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ARTICLE INFO ABSTRACT
Keywords: The importance of uptake transporters in determining drug disposition is increasingly appreciated. While the
?:;Tgigrlters focus of regulatory agencies worldwide has been on the hepatic organic anion transporting polypeptides

(OATPs)—1B1 and—1B3, there is another isoform of the OATP sub-family, OATP2B1, which should be considered
equally relevant. Unlike the other members of the OATP sub-family, OATP2B1 is expressed in multiple organs in
humans, including in the intestine and the liver. Similar to other OATPs, OATP2B1 mediates the hepatic and in-
testinal uptake of many drugs and endogenous compounds. The importance of OATP2B1 in the disposition of
many drugs is highlighted by the growing recognition of its role in significant in vivo drug-drug or food-drug in-
teractions. The dramatic changes in drug exposure attributable to inhibition of OATP2B1 highlight the impor-
tance of developing a better understanding of the clinical role of OATP2B1. This review aims to provide a
thorough summary of the current understanding of the pharmacogenetics, regulation, expression and abundance
of OATP2B1 in humans, as well as its clinical relevance in drug-drug and food-drug interactions.
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1. Introduction

Organic anion transporting polypeptides (OATPs) belong to the

Abbreviations: AUCR, area under the curve ratio (inhibited control); BSP,
bromosulfophthalein; DDI, drug-drug interaction; FDI, food-drug interaction; E3S, es-
trone-3-sulfate; OATP, organic anion transporting polypeptide..
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solute carrier (SLC)-superfamily of transporters and are involved in
the cellular uptake of both endogenous and exogenous compounds
(Kock et al., 2010). The high conservation of these transporters across
many species has been attributed to their central and critical role in de-
toxification processes (Meier-Abt, Mokrab, & Mizuguchi, 2006).
OATP2B1, initially referred to as OATP-B, was originally isolated from
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human brain tissue (Hagenbuch & Meier, 2003; Kullak-Ublick et al.,
2001; Tamai et al., 2000). OATP2B1 is one of the main members of the
OATP family, along with OATP1B1 and OATP1B3. In contrast to the
liver-specific expression of OATP1B1 and 1B3, OATP2B1 has a wider ex-
pression profile (Liu & Li, 2014; Nakanishi & Tamai, 2012; Obaidat, Roth,
& Hagenbuch, 2012). While research on OATP2B1 is relatively new com-
pared to other transporters, OATP2B1 has been shown to play an impor-
tant role in not only drug disposition, but also drug-drug interactions
(DDIs) and food-drug interactions (FDIs). Since 2001 when OATP2B1
was first identified, the number of publications regarding the function
and structure of OATP2B1 has steadily increased. Furthermore, the
number of DDIs and FDIs attributed to OATP2B1 continues to rise,
with a 400% increase in publications evaluating the role of OATP2B1
drug-drug interactions between 2006 and 2017 (Fig. 1) (National
Center for Biotechnology Information, 2018). However, because there
is significant overlap in the substrate specificities of OATP2B1 and the
hepatic OATPs, the fraction of drug transported by OATP2B1 (relative
to other OATPs, other transporters or passive diffusion), f,, must be con-
sidered when evaluating the role of OATP2B1 in these interactions, as
well as in translating in vitro data to in vivo predictions. Even with this
increasing body of knowledge and strong evidence of clinically-
significant interactions, regulatory agencies do not currently require
evaluation of OATP2B1 during the drug development process. This re-
view focuses on an in-depth evaluation of the current literature on
OATP2B1 as it relates to drug disposition and interactions, and provides
insight into the growing evidence of the clinical importance of this
transporter.

2. Expression and transcriptional regulation

OATP2B1, encoded by the SLCO2B1 gene, is a 709-amino acid glyco-
protein containing 12 putative transmembrane-spanning domains
(Hagenbuch, 2010). As mentioned above, OATP2B1 is widely expressed
in humans and has been detected in various normal tissues (Table 1).
While the transporter was initially identified in the brain, expression
in the tissue is relatively low compared to the liver and other tissues
(Hagenbuch & Meier, 2004). OATP2B1 has also been identified in multi-
ple tumor cell lines and interestingly, the abundance of the transporter
increases with tumor grade. This increase in abundance may indicate
that the transporter is involved in tumor promotion and the

proliferation of cancer cells by facilitating the uptake of hormones and
steroid sulfates such as estrone sulfate (E3S) (Al Sarakbi et al., 2006;
Bronger et al., 2005).

Immunolocalization studies have shown that OATP2B1 is primarily
expressed on the plasma membrane (Kindla et al., 2011; Kleberg et al.,
2012; Knauer et al., 2010; Le Vee, Noel, Jouan, Stieger, & Fardel, 2013).
OATP2B1 can undergo clathrin-dependent internalization leading to
significant intracellular accumulation of the protein (Kock et al., 2010;
Mayati et al., 2015). In both in vitro cell culture and ex vivo placental per-
fusion, membrane expression of the transporter decreased following
treatment with an activator of protein kinase C (known to participate
in localization and regulation of transporters), leading to a decrease in
transport. Following internalization, the protein can be redirected to
the membrane to restore transport activity or subjected to lysosomal
degradation (Kock et al., 2010). This internalization may be a rapid re-
sponse mechanism to assist in maintaining cellular homeostasis, as
many endogenous steroids and hormones are substrates of OATP2B1
(Kock et al., 2010).

In almost all tissues, OATP2B1 is assumed to facilitate the uptake of
compounds into the tissue. In the intestine, some researchers have sug-
gested that OATP2B1 may be expressed on the basolateral membrane of
the enterocytes (Keiser et al., 2017; Kobayashi et al., 2003; Mooij et al.,
2016; Sai et al., 2006). The proteomic analysis completed by Keiser
et al. showed enrichment of the transporter at the basolateral mem-
brane of enterocytes in the jejunum (17-fold higher than the apical
abundance), yet immunofluorescence staining was inconclusive. The
basolateral localization of OATP2B1 was confirmed in Caco-2 cells, how-
ever this was inconsistent between apical and basolateral membranes
in human intestinal samples (Keiser et al., 2017). These paradoxical
findings indicates that OATP2B1 may not only play a role in the absorp-
tion of compounds, as has historically been assumed, but may also play
a regulatory role in removing bile acids and toxic metabolites from the
circulation. Additionally, there are conflicting reports within those
showing basolateral expression on the direction of transport. To illus-
trate, while Keiser et al. found that the transport was from the blood
into the enterocyte, Mooij et al. classified the transporter as facilitating
movement of compounds from the enterocyte to the blood (Keiser
et al,, 2017; Mooij et al., 2016). These findings create an interesting
question of the in vivo role of OATP2B1 - does uptake to or from the
blood predominate? These findings and their contradictory and
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Fig. 1. Number of PubMed citations for OATP2B1 and OATP2B1-associated drug-drug interactions per year. Bars - number of citations appearing for “OATP2B1” or “OATP-B" query per year;
line - number of citations for “OATP2B1 drug-drug interaction” per year. PubMed query performed 23 May 2018. [National Center for Biotechnology Information, 2018]
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Table 1
Tissue expression and localization of OATP2B1.

