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a b s t r a c t
It is now widely accepted that organic anion-transporting polypeptides (OATPs), especially members
of the OATP1A/1B family, can have a major impact on the disposition and elimination of a variety of
endogenous molecules and drugs. Owing to their prominent expression in the sinusoidal plasma membrane of hepatocytes, OATP1B1 and OATP1B3 play key roles in the hepatic uptake and plasma clearance
of a multitude of structurally diverse anti-cancer and other drugs. Here, we present a thorough assessment of the currently available OATP1A and OATP1B knockout and transgenic mouse models as key
tools to study OATP functions in vivo. We discuss recent studies using these models demonstrating the
importance of OATPs, primarily in the plasma and hepatic clearance of anticancer drugs such as taxanes,
irinotecan/SN-38, methotrexate, doxorubicin, and platinum compounds. We further discuss recent work
on OATP-mediated drug–drug interactions in these mouse models, as well as on the role of OATP1A/1B
proteins in the phenomenon of hepatocyte hopping, an efﬁcient and ﬂexible way of liver detoxiﬁcation
for both endogenous and exogenous substrates. Interestingly, glucuronide conjugates of both the heme
breakdown product bilirubin and the protein tyrosine kinase-targeted anticancer drug sorafenib are
strongly affected by this process. The clinical relevance of variation in OATP1A/1B activity in patients has
been previously revealed by the effects of polymorphic variants and drug–drug interactions on drug toxicity. The development of in vivo tools to study OATP1A/1B functions has greatly advanced our mechanistic
understanding of their functional role in drug pharmacokinetics, and their implications for therapeutic
efﬁcacy and toxic side effects of anticancer and other drug treatments.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction to OATP1A/1B transporters and genetically
modiﬁed mouse models to study their functions
1.1. Properties of OATP1A/1B transporters
Organic anion-transporting polypeptide (OATP) uptake transporters can play a major role in the uptake of numerous compounds,
including many anticancer drugs, into cells and organs. Positioned
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in the plasma membrane, these multispanning transmembrane
proteins can mediate the uptake of a structurally highly diverse
range of substrates into the cell, by as yet incompletely resolved
mechanisms. As a consequence, they can have a major impact on
the pharmacokinetic disposition of transported drugs, determining
their oral availability and plasma clearance, as well as their distribution to liver and other organs, and the main route(s) of elimination
(for recent reviews see: Gong and Kim, 2013; Konig et al., 2013;
Niemi et al., 2011; Shitara et al., 2013; Stieger and Hagenbuch,
2014). OATPs can therefore have a strong effect on the therapeutic
efﬁcacy, but also the toxic side effects of substrate drugs. Moreover,
several OATPs are variably expressed in a range of human cancers.
As this may obviously inﬂuence the effective intracellular exposure of the cancer cells to OATP substrate anticancer drugs, this
can directly affect the therapy susceptibility of these cancers (for
recent reviews see: Nakanishi and Tamai, 2014; Obaidat et al., 2012;
Sissung et al., 2012; Thakkar et al., 2015). The activity of the human
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OATPs that are thought to be most important for the general pharmacokinetic behavior of drugs, OATP1A2, OATP1B1, and OATP1B3
(as well as possibly OATP2B1, but see below), can further vary dramatically because of genetic polymorphisms and mutations that
affect drug transport, but also because of drug–drug interactions
with a variety of co-administered drugs (e.g. Durmus et al., 2015;
Franke et al., 2009; Gong and Kim, 2013; Konig et al., 2013; Niemi
et al., 2011; Obaidat et al., 2012; Shitara et al., 2013; Stieger and
Hagenbuch, 2014; van de Steeg et al., 2012).
Given their obvious medical importance, it is crucial to obtain
clear insight into the in vivo pharmacological, toxicological, and
physiological functions of the OATP proteins, especially those of the
OATP1A/1B family. One way to achieve this goal is to generate and
study mouse strains that have the mouse Oatp1a and Oatp1b genes
knocked out, or that have replaced the mouse Oatp1a/1b genes with
one or more of their human analogues (although the formal gene
name for the OATP-encoding genes is SLCO (for Solute Carrier of
Organic Anions), for simplicity we will mostly use the OATP/Oatp
nomenclature in this review). These mouse models can then be
used to investigate the impact of the genetic modiﬁcations on the
behavior of, amongst others, anticancer drugs. This review focuses
on recent studies on such mouse strains and the insights obtained
for a number of anticancer drugs. As some aspects have already
been extensively reviewed previously (Iusuf et al., 2012b,c; Sprowl
and Sparreboom, 2014; Tang et al., 2013), we will only brieﬂy touch
upon those.
1.2. OATP1A/1B knockout and transgenic mouse strains
characterized to date
To date, most characterized knockout and transgenic mouse
models concern members of the OATP1A and OATP1B subfamilies,
as these are thought to be most relevant for overall pharmacokinetics in man. Some initial studies suggested that human OATP1A2
was expressed in the intestinal epithelium, which would potentially indicate an important role in drug absorption (Glaeser et al.,
2007). However, many independent later studies could not corroborate these ﬁndings, and it is now probably safe to conclude
that normally there is no substantial level of OATP1A2 present in
the small or large intestine of humans (e.g. Drozdzik et al., 2014).
On current data, OATP1A2 is substantially expressed in cholangiocytes lining the bile ducts in the liver, in the human blood-brain
barrier, in apical membranes of kidney tubules, and in a variety of human tumors (van de Steeg et al., 2013 and references
therein). In contrast to OATP1A2, human OATP1B1 and OATP1B3
are highly and primarily expressed in the basolateral (sinusoidal)
membrane of human hepatocytes, where they can mediate the hepatic uptake of numerous substrate compounds (e.g. Nakanishi and
Tamai, 2012). As these genes are also known to be substantially
affected by genetic polymorphisms and mutations in humans (e.g.
Niemi et al., 2011; van de Steeg et al., 2012), they have attracted
most attention. The functionally related OATP2B1 protein is also a
broad-speciﬁcity multidrug-uptake transporter, especially at lower
pH, and highly expressed in both intestine and the sinusoidal
membrane of hepatocytes. It has therefore been suggested that it
might also have considerable pharmacokinetic impact (Nakanishi
and Tamai, 2012). However, to date no OATP2B1 mouse models
have been published, so we will not further cover this transporter
here.
A complication in studying mouse models for the OATP1A/1B
transporters is that there are no straightforward orthologues
between the individual mouse and human Oatp1a/1b and
OATP1A/1B genes. As indicated in Fig. 1, there are no less than 4
different Oatp1a genes in the mouse, Oatp1a1, Oatp1a4, Oatp1a5
and Oatp1a6, in addition to 2 Oatp1a-like elements that may be
pseudo-genes. This compares with the single OATP1A2 gene in
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Table 1
Oatp1a/b knockout and transgenic mouse models described to date.
Mouse models

Genetic background

Primary references

Oatp1a1 knockout
Oatp1a4 knockout

C57Bl/6 N
C57Bl/6 N

Oatp1b2 knockout (variant 1)
Oatp1b2 knockout (variant 2)
Oatp1a/1b knockout

C57BL/6
DBA1/lacJ
FVB

Humanized hepatic OATP1A2
transgenic
Humanized hepatic OATP1B1
transgenic
Humanized hepatic OATP1B3
transgenic
Humanized hepatic OATP1B1
and OATP1B3 transgenic

FVB

(Gong et al., 2011)
(Gong et al., 2011;
Ose et al., 2010)
(Lu et al., 2008)
(Zaher et al., 2008)
(van de Steeg et al.,
2010)
(van de Steeg et al.,
2013)
(van de Steeg et al.,
2009)
(van de Steeg et al.,
2013)
(Salphati et al.,
2014)

FVB
FVB
FVB

humans. On the other hand, the mouse has only one Oatp1b2 gene,
contrasting with the two human OATP1B1 and OATP1B3 genes
(Fig. 1). Although the mouse and human OATP1A proteins are
obviously more similar to each other than to the mouse and human
OATP1B proteins, and vice versa, the amino acid divergence within
each subfamily is still considerable (as low as 67% amino acid identity within the OATP1A subfamily, and 65% within the OATP1B
subfamily). Consequently, with these broad-speciﬁcity multidrug
transporters, no reliable statements can be made on overlapping
substrates just based on amino acid similarity. As the tissue distribution is also not conserved between members of one subfamily
(for instance, mouse Oatp1a1 and Oatp1a4 are present in the
sinusoidal membrane of hepatocytes, whereas human OATP1A2 is
not) it is clear that one cannot use single-gene mouse Oatp1a or
Oatp1b knockout strains to make reliable predictions on the in vivo
behavior of human OATP1A2, OATP1B1, or OATP1B3. This was an
important motivation to generate a complete Oatp1a/1b knockout
strain, and use it to speciﬁcally express human OATP1A2, OATP1B1,
and OATP1B3 in this knockout background (van de Steeg et al., 2012,
2013, 2010).
Table 1 lists the various Oatp1a and Oatp1b knockout strains,
and OATP1A/1B humanized strains that have been described so
far. Oatp1a1 and Oatp1a4 knockout strains were described by Ose
et al. (2010) and Gong et al. (2011). These mouse strains, originally made in 129/Ola ES cells by Deltagen, were backcrossed 10
times to a C57BL/6 background, and subsequent characterization
of these lines was mainly done in this genetic background. A few
independent Oatb1b2 knockout strains were generated. Lu et al.
(2008) described the generation and initial characterization of an
Oatp1b2 knockout strain generated in 129S1 ES cells, which was
backcrossed for 7 generations to a C57BL/6 background. Independently, Zaher et al. (2008) generated Oatp1b2 knockout mice using
DBA1/lacJ ES cells, which were further kept and characterized in
a DBA1/lacJ genetic background. Combined Oatp1a/1b knockout
mice, covering all the mouse Oatp1a and Oatp1b genes, were generated in 129/Ola ES cells. Initial characterization of Oatp1a/1b−/−
mice was done in a mixed (∼50%) 129/Ola and FVB genetic background (van de Steeg et al., 2010), but this strain was subsequently
backcrossed for at least 7 generations to an FVB background, in
which further characterization took place (van de Steeg et al.,
2012). These FVB background Oatp1a/1b−/− mice were then used
to generate three different humanized mouse strains with predominant expression of human OATP1A2, OATP1B1, or OATP1B3 cDNA,
respectively, in the liver parenchyme cells, again all in FVB background (van de Steeg et al., 2012, 2013). Moreover, a combined
humanized OATP1B1/OATP1B3 strain was created by crossing the
separate transgenic strains (Salphati et al., 2014).
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Fig. 1. Comparison of the human and mouse OATP1A/B/C gene clusters. The human OATP1A/B/C gene cluster is located on chromosome 12p. OATP1C1 is followed by
OATP1B3, the OATP1B-like pseudogene LST-3 (OATP1B7 according to Ensembl), OATP1B1, and OATP1A2. OATP1A2 is transcribed from the opposite strand compared to the
OATP1B- and OATP1C-type genes in the cluster. The mouse Oatp1a/b/c genes are located on chromosome 6p in a similar order as the human genes, starting with Oatp1c1
followed by Oatp1b2, Oatp1a-like pseudogene A (Ensembl: Gm5724), Oatp1a4, Oatp1a1, Oatp1a-like pseudogene B (Ensembl: Gm6614), Oatp1a6, and Oatp1a5. Analogous
to the human gene cluster, all Oatp1a-type genes (and pseudogenes) are oriented in the opposite transcription direction of the Oatp1b- and Oatp1c-type genes. The relative
sizes and distances of the genes are depicted roughly to scale, also between the mouse and human chromosome, but without showing exon/intron structures, and arrows
indicate the direction of transcription. Pseudogenes and their putative direction of transcription are rendered hatched. Directions of centromeres and telomeres and the
approximate size of the human and mouse gene clusters are indicated.

