hydrogen bond donors. A possible reason for the difference between this previous model
and the current model may be a) the previous model employed IC50 values from NTCPHeLa transiently transfected cells, while our current model was based on estimated Ki
values from NTCP-HEK293 stably transfected cells and b) the previous model was
quantitative while the current one is qualitative and employed a different algorithm.
Interestingly, both models identified two hydrophobic features as important for NTCP
inhibition.
Greupink et al. recently developed an NTCP common feature pharmacophore using
human NTCP-CHO cells [26]. The pharmacophore possessed three hydrophobes and two
hydrogen bond acceptors, based on four bile acids and estrone sulfate. In contrast, our
pharmacophore reported here possesses two hydrophobes and one hydrogen bond
acceptor, based on 23 diverse drugs. Greupink et al. indicate that one or two negative
charges are critical for NTCP inhibition, yet their pharmacophore did not possess these
features. From a larger and more diverse drug set, we did not observe a negative charge
to be required. For example, irbesartan, doxazosin, and simvastatin are potent NTCP
inhibitors and do not have functional groups with a negative charge. A further distinction
between the present report and findings from Greupink et al. is our focus on FDA
approved drugs. The present study involves 72 drugs evaluated for NTCP inhibition.
Greupink et al. tested four bile acids, estrone sulfate, and 33 other commercially available
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chemicals, but no FDA approved drugs. Additionally, we have developed a Bayesian
model, which employs 2D molecular fingerprints and allows for more rapid screening,
since the pharmacophore approach requires conformation generation for each compound.
External testing these models resulted in 64% correct predictions. These findings indicate
an overlapping structure activity relationship of inhibitors for ASBT and NTCP, with
NTCP being a less permissive transporter than ASBT in terms of susceptibility to
inhibition by FDA approved drugs.
It should be noted that experimental and computational approaches here do not evaluate
mechanism of inhibition, but rather focus on the identification of novel drug inhibitors.
The mechanism of transporter inhibition is poorly elucidated through conventional
inhibition data [27]. Hence, the pharmacophore may reflect more than one binding site,
which may not be surprising given the diverse drug molecules tested here.
2.4.4 Pharmacokinetic implications of NTCP inhibition
NTCP is a bile acid transporter which is mainly responsible for transporting bile acid
from portal blood into the liver. Recent in vitro studies implied that NTCP may also be
involved in rosuvastatin and micafungin hepatic uptake [5]. However, even though 35%
of rosuvastatin is taken up into liver by NTCP, no drug has been suspected of modifying
rosuvastatin disposition via NTCP. Cyclosporine A increases rosuvastatin exposure,
which has been attributed to OATP1B1 inhibition [2, 28]. Cyclosporine A Ki for
OATP1B1 is 0.2 μM [29], while the cyclosporine A Ki for NTCP is 7.6μM (Table 2.5).
Hence, it is possible that cyclosporine A increases rosuvastatin exposure via NTCP
inhibition. Of the 31 in vitro inhibitors observed here, nifedipine, itraconazole, and
cyclosporine A showed pharmacokinetic in vivo interaction that micafungin [30].
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However, a potential mechanism to attenuate a perpetrator drug’s impact via NTCP
inhibition is that other influx transporters, such as OATPs, compensate for NTCP
inhibition, resulting in no change in rosuvastatin or micafungin pharmacokinetics.
2.4.5 Common feature pharmacophore and Bayesian model
Both common feature pharmacophore and Bayesian models were developed to elucidate
NTCP inhibitor requirements. A geometric restriction, based on the van der Waals
surface of one of the most active compounds in the training set (i.e. ezetimibe), was
added to the common feature pharmacophore when searching the database. This
geometric restriction aimed to reduce the number of false positive hits. The model
showed that two hydrophobes (e.g. the isobutyl group and the phenyl group in
nateglinide) and one hydrogen bond acceptor (e.g. the carbonyl group in nateglinide)
were important for NTCP inhibition (Figure 2.2). Interestingly, cyclosporine A and
ritonavir, which were known NTCP inhibitors, were not retrieved by the pharmacophore.
This is probably due to no large molecules similar to these being represented in the
training set. After removing the shape restriction, cyclosporine A and ritonavir were
mapped to the pharmacophore with fit value as 2.08 and 0.45 respectively (Figure A.5 in
Appendix).
The Bayesian model used molecular fingerprint descriptors and identified several
molecules that feature benzyl fluorine as important for NTCP inhibition (e.g. ezetimibe,
Table A.11 in Appendix). Both models showed acceptable success in finding new NTCP
inhibitors, while the Bayesian model showed better prediction due to less false positive
hits. It is still important to note that these models are generated with relatively small
datasets, although similar in dataset size to other transporter modeling studies [12, 31].
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2.4.6 Comparison of the inhibitors between NTCP and ASBT
A previous study by Kramer et al. using rabbit showed that the hepatic bile acid
transporter had a much broader specificity for interaction than the ileal transporter [15]. A
recent study from our group using different bile acid conjugates indicated that human
ASBT and NTCP have generally similar inhibition potency [32]. For both ASBT and
NTCP, inhibition depends on the size of the substituent attached to the bile acid and
whether the shape of the steroidal nucleus was distorted. In the present study, 72 drugs
were evaluated for human NTCP and ASBT inhibition. Surprisingly, only 31 drugs
inhibited NTCP, while 51 drugs inhibited ASBT. Of the 72 drugs, nine drugs reduced
taurocholate uptake into NTCP-transfected cells below 50% of control (i.e. more than 50%
inhibition): cyclosporine A, ritonavir, bendroflumethiazide, ezetimibe, simvastatin,
nefazodone, losartan, nifedipine, irbesartan (Table A.12 in Appendix). Meanwhile, 15
drugs reduced taurocholate uptake into ASBT-transfected cells below 50% of control:
budesonide,

chlorpromazine,

econazole,

ezetimibe,

indomethacin,

isradipine,

ketoconazole, lovastatin, nefazodone, nimodipine, prochlorperazine, propafenone,
ritonavir, ropinirole, tioconazole.
Human ASBT showed a broader inhibitor profile than NTCP, in contrast to the
conclusion of Kramer et al [15]. One possible explanation for this difference is due to
species specific differences which have been shown to impact the interaction between
bile acid transporter and drug [2, 33]. For example, rosuvastatin is a human NTCP
substrate, but not a substrate for rat Ntcp [2]; bosentan is a more potent inhibitor for rat
Ntcp than human NTCP [33]. In the current study, 72 drugs were evaluated, while
Kramer evaluated 28 compounds, of which only 19 were drugs [15].
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Among the 72 drugs tested, based on Ki values in Table 2.4 and 2.5, the most selective
NTCP inhibitors were irbesartan (NTCP observed Ki = 11.9μM and ASBT estimated Ki
=131μM) and methylprednisolone (NTCP observed Ki = 238μM and ASBT estimated Ki
=3000μM). Only these two drugs exhibited a 10-fold more potent NTCP inhibition than
ASBT inhibition. Meanwhile, 12 drugs showed a 10-fold more potent ASBT inhibition
than NTCP inhibition, in rank order: ropinirole, dibucaine, oxiconazole, warfarin,
omeprazole, econazole, eletriptan, enalapril, formoterol, chlorpromazine, tioconazole,
and eprosartan. For ropinirole, the difference in Ki values was almost 100-fold, where
NTCP estimated Ki = 3000μM and ASBT estimated Ki =30.3μM. The compounds
selectively inhibiting each transporter could be considered potential chemical probes for
mechanistic studies. Several drugs inhibited both NTCP and ASBT. HMG-CoA reductase
inhibitors, angiotensin II receptor antagonists, and calcium channel blockers were
inhibitors for both ASBT and NTCP. However, antifungal drugs of the imidazole class
were ASBT inhibitors, but not all of them were NTCP inhibitors (e.g. econazole,
miconazole, oxiconazole).
Eight molecular descriptors (described earlier for Bayesian analysis) were evaluated to
differentiate NTCP inhibitors (n = 31) from ASBT inhibitors (n = 51, of which 29 were
also NTCP inhibitors). Interestingly, using the t-test, there was no difference in the mean
value for each descriptor between NTCP inhibitors and ASBT inhibitors. That is, NTCP
inhibitors possessed similar molecular descriptor values to those of ASBT inhibitors,
even though about half of the ASBT inhibitors were not NTCP inhibitors.
For NTCP and ASBT, the AlogP of inhibitors were larger than AlogP of non-inhibitors,
suggesting that drug lipophilicity favors drug-transporter interaction (and hence
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inhibition). These results are consistent with prior observations that lipophilicity
promotes ASBT inhibition [34, 35]. Comparing the NTCP pharmacophore from this
study to the ASBT pharmacophore from Zheng et al., both pharmacophores possess two
hydrophobes in common [35]. The ASBT pharmacophore additionally possesses two
hydrogen bond acceptors, while the NTCP pharmacophore has one hydrogen bond
acceptor instead. Overall, this study showed that ASBT showed wider inhibitor
selectivity than NTCP.

2.5 Conclusion
A combination of computational and in vitro approaches was used to identify new NTCP
inhibitors. Out of 72 FDA approved drugs screened for both NTCP and ASBT inhibition,
31 inhibited NTCP, while 51 inhibited ASBT. Several novel NTCP inhibitors were
identified which fall into a variety of therapeutic classes such as antifungal,
antihyperlipidemic, antihypertensive, anti-inflammatory and glucocorticoid drugs.

53

2.6 References
[1] Kullak-Ublick GA, Stieger B, Meier PJ. Enterohepatic bile salt transporters in normal
physiology and liver disease. Gastroenterology. 2004 Jan;126(1):322-42.
[2] Ho RH, Tirona RG, Leake BF, et al. Drug and bile acid transporters in rosuvastatin
hepatic uptake: function, expression, and pharmacogenetics. Gastroenterology. 2006
May;130(6):1793-806.
[3] Choi MK, Shin HJ, Choi YL, Deng JW, Shin JG, Song IS. Differential effect of
genetic variants of Na(+)-taurocholate co-transporting polypeptide (NTCP) and organic
anion-transporting polypeptide 1B1 (OATP1B1) on the uptake of HMG-CoA reductase
inhibitors. Xenobiotica. 2011 Jan;41(1):24-34.
[4] Greupink R, Dillen L, Monshouwer M, Huisman MT, Russel FG. Interaction of
fluvastatin with the liver-specific Na+ -dependent taurocholate cotransporting
polypeptide (NTCP). Eur J Pharm Sci. 2011 Nov 20;44(4):487-96.
[5] Yanni SB, Augustijns PF, Benjamin DK Jr et al. In vitro investigation of the
hepatobiliary disposition mechanisms of the antifungal agent micafungin in humans and
rats. Drug Metab Dispos. 2010 Oct;38(10):1848-56.
[6] Hebert MF, Townsend RW, Austin S, et al. Concomitant cyclosporine and micafungin
pharmacokinetics in healthy volunteers. J Clin Pharmacol. 2005 Aug;45(8):954-60.
[7] McRae MP, Lowe CM, Tian X, et al. Ritonavir, saquinavir, and efavirenz, but not
nevirapine, inhibit bile acid transport in human and rat hepatocytes. J Pharmacol Exp
Ther. 2006 Sep;318(3):1068-75.
[8] Kim RB, Leake B, Cvetkovic M, et al. Modulation by drugs of human hepatic
sodium-dependent bile acid transporter (sodium taurocholate cotransporting polypeptide)
activity. J Pharmacol Exp Ther. 1999 Dec;291(3):1204-9.
[9] Ekins S, Johnston JS, Bahadduri P, et al. In vitro and pharmacophore-based discovery
of novel hPEPT1 inhibitors.Pharm Res. 2005 Apr;22(4):512-7.
[10] Chang C, Bahadduri PM, Polli JE, Swaan PW, Ekins S. Rapid identification of Pglycoprotein substrates and inhibitors. Drug Metab Dispos. 2006 Dec;34(12):1976-84.
[11] Chang C, Ekins S, Bahadduri P, Swaan PW. Pharmacophore-based discovery of
ligands for drug transporters. Adv Drug Deliv Rev. 2006 Nov 30;58(12-13):1431-50.
[12] Diao L, Ekins S, Polli JE. Novel inhibitors of human organic cation/carnitine
transporter (hOCTN2) via computational modeling and in vitro testing. Pharm Res. 2009
Aug;26(8):1890-900. Epub 2009 May 13.

54

[13] Astorga B, Ekins S, Morales M, Wright SH. Molecular determinants of ligand
selectivity for the human multidrug and toxin extruder proteins MATE1 and MATE2-K.
J Pharmacol Exp Ther. 2012 Jun;341(3):743-55.
[14] Dawson PA, Lan T, Rao A. Bile acid transporters. J Lipid Res. 2009
Dec;50(12):2340-57.
[15] Kramer W, Stengelin S, Baringhaus KH, et al. Substrate specificity of the ileal and
the hepatic Na(+)/bile acid cotransporters of the rabbit. I. Transport studies with
membrane vesicles and cell lines expressing the cloned transporters. J Lipid Res. 1999
Sep;40(9):1604-17.
[16] Balakrishnan A, Sussman DJ, Polli JE. Development of stably transfected monolayer
overexpressing the human apical sodium-dependent bile acid transporter (hASBT).
Pharm Res. 2005 Aug;22(8):1269-80.
[17] Balakrishnan A, Wring SA, Polli JE. Interaction of native bile acids with human
apical sodium-dependent bile acid transporter (hASBT): influence of steroidal
hydroxylation pattern and C-24 conjugation. Pharm Res. 2006 Jul;23(7):1451-9.
[18] Leonhardt M, Keiser M, Oswald S, et al. Hepatic uptake of the magnetic resonance
imaging contrast agent Gd-EOB-DTPA: role of human organic anion transporters. Drug
Metab Dispos. 2010 Jul;38(7):1024-8.
[19] Rais R, Gonzalez PM, Zheng X, et al. Method to screen substrates of apical sodiumdependent bile acid transporter. AAPS J. 2008 Dec;10(4):596-605.
[20] Zheng X, Diao L, Ekins S, Polli JE. Why we should be vigilant: drug cytotoxicity
observed with in vitro transporter inhibition studies. Biochem Pharmacol. 2010 Oct
1;80(7):1087-92.
[21] Li J, Ehlers T, Sutter J, et al. CAESAR: a new conformer generation algorithm based
on recursive buildup and local rotational symmetry consideration. J Chem Inf Model.
2007 Sep-Oct;47(5):1923-32
[22] Ekins S, Williams AJ, Xu JJ. A predictive ligand-based Bayesian model for human
drug-induced liver injury. Drug Metab Dispos. 2010 Dec;38(12):2302-8
[23] Zheng X, Polli J. Identification of inhibitor concentrations to efficiently screen and
measure inhibition Ki values against solute carrier transporters. Eur J Pharm Sci. 2010
Sep 11;41(1):43-52.
[24] Gao F, Johnson DL, Ekins S, et al. Optimizing higher throughput methods to assess
drug-drug interactions for CYP1A2, CYP2C9, CYP2C19, CYP2D6, rCYP2D6, and
CYP3A4 in vitro using a single point IC(50). J Biomol Screen. 2002 Aug;7(4):373-82.
55

[25] Ekins S, Mirny L, Schuetz EG. A ligand-based approach to understanding selectivity
of nuclear hormone receptors PXR, CAR, FXR, LXRalpha, and LXRbeta. Pharm Res.
2002 Dec;19(12):1788-800.
[26] Greupink R, Nabuurs SB, Zarzycka B, Verweij V, Monshouwer M, Huisman MT,
Russel FG, 2012. In silico identification of potential cholestasis-inducing agents via
modeling of Na(+)-dependent taurocholate cotransporting polypeptide substrate
specificity. Toxicol Sci. 129, 35-48.
[27] Kolhatkar V, Polli JE. Reliability of inhibition models to correctly identify type of
inhibition. Pharm Res. 2010 Nov;27(11):2433-45.
[28] Simonson SG, Raza A, Martin PD, et al. Rosuvastatin pharmacokinetics in heart
transplant recipients administered an antirejection regimen including cyclosporine. Clin
Pharmacol Ther. 2004 Aug;76(2):167-77.
[29] Campbell SD, de Morais SM, Xu JJ. Inhibition of human organic anion transporting
polypeptide OATP 1B1 as a mechanism of drug-induced hyperbilirubinemia. Chem Biol
Interact. 2004 Nov 20;150(2):179-87.
[30] Carter NJ, Keating GM. Micafungin: a review of its use in the prophylaxis and
treatment of invasive Candida infections in pediatric patients. Paediatr Drugs.
2009;11(4):271-91.
[31] Zheng X, Ekins S, Raufman JP, et al. Computational models for drug inhibition of
the human apical sodium-dependent bile acid transporter. Mol Pharm. 2009 SepOct;6(5):1591-603.
[32] Kolhatkar V, Polli JE. Structural requirements of bile acid transporters: C-3 and C-7
modifications of steroidal hydroxyl groups. Eur J Pharm Sci. 2012 May 12;46(1-2):86-99.
[33] Leslie EM, Watkins PB, Kim RB, Brouwer KL. Differential inhibition of rat and
human Na+-dependent taurocholate cotransporting polypeptide (NTCP/SLC10A1) by
bosentan: a mechanism for species differences in hepatotoxicity. J Pharmacol Exp Ther.
2007 Jun;321(3):1170-8.
[34] Rais R, Acharya C, Tririya G, et al. Molecular Switch Controlling the Binding of
Anionic Bile Acid Conjugates to Human Apical Sodium-Dependent Bile Acid
Transporter. J Med Chem. 2010 Jun 24;53(12):4749-60.
[35] Zheng X, Pan Y, Acharya C, et al. Structural requirements of the ASBT by 3DQSAR analysis using aminopyridine conjugates of chenodeoxycholic acid. Bioconjug
Chem. 2010 Nov 17;21(11):2038-48.

56

Chapter 3: Quantitative Computational Models and Hepatotoxicity
Assessment for Human NTCP inhibitor2
3.1 Introduction
Human sodium taurocholate cotransporting polypeptide (NTCP) is a solute carrier protein
(SLC10A1) that is primarily expressed on the basolateral membrane of hepatocytes. It is
responsible for transporting bile acids from portal blood into the liver in a sodium
dependent manner, resulting in highly efficient reabsorption of bile acids during
enterohepatic circulation. In addition to bile acids, NTCP also takes up estrone-3-sulfate
and xenobiotics such as rosuvastatin and micafungin, which implies its potential role in
drug disposition [1-4].
A recent study showed that human NTCP may also play an important role in hepatitis B
(HBV) infection, which infects approximately 350 million people globally [5]. Yan et al.
found that hepatitis B infection in primary human hepatocytes was significantly reduced
by knocking down NTCP. Additionally, exogenous expression of human NTCP in
HepG2 cells, which are otherwise resistant to HBV infection, resulted in virus infection.
These results indicate that NTCP may be one of the HBV receptors that contribute to
human infection. Inhibition of NTCP uptake may potentially also prevent HBV infection
[6]. However, no crystal structure of human NTCP has been elucidated, which hampers
NTCP inhibitor identification and development.
2

Dong Z, Ekins S, Polli JE. Quantitative NTCP pharmacophore and lack of association
between DILI and NTCP Inhibition. Eur J Pharm Sci. 2014 Sep 16 (in press). Reprinted
from European Journal of Pharmaceutical Sciences, Zhongqi Dong, Sean Ekins, James E.
Polli, Quantitative NTCP pharmacophore and lack of association between DILI and
NTCP Inhibition, Copyright (2014), with permission from Elsevier.
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Both Greupink et al. and our group have previously developed qualitative ‘common
feature pharmacophore’ models. Greupink’s model was developed from four bile acids
and estrone sulfate and possessed three hydrophobes and two hydrogen bond acceptors
[7], while our pharmacophore was derived from FDA approved drugs from a variety of
therapeutic classes, which consisted of two hydrophobes and one hydrogen bond acceptor
[8].
One objective of the current study was to extend the previous common feature
pharmacophore work and develop a quantitative pharmacophore in order to predict
inhibitor potency for human NTCP inhibition and aid in elucidating potent NTCP
inhibitors, which may be of value for preventing HBV infection. To our knowledge, the
model presented here is the first quantitative pharmacophore for human NTCP inhibitors.
The quantitative pharmacophore was found to possess one hydrogen bond acceptor, one
hydrogen bond donor, a hydrophobic feature and four excluded volumes.
A second objective concerns drug-induced liver injury (DILI), which can terminate
compounds in drug development [9]. DILI is the most common reason for drug
withdrawal from the market [10, 11]. DILI incorporates many mechanisms for
hepatotoxicity. One mechanism for cholestasis and reduced bile acid excretion is
inhibition of the Bile Salt Export Pump (BSEP) [12]. However, one study using the
human sandwich-cultured hepatocyte model showed that several known (or suspected)
hepatotoxic drugs inhibited taurocholate uptake, without inhibiting taurocholate efflux
from hepatocytes [13]. Hence, hepatotoxicity of these drugs may be attributed to NTCP
inhibition via a mechanism distinct from BSEP inhibition. Interestingly, hepatotoxicity
that may be mediated via NTCP inhibition may be expected to show increased plasma
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bile acids, as NTCP takes up most taurocholate into the liver and inhibition of the NTCP
may potentially lead to an increase of serum bile salt levels [3]. In fact, a recent study
showed that a mutation of NTCP caused reduced taurocholic acid uptake and elevated
plasma bile acid concentration [14]. Thus, given the observation from Wolf et al., the
second objective of the current study was to examine if human NTCP inhibition is
associated with drug-induced hepatotoxicity. A relationship between human NTCP
inhibition and DILI would have safety implications for drug candidates aimed at
preventing HBV infection via NTCP inhibition.

3.2 Materials and methods
Figure 3.1 illustrates the approach to develop a quantitative pharmacophore for human
NTCP and evaluate the relationship between drug inhibition of NTCP and drug induced
hepatotoxicity. Briefly, 27 drugs with observed Ki values for NTCP inhibition were used
to develop a quantitative pharmacophore [8]. Using this quantitative pharmacophore, a
database of 1316 approved drugs was computationally assessed, and in vitro secondary
screening for NTCP inhibition was conducted for nine compounds (i.e. six compounds
retrieved by the model and three compounds that were not retrieved). Tertiary screening
involved an additional twenty five drugs that were subjected to the NTCP inhibition
assay. A set of 94 drugs that are either orally or parenterally administered was assessed
for their hepatotoxicity based on drug label information and were then further correlated
with in vitro NTCP inhibition.
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3.2.1 Materials
[3H] Taurocholate (5.0 Ci/mmol) was purchased from PerkinElmer, Inc. (Waltham, MA).
Taurocholate was obtained from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS), penicillin−streptomycin, Geneticin, nonessential amino acid, trypsin, and
Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Invitrogen
Corporation (Carlsbad, CA). WST-1 reagent was bought from Roche Applied Science
(Indianapolis, IN). All drugs and other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO), Enzo Life Sciences (Farmingdale, NY), AK Scientific

Initial screen for NTCP inhibition (27 drugs
from literature)

Develop quantitative pharmacophore with
observed Ki (27 drugs)

Secondary screen for NTCP inhibition (6 drugs
retrieved from quantitative pharmacophore and 3
drugs not retrieved)

Tertiary screen for NTCP inhibition (25 drugs)

Score DILI of all 94 drugs

Relate DILI score to NTCP inhibition. No
relationship found

Figure 3.1. Flow diagram of approach to develop a quantitative pharmacophore for
NTCP inhibition, as well as explore the possible relationship between human NTCP
inhibition and drug induced liver injury (DILI). Initial and secondary inhibition studies
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were conducted yielding observed Ki values, which were then employed to develop and
validate a quantitative pharmacophore. Using a larger drug pool with estimated Ki values,
the relationship between NTCP and DILI was assessed.