Organ Cell type Direction of Cellular localization Detection Reference

transport method
Normal
liver hepatocyte sinusoidal blood - > liver plasma membrane, IHC, western blot  (Kullak-Ublick et al., 2001)
membrane basolateral
small intestine  enterocyte intestine - > blood ~ plasma membrane, apical [HC, mRNA (Kobayashi et al., 2003; Sai et al., 2006)

basolateral
placenta syncytiotrophoblast fetal blood - > plasma membrane,
placenta basolateral
brain capillary endothelial cells blood - > brain plasma membrane, apical
heart vascular endothelium blood - > heart plasma membrane, apical

skeletal muscle
mammary gland

sarcolemmal membrane
myoepithelium

blood - > intestine

blood - > muscle
blood - > duct

plasma membrane,

plasma membrane
plasma membrane

IHC, LC-MS/MS
IHC, western blot
IHC, mRNA

mRNA, western
blot

IHC, mRNA

IHC, northern
blot

LC-MS/MS

IHC, western blot
northern blot

IHC, mRNA
IHC, mRNA

a

(Keiser et al., 2017; Mooij et al., 2016)

(St-Pierre, Hagenbuch, Ugele, Meier, & Stallmach,
2002)

(Bronger et al., 2005; Kovacsics, Patik, &
Ozvegy-Laczka, 2016)

(Grube et al., 2006)

(Knauer et al., 2010)
(Pizzagalli et al., 2003)

(Sakamoto et al., 2013)

(Gao, Vavricka, Meier, & Stieger, 2015)
(Tamai et al., 2000)

(Al Sarakbi et al., 2006; Pizzagalli et al., 2003)
(Bronger et al., 2005)

(Yang et al, 2011)

lung epithelial cells blood - > lung plasma membrane
eye retina blood - > retina ND

prostate ND blood - > tissue ND

Tumor

breast tumor blood-tumor barrier blood - > tumor plasma membrane
glioma blood-tumor barrier blood - > tumor plasma membrane,

luminal
prostate blood-tumor barrier blood - > tumor ND
carcinoma

@ The role of OATP2B1 in prostate cancer was postulated by preexisting knowledge that the transporter is expressed in prostate tissue and that hormones involved in disease progression
are substrates of the transporter. Variations in the SLCO2B1 gene are associated with time to disease progression (Yang et al.,,2011). IHC - immunohistochemical detection; plasma mem-
brane (apical or basolateral) is indicated based on author's conclusion or figures shown. Note that many of these figures also showed some intracellular localization, LC-MS/MS - liquid

chromatography tandem mass spectrometry, ND - no data available.

controversial nature further illustrate the need for additional research
into the localization and function of OATP2B1.

Quantitative proteomics studies completed by our laboratory have
determined the relative abundance of transporters in human liver tissue
using liquid chromatography-tandem mass spectrometry (LC-MS/MS),
including the abundance of OATP2B1 (Billington et al., 2018; Wang
et al, 2015; Wang et al, 2016). While initial experiments
underestimated the abundance of the OATPs, subsequent experiments
using an optimized methodology have determined that OATP2B1 ac-
counts for approximately 9% of the total transporter protein quantified
in the liver. The abundance of OATP2B1 is approximately half that of
OATP1B1, yet approximately equal in abundance to OATP1B3
(Fig. 2A). A meta-analysis of transporter abundance data completed in
2017 using seven available studies confirmed this finding for healthy
Caucasian subjects (Burt et al., 2016). This analysis also found that
there is slightly higher abundance of OATP2B1 in males compared to fe-
males (1.3-fold, P < 0.05) and that there is a weak correlation between
abundance and age (rs = 0.268, P < 0.05). The absolute abundance of
OATP2B1 in human intestinal tissue has also been determined. Drozdzik
et al. found that OATP2B1 was the primary OATP expressed in the intes-
tine, accounting for approximately 6% and 12% of the total transporter
protein quantified in the small intestine and colon, respectively
(Fig. 2B, C) although this longitudinal variation in protein abundance
was not significant (P >.05) (Drozdzik et al., 2014).

To date, there has been limited research on the regulation of
OATP2B1 expression. Multiple transcription factors have been shown
to possibly play a role, but a definitive answer is still lacking. Specificity
protein 1 (Sp1), a general transcription factor that plays a role in the
regulation of many cellular processes such as cell differentiation, has
been shown to be required for OATP2B1 expression in the liver and
small intestine (Maeda, Hirayama, Higashi, Sato, & Tamai, 2006). This
transcription factor is ubiquitously expressed, which may partly explain
the broad expression of OATP2B1 compared to other liver-specific
OATPs (O'Connor, Gilmour, & Bonifer, 2016; Vizcaino, Mansilla, &
Portugal, 2015). Additionally, Knauer et al. demonstrated that hepato-
cyte nuclear factor 4o (HNF4a), a liver-specific transcription factor,

may also take participate in the regulation of hepatic OATP2B1 expres-
sion (Knauer, Girdwood, Kim, & Tirona, 2013). In vitro, knockdown of
HNF4a resulted in a significant decrease in SLCO2B1 transcription,
supporting the hypothesis that HNF4a expression affects OATP2B1 ex-
pression in the liver. Interestingly, it has also been shown that treatment
with two chemical activators of transcription - phenobarbital, a consti-
tutive androstane receptor (CAR) activator, and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), an aryl hydrocarbon receptor
(AhR) activator - down-regulate SLCO2B1 mRNA in vitro, although the
exact mechanism of these interactions is still unknown (Jigorel, Le
Vee, Boursier-Neyret, Parmentier, & Fardel, 2006). Furthermore, when
human hepatocytes were incubated with rifampin, a PXR ligand, the
mRNA expression of SLCO2B1 was increased 1.73-fold (Benson et al.,
2016). While these studies are a promising start to understanding the
regulation of OATP2B1, more data are needed (such as quantitative pro-
teomics) since mRNA expression does not often correlate well with pro-
tein expression.

3. Function

Like other OATPs, OATP2B1 facilitates the sodium-independent
transport of a variety of amphipathic organic compounds. The pre-
sumed physiological role of OATP2B1 is to assist in the distribution
and elimination of regulatory compounds, as a majority of the endoge-
nous substrates of the transporter are steroid hormones and bile acids.
OATP2B1, along with OATP1A2 and —1B3, shows pH-dependent trans-
port activity (Leuthold et al., 2008). So far, the detailed mechanism of
this phenomenon is unclear, however, all of the pH-sensitive OATPs
have a conserved histidine residue in the third putative transmembrane
domain that may be contributing to the effect (Leuthold et al., 2008).
Studies have shown greater OATP2B1-mediated uptake of E3S at
pH 5.0 compared to pH 7.4, corresponding to a 7-fold increase in Viax
and 1.5-fold increase in K, (Kobayashi et al., 2003; Nozawa, Imai,
Nezu, Tsuji, & Tamai, 2004; Sai et al., 2006; Varma et al., 2011). Similar
observations have been made for pravastatin, where OATP2B1-
mediated uptake was only observed under acidic conditions
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Fig. 2. Abundance of OATP2B1 relative to other transporters in the human liver and intestine. Blue- uptake transporters, red- efflux transporters. Expressed as percentage of total tissue
transporter abundance. Adapted with permission from Drozdzik et al., 2014. Copyright 2014 American Chemical Society.