1.3. Caveats in using OATP1A/1B genetically modiﬁed mouse
models
It should be noted that the genetic background strain may at
times be important for the extent to which certain phenotypes
are detectable in knockout and transgenic mice. Although this
has not been systematically analyzed so far in the various Oatp
knockout strains, we have observed modest physiological changes
in Oatp1a/1b−/− mice in mixed Ola/129/FVB background, which
disappeared upon further backcrossing into an FVB background
(unpublished data).
Also the environmental conditions (e.g., diet, bedding, intestinal
microﬂora) may at times be important factors in the penetrance of certain phenotypes. For instance, we have observed that
FVB background Oatp1a/1b−/− mice analyzed in our facility (The
Netherlands Cancer Institute, NKI) had a marked induction of carboxylesterase genes relative to wild-type FVB mice (Iusuf et al.,
2014). However, the very same strain of mice obtained by other
groups through a commercial supplier (Taconic) did not show
a difference in carboxylesterase expression with wild-type mice
(Salphati et al., 2014). Further analysis suggested that this was
because the wild-type FVB mice obtained from Taconic already had
a much higher endogenous hepatic carboxylesterase expression
compared to FVB mice kept at the NKI, most likely because of environmental differences. The Oatp1a/1b knockout from “Taconic”
circumstances did not further increase carboxylesterase expression. Interestingly, humanizing the Oatp1a/1b knockout mice with
the OATP1B1 transgene did reverse the high carboxylesterase
expression in both NKI and Taconic mice (Iusuf et al., 2014;
Salphati et al., 2014), indicating that this could apparently overrule
any environmental factors causing the different carboxylesterase
expression in FVB wild-type mice. On the other hand, transgenic
OATP1B3 could fully reverse the carboxylesterase overexpression

