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ABSTRACT
Breast cancer resistance protein (BCRP), multidrug resistance associated
protein 2 (MRP2), and permeability glycoprotein (P-gp, also known as
multidrug resistance protein 1 or MDR1) are all well-studied efflux drug
transporters that are expressed in the cells of many physiological barriers,
where they restrict the entry and facilitate the elimination of various harmful
compounds. Their substrates are chemically diverse, including drugs, dietary
compounds, and endogenous metabolites. Due to their protective nature, a
disruption of their transport function, by drug-drug interaction for instance,
may lead to an altered exposure and adverse effects of their substrates.
Therefore, it is necessary to evaluate transporter inhibition early on in drug
development.
Vesicular transport (VT) assay is a widely used in vitro technique in substrate
and inhibition studies, but it could also be employed to produce data for in
vitro-in vivo extrapolation (IVIVE). In this thesis, the optimization of the VT
assay with the addition of albumin was explored. Up to a two-fold
improvement in transport activity was observed, but in relation to many
sources of variability that affect the VT assay, such as interlaboratory
variability and addition of cholesterol in membrane vesicles, the improvement
was rather modest and likely insignificant for IVIVE.
While the inhibition of drug transporters by food is well reported, less is
known about food additives that are abundant in all processed food. A set of
26 food additives, including colorants, preservatives, and sweeteners, was
examined using the VT assay for drug transporter inhibition. The MRP2 and
BCRP, in particular, were strongly inhibited by the azo dyes used as colorants.
On the other hand, only a few additives demonstrated modest activity toward
the P-gp. The results indicated that food additives may have an impact on the
bioavailability of oral medications but due to their poor lipophilicity and the
low bioavailability of azo dyes, further whole cells studies are required to
confirm the impact of these findings.
Although numerous drug transporter inhibitors are known, the structural and
physicochemical basis of inhibition remains generally undiscovered. The
structure-activity relationship (SAR) of 114 compounds, divided into 5
subgroups, were studied using the vesicular transport assay in order to identify
important structural features of MRP2 inhibition. In addition, pharmacophore
models for each subgroup were also developed. The SAR of BCRP, MRP2, and
P-gp inhibition was further studied with a smaller set of compounds and
computational docking. The results suggested that anionic charge and halogen
substitution were beneficial but not required for MRP2 inhibition. On the
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other hand, while lipophilicity increased P-gp inhibition, the negative charge
and halogen substitution were detrimental for it. In addition, docking scores
were found to have a good correlation with in vitro activity in certain
subgroups and single protein residue interactions important for inhibition
were identified.
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1 INTRODUCTION
The passage of a single molecule through the human body is dictated by its
lipophilicity and solubility—the abilities to cross over barriers and dissolve in
fluids. A compound that is attracted to lipid structures may easily absorb and
accumulate over the time. A molecule that prefers water phase may have
trouble passing over cell membranes and be excreted in the blink of an eye.
However, the fate of a molecule is not written in its chemical structure alone.
Seemingly lipophilic compounds, such as environmental toxins, may face
hindered absorption. On the other hand, water-soluble nutrients, such as
monosaccharides and peptides, are well absorbed and reabsorbed. These
phenomena are enabled by the numerous channels and transporters on
physiological barriers that either promote or restrict the movement of their
substrates.
The first observations of adenosine triphosphate (ATP) consuming transport
mechanisms (later known as the ATP-binding cassette transporters or ABC
transporters) in humans were associated with cells that generated multiresistance against dyeing agents and chemotherapeutics. Permeability
glycoprotein (P-gp), in particular, was thought to play a vital role in the
survival of tumors. While the therapies that target these resistant-generating
ABC transporters have not yet fulfilled their expectations, the understanding
of transporters and their role in the healthy body has improved over time.
Nowadays, it is known that the ABC transporters play an important part in
expelling endogenous metabolic products and protecting the human body