(Kobayashi et al., 2003; Nozawa et al., 2004; Varma et al,, 2011). An in-
crease in transport activity, as well as an increase in substrates recog-
nized by OATP2B1 at acidic pH, likely plays a physiological role in the
uptake of drugs from the intestinal lumen where the microclimate pH
is weakly acidic (Tamai, 2012). However, the effect of pH on
OATP2B1-mediated transport is substrate-dependent. The OATP2B1-
mediated uptake of substrates such as bromosulfophthalein (BSP) and
rosuvastatin, common OATP probe substrates, appear to be indepen-
dent of pH (Varma et al., 2011; Visentin, Chang, Romero, Zhao, &
Goldman, 2012). This may be partly explained by the observation that
OATP2B1 likely has multiple binding sites. Shirasaka et al. showed that
uptake of E3S into OATP2B1-transfected oocytes showed saturable bi-
phasic kinetics. Further kinetic evaluation identified high and low affin-
ity binding sites, with a 100-fold difference in K, between the two
(Shirasaka, Mori, Shichiri, Nakanishi, & Tamai, 2012). These sites were
also found to show different pH sensitivity which could contribute to
the observed substrate-dependent differences.

4. Importance of the concept of f; in interpreting in vivo OATP2B1
data

To understand the in vivo relevance of OATP2B1 through pharmaco-
genetic or DDI/DFI studies, the importance of the concept of fraction of
drug transported (f;) by OATP2B1, in vivo, needs to be appreciated. For
example, if OATP2B1 is responsible for only 5% of the total hepatic

uptake of the drug (relative to that mediated by diffusion or other trans-
porters such as OATP1B1), then complete inhibition of hepatic OATP2B1
activity by OATP2B1 inhibitor drugs, food constituents or due to phar-
macogenetics variants of OATP2B1 is unlikely to result in a clinically sig-
nificant change in the plasma concentration of the drug (after IV or oral
administration). Also, in the narrative below, the f. by OATP2B1 by the
liver or intestine may significantly differ due to the presence of other
transporters in the respective organ capable of transporting the
OATP2B1 drug (e.g. OATP1B1 is present in the liver but not in the intes-
tine). What determines the f, of an OATP drug substrate and how can it
be estimated? F, is the ratio of the uptake clearance of the drug by
OATP2B1 relative to the uptake clearance of the drug by other trans-
porters plus diffusion. The OATP2B1-mediated intrinsic uptake clear-
ance of the drug will be determined by the ratio of the in vivo OAT2B1
Vinax/Km for the drug (assuming linear kinetics). Because it is difficult
to determine the in vivo OATP2B1 Ky, of a drug, for simplicity it can be
assumed to be the same as that in the in vitro system expressing only
OATP2B1 (e.g. transfected cell line). In contrast, the same cannot be
said for the Va.x of OATP2B1-mediated drug transport since the Viax
is determined by the level of OATP2B1 expression in the in vitro system
used. Parenthetically, for this reason, V.« values are not reported in
Table 2. To overcome this problem, and to extrapolate the in vitro Vi,ax
to that in vivo, one can use either the relative expression factor (REF)
or the relative activity factor (RAF) approach. The REF approach relies
on quantifying the abundance of OATP2B1 (and other relevant
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Table 2
In vitro substrates of OATP2B1.
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Substrate K (UM)? Uptake Ratio® Cell System Also a substrate for
OATP1B1/1B3?¢

Selective for OATP2B1

Aliskiren 72 (Vaidyanathan et al., 2008) NDP HEK293-transfected No

Celiprolol NDP Uptake Observed X. laevis oocytes-injected No
(leiri et al., 2012)

Erlotinib 0.324 (Bauer et al., 2017) NDP A431 cells No

Pemetrexed 307 (Visentin et al., 2012) NDP HeLa-transfected No

Some selectivity over OATP1B1/1B¢

Eltrombopag NDP Uptake Observed HEK293-transfected Yes/No (Takeuchi et al., 2011)
(Takeuchi et al.,, 2011)

Ethinyl estradiol sulfate 10.7 (Han et al., 2010) NDP HEK293-transfected Yes®/No (Han et al., 2010)

Glyburide 6.3 (Satoh et al., 2005) 2.7 (Koenen et al., 2012) HEK293-transfected Yes*/No (Koenen et al., 2012)

Telmisartan glucuronide 1.1 (Ishiguro et al., 2008) NDP HEK293-transfected No/Yes™ (Ishiguro et al., 2008)

Substrates of OATP2B1 and OATP1B1/1B3¢

Asunaprevir
Atorvastatin
Bromosulfophthalein (BSP)

Coproporphyrin III
Estrone-3-sulfate (E3S)

Fexofenadine

Fluvastatin
Mesalazine
Montelukast
Pitavastatin

Pravastatin
Rosuvastatin
Taurocholic acid
SN-38 carboxylate
SN-38 lactone
Sulfasalazine

Tebipenem pivoxil
Unoprostone carboxylate

NDP

2.8 (Karlgren et al., 2012)

0.7 (Kullak-Ublick et al., 2001)

NDP

0.31 (Bednarczyk & Boiselle, 2016)
8.1/13.1 (pH 5.0) (Nozawa et al., 2004)

0.14 (Shirasaka et al., 2014)
NDP

0.75 (Noé et al., 2007)
188.9 (Konig et al., 2011)
ND

1.2 (Hirano et al., 2006)

6.3 (Shirasaka et al., 2014)

NDP

2.4 (Ho et al., 2006)

NDP

71.8 (pH 5.9) (Nozawa et al., 2004)

0.76 (pH 6.5) (Fujita et al., 2015)
1.3 (pH 6.5) (Fujita et al., 2015)
1.7 (Kusuhara et al., 2012)

>1000 (pH 6.0) (Kato et al., 2010)
91 (Gao et al., 2005)

1.8 (Eley et al., 2015)

5.0 (Koenen et al., 2012)

NDP

10.3 (Koenen et al., 2012)

3.2 (Bednarczyk & Boiselle, 2016)
106 (Shen et al.,, 2013)

NDP

2.8 (Ming et al., 2011)
NDP

NDP

1.9 (Varma et al., 2017)
<2.0 (pH5.5-6.5)
(Varmaet al., 2011)

NDP

1.3 (pH 5.0) (Nozawa et al., 2004)
NDP

14.0 (Kimoto et al., 2015)
1.3 (Nozawa et al., 2004)

NDP

NDP

NDP

7.0 (pH 6.0) (Kato et al., 2010)
2.8 (Gao et al., 2005)