in the NKI facility, but not elsewhere. This further supports that,
whatever the factor(s) pushing up carboxylesterase expression in
the Oatp1a/1b−/− (and FVB) mice, they were more prominent in the
other facilities than in the NKI facility. It is important to keep such
complications in mind when comparing the results in genetically
modiﬁed mouse strains obtained by different groups. Moreover, as
environmental conditions in mouse facilities cannot always be kept
under complete control, it is also possible that shifts in phenotypes
occur over time even within one facility.
Thirdly, also gender may substantially affect results obtained
with Oatp1a/1b genetically modiﬁed mice. For instance, Oatp1a1,
Oatp1a4, and Oatp1b2 are all substantially expressed in the basolateral (sinusoidal) membrane of the mouse liver. Judged by RNA
level, Oatp1a1 is more abundant in male than in female liver (about
2-fold), and Oatp1a4 in female liver (also about 2-fold), whereas
Oatp1b2 is similarly expressed in both genders (Cheng et al., 2005).
This can directly affect whether certain pharmacokinetic effects can
be detected in knockout strains. For instance, Gong et al. (2011)
found that Oatp1a1 deﬁciency substantially reduced the clearance
of the diagnostic dye dibromosulfophthalein in male mice, but not
in female mice.
In some cases, authors have asserted that the knockout of mouse
Oatp1b2, as the single mouse representative of the mammalian
OATP1B subfamily (Fig. 1), might be more or less equivalent to the
deﬁciency of OATP1B1 and OATP1B3 in humans (e.g., Zaher et al.,
2008). However, for many OATP substrates this assumption clearly
does not apply. In humans, OATP1B1 and OATP1B3 are the only
members of the OATP1A/1B family that are present in the basolateral membrane of liver parenchyme cells, and thus involved in the
uptake of substrates from blood into the liver. Human OATP1A2 is
also expressed in the liver, but only found in the cholangiocytes,
and therefore irrelevant for the direct uptake of compounds from
blood into the liver. In contrast, in the mouse there are two OATP1A
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proteins that are substantially present in the sinusoidal membrane
of liver parenchyme cells, Oatp1a1 and Oatp1a4. This means that
for any substrate that is substantially transported by both Oatp1b2
and either or both of Oatp1a1 or Oatp1a4, results obtained in single Oatp1b2−/− mice may underestimate the effects of OATP1B1
and OATP1B3 deﬁciency in humans. A case in point is the role
of OATP1B1 and OATP1B3 in the uptake of conjugated bilirubin.
Whereas single Oatp1b2−/− mice showed only a marginal increase
in plasma total and conjugated bilirubin levels (Lu et al., 2008; Zaher
et al., 2008), in full Oatp1a/1b−/− mice there was a pronounced
increase in plasma bilirubin glucuronide levels (van de Steeg et al.,
2010). The latter observation pointed to the prominent role that
human OATP1B1 and OATP1B3 play in the reuptake of conjugated
bilirubin in human liver, and provided the mechanistic explanation for the human Rotor syndrome caused by full OATP1B1 and
OATP1B3 deﬁciency (van de Steeg et al., 2012). Clearly, the redundant role of Oatp1a1 and Oatp1a4 relative to Oatp1b2 in hepatic
uptake of conjugated bilirubin in the mouse obscured the important contribution of the human OATP1B proteins in this process.
Great care must therefore be taken when extrapolating from results
in Oatp1b2−/− mice to the functional role of the human OATP1B1
and OATP1B3 proteins in liver. For pharmacokinetic studies, given
the very substantial but incomplete and unpredictable overlap
in substrate speciﬁcity between the various mouse and human
OATP1A/1B transporters, every drug should be carefully assessed
in its own right, and great caution should be used in extrapolating from results obtained in single knockout strains to the human
situation.
Keeping these caveats in mind, in this review we will focus on
recent studies performed with these mouse models for a range
of anticancer drugs. Fig. 2 provides an overview of the structures
of these drugs, also illustrating their structural diversity. The aim
of such studies was to obtain basic insight into the handling of
the anticancer drugs by OATP1A/1B proteins, in the hope that
this knowledge may ultimately be used to improve current anticancer drug treatment regimens, by enhancing therapeutic efﬁcacy
of these drugs, reducing toxic side effects, and possibly both.
2. Recent pharmacological and toxicity studies with OATP
knockout and humanized mice
2.1. Taxanes
The taxanes paclitaxel and docetaxel are cytotoxic anticancer
drugs that bind to microtubules and disrupt their function by stabilizing GDP-bound tubulin, thus interfering with proper cell division.
Paclitaxel and docetaxel are currently applied intravenously (i.v.)
in the treatment of several types of cancer, such as non-small cell
lung cancer, ovarian, breast, gastric, prostate, and head-and-neck
cancer (Gligorov and Lotz, 2004; Koolen et al., 2010). Both paclitaxel and docetaxel are quite large, very hydrophobic, uncharged
molecules (Fig. 2). It was therefore thought that they could pass
cell membranes primarily by passive diffusion, so it was initially a
bit of a surprise that these molecules were substantially taken up
into cells by OATP1B1 and OATP1B3 in several (but not all, see also
Section 4) in vitro expression systems (Baker et al., 2009; de Graan
et al., 2012; Nieuweboer et al., 2014; Smith et al., 2006; Svoboda
et al., 2011). To assess the possible in vivo relevance of this uptake
transport, a number of studies with paclitaxel and docetaxel were
performed in OATP/Oatp knockout and transgenic mice.
2.1.1. Paclitaxel
Van de Steeg et al. (2011) found that the paclitaxel plasma AUC
was more than 2-fold increased in Oatp1a/1b−/− relative to wildtype mice after i.v. administration at 10 mg/kg. Conversely, the
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liver AUC was 2-fold lower in the Oatp1a/1b−/− mice. Clear differences in plasma and liver paclitaxel concentrations were not
yet apparent at 3.5 min, but emerged from 7.5 min after administration. This suggests that the very early paclitaxel distribution,
when plasma concentrations were very high (>20 mg/l), was not
much dependent on Oatps. However, with plasma concentrations
below 20 mg/l, paclitaxel liver uptake and hence plasma clearance
became strongly dependent on Oatp1a/1b transporters. This suggested that at plasma levels above 20 mg/l the sinusoidal Oatp1a/1b
proteins were saturated, and other uptake processes, perhaps passive diffusion, dominated the liver uptake of paclitaxel. This was
supported by limited paclitaxel distribution studies at a higher
dosage (50 mg/kg), which yielded reduced differences between
Oatp1a/1b−/− and wild-type mice in plasma concentration (1.7fold) and liver concentration (1.5-fold) 30 min after paclitaxel
administration compared to the 10 mg/kg dose (1.9-fold and 2.2.fold, respectively). Overall, the data indicate a substantial role of
hepatic sinusoidal Oatp1a/1b proteins in the clearance of paclitaxel from plasma, at plasma concentrations that can also occur
in patients. Following high-dose paclitaxel chemotherapy, peak
plasma concentrations range from 2 to 11 mg/l (Rowinsky and
Donehower, 1995), i.e. well below the saturation level of the
Oatp1a/1b proteins. A later, independent study by Nieuweboer
et al. (2014) found quantitatively similar effects of a single Oatp1b2
knockout on the plasma AUC and liver accumulation of i.v. paclitaxel dosed at 5 mg/kg in mice. This could indicate that most of
the effects on paclitaxel observed in the Oatp1a/1b−/− mice were
primarily mediated by Oatp1b2 deﬁciency, although differences in
genetic background strain (DBA/1lacJ vs. FVB), exact paclitaxel formulation used, laboratory and even period of experimentation, may
all affect the detailed outcome of such studies (e.g. Nieuweboer
et al., 2014; Sparreboom and Mathijssen, 2014).
In a follow-up study, the pharmacokinetics of paclitaxel was
analyzed in “humanized” Oatp1a/1b−/− mice with transgenic
expression of human OATP1B1, OATP1B3, or OATP1A2 in the
liver parenchyme cells (van de Steeg et al., 2013). The transgenic promoter/enhancer used was chosen to obtain preferential
expression of the human proteins in liver parenchyme cells, which
was successful, although minor OATP1B1 and OATP1B3 transgene
expression was also found in kidney, but not small intestine. Based
on protein immunoblot analysis and protein mass spectrometry,
the hepatic level of transgenic OATP1B1 was in the same order
as that observed in human liver samples, and that of transgenic
OATP1B3 somewhat higher, with estimated humanized/human
ratios of 0.5- to 1-fold and ∼3-fold for OATP1B1 and OATP1B3,
respectively (Higgins et al., 2014; Salphati et al., 2014). Transgenic
OATP1A2 expression was much higher than in human liver, but
this relates mostly to the fact that OATP1A2 in human liver is only
expressed in cholangiocytes, whereas in the transgenic mice it is
expressed in the far more abundant liver parenchyme cells. This
also means that the OATP1A2 humanized mouse strain does not
represent a physiologically correct model of the normal OATP1A2
function in human liver. However, it does allow an assessment
of the in vivo functioning of OATP1A2 in uptake of drugs and
other compounds from plasma. This may, inter alia, be relevant
as OATP1A2 is substantially expressed in the human blood-brain
barrier, in apical membranes of kidney tubules, and in a variety of
human tumors (van de Steeg et al., 2013 and references therein).
Immunohistochemically, transgenic OATP1B1 was found in the
sinusoidal membrane of hepatocytes and expressed throughout the
liver lobule, albeit with stronger staining around the portal vein in
human liver, whereas this transporter is variously reported to be
expressed throughout the liver lobule, or primarily in centrilobular
hepatocytes (van de Steeg et al., 2009, 2013). Transgenic OATP1B3
was likewise found in the hepatocyte sinusoidal membrane, showing somewhat dispersed distribution throughout the liver lobules
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Fig. 2. Structures of anticancer drugs clearly affected by Oatp1a/1b activity in vivo. Drugs that are structurally closely related, but that are not appreciably affected by
Oatp1a/1b-mediated transport in vivo are named in italics and marked with an asterisk. While paclitaxel and docetaxel are clearly transported, cabazitaxel, which differs in
just two methoxy groups from docetaxel, is not appreciably transported by Oatp1a/1b in vivo. Oatp1a/1b activity in mice clearly affects disposition of both irinotecan and
its active metabolite SN-38. Sorafenib itself is not noticeably transported by Oatp1a/1b in vivo, but its glucuronate conjugate sorafenib-␤-D-glucuronide is. For cisplatin it
should be noted that this drug is highly reactive, and only total Pt levels are measured in in vivo experiments. It is therefore possible that structurally different complexes
resulting from cisplatin reactions are primarily transported by Oatp1a/1b proteins.
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(van de Steeg et al., 2013). In human liver OATP1B3 is preferentially
found in the sinusoidal membranes of centrilobular hepatocytes.
Although the transgenic OATP1B1 and OATP1B3 therefore do not
exactly reﬂect the lobular subdistribution of OATPs in human liver,
subsequent studies revealed good functionality of these proteins
(as well as transgenic OATP1A2) in the liver uptake and plasma
clearance of a range of compounds.
Strong support for the functional activity of the hepatic
OATP1B1, -1B3 and -1A2 transporters in the humanized strains
came from the reversal of the highly increased plasma bilirubin
levels found in the Oatp1a/1b−/− mice relative to wild-type mice
(van de Steeg et al., 2013). The increased plasma levels of bilirubin monoglucuronide and diglucuronide were reversed to nearly
wild-type levels (>15-fold and >7-fold reduction, respectively) by
both OATP1B1 and OATP1B3 expression, whereas OATP1A2 caused
a more modest 2-fold reduction. Interestingly, transgenic OATP1A2
was the only transporter that could signiﬁcantly reduce the 2-fold
increased levels of unconjugated bilirubin back to wild-type levels.
This suggests that OATP1A2 is a relatively more efﬁcient transporter of unconjugated bilirubin compared to conjugated bilirubin,
whereas the inverse is true for OATP1B1 and OATP1B3. What this
means for the normal biological function of human OATP1A2 in
cholangiocytes is as yet unclear. Perhaps it plays a role in the
resorption of highly insoluble unconjugated bilirubin inadvertently
formed in bile, thus reducing the chance of formation of bilirubincontaining gallstones, but for the moment this possibility remains
speculative.
A limited pharmacokinetic study of paclitaxel in the OATP
humanized mice revealed a modest, ∼1.6-fold, but highly signiﬁcant effect of OATP1B3 and OATP1A2 in enhancing the liver uptake
of paclitaxel dosed i.v. at 2 mg/kg compared to that in Oatp1a/1b
knockout mice. A smaller effect was observed at 10 mg/kg i.v. paclitaxel (only signiﬁcant for OATP1A2). Transgenic OATP1B1 did not
elicit signiﬁcant changes relative to Oatp1a/1b−/− mice at either
dose (van de Steeg et al., 2013). Collectively, these data suggest that
OATP1B3 and perhaps OATP1B1 may only have modest effects on
paclitaxel liver uptake and clearance in humans. It should be kept in
mind, though, that, unlike the situation in single humanized mice,
in human liver OATP1B1 and OATP1B3 usually function simultaneously, which could well enhance their overall pharmacokinetic
impact by additive effects. Such an additive effect was indeed
observed for another drug in recently generated OATP1B1/1B3
double-transgenic mice, where single OATP1B1 or OATP1B3 transgenes did not markedly reduce the AUC of pravastatin after i.v.
administration, but the combination reversed the AUC to close to
that seen in wild-type mice (Salphati et al., 2014).
2.1.2. Docetaxel
Although quantitatively divergent results have been obtained
for the impact of Oatp1b2 and Oatp1a/1b knockouts, and of
various OATP1A2/1B1/1B3 humanized transgenes on docetaxel
pharmacokinetics, all studies to date support a role of these
OATP/Oatps in docetaxel clearance. De Graan et al. (2012) reported
that after i.v. administration of docetaxel at 10 mg/kg to wildtype and Oatp1b2−/− mice, the plasma AUC was 26.3-fold higher
in Oatp1b2−/− mice, indicating a very large effect of Oatp1b2
removal. As expected, the liver-to-plasma AUC ratio was reduced
in Oatp1b2−/− mice, by 6.2-fold. However, somewhat surprisingly,
the liver docetaxel AUC itself was substantially higher (4.3-fold) in
Oatp1b2−/− compared to wild-type mice, rather than lower (or perhaps equal, see below). This result was unexpected in case the liver
uptake of docetaxel was strongly reduced in the knockout mice.
An analysis of potential compensatory expression changes of functionally related genes in the knockout mice did not yield obvious
alternative causes of the changes in docetaxel pharmacokinetics. A
simple mechanistic explanation of the observed increased liver AUC
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of docetaxel in the Oatp1b2−/− mice is for the moment therefore
still lacking.
The potential experimental variability of these docetaxel pharmacokinetic studies was illustrated by the outcome of very similar
experiments that were performed a few years later by the same
group, in the same mouse strains, under apparently the same conditions (Hu et al., 2014; Sparreboom and Mathijssen, 2014). Instead
of a 26-fold higher plasma AUC of docetaxel in the Oatp1b2−/−
mice, only a 1.6-fold increase was observed, which was, however,
still statistically signiﬁcant. The main difference was not a change
over time in the plasma AUC of the Oatp1b2−/− mice (∼7400 vs.
∼8800 ng x h/ml), but almost entirely attributable to a much higher
plasma AUC of docetaxel in the wild-type mice compared to the earlier experiments (4500 vs. 336 ng x h/ml). Despite extensive later
analyses by the same group, the cause of these divergent results is
still unclear (Sparreboom and Mathijssen, 2014). Although in our
experience it is not uncommon to see some variation in absolute
drug levels (AUC) measured in pharmacokinetic studies performed
a few years apart under otherwise seemingly identical conditions,
this usually concerns less than about 2-fold differences. However
this may be, collectively, the data still indicate a role for Oatp1b2 in
the clearance of i.v. docetaxel, most likely by mediating uptake of
docetaxel from blood into the liver. This was further corroborated
by independent studies by two other groups.
Using the same strain of Oatp1b2−/− mice, Lee et al. (2015) very
recently reported a limited, 30 min pharmacokinetic study with
i.v. [3 H]-docetaxel dosed at 1 mg/kg. By determining plasma and
liver radioactivity, they found a 5.5-fold higher plasma AUC of [3 H]docetaxel equivalents in Oatp1b2−/− mice (340 ± 149 vs 62 ± 8 ng x
h/ml, P < 0.05), no signiﬁcant difference in liver concentrations, but
a 3-fold decreased liver-to-plasma ratio (P < 0.05). While concerning total radioactivity measurements, which may be complicated
by extensive and possibly differential docetaxel metabolism, these
results qualitatively support the ﬁndings of Hu et al. (2014) and De
Graan et al. (2012), indicating a role of Oatp1b2 in plasma clearance
of docetaxel by mediating uptake into the liver.
Iusuf et al. (2015) studied docetaxel pharmacokinetics in
Oatp1a/1b−/− mice of an FVB genetic background, using a lowpolysorbate 80 formulation to minimize possible inhibitory effects
on Oatps (de Graan et al., 2012; Nieuweboer et al., 2014). After
i.v. administration of docetaxel at 10 mg/kg, the plasma AUC was
2.9-fold higher in the Oatp1a/1b−/− mice (609 vs 212 g x min/ml,
P < 0.001). Similar to the ﬁndings of Lee et al. (2015), the liver exposure was not substantially altered in the Oatp1a/1b−/− mice, but the
liver-to-plasma ratio was markedly lower at all except the earliest
time points (at least 3-fold or more after 15 min). A limited pharmacokinetic study (15–60 min) of i.v. docetaxel (dosed at 10 mg/kg)
in OATP1B1, OATP1B3, and OATP1A2 humanized mice indicated
a 4-fold increase in docetaxel plasma AUC in Oatp1a/1b−/− compared to wild-type mice, which was largely reversed in both
OATP1B1- and OATP1A2-transgenic mice (P < 0.001), and more
modestly (P < 0.01) in OATP1B3-transgenic mice (Iusuf et al., 2015)
(Fig. 3A and B). In accordance with the unaltered liver AUC in the
Oatp1a/1b−/− mice, the liver AUCs in all the humanized strains
were not signiﬁcantly different from those in the wild-type and
Oatp1a/1b−/− mice.
These unaltered liver AUC data are readily explained by a physiologically based pharmacokinetic model developed by Watanabe
et al., 2009, 2010). This shows that a strong reduction in hepatic
uptake of drugs that have little alternative extrahepatic clearance (e.g., renal clearance), will often result in markedly increased
plasma levels of the drug, but only very small changes in the
liver AUC. Accordingly, liver-to-plasma concentration ratios will
decrease, but mainly due to the increased plasma concentrations
of the drug. This is exactly the behavior that was observed for docetaxel in the studies of Iusuf et al. (2015) and Lee et al. (2015), but also
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Fig. 3. Impact of mouse and human OATP1A/1B transporters on the plasma and liver disposition of various anti-cancer drugs. Plasma disposition (A, C, and E) and liverto-plasma ratios (B, D, and F) of docetaxel, SN-38 and doxorubicin are shown in the ﬁgure at various time points after i.v. administration of 10 mg/kg docetaxel, 10 mg/kg
irinotecan (pro-drug of SN-38) or 5 mg/kg of doxorubicin, respectively. Drugs were administered to wild-type and Oatp1a/1b−/− mice, and to OATP1B1-, OATP1B3-, and
OATP1A2-transgenic mice in an Oatp1a/1b−/− background. Data are presented as mean ± SD [*P < 0.05; **P < 0.01; ***P < 0.001 when compared with wild-type; # P < 0.05;
##
P < 0.01; ### P < 0.001 when compared with Oatp1a/1b−/− mice]. Note that different units are used to indicate the plasma concentrations of each drug. This ﬁgure was
modiﬁed with permission from previously published experimental data of Iusuf et al. (2015, 2014) and Durmus et al. (2014).