3.2.2 Inhibition study
Inhibition studies were conducted as previously described [8]. Briefly human NTCPHEK293 stable transfected cells were grown in Dulbecco's Modified Eagle Medium
(DMEM) and supplemented with 10% fetal bovine serum, 100 μM nonessential amino
acid, 100 units/mL of penicillin, 100 μg/mL of streptomycin and 1 mg/mL geneticin.
Cells were grown at 37 °C, 5% CO2 atmosphere, with 90% relative humidity and fed
every two days. After seeding in 24 well Biocoated plates at the density of 300,000
cells/well for two days, cells were exposed to donor solution, which was composed of
Hank’s Balanced Salt Solution (HBSS) , cold taurocholate (10 μM ), 0.5 μCi/ml [3H]taurocholate and test drug. Studies were conducted with and without sodium, as NTCP is
a sodium-dependent transporter. After incubation for 5 min, buffer was removed, and
cells were washed with ice cold sodium-free buffer where sodium chloride was replaced
with tetraethylammonium chloride. Previous studies showed linear uptake of
taurocholate into the cells between 0 and 20 min (data not shown). Cells were further
lysed by acetonitrile. Lysate was dissolved in phosphate buffered saline (PBS).
Radioactivity of each sample was subject to liquid scintillation counting. Taurocholate
uptake was measured in parallel no-drug inhibitor studies using 200 μM taurocholate, in
the presence and absence of sodium, and served as a positive control for NTCP-HEK293
cell functionality. Furthermore, the difference between taurocholate flux in the presence
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and absence of sodium was taken to be the maximal flux of taurocholate without inhibitor,
Jmax.
To determine the “observed Ki” of NTCP inhibitors, seven drug concentrations were
employed. Equation 1 was applied to calculate Ki

J

J max S
 Pp S
K t (1  I )  S
Ki

eqn 1

where J is the taurocholate flux, Jmax is maximal flux of taurocholate without inhibitor.
Jmax was estimated from taurocholate uptake studies at high taurocholate concentrations
(200 μM) where transporter was saturated. On any one occasion, the typical value of Jmax
was 1.8 pmol/sec/cm2. I is the inhibitor concentration, S is the taurocholate concentration,
Pp is the taurocholate passive permeability, Ki is the NTCP inhibition constant, and Kt is
the NTCP taurocholate Michaelis−Menten constant which is 22.7(±3.4) μM [8]
To determine the “estimated Ki” of NTCP inhibitors, only one drug concentration was
applied to inhibit taurocholate uptake, which was typically 100μM. To determine the
“estimated Ki”, the ratio of active uptake with inhibitor versus active uptake without
inhibitor was subjected to equation 2:

[S ]
Kt
active uptake with inhibitor

[ I ] [S ]
active uptake without inhibitor
1

Ki Kt
1

eqn 2

“Estimated Ki” has been shown to be a resource-sparing approach to estimate “observed
Ki” [8, 15, 16]. It should be noted that eqn 1 and 2 were generally applied for the
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purpose of data reduction rather than mechanistic model identification [17]. Except for
bendroflumethiazide, no effort was made to assess the various types of inhibition, which
is otherwise difficult at best [18]. For bendroflumethiazide, the mechanism of NTCP
inhibition by the drug was examined by varying taurocholate concentration (5μM, 10μM
and 20μM) in the presence of varying bendroflumethiazide concentration (0μM, 10μM,
50μM, and 200μM).
3.2.3 Quantitative pharmacophore development and secondary screening
A quantitative pharmacophore was developed using Catalyst in Discovery Studio 3.5
(Accelrys; San Diego, CA). The conformation of the each molecule in the training set
was generated using CAESAR (Conformer Algorithm based on Energy Screening and
Recursive Buildup) algorithm, which yielded a maximum of 255 conformations per
molecule. The calculated potential energy minimum was set to be 20 kcal/mol.
Hydrophobic, hydrogen bond acceptor, hydrogen bond donor, and the positive and
negative ionizable features were selected to generate hypotheses. In addition, up to 10
excluded volumes were selected. All other parameters were set to default values. Ten
hypotheses were generated and the one with best correlation and lowest RMS deviation
was selected to screen a database of 1316 approved drugs (derived from the Approved
Drugs mobile application http://itunes.apple.com/us/app/approved-drugs/id534198253;
http://chemoinfo.ipmc.cnrs.fr/MOLDB/index.html) using the FAST algorithm, during
which up to 100 conformations per molecule were generated. This yielded 514 drugs
fitting to the pharmacophore. Six drugs were purchased and tested for inhibition while
three additional drugs that were not retrieved by the model were also tested.
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The pharmacophore was further challenged with a set of 42 molecules described in a
recent paper from Greupink et al., of which 23 were either inhibitors or steroidal
substrates of NTCP [7]. Briefly, the molecules were sketched with the Mobile Molecular
Datasheet mobile app (Molecular Materials Informatics, Montreal, Canada
https://itunes.apple.com/us/app/mobile-molecular-datasheet/id383661863). The sdf file
was then converted to a 3D database in Discovery Studio using the FAST algorithm,
during which up to 100 conformations per molecule were generated. The database was
searched with our quantitative pharmacophore (reported here) and our previously
reported common features pharmacophore [8].
3.2.4 Cytotoxicity studies
Cytotoxicity studies were conducted as previous described to assess whether drug was
toxic to NTCP-HEK293 cells over the duration of an inhibition study, since cytotoxicity
mistakenly can be interpreted as inhibition [19]. NTCP-HEK293 cells were seeded in 96
well biocoated plates at 50,000 cells/well for two days. After being exposed to drug
solution for 10 min, donor solution was removed, and cells were then treated with 100 μL
HBSS buffer with 10 μL of cell proliferation reagent WST-1. Cells were incubated at
37°C for 4 hr, followed by absorbance measurement at 440nm using a SpectraMax 384
plus plate reader (Molecular Devices; Sunnyvale, CA).
3.2.5 Assessing DILI potential
Drugs that were either orally or parenterally administered were assessed for their DILI
potential, based on label information using method developed by Chen et al [20]. Briefly,
a set of keywords that are commonly associated with DILI (e.g. cholestasis,
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hepatotoxicity and jaundice) were searched for in the drug label. Drugs were then divided
into four categories: BW (Box warning), WP (Warning and precaution), AR (Adverse
reaction), and No mention, depending on the label section where these keywords were
identified (or not present). Based on an 8-level system that was developed by Chen et al.,
DILI severity of each drug was assigned a value from 1 (denoting steatosis) to 8
(denoting fatal hepatotoxicity), or a value of -1 (denoting no DILI) [20]. Finally, DILI
potential was further evaluated based on both the label section that cites hepatotoxicity
(e.g. box warning, warning and precaution) and severity of hepatotoxicity for each drug,
resulting in assigning each drug as most DILI concern, less DILI concern and no DILI
concern.

3.3. Results
3.3.1 Quantitative pharmacophore for NTCP inhibitors
Twenty seven drugs with previously reported observed Ki values were used as the
training set to develop a quantitative pharmacophore [8]. These drugs fell into a variety
of therapeutic classes, such as antifungal, antihypertensive and anti-inflammatory. Ki
values ranged from 7.6 to 599 μM (Table 3.1). The activity range of the data is
considerably less than the 4 logs which is considered ideal for pharmacophore modeling
and total cost subsequently was closer to the null cost than the fit cost (Table B.1 in
Appendix). The correlation coefficient and normalized RMS deviation between the
predicted Ki and observed Ki of the training set was 0.82 and 0.58, respectively (Table
B.1 in Appendix), which were optimal across all pharmacophores created. All predicted
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Ki values were within 4-fold of the observed Ki value. Overall, the quantitative
pharmacophore was predictive for NTCP inhibitor potency.

Table 3.1. The training set of 27 compounds for the development of the quantitative
pharmacophore. Observed Ki values were measured from a range of inhibitor
concentrations and found to vary from 7.6 to 599 μM. Predicted Ki value was estimated
by the quantitative pharmacophore using CAESAR conformer method. Fit value reflects
how well the compound mapped to the model, with high Fit value indicating better fit.

Compounds

Observed Ki (μM)a

Predicted Ki (μM)b

Bendroflumethiazide
Budesonide
Candesartan
Cyclosporine A
Diltiazem
Doxazosin
Ezetimibe
Fenofibrate
Indomethacin
Irbesartan
Ketoconazole
Ketoprofen
Losartan
Methylprednisolone
Nateglinide
Nefazodone
Nifedipine
Nimodipine
Nitrendipine
Olmesartan
Probenecid
Prochlorperazine
Raloxifene HCl
Ritonavir
Rosuvastatin
Simvastatin
Tioconazole

53.0+6.8
220+45
233+37
7.6+1.1
599+212
35.3+5.4
25.0+3.2
129+20
173+24
11.9+0.7
202+48
321+57
72.1+5.1
238+33
200+32
126+20
62.6+10
190+31
111+10
233+43
544+217
209+27
301+131
18.4+1.6
128+13
47.9+3.7
148+34

26
200
200
26
240
32
22
200
210
9.6
210
200
39
200
200
200
200
200
200
120
200
810
130
29
200
23
200
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Pharmacophore
Fit value
4.09
3.20
3.20
4.09
3.13
4.00
4.16
3.20
3.17
4.52
3.19
3.20
3.91
3.20
3.20
3.20
3.20
3.20
3.20
3.43
3.20
2.60
3.40
4.04
3.20
4.15
3.20

a

Observed Ki was determined using seven concentrations in the range of 0 to 200μM.
Values denote mean (+SEM).
b
Predicted Ki (μM) was predicted by the quantitative pharmacophore.

The quantitative pharmacophore is illustrated in Figure 3.2, which is composed of one
hydrogen bond acceptor, one hydrogen bond donor, one hydrophobic feature, and four
excluded volumes.

Figure 3.2. Quantitative pharmacophore of NTCP inhibitors. The pharmacophore
employed 27 observed Ki values. Pharmacophore features one hydrogen bond acceptor
(green), one hydrogen bond donor (pink), a hydrophobic feature (cyan), and four
excluded volumes (grey). The structure of irbesartan is mapped to the pharmacophore.

One of the 27 drugs is bendroflumethiazide, which was subjected here to determine the
mechanism of NTCP analysis. Figure 3.3 illustrates the Lineweaver-Burk plot for
bendroflumethiazide inhibition of taurocholate uptake. Inhibition studies were conducted
using various taurocholate concentrations (5μM, and 10μM, 20μM) in the presence of
various bendroflumethiazide concentrations (0μM, 10μM, 50μM, and 200μM). In Figure
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3.3, all four lines intercept at the same y-axis point, suggesting that bendroflumethiazide
is a competitive inhibitor for NTCP. In addition, fitting competitive, noncompetitive, and
uncompetitive inhibition models indicated that competitive inhibition was the best fitting
model (i.e. lowest AIC value). Hence, bendroflumethiazide was identified as a
competitive inhibitor of NTCP.

Figure 3.3. Lineweaver-Burk plot for bendroflumethiazide inhibition on taurocholate
uptake. Three concentrations of taurocholate (5, 10 and 20μM) and four concentrations of
bendroflumethiazide (0, 10, 50 and 200μM) were used. The four regressed lines intercept
on the same y-axis point, indicating competitive inhibition.
3.3.2 Secondary screen
The quantitative pharmacophore was used to screen the database of over 1300 approved
drugs and retrieved 514 molecules that mapped to the pharmacophore features (Fit values
ranged from 0.22 to 4.63). Six retrieved drugs with Fit values ranging from 2.44 to 4.23
(i.e. pioglitazone, lapatinib, glyburide, bosentan, rifampicin, and sorafenib) were selected
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to test the quantitative pharmacophore, along with three drugs that were not retrieved by
the model (i.e. metformin, telmisartan and flutamide; Table 3.2). Pioglitazone had the
highest Fit value among the six drugs and was observed to be the most potent NTCP
inhibitor with an observed Ki value of 4.0μM (Figure 3.4). For each of the six drugs, the
observed Ki was within 8-fold of the predicted Ki. For these six compounds, the
correlation coefficient between predicted and observed Ki was 0.81. Among the three
drugs that were predicted to not be inhibitors, flutamide and telmisartan inhibited NTCP,
with an observed Ki of 113μM and 60.0μM, respectively. These results demonstrated the
overall prospective predictability of the quantitative pharmacophore.
Table 3.2. Validation set of nine compounds for the quantitative pharmacophore. Nine
observed Ki values were measured from a range of inhibitor concentrations. Predicted Ki
value was estimated by the quantitative pharmacophore using FAST conformer method.
Compounds are listed in order of Fit value.
Compounds

Observed Ki (μM)a

Predicted Ki (μM)b

Pioglitazone
Lapatinib
Glyburide
Bosentan
Rifampicin
Sorafenib
Metformin
Telmisartan
Flutamide

4.04+0.63
285+137
7.80+1.83
145+30
416+98
3000
3000
60.0+14.6
113+14

18.6
44.4
60.6
61.7
901
1166
No fit
No fit
No fit

a

Pharmacophore
Fit value
4.23
3.86
3.72
3.71
2.55
2.44
No fit
No fit
No fit

Observed Ki was determined using seven concentrations in the range of 0 to 200μM.
Values denote mean (+SEM). A value of 3000 μM was assigned for non-inhibitors.
b
Predicted Ki (μM) was predicted by the quantitative pharmacophore using FAST
conformer method. Drugs that were not fit by the quantitative pharmacophore were not
predicted to inhibit (i.e. high Ki value or no Ki value).
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Figure 3.4. Inhibition of NTCP by pioglitazone. Taurocholate uptake into NTCP-HEK
cells was reduced in the presence of pioglitazone in a concentration-dependent fashion.
Inhibition studies were conducted using seven concentrations of pioglitazone (0-50 μM).
Closed circles indicate observed data points, while the solid line indicates model fit.
Observed Ki of pioglitazone was 4.04+0.63μM.

3.3.3 Pharmacophore challenge with previously identified NTCP inhibitors
Greupink et al. recently used a pharmacophore based on five steroidal compounds with
hydrogen bond acceptors and three hydrophobic features to search databases of
commercial molecules, tested them and refined their pharmacophore [7]. They identified
18 inhibitors of NTCP after testing 37 molecules (48.6% of compounds tested). All the
molecules (N = 42) with discernible structures from the manuscript, of which 23 were
inhibitors or substrates, were used as a test set for our quantitative pharmacophore here
and our previously described common features pharmacophore [8]. Our common features
pharmacophore returned 37 molecules (20 actives, 54%; Table B.2 in Appendix) while
the quantitative pharmacophore retrieved 27 molecules (15 actives, 55%; Table B.3 in
Appendix). This suggests these pharmacophores have a similar overall selectivity as the
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Greupink pharmacophore, although developed from different training sets and may map
different sites in NTCP. The anthraquinone derivative compound 2 from Greupink et al.
also mapped to our quantitative pharmacophore (Fit value 3.55, Figure B.1).
3.3.4 Tertiary Screening and Lack of association between NTCP inhibition and
DILI
Previously, it was hypothesized that DILI may be associated with inhibition of bile acid
uptake into the liver [13]. Hence, 25 drugs-a majority of which were known
hepatotoxicants - were subjected to subsequent NTCP inhibition screening (i.e. tertiary
screening). Inhibition results are listed in Table 3.3. Table 3.3 shows screening results of
all 94 drugs from studies here and our previous study [8].Additionally, Table 3.3 lists
DILI information about all 94 drugs. DILI potential was determined from the package
insert information for each drug. All drugs are orally or parenterally administrated (e.g.
skin-applied drugs were excluded). In Table 3.3, there are 20 drugs of most DILI concern,
62 drugs of less DILI concern, and 12 drugs of no DILI concern. These drugs cover 66
common therapeutic drug classes and include seven angiotensin II antagonists, five
nucleoside and nucleotide reverse transcriptase inhibitors, four H2-receptor antagonists,
and four protein kinase inhibitors. Of the 94 drugs, 45 drugs were NTCP inhibitors (i.e.
estimated Ki less than 300μM), while 49 drugs were not NTCP inhibitors. Inhibitor and
non-inhibitors were about equally distributed across the three levels of DILI concern
(Pearson’s chi-square p-value = 0.96), indicating no association between NTCP
inhibition and DILI. Among most DILI concern drugs, 50% were inhibitors. Among less
DILI concern drugs, 47% were inhibitors. Among no DILI concern drugs, 50% were
inhibitors. Figure B.2 in Appendix illustrates this distribution. Overall the results
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indicate no general broad role of human NTCP in DILI based on an approach which
combines label information and in vitro data.
Table 3.3. DILI characterization of 94 drugs. DILI was evaluated from the product label.
Each drug was assigned a DILI severity based on an 8-level system developed by Chen et
al. (2011). DILI potential was further assessed based on the label section that cites
hepatotoxicity and severity of hepatotoxicity. Each of the 94 drugs are either orally or
parenterally administration for human use. Compounds are listed alphabetically in the
order of DILI potential (most concern, less concern and, finally, no concern). There are
20, 62, and 12 drugs that are of most DILI concern, less DILI concern, and no DILI
concern, respectively.

Drug
Abacavir
Acarbose
Acyclovir
Ampicillin
Atenolol
Atracurium
Aztreonam
Bendroflumethiazide
Bortezomib
Bosentan
Budesonide
Candesartan
Captopril
Carbamazepine
Cefaclor
Ceftriaxone
Chloroquine
Chlorpromazine
Cimetidine
Ciprofloxacin
Cyclosporine A
Danazol
Daunorubicin
Diltiazem
Doxazosin
Eletriptan
Enalapril
Eprosartan
Ethosuximide

Est Ki for
NTCP (μM)
1291+4144
3000
202+52
182+138
167+55
176+94
3000
26.2+1.0
3000
92.9+14.0
264+94
145+44
3000
914+726
3000
1294+4335
336+101
767+268
332+73
526+399
10.3+1.1
592+187
3000
460+232
41.2+7.1
3000
3000
3000
513+169

DILIspecific
labeling a
WP
WP
AR
AR
AR
No mention
AR
AR
WP
BW
No mention
AR
AR
WP
AR
AR
AR
AR
AR
WP
WP
BW
No mention
WP
AR
AR
AR
AR
WP
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DILI
Severity

DILI Potential c

b

8
5
5
3
4
-1
5
5
7
7
-1
3
6
7
3
3
3
2
2
7
2
8
-1
5
2
4
4
3
3

Most DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
No DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Most DILI concern
No DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Less DILI concern
Most DILI concern
No DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern

Table 3.3 continued
Drug
Ezetimibe
Famotidine
Fenofibrate
Flutamide
Furosemide
Gefitinib
Gemfibrozil
Glyburide
Imatinib
Indomethacin
Irbesartan
Isradipine
Itraconazole
Ketoconazole
Ketoprofen
ketorolac
Lapatinib
L-carnitine
Losartan
Lovastatin
Mannitol
Metformin
Methylprednisolone
Metoprolol
Metronidazole
Nafcillin
Nalidixic acid
Naproxen
Nateglinide
Nefazodone
Nicardipine
Nifedipine
Nimodipine
Nizatidine
Olmesartan
Omeprazole
Oseltamivir
Pentamidine
isethionate
Pioglitazone
Prednisolone

DILI Potential c

DILI
Severity

53.8+3.3
387+130
211+60
84.7+2.2
304+132
250+41
30.4+2.9
16.4+1.1
673+130
141+14
12.0+1.6
99.5+14
77.1+38
98.8+12
361+178
254+193
95.5+38.9
181+60
105+9
202+32
892+501
255+118
255+53
340+52
369+83
2006+5836
1008+652
217+69
111+7
100+8
309+144
144+43
86.5+5.4
929+3318
422+204
3000
3000

DILIspecific
labeling a
WP
AR
WP
BW
AR
WP
WP
AR
WP
WP
AR
AR
WP
BW
AR
WP
BW
No mention
AR
WP
No mention
No mention
AR
AR
No mention
No mention
AR
WP
AR
BW
AR
WP
AR
AR
AR
AR
AR

3
3
3
8
2
3
3
5
8
3
5
3
8
8
5
3
8
-1
4
3
-1
-1
3
5
-1
-1
2
3
5
8
3
3
5
5
4
8
3

Less DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
No DILI concern
Less DILI concern
Less DILI concern
No DILI concern
No DILI concern
Less DILI concern
Less DILI concern
No DILI concern
No DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern

615+129
8.30+0.36
335+177

AR
WP
AR

3
3
3

Less DILI concern
Less DILI concern
Less DILI concern

Est Ki for
NTCP (μM)
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b

Probenecid
Procainamide HCl
Prochlorperazine
Propafenone HCl
Quinine
Raloxifene HCl
Ranitidine
Reserpine
Ribavirin
Rifampicin
Ritonavir
Ropinirole
Rosuvastatin
Simvastatin
Sorafenib
Tamoxifen
Telmisartan
Thiothixene
Triamterene
Valsartan
Vancomycin
Vinblastine sulfate
Warfarin
Zalcitabine
Zidovudine

435+114
384+185
280+37
402+116
1491+581
321+139
339+433
89.1+65
193+223
103+35
25.1+1.6
3000
100+12
57.3+11
41.5+8.1
87.5+53.8
65.0+9.1
3000
411+139
3000
488+398
159+140
3000
2035+1506
351+72

AR
AR
AR
AR
AR
No mention
AR
No mention
AR
WP
WP
AR
WP
WP
WP
WP
AR
AR
AR
AR
No mention
No mention
AR
BW
BW

6
3
2
3
5
-1
5
-1
7
8
5
4
3
3
8
6
3
3
3
3
-1
-1
5
8
8

Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
No DILI concern
Less DILI concern
No DILI concern
Less DILI concern
Most DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Most DILI concern
Most DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
Less DILI concern
No DILI concern
No DILI concern
Less DILI concern
Most DILI concern
Most DILI concern

a

DILI-specific labeling reflects where in the label, if at all, hepatotoxicity is cited. BW
denotes box and warning. WP denotes warning and precaution section. AR denotes
adverse reaction section.
b
Each of the 94 drugs was assigned a DILI severity from 1 (denoting steatosis) to 8
(denoting fatal hepatotoxicity), or a value of -1 (denoting no DILI).
c
DILI potential was categorized as most DILI concern, less DILI concern and no DILI
concern based on 8-level system developed by Chen et al.
3.3.5 Drug cytotoxicity study
In order to exclude the possibility that inhibition of taurocholate uptake by NTCP was
caused by drug cytotoxicity, each test drug was subjected to cytotoxicity evaluation,
using cell the proliferation reagent WST-1. Study conditions (e.g. drug concentration)
simulated the inhibition study, but where cells in the cytotoxicity study were incubated
with donor solution for 10 min, rather than 5 min. Results showed that no drug exerted
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appreciable toxicity to HEK293 cells (i.e. all compounds showed more than 80% cell
viability; see Table B.4 in Appendix). On the other hand, HEK293 cells treated with 0.1%
Triton X-100 as the positive control exhibited only 67% viability. Cytotoxicity findings
support the observation that decreased taurocholate uptake by NTCP in the presence of
drugs was due to drug inhibition on NTCP transport instead of drug cytotoxicity.

3.4. Discussion
3.4.1 Quantitative pharmacophore
A quantitative pharmacophore was developed from 27 FDA approved drugs using our
previous data. In order to improve model prediction and reduce false positives, excluded
volumes using NTCP non-inhibitors were incorporated into the quantitative model.
The model was able to predict Ki of NTCP inhibitors with predicted Ki values being
within 8-fold of the observed Ki value. In addition, it ranked most of the test compounds
(five out of six) correctly based on its Fit value, indicating that our quantitative model is
reliable. While the statistics for the model were sub-optimal (Table B.1in Appendix), the
best pharmacophore was further evaluated in this study.
We previously developed a qualitative common features pharmacophore [8]. In the
current study, a quantitative pharmacophore was developed. A comparison of these two
pharmacophores shows that the hydrogen bond acceptor and one of the hydrophobic
features were closely mapped across both pharmacophore approaches. However, the
quantitative pharmacophore has an additional hydrophobe and one hydrogen bond
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acceptor (Figure 3.5). The slight difference stems from the different training set and
algorithms used in model development. Both these pharmacophores were able to map to
compounds identified in a recent study by Greupink et al., even though that
pharmacophore had three hydrophobic features and two hydrogen bond acceptors [7].
While these three pharmacophores are able to find NTCP inhibitors, they are not
particularly selective pharmacophores, which suggests that multiple possibly overlapping
pharmacophores can describe interactions with this protein, as has been observed with
other transporters [21]. The structural diversity of NTCP inhibitors suggests that this
transporter is relatively promiscuous and extends beyond bile acid substrates, FDA
approved drugs and commercially available small molecules. This warrants further study
to map all the likely possible pharmacophores for NTCP and to enable improved
prediction accuracy.