HEK293-transfected
HEK293-transfected

X. laevis oocytes-injected
HEK293-transfected
CHO-transfected
HEK293-transfected

X. laevis oocytes-injected
MDCK-transfected
HEK293-transfected
HEK293-transfected
HEK293-transfected
HEK293-transfected

X. laevis oocytes-injected
HEK293-transfected
HeLa-transfected
HEK293-transfected
HEK293-transfected

X. laevis oocytes-injected
X. laevis oocytes-injected
HEK293-transfected

X. laevis oocytes-injected
X. laevis oocytes-injected

Yes* (Eley et al., 2015)
Yes" (Karlgren et al., 2012)
Yes* (Kullak-Ublick et al., 2001)

Yes¥* (Bednarczyk & Boiselle, 2016)
Yes" (Cui et al., 2001;

Kullak-Ublick et al., 2001)

Yes™ (Matsushima et al., 2008;
Shimizu et al., 2005)

Yes™/NP (Noé et al., 2007)

Yes® (Konig et al., 2011)

Yes (Varma et al., 2017)

Yes* (Hirano et al., 2006)

Yes™/NP (Glaeser et al., 2010;
Hsiang et al., 1999)
Yes*/+ (Ho et al., 2006)

Yes™ (Briz et al., 2006;
Hsiang et al., 1999)
ND

ND

ND

ND

ND

2 Experiments were conducted at pH 7.4 unless otherwise stated. Reported values are the lowest Ky, or highest uptake ratio (transfected/mock) reported in literature. V4 Is not re-
ported as it depends on the abundance of transporter which may vary between expression systems.

" No data available.

¢ Substrate affinity for OATP2B1 relative to OATP1B1/1B3 is as follows: *The OATP2B1 Ky, is > 2-fold higher than OATP1B1 or 1B3; *The OATP2B1 Ky, is > 50% lower than OATP1B1 or
1B3; *The K, for OATP2B1 and OATP1B1 or 1B3 are within 100% of each other. If the relative affinity differs between isoforms, the Ky, relative to OATP1B1 is listed first followed by
OATP1B3. When no symbol is indicated, only an uptake ratio was reported. Not determined (ND) if Ky, values or uptake ratios were not available for OATP1B1/1B3 in the literature. Data

retrieved from the UW DIDB 02 Jan 2018.

transporters) in the in vitro system used to measure the intrinsic uptake
clearance of the drug relative to that in the tissue of interest (e.g. the
liver and/or the intestine). In contrast, the RAF relies on availability of
data on in vitro and in vivo uptake clearance of a model substrate
which is selectively transported by OATP2B1 (both in vitro and
in vivo). However, since many OATP2B1 substrates are also substrates
of other transporters (e.g. OATP1B1) in vivo, the RAF approach is not a
viable approach. Therefore, we have proposed the use of REF and have
successfully shown its application in prediction of the in vivo uptake
clearance of rosuvastatin in the rat (Ishida, Ullah, Toth, Juhasz, &
Unadkat, 2018). In addition, we have elaborated on the concept of f; in
Prasad and Unadkat (Prasad & Unadkat, 2015). We have used both the
REF approach and the concept of f; to successfully predict the magnitude
of DDI between rosuvastatin and rifampin in the rat where rosuvastatin
is transported into the liver by multiple Oatp transporters (please see
Ishida et al., 2018). Finally, for in vitro to in vivo extrapolation of
OATP2B1-mediated clearance of drugs, one should keep in mind that
uptake by OATP2B1 may not be the only rate-determining step in the
clearance of the drug (see Patilea-Vrana & Unadkat, 2016 for detailed
discussion).

5. Substrates

OATP2B1 mediates the uptake of many drugs, hormones, and natu-
ral products (Table 2). While there is some substrate overlap with
other members of the OATP family, compounds with preferential up-
take by OATP2B1 have been identified. For example, drugs such as
aliskiren, celiprolol, erolitinib and pemetrexed are transported by
OATP2B1 but not by OATP1B1/1B3. The reverse is also true as
estradiol-17p-glucuronide, a prototypical substrate of OATP1B1/1B3, is
not transported by OATP2B1 (Nozawa et al., 2004). Some drugs, includ-
ing tebipenem pivoxil and unaprostone, have greater in vitro affinity for
OATP2B1 compared to OATP1B1/1B3 (Koenen, Kroemer, Grube, &
Meyer Zu Schwabedissen, H. E., 2011; Vaidyanathan et al., 2008); how-
ever of the OATP substrates tested, the majority of drugs and com-
pounds that are substrates of OATP2B1 are also substrates of
OATP1B1/1B3. Despite this significant overlap with other OATPs,
OATP2B1 has fewer substrates at standard physiological pH. However,
its substrate selectivity broadens at acidic pH and becomes similar to
the other transporters in the family. Under acidic conditions, such as
in the intestine, OATP2B1 is able to facilitate the uptake of a broader
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spectrum of compounds including taurocholate, which suggests that it
may play a role in the enterohepatic circulation of bile acids (Nozawa
et al., 2004).

Statins, including fluvastatin, pitavastatin, pravastatin, rosuvastatin
and atorvastatin are also substrates of OATP2B1 (Hirano, Maeda,
Shitara, & Sugiyama, 2006; Ho et al., 2006; Karlgren et al., 2012; Noé,
Portmann, Brun, & Funk, 2007; Nozawa et al., 2004). While the hepatic
uptake of these drugs is most likely mediated primarily by OATP1B1,
OATP2B1 likely contributes to the hepatic uptake as well as intestinal
absorption and bioavailability of these drugs. Some researchers have
suggested that OATP2B1 may contribute to statin-related muscle toxic-
ity, as overexpression of OATP2B1 in primary human skeletal muscle
myoblast cells results in a significant increase in intracellular concentra-
tions of both atorvastatin and rosuvastatin in vitro (Knauer et al., 2010).
Despite these in vitro data, the low abundance of OATP2B1 in muscle
suggests that its contribution to the in vivo myotoxicity of the statins
is likely to be low (Knauer et al., 2010).

6. Inhibitors

A number of compounds, both drugs and natural products, have
been found to inhibit OATP2B1 uptake activity in vitro (Table 3).
While most of these compounds have not been investigated in vivo at
this time, many show high inhibitory potency towards the transporter
including erlotinib (ICsg = 0.03 uM), cyclosporine (ICso = 0.07 uM),
and antiviral drugs such as asunaprevir (ICso = 0.27 uM) and ritonavir
(ICso = 0.55 uM) (Eley, Garimella et al. 2015; Ho, Leake, Kim, & Wang,
2006; Johnston, Rawling, Chan, Zhou, & Murray, 2014; U.S. Food and
Drug Administration, 2014). Several natural products have been identi-
fied that also inhibit the transport activity of OATP2B1 resulting in DFIs.
In fact, one of the earliest DFIs attributed to transporters was the inhibi-
tion of OATP2B1 by grapefruit juice (Glaeser et al., 2007; Kirby &
Unadkat, 2007). Incubation with grapefruit, orange, and apple juices re-
sulted in a significant decrease in transport activity of OATP2B1 in vitro
(Shirasaka, Shichiri, Mori, Nakanishi, & Tamai, 2013). Further investiga-
tion into which ingredients of the fruit juices could cause the observed
interactions identified naringin and hesperidin as the most likely perpe-
trators (Shirasaka et al., 2013). Additionally, compounds found in herbal
medicines and natural products including catechins (commonly found
in teas), and flavonols such as scutellarin, silymarin and silybin (compo-
nents of milk thistle extract), and phloretin are also potent inhibitors of
OATP2B1 (Fuchikami et al.,, 2006; Kéck, Xie, Hawke, Oberlies, &
Brouwer, 2013; Shirasaka et al., 2013; Wen, Shi, Bian, Zhang, & Gui,
2015). With the high abundance of OATP2B1 in the intestine, it is a
likely site for a variety of DFIs affecting the absorption of drugs.