earlier for rosuvastatin, another OATP substrate (Iusuf et al., 2013).
Only the earlier data of De Graan et al. (2012), which appeared to
show a >4-fold increase in liver AUC of docetaxel in Oatp1b2−/−
mice are not yet adequately explained.
Nonetheless, the collective data in Oatp knockout and various
OATP1B-humanized strains provide strong support for the concept that mouse Oatp1b2 and human OATP1B1 and OATP1B3 in
the sinusoidal membrane of the liver can contribute substantially
to the liver uptake of docetaxel, and thus its plasma clearance as
shown in Fig. 3A and B. It is further noteworthy that the contribution to docetaxel clearance of OATP1B1 and OATP1B3 in the human
liver will likely be at least additive. It could therefore be that coadministration of docetaxel with strong inhibitors of OATP1B1 and
OATP1B3 might result in unwarranted overexposure of patients to
docetaxel, which only has a narrow therapeutic window.
2.1.3. Cabazitaxel
The taxane cabazitaxel was recently introduced in the clinic as
a second-line treatment of hormone-refractory prostate cancer.
Amongst others this compound is less affected by multidrug resistance caused by the MDR1 P-glycoprotein than docetaxel (Figg and
Figg, 2010; Kathawala et al., 2015; Paller and Antonarakis, 2011)
However, recent studies demonstrated that stepwise selection of
MCF-7 cells to cabazitaxel resulted in P-gp overexpression (Duran
et al., 2015). (Interestingly, cabazitaxel has a very similar structure
as docetaxel, with the only difference being that two hydroxy
groups in docetaxel are replaced by methoxy groups (Fig. 2).
However, in spite of this great similarity to docetaxel, cabazitaxel
appears not to be transported by human OATP1B1 and OATP1B3
or mouse Oatp1b2 in HEK293 cells, or in vivo in Oatp1b2 knockout
mice (Nieuweboer et al., 2014). This illustrates how apparently
minor structural modiﬁcations can sometimes have dramatic
effects on whether a compound is transported by OATPs, as is
also the case for MDR transporters of the ABC superfamily such as
ABCG2 (Bram et al., 2009). On the positive side, this probably also
means that for this drug, variations in OATP1B activity in patients
due to genetic polymorphisms, drug–drug interactions or variable

expression in tumors, are less likely to affect the therapeutic
efﬁcacy or toxicity.
2.2. Irinotecan/SN-38
The anticancer drug irinotecan is a topoisomerase I inhibitor
widely used in the treatment of colorectal, ovarian and lung cancer.
Its therapeutic index is quite low, in part owing to its complex pharmacokinetics involving a variety of metabolic enzymes and drug
transporters. Irinotecan, essentially a prodrug, is hydrolyzed to its
primary pharmacodynamically active metabolite, SN-38, by various carboxylesterases occurring in liver, intestine, and, in mice, also
in plasma (Innocenti et al., 2009; Mathijssen et al., 2002). Severe
toxic side effects of irinotecan therapy include diarrhea and neutropenia, and these generally correlate with the systemic exposure
to SN-38 (Smith et al., 2006). Low-activity polymorphic variants of
OATP1B1, which may lead to impaired hepatic clearance of irinotecan and/or SN-38, are associated with increased systemic exposure
to SN-38 and life-threatening toxicity (Han et al., 2008; Takane
et al., 2009; Xiang et al., 2006). It was therefore of great interest
to improve our understanding of the in vivo impact of OATPs on
irinotecan/SN-38 pharmacokinetics and toxicity using a panel of
Oatp/OATP knockout and transgenic mice. As it turned out, however, this study also revealed a potentially important confounder
in studies with these mouse strains for drugs that can be affected
by plasma carboxylesterases.
Initial studies of i.v. administered irinotecan (10 mg/kg) in wildtype and Oatp1a/1b−/− mice showed consistently higher plasma
levels of irinotecan (AUC 1.7-fold higher) and SN-38 (AUC 2.9-fold
higher) in the knockout mice, and roughly similar liver concentrations, resulting in clearly decreased liver-to-plasma ratios of
both compounds in the knockouts at virtually all time points (Iusuf
et al., 2014). This is consistent with reduced uptake of both these
compounds from blood into the liver in the absence of Oatp1a/1b
transporters, causing higher plasma levels. The amount of plasma
SN-38 as a fraction of plasma irinotecan was ∼10% in wildtype mice, and ∼23% in knockout mice. A medium-term toxicity
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experiment, with daily i.v. administrations of irinotecan (30 mg/kg)
over 6 days resulted in more extensive weight loss in the
Oatp1a/1b−/− mice, and a more pronounced reduction in the white
blood cell count than in the wild-type mice measured at the end of
the experiment (day 7). Assessed at this same day 7, there was some
toxicity to bone marrow, thymus, and small intestine in wild-type
mice, but this was much more pronounced in Oatp1a/1b−/− mice
(Iusuf et al., 2014). These data were in line with a much higher
plasma concentration of SN-38 in the Oatp1a/1b−/− mice measured
24 h after the last irinotecan administration, whereas the irinotecan
concentrations at this time point were not signiﬁcantly different
from wild-type mice. It seems very likely that the higher exposure to SN-38 in the Oatp1a/1b−/− mice was the main cause of the
increased toxicity. The most obvious explanation for the higher SN38 exposure was strongly reduced hepatic clearance of SN-38, and
likely also of its precursor irinotecan, by elimination of the mouse
Oatp1a/1b transporters.
2.2.1. Upregulation of plasma carboxylesterase in Oatp1a/1b−/−
mice
Further analyses revealed, however, that the higher SN-38 exposure was not caused solely by a decreased clearance of SN-38
directly due to a deﬁciency of Oatp1a/1b transporters. It turned out
that, tested ex vivo, plasma of Oatp1a/1b−/− mice contained a highly
increased level of irinotecan hydrolase activity, which caused a far
more rapid formation of SN-38 from irinotecan than observed in
wild-type plasma. This difference was most likely the result of
the highly increased expression of a number of carboxylesterase
(Ces) genes in the liver of Oatp1a/1b−/− mice, namely Ces1b, Ces1c,
Ces1d and Ces1e. Ces1c, which is relatively abundant, displayed
an 80-fold increase in RNA levels (Iusuf et al., 2014). Interestingly,
the mouse Ces1c enzyme is known to be mainly secreted from
liver into plasma, due to the absence of a C-terminal endoplasmic reticulum retention signal in its amino acid sequence (Holmes
et al., 2010). Application of the carboxylesterase inhibitor bis(4nitrophenyl) phosphate (BNPP) supported that increased plasma
carboxylesterase activity was responsible for the hydrolysis of
irinotecan in Oatp1a/1b−/− plasma. Moreover, various other tested
Ces1, Ces2, and Ces3 family genes, and genes for other candidate
plasma esterase enzymes like butyrylcholinesterase, Aadac, and
Pon1-3, were not upregulated in the Oatp1a/1b−/− liver. Altogether,
Ces1c upregulation is thus the most likely cause of the increased
hydrolysis of irinotecan in Oatp1a/1b−/− mice.
That the increase in Ces1c expression was a direct consequence
of the functional Oatp1a/1b deﬁciency was strongly supported
by analysis of Ces gene expression in OATP1B1- and OATP1B3humanized transgenic derivatives of Oatp1a/1b−/− mice: the highly
increased liver expression of Ces1c, but also of Ces1b, Ces1d and
Ces1e, were markedly reduced, for Ces1c and Ces1d to even below
the level of expression seen in wild-type mice, by both transgenic
OATP1B1 and OATP1B3 (Iusuf et al., 2014). This indicates that the
function of the removed Oatp1a/1b genes responsible for keeping liver Ces1 expression low could be taken over by both human
OATP1B1 and human OATP1B3. Still, the exact mechanism underlying these Ces-regulatory functions of Oatp/OATP1 proteins is as
yet unclear. An obvious possibility appears to be a detoxifying function of these proteins, normally involved in removing one or more
Ces-inducing compounds from the body. Such compounds might
be of endogenous or exogenous origin (dietary, or metabolites or
even primary products formed by the intestinal microﬂora), or possibly both. Their prolonged retention in the body might increase
the overall liver exposure and thus Ces induction in the knockout
strain. Further support for the involvement of a detoxifying role of
the Oatp1a/1b proteins in Ces gene expression emerges from the
ﬁnding that the knockout of a number of other broad-speciﬁcity
detoxifying proteins in FVB mice, including the multidrug efﬂux
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transporters Abcb1a/1b and Abcg2, and the multidrug metabolizing Cyp3a complex, cause similar levels of upregulation of hepatic
Ces1b, Ces1c, Ces1d, and Ces1e expression (Lagas et al., 2012; Tang
et al., 2015, 2014). Alternatively, a function of the OATPs in liver
uptake of Ces-repressing compounds is also a possibility. If these
compounds then get efﬁciently cleared through alternative routes,
maybe renal or by metabolism, the effective liver exposure to these
compounds might be reduced in the Oatp1a/1b knockout mice.
However, for the moment these options remain speculative.
2.2.2. Irinotecan studies in OATP1B1 and OATP1B3 humanized
mice
Whatever the mechanism of Ces upregulation, the increased
plasma levels of Ces1c in Oatp1a/1b−/− mice might confound interpretation of the irinotecan and SN-38 disposition and toxicity
results in these mice. The increased conversion of irinotecan to
SN-38 could reduce plasma irinotecan levels, and increase SN38 levels independent of direct Oatp-mediated transport. For this
reason, among others, i.v. irinotecan studies were also performed
in the OATP1B1 and OATP1B3 humanized mice, as these have a
mostly normalized plasma Ces1c activity. The results obtained for
irinotecan and SN-38 were strikingly different: the humanized
mice showed higher plasma levels of irinotecan compared to wildtype mice, but similar liver concentrations, resulting in markedly
reduced liver-to-plasma ratios of irinotecan. As these differences
cannot be attributed to Ces upregulation, the results suggest that
the transgenic OATP1B1 and OATP1B3 are far less efﬁcient (if at
all) in taking up irinotecan into the liver than the mouse Oatp1a/1b
proteins (which are absent from the humanized mice). This also
explains the higher plasma levels of irinotecan in the humanized
mice compared to wild-type mice.
In contrast, for SN-38 after i.v. irinotecan administration we
found that the plasma levels in the transgenic mice were markedly
reduced compared to Oatp1a/1b−/− mice, but similar to those in
wild-type mice (Fig. 3C and D). In theory this could either be caused
by the up- and down-regulation of Ces1c, or by changes in SN-38
clearance. Interestingly, the liver levels in all tested strains were
the same, and the liver-to-plasma ratios of SN-38 were identical
between the wild-type and transgenic strains, but markedly higher
than in Oatp1a/1b−/− mice. The latter result strongly suggests that
the liver uptake of SN-38 was compromised in the Oatp1a/1b−/−
mice, and mostly restored by OATP1B1 and OATP1B3 in the humanized strains (Fig. 3C and D).
2.2.3. SN-38 disposition in Oatp1a/1b−/− mice
In an alternative approach to circumvent the complications of
Ces upregulation in the Oatp1a/1b−/− mice, SN-38 was directly
administered i.v. to these mice, at 1 mg/kg in view of the considerable solubility and formulation limitations of SN-38. This resulted
in signiﬁcantly higher plasma levels of SN-38 shortly after administration, and signiﬁcantly lower liver concentrations compared to
levels in wild-type mice. A reduced short-term liver uptake of SN38 was further supported by a two-fold decrease in biliary excretion
of SN-38 in the Oatp1a/1b−/− mice (Iusuf et al., 2014).
Collectively, the mouse studies indicate that both irinotecan and
SN-38 are cleared from plasma by uptake into the liver through
one or more of the mouse hepatic Oatp1a/1b transporters. In contrast, the transgenic human OATP1B1 and OATP1B3 can mediate
substantial liver uptake and plasma clearance of SN-38, but not of
irinotecan. These results ﬁt well with in vitro studies, which found
that SN-38 is readily transported by human OATP1B and OATP1B3,
whereas irinotecan is not (Nozawa et al., 2005; Oostendorp et al.,
2009; Yamaguchi et al., 2008). The results indicate species differences in substrate speciﬁcity between the mouse and human
hepatic OATP1A/1B proteins, as expressed in vivo in mouse hepatocytes. The irinotecan/SN-38 toxicity data in the mouse strains are
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more difﬁcult to interpret in view of the altered Ces1c levels and
rate of SN-38 formation in Oatp1a/1b−/− mice. However, extrapolating from the delayed hepatic SN-38 clearance in Oatp1a/1b−/−
mice and its reversal by human OATP1B1 and OATP1B3, it seems
very likely that also in humans these proteins are involved in the
detoxiﬁcation of SN-38. This would be in line with the clinical
observations that partial deﬁciencies in OATP1B1 due to genetic
polymorphisms correlate with increased irinotecan/SN-38 toxicity
(Han et al., 2008; Takane et al., 2009; Xiang et al., 2006). The data of
Iusuf et al. (2014) strongly suggest that this has primarily to do with
delayed SN-38 clearance in these patients due to the compromised
function of OATP1B1.
2.3. Methotrexate
Methotrexate is a folate antimetabolite that is used in the
treatment of several important cancer types (breast cancer, lung
cancer, head- and neck cancer, non-Hodgkin’s lymphoma) (Assaraf,
2007; Gonen and Assaraf, 2012). It is also used, albeit at usually
lower dosage, and mostly orally, to treat non-malignant disorders such as rheumatoid arthritis and psoriasis (van Outryve et al.,
2002; Wessels et al., 2008). Methotrexate is a bicarboxylic organic
anion, that is known to be transported in vitro by a number of
OATP1A/1B proteins, including human OATP1B1, OATP1B3, and
OATP1A2 (Abe et al., 2001; Badagnani et al., 2006; Sasaki et al.,
2004). In addition, a genome-wide association study showed that
SNPs in SLCO1B1 associated with reduced transport activity were
linked to decreased plasma clearance and decreased gastrointestinal toxicity in children with acute lymphoblastic leukemia (ALL)
treated with high-dose i.v. methotrexate infusions (Trevino et al.,
2009).
2.3.1. Methotrexate pharmacokinetics in Oatp1a/1b knockout
mice
Initial characterization of i.v. methotrexate pharmacokinetics
in Oatp1a/1b−/− mice revealed dramatic effects on plasma clearance and liver uptake of the drug (van de Steeg et al., 2010). The
plasma AUC was increased 5-fold in Oatp1a/1b−/− mice, and liver
concentrations were about 20-fold reduced. Hepatic methotrexate uptake was very rapid, with >50% of the dose accumulating in
the wild-type liver within 3.5 min after i.v. dosing, whereas only
∼2% of the drug accumulated in the liver of Oatp1a/1b−/− mice.
As could be expected from the dramatically reduced liver uptake
of methotrexate, the total intestinal content of i.v. methotrexate,
which mostly derives from biliary excretion, was about 17-fold
reduced in the Oatp1a/1b−/− mice. Accordingly, the amount of
unchanged methotrexate excreted in the feces was reduced from
∼20% to ∼2% of the dose administered. In contrast, the urinary
excretion rose from ∼40% of the dose in wild-type mice to ∼100% in
Oatp1a/1b−/− mice, indicating a substantial rerouting from hepatobiliary to renal excretion.
As some Oatp1a/1b proteins are also expressed in the mouse
small intestine (Slco1a4, and to a lower extent Slco1a5 and Slco1a6
RNA were detected (Cheng et al., 2005), an oral methotrexate study
was also performed to assess possible changes in oral availability.
However, whereas the systemic plasma and liver concentrations of
methotrexate followed similar patterns as seen after i.v. administration, short-term hepatic portal vein sampling didn’t provide any
indication for a reduced rate of intestinal uptake of methotrexate in
the Oatp1a/1b−/− mice. Apparently other intestinal uptake systems
are primarily involved in the uptake of this bi-anionic compound.
In fact, despite extensive efforts, no one has thus far directly
demonstrated for any OATP substrate drug that its intestinal uptake
is detectably dependent on Oatp1a/1b proteins. Directly tested
drugs include, in addition to methotrexate, fexofenadine, pravastatin, and rosuvastatin (Iusuf et al., 2012a, 2013; van de Steeg et al.,