from foreign substances it encounters. The structures of these substrates are
diverse, including natural breakdown products and nutrients as well as
synthetic additives and drugs.
The interactions of drugs and transporters have especially garnered a
considerable amount of interest. Three of the most studied efflux drug
transporters, breast cancer resistance protein (BCRP), multidrug-resistance
associated protein 2 (MRP2), and P-gp, are infamous for limiting the entry and
facilitating the elimination of many drugs. An alteration of their function due
to a disease state, aging, genetic variation, or another drug may change the
outcome of the drug therapy and result in serious adverse effects or lack of
efficiency. Therefore, in order to evaluate drug safety, transporter inhibition is
routinely studied during drug development. While many methods are
available, they come with several limitations.
In this thesis, the in vitro vesicular transport assay was optimized and used to
characterize the inhibition of the BCRP, MRP2, and P-gp. Additionally,
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structure-activity relationship analysis and docking was employed to explain
the structural properties behind the inhibition.
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2 LITERATURE REVIEW
Most of the transporters belong to two large protein superfamilies: ABC
proteins and solute carrier (SLC) proteins. These families contain not only
membrane transporters but also lipid flippase, ion channels, receptors, and
soluble proteins (Vasiliou et al., 2009). The main functional difference
between the ABC transporters and SLC transporters lies in how the
translocation is driven. The ABC transporters contain an ATP-binding site and
the transport is powered by the hydrolysis of ATP to adenosine diphosphate
(ADP). On the other hand, the SLC transporters are either ion channels or
secondary active transporters, harnessing electrochemical potential difference
or ion gradient to translocate their substrates (Colas et al., 2016).
This thesis focuses on three transporters from the ABC-protein family: ABC
subfamily B member 1 (ABCB1), ABC subfamily C member 2 (ABCC2), and
ABC subfamily G member 2 (ABCG2). These three transporters are among the
most studied drug transporters and they contribute to drug pharmacokinetics
and resistance (Giacomini et al., 2010; Hillgren et al., 2013). In addition, they
maintain homeostasis by facilitating the removal of metabolic breakdown
products (bilirubin glucuronides by ABCC2 and uric acid by ABCG2) and
protecting sensitive tissues from harmful compounds (loperamide by ABCB1)
(Collett et al., 2004; Kamisako et al., 1999; Schinkel et al., 1996; Woodward et
al., 2009). The inhibition of their function may alter the journey of their
substrate drugs, causing either improved bioavailability in target tissue or
harmful adverse effects.
In the 1970s, Juliano and Ling discovered 170 kDa glycoprotein in Chinese
hamster ovarian cells (Juliano & Ling, 1976). Since this protein was capable of
limiting the permeability of numerous drugs, it was consequently named
permeability glycoprotein (P-gp). After it was found that the ABCB1 is
expressed in several multidrug resistant cell lines, it was also acknowledged as
the multidrug resistance protein 1 (MDR1) (Shen et al., 1986). Büchler et al.
(1996) identified and cloned this novel transporter, ABCC2 or MRP2, which
was located at the canalicular membrane of hepatocytes, leading to its
alternative name canalicular multispecific organic anion transporter (cMOAT)
(Taniguchi et al., 1996). ABCG2 was originally found in a mitoxantrone
resistant breast cancer cell line (Doyle et al., 1998), and was thus also referred
to as the breast cancer resistance protein (BCRP) or the mitoxantrone
resistance protein (MXR) (Miyake et al., 1999). Shortly after the discovery of
the ABCG2, another group identified the same protein in placenta, describing
it as the placental ABC-protein (ABCP) (Allikmets et al., 1998). Due to the
confusing abbreviations, the most common, non-standard names of these
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transporters—BCRP, MRP2, and P-gp—are used in this thesis to avoid
misunderstanding in nomenclature.
The following literature review summarizes the current body of knowledge on
the physiological role and protein structure of the BCRP, MRP2, and P-gp
transporters. Other structurally close transporters are discussed briefly, as
well, to broaden the understanding of the ABC proteins in general. Besides the
proteins, the structural properties of transporter substrates and inhibitors are
also reviewed. Finally, the most common methodologies, particularly the ones
utilized in ligand-transporter studies, are described.