To date, no selective inhibitors of OATP2B1 have been identified,
though aliskerin, celiprolol and premetrexed could be candidates as
they are selective substrates of OATP2B1. If a drug has the ability to po-
tently inhibit OATP2B1 while showing only weak or moderate inhibi-
tion of OATP1B1/1B3 (e.g. 10-fold difference in ICsq or Ki values), such
a drug could be used in vivo as a selective inhibitor of OATP2B1, pro-
vided the in vivo unbound plasma concentration of the drug does not
approach the unbound ICsq for inhibition of OATP1B1/1B3 and it does
not inhibit other confounding transporters. For example, the OATP2B1
IC50 values for erlotinib (0.03 uM (Johnston et al, 2014)) and
glimepiride (2.4 uM (Klatt, Fromm, & Konig, 2013)) are >10-fold lower
than that of OATP1B1 or 1B3 (erlotinib - 21 uM and 1.19 uM, respec-
tively, and glimepiride — 52 pM and 40.9 pM, respectively (Johnston
et al,, 2014; Karlgren et al., 2012; Klatt et al., 2013)) which could allow
for dosing to selectively inhibit OATP2B1. Additionally, determination
of expected inhibitor concentrations at the intestine and liver inlet
show that it is possible to selectively inhibit intestinal OATP2B1 without
inhibiting hepatic OATP2B1 (Table 3). While compounds such as
ronacaleret and naringenin are potent inhibitors of intestinal
OATP2B1, systemic concentrations are well below the reported ICsq
values, indicating that inhibition of hepatic OATP2B1 is unlikely. This

difference in concentration, and therefore inhibitory potential, can facil-
itate the determination of the primary site of inhibition, i.e. intestine vs.
liver.

Another complicating factor regarding understanding inhibitors of
OATP2B1 is that there can be a large substrate-specific difference in po-
tency. For example, inhibition of OATP2B1-mediated transport by ri-
fampin varies from no observed inhibition of atorvastatin transport
(IC50 > 630 uM) to inhibition of E3S transport with an ICsg value of
40.1 uM (Shen et al., 2013; Vildhede et al., 2014). While the exact reason
for this difference is unknown, the presence of multiple-binding sites, as
described earlier, may provide an explanation. Some inhibitors, includ-
ing naringin, taurocholate, and pravastatin, only inhibit the high-affinity
site, while other inhibitors, including testosterone and penicillin G, pref-
erentially inhibit the low-affinity site (Shirasaka et al., 2012). Given this
substrate-specific inhibition, care should be taken to make sure that
in vitro inhibition studies use multiple substrate/inhibitor combinations
to ensure accurate prediction of the degree of OATP2B1 inhibition
in vivo.

7. Pharmacogenetics

Genetic polymorphisms have the potential to influence the uptake
activity of OATP2B1 (Table 4). While many variants of the SLCO2B1
gene have been identified, little is currently known about the effect of
these variants on OATP2B1 transport activity. One of the most studied
variants, SLCO2B1*3 (rs2306168), describes the nonsynonymous muta-
tion ¢.1457C > T, resulting in the amino acid change Ser486Phe
(Namgoong et al., 2015). While this variant has been frequently studied,
the precise effect on function has yet to be fully elucidated. Studies con-
ducted in vitro showed that SLCO2B1*3 exhibited similar affinity for E3S
compared to wild-type SLCO2B1*1, but demonstrated a 50% decrease in
transport activity when the V. was adjusted for OATP2B1 protein
content (Nozawa et al., 2002). Similarly, a decrease in the uptake of
both rosuvastatin and atorvastatin in cells transfected with SLCO2B1*3
relative to SLCO2B1*1 has also been observed (Nies et al., 2013). Clinical
studies investigating the effect of this variant, however, have shown in-
consistent results. A genotype-dependent decrease in activity has been
observed for the beta-blocker celiprolol after oral administration, with a
significant decrease in celiprolol AUC of 49.9% for homozygous individ-
uals (with a corresponding 58% decrease in C,2x) and a non-significant
decrease of 29.1% for heterozygous individuals compared to wild-type
(leiri et al,, 2012). Imanaga et al. observed significantly decreased intes-
tinal absorption of fexofenadine (35.5% decrease in AUC) in SLCO2B1*3
carriers compared to those with the SLCO2B1*1/*1 genotype (Imanaga
et al,, 2011). However, in another report, SLCO2B1*3 carriers (either
SLCO2B1*1/*3 or *3/*3) exhibited a 51% increase in AUCq_»4 for (S)-
fexofenadine (P < 0.05), but no significant change in Cy,.x, suggesting
predominately decreased hepatic uptake by OATP2B1 (Akamine et al.,
2010). Additionally, there was no significant change in (R)-
fexofenadine or montelukast exposure between those with SLCO2B1*1
and SLCO2B1*3 genotypes, indicating that the effect of this variant
may be drug- and stereo-specific (Akamine et al., 2010; Kim, Lee, Joo,
Park, & Park, 2013).