Figure 3.5. Comparison of common feature and quantitative pharmacophore of NTCP
inhibitors. RMSD was 2.11Å. The hydrogen bond acceptor and one of the hydrophobic
features were closely mapped to each other. The hydrogen bond acceptors were colored
green, the hydrogen bond donor was colored pink, hydrophobic features were colored
cyan, and excluded volumes were colored grey.
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3.4.2 Clinical implication of NTCP inhibitors
A recent study showed that human NTCP may be involved in HBV human infection [5].
In addition, binding of the pre-S1 domain, the key determinant for entry of HBV, to
human NTCP inhibited taurocholate uptake while bile acids inhibited HBV NTCP
binding which suggested that the binding site of bile acids and HBV may overlap [22].
Thus, inhibitors of bile acid transport by NTCP may potentially be drug candidates for
preventing HBV infection via NTCP inhibition.
Collectively, from our previous study and the current work here, 45 drugs were found to
be NTCP inhibitors including pioglitazone, cyclosporine A, irbesartan, indomethacin, Lcarnitine, ezetimibe, and simvastatin. Interestingly, among the NTCP inhibitors
identified, indomethacin was also previously shown to reduce hepatitis B e antigen
(HBeAg) and HBV-DNA in sera of silent HBV carriers [23, 24]. Also, the known NTCP
inhibitor L-carnitine showed higher ALT normalization rate in chronic HBV patients [25].
In addition, a recent in vitro study showed that ezetimibe blocks hepatitis B virus
infection by targeting a post-entry step(s) in the HBV life cycle, although minor effects
on binding and uptake of viral particles were also observed [26]. Moreover, cyclosporine
A and simvastatin can inhibit HBV replication [27, 28]. These preliminary observations
are consistent with the hypothesis that NTCP inhibitors may be potential drug candidates
to prevent HBV infection.
3.4.3 NTCP and hepatotoxicity
In a study by Wolf et al. [13], the human sandwich-cultured hepatocyte model showed
that eight known (or suspected) hepatotoxic drugs inhibited taurocholate uptake, without
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inhibiting taurocholate efflux from hepatocytes. Hence, hepatotoxicity of these drugs
may be attributed to NTCP inhibition via a mechanism distinct from BSEP inhibition. If
that is the case, a therapeutic strategy to inhibit NTCP to prevent HBV infection would be
suspect to potential hepatotoxicity risk. Thus, using a pharmacophore approach, drugs
from a wide range of therapeutic class were screened for NTCP inhibition and
subsequently evaluated for DILI potential. DILI potential assessment used the drug label
information, which is both publically available and represents comprehensive liver
toxicity information [20]. Here, inhibitors and non-inhibitors were about equally
distributed across the most DILI concern, less DILI concern and no DILI concern drugs,
suggesting no statistically significant association between NTCP inhibition and DILI risk.
Interestingly, if the Ki value to differentiate NTCP inhibitor and non-inhibitor was
lowered to 100μM, inhibitor and non-inhibitors exhibit different associations with DILI
(Pearson’s chi-square p-value = 0.036), where NTCP inhibitors were less likely to be no
DILI concern drugs. However, this aspect needs further investigation since even most
DILI concern drugs were still composed of mostly NTCP non-inhibitors (i.e. 55% NTCP
non-inhibitors and 45% NTCP inhibitors). Of course, DILI is expected to be mediated by
several mechanisms.
Cmax/Ki has been used to predict clinical relevance of P450 inhibition and OCTN2 [29,
30]. Hence, the Cmax/Ki ratio was assessed to predict drug hepatotoxicity (Table B.5 in
Appendix). The Cmax/ Ki values of the above 94 drugs were calculated, using literature or
labeling Cmax, as well as Ki reported here. Eleven of the 20 drugs with most DILI concern
possessed Cmax/Ki ratio larger than 0.01 (unitless). Twenty-seven of the 62 drugs with
less DILI concern possessed Cmax/Ki ratio larger than 0.01. Six of the 12 drugs with no
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DILI concern possessed Cmax/Ki ratio larger than 0.01. Hence, as illustrated in Figure 3.6,
Cmax/Ki did not distinguish between most DILI concern versus less or no DILI concern
(Pearson’s chi-square p-value = 0.65) using a cut-off ratio of 0.01. Cmax/Ki was also not
significant using cut-off values of 0.001, 0.005, 0.02, 0.1, and 1.

Figure 3.6. Percent of compounds with a Cmax/Ki ratio above 0.01 for each of the
following groups: most DILI concern drugs, less DILI concern drugs, and no DILI
concern drugs. Regardless of level of DILI concern, about half of drugs showed a ratio
greater than 0.01, indicating no association between Cmax/Ki for NTCP and DILI.
In addition, the unbound Cmax/Ki for 78 drugs with protein binding information available
from labels were also calculated and evaluated using a cut-off value of 0.0002, 0.0003,
0.0004, 0.0006, 0.001, and 0.01. Unbound Cmax/Ki could not distinguish between most
DILI concern versus less or no DILI concern either (Pearson’s chi-square p-value >0.15).
Figure B.3 in Appendix plots the distribution using a cut-off value of 0.0002. Overall,
there was no general role of human NTCP in DILI. It is possible that DILI may involve
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other transporters such as OATPs, which can also take up bile acids but have different
pharmacophore requirements compared to NTCP [31].

3.5. Conclusions
In summary, a quantitative pharmacophore possessing one hydrogen bond acceptor, one
hydrogen bond donor, a hydrophobic feature and four excluded volumes was developed
for NTCP inhibition. The pharmacophore showed good predictability and partially
overlapped a hydrogen bond acceptor and one of the hydrophobic features of the
previously described common features pharmacophore. Our analysis of 94 drugs
suggested no relationship between NTCP inhibition and DILI risk, which would indicate
that this may not be a concern if NTCP inhibitors were used as a potential treatment for
HBV infection. A broader analysis of NTCP inhibitors against HBV infection is therefore
warranted and the quantitative pharmacophore developed in this study provides a means
to rapidly narrow down potential compounds to test from drug and vendor compound
libraries.
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Chapter 4: Substrate requirements of human NTCP using
bile acids, bile acid conjugates and FDA approved drugs
4.1 Introduction
The sodium taurocholate cotransporting polypeptide (NTCP, SLC10A1) is predominant
expressed at the basolateral membrane of hepatocytes and accounts for the efficient
extraction of bile acids into the liver. Human NTCP is not well studied in terms of serving
as transporter of drugs and no substrate pharmacophore is available. However, recent
studies showed that it translocates drugs such as rosuvastatin, pitavastatin, ﬂuvastatin and
micafungin [1-3]. In addition, NTCP has also been employed as a prodrug target for
liver-specific drug delivery, where parent drug is conjugated to bile acid for NTCP uptake
[4-7]. Thus understanding the substrate requirements of human NTCP, involving a
substrate pharmacophore, will help identify substrates, including drugs and prodrugs that
target NTCP.
Previous studies used native bile acids or bile acid analogs to probe the substrate
requirements of rabbit and rat NTCP [8-10]. However, the structure activity relationship
of NTCP may be species specific, such that results from rabbit and rat may not apply to
human NTCP. For example, rosuvastatin was found to be a substrate for human NTCP
but not rat Ntcp [1]. Also, bosentan is a much more potent inhibitor of rat Ntcp than
human NTCP [11].
The substrate requirements of human NTCP have not been systematically evaluated and
no computational models for human NTCP substrates have been developed. Limited
efforts have been put forth to assess drugs as NTCP substrates, including bile acids as
substrates. Thus the objectives of this study were a) to elucidate its substrate requirements
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using native bile acids and bile acid analogs b) to develop the first pharmacophore for
NTCP substrates, and c) to identify NTCP novel substrates.
Briefly, both native unconjugated bile acids and C-24 conjugates were initially assessed
for human NTCP inhibition and uptake. Results indicate the involvement of the steroidal
hydroxyl groups and C-24 steric interaction in NTCP binding and translocation. Based on
these native bile acids and bile acid analogs, a common feature pharmacophore was
developed which involved three hydrophobes, one hydrogen bond donor, one negative
ionizable feature and three excluded volumes. The model was subsequently applied to
identify the NTCP substrates from a list of FDA approved drugs. The angiotensin II
receptor antagonist irbesartan and losartan were found to be NTCP substrates.

4.2 Materials and Methods
4.2.1 Materials
Among 18 native bile acids (Table 4.1), CDCA and HBTU were purchased from AK
Scientific, Inc (Union City, CA). UDCA was purchased from Spectrum Chemical (New
Brunswick, NJ). TCA, HDCA, GLCA and TUDCA were purchased from EMD Millipore
(Billerica, MA). HDCA was obtained from MP Biomedicals (Solon, OH). All other
native bile acids and chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Geneticin, fetal bovine serum (FBS), trypsin, and DMEM were obtained from Invitrogen
(Rockville, MD).
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Table 4.1. Functional groups at C-3, C-6, C-7, C-12, and C-24 for native bile acids.
(Figure 1.1 illustrates the native bile acid structure)
Bile acids
CA
DCA
CDCA
UDCA
HDCA
LCA
DHCA
GCA
GDCA
GCDCA
GUDCA
GLCA
TCA

R1 (C-3)
-OH
-OH
-OH
-OH
-OH
-OH
=O
-OH
-OH
-OH
-OH
-OH
-OH

R2(C-6)
-H
-H
-H
-H
-OH
-H
-H
-H
-H
-H
-H
-H
-H

R3 (C-7)
-OH
-H
-OH
-OH (β)
-H
-H
=O
-OH
-H
-OH
-OH (β)
-H
-OH

R4 (C-12)
-OH
-OH
-H
-H
-H
-H
=O
-OH
-OH
-H
-H
-H
-OH

X (C-24)
-OH
-OH
-OH
-OH
-OH
-OH
-OH
-NHCH2COOH
-NHCH2COOH
-NHCH2COOH
-NHCH2COOH
-NHCH2COOH
NH(CH2)2SO3H
-OH
-H
-H
-OH
TDCA
NH(CH2)2SO3H
-OH
-H
-OH
-H
TCDCA
NH(CH2)2SO3H
TUDCA
-OH
-H
-OH (β)
-H
NH(CH2)2SO3H
THDCA
-OH
-OH
-H
-H
NH(CH2)2SO3H
-OH
-H
-H
-H
TLCA
NH(CH2)2SO3H
All hydroxyl (-OH) groups are in α position, except when noted as β position.
Abbreviations for bile acids are : CA, cholate; DCA, deoxycholate; CDCA,
chenodeoxycholate; UDCA, ursodeoxycholate; HDCA, hyodeoxycholate; LCA,
lithocholate; DHCA, dehydrocholate; GCA, glycocholate; GDCA, glycodeoxycholate;
GCDCA, glycochenodeoxycholate; GUDCA, glycoursodeoxycholate; GLCA,
glycolithocholate; TCA, taurocholate; TDCA, taurodeoxycholate; TCDCA,
taurochenodeoxycholate;
TUDCA,
tauroursodeoxycholate;
THDCA,
taurohyodeoxycholate, TLCA, taurolithocholate

4.2.2 Synthesis of CDCA-L-Val-OH and CDCA-L-Glu-γ-Benzyl Ester
Two bile acid C-24 conjugates (Table 4.2) were synthesized to assess the impact C-24
side chain on NTCP interaction and transport. CDCA-L-Val-OH and CDCA-L-Glu-γBenzyl Ester were synthesized as shown in Figure 4.1.
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Table 4.2. Functional groups at C-3, C-6, C-7, C-12, and C-24 for two CDCA conjugates.
Bile acids
CDCA-LVal-OH

R1 (C-3)
-OH

R2(C-6)
-H

R3 (C-7)
-OH

R4 (C-12)
-H

CDCA-LGlu-γBenzyl
Ester

-OH

-H

-OH

-H

X (C-24)

a

b

c

d
CDCA-L-Glu-γ-Benzyl

CDCA-L-Val-OH
CDCA-L-Val-OH

Figure 4.1. Synthesis of CDCA-L-Val-OH and CDCA-L-Glu-γ-Benzyl Ester. a. HBTU,
HOBT, TEA, DMF, RT b. L-valine benzyl ester, TEA, DMF, RT, overnight c. L-glutamic
acid γ-benzyl ester, TEA, DMF, RT, overnight d. H2, Pd/C, RT, 4 hrs

Briefly, CDCA (5g, 12.7mmol) was added to 15mL dimethylformamide(DMF) along
with

N,N,N’,N’-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium

hexafluorophosphate

(HBTU, 5.07 g, 13.37 mmol), 1-Hydroxybenzotriazole hydrate (HOBt, 0.86 g,
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6.37mmol), and triethylamine (TEA, 1.86mL, 13.37 mmol). After 4 hours in room
temperature, the reaction was quenched with 50mL water and extracted with ethyl acetate
(EtOAc) (3x). The combined organic layer was washed with water (3x), brine (1x) and
dried over the anhydrous sodium sulfate. The solvent was evaporated to yield HOBT
ester of CDCA.
HOBT ester of CDCA (500mg, 0.98mmol) was added to 5mL DMF along with TEA
(0.273mL, 1.96mmol) and either L-Glutamic acid γ-benzyl ester (0.89mmol, 212mg) or
L-valine benzyl ester hydrochloride(0.89mmol, 217mg). The reaction was stirred
overnight and extracted with EtOAc and washed with water and brine. After dried over
the anhydrous sodium sulfate, the solvent was evaporated to yield crude product which
was subjected to silica gel column chromatography for further purification. CDCA-LVal-benzyl ester was purified with mobile phase as 80% EtOAc and 20%
dichloromethane (DCM), followed by catalytic hydrogenation to remove benzyl ester
group using 10% Pd/charcoal in methanol for 4 hours. Filtration and evaporation of
solvent yielded final product CDCA-L-Val-OH. CDCA-L-Glu-γ-Benzyl Ester was
purified by silica gel column chromatography with mobile phase as DCM and methanol
(v/v=12.5:1) with 0.5% acetic acid yielding final product. Both final compounds were
assessed via NMR and MS (Table C.1 in Appendix).
4.2.3 Cell culture
HEK293 cells were stably transfected with human NTCP and were grown in 37 °C, 5%
CO2 atmosphere with 90% relative humidity and fed every 2 days, as previously
described [13]. The medium is DMEM supplemented with 10% fetal bovine serum, 100
units/mL penicillin, 100 μg/mL streptomycin and geneticin (1 mg/mL). Cells were
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passaged when they reach 80% confluence.
4.2.4 Inhibition study
After reaching 80% confluence, cells were seeded in 24 well Biocoated plates at the
density of 300,000 cells/well for two days. Inhibition study was conducted in either
Hank’s Balanced Salt Solution (HBSS) with 137mM sodium chloride or sodium free
buffer (SFB) where sodium chloride was replaced with137mM tetraethylammonium
chloride. Cells were exposed to donor solution containing cold 10 μM taurocholate as
NTCP typical substrate, 0.5 μCi/ml [3H]-taurocholate and test compound. After
incubation for 5 min, buffer was removed, followed by cell wash with ice cold SFB. Cells
were lysed by acetonitrile. After acetonitrile evaporated, the lysate was dissolved in
phosphate buffered saline (PBS) and subject to liquid scintillation counting of associated
radioactivity. As the positive control, 200 μM taurocholate uptake was measured in the
presence of sodium while 200 μM taurocholate uptake in the absence of sodium was
measured as the negative control since NTCP is not functional in the absence of sodium.
To determine inhibition potency Ki of NTCP inhibitors, seven drug concentrations were
employed. Inhibition data was fitted to Equation 1 and calculated through non-linear
regression using WinNonlin (Pharsight; Sunnyvale, CA).

J

J max S
 Pp S
Kt (1  I )  S
Ki

eqn 1

where J is the taurocholate flux, Jmax is maximal flux of taurocholate without inhibitor.
Jmax was estimated from taurocholate uptake studies at high taurocholate concentrations
(200 μM) where transporter was saturated. I is the inhibitor concentration, S is the
taurocholate concentration, Pp is the taurocholate passive permeability which was
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determined by 200 μM taurocholate uptake in the absence of sodium, Ki is the NTCP
inhibition constant, and Kt is the NTCP taurocholate Michaelis−Menten constant which is
22.7(±3.4) μM [13]
4.2.5 Uptake study
Uptake study was conducted on NTCP-HEK293 cells in 24 well Biocoated plates. On
day 2 after seeding, cells were exposed for 5 min to various concentrations of compound
(0-200 μM in HBSS buffer). For CA, CDCA, UDCA and TCA, 0.5 μCi/ml corresponding
tritium labeled bile acids was also added. After the buffer was removed, cells were
immediately washed with ice cold SFB followed by cell lysis by acetonitrile. The lysate
was then dissolved in acetonitrile/H2O (1:1) with 500nM internal standard. Non-NTCP
mediated passive uptake was assessed by measuring uptake in the absence of sodium.
The samples were stored at -80°C for further analysis with either LC/MS or liquid
scintillation counter as describe above.
In order to determine the Kt and Jmax of the native bile acids and bile acid conjugates,
eight concentrations of the compound were employed. The uptake data in HBSS buffer
was fit to equation 2 and calculated through non-linear regression using WinNonlin.

J

J max S
 Pp S
Kt  S

eqn 2

where J is compound flux, Jmax is maximal flux of the compound; S is the compound
concentration; Pp is the compound passive permeability which is estimated from nonNTCP mediated passive uptake. As a positive control, Jmax of taurocholate was estimated
from taurocholate uptake studies at high taurocholate concentrations where transporter
was saturated (i.e. 200 μM) in each study. The Jmax of the compound was normalized
against Jmax of taurocholate yielding normalized Jmax to correct the variation in NTCP
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expression level across studies.
4.2.6 Analytical method
Flux of native bile acids, bile acid conjugates, and drug into cells was quantified using
Waters ACQUITY UPLC/TQD system (Waters, Milford, MA). For bile acid or bile acid
conjugates analysis, an XBridge C18 column (3.5 μm, 2.1x50mm; Waters, Milford, MA)
was used. For drug analysis, a UPLC Ethylene Bridged Hybrid C8 column (1.7 μm,
2.1x50mm; Waters, Milford, MA) was used. The mobile phase was composed of a
gradient with acetonitrile and water with 0.1% formic acid respectively. The flow rate
was 0.7mL/min and 0.5mL/min for bile acid and drug respectively. The limit of
quantification for all compounds was between 1nM and 50nM. Mass transitions and
internal standard performance are detailed in Table C.2 in Appendix.
4.2.7 Common feature pharmacophore development
A common feature pharmacophore was developed as previously described [13]. Briefly,
the common feature pharmacophore was developed using Discovery Studio 4.1 (BIOVIA,
San Diego, CA). CAESAR was used for conformation generation, with a maximum of
255 conformations, energy threshold of 20 kcal/mol, and up to 10 excluded volume. 14
native bile acids or bile acid analogs were used as the training set where
chenodeoxycholic acid and lithocholic acid were assigned as non-substrates. Hydrogen
bond acceptors, hydrogen bond donors, hydrophobic, positive ionizable and negative
ionizable features were selected. The model was subsequently used to screen the
Clinician’s Pocket Drug Reference (SCUT) database using a maximum of one omitted
features with rigid fitting which resulted in 297 drugs retrieved with ligand
pharmacophore mapping protocol. Pharmacophore alignments were performed using the

91

pharmacophore comparison protocol.

4.3 Results
4.3.1 Inhibition study by bile acids
Eighteen native bile acids and two bile acid conjugates were initially assessed for NTCP
inhibition potency. Among native bile acids, CA has three hydroxyl groups (Table 4.1).
HDCA, CDCA, UDCA and DCA possess two hydroxyl groups. LCA has one hydroxyl
group. All hydroxyl groups are oxidized to ketone in DHCA. All native bile acids but
DHCA inhibit taurocholate uptake in a concentration dependent manner with a similar
inhibition profile as is shown for GUDCA (Figure 4.2). DHCA is not inhibitor of NTCP
indicating importance of hydroxyl group in bile acid-transporter interaction.

Figure 4.2. Inhibition of taurocholate uptake by glycoursodeoxycholate (GUDCA).
Taurocholate uptake into NTCP-HEK293 cells was reduced by GUDCA in a
concentration-dependent manner. Inhibition studies were conducted using seven
concentrations of GUDCA (0-200 μM). Closed circles indicate observed data points,
while the solid line indicates model fit. Data were presented as mean (±SEM) of three
measurements at each concentration.
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Table 4.3 lists the human NTCP Ki values for the 17 native bile acids that inhibited
human NTCP. NTCP inhibition potency was generally inverse to the number of the
hydroxyl groups. Meanwhile, glyco- and tauro-conjugation had no apparent impact on Ki.
CA and its corresponding glycine or taurine conjugates had higher Ki (e.g. about 30 μM)
than other bile acids. Meanwhile, Ki of LCA, GLCA and TLCA were generally lower (e.g.
about 5 μM) than other unconjugated, glyco-conjugates, and tauro-conjugates,
respectively. Among the di-hydroxy bile acids (i.e. HDCA, UDCA, CDCA and DCA), the
position of hydroxyl groups had no apparent impact of Ki.
The Ki for CDCA-L-Val-OH and CDCA-L-Glu-γ-Benzyl Ester were 6.10 (+0.45) μM
and 3.28 (+0.26) μM respectively, which are slightly lower than either Ki of GCDCA or
TCDCA. Hence, the C-24 side chain on CDCA-L-Val-OH and CDCA-L-Glu-γ-Benzyl
Ester may exert some favorable steric interaction with NTCP.

Table 4.3. Impact of native bile acid hydroxylation pattern and conjugation on human
NTCP inhibition. (Figure 1.1 illustrates the native bile acid structure)
Parent bile acid

Hydroxylation
pattern
Cholate
Trihydroxy
(3α, 7α, 12α)
Hyodeoxycholate
Dihydroxy(3α, 6 α)
Chenodeoxycholate Dihydroxy(3α, 7α)
Ursodeoxycholate
Dihydroxy(3α, 7β)
Deoxycholate
Dihydroxy(3α, 12 α)
Lithocholate
Monohydroxy(3α)
a
NM indicates not measured.

Ki (μM)
Unconjugated Taurine
41.6+5.3
30.2+3.0

Glycine
29.6+1.7

10.4+0.5
3.09+0.12
10.9+0.72
8.54+0.38
4.09+0.70

NMa
13.2+1.5
15.0+1.4
13.6+1.2
7.29+1.15

7.07+0.45
8.13+0.70
13.5+1.2
13.3+1.4
4.28+0.25

4.3.2 Uptake study of bile acids
CA, CDCA, UDCA, LCA and their corresponding glycine and taurine conjugates, along
with two C-24 conjugates, were assessed for NTCP uptake. Table 4.4 lists their uptake
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parameter Kt, normalized Jmax, transport efficacy (normalized Jmax/Kt), and passive
permeability.
Table 4.4. Uptake parameters of native bile acids or bile acid analogs for human NTCP.
Parent bile acid

C-24
conjugate

Kt
(μM)

Cholate

Unconjugated 54.9
+13.8
Taurine
19.8
+2.5
Glycine
15.8
+2.7
Chenodeoxycholate Unconjugated NSa
Taurine
8.12
+1.20
Glycine
10.9
+1.8
L-Valine
9.62
+1.47
L-Glu-γ11.7
Benzyl Ester +4.3
Ursodeoxycholate
Unconjugated 1.55
+1.00
Taurine
9.53
+2.21
Glycine
13.0
+2.0
Lithocholate
Unconjugated NSa
Taurine
6.50
+1.87
Glycine
4.87
+3.49

Normalized Normalized Pp (cm/s)
Jmax
Jmax/ Kt
x106
(μM-1)
0.523
0.00953
4.56+0.06
+0.081
+0.00281
0.708
0.0358
1.34+0.14
+0.057
+0.0053
0.508
0.0321
0.417+0.0
+0.041
+0.0060
80
a
a
NS
NS
27.6+1.5
0.621
0.0765
4.35+0.70
+0.058
+0.0134
0.726
0.0666
2.17+0.32
+0.091
+0.0138
0.330
0.0343
1.47+0.09
+0.031
+0.0062
0.233
0.0199
7.70+0.23
+0.036
+0.0079
0.0511
0.0330
26.3+1.1
+0.0093
+0.0221
0.409
0.0429
0.625+0.0
+0.038
+0.0107
83
0.460
0.0353
0.934+0.0
+0.143
+0.0122
44
NSa
NSa
33.9+3.3
0.495
0.0761
3.37+0.63
+0.053
+0.0234
0.384
0.0789
6.67+0.95
+0.070
+0.0584

a

NS indicates not substrate of NTCP due to indistinguishable uptake in the presence or
absence of sodium due to high passive permeability or possibly not a substrate.

All conjugated bile acids were translocated into cells in a sodium dependent way with a
similar profile as shown for GUDCA (Figure 4.3). Also, two unconjugated bile acids (i.e.
CA and UDCA, but not CDCA and LCA) were substrates. CDCA and LCA showed
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indistinguishable uptake in the presence or absence of sodium (Student’s t-test, p>0.05).
The Kt of the CA was 54.9μM, and Kt of UDCA was 1.55 μM. Interestingly, the
normalized Jmax of UDCA was 14-fold lower than that for taurocholate, suggesting little
contribution of NTCP to UDCA uptake.

Figure 4.3. Concentration-dependent uptake of glycoursodeoxycholate (GUDCA) into
NTCP-HEK293 cells. Closed circle indicated total GUDCA uptake by NTCP in the
presence of sodium, and hence reflect total uptake. Open circle indicated passive uptake
of the GUDCA in the absence of sodium, and hence intent to reflect only passive uptake.
The solid line indicated model fit of the total uptake. Data were presented as mean
(±SEM) of three measurements at each concentration.