2.1

2.1.1

PHYSIOLOGICAL ROLE OF THE BCRP, MRP2, AND
P-GP
TISSUE LOCALIZATION, FUNCTION, AND ENDOGENOUS
SUBSTRATES

BCRP, MRP2, and P-gp are mainly situated in pharmacokinetically relevant
tissues, such as liver and kidney, where they facilitate the excretion of a wide
range of chemical compounds (Figure 1). In addition, they are also located on
barriers such as intestine and blood-brain-barrier, where they limit the access
of their substrates. However, they are overexpressed in tumors, as well, where
they provide protection from anticancer drugs by pumping out cytotoxic
compounds (Szakacs et al., 2006). Their substrate range is not limited to drugs
only—numerous endogenous compounds are transported through them as
well. A lack of the BCRP, MRP2, or P-gp does not represent a life-threatening
condition, as observed in many patients and animal models (Machida et al.,
2005; Vlaming et al., 2014), but the absence of protective efflux transporters
leaves the body vulnerable to adverse drug effects and diseases (Borst &
Schinkel, 1997; Matsuo et al., 2014; Paulusma et al., 1997).
In humans, the P-gp was first shown to be strongly expressed in the liver,
intestine, kidneys, pancreas, and adrenal medulla and cortex (Thiebaut et al.,
1987). Later on it is also found in the various cancer tissues, placenta, blood
capillaries of the blood-brain barrier, and testis (Cordon-Cardo et al., 1989;
Sugawara et al., 1988). The mRNA of ABCB1 were detected in the lungs,
cerebral cortex, cerebellum, and spinal cord (Fojo et al., 1987), but the P-gp
was not found immunohistochemically in the aforementioned tissues
(Thiebaut et al., 1987). Intestinal, placental, and brain capillary P-gp limits the
exposure of toxins and orally taken drugs, but the importance of the P-gp in
the liver and kidney is not well understood, as Köck and Brouwer (2012) and
Schinkel and Jonker (2012) conclude in their reviews. In the adrenal gland,
bovine P-gp was observed to provide protection against xenotoxins, but it is
possibly involved in the secretion of cortisol as well (Cufer et al., 2000).
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Despite the ubiquitous expression, the Mdr1a/Mdr1b (-/-) knockout mice
were viable and fertile (Schinkel et al., 1997). The mice experienced normal
pregnancy and lifespan and no physiological abnormalities were observed,
except for a hypersensitivity to drug treatments (Schinkel, 1997). However,
Panwala et al. (1998) observed that the Mdr1a knockout mice spontaneously
developed colitis. This observation has led to numerous follow-up studies on
the role of the P-gp in inflammatory bowel disease and, although the
connection between the P-gp and the disease is clear, much of the mechanism
remains elusive (Cario, 2017). P-gp has also been associated to Alzheimer’s
disease, which is caused by the accumulation of amyloid-ǃ in the brain’s
extracellular fluid. The cause of the accumulation is unclear, but it has been
reported that P-gp may play an important role in the excretion of amyloid-ǃ.
Van Assema (2012) showed that the patients with sporadic Alzheimer’s disease
have a weakened P-gp function. Furthermore, the restoration of the P-gp
function in mice led to decreased amyloid-ǃ deposition (Hartz et al., 2010).
The drug resistance conferring protein in human breast cancer originated
MCF-7/AdrVp cell line was initially identified by Doyle et al. (1998).
Subsequently, the protein became known as BCRP and it was found in normal
tissues such as intestine, colon, liver, mammary gland, endothelial of blood
vessels, and placenta (Maliepaard et al., 2001). Due to the strategical
localization and nature of BCRP, it limits the entry and confers the excretion
of harmful compounds. However, although the BCRP has been shown to
concentrate riboflavin and bile acids into milk, its physiological role in
mammary glands is still not understood well (Blazquez et al., 2017; van
Herwaarden et al., 2007). Moreover, the high BCRP expression in tumor blood
vessels in comparison to normal vessels has raised questions regarding the
BCRP role in neoplastic angiogenesis (Diestra et al., 2002). Cooray et al.
(2002) discovered that both the P-gp and BCRP were expressed in the human
brain microvessel endothelium, providing protection for the central nervous
system (CNS) against a wide range of compounds. Relatively recently, BCRP
was immunohistochemically found in the apical membrane of kidney proximal
tubule cells (Huls et al., 2008) and, through genome-wide association studies,
the malfunction of the BCRP was linked to elevated serum urate
concentrations and incidence of gout (Matsuo et al., 2011; Woodward et al.,
2009).
The human MRP2 was first isolated from the liver tissue (Buchler et al., 1996)
and the cisplatin resistant cancer cell line (Taniguchi et al., 1996). It was
mainly found in the apical membranes of liver hepatocytes (Paulusma et al.,
1997), proximal tubule cells of the kidney (Schaub et al., 1999), enterocytes of
the small intestine (Fromm et al., 2000), and apical membranes of the
placenta synchytiotrophoblasts during pregnancy (Meyer zu Schwabedissen et
al., 2005). In the liver, MRP2 is responsible for the biliary excretion of sulfated
bile acids and bilirubin conjugates (Akita et al., 2001; Kamisako et al., 1999).
Moreover, MRP2 pumps glutathione (GSH) into bile (Paulusma et al., 1999),