Other variants have also been shown to influence OATP2B1 trans-
port function. The c.601G > A variant showed a decrease in OATP2B1-
mediated uptake of rosuvastatin in vitro, although no effect was ob-
served in vivo using montelukast as the substrate (Kim, Joo, Lee, &
Park, 2013; Kim, Lee, et al., 2013). Similarly, the ¢.935G > A variant
showed substrate-specific effects on OATP2B1-mediated uptake
in vivo, with no change in AUC observed between genotypes for
montelukast but a significant increase was observed for rosuvastatin
(112% and 41.7% increases in SLCO2B1 935A/A and SLCO2B1 935G/
935A individuals, respectively) (T.-E. Kim et al., 2017; Tapaninen,
Karonen, Backman, Neuvonen, & Niemi, 2013). In contrast, Mougey
et al. showed significantly lower montelukast concentrations (36.5% de-
crease in Cyax and 45.7% decrease in AUC) in individuals heterozygous
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In vitro inhibition of OATP2B1.
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Inhibitor Substrate ICs5o(uM)* Expression system Interaction Expected” Reference
Intestine Liver
afatinib E3S 2.08 HEK293-transfected yes yes (Johnston et al., 2014)
apigenin atorvastatin 13.9 HEK293-transfected yes no (Mandery et al., 2010)
BSP 20.8¢
asunaprevir! E3S 0.27 HEK293-transfected yes yes (Eley et al., 2015)
atazanavir E3S 52 HEK293-transfected yes yes (Karlgren et al., 2012)
atorvastatin E3S 0.7¢ MDCK II - transfected yes yes (Grube et al., 2006)
BSP E3S 0.28 HEK293-transfected ND¢ (Sai et al., 2006)
clarithromycin E3S 384 HEK293-transfected no no (Peters et al., 2012)
cyclosporine rosuvastatin 22 HEK293-transfected yes yes (Varmaeet al., 2011)
E3S 37 (Karlgren et al., 2012)
DHEAS E3S 12 Caco-2 cells yes yes (Sai et al., 2006)
doxorubicin® E3S 240 HEK293-transfected NA no (Karlgren et al., 2012)
eltrombopag E3S 8.5¢ HEK293-transfected yes yes (Takeuchi et al., 2011)
erlotinib®® E3S 0.03 HEK293-transfected yes yes (Johnston et al., 2014)
gefitinib’ E3S 0.65 HEK293-transfected yes yes (Johnston et al., 2014)
gemfibrozil' rosuvastatin 8 Hela-transfected yes yes (Ho et al., 2006)
glimepiride®® BSP 24 HEK293-transfected yes no (Klatt et al., 2013)
glyburide BSP 2 HEK293-transfected yes no (Klatt et al., 2013)
glycyrrhetinic acid E3S 13 HEK293-transfected yes yes (Wen et al., 2015)
hesperetin E3S 67.6 X. laevis oocytes-injected yes no (Shirasaka et al., 2013)
(pH6.5)
hesperidin E3S 1.9 X. laevis oocytes-injected yes yes (Shirasaka et al., 2013)
(pH 6.5)
723 HEK293-transfected (Wen et al., 2015)
hyperoside E3S 29.4 HEK293-transfected NA (Wen et al,, 2015)
icariin E3S 6.4 HEK293-transfected yes no (Liet al., 2014)
indinavir E3S 39 Caco-2 cells yes yes (Annaert et al., 2010)
montelukast’ BSP 1 MDCK-transfected yes yes (Letschert et al., 2006)
mulberrin E3S 1.8 HEK293-transfected NA (Wen et al,, 2015)
naringenin® E3S 49.2 X. laevis oocytes-injected yes yes (Shirasaka et al., 2013)
(pH6.5)
naringin&" E3S 4.6 X. laevis oocytes-injected NA (Shirasaka et al., 2013)
(pH 6.5)
nateglinide BSP 28.5 HEK293-transfected yes yes (Klatt et al., 2013)
neratinib E3S 2.7 HEK293-transfected yes yes (Johnston et al., 2014)
nilotinib E3S 2.7 HEK293-transfected yes yes (Johnston et al., 2014)
pelitinib E3S 2 HEK293-transfected NA (Johnston et al., 2014)
phloretin E3S 1.31 X. laevis oocytes-injected NA (Shirasaka et al., 2013)
(PH6.5)
phloridzin E3S 23.2 X. laevis oocytes-injected NA (Shirasaka et al., 2013)
(pH6.5)
quercetin® atorvastatin 14.1 HEK293-transfected yes yes (Mandery et al., 2010)
BSP 8.7¢
E3S 7.5 (Wen et al., 2015)
rifampin’ BSP 80.5 HEK293-transfected yes yes (Leonhardt et al., 2010)
E3S 40.1 HEK293-transfected (Shen et al,, 2013)
rifamycin E3S 3.6 HEK293-transfected yes yes (Varmaet al., 2011)
(pH 6.0)
rosuvastatin 0.96
(pH 6.0)
ritonavir E3S 6.1 HEK293-transfected yes yes (Karlgren et al., 2012)
ronacaleret™ rosuvastatin 12 HEK293-transfected yes yes (Johnson et al., 2017)
(PH 6.0)
16
rutin E3S 60.7 HEK293-transfected NA (Wen et al., 2015)
scutellarin® E3S 2 HEK293-transfected NA (Wen et al., 2015)
silybin A E3S 4.5 HEK293-transfected yes yes (Kock et al., 2013)
silybin B® E3S 0.8 HEK293-transfected yes yes (Kock et al., 2013)
silychristin E3S 3.6 HEK293-transfected yes yes (Kock et al., 2013)
silymarin® E3S 0.3 HEK293-transfected NA (Kock et al., 2013)
sulfasalazine E3S 3 HEK293-transfected yes yes (Karlgren et al., 2012)

2 Lowest literature values are reported; experiments were conducted at pH 7.4 unless otherwise specified.

b Expected intestinal interaction and hepatic interaction determined by Igut/ICs0 2 10 and 1+ Iie/ICs0 2 1.1, respectively. Full calculations are presented in Supplemental Table 1.

c
d
e
f

=

K; value, no ICsq reported in literature.
Only used as an in vitro inhibitor.

IV formulation, unbound Cy,,x used in hepatic interaction prediction.

1Cso for OATP2B1 is >290% less than OATP1B1.

& 1Csq for OATP2B1 is >290% less than OATP1B3.

Inhibitor has been tested in vivo and the interaction is likely attributable to OATP2B1, see Table 5 for more detail.

I Inhibitor has been tested in vivo and while it is possible that OATP2B1 plays a role in the observed interaction, the primary mechanism is likely inhibition of OATP1B1/1B3, see Table 5
for more detail. E3S, estrone-3-sulfate; BSP, bromosulfophthalein; NA - not calculated, no dose or Cp,,x data available. Data retrieved from the UW DIDB on or before 02 Jan 2018.
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Table 4
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Selected single nucleotide polymorphisms in the SLCO2B1 gene and their impact on in vivo pharmacokinetics of drugs.

s number Nucleotide Amino acid MAF? Allelic frequency (%)° Functional change In Vitro or In Vivo (substrate, % change
L ¢
change variation Caucasian Asian African-American AUC)

rs56837383 C-43C>T P15S 0.0028 0 0 1.6 Decrease (rosuvastatin)9
(Ho, Leake, et al., 2006)

rs35199625 C.601G>A V201 M 0.0258 0 42 0.8 Decrease (rosuvastatin)¢
(Ho, Leake, et al., 2006)

1512422149 C935G>A R312Q 0.2099 8.5 375 10.5 —45.7% (montelukast)® to 112.39% (rosuvastatin)’
(T.-E. Kim et al,, 2017; Mougey et al., 2011)

rs1621378 (SLCO2B1*2) C1175C>T T3921 0.0000 NA NA NA —20.7% (E3S)%¢
(Nozawa et al., 2002)

rs2306168 (SLCO2B1*3) C.1457C>T S486F 0.1803 3.9 19.2 341 —38.5% (fexofenadine)* to 51.3% (fexofenadine)®
(Akamine et al., 2010; Imanaga et al., 2011)
Increase (rosuvastatin)¢
(Ho, Leake, et al., 2006)

152712807 g.-282G>A - 0.2346 86 90.7 729 —3.3% (montelukast)®" to —10.3% (montelukast)""
(K.-A. Kim et al., 2013)

rs145875125 C.1638C>A  N546K 0.0004 O 0 0.8 NA

MAF, minor allele frequency; NA, not available.

¢ Global minor allele frequency, obtained from 1000 Genomes Project Consortium et al., 2015.