Like with Ki, Kt potency were inversely related to the number of the hydroxyl groups. CA
and its conjugate showed higher Kt (e.g. about 18 μM) than other bile acids. LCA
conjugates exhibited the lowest Kt values (e.g. about 5 μM), while LCA was not an
apparent substrate, perhaps due to its high passive permeability.
Interestingly, normalized Jmax of CA and its conjugates was generally higher than CDCA,
UDCA and LCA and their conjugates, indicating three hydroxyl groups promote
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transporter capacity. In term of the transport efficiency (i.e. normalized J max/Kt), taurine
conjugates were slightly higher than glycine conjugates, and followed the order:
LCA>CDCA>UDCA>CA. Regarding CDCA-L-Val-OH and CDCA-L-Glu-γ-Benzyl
Ester, steric bulk reduced both transport capacity and transport efficiency, but not K t.
Overall, uptake studies indicate that Kt of bile acid and their conjugates were dominated
by hydroxyl pattern, while transport efficiency was determined by both hydroxyl pattern
and C-24 steric interaction.
4.3.3 Common feature pharmacophore of NTCP substrates
The 14 native bile acids and bile acid analogs were used as the training set to develop a
common feature pharmacophore. Among them, chenodeoxycholic acid and lithocholic
acid were used to generate excluded volumes. The resulting model was composed of
three hydrophobes, one hydrogen bond donor, one negative ionizable feature and three
excluded volumes (Figure 4.4).

Figure 4.4. Common feature pharmacophore of NTCP substrates. The pharmacophore
employed the 14 native bile acids and bile acid analogs. Pharmacophore features are three
hydrophobic features (cyan), one hydrogen bond donor (purple), one negative ionizable
feature (dark blue) and three excluded volume (grey). Lithocholic acid (shown as stick
format) was mapped to the pharmacophore.
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The model was used to search the SCUT database which retrieved 297 drugs with Fit
value from 0.00322 to 3.87. Among them, 11 drugs were previously identified as NTCP
inhibitors, including ezetimibe, irbesartan, and losartan [13]. Ezetimibe, irbesartan, and
losartan were predicted as NTCP substrates with fit values of 2.28, 0.377, and 2.22,
respectively. In particular, four of the five previously known NTCP substrates (i.e.
pitavastatin, atorvastatin, fluvastatin, and micafungin) were retrieved, reflecting favorably
on the pharmacophore. However, the known substrate rosuvastatin was not retrieved.
4.3.4 Irbesartan and losartan are the substrates of NTCP
Ezetimibe, losartan and irbesartan were assessed as NTCP substrates. Fenofibrate and
bendroflumethiazide were not retrieved but also tested since we had previously observed
them to be inhibitors [13]. At each concentration of losartan and irbesartan, uptake was
greater in the presence than absence of sodium, indicating irbesartan and losartan were
substrates of human NTCP (Figure 4.5).

A)
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B)

Figure 4.5. Concentration-dependent uptake of irbesartan (A) and losartan (B) into
NTCP-HEK293 cells. Closed circle indicated total drug uptake by NTCP in the presence
of sodium. Open circle indicated passive uptake of the drug in the absence of sodium.
The solid line indicated model fit of the total uptake. Data were presented as mean
(±SEM) of three measurements at each concentration. In panel A, there was a small
difference between (p<0.00402) between total and passive uptake due in part to the high
passive permeability of irbesartan. In panel B, there was a larger difference between
(p<0.0329) between total and passive uptake due in part to the low passive permeability
of losartan.

In addition, taurocholate inhibited irbesartan and losartan uptake in a concentration
dependent fashion, further supporting the contribution of NTCP to irbesartan and losartan
uptake (Figure 4.6). Kt of irbesartan and losartan were 32.7μM and 38.5μM respectively
(Table 4.5). However, Jmax was only about 20% that of taurocholate Jmax. Meanwhile,
ezetimibe, fenofibrate, and bendroflumethiazide were not NTCP substrates. Hence, the
pharmacophore

accurate

predicted

irbesartan,

losartan,

fenofibrate

and

bendroflumethiazide, but was incorrect for ezetimibe.
Rosuvastatin was previously reported to be a substrate of human NTCP, which
contributed 35% to rosuvastatin’s hepatic uptake [1]. Here in the present study,
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rosuvastatin Kt was measured to be 72.8μM (Table 4.5 and Figure C.1 in Appendix),
which is comparable with the previous report of 65μM [1]. The Jmax of rosuvastatin was
about 2-fold higher than Jmax of either irbesartan or losartan, while the transport
efficiency was 0.00648μM-1, which is only slight greater than the about 0.005μM-1 values
for irbesartan and losartan. Overall, study results here showed that NTCP may also
contribute to irbesartan and losartan uptake into hepatocytes.

*
*

*
*

Figure 4.6. Inhibition of irbesartan uptake or losartan uptake by taurocholate. Uptake of
irbesartan (red bar) or losartan (blue bar) uptake into NTCP-HEK293 cells was reduced
by taurocholate in a concentration-dependent manner. Data were presented as mean
(±SEM) of three measurements at each concentration.* Percent of drug uptake was
statistically reduced by taurocholate (Student’s t-test, p < 0.05).
Table 4.5. Uptake parameters of irbesartan, losartan and rosuvastatin for human NTCP
Drug
Kt
Jmax
Normalized Normalized Pp
2
(μM)
(pmol/sec/cm ) Jmax
Jmax/ Kt
(cm/s)
(μM-1)
x106
Irbesartan
32.7+5.9
0.430+0.026
0.172+0.022 0.00526
6.27
+0.00116
+0.14
Losartan
38.5+4.9
0.483+0.022
0.193+0.024 0.00501
1.48
+0.00089
+0.12
Rosuvastatin
72.8+10.0 0.849+0.063
0.472+0.036 0.00648
0.330
+0.0010
+0.006
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4.4 Discussion
We assessed the NTCP uptake of 12 native bile acids, two bile acid conjugates, and five
drugs in order to elucidate the substrate requirements of human NTCP. The majority of
our current understanding of human NTCP substrate requirements is based on rat and
rabbit NTCP. However, species effects motivated us to systematically probe the substrate
requirement of human NTCP.
4.4.1 Inhibition of NTCP
Various native unconjugated, as well as taurine and glycine conjugated bile acids, were
initially measured for their inhibition potency. Almost all 18 native bile acids inhibited
human NTCP, except DHCA which is consistent with a previous report [14]. Inhibition
results showed a very similar pattern from mouse and rabbit, where the binding affinity to
NTCP was inverse to the number of the hydroxyl groups. For example, CA and its
conjugates had higher Ki than CDCA, UDCA and HDCA. LCA and its conjugates
generally showed the lowest Ki values [8, 15]. However oxidization of hydroxyl group on
C-7 (i.e. DHCA) did not alter the binding affinity to NTCP in rabbit [8], but hampered
binding to human NTCP here.
4.4.2 Uptake of NTCP
Of the 18 bile acids subjected to inhibition studies, 12 native bile acids and both bile acid
conjugates were subsequently assessed for NTCP uptake. The Michaelis-Menten constant
Kt exhibited the same trend as Ki. LCA and its conjugates showed the highest binding
affinity to NTCP. The Kt of GUDCA (13.0μM) and TUDCA (9.53μM) were comparable
to previous values of 15μM and 10μM, respectively [16, 17]. In term of transport
efficiency, LCA may be a more efficient drug carrier than other bile acids for prodrug
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design. However, LCA showed a relative low transport capacity suggesting that
administration of high dose of prodrug may result in less drug uptake into hepatocytes
than using other bile acids as the drug carrier. In addition, LCA’s higher passive
permeability may also be a concern for a prodrug to achieve liver specific delivery.
Previously, UDCA was significantly transported by NTCP at low concentration while
there is no significant uptake by NTCP at high UDCA concentration [18]. Findings here
suggested that this pattern is due to UDCA’s moderate transport efficiency, which is
major factor at low substrate concentration when transporter is not saturated. However, at
UDCA high concentration, its low transport capacity and high passive permeability afford
UDCA to be a relatively poor substrate.
Interestingly, unconjugated bile acid are taken up by rat Ntcp in the order of CDCA >
UDCA > CA [9]. From studies here, this sequence is reversed for human NTCP, as CA
had the highest uptake and CDCA showed no NTCP uptake. Moreover, conjugation of a
bulky group at the C-24 region dramatically reduces NTCP transport capacity and
transport efficiency.
4.4.3 Pharmacophore for NTCP substrates
Greupink et al. and our group have previously developed common features
pharmacophores to elucidate the inhibitor requirements of human NTCP [13, 19].
Greupink’s pharmacophore was developed from four bile acids and estrone sulfate and
possessed three hydrophobes and two hydrogen bond acceptors. Meanwhile, ours was
derived from FDA approved drugs and featured two hydrophobes and one hydrogen bond
acceptor. However, regarding identifying substrates, a limitation of these inhibitor
pharmacophores is that substrate also needs to be translocated by the transporter, beyond
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only binding to transporter. Hence, we developed a common feature pharmacophore for
NTCP substrates.
Due to a very limited number of drugs currently identified as NTCP substrates, the
pharmacophore was developed using bile acids and bile acid analogs. The model was
able to retrieve the majority of the known five NTCP substrates. Five previously known
inhibitors were evaluated as NTCP substrates. Of the five, three were predicted by the
pharmacophore to be substrates (i.e. irbesartan, losartan, ezetimibe) and two were
predicted to be non-substrates (e.g. fenofibrate and bendroflumethiazide). Of the five,
only the prediction of ezetimibe was incorrect. Hence, although the pharmacophore was
derived from bile acids and bile acid analogs, it was able to predict NTCP substrates from
FDA approved drugs.
The overlap of two hydrophobes between our current substrate pharmacophore and our
previous common feature inhibitor pharmacophore [13] suggested that these two
hydrophobes perhaps were important for NTCP binding while other features (e.g.
hydrogen bond donor, negative ionizable feature) were important for substrate
translocation (Figure C.2 in Appendix).

4.5 Conclusions
In conclusion, 18 native bile acids and 2 bile acid conjugates were assessed on NTCP for
their inhibition and uptake. It was shown that steroid hydroxyl pattern dramatically affect
inhibitor, where steric interaction determined NTCP transport capacity and efficiency. A
pharmacophore was developed to elucidate NTCP substrate requirements and was used to
identify NTCP substrates. Both irbesartan and losartan were transported by NTCP which
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suggested a potential role of NTCP drug disposition.
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Chapter 5: Synthesis and Evaluation of Bile acid-ribavirin Conjugates
as Prodrugs to Target the Liver
5.1 Introduction
Ribavirin is a guanosine analog for treating hepatitis C (HCV) which is the disease that
primary affects the liver and may eventually cause liver cirrhosis or liver cancer[1, 2]. It
is usually administered along with interferon alpha or a protease inhibitor (e.g. boceprevir)
to enhance the sustained virological response (SVR), where a higher dose of ribavirin is
more effective [3]. Recent studies suggest that ribavirin may also be used to treat
rhinovirus and acute myeloid leukemia [4, 5]. However, its usefulness is limited by the
dose dependent hemolytic anemia, which results in dose reduction or treatment
termination in approximate 20% and 5% treated patients, respectively [6]. This serious
side effect is caused by ribavirin accumulation in the anucleate red blood cells (RBC),
where ribavirin undergoes irreversible phosphorylation. Ribavirin phosphorylation in
RBCs causes depletion of ATP in a competitive manner and exerts oxidative damage on
the cell membrane [7]. Targeted delivery of ribavirin to the liver may lower its
accumulation in the red blood cells and reduce its dose-limiting side effects.
Human sodium taurocholate cotransporting polypeptide (NTCP) is a sodium dependent
bile acid transporter that is involved in the enterohepatic circulation of bile acids. NTCP
is predominantly expressed at the basolateral membrane of hepatocytes and probably
responsible for transporting more than 80% of conjugated bile acids from portal blood
into the liver [8]. Because of its liver specificity and high capacity for transporting
conjugated bile acids, bile acid conjugates have potential to serve as prodrugs to achieve
liver specific drug delivery [9]. Previously, bile acid conjugates were shown to deliver the
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drug of interest to the liver [10, 11]. In the current study, we aim to develop novel bile
acid ribavirin prodrugs in order to reduce ribavirin accumulation in red blood cells and
hence alleviate ribavirin’s most concerned side effect of hemolytic anemia.
Briefly, six bile acid-ribavirin prodrugs were synthesized by conjugating ribavirin to bile
acids via an amino acid linker. These prodrugs were then evaluated for their in vitro
NTCP uptake, metabolic stability and potential of ribavirin accumulation in red blood
cells.

After

in

vitro

evaluation,

a

prodrug

of

ribavirin

conjugated

to

glycochenodeoxycholic acid (GCDCA) via an L-valine linker was selected for in vivo
assessment. The in vivo distribution of ribavirin-L-Val-GCDCA was examined in mice
and compared to that of ribavirin itself. Results indicated that this bile acid-ribavirin
conjugate has the potential to achieve liver specific delivery of ribavirin and reduce its
accumulation in non-target organs.

5.2 Materials and Methods
Figure 5.1 illustrates the overall approach and scope of compounds tested. Six bile acidribavirin prodrugs were collectively evaluated for liver specific delivery. Initially, five
ribavirin conjugates were synthesized by conjugating the drug to chenodeoxycholic acid,
ursodeoxycholic acid or cholic acid at the C-24 position, via a linker. Prodrug was then
screened in vitro for human NTCP-mediated uptake across the cell membrane. All five
were NTCP substrates. CDCA-L-Glu-ribavirin and CDCA-L-Val-ribavirin showed the
higher normalized Jmax and were thus subjected to ribavirin release assays in mouse S9
fraction.

CDCA-L-Val-ribavirin released more than 60% of ribavirin in mouse S9

fraction, and was assessed for accumulation into human red blood cells as compared to
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ribavirin itself. Due to unsatisfying CDCA-L-Val-ribavirin accumulation into human red
blood cells, ribavirin-L-Val-GCDCA was synthesized to reduce passive prodrug
permeability. This sixth prodrug was also assessed for NTCP-mediated uptake, ribavirin
release, and human red blood cells accumulation. The prodrug had the lowest RBC
accumulation and highest stability in whole blood, and was thus intravenously
administrated to mice to evaluate the distribution of both released ribavirin and intact
prodrug. Its pharmacokinetics was compared to that of intravenously administrated
ribavirin.
5.2.1 Materials
Ribavirin was purchased from Carbosynth (Berkshire, England). Chenodeoxycholic acid
(CDCA) was purchased from AK Scientific, Inc (Union City, CA). Ursodeoxycholic acid
(UDCA) was purchased from Spectrum Chemical (New Brunswick, NJ). Benzotriazol-1yl-oxytripyrrolidinophosphonium hexafluorophosphate (Pybop) was purchased from
EMD Millipore (Billerica, MA). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). Geneticin, fetal bovine serum (FBS), trypsin, DMEM and pooled balb-c
mice s9 fraction were obtained from Invitrogen (Rockville, MD). Human whole blood
was obtained from Innovative Research (Novi, MI).
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Synthesize five C-24 ribavirin conjugate: CDCA-L-Valribavirin, UDCA-L-Val-ribavirin, CDCA-L-Glu-ribavirin,
UDCA-L-Glu-ribavirin and CA-L-Glu-ribavirin)

Screen for in vitro human NTCP translocation (all five)

Assess two prodrugs for hydrolysis in mouse liver S9 fraction
(i.e. CDCA-L-Val-ribavirin and CDCA-L-Glu-ribavirin)

Measure ribavirin accumulation in human red blood cells from
prodrug CDCA-L-Val-ribavirin (and compare against ribavirin)

Design an analogue with lower accumulation in human red
blood cells (i.e. ribavirin-L-Val-GCDCA)

Assess ribavirin-L-Val-GCDCA for NTCP uptake, ribavirin
released, and human red blood cells accumulation

Assess in vivo ribavirin-L-Val-GCDCA distribution in mice
(both prodrug and released ribavirin, in terms of liver targeting
index), and compare versus distribution when ribavirin
administered.
Figure 5.1. Flow diagram of approach to develop and characterize a total of six bile acidribavirin prodrugs for liver specific delivery.

5.2.2 Synthetic method overview
Figures 5.2 and 5.3 show the synthesis of ribavirin prodrug conjugated to the C-24
position of bile acids. Briefly, the hydroxyl groups of ribavirin were initially protected
with an acetonide group. Following protection, the intermediate was conjugated to an N-
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protected amino acid via an ester bond. After removal of the acetonide group and the
protecting group at the N-terminal, the compound was conjugated to the amino acid's
carboxylic acid at the C-24 position of CDCA, UDCA or cholic acid (CA) via amide
bond. Hydrogenation was carried out when necessary to yield final prodrugs. Ribavirin
was conjugated to the bile acids using either L-valine or L-glutamic acid, as shown in
Figrue 5.2 and 5.3.
Figure 5.4 shows the synthesis of ribavirin prodrugs conjugated at the C-3 position of bile
acids. Briefly, the hydroxyl groups of ribavirin were initially protected by benzylidene
acetal. The resulting intermediate was then conjugated to L-valine via an ester bond. The
compound was then coupled to the hydroxyl group at the C-3 position of
glycochenodeoxycholic

acid

(GCDCA)

benzyl

ester

via

a

carbamate

bond.

Hydrogenation was carried out to remove the benzylidene acetal and the benzyl ester
protection group, yielding the final prodrug.
The identity and purity of all prodrugs were confirmed by thin layer chromatography,
mass spectrometry (MS), NMR (Table D.1 in Appendix) and HPLC (Table D.1 in
Appendix).
5.2.3 Synthesis of ribavirin acetonide (compound II)
To the suspension of ribavirin (compound I in Figure 5.2, 2.0g, 8.2mmol) in acetone
(40mL), p-toluenesulfonic acid monohydrate (p-TsOH, 0.30g, 1.58mmol) and 2, 2dimethoxypropane (DMP, 2mL, 16mmol) were added. The reaction was heated to 60°C
and stirred for 6 hours, then cooled to room temperature. The acetone was evaporated
under vacuum and purified by silica gel column chromatography using a mobile phase of
dichloromethane (DCM) and methanol (v/v=14:1) to afford the intermediate II as a white
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solid. MS showed an appropriate peak of [M+Na] 307.2.

a

b

I

III

II

d

c
IV

V

e
(1)

Figure 5.2. Synthesis of CDCA-L-Val-ribavirin (compound 1). a. p-TsOH, DMP, acetone,
60 °C, 6 hrs
b. N-Cbz-L-valine, Pybop, DIPEA, DMF, RT, overnight
c.
DCM/TEA(v/v=1:9), RT, 48 hrs d. H2, Pd/C, RT, 4 hrs e. CDCA, TEA, DEPC, DMF,
RT, overnight

5.2.4 Synthesis of L-valine-ribavirin conjugates of bile acids (compounds 1 and 2)
Intermediate II (1.2g, 4.1mmol) was coupled to N-Cbz-L-valine (1.0g, 4.1mmol) using
Pybop (2.1g, 4.1mmol) as the coupling reagent in 10mL dimethyl formamide (DMF)
along with N,N-diisopropylethylamine (DIPEA, 1.4mL, 8.1mmol). The reaction was
stirred at room temperature overnight. The reaction was then quenched by adding 50mL
water followed by extraction with ethyl acetate (EtOAc) (3x). The combined organic
layer was washed with saturated sodium bicarbonate solution (1x), water (3x), brine (1x)
and dried over anhydrous sodium sulfate. The solvent was evaporated to yield a white
solid intermediate (compound III, Figure 5.2). MS showed an appropriate peak of [M+H]
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518.9.
The intermediate III was dissolved in 5mL DCM and trifluoroacetic acid (TFA, v/v=1:9)
and stirred at room temperature for 48 hours. After excess solvent evaporation under
vacuum, saturated sodium bicarbonate solution was added, followed by extraction with
EtOAc (3x). The combined organic layer was washed with water (3x), brine (1x) and
dried over anhydrous sodium sulfate. The solvent was evaporated and the residue was
purified with silica gel column chromatography using a mobile phase of DCM and
methanol (v/v=14:1) to yield a white solid intermediate (compound IV, Figure 5.2).
The intermediate IV was subjected to catalytic hydrogenation to remove the Cbz
protecting group using 10% palladium (Pd)/charcoal in methanol for 4 hours. The
solution was filtered through Celite and the solvent was evaporated yielding a white solid
intermediate (compound V, Figure 5.2). MS showed an appropriate peak of [M+H] 344.1.
To the solution of the intermediate V (0.40g, 1.2mmol) in 10mL DMF, CDCA (0.46g,
1.2mol) was added along with diethyl cyanophosphonate (DEPC, 0.2mL, 1.3mmol) and
triethylamine (TEA, 1.7mL, 12mmol). The reaction was stirred at room temperature
overnight. The reaction was quenched by adding 50mL of water followed by extraction
with EtOAc (3×). The combined organic layer was washed with saturated sodium
bicarbonate solution (1x), water (3x), brine (1x) and dried over anhydrous sodium sulfate.
The solvent was evaporated to yield a white solid. The crude product was further purified
by silica gel column chromatography using a mobile phase of DCM/methanol/acetic acid
(v/v=10:1:0.001) which yielded a final white solid product (compound 1, Figure 5.2). MS
of compound 1 showed appropriate peaks of [M+Na] 740.2. Compound 2 was
synthesized in the same manner, but with UDCA substituted for CDCA. MS of
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compound 2 showed appropriate peaks of [M+Na] 740.2.

g

f

II

VII

VI

i

h

VIII

(3)

Figure 5.3. Synthesis of CDCA-L-Glu-ribavirin (compound 3). f. Boc-Glu(OBzl)-OH,
Pybop, DIPEA, DMF, RT, overnight g. DCM/TFA(v/v=1:9), RT, 48 hrs h. CDCA, TEA,
DEPC, DMF, RT, overnight i. H2, Pd/C, RT, 4 hrs