17

Literature review

thereby playing an important role in maintaining bile flow (Lauterburg et al.,
1984). A loss-of-function mutation in the MRP2 leads to the Dubin-Johnson
syndrome, a rare recessively-inherited condition originally described by Dubin
and Johnson (1954). It is characterized by conjugated hyperbilirubinemia and
reduced bile flow (Jansen et al., 1985; Paulusma et al., 1999) and caused by
various mutations in the ABCC2 gene (Toh et al., 1999). In humans, the
disorder is benign (Machida et al., 2005), but the carriers of the non-functional
gene are more at risk of adverse drug effects (Kim et al., 2010). According to
Shawahna et al. (2011) and Uchida et al. (2011), the MRP2 was not detected in
human brain microvessels, but an increase of the ABCC2 mRNA, which
encodes the MRP2, has been observed in epilepsy patients and may be an
indication of MRP2 in the blood-brain barrier (Dombrowski et al., 2001).

Figure 1: The key locations of the BCRP, MRP2, and P-gp transporters at which
they affect drug absorption, distribution, metabolism, and excretion.
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The BCRP, MRP2, and P-gp transporters are capable of extruding a wide range
of compounds with diverse chemical structures (see Table 1). This protective
nature does not only affect the absorption, disposition, and elimination of
drugs but the fate of endogenous compounds as well (Imai et al., 2003;
Kamisako et al., 1999). Although the ABC transporters are capable of
transporting substrates independently, they often operate in concert with
phase I and II metabolic enzymes. The overlapping substrates and colocalization of the P-gp and cytochrome P450 3A4 (CYP3A4) are wellcharacterized examples of bioavailability limiting the transporter-metabolism
interplay in the small intestine (Kim et al., 1999; Watkins, 1997). On the other
hand, the hepatic and intestinal MRP2 and BCRP synergistically work together
with
uridine
5'-diphospho-glucuronosyltransferase
(UGTs)
and
sulfotransferases (SULTs) to translocate the phase II metabolites (Adachi et
al., 2005; Zamek-Gliszczynski, Nezasa, et al., 2006).
The BCRP and MRP2 play a vital part in the excretion of endobiotic
metabolites by pumping many unconjugated compounds, such as purine
breakdown product urate (Woodward et al., 2009), heme precursor
protoporphyrin IX (Jonker et al., 2002), and heme intermediate
coproporphyrin-I (Benz-de Bretagne et al., 2011). Moreover, a vast number of
glucuronide, sulfate, or glutathione conjugates are also subject for transport
by the BCRP and MRP2 (Zamek-Gliszczynski, Hoffmaster, et al., 2006). The
relevance of the BCRP and MRP2 in conjugate transport has been
demonstrated with in vitro methods and knockout animal models. While the
BCRP is a highly efficient sulfate conjugate transporter, but it is also capable
of translocating glucuronides (Jarvinen et al., 2018; Suzuki et al., 2003;
Zamek-Gliszczynski, Nezasa, et al., 2006). Among the endogenous substrates,
the estrone-3-sulfate (E1-3S), dehydroepiandrosterone (DHEAS), and
Estradiol-ǃ-17-glucuronide (E2-17G) are well-characterized (Imai et al., 2003;
Suzuki et al., 2003). Although the glutathione conjugation is an important
detoxification pathway in the liver, the BCRP has a small role in exporting the
glutathione conjugates in bile (C. Chen et al., 2003; Suzuki et al., 2003;
Zamek-Gliszczynski, Nezasa, et al., 2006). MRP2, on the other hand, is a
relatively inefficient sulfate conjugate transporter (C. Chen et al., 2003;
Jarvinen et al., 2018; Sasaki et al., 2002) even though it has few compounds,
such as taurochenodeoxycholate and taurolithocholate sulfate, as substrates
(Akita et al., 2001; Sasaki et al., 2002). Instead, numerous endogenous and
exogenous glucuronide and glutathione conjugates, including both the
bilirubin mono- and diglucuronide, and glutathione itself, are transported by
the MRP2 (Jemnitz et al., 2010; Kamisako et al., 1999). In the event of
impaired MRP2 function and bile excretion, the bilirubin conjugates are
pumped back into central blood circulation by multidrug-resistance associated
protein 3, MRP3, leading to hyperbilirubinemia. Other well-studied substrates
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are E2-17G and leukotriene C4 (LTC4), which are commonly used as probes in
the in vitro assays (Kidron et al., 2012; Madon et al., 1997; Zelcer et al., 2003).
P-gp is thought to have a lesser role in maintaining conjugate homeostasis and
excretion, although it pumps bilirubin, steroids, and hormones (Barnes et al.,
1996; Kim & Benet, 2004; Ueda et al., 1992; Watchko et al., 1998). Since it acts
as flippase for various lipids (Bosch et al., 1997; van Helvoort et al., 1996),
Eckford and Sharom (2005) suggest that it may have a role in the intracellular
synthesis and metabolism of glycosphingolipids.