P Allelic frequencies from the dbSNP database (Sherry et al., 2001).

Change in function observed in vitro.

Heterozygous for variant.

Homozygous for variant.

Change in CLi, relative to OATP2B1*1.

" Observed change is not statistically significant (P > 0.05).

c
d
e
f
g

for the variant compared to wild-type (Mougey, Feng, Castro, Irvin, &
Lima, 2009; Mougey, Lang, Wen, & Lima, 2011). While the SLCO2B1*2
variant ¢.1175C > T, which causes the amino acid change Thr392Ile,
has not been evaluated in vivo, a decrease in uptake of E3S was observed
in HEK293 cells expressing the variant compared with the wild-type
(Nozawa et al., 2002). By conducting studies with am OATP2B1 selective
substrate such as aliskiren, the clinical effect of these variants may be
determined more definitively. However, as substrate-specific effects of
some variants have been identified, studies with multiple substrates
should be considered to form a complete picture of the effect of these
variants.

8. Food-drug and drug-drug interactions

With high abundance in both the intestine and liver, OATP2B1 plays
a critical role in the uptake of many compounds, making it a likely site
for DDIs and FDIs. This has been demonstrated by multiple studies
in vivo showing changes in exposure following treatment with known
inhibitors of OATP2B1 (Table 5). Considering the high degree of sub-
strate and inhibitor overlap with OATP1B1/1B3, as well as the broad ex-
pression profile of OATP2B1, it is likely that these interactions have
intestinal as well as hepatic components. However, because of the ob-
served decreases in AUG, it is likely that the effect of hepatic inhibition
is minor compared to inhibition at the intestine. Additionally, the inhib-
itory potency of the inhibitor for each transporter relative to the intesti-
nal and hepatic concentrations will determine the predominant site of
inhibition. The intestinal concentration is usually significantly higher
than the hepatic, possibly explaining the higher frequency of
OATP2B1-mediated interactions resulting in a decreased AUC due to in-
testinal inhibition.

A review of clinical DDIs mediated by intestinal OATPs found that
fruit juices are the most well-studied inhibitors of intestinal OATP2B1
activity in vivo, showing marked decreases in the plasma concentrations
of several OATP2B1 substrates including fexofenadine, aliskiren, and
celiprolol (Yu, Zhou, Tay-Sontheimer, Levy, & Ragueneau-Majlessi,
2017). Apple juice decreased the AUC of fexofenadine by approximately
85% and that of aliskiren by 63% (Imanaga et al., 2011; Tapaninen,
Neuvonen, & Niemi, 2011), while grapefruit juice decreased the AUC
of fexofenadine up to 52%, aliskiren by 61%, and celiprolol by 84%
(Akamine et al., 2015; leiri et al., 2012; Tapaninen, Neuvonen, &

Changes are statistically significant relative to the control (wild type) group as determined by the authors unless otherwise stated.

Niemi, 2010). Likewise, orange juice decreased the AUC of aliskiren by
approximately 62% (Tapaninen et al., 2011). In these studies, however,
the typical volume of juice is much higher than normal consumption.
For example, a total volume of 1.5 L over 3 h was administered to partic-
ipants in the aforementioned apple juice/fexofenadine study (Imanaga
et al., 2011) and 200 mL grapefruit juice was given three times a day
for multiple days in the grapefruit juice/celiprolol study (leiri et al.,
2012). For multiple juices, a volume-dependent effect has been ob-
served. While significant interactions can be observed with high vol-
umes of juice, little to no effect is observed at low doses that are
similar to a standard beverage volume (Dresser et al., 2002; Dresser,
Kim, & Bailey, 2005; Glaeser et al., 2007). To illustrate, Luo et al. showed
that the observed interaction between fexofenadine and apple juice in-
creased from 10% to 61% when the volume was increased from 150 mL
to 600 mL (Luo et al., 2016). Studies such as this indicate that significant
DFIs with juices can likely be avoided by reducing the volume of juice
administered at a time. Additionally, it is likely that interactions can
also be avoided by staggering the administration of juices and affected
drugs. Delaying administration of fexofenadine by two hours following
ingestion of grapefruit juice resulted in a lower level of inhibition than
concomitant dosing (38% versus 52% decrease in AUCy_g) and no inhibi-
tion was observed when the drug was given four hours after (Glaeser
et al.,, 2007; Tanaka et al., 2013).

In addition to FDIs mediated by fruit juices, some DDIs have been at-
tributed almost exclusively to OATP2B1. The now terminated drug
ronacaleret, which was identified in vitro as an inhibitor of OATP2B1
(ICs0 = 12 pM, estimated Cpax of 5.2 pM following a clinical dose of
400 mg (Johnson et al.,, 2017)) decreased rosuvastatin exposure by ap-
proximately 50%, with the interaction mainly ascribed to inhibition of
intestinal OATP2B1 (Johnson et al., 2017). Another example of a DDI
mediated by OATP2B1 is the interaction of voxilaprevir with
sofosbuvir/velpatasvir. All three drugs are part of the fixed-dose combi-
nation treatment Vosevi®, a recently approved treatment for chronic
hepatitis C infection (FDA, 2017b; Gilead Sciences, 2017). In vitro,
voxilaprevir is a proposed substrate of OATP2B1, and velpatasvir is an
inhibitor of OATP2B1 (FDA, 2017b). When coadministered with
sofosbuvir/velpatasvir, the AUC of voxilaprevir decreased by 63%,
which is attributed to a decrease in intestinal absorption due to inhibi-
tion of OATP2B1. However, that no change in the AUC of voxilaprevir
was observed following administration of grapefruit juice (European
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Table 5
Examples of DDIs/FDIs likely mediated primarily by OATP2B1.

Intestinal OATP2B1 interaction®

Substrate Substrate dose® Inhibitor Inhibitor dose” AUCR Reference
aliskiren 150 mg apple juice 200 mL [TID, 5 days] 0.37 (Tapaninen et al., 2011)
grapefruit juice 200 mL [TID, 5 days] 0.39 (Tapaninen et al., 2010)
orange juice 200 mL [TID, 5 days] 0.38 (Tapaninen et al., 2011)
atenolol 50 mg apple juice 1200 mL (total) 0.17-0.21 (Jeon et al., 2013)
600 mL (total) 0.41
celiprolol 100 mg grapefruit juice 200 mL [TID, 3 days] 0.16-0.25 (leiri et al., 2012; Tanaka et al.,, 2013)
1200 pg grapefruit juice 200 mL [TID, 3 days] 0.57 (Kashihara et al., 2017)
fexofenadine 60 mg apple juice 1200 mL (total) 0.15 (Imanaga et al., 2011)
600 mL 0.39 (Luo et al., 2016)
300 mL 0.62
(R)-fexofenadine® 60 mg apple juice 400 mL 047 (Akamine et al., 2014)
grapefruit juice 250 mL 0.59 (Akamine et al., 2015)
(S)-fexofenadine® 60 mg apple juice 400 mL 0.35 (Akamine et al., 2014)
grapefruit juice 250 mL 043 (Akamine et al., 2015)
glyburide 300 pg grapefruit juice 200 mL [TID, 3 days] 0.55 (Kashihara et al., 2017)
rosuvastatin 20 mg epigallocatechin gallate 300 mg 0.84 (T.-E.Kim et al,, 2017)
250 ng grapefruit juice 200 mL [TID, 3 days] 0.70 (Kashihara et al., 2017)
10 mg ronacaleret 400 mg [QD, 10 days] 0.51 (Johnson et al., 2017)
sulfasalazine 300 pg grapefruit juice 200 mL [TID, 3 days] 0.66 (Kashihara et al., 2017)
sumatriptan 600 ng grapefruit juice 200 mL [TID, 3 days] 0.73 (Kashihara et al., 2017)
talinolol 100 mg quercetin 20 mg [BID, 7 days] 0.77 (Nguyen, Staubach, Wolffram, & Langguth, 2014)
500 mg [TID, 7 days] 0.79
ticlopidine 250 mg ergoloid mesylates 1.5 mg [TID, 3.5 days] 0.70 (Lu, Huang, & Lai, 2006)
voxilaprevir 100 mg grapefruit juice 300 mL 0.98 (FDA, 2017b)
200 mg sofobuvir/velpatasvir 400 mg / 100 mg [QD, 4 days]| 0.39