5.2.5 Synthesis of L-Glutamate-ribavirin amide conjugates of bile acids (compound
3, 4, and 5)
Intermediate II in Figure 5.2 (1g, 3.52mmol) was coupled to Boc-L-glutamic acid 5benzyl ester (1.19g, 3.52mmol) using Pybop (1.83g, 3.52mmol) as the coupling reagent
in 10mL DMF along with DIPEA (1.22mL, 7.04mmol). The reaction was stirred at room
temperature overnight. The reaction was quenched by adding 50mL water followed by
extraction with EtOAc (3x). The combined organic layer was washed with saturated
sodium bicarbonate solution (1x), water (3x), brine (1x) and dried over anhydrous sodium
sulfate. The solvent was evaporated to yield a white solid intermediate (compound VI,
Figure 5.3). MS showed an appropriate peak of [M+Na] 626.1.
The intermediate VI was dissolved in 5mL DCM and TFA (v/v=1:9) and stirred at room
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temperature for 48 hours to remove both the acetonide and Boc protecting groups. Excess
DCM and TFA were evaporated under vacuum to yield an orange oily intermediate
(compound VII, Figure 5.3) which was used without further purification. MS showed an
appropriate peak of [M+H] 464.1.
To the solution of intermediate VII (0.13g, 0.28mmol) in 4mL DMF, CDCA (0.11g,
0.28mmol was added along with DEPC (47μL, 0.31mmol) and TEA (390μL, 2.8mmol).
The reaction was stirred at room temperature overnight. The reaction was quenched by
adding 50mL water followed by extraction with EtOAc (3x). The combined organic layer
was washed with saturated sodium bicarbonate solution (1x), water (3x), brine (1x) and
dried over the anhydrous sodium sulfate. The solvent was evaporated to yield a white
solid intermediate (compound VIII, Figure 5.3). MS showed an appropriate peak of
[M+H] 838.3.
Intermediate VIII was subjected to catalytic hydrogenation to remove the 5-benzyl ester
group using 10% Pd/charcoal in methanol for 4 hours. The solution was filtered through
Celite and the solvent was evaporated to give a white solid product. The crude product
was further purified by preparative high performance liquid chromatography (HPLC)
using a ZORBAX 300SB C18 PrepHT column (7μm, 21.2x250mm; Agilent, Santa Clara,
CA). The mobile phase was composed of 68% methanol and 32% water with a flow rate
of 5mL/min. UV absorbance was monitored at 210 nm. The fractions containing the
product were collected and freeze dried to yield a final white fluffy solid product
(compound 3, Figure 5.3). Compounds 4 and 5 were synthesized in the same manner, but
with ursodeoxycholic acid and cholic acid substituted for chenodeoxycholic acid,
respectively. MS showed appropriate peaks of [M-H] 746.3, [M-H] 746.3, and [M-H]
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762.3.
5.2.6 Synthesis of ribavirin benzylidene acetal (compound IX)
To the suspension of ribavirin (compound I in Figure 5.4, 2g, 8.2mmol) in benzaldehyde
(20mL), ZnCl2 (2g, 14.8mmol) was added. The reaction was stirred at room temperature
for six hours and poured into 250mL diethyl ether, yielding a white precipitate. After
suction filtration, the precipitate was purified by silica gel column chromatography using
a mobile phase of DCM and methanol (14:1) to give a white solid intermediate
(compound IX, Figrue 5.4). MS showed an appropriate peak of [M+Na] 355.1.
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Figure 5.4. Synthesis of ribavirin-L-Val-GCDCA (compound 6). j. benzaldehyde, ZnCl2,
RT, 6 hrs k. Fmoc-L-valine, Pybop, DIPEA, DMF, RT, overnight i. 5% piperidine, DMF,
RT, 2 hrs m. CDCA-Gly-benzyl ester, triphosgene, pyridine, DCM, RT, overnight n. H2,
PdOH/C, RT, overnight
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5.2.7 Synthesis of L-valine-ribavirin carbamate conjugate of CDCA (compound 6)
Intermediate IX (1.49g, 4.50mmol) was then coupled to Fmoc-L-valine (1.53g, 4.50mmol)
using Pybop (2.34g, 4.50mmol) in 15mL DMF along with DIPEA (1.57mL, 9.00mmol).
The reaction was stirred at room temperature overnight. The reaction was quenched by
adding 50mL water followed by extraction with EtOAc (3x). The combined organic layer
was washed with water (3x), brine (1x) and dried over anhydrous sodium sulfate. The
solvent was evaporated to yield a white solid intermediate (compound X, Figure 5.4).
The intermediate X was dissolved in 10mL of DMF with 5% piperidine and reacted for 2
hours to remove the Fmoc protecting group. The resulting product was acidified with
50mL 2M HCl and extracted with 50mL EtOAc. The aqueous layer was immediately
alkalized with saturated sodium bicarbonate solution followed by extraction with EtOAc
(3x). The combined organic layer was washed with water (3x), brine (1x) and dried over
anhydrous sodium sulfate. The solvent was evaporated to yield a white solid intermediate
(compound XI, Figure 5.4).
Glycine benzyl ester was conjugated to CDCA with DEPC as the coupling reagent, as
described above. To the solution of glycine benzyl ester, protected CDCA (1g, 1.86mmol)
in 80mL anhydrous DCM in the presence of the 0.5mL pyridine (6.21mmol), triphosgene
(0.275g, 0.93mmol) in anhydrous DCM was added dropwise. The reaction was stirred at
room temperature for 4 hours and intermediate XI (0.80g, 1.86mmol) was subsequently
added. The reaction was stirred for 48 hours. After the solvent was evaporated, extraction
was conducted with water and EtOAc (3x). The combined organic layer was washed with
brine (1x) and dried over anhydrous sodium sulfate. The solvent was evaporated and the
residue was subjected to further purification by silica gel column chromatography using a
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mobile phase of DCM and methanol (v/v=33:1) to afford the intermediate XII (Figure 5.4)
as a white solid. MS showed an appropriate peak of [M+Na] 1019.3.
The intermediate XII was subjected to catalytic hydrogenation to remove the benzylidene
acetal and benzyl ester protecting groups using 20% palladium hydroxide
(PdOH)/charcoal in methanol overnight. The solution was filtered through Celite and
solvent was evaporated. The crude product was purified by C18 column chromatography
using a mobile phase of water and methanol (v/v=1.85:1), yielding a final white solid
product (compound 6, Figure 5.4). MS showed an appropriate peak of [M-H] 817.4.
5.2.8 Cell culture
Stably transfected human NTCP-HEK293 cells were grown in a 37 °C, 5% CO2
atmosphere with 90% relative humidity and fed every 2 days as previously described. 12
The medium was composed of DMEM supplemented with 10% fetal bovine serum, 100
units/mL penicillin, 100 μg/mL streptomycin, and geneticin (1 mg/mL). Cells were
passaged when they reach 80% confluence.
5.2.9 Uptake of prodrugs by NTCP into cells
Uptake studies were conducted on NTCP-HEK293 cells. Cells were seeded at the density
of 300,000 cells/well in 24-well Biocoat plates. On day 2 after seeding, cells were
exposed to various concentrations of prodrugs (0-500 μM) which were dissolved in either
Hank's Balanced Salt Solution (HBSS) with 137mM sodium chloride (pH=6.8) or sodium
free buffer (SFB) where sodium chloride was replaced with tetraethylammonium chloride
(pH=6.8). Cells were exposed to the incubation buffer solutions for 5 minutes. The
uptake was terminated by adding ice-cold SFB buffer after incubation buffer was
removed. Cells were lysed using acetonitrile. After acetonitrile was evaporated, the lysate
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were then dissolved in the acetonitrile/H2O (1:1) with 500 nM internal standard (i.e.
taurocholate or carbamazepine). The samples were stored at -80°C until further analysis.
In order to determine the prodrug kinetic parameters Kt and Jmax, uptake data in HBSS
buffer was fit to equation 1 where Kt is prodrug Michaelis-Menten constant for prodrug; J
is prodrug flux; Jmax is the maximal flux of prodrug; S is the prodrug concentration; and
Pp is the prodrug passive permeability which is estimated from the uptake data in the
SFB buffer since NTCP is sodium dependent transporter where no active transport takes
place in the absence of sodium. As a positive control, Jmax of taurocholate, a prototypical
native bile acid, was estimated from taurocholate uptake studies at high taurocholate
concentrations where transporter was saturated (i.e. 200 μM) on each occasion. Kt, Jmax
and Pp were calculated through nonlinear regression using WinNonlin (Pharsight;
Sunnyvale, CA). Jmax of each prodrug was normalized to the Jmax of taurocholate yielding
normalized Jmax in order to accommodate the variation in NTCP expression level across
the studies.

J

J max S
 Pp S
Kt  S

eqn 1

5.2.10 In vitro stability study
Metabolic stability of prodrug was assessed in mouse liver S9 fraction. Briefly 5μM of
prodrug was incubated with 1mg/mL mouse liver S9 fraction supplemented with 1mM
nicotinamide adenine dinucleotide phosphate in Dulbecco's phosphate buffered saline at
37°C. At designated time points (i.e. 0, 0.5, 1, 3, 5 hr), 100μL samples were collected and
quenched immediately with 400μL acetonitrile containing 1µM internal standard.
Samples were votexed for 30 seconds and centrifuged at 15,000 rpm for 10min.
Supernatant was dried overnight and reconstituted in 200μL water and store at −80° until
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further analysis.
5.2.11 In vitro accumulation of ribavirin and prodrug in red blood cells
Accumulation of the ribavirin, CDCA-L-Val-ribavirin and ribavirin-L-Val-GCDCA in
RBC was determined as previous described with minor changes.13 Briefly, human RBCs
were separated from plasma by centrifugation at 2,000 rpm at room temperature for 10
minutes. Plasma was spiked with ribavirin or prodrug and gently mixed with RBC and
incubated at 37°C. The final concentration of initial ribavirin or initial prodrug in the
whole blood was 100 μM. At designated time point (i.e. 0 and 5 hr), 50μL aliquots of
whole blood were collected and centrifuged at 6,000 rpm at 4 °C for 2 minutes to
separate RBCs from plasma. RBCs were lysed by adding 100 μL 0.1% triton X-100.
Protein was precipitated with the addition of 300 µL and 400 µL of acetonitrile
containing 1 µM internal standard to the lysed RBC and plasma, respectively. After
votexing for 30 seconds, the samples were centrifuged at 15,000 rpm for 10 minutes.
After centrifugation, 300 μL supernatant was transferred to 24 well plates and evaporated
overnight at room temperature. Dry extracts were reconstituted in 200 μL 5mM
ammonium acetate buffer (pH = 4.8).

RBC samples were treated with 1 unit of

phosphatase and incubated at 37°C overnight. Both plasma and RBC samples were stored
at −80° until further analysis.
5.2.12 In vivo distribution of ribavirin and prodrug in mice
The study was conducted in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health
(Bethesda, MD) and was approved by the University of Maryland Institutional Animal
Care and Use Committee.
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Normal non-fasted Balb/c mice (male, 12 weeks) were tail injected (iv bolus) with a dose
of 20 mg/kg (0.08 mmol/kg) ribavirin (mice 1-6) and 67 mg/kg (0.08mmol/kg) ribavirinL-Val-GCDCA (mice 7-12) respectively, to yield an equimolar amount of drug or prodrug.
The compounds were dissolved in 60% saline and 40% polyethylene glycol (PEG 400).
At designated time point (10min, 30 min, 1 hr, 2 hr, 4 hr and 8 hr), mice were euthanized
by CO2 (carbon dioxide) asphyxiation, followed by cervical dislocation. Blood was
drawn immediately by cardiac puncture and collected in heparinized vials. Samples were
then centrifuged at 6,000 rpm and 4 °C for 2 minutes to separate plasma and RBC. Liver,
small intestine, and kidney were isolated and weighed before homogenization in 2 mL
water using Digital SLP cell disruptor (Branson Ultrasonics, Danbury, CT)
400 μL acetonitrile containing 1 μM internal standard was added to 50 μL tissue
homogenate or plasma to precipitate protein. Samples were votexed for 30 seconds and
centrifuged at 15,000 rpm for 10 minutes. After centrifugation, 300 μL supernatant was
transferred to 24 well plates and evaporated overnight at room temperature. Dry extracts
were reconstituted in 300 μL water and stored at -80°until further analysis.
For RBC, 25 μL RBC were firstly lysed by 100 μL 0.1% triton X-100. 300 μL acetonitrile
containing 1 μM internal standard was then added to the lysate and votexed for 30
seconds. Samples were centrifuged at 15,000 rpm for 10 minutes. After centrifugation,
300 μL supernatant from each sample was transferred to 24 well plates and evaporated
overnight at room temperature. Dry extracts were reconstituted in 300 μL 5mM
ammonium acetate buffer (pH = 4.8). Samples were treated with 1 unit of phosphatase at
37°C overnight and stored at -80°until further analysis.
In order to assess if the drug achieved liver targeting, liver targeting index (LTI) was
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calculated using equation 2
Liver targeting index=

AUC0t ` in Liver

eqn 2

AUC0t in Plasma

The LTI of ribavirin employed the AUC of ribavirin in the liver and plasma over 8 hours
(t=8hr).
5.2.13 Analytical method
Both ribavirin and prodrugs were quantified by liquid chromatography/mass
spectrometry (LC/MS) which was performed on Waters ACQUITY UPLC/TQD system.
All the samples were centrifuged at 15,000 rpm for 5 minutes and 5μL supernatant was
injected into LC/MS. Taurocholate was used as the internal standard for CA-L-Gluribavirin while carbamazepine was used as the internal standard for all other compounds.
To determine the prodrug concentration in the cell, a Luna C8 (2) column (3μm,
2.0x50mm; Torrance, CA) was used. A gradient mobile phase employed methanol and
water (v/v) with 0.1% formic acid, respectively. The flow rate was 0.7ml/min and the
compounds were detected under positive electrospray ionization mode [M+H]+, except
for CA-L-Glu-ribavirin which was detected under negative mode [M-H]-. Multiple
reaction monitoring (MRM) was used for all methods. The lower limit of quantification
for all compounds was between 1 and 10 nM. Mass transitions and parameter of mass
spectrometer for all six prodrugs and internal standards were detailed in Table 5.1.
Quantification of ribavirin and prodrug concentrations in liver S9 fraction, RBC and mice
tissues was conducted using the same mass transition as in Table 1. An Xterra RP18
column (5 μm, 4.6 x 150 mm; Waters, Milford, MA) was used in order to separate
endogenous compound (most likely uridine) from the compounds of interest [14]. The
mobile phase was composed of water and methanol with 0.1% acetic acid. The flow rate
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was 1 mL/min. The limit of quantification for all compounds was between 100 nM and
500 nM.

Table 5.1. Parameters of mass spectrometer and monitored ion transitions for ribavirin
prodrugs quantification.
Compound
Ribavirin
Carbamazepine
(internal standard)
Taurocholate
(internal standard)
CDCA-L-Val-ribavirin
UDCA-L-Val-ribavirin
CDCA-L-Glu-ribavirin
UDCA-L-Glu-ribavirin
CA-L-Glu-ribavirin
Ribavirin-L-Val-GCDCA

MRM transition
245.13->112.87
237.13->193.99

Collision energy(V)
16
26

514.26->79.96

100

718.67->97.00
718.67->97.00
748.54->97.06
748.54->97.06
762.33->128.01
819.48->96.93

35
35
72
72
68
74

All compounds were detected under positive electrospray ionization mode [M+H]+
except CA-L-Glu-ribavirin which was detected under negative mode [M-H]-.

5.3 Results
5.3.1 NTCP uptake of prodrugs with C-24 conjugation
Ribavirin was first conjugated to carboxylic acid at the C-24 position of CDCA, UDCA,
or CA using either L-valine or L-glutamic acid as the linker to yield five neutral or
monoanionic compounds: CDCA-L-Val-ribavirin, UDCA-L-Val-ribavirin, CDCA-Gluribavirin, UDCA-Glu-ribavirin, and CA-L-Glu-ribavirin. Concentration-dependent
uptake of all five compounds using NTCP-HEK293 stably transfected cells are shown in
Figure 5.5. Studies were conducted in the presence and absence of sodium, where uptake
in the absence of sodium served as the negative control since NTCP is a sodiumdependent transporter.
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CDCA-L-Val-ribavirin and UDCA-L-Val-ribavirin are neutral compounds while CDCAL-Glu-ribavirin, UDCA-L-Glu-ribavirin, and CA-L-Glu-ribavirin each possess a single
negative charge at the C-24 side chain. Despite these charge differences, all five
compounds were NTCP substrates, where flux differed (Student's t-test, p < 0.05)
between passive and total uptake at each concentration, except for the lowest
concentration (2.5 μM) of CA-L-Val-ribavirin.
A)

B)
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C)

D)
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E)

Figure 5.5. Concentration-dependent uptake of (A) CDCA-L-Val-ribavirin, (B) UDCAL-Val-ribavirin, (C) CDCA-Glu-ribavirin, (D) UDCA-Glu-ribavirin, and (E) CA-L-Gluribavirin into NTCP-HEK293 cells for 5 min. Closed circles indicate total prodrug uptake
by NTCP in the presence of sodium. Open circles indicate passive uptake of the prodrug
in the absence of sodium. The solid line indicates model fit of the total uptake. Data are
presented as mean (±SEM) of three measurements at each concentration.

Prodrug uptake kinetic parameters are listed in Table 5.2. The transport capacities (i.e.
normalized Jmax) of all prodrugs were significantly lower than that of the native substrate
taurocholate, with the normalized Jmax values ranging from 0.011 to 0.302. CDCA-L-Valribavirin provided the highest normalized Jmax (i.e. 0.302, or 30% that of taurocholate),
followed by CDCA-L-Glu-ribavirin (normalized Jmax = 0.075). The two prodrugs using
L-valine as the linker yielded higher NTCP affinity (i.e. lower Kt) than their
corresponding L-glutamic acid-linked prodrugs. UDCA-L-Val-ribavirin had the highest
affinity toward NTCP, with a Kt value of 11.6 μM. The L-glutamic acid conjugates had
much lower passive permeability than the neutral L-valine conjugates, possibly due to the
negative charge on the linker.
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CDCA-L-Val-ribavirin and CDCA-L-Glu-ribavirin were the two compounds with the
highest normalized Jmax values and hence were subjected to further evaluation for
ribavirin release in mouse liver S9 fraction.
Table 5.2. NTCP uptake parameters of CDCA-L-Glu-ribavirin, UDCA-L-Glu-ribavirin,
CA-L-Val-ribavirin, CDCA-L-Val-ribavirin and UDCA-L-Val-ribavirin
Prodrug

Kt (μM)

Jmax
(pmol/sec/cm2)

Normalized
Jmax a

Ppx106
(cm/sec)

CDCA-L-Gluribavirin
UDCA-L-Gluribavirin
CA-L-Glu-ribavirin
CDCA-L-Valribavirin
UDCA-L-Valribavirin

182+26

0.145+0.009

0.0752+0.047

0.0567+0.0026

244+41

0.0330+0.0026

0.0171+0.0013

0.0154+0.0004

659+261
35.0+7.4

0.0208+0.0053
0.592+0.044

0.0108+0.0028
0.302+0.031

0.0274+ 0.0007
3.76+0.05

11.6+1.4

0.0654+0.0020

0.033+0.002

0.376+0.019

Data are summarized as mean (±SEM) of three measurements.
a
Jmax of each prodrug was normalized to Jmax of taurocholate that was measured in
parallel to each study in order to accommodate the variation in NTCP expression level
across the studies.

5.3.2 Release of ribavirin from prodrugs with C-24 conjugation
In order to possess efficacy in the liver to treat hepatitis C, ribavirin needs to be released
from the prodrugs after hepatic uptake by NTCP. Thus, mouse liver S9 fraction, which
contains a wide variety of liver enzymes, was used to assess ribavirin release from the
prodrugs. CDCA-L-Val-ribavirin and CDCA-L-Glu-ribavirin were incubated with mouse
liver S9 fraction over five hours. As shown in Figure 5.6, by five hours, 63% of ribavirin
was released from the neutral CDCA-L-Val-ribavirin, while the prodrug itself was largely
degraded by one hour. By contrast, very little ribavirin (4%) was released from the anion
CDCA-L-Glu-ribavirin and 96% of the prodrug remained intact after five hours. The
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results suggest that CDCA-L-Val-ribavirin has the potential to release the drug in the liver,
while CDCA-L-Glu-ribavirin showed little promise.
A)

B)

Figure 5.6. Hydrolysis of (A) CDCA-L-Val-ribavirin and (B) CDCA-L-Glu-ribavirin in
mouse liver S9 fraction. For each prodrug, prodrug (5 μM) was incubated with mouse
liver S9 fraction (1mg/mL) at 37°C for 0, 0.5, 1, 3 and 5 hr. Open circles indicate
percentage of prodrug remaining intact. Closed circles indicate percentage of ribavirin
appearing in mouse S9 fraction, relative to initial prodrug. Data are presented as mean
(±SEM) of three measurements at each time point.
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5.3.3 Reduced ribavirin accumulation in red blood cells with CDCA-L-Val-ribavirin
Given its susceptibility to release drug, CDCA-L-Val-ribavirin was incubated with human
whole blood to assess ribavirin and prodrug distribution in plasma and RBC. The RBC is
an off-target of ribavirin therapy, with hemolytic anemia limiting ribavirin dosing. By
five hours, 42% of initial prodrug remained intact in plasma (Figure 5.7). Twenty-two
percent of initial prodrug distributed into RBC and remained intact. Relative to initial
prodrug, 13% of prodrug was converted to ribavirin and present in plasma and RBC,
respectively. By contrast, the incubation of same molar amount of ribavirin itself with
human whole blood resulted in 25% of ribavirin in plasma and 50% ribavirin
accumulation in RBC. The comparison can be translated that CDCA-L-Val-ribavirin was
able to reduce ribavirin accumulation in RBC by 3.8-fold (i.e. 13% vs. 50%). However,
22% of the prodrug permeated into RBC, reflecting the high passive permeability of
CDCA-L-Val-ribavirin. This high passive permeability may result in the passive diffusion
of the prodrug into organs or tissues other than the liver, as observed here in RBC. This
potential wide distribution may promote prodrug hydrolysis before it enters the liver, thus
reducing the amount of ribavirin delivered into the liver.
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Figure 5.7. Distribution of ribavirin and CDCA-L-Val-ribavirin in human whole blood at
37°C after 5 hr. Ribavirin or CDCA-L-Val-ribavirin (100μM) was incubated with human
whole blood for 0 and 5 hr, followed by quantification of ribavirin (if ribavirin incubated)
or released ribavirin and intact prodrug (if prodrug incubated) in plasma and red blood
cells (RBC). Closed bars indicate ribavirin incubation. The open bars indicate prodrug
incubation (and hence prodrug or release ribavirin quantified). Data are presented as
mean (±SEM) of three measurements at each time point.

5.3.4 In vitro characterization of ribavirin-L-Val-GCDCA
In order to reduce a prodrug's passive permeability as observed for CDCA-L-Valribavirin and preserve its ability to release ribavirin in the liver, ribavirin was conjugated
to the C-3 position of GCDCA using L-valine as the linker. GCDCA was selected over
CDCA as GCDCA has higher capacity to be taken up by NTCP than CDCA.15 This
strategy retains the ester bond between L-valine and ribavirin and introduces one negative
charge at the C-24 region to reduce the passive permeability, as observed from the above
for L-glutamic linked prodrugs.
Ribavirin-L-Val-GCDCA was assessed for NTCP uptake, ribavirin release in mouse liver
S9 fraction, and drug distribution in human whole blood. As shown in Figure 5.8A, the
passive permeability across HEK293 cells was reduced by 5.7-fold as compared to
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CDCA-L-Val-ribavirin. Interestingly, the transport capacity also decreased significantly
(normalized Jmax = 0.0538). However, the prodrug had much higher affinity toward NTCP
than CDCA-L-Val-ribavirin, with a Kt value of 1.63μM versus 35.0 μM for CDCA-LVal-ribavirin. Metabolic stability in mouse liver S9 fraction (Figure 5.8B) suggests that
ribavirin-L-Val-GCDCA has the potential to release ribavirin in the liver. After five hours,
34% of ribavirin was released from the prodrug. The prodrug itself largely degraded
within one hour. Prodrug distribution in human whole blood demonstrated that 85% of
the prodrug remained intact in the plasma while almost no prodrug accumulated in the
RBC (1%). Meanwhile, 3% of the released ribavirin was present in both the plasma and
RBC (Figure 5.8C), which was 16.7-fold lower in RBC than when ribavirin alone was
tested. Based on these in vitro studies, ribavirin-L-Val-GCDCA possessed overall greater
potential to achieve in vivo liver targeting with reduced ribavirin accumulation in RBC.
A)
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B)

C)

Figure 5.8. In vitro characterization of ribavirin-L-Val-GCDCA. (A) From the NTCP
uptake of ribavirin-L-Val-GCDCA, Kt=1.63(+0.70) μM, Jmax=0.100(+0.004)
(pmol/sec/cm2),
Normalized
Jmax=0.0538(+0.0038)
and
Passive
permeability=0.655(+0.025) x10-6 cm/s. (B) Hydrolysis of ribavirin-L-Val-GCDCA in
mouse liver S9 fraction over five hours. After five hours, 34% of ribavirin was released
from the prodrug (C) Distribution of released ribavirin and intact ribavirin-L-ValGCDCA in human whole blood at 37°C after 5 hours. 16.7-fold lower amounts of
ribavirin accumulated in RBC when tested as prodrug compared with ribavirin itself.
Data are presented as mean (±SEM) of three measurements at each time point.
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5.3.5 Pharmacokinetics of ribavirin-L-Val-GCDCA and ribavirin in mice
A pharmacokinetic study of ribavirin-L-Val-GCDCA and ribavirin was conducted in mice
in order to assess the liver targeting potential of the prodrug in vivo. Administration
entailed 0.08 mmol/kg intravenous (IV) tail vein injection in mice. After prodrug or
ribavirin administration, prodrug and/or ribavirin concentrations were measured in the
plasma, RBC, liver, kidney and small intestine over eight hours.
As shown in Figure 5.9, in comparison to ribavirin, administration of ribavirin-L-ValGCDCA resulted in less ribavirin exposure in the plasma, RBC and kidney, slightly
increased exposure in the intestine, and similar exposure in the liver. The Tmax of ribavirin
in the liver was shifted from 30 min to 120 min when prodrug was administered, likely
due to the time required for ribavirin to be released from the prodrug. The AUC of both
ribavirin and ribavirin-L-Val-GCDCA was calculated for the plasma, RBC, liver, kidney
and intestine, as shown in Table 5.3. The liver targeting index (LTI) for ribavirin was
0.0125 from ribavirin-L-Val-GCDCA administration and 0.00576 from ribavirin
administration, indicating that the prodrug has achieved better ribavirin liver targeting by
2.16-fold. This enhancement was largely due to prodrug administration yielding about a
2-fold reduction in ribavirin exposure in plasma, compared to parent drug administration.
Prodrug and drug administrations afforded about the same ribavirin exposures in the liver.
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A) Plasma

B) RBC
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C) Liver

D) Kidney
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E) Small intestine

Figure 5.9. Pharmacokinetics of ribavirin and prodrug ribavirin-L-Val-GCDCA in mice
after IV administration. Each data point represents data from one mouse IV injected with
either 0.08mmol/kg ribavirin or 0.08mmol/kg ribavirin-L-Val-GCDCA. Plasma, red
blood cell, liver, kidney and small intestine were collected at 0, 10, 30, 60, 120, 240, 480
min. Panels A-E are concentrations of ribavirin and prodrug in the (A) plasma, (B) red
blood cell, (C) liver, (D) kidney and (E) small intestine respectively. Closed squares are
the ribavirin concentration after ribavirin IV injection. Closed circles are the
concentration of released ribavirin from ribavirin-L-Val-GCDCA after IV prodrug
injection. Open circles are the concentration of intact ribavirin-L-Val-GCDCA after IV
prodrug injection. Open circles and close circles represent data from the same mouse.
Liver, kidney and small intestine concentrations were normalized by its tissue weight.
Table 5.3. Exposure of ribavirin and prodrug ribavirin-L-Val-GCDCA to various
compartments and tissues after IV administration of each ribavirin and prodrug in mice.
Compartment or
tissue

AUC of ribavirin
after ribavirin
administration
(μM x min or μM x
min per mg tissue)a

Plasma
Red blood cell
Liver
Intestine
Kidney

4770
3460
27.5
6.36
4.69

AUC of ribavirin
after ribavirin-LVal-GCDCA
administration
(μM x min or μM x
min per mg tissue)a
2100
1780
26.2
7.25
2.19

Six time points were employed in measuring AUC.
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AUC of ribavirinL-Val-GCDCA
after its
administration
(μM x min or μM x
min per mg tissue)a
934
134
1.65
4.71
0.372

a

Units are μM x min for plasma and red blood cell. Units are μM x min per mg tissue for
liver, intestine, and kidney.