2010), as well as a number of other, as yet unpublished, drugs. This
raises the broader question whether or not Oatp1a/1b proteins play
any signiﬁcant role in the intestinal uptake of orally administered
substrate drugs. However, there can be many causes for negative
results in this respect, including the possibility of extensive redundancy with one or more other intestinal uptake transport systems.
Further experimentation will be needed to resolve the intriguing question what transport systems are primarily involved in the
intestinal uptake of a spectrum of relatively polar or charged drugs.
The Oatp1a/1b−/− mice can also be used to assess the efﬁcacy
and speciﬁcity of OATP-inhibiting drugs, for instance as a cause
of drug–drug interactions. For this purpose rifampicin, a known
OATP inhibitor, was administered i.v. 3 min before i.v. methotrexate to wild-type and Oatp1a/1b−/− mice, and methotrexate plasma
and liver concentrations were determined 15 min later (van de
Steeg et al., 2010). The methotrexate plasma concentration was
increased threefold by rifampicin treatment in wild-type mice, to
the same levels as seen in Oatp1a/1b−/− mice. In the knockout
mice, rifampicin treatment had no effect on the plasma levels of
methotrexate. The liver concentration of methotrexate in wild-type
mice was 4-fold decreased by rifampicin, to about 9% of the administered dose. The liver concentration in Oatp1a/1b knockout mice
was still lower (∼1% of the dose), and not affected by rifampicin
treatment. These results indicate that rifampicin could largely, but
not completely, inhibit Oatp1a/1b-mediated methotrexate uptake
into the liver, and thus its associated plasma clearance. The lack
of effect of rifampicin on methotrexate pharmacokinetics in the
Oatp1a/1b−/− mice indicates that it did not signiﬁcantly affect other
methotrexate clearance mechanisms, attesting to its speciﬁcity
under these conditions.
2.3.2. Methotrexate pharmacokinetics in OATP-humanized mice
In a follow-up study, methotrexate pharmacokinetics was
analyzed in OATP1B1-, OATP1B3- and OATP1A2-humanized
Oatp1a/1b−/− mice (van de Steeg et al., 2013). As explained elsewhere in this review (Section 2.1.1), these three transgenes are
primarily expressed in liver parenchyme cells in these mice, and the
proteins are situated in the basolateral (sinusoidal) membrane. For
OATP1B1 and OATP1B3 this is the physiologically relevant localization, but for OATP1A2 it is not, as in human liver it is found
primarily in cholangiocytes, the epithelial cells lining the bile ducts.
Still, inclusion of the latter strain allows analysis of the in vivo
functioning of OATP1A2 in drug uptake, which can be relevant for
assessment of any drug uptake that it may mediate in other tissues
and in tumor cells.
Methotrexate was administered i.v. at two different doses (10
and 2 mg/kg) to wild-type, Oatp1a/1b−/− , and the three humanized mouse strains, and plasma, liver, and intestine (tissue plus
contents) levels of methotrexate were measured 15 min after
administration (van de Steeg et al., 2013). As observed previously,
at 10 mg/kg in the knockout mice, methotrexate plasma levels were
increased 5-fold, whereas liver levels were decreased 24-fold, and
small intestine levels 20-fold (Table 2). Each of the three humanized
transgenes partially reversed all of the three measured parameters, albeit not to the levels seen in wild-type mice. Plasma levels
of methotrexate were reduced ∼2-fold, and liver levels increased
by 4- to 9-fold. Small intestinal levels were 2- to 4-fold increased.
Qualitatively very similar results were obtained at the 2 mg/kg
methotrexate dose (Table 2). In general, transgenic OATP1B3 and
OATP1A2 caused a ∼2-fold more effective reversal of liver and small
intestinal concentrations than OATP1B1, whereas the plasma reversal effects were similar between the three transgenes. The partial
reversal by the humanized OATP1B1 and OATP1B3 proteins compared to wild-type parameters could relate to species differences in
substrate preference between mouse and human Oatp/OATP proteins, but also to differences in effective expression level. Also,
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Table 2
Impact of OATP transporters in Oatp1a/1b knockout and OATP1A/1B transgenic mice on plasma concentration and tissue distribution of intravenously administered MTX (at
10 and 2 mg/kg, 15 min after administration).
Dose

Mouse strains

Plasma concentration (g/ml)

10 mg/kg

WT
Oatp1a/1b−/−
Oatp1a/1b−/− ;1B1tg
Oatp1a/1b−/− ;1B3tg
Oatp1a/1b−/− ;1A2tg

1.55
7.59
4.66
4.35
4.03

±
±
±
±
±

0.24
0.76
0.38
0.52
1.00

30.0
1.24
4.54
9.62
11.3

±
±
±
±
±

4.1
0.14
1.24
0.69
2.1

20.9
0.94
2.48
5.21
5.81

±
±
±
±
±

1.4
0.17
0.60
1.03
2.56

2 mg/kg

WT
Oatp1a/1b−/−
Oatp1a/1b−/− ;1B1tg
Oatp1a/1b−/− ;1B3tg
Oatp1a/1b−/− ;1A2tg

0.50
1.90
0.93
1.11
0.88

±
±
±
±
±

0.07
0.29
0.18
0.14
0.11

33.0
1.65
5.09
10.2
9.07

±
±
±
±
±

5.1
0.14
0.41
1.2
0.96

12.0
1.62
2.56
3.93
3.76

±
±
±
±
±

0.6
0.26
0.60
0.51
0.51

in human liver OATP1B1 and OATP1B3 would presumably act
additively towards methotrexate, and thus may cause larger pharmacokinetic effects than suggested by the effects seen in the single
transgenic strains. Regardless, the data clearly show that human
OATP1B1 and OATP1B3 can have major effects on the plasma level,
hepatic uptake clearance, and subsequent hepatobiliary/intestinal
excretion of methotrexate. Moreover, as OATP1B3 is also expressed
in various gastrointestinal, hepatocellular, breast, and lung cancers,
it may further affect susceptibility of these cancers to OATP1B3
substrate drugs (Abe et al., 2001; Cui et al., 2003; Monks et al.,
2007; Muto et al., 2007). The data obtained for human OATP1A2
suggest that this protein could substantially affect methotrexate
uptake in vivo in other relevant tissues and barriers, such as the
blood-brain barrier, kidney tubules, and tumor cells that express
OATP1A2 (Gao et al., 2000; Lee et al., 2005).
2.3.3. Impact of rifampicin and telmisartan co-administration on
OATP-mediated methotrexate disposition
The humanized mouse strains were subsequently used to further investigate OATP-dependent drug–drug interactions, starting
with the inhibitory effect of rifampicin on in vivo methotrexate transport by human OATP1B1 and OATP1B3. Using various
human OATP-overexpressing HEK293 cells, Durmus et al. (2015)
showed that rifampicin inhibited methotrexate uptake in vitro,
with IC50 levels ranging from 0.3 to 0.9 M. In the mouse models, rifampicin (20 mg/kg, i.v.) substantially inhibited both mouse
and human OATP-mediated hepatic uptake and plasma disposition
of methotrexate (10 mg/kg, i.v.) at clinically achievable concentrations for each of the drugs. As shown in Table 3, liver-to-plasma
ratios of methotrexate were decreased 6- to 8-fold by inhibiting the
mouse Oatp1a/1b proteins, ∼4-fold by inhibiting human OATP1B1
and 11- to 18-fold by inhibiting human OATP1B3. This also led to
increased plasma levels of methotrexate by 4- to 5-fold in mouse
Oatp1a/1b background and up to 2-fold in humanized OATP1B1 or
OATP1B3 background (Table 3).
Although this speciﬁc combination of drugs (methotrexate and
rifampicin) would be rare in the clinic, these results still suggest
that more than one OATP-substrate or -inhibitor drugs might bring
the risk of drug–drug interactions at the systemic and hepatic level.
This would be especially important for patients chronically taking
OATP-interacting drugs, such as statins and hypertension drugs.
More importantly, people who already have activity-reducing polymorphisms in their OATP genes (Nakanishi and Tamai, 2012) might
be at increased risk for altered drug disposition due to this type
of drug–drug interactions, and consequently ineffective treatment
and/or increased toxicity.
The possible drug–drug interaction effect of a clinically more
common drug combination was investigated using a hypertensive drug, telmisartan, and methotrexate. This also allowed further
evaluation of the applicability of knock-out and humanized mouse
strains in drug–drug interaction studies. A similar set-up to the