Hepatic OATP2B1 Interaction®“

Substrate Substrate Dose” Inhibitor Inhibitor Dose® AUCR Reference

asunaprevir 200 mg rifampin 600 mg 14.82 (Eley, Garimella et al., 2015)
montelukast 10 mg gemfibrozil 600 mg [BID, 3 days] 4.54 (Karonen et al.,, 2010)
rosuvastatin 10 mg asunaprevir 200 mg [BID, 11 days] 141 (Eley, Garimella et al., 2015)

¢ Current research supports that these interactions are likely driven by inhibition of intestinal or hepatic OATP2B1, however it cannot be ruled out that other unidentified pathways

could be contributing to the observed changes in AUC.
b Administered as a single oral dose unless otherwise noted.
¢ Administered as a racemic mixture.

9 Itis likely that the hepatic interactions are primarily driven by inhibition of OATP1B1/1B3, with minor contribution from OATP2B1. For rifampin and gemfibrozil, the ICsq values for
OATP1B1 are approximately half that of OATP2B1 indicating that inhibition of OATP1B1 is more likely the primary interaction given the estimated liver inlet concentrations. The increase in
AUCR indicates that inhibition of hepatic uptake is the dominant interaction over intestinal inhibition of OATP2B1, however the magnitude of the hepatic interaction could be blunted from

decreased absorption. Data retrieved from the UW DIDB 02 Jan 2018.

Medicines Agency, 2006). Thus, while there is strong evidence that
OATP2B1 is the primary site of inhibition in these interactions, clinical
research into the role of OATP2B1 is still in its infancy compared to
other transporters and the contribution of other pathways to these in-
teractions cannot be ruled out at this time.

Identifying the primary pathway contributing to transporter-based
DDIs is challenging. For most drugs, multiple enzymes and/or trans-
porters contribute to their in vivo disposition. For example, both the
AUC and Cyax of glyburide, a substrate of OATP2B1 as well as
OATP1B1, were significantly increased (125% and 81%, respectively)
after a single intravenous infusion of rifampicin, a recommended
OATP inhibitor (Zheng, Huang, Frassetto, & Benet, 2009). While intrave-
nous dosing removes the potential for intestinal inhibition, there is cur-
rently no way to determine the contribution of each hepatic transporter
involved in vivo due to the lack of selective inhibitors. The calculation of
the liver inlet concentration relative to the ICsq for each transporter can
give some insight into the uptake pathway that is likely driving the in-
teraction, but this method is not definitive as it is a static prediction
based on estimated concentrations. Determination of the fraction
transported by each of the relevant uptake transporters, via techniques
such as proteomics, would allow for a more accurate determination of
the primary site of inhibition and a better understanding of the under-
lying mechanisms of interactions.

Transporter-based DDIs are also complicated by cases where the in-
teraction can occur at multiple organs and tissues in addition to involv-
ing multiple transporters. A study investigating the effect of asunaprevir

on rosuvastatin exposure also highlights the difficulty in determining
the mechanism of transport inhibition in vivo. Asunaprevir is a potent
in vitro inhibitor of OATP2B1 (0.27 uM), OATP1B1 (0.3 puM), and
OATP1B3 (3.0 uM); however, when asunaprevir was coadministered
with rosuvastatin, only a modest increase in rosuvastatin exposure
was observed (1.4-fold). Although it appears that the main effect of
asunaprevir is inhibition of hepatic uptake (affecting OATP1B1/1B3
and OATP2B1) it is quite possible that there is incomplete inhibition
or, since both drugs were administered orally, that the observed in-
crease in exposure could be somewhat blunted by reduced absorption
due to inhibition of intestinal OATP2B1 (Eley, Garimella et al. 2015).

9. Conclusions and perspective

OATP2B1 is ubiquitously expressed in humans, showing the highest
abundance in the liver and intestine, the principal organs that deter-
mine the absorption, metabolism, and elimination of drugs. OATP2B1
is the primary OATP expressed in the intestine and its abundance in
the liver is equal to that of OATP1B3 (Drozdzik et al., 2014; Wang
et al,, 2016). Therefore, OATP2B1 likely contributes to drug absorption
and hepatic clearance to a much greater extent than has been previously
considered. In fact, accumulating evidence suggests that it is crucial for
the efficient uptake of many drugs with variable chemical structures
and clinical uses.

A growing body of data indicates that studies should be undertaken
to elucidate the role of OATP2B1 in intestinal absorption of drugs and
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DDI/FDI during the approval process. The most recent FDA draft guid-
ance defines eight transporters that should be studied during drug dis-
covery including P-gp and OATP1B1/1B3, but not OATP2B1 (2017a;
FDA, 2017c). However, current research has shown that there are signif-
icant changes in exposure, equivalent or surpassing changes observed
for other OATPs, following inhibition of OATP2B1. While many of
these drugs are also substrates of hepatic OATPs, the decrease in AUCR
indicates that intestinal uptake by OATP2B1 plays a key role in disposi-
tion of these substrates. This significant contribution to disposition can
be confirmed by determination of the fraction transported by
OATP2BI1. Similar to the concept of fraction metabolized, understanding
the contribution of each transporter can assist in interpretation of com-
plex interactions (Prasad & Unadkat, 2015). For those compounds with
a high affinity for OATP2B1 but a low f; relative to other transporters or
passive diffusion, the likelihood of a significant clinical interaction by
OATP2B1 is low. However, for those compounds with a high f;, inhibi-
tion of OATP2B1 is likely the predominant site of inhibition and the driv-
ing force for observed changes in exposure. In this regard, there is an
urgent need to identify selective in vivo substrates of OATP2B1, those
with high f; by the transporter, and selective in vivo inhibitors of
OATP2B1. In vivo studies with such selective substrates and inhibitors
will allow for a more complete understanding of OATP2B's role in
in vivo drug disposition and DDIs/FDIs.
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