5.4 Discussion
In the current study, we have developed and characterized six ribavirin prodrugs with the
goal of achieving liver specific delivery of ribavirin via targeting NTCP, thereby reducing
toxic ribavirin accumulation in the red blood cells. Bile acid-ribavirin prodrugs were
synthesized with either L-valine or L-glutamic acid as the linker. Bile acids are native
substrates of NTCP, and both L-valine and L-glutamic acid are endogenous compounds
to impart either neutral or anionic character. Both in vitro and in vivo tests were
conducted to characterize the six prodrugs among which ribavirin-L-Val-GCDCA was
shown to achieve ribavirin liver specific delivery in mice.
5.4.1 NTCP uptake
Human NTCP uptake studies were conducted to screen the synthesized prodrugs for
potential liver targeting. A previous study suggested that a negative charge at the C-24
side chain of bile acids is essential for NTCP transport [16]. Bile acid conjugates with
monoanionic side chains (i.e. CDCA-L-Glu-ribavirin, UDCA-L-Glu-ribavirin, CA-LGlu-ribavirin and ribavirin-L-Val-GCDCA) were substrates of NTCP. Interestingly,
conjugates with no charge on the C-24 side chain (i.e. CDCA-L-Val-ribavirin and
UDCA-L-Val-ribavirin) also showed favorable uptake, with Kt values comparable to that
of taurocholate (i.e. 22.7 μM) [12], suggesting that a monoanion at the C-24 side chain
may not be necessary for the transport by human NTCP. Potentially, there may be
unknown physicochemical or structural variables other than charge that affect NTCP
transport, such as hydrophobicity which has been shown to impact ASBT transport
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activity [17].
A previous study from our laboratory showed that bile acid conjugates coupled at the C-3
position afford translocation by NTCP [18]. This C-3 coupling was also observed in the
current study where the C-3 conjugated prodrug (i.e. ribavirin-L-Val-GCDCA) was a
potent substrate with Kt of 1.63 μM. In terms of transport capacity, all six prodrugs
possess a significantly reduced NTCP capacity compared with taurocholate. Of the six
prodrugs investigated, ribavirin-L-Val-GCDCA had the lowest Kt value and a Jmax of and
about 75% transport efficiency (Jmax /Kt) of taurocholate, suggesting moderately efficient
uptake by NTCP.12 In addition, CDCA conjugates were shown to have higher transport
capacity (i.e. normalized Jmax) than their corresponding UDCA or CA conjugates.
5.4.2 Prodrug metabolism in mouse liver S9 fraction
Metabolic stability studies were conducted to assess ribavirin release when exposed to
mouse liver S9 fraction in vitro. All of the synthesized prodrugs possessed an ester bond
between the amino acid linker and ribavirin. However, only CDCA-L-Val-ribavirin and
ribavirin-L-Val-GCDCA showed favorable drug release when exposed to mouse liver S9
fraction, while CDCA-L-Glu-ribavirin was stable, suggesting that L-valine is more
susceptible to enzymatic hydrolysis than L-glutamic acid. Although about 94% of
CDCA-L-Val-ribavirin and ribavirin-L-Val-GCDCA were degraded after five hours, only
63% and 34% of ribavirin was recovered, respectively. It has been reported that there are
two metabolic pathways for ribavirin [19]. One is the reversible phosphorylation pathway
where ribavirin is phosphorylated to mono-, di-, and tri-phosphorylated ribavirin. The
other pathway is the degradation involving deribosylation and amide hydrolysis to yield a
triazole carboxylic acid metabolite. Our results suggest that ribavirin might undergo an
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irreversible metabolism by five hours, resulting in incomplete recovery of ribavirin
(Figure D.1 in Appendix).
5.4.3 Prodrug distribution in whole blood
Both prodrug and ribavirin were incubated in human whole blood to assess ribavirin
accumulation in RBC and stability of the prodrug in whole blood. It has been shown that
ribavirin is phosphorylated in RBC where triphosphorylated ribavirin is the predominant
metabolite [20]. Phosphatase was used to convert phosphorylated ribavirin to ribavirin so
that ribavirin concentration measured in RBC by LC/MS represents all of the ribavirin
accumulated in cells.20 Ribavirin is actively transported into RBCs by equilibrative
nucleoside transporter 1 (ENT1) [21]. Likely, the coupling of a bulky bile acid would
hamper ribavirin's uptake into RBC which represents an off-target in clinical use of
ribavirin. This reduced uptake was observed in our study where both CDCA-L-Valribavirin

and

ribavirin-L-Val-GCDCA

caused

significantly

reduced

ribavirin

accumulation in RBC. However, due to the high passive permeability, 22% of CDCA-LVal-ribavirin was also present in RBC. The subsequent introduction of a single negative
charge (i.e. ribavirin-L-Val-GCDCA) decreased the prodrug's passive permeability and
reduced the accumulation of prodrug to only 1%. Meanwhile, the presence of prodrug in
the plasma increased from 42% to 85% (CDCA-L-Val-ribavirin vs. ribavirin-L-ValGCDCA).
5.4.4 In vivo study in mice
The potential advantage of targeting NTCP motivated the in vivo evaluation of ribavirinL-Val-GCDCA. A prodrug of ribavirin that targets NTCP may allow for preferential
uptake into the liver. Hence, with subsequent release of ribavirin from prodrug, ribavirin
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will preferentially accumulate in the liver, which is the site of drug action in treating
hepatitis C. Correspondingly, liver targeting has promise to minimize ribavirin
accumulation in the RBC.
A pharmacokinetic study was conducted to evaluate the liver targeting potential of
ribavirin-L-Val-GCDCA in vivo. The study here showed that ribavirin exposure was
reduced in the plasma, RBC and kidney by about 50%, while an approximately equal
amount of ribavirin was seen in the liver as compared the administration of ribavirin itself.
Ribavirin exposure was slightly increased in the intestine, perhaps due to the
enterohepatic circulation of bile acids where the apical sodium-dependent bile acid
transporter (ASBT) may be responsible for reabsorbing unmetabolized prodrug from the
lumen of the small intestine. Prodrug enterohepatic circulation could potentially increase
the amount of prodrug delivered to the liver, if the prodrug is not quickly released in
hepatocytes and instead is circulated. However, prodrug hydrolysis in the intestine may
result in increased intestinal ribavirin exposure. Thus, a prodrug with faster hydrolysis in
the liver may reduce ribavirin exposure in the intestine.

5.5 Conclusions
Six bile acid-ribavirin prodrugs were synthesized. All six demonstrated NTCP uptake, but
had low transport capacity compared to that of taurocholate. Of these six prodrugs,
ribavirin-L-Val-GCDCA had the highest affinity toward NTCP while CDCA-L-Valribavirin had the highest transport capacity (i.e. normalized J max). Metabolic stability in
mouse liver S9 fraction indicated that CDCA-L-Val-ribavirin and ribavirin-L-ValGCDCA efficiently released ribavirin in the liver. Of the two, ribavirin-L-Val-GCDCA

139

had more favorable drug distribution in human whole blood, with a high amount of
prodrug present in the plasma but a favorably low ribavirin accumulation in RBC. The
pilot in vivo pharmacokinetic study in mice showed that administration of ribavirin-LVal-GCDCA allowed for greater liver targeting of ribavirin while reducing ribavirin
accumulation in RBC. Overall, the current study suggests that ribavirin-L-Val-GCDCA
has the potential to achieve liver-specific delivery of ribavirin.
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Chapter 6: Conclusions
Hepatic transporter NTCP is an important transporter in bile acid uptake into the liver.
Recent emerging evidence suggested it may also be involved in HBV infection [1]. Thus
the inhibitors of NTCP may serve as a new therapy to treat HBV. In addition, potential
role of NTCP in drug hepatic uptake also implied that the substrates of NTCP may have
the risk of NTCP mediate drug interaction. However absence of crystal structure and lack
of knowledge of structure-activity relationship of NTCP hamper identification of both
NTCP inhibitors and substrates. Thus the first goal of current study was to understand the
inhibitors and substrates requirements of human NTCP. Chapter 2 and chapter 3 were
trying to elucidate the inhibitors requirements of human NTCP while the substrate
requirements were systematically studied in chapter 4 with both native bile acids, bile
acid analogs and FDA approved drug.
NTCP is specifically expressed in the live and has high efficiency to take up bile acids.
This allows it to be utilized to achieve liver specific drug delivery. Thus the second goal
of the study was to develop a prodrug to target human NTCP in order to specifically
deliver the drug into the liver. This was achieved in chapter 5 where a bile acid prodrug
for ribavirin was developed and assessed for liver targeting both in vitro and in vivo.

6.1 Qualitative computational models for human NTCP inhibitor
In chapter 2, one common feature pharmacophore and one Bayesian model were
developed to elucidate the inhibitor requirements of human NTCP. Both models were
developed and validated based on FDA approved drugs. The common feature
pharmacophore indicated that two hydrophobes and one hydrogen bond acceptor were
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important for inhibition of NTCP while Bayesian model suggested the features such as
benzyl fluorine were good for inhibitors. Both models were able to predict NTCP
inhibitor although Bayesian model showed better prediction. A total of 72 FDA approved
drugs were screened among which 27 drugs were novel NTCP inhibitors, including
irbesartan (Ki =11.9 μM) and ezetimibe (Ki = 25.0 μM). These inhibitors fall into a
variety of therapeutic classes such as antifungal, antihyperlipidemic, antihypertensive,
anti-inflammatory and glucocorticoid drugs. These 72 drugs were also screened on ASBT
to compare human NTCP and ASBT transport inhibition requirements. A total of 31
drugs inhibited NTCP, while 51 drugs (i.e. more than half) inhibited ASBT suggesting
that ASBT is more permissive to drug inhibition than NTCP.
Recent study suggested that inhibitors of NTCP were able to block HDV infection of
NTCP-Huh7 cells [2]. Thus potential application of NTCP inhibitors in preventing HBV
invasion merits further study.

6.2 Quantitative computational models and hepatotoxicity assessment for human
NTCP inhibitor
In chapter 3, one quantitative pharmacophore was developed to extend the previous
common featured pharmacophore. The model with correlation coefficient as 0.82 was
derived from 27 FDA approved drugs with observed Ki value ranging from 7.6 to 599 μM.
Model features one hydrogen bond acceptor, one hydrogen bond donor, one hydrophobic
feature, and four excluded volumes. The model was further validated with nine additional
drugs and known NTCP inhibitors from literature suggesting that quantitative
pharmacophore has the potential to predict human NTCP inhibitors. Ninety-four drugs
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were assessed for hepatotoxicity and were evaluated relative to NTCP inhibition. NTCP
inhibitors and non-inhibitors were approximately equally distributed across the drugs of
most DILI concern, less DILI concern, and no DILI concern, indicating no relationship
between NTCP inhibition and DILI risk.

6.3 Substrate requirements of human NTCP using bile acids, bile acid analogs and
FDA approved drugs
In chapter 4, we aimed to elucidate substrate requirements of human NTCP in order to
identify NTCP substrates. Thus 18 native bile acids and 2 bile acid conjugates were
initially assessed for NTCP inhibition and uptake which suggested a role of hydroxyl
pattern and steric interaction in NTCP binding and translation. 14 native bile acids and
bile acid conjugates were then used to develop a common feature pharmacophore for
NTCP substrates yielding a pharmacophore featured three hydrophobes, one hydrogen
bond donor, one negative ionizable feature and three excluded volumes. Model was used
to search the SCUT database of FDA approved drug and was able to retrieve the majority
of the known NTCP substrates. Meanwhile among the retrieved drugs, irbesartan and
losartan were identified as novel but weak NTCP substrates suggesting the potential role
of NTCP in drug disposition.
It is possible that with more substrates possessing various chemical structures identified,
the pharmacophore could be further optimized which will be able to retrieve more potent
substrate with high transport efficiency.
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6.4 Synthesis and evaluation of bile acid-ribavirin conjugates as prodrugs to target
the liver
In chapter 5, five prodrugs with ribavirin conjugation at C-24 side chain of the bile acids
were initially synthesized in order to achieve liver specific delivery of ribavirin. In vitro
studies suggested that CDCA-L-Val-ribavirin had the potential to be taken up and release
the ribavirin in the liver meanwhile reduce the ribavirin accumulation in red blood cells
by 3.8 folds. However the presence of 22% prodrug in red blood prompted us to optimize
the prodrug by introducing one negative charge at C-24 region of the bile acid in order to
reduce its passive permeability which yielded the sixth prodrug ribavirin-L-Val-GCDCA .
In vitro study indicated that ribavirin-L-Val-GCDCA was substrate of human NTCP and
released the ribavirin in the mouse live S9 fraction. Moreover ribavirin in red blood cell
was reduced by 16.7 folds while almost no prodrug was present in the red blood cells
suggesting its favorable characteristics to achieve liver targeting. In vivo study in mice
also showed that given the same molar dose, ribavirin-L-Val-GCDCA could reach almost
same ribavirin exposure in the liver as ribavirin administration while the ribavirin
accumulation in red blood, plasma and kidney was reduced by approximated 2 folds.
Overall the study suggested that ribavirin-L-Val-GCDCA has the potential to achieve
ribavirin specific liver delivery.
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Chapter 7: Appendix
7.1 Appendix A: Supplemental material for Chapter 2
Table A.1. List of forty-five retrieved compounds from a SCUT database search, using
the qualitative common feature pharmacophore with ezetimibe shape restriction.
Compound
Irbesartan
Valsartan
Losartan
Ropinirole
Sulfinpyrazone

Fit
Value
2.4810
2.3137
2.2480
2.2391
2.1336

Meperidine
Bortezomib
Eletriptan
Haloperidol
Fenofibrate
Tolazamide

2.0869
1.9219
1.8245
1.8201
1.8035
1.6502

Cephradine

1.6286

Cefaclor

1.5905

Ramipril
Eprosartan
Cephalexin

1.5681
1.5642
1.5446

Loracarbef

1.4501

Indomethacin
Loperamide
Propafenone
Paliperidone
Ezetimibe
Nafcillin

1.3652
1.2300
1.0952
1.0949
1.0896
1.0087

Bumetanide

0.9628

Trandolapril

0.9525
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Indication
Angiotensin II receptor antagonist
Angiotensin II receptor antagonist
Angiotensin II antagonist
Dopamine agonist
Inhibits renal tubular absorption of
uric acid
Narcotic analgesic
Proteasome inhibitor
Selective serotonin B1/D agonist
Antipsychotic, neuroleptic
Inhibits triglyceride synthesis
Stimulates release of insulin from
the pancreas, increases insulin
sensitivity at peripheral sites,
decreases hepatic glucose output
Inhibits bacterial cell wall
biosynthesis
Inhibits bacterial cell wall
biosynthesis
ACE inhibitor
Angiotensin II receptor antagonist
Inhibits bacterial cell wall
biosynthesis
Antibacterial, inhibits cell wall
synthesis
Inhibits prostaglandin synthesis
Slows intestinal motility
Class 1C antiarrhythmic
Antagonizes dopamine receptors
HMG-CoA reductase inhibitor
Bactericidal, inhibits cell wall
synthesis
Loop diuretic inhibits reabsorption
of Na and Cl in the ascending loop
of Henle and the distal renal tubule
ACE inhibitor

Table A.1 continued
Compound
Tiagabine
Permethrin
Nateglinide

Fit Value
0.8866
0.8224
0.8063

Cocaine_metabolite_cocaethylene
Penicillin V
Quinapril
Cefadroxil

0.7875
0.7691
0.7147
0.6845

Oseltamivir
Raloxifene

0.6812
0.5787

Benazepril

0.5356

Aztreonam

0.5148

Loratadine
Amoxicillin

0.4274
0.0956

Thiethylperazine
Quinidine
Alfuzosin
Perindopril
Enalapril
Cefdinir

0.0612
0.0508
0.0267
0.0178
0.0048
0.0020

Candesartan

0.0012
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Indication
GABA inhibitor
Pediculicide
Increases pancreatic release of
insulin
Bactericidal
ACE inhibitor
Inhibits bacterial cell wall
biosynthesis
Inhibits viral neuroamidase
Partial antagonist of estrogen that
behaves like estrogen
Angiotensin converting enzyme
inhibitor
Inhibits bacterial cell wall
biosynthesis
Antihistamine
β-lactam antibiotic, inhibits
bacterial cell wall synthesis
Antidopaminergic, antiemetic
Class 1A antiarrhythmic
A1-adrenoreceptor antagonist
ACE inhibitor
ACE inhibitor
Inhibits bacterial cell wall
biosynthesis
Angiotensin II antagonist

Table A.2. List of eighty-five retrieved compounds from a CDD database search, using
the qualitative common feature pharmacophore with ezetimibe shape restriction.
Fit
Compound
Indication
Value
Phthalylsulfamethizole
2.7541
Antibiotic
Yohimbine
2.5767
Erectile dysfunction
Nateglinide
2.4916
Antidiabetic
Irbesartan
2.4810
Antihypertensive
Perindopril
2.3501
Antihypertensive
Losartan
2.2480
Antihypertensive
Ropinirole
2.2391
Antiparkinsonian
Haloperidol lactate
2.1229
Antipsychotic
Sulfinpyrazone
2.1049
Antiurolithic
Bortezomib
2.0127
Antineoplastic
Bensulide
1.9980
Antiinflammatory
TetradecylSulfate
1.9479
Antiseptic
Ezetimibe
1.9055
Antihyperlipidemic
Sodium dodecylbenzenesulfonate
1.8821
Antiseptic
Olmesartan
1.8402
Antihypertensive
Haloperidol
1.8201
Antispasmodic
Fenofibrate
1.8035
Antihyperlipidemic
Valsartan
1.7235
Antihypertensive
Tolazamide
1.6502
Antidiabetic
Cephradine
1.6286
Antibiotic
Cefaclor
1.5905
Antibiotic
Ramipril
1.5681
Antihypertensive
Tetrabenazine
1.5481
Antipsychotic
Cephalexin
1.5446
Antibiotic
Salicylic anhydride diacetate
1.5326
Antiinflammatory
Carbenicillin
1.5318
Antibiotic
Quinidine gluconate
1.5274
Antimalarial
Pipazethate
1.5217
Antitussive
Amprotropine
1.4779
Antihypertensive
Diphenoxylate
1.4643
Antispasmodic
Narceine
1.4581
Analgesic
Cyclomethycaine
1.4461
Analgesic
Piminodine
1.4187
Analgesic
Ticarcillin
1.3802
Antibiotic
Indomethacin
1.3652
Antiinflammatory
Loperamide
1.2279
Antidiarrheal
Temocillin
1.2096
Antibacterial
Almecillin
1.1761
Antibiotic
Anileridine
1.1586
Analgesic
Propafenone
1.0952
Antiarrhythmic
Eletriptan
1.0687
Antimigraine
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Table A.2 continued
Compound
Penicillin V
Pheneticillin
Ilomastat
Aztreonam
Bumetanide
Triparanol
Gimatecan
Tiagabine
Permethrin
Nafcillin
Arbutamine
Penicillin G
Penicillin V
Azlocillin
Pyrethrins
Quinapril
Nylidrin
Cefadroxil
Clomiphene Citrate
Hetacillin
Penicillin G sodium
Oseltamivir
Raloxifene
Omalizumab
Benazepril
Loratadine
Penicillin G benzathine
Cefamandole
Oxacillin
Enazepril
Piperacetazine
Eprosartan
Methicillin
Estradiol cypionate
Colchicine
Thiethylperazine
Trandolapril
Alfuzosin
Perindopril
Enalapril
Chlordantoin

Fit
Value
1.0495
1.0376
1.0229
0.9810
0.9628
0.9571
0.9274
0.8866
0.8224
0.8223
0.7915
0.7781
0.7691
0.7484
0.7174
0.7147
0.7012
0.6845
0.6720
0.6530
0.6105
0.6046
0.5787
0.5649
0.5356
0.4274
0.3545
0.2818
0.2225
0.2036
0.1774
0.1724
0.1237
0.1118
0.0932
0.0612
0.0608
0.0267
0.0178
0.0048
0.0034
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Indication
Antibiotic
Antibiotic
Opthalmic
Antibiotic
Diuretic
Antihyperlipidemic
Antineoplastic
Anticonvulsant
Dermatologic
Antibiotic
Antihypotensive
Antibacterial
Antibiotic
Antibiotic
Insecticide
Antihypertensive
Vasodilator
Antibiotic
Selective estrogen receptor
modulators
Antibacterial
Antibiotic
Antiviral
Bone resorption inhibitor
Antihistaminic, antihypertensive
Antihypertensive
Antihistaminic
Antibiotic
Antibiotic
Antibiotic
Antihypertensive
Antipsychotic
Antihypertensive
Antibiotic
Estrogen
Antigout agent
Antiemetic
Antihypertensive
Antihypertensive
Antihypertensive
Antihypertensive
Antifungal

Table A.2 continued
Compound
Candesartan
Indigosol
Finasteride

Fit
Value
0.0012
0.0008
0.0003

Indication
Antihypertensive
Unclassified
Urologic

Table A.3. Bayesian model leave-one-out cross-validation results. This model was built
using 50 samples, and validated using a leave-one-out cross-validation. A ROC plot was
generated, and the area under the curve (XV ROC AUC) calculated. Best Split was
calculated by picking the split that minimized the sum of the percent misclassified for
category members and for category nonmembers, using the cross-validated score for each
sample. Using that split, a contingency table was constructed, containing the number of
true positives (TP), false negatives (FN), false positives (FP), and true negatives (TN).
TP/FN
Output
XV ROC AUC Best Split
# in Category
FP/TN
NTCP N50 with sig cutoff
23/5
0.769
-0.956
28
Bayesian
6/16

Table A.4. Bayesian model enrichment results. This table shows the output name, the
percentage of samples that are in that particular category, the number of category
members, and the percentage of true members found. Percentages that are less than 100%
are in bold.
Output
Category % 1% 5% 10% 25% 50% 75% 90% 95% 99%
NTCP N50 with sig
56%
0% 7.1% 14.3% 35.7% 71.4% 89.3% 92.9% 100% 100%
cutoff Bayesian
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Table A.5. Bayesian model percentile results. This table shows, for each model, the
cutoff needed to capture a particular percentage of the good samples. For each cutoff, it
shows below the estimated percentages of false positives and true negatives for the nongood samples. This table is designed to help you pick the cutoff value that best balances
your desire to capture as many good samples as possible, while keeping the number of
false positives at a minimum. Cutoff which lead to 10% or greater false positives are
displayed in bold for ease of identification.
Model
99%
95%
90%
70%
50%
30% 10% 5%
1%
Name
NTCP
N50
-7.410 -4.709 -3.242 -1.622 -1.622 4.938 6.558 8.025 10.726
with sig
90%/10 74%/26 63%/37 48%/52 22%/78 7%/93 3%/97 2%/98 1%/99
cutoff
%
%
%
%
%
%
%
%
%
Bayesia
n

Table A.6. Bayesian model category statistics results. This table shows, for each category,
statistics derived from the cross-validated predictions of the model built for that category
as applied to members of that category and non-members of that category. For each
group, the number of members/nonmembers (N) is given; the mean prediction for each
subset (Mean); and the estimate standard deviation of the predictions for each subset
(StdDev).
Category
Noncategory
Category
Noncategory
Output
Mean
Mean
N
N
(±StdDev)
(±StdDev)
NTCP N50 with sig cutoff Bayesian 28
1.66 (±3.86) 22
-1.89 (±4.43)