Liver amount (% of dose)

Small intestine amount (% of dose)

rifampicin and methotrexate experiments was chosen, but the
dose of telmisartan had to be kept lower (7 mg/kg) due to solubility issues. In vitro cellular uptake studies resulted in fairly
but not very low IC50 levels for telmisartan inhibiting methotrexate uptake (<11 M), and in vivo studies in the mouse models
showed that telmisartan pre-treatment did not yield important
changes in methotrexate disposition. There was only a weak inhibition of OATP1B1-mediated hepatic uptake of methotrexate by
telmisartan, leading to ∼2-fold decreased liver-to-plasma ratios of
methotrexate. However, comparing the systemic telmisartan levels (40–200 nM) in patients (Stangier et al., 2000) with the levels
achieved in mouse plasma (7–13 M) suggests only a very low
risk of adverse OATP-mediated drug–drug interactions between
telmisartan and methotrexate in the clinic. These ﬁndings are helpful for patients who are simultaneously treated with methotrexate
and telmisartan. However, additional clinically relevant combinations of drugs that are OATP-substrates and/or -inhibitors should be
tested to evaluate the risks of OATP-mediated drug–drug interactions in the clinic, especially for the systemic and hepatic effects on
drug concentrations due to the function of OATPs in liver uptake of
their substrates. We suggest that the humanized transgenic mouse
models with liver-speciﬁc OATP expression could be used to obtain
a more realistic view of the human situation. However, it should be
noted that these mouse models, while very useful to support the
development of basic mechanistic insights, should not be used as
simple one-to-one models of drug behavior in humans.
2.4. Doxorubicin
Doxorubicin, an important topoisomerase II inhibitor drug used
in cancer treatment, was recently shown to be an OATP substrate
(Durmus et al., 2014). Doxorubicin is an anthracycline antibiotic,
commonly used in the treatment of several cancers, including Hodgkin’s and non-Hodgkin’s lymphoma, multiple myeloma,
leukemia, sarcoma and breast, ovarian, thyroid, gastric and lung
cancers (Cortes-Funes and Coronado, 2007; Gewirtz, 1999). Various modes of action have been described for doxorubicin, of which
two major mechanisms are intercalation of DNA that leads to inhibition of the topoisomerase II enzyme, required for smooth DNA
transcription and replication, and, perhaps more controversially,
generation of free radicals that leads to DNA and cell membrane
damage (Gewirtz, 1999). Cardiotoxicity is the major and doselimiting side effect of doxorubicin both in adult and pediatric
cancer patients (Grenier and Lipshultz, 1998). Thus, recent efforts to
improve doxorubicin treatment focus on improved anti-tumor efﬁcacy and decreased cardiotoxicity by developing tumor-targeting
strategies such as liposomal formulations of doxorubicin or developing new doxorubicin analogs (Cortes-Funes and Coronado, 2007;
Minotti et al., 2004). Another strategy for lowering the toxicity and
increasing the efﬁcacy of doxorubicin is to understand the factors
affecting its tissue disposition, such as its interactions with drug
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Table 3
Impact of rifampicin pre-treatment on the plasma levels and liver-to-plasma ratios of methotrexate in WT, Oatp knockout and OATP1B humanized transgenic strains.
Mouse strains
Time point

5 min

Parameter

Rifampicin

WT

Oatp1a/1b−/−

Oatp1a/1b−/− ;1B1tg

Oatp1a/1b−/− ;1B3tg

Plasma concentration (nmol/ml)

−
+

11.9 ± 1.7
50.2 ± 7.8
4.2
15.5 ± 2.0
1.9 ± 0.3
8.2
6.6 ± 2.7
30.7 ± 12.9
4.7
27.0 ± 5.9
4.7 ± 2.5
5.7

46.6 ± 7.4
67.7 ± 3.5
1.5
0.2 ± 0.0
0.1 ± 0.0
2.0
31.2 ± 13.4
43.9 ± 14.1
1.4
0.2 ± 0.0
0.2 ± 0.0
1.0

49.0 ± 15.3
53.6 ± 9.4
1.1
0.5 ± 0.1
0.2 ± 0.0
2.5
43.1 ± 4.2
46.4 ± 10.0
1.1
1.1 ± 0.2
0.3 ± 0.1
3.7

32.2 ± 3.7
62.3 ± 6.9
1.9
1.7 ± 0.3
0.2 ± 0.0
8.5
19.5± 10.3
43.1 ± 18.8
2.2
5.1 ± 1.4
0.3 ± 0.0
17.0

Rifampicin-induced fold increase
Liver-to-plasma ratio
Rifampicin-induced fold decrease
Plasma concentration (nmol/ml)

15 min

Rifampicin-induced fold increase
Liver-to-plasma ratio
Rifampicin-induced fold decrease

−
+
−
+
−
+

transporters, and utilize these insights to modify the pharmacokinetics, possibly with transporter inhibitors. Although doxorubicin
has been used in the clinic for a very long time, information on its
interaction with drug uptake transporters has been very limited.
Okabe et al. (2005) suggested for the ﬁrst time that doxorubicin
might enter cells via organic cation transporter (OCT6)-mediated
active transport.
Very recently, it was shown that both mouse and human
OATP1A/1B family members can mediate cellular uptake of doxorubicin (Durmus et al., 2014). This was rather surprising, as its
structure, with properties of a weak base, was not considered a typical OATP substrate. In human OATP1A2-overexpressing HEK293
cells, the uptake of doxorubicin was ∼2-fold increased compared
to control cells, but there was no noticeable transport by human
OATP1B1 or OATP1B3 in vitro. Mouse Oatp1a/1b proteins transported doxorubicin in vivo, as evidenced by up to ∼2-fold increased
plasma concentrations and up to 4-fold decreased liver-to-plasma
ratios in Oatp1a/1b−/− mice after i.v. doxorubicin administration
(Fig. 3E and F) (Durmus et al., 2014). Moreover, the doxorubicin levels in the small intestinal content were also reduced in
the knockout mice, suggesting a decreased biliary output, probably due to the lower liver levels. Interestingly, addition of one of
the human OATP1A or 1B transporters in transgenic mice (on a
mouse Oatp1a/1b knockout background) rescued the altered levels seen in the knockout mice to various extents (Fig. 3E and
F). Transgenic liver-speciﬁc expression of human OATP1A2 could
completely reverse the hepatic uptake and intestinal excretion
of doxorubicin back to wild-type levels, whereas that of human
OATP1B1 or OATP1B3 resulted in partial, but substantial rescue
of these phenotypes (Durmus et al., 2014). Only the OATP1B1
or OATP1B3 transporters alone were present in these transgenic
mouse livers, instead of both simultaneously as in humans. The
substantial impact of either transporter alone therefore suggests
an even stronger impact of OATP1Bs on doxorubicin pharmacokinetics in humans, especially affecting plasma clearance and
hepatic uptake characteristics. Obviously, for a drug with a narrow therapeutic index like doxorubicin, this might be critical for its
therapeutic efﬁcacy and toxicity in patients. It may therefore also
be of interest to investigate possible associations between OATP
transport activity and doxorubicin pharmacokinetics, therapeutic
efﬁcacy, and toxicity in patient cohorts.

well-characterized NCI-60 panel), Lancaster et al. (2013) found that
high OATP1B3 expression, as judged by Real-time RT-PCR, was signiﬁcantly linked with sensitivity to the cytotoxicity of 9 anticancer
drugs, amongst which cisplatin, carboplatin, and a platinum compound structurally related to oxaliplatin. Unlike OATP1B1, which
was found to be only expressed in liver and liver tumor tissue,
OATP1B3 was found expressed in a range of different tissues and
derived tumor tissue samples, suggesting that it might play a role
in tumor sensitivity to platinum compounds.
Subsequent in vitro studies revealed that human OATP1B3 and
OATP1B1 can mediate the cellular uptake of Pt upon exposure
to cisplatin, and additionally OATP1B3 can mediate cellular Pt
uptake upon exposure to carboplatin and oxaliplatin. In vivo studies with cisplatin administered intraperitoneally to wild-type and
Oatp1b2−/− mice showed up to 35% reduced liver levels of Pt in the
knockout mice shortly after administration, and 2.5-fold higher urinary excretion of Pt, the latter amounting to more than 60% of the
administered dose (Lancaster et al., 2013). The data suggest a rapid
and substantial liver uptake of a fraction of Pt being mediated by
Oatp1b2 in wild-type mice. In the Oatp1b2−/− mice, this Pt fraction
may instead be excreted primarily into the urine. As a consequence,
the plasma levels of Pt are not much different between the two
strains. It should be noted, however, that cisplatin is highly reactive,
for instance with carbonate, and the Oatp1b2-mediated Pt uptake
may therefore well represent uptake of various resulting negatively
charged Pt complexes instead of cisplatin itself. Cisplatin also binds
irreversibly to plasma proteins, further complicating pharmacokinetic analyses. However that may be, in vivo Oatp1b2 function
does clearly affect the pharmacokinetics of cisplatin-derived Pt.
Extrapolating to human patients, this could mean that variations in
OATP1B1 and OATP1B3 expression and transport activity in liver, in
other tissues, and especially in tumors, might affect the efﬁcacy and
toxic side effects of cisplatin-based chemotherapy. It will therefore
be of interest to extend preclinical studies of cisplatin to OATP1B1and OATP1B3-humanized Oatp1a/1b knockout strains, and also
include studies of carboplatin and oxaliplatin. It will further be
worthwhile to assess whether part of the high inter-individual variation in efﬁcacy and toxicity of these drugs seen in patients can in
part be attributed to variations in OATP function.

2.5. Platinum chemotherapeutics

Tyrosine kinase inhibitors (TKIs), with the prime example imatinib (Gleevec), have revolutionized the treatment of a number
of malignancies (Druker et al., 2001). As of 2015, more than 28
TKIs have been FDA-approved (Wu et al., 2015). These rationally designed, targeted anticancer drugs can make use of speciﬁc
vulnerabilities of tumor cells, for instance by targeting speciﬁc
oncogenic mutations in protein tyrosine kinases, thus increasing

Cisplatin and more recent platinum chemotherapeutics such
as carboplatin and oxaliplatin are used to treat a wide spectrum
of cancers, including testicular, bladder, lung, ovarian, colorectal, cervical, and breast cancers, as well as some lymphomas and
sarcomas. In a COMPARE analysis of 60 human tumor cell lines (the