Table 1: The endogenous substrates of the BCRP, MRP2, and P-gp
BCRP

MRP2

P-gp

2.1.2

Dehydroepiandrosterone (DHEAS)
Estradiol-17-glucuronide (E2-17G)
Estrone-3-Sulfate (E1-3S)
Protoporphyrin IX
Urate

Lee et al. (2005)
Z.-S. Chen et al. (2003)
Imai et al. (2003)
Jonker et al. (2002)
Woodward et al. (2009)

Bilirubin glucuronides
Coproporphyrin-I
Estradiol-17-glucuronide (E2-17G)
Glutathione (GSH)
Leukotriene C4 (LTC4)
Taurochenodeoxycholate sulfate
Taurolithocholate sulfate

Kamisako et al. (1999)
Gilibili et al. (2017)
Zelcer et al. (2003)
Paulusma et al. (1999)
Madon et al. (1997)
Akita et al. (2001)
Sasaki et al. (2002)

Amyloid-ǃ
Bilirubin
Cortisol, Aldosterone
Estradiol, Corticosterone, 17-Hydroxyprogesterone
Estrone, Estriol, Ethinyl estradiol
Phosphatidylcholine, phosphatidylethanolamine

Lam et al. (2001)
Watchko et al. (1998)
Ueda et al. (1992)
Barnes et al. (1996)
Kim and Benet (2004)
Bosch et al. (1997)