Table A.7. External testing of Bayesian Model using different sized leave out groups.
Leave out 10% 100 x
External_ROC Internal_ROC Concordance Specificity Sensitivity
Mean
0.71
0.73
60.36
59.65
56.15
STDEV
0.19
0.059
26.27
37.99
34.37
Leave out 30% 100x
External_ROC Internal_ROC Concordance Specificity Sensitivity
Mean
0.66
0.70
58.09
67.15
50.19
STDEV
0.11
0.10
10.21
23.73
23.12
Leave out 50% 100x
External_ROC Internal_ROC Concordance Specificity Sensitivity
Mean
0.60
0.69
54.18
64.40
45.81
STDEV
0.08
0.14
8.54
23.52
22.80
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Table A.8. Comparison of 72 drugs in terms of NTCP and ASBT inhibition, from
screening studies (i.e. single concentration studies). For each NTCP and ASBT, the
percent taurocholate uptake compared to no-drug control was listed. Compounds are
listed in alphabetical order.
Compounds
Abacavir
Acarbose
Aztreonam
Bendroflumethiazide
Bortezomib
Budesonide
Candesartan
Cefaclor
Cerivastatin
Chloroquine
Chlorpromazine
Cimetidine
Cyclosporine A
Daunorubicin
Dibucaine
Diltiazem
Doxazosin
Econazole
Eletriptan
Enalapril
Eprosartan
Ethosuximide
Ezetimibe
Famotidine
Fenofibrate
Formoterol
Furosemide
Imatinib
Indomethacin
Irbesartan
Isradipine
Itraconazole
Ketoconazole
Ketoprofen
Losartan
Lovastatin
Methylprednisolone
Metronidazole

Percent taurocholate
Uptake by NTCP
94.9+4.4
99.7+4.9
104+4
27.6+0.7
107+4
79.3+6.4
68.0+7.2
99.1+6.2
68.6+7.4
83.0+4.5
91.8+3.0
82.9+2.9
24.0+1.9
107+3
100+1
87.5+5.9
70.8+3.7
92.3+4.5
104+8
111+4
99.9+0.7
88.2+3.8
62.5+1.4
84.9+3.6
76.3+6.0
111+2
81.6+6.9
90.7+1.6
68.4+2.5
15.9+1.6
59.3+3.2
81.8+5.6
59.1+3.0
84.6+6.1
60.7+2.0
74.7+3.2
79.5+3.5
84.3+2.7
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Percent taurocholate
Uptake by ASBT
95.8+5.9
106+7
95.7+7.5
71.8+1.2
92.7+1.7
48.9+6.2
50.8+9.9
96.7+0.4
77.0+8.9
105+3
43.9+2.8
76.0+4.4
55.5+4.3
153+9
56.6+0.6
78.3+1.5
57.2+7.5
36.3+4.8
68.3+8.2
71.1+8.4
78.9+9.0
82.6+2.4
15.3+2.0
97.2+15
64.7+6.1
73.4+8.1
113+9
73.0+3.5
32.5+5.5
67.0+6.2
22.1+2.1
77.6+8.6
48.8+10
88.2+8.6
67.9+9.5
25.4+1.7
101+9
77.3+7.7

Table A.8 continued
Compounds
Miconazole
Nafcillin
Naproxen
Nateglinide
Nefazodone
Nicardipine
Nifedipine
Nimodipine
Nitrendipine
Olmesartan
Omeprazole
Oseltamivir
Oxiconazole
Prednisolone
Probenecid
Procainamide HCl
Prochlorperazine
Propafenone HCl
Quinine
Raloxifene HCl
Reserpine
Ritonavir
Ropinirole
Rosuvastatin
Simvastatin
Sulconazole
Sulfanilamide
Sulfinpyrazone
Thiothixene
Tioconazole
Triamterene
Valsartan
Warfarin
Yohimbine

Percent taurocholate
Uptake by NTCP
94.6+2.6
96.7+5.6
76.0+5.2
62.0+1.4
60.8+1.9
81.8+6.5
67.7+5.8
55.9+1.6
67.7+1.6
86.0+5.5
105+6
102+9
99.5+2.6
83.0+8.4
86.8+3.3
84.8+6.7
81.0+2.5
85.4+3.8
95.6+1.8
90.5+4.6
83.8+8.3
27.0+1.2
133+4
59.1+3.0
47.6+4.2
86.7+7.2
78.4+3.4
96.1+3.2
99.2+1.0
84.3+5.1
85.7+4.3
101+3
102+2
108+4
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Percent taurocholate
Uptake by ASBT
65.1+6.4
113+9
67.5+2.1
55.2+4.8
34.0+2.4
68.4+0.5
57.8+8.4
32.5+1.1
50.5+4.9
94.2+2.0
61+5
94.1+0.3
74.2+7.3
57.7+7.5
86.7+4.3
124.2+13
31.6+3.2
43.5+9.1
78.3+8.6
66.7+2.9
57.0+3.2
42.1+5.2
33.7+7.8
71.3+4.2
60.1+4.2
64.2+0.4
74.7+2.3
89.2+7.0
99.4+7.9
27.0+4.4
62.8+0.6
95.0+6.1
59.7+6.8
85.5+11

Table A.9. Results from drug cytotoxicity testing. Cytotoxicity is shown in terms of
percent cell viability. Drug is considered cytotoxic when cell viability in the presence of
drug was less than 80% of cell viability in the absence of drug.
Compound
Irbesartan
Cyclosporine A
Ritonavir
Bendroflumethiazide
Doxazosin
Ezetimibe
Simvastatin
Nitrendipine
Itraconazole
Nimodipine
Reserpine
Ketoconazole
Isradipine
Rosuvastatin
Nefazodone
Losartan
Nateglinide
Sulconazole
Indomethacin
Nifedipine
Candesartan
Cerivastatin
Tioconazole
Lovastatin
Fenofibrate
Naproxen
Sulfanilamide
Methylprednisolone
Budesonide
Prochlorperazine
Furosemide
Nicardipine
Raloxifene HCl
Cimetidine
Prednisolone
Chloroquine
Ketoprofen
Metronidazole
Procainamide HCl
Famotidine

NTCP cell viability (%)
97.8+4.1
92.1+8.8
101+1
99.2+6.3
85.3+31
87.8+3.5
93.3+2.2
97.8+3.6
127+10
84.8+7.1
135+16
86.8+12
85.8+5.4
106+10
93.5+1.2
95.4+36
100+4
123+6
98.8+7.0
97.9+3.6
96.3+5.8
112+11
122+7
96.9+5.5
131+19
89.8+2.1
80.6+6.8
97.0+5.1
86.1+30
83.3+2.6
87.2+9.3
89.9+6.7
166+31
97.0+24
89.2+8.3
95.1+3.3
91.9+1.2
87.3+13
175+25
97.8+9.6
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ASBT cell viability (%)
99.0+7.4
100+1.9
100+2.9
115+3
113+5
110+6
123+4
107+6
122+9
104+32
141+0
126+6
133+0.4
117+3
129+9
106+2
108+8
169+0
131+1
84.5+1.4
88.9+3.8
126+7
107+21
144+3
79.2+5.4
137+7
143+1
104+7
126+5
91.6+1.3
111+7
140+1
80.4+8.0
117+3
153+5
120+8
104+5
115+5
144+5
120+3

Table A.9 continued
Compound
Propafenone HCl
Triamterene
Econazole
Olmesartan
Probenecid
Diltiazem
Ethosuximide
Miconazole
Imatinib
Chlorpromazine
Abacavir
Quinine
Sulfinpyrazone
Nafcillin
Acarbose
Aztreonam
Bortezomib
Cefaclor
Daunorubicin
Dibucaine
Eletriptan
Enalapril
Eprosartan
Formoterol
Omeprazole
Oseltamivir
Oxiconazole
Ropinirole
Thiothixene
Valsartan
Warfarin

NTCP cell viability (%)
85.8+3.9
147+34
101+4
99.2+3.1
91.0+2.8
92.4+4.2
98.2+5.5
92.0+31
165+15
94.3+5.3
97.9+1.3
86.0+4.8
104+9
80.6+6.3
96.5+3.7
85.5+3.1
105+1
97.9+3.9
108+10
101+10
96.3+2.0
100+6
83.8+11
95.6+9.6
101+4
96.6+1.6
90.5+0.2
102+8
103+8
111+38
105+4
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ASBT cell viability (%)
129+6
175+2
106+4
136+5
130+2
120+6
106+1
113+6
119+1
102+8
123+10
136+4
83.3+1.5
91.1+11
127+11
107+12
102+5
95.4+8.7
124+3
130+1
83.9+0.3
84.0+7.8
107+0
102+14
131+8
95.3+8.9
140+9
92.2+16
136+8
77.9+5.7
135+6

Table A.10. SAR of angiotensin II antagonists and mapping to pharmacophore.
Compounds Est Ki
(μM)
Irbesartan
12.0+1.6

Losartan

105+9

Candesartan

145+44

Olmesartan

422+204

Chemical
structure

Pharmacophore mapping
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Table A.10 continued
Compounds Est Ki
(μM)
Eprosartan
3000

Valsartan

Chemical
structure

Pharmacophore mapping

3000
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Table A.11. NTCP binding features from Bayesian analysis. Both good and bad features
are identified.
Good features from FCFP_6

G1: 1508180856
5 out of 5 good
Bayesian
Score: 0.469

G2: 675769755
5 out of 5 good
Bayesian
Score: 0.469

G3: 71476542
11 out of 12
good
Bayesian Score:
0.455

G4: 415245925
4 out of 4 good
Bayesian Score:
0.445

G5: 551850122
10 out of 11
good
Bayesian
Score: 0.443

G6: 745491832
10 out of 11
good
Bayesian
Score: 0.443

G7: 367998008
10 out of 11
good
Bayesian
Score: 0.443

G8: 1306564371
3 out of 3 good
Bayesian Score:
0.411

G9: 581464307
3 out of 3 good
Bayesian Score:
0.411

G10:
358703399
3 out of 3 good
Bayesian
Score: 0.411

G11:
1429752406
3 out of 3 good
Bayesian
Score: 0.411

G12: 1482838277
3 out of 3 good
Bayesian
Score: 0.411

G13: 964367925
3 out of 3 good
Bayesian Score:
0.411

G14: 1410079687
3 out of 3 good
Bayesian Score:
0.411

G15: 1282647855
3 out of 3 good
Bayesian
Score: 0.411
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Table A.11 continued

G16: 855818135
3 out of 3 good
Bayesian
Score: 0.411

G17: 428284881
3 out of 3 good
Bayesian
Score: 0.411

G18: 358634557
3 out of 3 good
Bayesian Score:
0.411

G19: 243201427
3 out of 3 good
Bayesian Score:
0.411

G20: 1348349280
3 out of 3 good
Bayesian
Score: 0.411

Bad features from FCFP_6

B1: 393220684
0 out of 4 good
Bayesian
Score: -1.164

B2: 395661789
0 out of 3 good
Bayesian
Score: -0.976

B3: 327438754
0 out of 3 good
Bayesian Score:
-0.976

B4: 307448885
0 out of 3 good
Bayesian
Score: -0.976

B5:
2005402822
0 out of 3 good
Bayesian Score:
-0.976

B6: 1462709112
0 out of 3 good
Bayesian
Score: -0.976

B7: 1549103449
0 out of 3 good
Bayesian
Score: -0.976

B8: 387072142
0 out of 3 good
Bayesian Score:
-0.976

B9:
1990630846
0 out of 2 good
Bayesian
Score: -0.743

B10: 1169541771
0 out of 2 good
Bayesian Score:
-0.743
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Table A.11 continued
B11: B12: 332692398
500811869
0 out of 2 good 0 out of 2 good
Bayesian
Bayesian
Score: -0.743
Score: -0.743

B16:
1047966709
0 out of 2 good
Bayesian
Score: -0.743

B17:
1691645163
0 out of 2 good
Bayesian
Score: -0.743

B13:
422052003
0 out of 2 good
Bayesian Score:
-0.743

B14: 1946918893
0 out of 2 good
Bayesian
Score: -0.743

B15:
1551488525
0 out of 2 good
Bayesian Score:
-0.743

B18: 31138034
0 out of 2 good
Bayesian Score:
-0.743

B19: 32341455
0 out of 2 good
Bayesian
Score: -0.743

B20: 921300997
0 out of 2 good
Bayesian Score:
-0.743
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Table A.12. Percent taurocholate uptake at the highest drug concentration evaluated.
Nine compounds reduced taurocholate uptake below 50%. Compounds are listed in same
order at Table 5.
Percent taurocholate
Compound
uptake a
Cyclosporine A
24.0+1.9
Irbesartan
7.4+0.7
Ritonavir
27.0+1.2
Bendroflumethiazide
28.3+2.2
Doxazosin
58.1+1.9
Ezetimibe
43.1+1.7
Simvastatin
31.8+1.1
Nitrendipine
75.2+0.4
Nimodipine
63.2+1.9
Ketoconazole
59.1+3.0
Nefazodone
38.2+5.6
Rosuvastatin
51.8+2.8
Losartan
36.1+1.8
Nateglinide
72.9+4.5
Indomethacin
51.4+0.6
Nifedipine
43.3+2.1
Candesartan
67.3+3.5
Tioconazole
82.1+6.0
Fenofibrate
65.5+6.3
Methylprednisolone
67.3+1.1
Budesonide
61.4+3.1
Prochlorperazine
63.6+3.5
Raloxifene HCl
91.9+2.7
Ketoprofen
74.0+5.7
Olmesartan
70.9+0.3
Probenecid
75.2+3.4
Diltiazem
74.0+0.5
a

Compound concentrations were 50μM (cyclosporine A, doxazosin, ezetimibe,
nitrendipine, tioconazole, raloxifene HCl), 100μM(ritonavir, ketoconazole, nateglinide,
Fenofibrate), 200μM (irbesartan, bendroflumethiazide, simvastatin, nimodipine,
nefazodone, rosuvastatin, losartan, indomethacin, nifedipine, candesartan,
methylprednisolone, budesonide, prochlorperazine, olmesartan), or 250μM (ketoprofen,
probenecid, diltiazem).
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Taurocholate uptake (pmol/sec/cm2)

2.5
NTCP with sodium

2

NTCP without sodium
1.5
Mock with sodium
1

Mock without sodium

0.5

fit to NTCP with sodium

0
0

100
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500

fit to NTCP without
sodium

Taurocholate concentration (μM)

Figure A.1. Uptake of taurocholate into NTCP-HEK293 cells. In NTCP transfected cells
with sodium, taurocholate uptake exhibited nonlinear kinetics. In the absence of sodium,
uptake into NTCP transfected cells was low and linear. Curves are simultaneous fits to a)
the Michaelis-Menten model with a passive uptake component and b) the passive uptake
component only. Fitted kinetic parameters were: Kt = 22.7(+3.4) μM, Jmax = 1.80(+0.03)
pmol/sec/cm2, and passive permeability Pp = 1.27(+0.03)x10-6 cm/sec. Also plotted are
uptakes into mock-transfected HEK293 cells with and without sodium, which were low
and similar to uptake into NTCP transfected cells without sodium.
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Panel A of Figure A.2

Panel B of Figure A.2
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Panel C of Figure A.2
500

ASBT estimated Ki (μM)

450
400
350
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NTCP estimated Ki (μM)

Figure A.2. Correlation between ASBT inhibition and NTCP inhibition. The ASBT
estimated Ki was plotted against NTCP estimated Ki. In panel A, all 72 drugs were
plotted, including when Ki assigned a value of 3000 μM. In panel B, only drugs with both
estimated Ki’s less than 3000 μM were plotted (i.e. lowers taurocholate uptake to 95% or
less for each transporter). In panel C, only drugs with both estimated Ki’s less than 500
μM were plotted.
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Figure A.3. Correlation between NTCP observed Ki and estimated Ki for 27 drugs used
in the common feature pharmacophore. Observed Ki employed data using seven drug
concentrations that spanned 0-200 μM. Estimated Ki was calculated from screening data
(i.e. only one drug concentration). Linear regression yielded a slope of 0.937 (+0.104)
and r2=0.763.
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Figure A.4. Principal component analysis of CDD FDA approved drug space (blue) and
compounds tested against NTCP (yellow) using ALogP, molecular weight, number of Hbond donors, number of H-bond acceptors, number of rotatable bonds, number of rings,
number of aromatic rings and molecular fractional polar surface area calculated with
Discovery Studio 3.5. Three principal components explain 81.3% of the variance.
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Panel A of Figure A.5

Panel B of Figure A.5

Figure A.5. Cyclosporine A and ritonavir were mapped to common feature
pharmacophore without ezetimibe shape. In panel A, cyclosporine A was mapped to the
pharmacophore after the ezetimibe shape was removed. The fit value of the cyclosporine
A was 0.45. In panel B, ritonavir was mapped to the pharmacophore after removing the
ezetimibe shape. The fit value of the ritonavir was 2.08.

169

7.2 Appendix B: Supplemental material for Chapter 3
Table B.1. Summary of the top 10 hypothesis generated by quantitative pharmacophore.
Hypothesis number 2 was used in the study, as it was identified as the best model. The
total cost of the ten returned hypotheses ranged from 110 to 120 bits; compared to the
fixed cost at 90.82 bits. Ideally, the cost for all returned hypothesis should be closer to the
fixed cost than the null cost 122.08. The delta cost is the difference between the cost of
each hypothesis and the null cost. The normalized RMS deviation reflects the difference
between the log estimated activity and the log experimental activity. The correlation
coefficient is from a simple linear regression between the estimated activity and
experimental activity. The RMS and correlation coefficients indicate the quality of
'prediction' for the training set. It should be noted that the activity range is less than 2 logs
which is suboptimal.
Total cost

δ cost

2

Not
generated
115.76

3

Hypothesis
No.
1

Correlation
(r)
Not generated

Features

Not
generated
6.32

rms
deviation
Not
generated
0.58

0.82

110.404

11.68

0

0

4

119.37

2.71

0.68

0.75

5

110.404

11.68

0

0

6

120.06

2.02

0.79

0.64

7

110.40

11.68

0

0

8

120.51

1.57

0.84

0.55

9

110.40

11.68

0

0

10

120.96

1.12

0.77

0.66

HBA, HBD,
Hydrophobic, 4
excluded
volumes
HBA, HBD,
Hydrophobic, 3
excluded
volumes
HBA, HBD, 2
Hydrophobic
HBA, HBD, 2
Hydrophobic, 1
excluded
volume
HBA, 3
hydrophobic
HBA, 3
hydrophobic
HBA, HBD, 2
Hydrophobic, 1
excluded
volume
HBA, HBD, 2
Hydrophobic
HBA, 3
hydrophobic
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Not generated

Table B.2. Compounds returned from applying the common features NTCP
pharmacophore to the Greupink et al. dataset. Compounds are listed in order of Fit value.
Fit
Observed inhibitor in
Compound name
value
Greupink et al.
g30
2.92
Yes
g5
2.84
Yes
g31
2.72
g28
2.70
g16
2.65
Yes
g18
2.64
Yes
g10
2.62
g25
2.61
g26
2.59
g33
2.54
g29
2.49
Yes
g19
2.46
g7
2.45
Yes
g15
2.41
Yes
g2
2.35
Yes
g20
2.32
Yes
g1
2.28
Yes
g23
2.24
g13
2.20
Yes
g24
2.19
g32
2.12
g4
2.05
g9
2.03
glycocholic acid
2.03
Yes
g3
2.02
Yes
cholic acid
1.99
Yes
tauroursodeoxycholic acid
1.97
Yes
g34
1.82
Yes
taurocholic acid
1.72
Yes
g6
1.63
Yes
g36
1.51
Yes
g35
1.46
g37
1.46
Yes
g8
1.35
g27
1.04
g11
0.97
g22
0.91
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Table B.3. Compounds returned from applying the quantitative NTCP pharmacophore to
the Greupink et al. dataset. Compounds are listed in order of Fit value.

Compound name
g24
g31
g28
taurocholic acid
g25
g20
glycocholic acid
g1
g19
g18
g5
g6
tauroursodeoxycholic
acid
g4
g29
g2
g8
g3
cholic acid
g26
g16
g27
g35
g23
g15
g13
g11

Estimate Ki (μM)
8.99
9.48
10.93
11.88
12.52
12.71
14.38
14.70
14.94
15.52
19.20
20.29

Fit
value
4.55
4.53
4.47
4.43
4.41
4.40
4.35
4.34
4.33
4.31
4.22
4.20

25.18
33.06
72.02
89.04
144.38
170.07
239.27
513.81
780.24
5401.55
6476.16
21606.70
62401.00
76957.20
113995.00

4.10
3.99
3.65
3.56
3.35
3.27
3.13
2.79
2.61
1.77
1.69
1.17
0.71
0.62
0.45
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Observed inhibitor in
Greupink et al.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes

Table B.4. Results from drug cytotoxicity testing. Cytotoxicity is shown in terms of
percent cell viability. Drug is considered cytotoxic when cell viability in the presence of
drug was less than 80% of cell viability in the absence of drug.
Compound
Abacavir
Acarbose
Acyclovir
Ampicillin
Atenolol
Atracurium
Aztreonam
Bendroflumethiazide
Bortezomib
Bosentan
Budesonide
Candesartan
Captopril
Carbamazepine
Cefaclor
Ceftriaxone
Chloroquine
Chlorpromazine
Cimetidine
Ciprofloxacin
Cyclosporine
Danazol
Daunorubicin
Diltiazem
Doxazosin
Eletriptan
Enalapril
Eprosartan
Ethosuximide
Ezetimibe
Famotidine
Fenofibrate
Flutamide
Furosemide
Gefitinib
Gemfibrozil
Glyburide
Imatinib
Indomethacin
Irbesartan

NTCP cell viability (%)
97.9+1.3
96.5+3.7
95.5+3.0
82.9+2.8
106+1
107+12
85.5+3.1
99.2+6.3
105+1
113+5
86.1+30
96.3+5.8
99.1+7.7
104+5
97.9+3.9
101+13
95.1+3.3
94.3+5.3
97.0+24
94.2+3.4
92.1+8.8
92.2+6.4
108+10
92.4+4.2
85.3+31
96.3+2.0
100+6
83.8+11
98.2+5.5
87.8+3.5
97.8+9.6
131+19
106+8
87.2+9.3
115+2
96.9+9.9
93.8+3.0
165+15
98.8+7.0
97.8+4.1
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Table B.4 continued
Compound
Isradipine
Itraconazole
Ketoconazole
Ketoprofen
Ketorolac
Lapatinib
L-carnitine
Losartan
Lovastatin
Mannitol
Metformin
Methylprednisolone
Metoprolol
Metronidazole
Nafcillin
Nalidixic acid
Naproxen
Nateglinide
Nefazodone
Nicardipine
Nifedipine
Nimodipine
Nizatidine
Olmesartan
Omeprazole
Oseltamivir
Pentamidine isethionate
Pioglitazone
Prednisolone
Probenecid
Procainamide HCl
Prochlorperazine
Propafenone HCl
Quinine
Raloxifene HCl
Ranitidine
Reserpine
Ribavirin
Rifampicin
Ritonavir
Ropinirole
Rosuvastatin
Simvastatin

NTCP cell viability (%)
85.8+5.4
127+10
86.8+12
91.9+1.2
95.2+1.4
107+3
96.6+5.0
95.4+36
96.9+5.5
101+2
109+1
97.0+5.1
92.7+9.4
87.3+13
80.6+6.3
92.7+0.4
89.8+2.1
100+4
93.5+1.2
89.9+6.7
97.9+3.6
84.8+7.1
83.3+4.7
99.2+3.1
101+4
96.6+1.6
100+9
102+6
89.2+8.3
91.0+2.8
175+25
83.3+2.6
85.8+3.9
86.0+4.8
166+31
91.1+9.6
135+16
91.1+13.3
100+2
101+1
102+8
106+10
93.3+2.2
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Table B.4 continued
Compound
Sorafenib
Tamoxifen
Telmisartan
Thiothixene
Triamterene
Valsartan
Vancomycin
Vinblastine sulfate
Warfarin
Zalcitabine
Zidovudine

NTCP cell viability (%)
93.8+5.9
83.4+2.4
104+7
103+8
147+34
111+38
112+8
91.5+8.8
105+4
89.9+9.9
92.4+2.1
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Table B.5. References for Cmax values to calculate Cmax/Ki ratios.
Drug