2.6. Tyrosine kinase inhibitors

S. Durmus et al. / Drug Resistance Updates 27 (2016) 72–88

disease-speciﬁcity and reducing the risk of toxic side effects. Understandably, there has been signiﬁcant interest in whether TKIs are
OATP transport substrates, as this could affect their accumulation
in tumor cells as well as in various important tissues, and control
their plasma pharmacokinetics and elimination. Such parameters
can be decisive in the overall therapeutic efﬁcacy and tolerability
of anticancer and other therapeutic agents.
While many TKIs have now been tested for interaction with
OATPs, the in vivo relevance for transport of the unconjugated
parent compounds appears to be limited. In RNA-injected Xenopus oocytes, human OATP1A2 mediates modest imatinib uptake,
OATP1B3 a little, and OATP1B1 none (Hu et al., 2008). Initial tests
failed to show signiﬁcant uptake of sorafenib and sunitinib mediated by OATP1A2, OATP1B1, and OATP1B3 in RNA-injected Xenopus
laevis oocytes (Hu et al., 2008). However, later studies with highly
OATP-overexpressing HEK293 cells reported signiﬁcant uptake of
crizotinib, nilotinib, pazopanib, and sorafenib by OATP1B1 and
OATP1B3 of imatinib, geﬁtinib, dasatinib, vandetanib, and vemurafenib by OATP1B3 but not by OATP1B1; and of sunitinib by
OATP1B1 but not by OATP1B3 (Zimmerman et al., 2013). It should
be noted, however, that often relative levels of uptake of TKIs mediated by OATP in the various in vitro model systems were small
compared to those of the anionic OATP control substrates. Modern targeted TKIs are rarely, if at all, designed to be anionic, given
the usual requirements of good oral availability (intestinal absorption) and efﬁcient tumor cell penetration of these compounds. A
possible further cause of discrepancies between in vitro and in vivo
OATP-mediated transport results for certain drugs is discussed later
in Section 4 of this review.
2.6.1. In vitro and in vivo studies with sorafenib
The TKI sorafenib was further investigated in vivo in mouse
models because it was readily transported by both OATP1B1
and OATP1B3 in vitro. Unlike its conjugate, sorafenib-glucuronide,
which will be discussed later, the plasma pharmacokinetics of
parent sorafenib, or its relative accumulation in the liver, was
not substantially altered in either Oatp1b2−/− mice (DBA background strain), or in Oatp1a/1b−/− mice (FVB background strain)
after administration of 10 mg/kg oral sorafenib (Zimmerman et al.,
2013). A partial explanation might be that in vitro sorafenib was
poorly transported by mouse Oatp1b2. However, sorafenib transport by the two other prominent sinusoidal uptake transporters
in the mouse liver, Oatp1a1 and Oatp1a4, was not tested in vitro,
so it remains uncertain whether or not there is an in vitro/in vivo
discrepancy (Zimmerman et al., 2013).
Some TKIs have been further evaluated for their ability to inhibit
human OATP1B1 in vitro and in vivo (Hu et al., 2014). These studies were triggered by clinical observations that co-administration
of several TKIs can increase the systemic exposure to docetaxel
in cancer patients. The underlying mechanism was poorly understood, but, as docetaxel clearance may in part depend on OATP
function (see Section 2.1.2), it might involve inhibition of OATPs by
these TKIs (Hu et al., 2014). Nearly all 16 tested TKIs inhibited E2G
uptake by human OATP1B1 in vitro when applied at 10 M, and 4
of these TKIs (axitinib, nilotinib, pazopanib, and sorafenib) by more
than 10-fold. Interestingly, three of these (axitinib, pazopanib, and
sorafenib) are known to increase the docetaxel AUC by up to
50% or more when co-administered in patients (clinical data for
nilotinib/docetaxel co-administration are not available). Further
analysis of sorafenib showed that it inhibited docetaxel uptake by
OATP1B1 in vitro with an IC50 below 100 nM, and very extensively
when applied at 10 M. Mouse Oatp1b2 showed similar inhibition
of E2G and docetaxel transport by sorafenib in vitro. In vivo, however, no signiﬁcant effect of high-dose (60 mg/kg) oral sorafenib
co-administration could be demonstrated on 10 mg/kg i.v. docetaxel plasma Cmax or AUC in wild-type, Oatp1b2−/− , Oatp1a/1b−/− ,
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or in OATP1B1-humanized mice. Moreover, multiple sorafenib
administrations did not elicit signiﬁcant effects (Hu et al., 2014).
Of note, in these speciﬁc experiments (see also Section 2.1.2), the
effects of Oatp1b2 knockout or OATP1B1 transgenics on docetaxel
AUC were relatively modest (about 2-fold). This may have rendered
these experiments less sensitive to picking up small pharmacokinetic effects of sorafenib-mediated inhibition. The absence of an
obvious pharmacokinetic interaction between sorafenib and docetaxel in the various mouse strains suggests that there may be other
factors in mice, perhaps alternative or compensatory mechanisms
that can sufﬁciently offset any changes in OATP1B-like activity
towards docetaxel clearance. Here too, one has to consider the possibility that interactions of OATPs with certain drugs may depend
on the cellular context in which they are expressed (in this case
mouse hepatocytes). However that may be, at the present time it
remains uncertain whether or not the observed clinical pharmacokinetic interaction between sorafenib and docetaxel is mediated
through OATP1B1, or rather by some other mechanism(s).
3. Hepatocyte hopping of a conjugated anticancer drug:
The case of sorafenib glucuronide
In contrast to the nearly absent effect of Oatp1b2 or
Oatp1a/1b deﬁciency on the pharmacokinetics of orally administered sorafenib, in the same experiments a pronounced increase
in plasma levels of sorafenib glucuronide was observed, with
a 5.5-fold increased AUC in Oatp1b2−/− mice, and 29-fold in
Oatp1a/1b−/− mice; although the bigger relative increase in the latter case mainly arose from a substantially lower AUC of sorafenib
glucuronide in wild-type FVB mice than in wild-type DBA mice,
with the plasma AUCs in both the knockout strains being similar
(Zimmerman et al., 2013). The plasma levels of sorafenib glucuronide in the knockout strains equaled or surpassed those of
parental sorafenib itself, indicating the quantitative importance
of this process. Subsequent in vitro experiments indicated that
sorafenib glucuronide was efﬁciently taken up by mouse Oatp1b2
and human OATP1B1 and OATP1B3 expressed in HEK293 cells.
Furthermore, transgenic expression of either human OATP1B1 or
OATP1B3 in the liver of “humanized” Oatp1a/1b−/− mice resulted
in a partial reversal of the increased plasma sorafenib glucuronide
levels (Zimmerman et al., 2013). This conﬁrmed a prominent role
of the mouse and human sinusoidal OATP transporters in hepatic
uptake of sorafenib glucuronide.
An important question was the origin of the sorafenib glucuronide, as it is known that both enterocytes and hepatocytes
can have substantial drug glucuronidation capacity, and oral
sorafenib might undergo rapid glucuronidation in the intestinal wall upon absorption. However, mouse intestinal microsomes
showed only marginal sorafenib glucuronidation capacity, compared to mouse liver microsomes (>50-fold difference), suggesting
that most sorafenib glucuronide had been formed in the liver
(Zimmerman et al., 2013). Taken together, these ﬁndings suggested strongly that under normal conditions a substantial part of
sorafenib glucuronide formed in the liver is extruded across the
sinusoidal membrane into the blood, and then taken up again into
the liver by Oatp1b2, OATP1B1, and OATP1B3.
3.1. Hepatocyte hopping of bilirubin glucuronide
This process inferred to explain the behavior of sorafenib
glucuronide was highly reminiscent of the previously proposed
“hepatocyte hopping” process for the endogenous metabolite
bilirubin glucuronide (Iusuf et al., 2012c; van de Steeg et al., 2012,
2010). The hydrophobic, very poorly water-soluble, and potentially highly toxic unconjugated bilirubin, the primary breakdown
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product of heme (from hemoglobin) degradation, is directly transported from the spleen, where red blood cells are mostly degraded,
via the splenic and portal veins, to the liver. Extensive binding to
plasma albumin prevents precipitation of bilirubin in blood. Bilirubin is then efﬁciently taken up into the liver, presumably in part by
Oatp1a/1b transporters, but also by one or more other, substantial,
transport mechanisms, which may or may not include passive diffusion. Inside the hepatocytes bilirubin is efﬁciently conjugated by
UGT1A1 to yield bilirubin glucuronide, which is more water-soluble
and generally easier to detoxify by the body. Normally, the bulk of
hepatic bilirubin glucuronide is excreted into the bile by the ABCC2
multidrug efﬂux transporter and then released into the small intestine lumen to leave the body through the feces. However, analysis
with a range of different single and combination transporter knockout and transgenic mouse strains has revealed that also under
physiological conditions, a substantial fraction of hepatic bilirubin glucuronide (possibly up to half of the total amount formed)
is secreted by the multidrug efﬂux transporter ABCC3 across the
basolateral (sinusoidal) membrane of hepatocytes into the blood
(van de Steeg et al., 2013, 2010). Most of this bilirubin glucuronide
is quickly taken up again into the liver by Oatp1a/1b proteins in the
mouse, and by OATP1B1 and OATP1B3 in humans, a cycle resulting
in very low overall plasma levels of conjugated bilirubin in the general circulation. In contrast, in mice that lack Oatp1a/1b proteins,
or in humans that lack both OATP1B1 and OATP1B3 in the liver, the
interruption of this cycle leads to highly increased plasma levels
of conjugated bilirubin in the circulation, and somewhat increased
levels of unconjugated bilirubin, causing a disorder known as Rotor
syndrome (van de Steeg et al., 2012). The phenotype of this Rotortype conjugated hyperbilirubinemia is fortunately quite benign,
mainly a generally mild jaundice.
The underlying mechanistic process, where bilirubin glucuronide is secreted from a hepatocyte by ABCC3 into the sinusoidal
blood, only to be taken up again in a downstream hepatocyte via
Oatp1a/1b or OATP1B proteins, has been called “hepatocyte hopping”, as it allows bilirubin glucuronide to readily “hop” from one
hepatocyte to the next. It has been speculated that this hepatocyte
hopping process might be beneﬁcial under circumstances where
the bile canalicular excretion of bilirubin glucuronide through
ABCC2 in upstream situated hepatocytes is overloaded or otherwise compromised. The hepatocyte hopping salvage pathway for
such trapped bilirubin glucuronide allows it to be secreted back
into the blood, and taken up into a downstream hepatocyte, where
it has another chance of being excreted into the bile, and so on, and
so forth. This added ﬂexibility in the hepatobiliary excretion process of bilirubin glucuronide might reduce the risk of toxic damage
due to glucuronide accumulation in upstream hepatocytes (Iusuf
et al., 2012b,c; van de Steeg et al., 2012, 2010).
3.2. Hepatocyte hopping of sorafenib glucuronide
It has been theorized that this same hepatocyte hopping process might apply to many drugs that are extensively glucuronidated
in the liver as well, as the transporters involved (ABCC2, ABCC3,
OATP1B1 and OATP1B3 in human, Abcc2, Abcc3 and Oatp1a/1b
proteins in mouse) are all known to have very broad substrate
speciﬁcities, that include the glucuronide conjugates of many compounds (Iusuf et al., 2012c; van de Steeg et al., 2010). Especially
as the glucuronide conjugates of several drugs are thought to
be important in yielding reactive intermediates that could cause
direct or indirect liver damage and toxicity (Zhou et al., 2005), it
would be very important to have a mechanism that can relieve the
intracellular exposure level of the hepatocyte to these glucuronide
conjugates also when canalicular excretion is compromised.
The ﬁndings with sorafenib glucuronide described above suggested that sorafenib might present an example of a drug

Fig. 4. Schematic diagram of hepatocyte hopping of sorafenib glucuronide and
possible recirculation of sorafenib. This schematic presents the likely situation
in human liver, as extrapolated from ﬁndings in various knockout and humanized mouse strains. After oral administration and intestinal absorption, sorafenib
is taken up into the hepatocytes by incompletely deﬁned mechanisms, possibly
including OATP1B-type carriers, OCT1, passive diffusion, and perhaps other transporters. Within the hepatocytes, sorafenib undergoes conjugation by UGT1A9 to
form sorafenib glucuronide (SG). SG is secreted into the bile primarily by ABCC2,
but under physiological conditions a substantial fraction of intracellular SG can also
be secreted back into the blood by sinusoidal ABCC3 and one or more other sinusoidal transport mechanisms. From there SG can be efﬁciently taken up again by
downstream hepatocytes via OATP1B-type carriers (Oatp1a and Oatp1b carriers in
mice), resulting in only low SG concentrations reaching the general circulation. This
secretion-and-reuptake loop may help to prevent the saturation of ABCC2-mediated
biliary SG secretion in hepatocytes positioned upstream within liver lobules. Overall, this can result in efﬁcient biliary elimination and hepatocyte detoxiﬁcation. Once
secreted into the bile, SG enters the intestinal lumen where it can serve as a substrate for bacterial ␤-glucuronidases that regenerate sorafenib. This sorafenib can
then undergo intestinal absorption, thus reentering the circulation. It has been proposed that this ongoing reabsorption of recirculated SG after hydrolysis to sorafenib
contributes to the long-lasting sorafenib plasma levels observed in patients (Hilger
et al., 2009; Jain et al., 2011; Vasilyeva et al., 2015). This ﬁgure was produced using
Servier Medical Art (www.servier.com).