Reference
Chittick GE, Gillotin C, McDowell JA, Lou Y, Edwards KD,
Prince WT, Stein DS. Abacavir: absolute bioavailability,
bioequivalence of three oral formulations, and effect of
Abacavir
food.Pharmacotherapy. 1999 Aug;19(8):932-42.
Clissold SP, Edwards C. Acarbose. A preliminary review of its
pharmacodynamic and pharmacokinetic properties, and
Acarbose
therapeutic potential. Drugs. 1988 Mar;35(3):214-43.
Acyclovir
FDA-approved label from www.dailymed.org
Ampicillin
FDA-approved label from www.dailymed.org
Ali O, Obaid R, Saify ZS, Ahmed SW. Biopharmaceutical
evaluation of oral tablet Atenolol (100 and 50 mg) on local
Atenolol
population. Pak J Pharm Sci. 2005 Jan;18(1):25-32.
Chow B, Bowden MI, Ho E, Weatherley BC, Bion JF.
Pharmacokinetics and dynamics of atracurium infusions after
paediatric orthotopic liver transplantation. Br J Anaesth. 2000
Atracurium
Dec;85(6):850-5.
Aztreonam
FDA-approved label from www.dailymed.org
D. Bhavesh, P. Srinivasa, P. Parag, P. Brijesh, R. Shivprakash, V.
Prashanth Kumar. Development and validation an LC Method for
the determination of bendroflumethiazide in human plasma and its
pharmacokinetics. Chromatographia. 2006 Mar; Volume 63, Issue
Bendroflumethiazide 5-6, pp 243-248
Bortezomib
FDA-approved label from www.dailymed.org
van Giersbergen PL, Treiber A, Schneiter R, Dietrich H,
Dingemanse J. Inhibitory and inductive effects of rifampin on the
pharmacokinetics of bosentan in healthy subjects. Clin Pharmacol
Bosentan
Ther. 2007 Mar;81(3):414-9.
Budesonide
FDA-approved label from www.dailymed.org
Hoogkamer JF, Kleinbloesem CH, Ouwerkerk M, Högemann A,
Nokhodian A, Kirch W, Weidekamm E. Pharmacokinetics and
safety of candesartan cilexetil in subjects with normal and
impaired liver function. Eur J Clin Pharmacol. 1998
Candesartan
Jun;54(4):341-5.
Kripalani KJ, McKinstry DN, Singhvi SM, Willard DA,
Vukovich RA, Migdalof BH. Disposition of captopril in normal
Captopril
subjects. Clin Pharmacol Ther. 1980 May;27(5):636-41.
Patsalos PN. A comparative pharmacokinetic study of
conventional and chewable carbamazepine in epileptic patients.
Carbamazepine
Br J Clin Pharmacol. 1990 May;29(5):574-7.
Cefaclor
FDA-approved label from www.dailymed.org
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Table B.5 continued
Drug

Ceftriaxone

Chloroquine

Chlorpromazine

Cimetidine
Ciprofloxacin

Cyclosporine A
Danazol

Daunorubicin

Diltiazem

Doxazosin

Eletriptan

Enalapril

Reference
Acharya G, Crevoisier C, Butler T, Ho M, Tiwari M, Stoeckel K,
Bradley CA. Pharmacokinetics of ceftriaxone in patients with
typhoid fever. Antimicrob Agents Chemother. 1994
Oct;38(10):2415-8.
Na-Bangchang K, Limpaibul L, Thanavibul A, Tan-Ariya P,
Karbwang J. The pharmacokinetics of chloroquine in healthy Thai
subjects and patients with Plasmodium vivax malaria. Br J Clin
Pharmacol. 1994 Sep;38(3):278-81.
Borges NC, Rezende VM, Santana JM et al. Chlorpromazine
quantification in human plasma by UPLC-electrospray ionization
tandem mass spectrometry. Application to a comparative
pharmacokinetic study. J Chromatogr B Analyt Technol Biomed
Life Sci. 2011 Dec 1;879(31):3728-34.
Albin H, Vincon G, Lalague MC, Couzigou P, Amouretti M.
Effect of sucralfate on the bioavailability of cimetidine. Eur J Clin
Pharmacol. 1986;30(4):493-4.
FDA-approved label from www.dailymed.org
Wu Y, Mao M, Wang L, Jiang X. Bioequivalence research of
cyclosporin soft capsules. Sheng Wu Yi Xue Gong Cheng Xue Za
Zhi. 2012 Apr;29(2):311-4, 331.
FDA-approved label from www.dailymed.org
Sun YN, Chai YH, Xu YJ, LüH. Relationship between
pharmacokinetics and efficacy and toxicity of daunorubicin in
children with acute leukemia. Zhonghua Er Ke Za Zhi. 2009
Apr;47(4):296-300.
Loffreda A, Matera MG, Vacca C et al. Bioequivalence
assessment of two different tablet formulations of diltiazem after
single and repeated doses in healthy subjects. Curr Med Res Opin.
1999;15(1):53-61.
Shionoiri H, Yasuda G, Yoshimura H et al. Antihypertensive
effects and pharmacokinetics of single and consecutive
administration of doxazosin in patients with mild to moderate
essential hypertension. J Cardiovasc Pharmacol. 1987
Jul;10(1):90-5.
Milton KA, Scott NR, Allen MJ et al. Pharmacokinetics,
pharmacodynamics, and safety of the 5-HT(1B/1D) agonist
eletriptan following intravenous and oral administration. J Clin
Pharmacol. 2002 May;42(5):528-39.
Najib NM, Idkaidek N, Adel A et al. Bioequivalence evaluation of
two brands of enalapril 20 mg tablets (Narapril and Renitec) in
healthy human volunteers. Biopharm Drug Dispos. 2003
Oct;24(7):315-20.
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Table B.5 continued
Drug

Eprosartan

Ethosuximide
Ezetimibe

Famotidine
Fenofibrate
Flutamide

Furosemide

Gefitinib

Gemfibrozil

Glyburide

Imatinib

Indomethacin

Irbesartan
Isradipine

Reference
Tenero D, Martin D, Ilson B et al. Pharmacokinetics of
intravenously and orally administered eprosartan in healthy males:
absolute bioavailability and effect of food. Biopharm Drug
Dispos. 1998 Sep;19(6):351-6.
Giaccone M, Bartoli A, Gatti G, Marchiselli R, Pisani F, Latella
MA, Perucca E. Effect of enzyme inducing anticonvulsants on
ethosuximide pharmacokinetics in epileptic patients. Br J Clin
Pharmacol. 1996 Jun;41(6):575-9.
FDA-approved label from www.dailymed.org
Lin JH, Chremos AN, Kanovsky SM, Schwartz S, Yeh KC, Kann
J. Effects of antacids and food on absorption of famotidine. Br J
Clin Pharmacol. 1987 Oct;24(4):551-3.
McKeage K, Keating GM. Fenofibrate: a review of its use in
dyslipidaemia. Drugs. 2011 Oct 1;71(14):1917-46.
FDA-approved label from www.dailymed.org
Meyer BH, Müller FO, Swart KJ, Luus HG, Werkman IM.
Comparative bio-availability of four formulations of furosemide.
S Afr Med J. 1985 Oct 26;68(9):645-7.
Swaisland HC, Smith RP, Laight A, Kerr DJ et al. Single-dose
clinical pharmacokinetic studies of gefitinib. Clin Pharmacokinet.
2005;44(11):1165-77.
Borges NC, Mendes GD, Barrientos-Astigarraga RE et al.
Comparative bioavailability study with two gemfibrozil tablet
formulations in healthy volunteers. Arzneimittelforschung.
2005;55(7):382-6.
Flores-Murrieta FJ, Carrasco-Portugal Mdel C, Reyes-García G,
Medina-Santillán R, Herrera JE. Bioequivalence of two oral
formulations of glyburide (glibenclamide). Proc West Pharmacol
Soc. 2007;50:64-6.
Nikolova Z, Peng B, Hubert M, Sieberling M et al.
Bioequivalence, safety, and tolerability of imatinib tablets
compared with capsules. Cancer Chemother Pharmacol. 2004
May;53(5):433-8.
Vial-Bernasconi AC, Buri P, Doelker E, Beyssac E, Duchaix G,
Aiache JM. In vivo evaluation of an indomethacin monolithic,
extended zero-order release hard-gelatin capsule formulation
based on saturated polyglycolysed glycerides. Pharm Acta Helv.
1995 Dec;70(4):307-13.
Markham A, Spencer CM, Jarvis B. Irbesartan: an updated review
of its use in cardiovascular disorders. Drugs. 2000
May;59(5):1187-206.
FDA-approved label from www.dailymed.org
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Table B.5 continued
Drug

Itraconazole
Ketoconazole
Ketoprofen
ketorolac
Lapatinib
L-carnitine

Losartan
Lovastatin

Mannitol
Metformin

Methylprednisolone

Metoprolol
Metronidazole
Nafcillin
Nalidixic acid

Naproxen

Nateglinide

Nefazodone

Reference
Gubbins PO, McConnell SA, Gurley BJ et al. Influence of
grapefruit juice on the systemic availability of itraconazole oral
solution in healthy adult volunteers. Pharmacotherapy. 2004
Apr;24(4):460-7.
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
Ohtawa M, Takayama F, Saitoh K, Yoshinaga T, Nakashima M.
Pharmacokinetics and biochemical efficacy after single and
multiple oral administration of losartan, an orally active
nonpeptide angiotensin II receptor antagonist, in humans. Br J
Clin Pharmacol. 1993 Mar;35(3):290-7.
FDA-approved label from www.dailymed.org
Rudehill A, Gordon E, Ohman G, Lindqvist C, Andersson P.
Pharmacokinetics and effects of mannitol on hemodynamics,
blood and cerebrospinal fluid electrolytes, and osmolality during
intracranial surgery. J Neurosurg Anesthesiol. 1993 Jan;5(1):4-12.
FDA-approved label from www.dailymed.org
Geister U, Guserle R, Bungers E, Schaarschmidt D, Doser K.
Bioavailability investigation of two different oral formulations of
methylprednisolone. Arzneimittelforschung. 2000 Mar;50(3):28692.
Rasool, F; Ahmad, M; Murtaza, G; Khan, HMS; Khan, SA.
Pharmacokinetic Studies on Metoprolol - Eudragit Matrix Tablets
and Bioequivalence Consideration with Mepressor (R).
TROPICAL JOURNAL OF PHARMACEUTICAL RESEARCH,
2012; 11 (2): 281
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
Zhou D, Zhang Q, Lu W, Xia Q, Wei S. Single- and multiple-dose
pharmacokinetic comparison of a sustained-release tablet and
conventional tablets of naproxen in healthy volunteers. J Clin
Pharmacol. 1998 Jul;38(7):625-9.
Devineni D, Walter YH, Smith HT, Lee JS, Prasad P, McLeod JF.
Pharmacokinetics of nateglinide in renally impaired diabetic
patients. J Clin Pharmacol. 2003 Feb;43(2):163-70.
Barbhaiya RH, Shukla UA, Greene DS. Single-dose
pharmacokinetics of nefazodone in healthy young and elderly
subjects and in subjects with renal or hepatic impairment. Eur J
Clin Pharmacol. 1995;49(3):221-8.
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Table B.5 continued
Drug
Nicardipine

Nifedipine

Nimodipine
Nizatidine

Olmesartan

Omeprazole
Oseltamivir
Pentamidine
isethionate

Pioglitazone

Prednisolone

Probenecid

Procainamide HCl

Prochlorperazine

Propafenone HCl
Quinine

Raloxifene HCl
Ranitidine
Reserpine

Reference
FDA-approved label from www.dailymed.org
Toal CB. Formulation dependent pharmacokinetics--does the
dosage form matter for nifedipine? J Cardiovasc Pharmacol. 2004
Jul;44(1):82-6.
Hernández-Hernández R, Coll T, Rachitzky P, Armas-Hernández
MJ, Armas-Padilla MC, Velasco M, Rizzo A. Comparison of two
nimodipine formulations in healthy volunteers. J Hum Hypertens.
2002 Mar;16 Suppl 1:S142-4.
FDA-approved label from www.dailymed.org
Jiang J, Liu D, Hu P. Pharmacokinetic and safety profile of
olmesartan medoxomil in healthy Chinese subjects after single
and multiple administrations. Pharmazie. 2009 May;64(5):323-6.
Farinha A, Bica A, Pais JP, Toscano MC, Tavares P.
Bioequivalence evaluation of two omeprazole enteric-coated
formulations in humans. Eur J Pharm Sci. 1999 Mar;7(4):311-5.
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
Wong H, Ozalp Y, Lainesse A, Alpan RS. In vivo bioequivalence
of oral antidiabetic agents: pioglitazone tablets.
Arzneimittelforschung. 2004 Sep;54(9A):618-24.
Lee HJ, Yoo JY, Kim YG, Han SB, Lee KR. Bioequivalence of a
prednisolone tablet administered as a single oral dose in healthy
male volunteers. Int J Clin Pharmacol Ther. 2004 Sep;42(9):51925.
Selen A, Amidon GL, Welling PG. Pharmacokinetics of
probenecid following oral doses to human volunteers. J Pharm
Sci. 1982 Nov;71(11):1238-42.
Kasmer RJ, Nara AR, Green JA, Chawla AK, Fleming GM.
Comparable steady-state bioavailability between two preparations
of conventional-release procainamide hydrochloride. Drug Intell
Clin Pharm. 1987 Feb;21(2):183-6.
Isah AO, Rawlins MD, Bateman DN. Clinical pharmacology of
prochlorperazine in healthy young males. Br J Clin Pharmacol.
1991 Dec;32(6):677-84.
Koytchev R, Alken RG, Mayer O, Böhm R, Ellrich A, WaldnerKölblin RG. The bioequivalence of two oral propafenone
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FDA-approved label from www.dailymed.org
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FDA-approved label from www.dailymed.org
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Table B.5 continued
Drug
Ribavirin
Rifampicin

Ritonavir

Ropinirole

Rosuvastatin

Simvastatin

Sorafenib
Tamoxifen

Telmisartan

Thiothixene

Triamterene

Valsartan

Vancomycin
Vinblastine sulfate

Warfarin
Zalcitabine

Reference
FDA-approved label from www.dailymed.org
FDA-approved label from www.dailymed.org
Hsu A, Granneman GR, Bertz RJ. Ritonavir. Clinical
pharmacokinetics and interactions with other anti-HIV agents.
Clin Pharmacokinet. 1998 Oct;35(4):275-91.
Brefel C, Thalamas C, Rayet S et al. Effect of food on the
pharmacokinetics of ropinirole in parkinsonian patients. Br J Clin
Pharmacol. 1998 Apr;45(4):412-5.
Martin PD, Mitchell PD, Schneck DW. Pharmacodynamic effects
and pharmacokinetics of a new HMG-CoA reductase inhibitor,
rosuvastatin, after morning or evening administration in healthy
volunteers. Br J Clin Pharmacol. 2002 Nov;54(5):472-7.
Najib NM, Idkaidek N, Adel A et al. Pharmacokinetics and
bioequivalence evaluation of two simvastatin 40 mg tablets
(Simvast and Zocor) in healthy human volunteers. Biopharm Drug
Dispos. 2003 Jul;24(5):183-9.
Clark JW, Eder JP, Ryan D, Lathia C, Lenz HJ. Safety and
pharmacokinetics of the dual action Raf kinase and vascular
endothelial growth factor receptor inhibitor, BAY 43-9006, in
patients with advanced, refractory solid tumors. Clin Cancer Res.
2005 Aug 1;11(15):5472-80.
FDA-approved label from www.dailymed.org
Zhang P, Zhang Y, Chen X, Li R, Yin J, Zhong D.
Pharmacokinetics of telmisartan in healthy Chinese subjects after
oral administration of two dosage levels. Arzneimittelforschung.
2006;56(8):569-73.
Guthrie SK, Hariharan M, Kumar AA, Bader G, Tandon R. The
effect of paroxetine on thiothixene pharmacokinetics. J Clin
Pharm Ther. 1997 Jun;22(3):221-6.
Gilfrich HJ, Kremer G, Möhrke W, Mutschler E, Völger KD.
Pharmacokinetics of triamterene after i.v. administration to man:
determination of bioavailability. Eur J Clin Pharmacol.
1983;25(2):237-41.
Flesch G, Müller P, Lloyd P. Absolute bioavailability and
pharmacokinetics of valsartan, an angiotensin II receptor
antagonist, in man. Eur J Clin Pharmacol. 1997;52(2):115-20.
Al-Kofide H, Zaghloul I, Al-Naim L. Pharmacokinetics of
vancomycin in adult cancer patients. J Oncol Pharm Pract. 2010
Dec;16(4):245-50.
Holland-Frei Cancer Medicine. 6th edition
Kong AN, Tomasko L, Waldman SA et al. Losartan does not
affect the pharmacokinetics and pharmacodynamics of warfarin. J
Clin Pharmacol. 1995 Oct;35(10):1008-15.
FDA-approved label from www.dailymed.org
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Table B.5 continued
Drug
Zidovudine

Reference
FDA-approved label from www.dailymed.org

Figure B.1. Mapping of the anthraquinone derivative compound 2 from Greupink et al.
to the quantitative pharmacophore (Fit value 3.55). The pharmacophore features one
hydrogen bond acceptor (green), one hydrogen bond donor (pink), a hydrophobic feature
(cyan), and four excluded volumes (grey).
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Figure B.2. Percent of compounds that were NTCP inhibitors in following groups: most
DILI concern drugs, less DILI concern drugs, and no DILI concern drugs. Inhibitors and
non-inhibitors were about equally distributed across the three levels of DILI concern,
indicating no association between NTCP inhibition and DILI.

Figure B.3. Percent of compounds with an unbound Cmax/Ki ratio above 0.0002 for each
of the following groups: most DILI concern drugs, less DILI concern drugs, and no DILI
concern drugs. Although a greater percentage of most DILI concern drugs exhibited an
unbound Cmax/Ki ratio above 0.0002 compared to the other groups, Pearson’s chi-square
test indicated that unbound Cmax/Ki did not differ across groups (Pearson’s chi-square pvalue = 0.28).
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7.3 Appendix C: Supplemental material for Chapter 4

Table C.1. MS and NMR results for CDCA-L-Val-OH and CDCA-L-Glu-γ-Benzyl Ester
CDCA-L-Val-OH. MS: [M-H]- 490.3.
13C NMR (Methanol-d4):
δ 12.33, 18.57, 19.09, 19.83, 21.94, 23.55, 24.77, 29.42, 31.51, 31.84, 33.50, 33.99, 34.21,
36.05, 36.37, 36.71, 37.06, 40.63, 40.93, 41.22, 43.34, 43.83, 51.69, 57.57, 59.54, 69.20,
73.01, 175.11, 177.06
CDCA-L-Glu-γ-Benzyl Ester. MS: [M-H]- 610.3
13C NMR (Methanol-d4):
δ 12.34, 19.06, 21.94, 23.55, 24.77, 28.05, 29.44, 31.52, 31.65, 33.39, 34.10, 34.21, 36.05,
36.38, 36.71, 36.97, 40.64, 40.92, 41.21, 43.35, 43.84, 51.69, 53.52, 57.58, 67.54, 69.20,
73.02, 129.33, 129.69, 137.71, 174.30, 175.37, 176.97
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Table C.2. Mass transitions and internal standard for native bile acid, bile acid conjugate
and drug analysis. Bile acid or bile acid conjugates except CDCA-L-Val-OH were
detected under positive mode [M-H]- with a single ionization reaction method.
Rosuvastatin, irbesartan, losartan, ezetimibe and fenofibrate were detected under positive
electrospray ionization mode [M+H]+in the multiple reaction monitoring(MRM).
Compounds
CA
LCA
GCA
GCDCA
GUDCA
GLCA
TCDCA
TUDCA
TLCA
CDCA-L-Val-OH
CDCA-L-Glu-γBenzyl Ester
Rosuvastatin
Irbresartan
Losartan
Fenofibrate
Ezetimibe
TCA
Internal standard
Lovastatin
Internal standard
Carbamazepine
Internal standard

ESI ion mode
[M-H][M-H][M-H][M-H][M-H][M-H][M-H][M-H][M-H][M-H][M-H]-

MRM transition
407->407
375->375
464->464
448->448
448->448
432->432
498->498
498->498
482->482
490->115
610->610

Internal standard
TCA
TCA
TCA
TCA
TCA
TCA
TCA
TCA
TCA
TCA
TCA

[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M-H]-

482->258
429->195
423->207
361->233
410->392
514->514

Lovastatin
Losartan
Irbesartan
Carbamazepine
Carbamazepine

[M+H]+

405->199

[M+H]+

237->194

185

Figure C.1. Concentration-dependent uptake of rosuvastatin into NTCP-HEK293 cells
for 5 min. Closed circle indicated total rosuvastatin uptake by NTCP in the presence of
sodium. Open circle indicated passive uptake of the rosuvastatin in the absence of sodium.
The solid line indicates model fit of the total uptake. Fitted kinetic parameters were: Kt =
72.8(+10.0) μM and Jmax = 0.849(+0.063) pmol/sec/cm2. Data are presented as mean
(±SEM) of three measurements at each concentration

Figure C.2 . Comparison of common feature pharmacophore for human NTCP inhibitor
and substrate. RMSD was 0.34 Å. Two hydrophobic features were closely mapped to
each other. The hydrophobic feature are colored cyan, the hydrogen bond donor is
colored purple, the negative ionizable feature is colored dark blue and the excluded
volumes are colored grey.
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7.4 Appendix D: Supplemental material for Chapter 5
Table D.1. NMR results for compound 1-6
13C NMR (Methanol-d4)
CDCA-L-Val-ribavirin:
Purity=95.5%
δ 12.33, 18.77, 19.08, 19.64, 21.92, 23.55, 24.77, 29.40, 31.49, 31.57, 33.41, 33.72, 34.20,
36.05, 36.36, 36.70, 37.08, 40.62, 40.91, 41.19, 43.33, 43.81, 51.68, 57.41, 59.87, 65.51,
69.21, 72.06, 73.01, 76.34, 83.83, 93.79, 147.06, 158.84, 163.40, 173.18, 177.52
UDCA-L-Val-ribavirin:
Purity=91.3%
δ 12.83, 18.81, 19.24, 19.66, 22.52, 24.10, 28.08, 29.80, 31.17, 31.55, 33.43, 33.80, 35.30,
36.23, 37.02, 38.14, 38.74, 40.85, 41.68, 44.16, 44.63, 44.91, 56.65, 57.61, 59.84, 65.52,
72.04, 72.25, 76.30, 83.77, 93.76, 146.99, 158.83, 163.39, 173.18, 177.45
CDCA-L-Glu-ribavirin
Purity=97.4%
δ 12.35, 19.08, 21.93, 23.55, 24.78, 28.66, 29.40, 31.52, 33.32, 33.86, 34.19, 36.03, 36.39,
36.73, 37.05, 40.65, 40.94, 41.20, 43.36, 43.84, 51.68, 54.32, 57.48, 65.55, 69.23, 71.97,
73.04, 76.40, 83.86, 93.96, 146.75, 158.80, 163.48, 173.60, 177.27
UDCA-Glu-ribavirin
Purity=98.6%
δ 12.80, 19.19, 22.54, 24.07, 27.81, 28.10, 29.79, 31.18, 33.35, 33.89, 35.33, 36.25, 36.99,
38.15, 38.77, 40.86, 41.72, 44.21, 44.67, 44.94, 53.69, 56.65, 57.64, 65.65, 72.04, 72.11,
72.29, 76.40, 83.91, 93.89, 147.56, 158.87, 163.44, 173.32, 177.36
Cholate-L-Glu-ribavirin
Purity=99.4%
δ 13.16, 17.92, 23.32, 24.39, 27.60, 28.04, 28.84, 29.70, 31.33, 33.33, 33.89, 36.00, 36.05,
36.65, 37.06, 40.62, 41.17, 43.14, 43.36, 47.67, 48.19, 53.59, 65.68, 69.23, 72.08, 73.04,
74.22, 76.36, 83.91, 93.80, 147.01, 158.90, 163.52, 173.28, 176.52, 177.42
Ribavirin-L-Val-GCDCA
187

Purity=94.9%
δ 12.32, 18.67, 19.05, 19.65, 21.92, 23.41, 24.76, 28.30, 29.39, 31.72, 33.24, 33.96, 34.16,
35.81, 36.34, 36.37, 37.01, 37.12, 40.89, 41.16, 42.00, 43.05, 43.84, 51.68, 57.49, 61.50,
65.53, 69.22, 72.10, 76.31, 76.89, 83.83, 93.89, 146.88, 158.74, 159.01, 163.48, 173.37,
173.62, 177.31

Figure D.1. Metabolic stability of ribavirin in mouse S9 fraction. 5 μM ribavirin was
incubated with mouse liver S9 fraction (1mg/mL) for 0 and 5 hours followed by
treatment with or without 1 unit of phosphatase. By five hours, only 76% of ribavirin was
present from each S9 fraction with and without phosphatase, indicating some ribavirin is
degraded by S9 faction. As a control, a vast majority of ribavirin (i.e. 94%) was present
at 5 hr in the presence of denatured S9 which is the heated liver S9 fraction.
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