(conjugate) that is strongly affected by hepatocyte hopping, analogous to bilirubin. In order to test this hypothesis, the transport and
pharmacokinetics of sorafenib and its glucuronide conjugate were
studied in vitro and in a number of single and combination knockout mouse strains, in a collaboration between the groups of S. Baker
and A.H. Schinkel (Vasilyeva et al., 2015). In vitro transport assays
indicated that sorafenib glucuronide is efﬁciently transported by
mouse, rat, and human Abcc2/ABCC2, but also by human ABCC3 and
ABCC4. Together with the demonstrated transport by Oatp1a/1b
and OATP1B1 and OATP1B3, this implies that all transporters that
are minimally necessary for the hepatocyte hopping process, are
also available for sorafenib glucuronide. In vivo, after oral administration of sorafenib to Abcc2 knockout mice, the plasma AUC
of parental sorafenib was hardly altered, but the plasma AUC
of sorafenib glucuronide surged from practically undetectable in
wild-type mice to more than 200-fold higher levels in the Abcc2
knockout. The sorafenib glucuronide AUC was also at least 5-fold
higher than that of parental sorafenib. As expected, there was a dramatic decrease in biliary excretion of sorafenib glucuronide, from
26% of the administered sorafenib dose over a limited time span
in wild-type mice to less than 2.5% in the Abcc2 knockout mice.
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Sorafenib glucuronide is thus normally extensively excreted into
bile, primarily by Abcc2. Accordingly, liver levels of sorafenib glucuronide were 3- to 8-fold increased in the Abcc2 knockout mice
(Vasilyeva et al., 2015).
To assess whether or not Abcc3 and/or Abcc4 were involved in
secretion of sorafenib glucuronide from the hepatocyte back into
blood, sorafenib and sorafenib glucuronide pharmacokinetics were
studied in various single and combination Abcc3, Abcc4, Oatp1a/1b,
and Abcc2 knockout strains, after oral sorafenib administration.
Single Abcc3, Abcc4, or Abcc3/4 combination knockout strains
displayed no signiﬁcant effect on plasma AUCs of sorafenib or
sorafenib glucuronide, but both the Abcc3-deﬁcient strains had an
about 2-fold higher liver-to-plasma ratio of sorafenib glucuronide
than wild-type and Abcc4 knockout mice, suggesting a role of
Abcc3 in limiting hepatic accumulation of sorafenib glucuronide.
Indeed, when the Abcc3 deﬁciency was combined with either the
Oatp1a/1b deﬁciency, or a combined Oatp1a/1b; Abcc2 deﬁciency,
this resulted in, respectively, a 1.9-fold reduction or a 29% reduction
in plasma AUCs of sorafenib glucuronide. This clearly demonstrated that Abcc3 is substantially involved in the transport of
sorafenib glucuronide from the hepatocyte back into blood. Liverto-plasma ratios of sorafenib glucuronide in these combination
knockout strains further supported this interpretation. Collectively,
these ﬁndings lend strong support for the idea that sorafenib glucuronide is also a subject to the process of hepatocyte hopping. The
fact that sorafenib glucuronidation capacity in the mouse intestine is very small compared to the hepatic glucuronidation capacity
(Zimmerman et al., 2013), further strengthens the interpretation
that sorafenib glucuronide predominantly formed in hepatocytes is
subject to the hepatocyte hopping process. Fig. 4 shows a schematic
diagram of the hepatocyte hopping process for sorafenib glucuronide, with the legend providing more details on the separate
steps that sorafenib and sorafenib glucuronide undergo.
It should be noted that, in addition to Abcc3, there must be at
least one or more other sinusoidal export processes for sorafenib
glucuronide, as the reversal of plasma levels of sorafenib glucuronide was far from complete in the various Abcc3 combination
knockout strains. Based on the results in the Abcc4-deﬁcient strains
it seems unlikely that Abcc4 makes a signiﬁcant contribution,
so the nature of the alternative sinusoidal sorafenib glucuronide
exporter(s) remains to be elucidated. It could well be that the relative contribution of these alternative export processes increases
at the elevated hepatocyte concentrations of sorafenib glucuronide
that occur in the Abcc2- and/or Abcc3-deﬁcient mice, for instance
due to a high(er) transport Km.
Since the hepatocyte hopping process has now been documented for at least two quite divergent compounds (bilirubin
glucuronide and sorafenib glucuronide), it stands to reason that
it will also apply to many other compounds that are conjugated in
the liver, and that are transport substrates of ABCC2, ABCC3, and the
sinusoidal OATP1 proteins. Given the very broad and often overlapping substrate speciﬁcity of all of these transporters, encompassing
glucuronide-, glutathione-, and sulfo-conjugates of many endobiotic and xenobiotic compounds, including many drugs, it seems
likely that a large number of drugs and other compounds will be
affected by the hepatocyte hopping process to a greater or lesser
extent. Moreover, additional broad-speciﬁcity canalicular and sinusoidal transporters in the liver, such as ABCG2, possibly ABCB11,
ABCC4, and OATP2B1, are likely to further contribute to a wideranging impact of the hepatocyte hopping process.

is strongly dependent on the cellular context (cell type) in which a
speciﬁc OATP is expressed. For instance, de Graan et al. (2012) found
that docetaxel was not appreciably taken up when OATP1B1 was
expressed in Xenopus oocytes, whereas OATP1B3 in the same system readily mediated docetaxel uptake. In contrast, when OATP1B1
and OATP1B3 were expressed in a human embryonic kidney cell
line (HEK293), or in a Chinese Hamster Ovary cell line (CHO),
both transporters mediated more or less the same amount of
docetaxel uptake. Very similar ﬁndings were reported for paclitaxel, which was readily transported by OATP1B1 and OATP1B3
expressed in HEK293 and CHO cells, but not by OATP1B1 expressed
in Xenopus oocytes, whereas Xenopus-expressed OATP1B3 was
active (Nieuweboer et al., 2014). Positive control substrates were
readily taken up in all these cases. As described above, subsequent
studies in humanized mice indicated that OATP1B1 and OATP1B3
can both transport docetaxel in vivo when expressed in mouse
hepatocytes (Iusuf et al., 2015). Similar observations were further
made for doxorubicin by Durmus et al. (2014), who found that
in vitro in various OATP-transfected HEK293 cells, doxorubicin was
not appreciably taken up by human OATP1B1 or OATP1B3, whereas
it was taken up by OATP1A2. In contrast, in transgenic humanized mice with overexpression of OATP1B1 or OATP1B3 in the liver,
clearly increased liver-to-plasma ratios of doxorubicin were seen,
indicating that in mouse hepatocytes these proteins can mediate appreciable doxorubicin uptake. Of note, though, transgenic
OATP1A2 was even more effective in mediating doxorubicin uptake
into mouse hepatocytes in vivo (Durmus et al., 2014). We therefore
cannot exclude that the discrepancy with doxorubicin uptake in the
cell lines may in part have been related to expression levels of the
transporters. However that may be, the mechanistic background of
such discrepancies is as yet a mystery. One can speculate that perhaps in some cases a covalent post-translational modiﬁcation of an
OATP (like phosphorylation or similar process) must occur in order
for a certain substrate to be recognized, and that the capacity to
make such modiﬁcations differs strongly between cell types. There
may also be substrate-speciﬁc competitive or non-competitive
inhibition or stimulation of transport of certain substrates by an
OATP by some compounds abundant in some cell types, but not
in others. In fact, heterotropic or even homotropic cooperativity
phenomena are quite common for multidrug-handling proteins
like CYP3A (Ekroos and Sjogren, 2006; Harlow and Halpert, 1998)
or multispeciﬁc ABC transporters like P-glycoprotein (ABCB1) and
ABCC2 (Aller et al., 2009; Bakos et al., 2000; Huisman et al., 2002;
Kondratov et al., 2001; Shapiro and Ling, 1998; Zelcer et al., 2003),
and this might also apply to the multidrug-handling OATPs. Indeed,
a number of compounds have been identiﬁed that can stimulate
OATP-mediated uptake of some, but not all known substrates of
OATP1B1 and/or OATP1B3 (e.g. Gui et al., 2008; Ohnishi et al.,
2014; Roth et al., 2011). If the presence of such (endogenous) costimulatory or inhibitory molecules differs between cell types, they
may also affect the apparent substrate speciﬁcity of OATPs between
cell types. Differential pH-dependent uptake of various substrates
by OATPs (e.g. Leuthold et al., 2009; Martinez-Becerra et al., 2011;
Oostendorp et al., 2009) can perhaps sometimes play a role, and
there may be other mechanisms involved that have not been realized yet. Resolving these aspects will present an interesting area
for future research into the transport function of OATPs.

4. Speciﬁcity of OATP1A/1B-mediated drug transport may
depend on the cellular context

In the current review we aimed to provide a number of
illustrations of how the recent use of knockout and transgenic
(humanized) Oatp1a/1b and OATP1A/1B mouse models has helped
us to gain insight into the in vivo function of OATP1A/1B transporters, especially with respect to antitumor agents. Apart from

In the context of this review it is worth noting that in some cases,
for unknown reasons, it appears that transport of OATP substrates
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their pharmacokinetic and toxicological functions, a number of
physiological functions of OATP1A/1B proteins have also been elucidated, as well as their interaction with several other transporters,
although clearly more work needs to be done in this area. We further touched upon possible pitfalls that can occur during the use of
these mouse models, such as the up- (and down-) regulation of a
number of carboxylesterase genes in the knockout and transgenic
mice. Nonetheless, we believe we can safely state that, when used
judiciously, these mouse models can yield a wealth of information
on the in vivo physiological functions of OATP1A/1B transporters.
We would like to point out that, while our opinion is that these
mouse models are extremely powerful in elucidating principles of
in vivo OATP1A/1B functions, one should still use the utmost caution
in directly extrapolating from ﬁndings in the humanized mouse
models to the situation in human patients. An important reason for
this is that, even while one may have reproduced the right level of
expression and activity of a humanized protein in the right cellular
or organ compartment, one is still studying the behavior of this
transporter in the complex context of a mouse background. This
context may well differ in some relevant aspects for the parameter
studied from the context in humans. This caveat should always be
borne in mind, and ultimately only careful human studies can point
out whether or not the insights and results obtained with the mouse
models do also apply fully in humans.
Having said that, we think that there are many additional interesting and promising research lines in cancer and general drug
disposition and toxicology, but also in broader physiology, that
can be explored with the current set of OATP1A/1B mouse models.
Given the now well-established in vivo roles of OATP transporters
in the general disposition of many anticancer drugs, of particular interest will also be further investigation of the impact of
expression of OATPs in the tumor cells themselves on response to
antitumor chemotherapy. Furthermore, the possibility to modulate OATP activity in tumor cells or elsewhere in the body in order
to improve chemotherapy response should be investigated. These
various possibilities can amongst others be addressed by creating new combinations with existing or newly generated knockout
and transgenic mouse lines for other drug transporters and drugmetabolizing enzymes, as well as for certain tumor suppressor- or
oncogenes. In other words, the research ﬁeld of OATP transporters
is far from exhausted yet.
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