ABUNDANCE OF TRANSPORTERS IN VARIOUS TISSUES

The quantification of protein does not only reveal the presence of the
investigated transporter in a tissue but allows for an evaluation of the
transporter function in the particular tissue or patient population. Moreover,
the contribution of a specific transporter in the translocation of a drug may be
determined if the kinetic parameters and affinity are known. Accurate
quantification can be used to understand the differences in species and to thus
improve the allometric scaling and mechanistic understanding of animal
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models (Wang et al., 2015). Finally, quantitative protein abundance improves
the existing physiologically-based pharmacokinetic (PBPK) models in which
the scaling of in vitro information remains a great challenge. The PBPK models
have already demonstrated to be capable of predicting drug pharmacokinetics
in cases where clinical trials are not practical (Prasad et al., 2017). It is hoped
that the emerging quantification techniques will further improve PBPK
modelling in drug development and clinical practice.
The quantification of mRNA with quantitative polymerase chain reaction and
Western blot are traditional ways of estimating protein abundance. Although
mRNA quantification is technically straightforward, many groups have shown
that the mRNA expression does not always correlate to the transporter
amounts (Ohtsuki et al., 2012; Prasad et al., 2013). On the other hand, Western
blot is only semi-quantitative and requires specific antibodies. Therefore,
label-based absolute transporter protein quantification, using liquid
chromatography–tandem mass spectrometry (LC-MS/MS) has become the
gold-standard technique.
The expression of the ABC transporters in various organs and tissues has been
studied with mass spectrometry-based targeted proteomics by many groups
(Table 2). A meta-analysis by Burt et al. (2016) concluded that, in a healthy
Caucasian population, the MRP2 and P-gp are five times more abundant than
the BCRP in liver. In comparison, the MRP3, which is upregulated in the
Dubin-Johnson syndrome, is approximately half as abundant as the MRP2,
while the SLC-family uptake transporters organic anion transporting
polypeptide (OATP) 1B1, 1B3, and 2B1, responsible for the uptake of many
BCRP and MRP2 substrates, were expressed approximately 10 times more
than the MRP2.
The characterization of intestinal transporters is challenging due to varying
protein expression across the intestines (Englund et al., 2006). Studies of
human small intestine samples show roughly equal overall expression of the
BCRP, MRP2, and P-gp (Drozdzik et al., 2014; Groer et al., 2013; Harwood et
al., 2015), although Tucker et al. (2012) reported a four times higher BCRP and
P-gp expression in duodenum in comparison to MRP2. Moreover, both P-gp
and BCRP showed region-dependent expression that has the lowest
abundance in the duodenum and the highest in the lower part of ileum
(Drozdzik et al., 2014). In the colon, MRP2 was the most prevalent of the three
transporters.
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Table 2: Absolute abundance of the BCRP, MRP2, and P-gp in
pharmacokinetically relevant tissues
Abundance, pmol / mg (total protein)
Tissue

BCRP

MRP2

P-gp

Reference

Liver

0.04 a

0.30 a

0.20 a

Burt et al. 2016b

- Duodenum

0.2

0.8

0.3

- Jejunum

0.3

1.0

0.5

- Ileum

0.4

0.8

0.9

N.D.

N.D.

N.D.

0.6

1.1

0.6

0.3

0.4

0.7

N.D.

N.D.

N.D.

2.6

0.6

1.9

1.6

BLQ

0.2

N.D.

N.D.

N.D.

Small intestine

Gröer et al. 2013

Harwood et al. 2015

Tucker et al. 2012

0.2

<0.1

0.2

N.D.

N.D.

N.D.

Colon

0.1

1.3

0.3

Drozdzik et al. 2014

Brain

6.2

N.D.

4.0

Shawahna et al. 2011

microvessels

8.1

BLQ

6.1

Uchida et al. 2011

BLQ

1.4

2.1

Prasad et al. 2016

Kidney
a

Drozdzik et al. 2014

pmol/106 hepatocytes, b meta-analysis, N.D. = no data, BLQ = below limit of quantification

Equal abundance of the BCRP and P-gp was also found in isolated human
brain microvessels, while no MRP2 was detected (Shawahna et al., 2011;
Uchida et al., 2011). Prasad et al. (2016) quantified transporter expression in
different parts of the human kidney cortex. Although the BCRP has an
important role in expelling urate, it was not detected in the kidney, while the
MRP2 and P-gp were equally abundant regardless of the kidney part analyzed.
However, it should be taken into consideration that large variability is
observed between various methods established in different laboratories
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(Wegler et al., 2017). Therefore, further evaluation and standardization of
methods are required.

2.2

2.2.1

STRUCTURE AND FUNCTION OF THE BCRP,
MRP2, AND P-GP
PROTEIN DOMAINS

ABC transporters have a varying number of lipid bilayer piercing
transmembrane (TM) helices and nucleotide-binding domains (NBD). The
transmembrane helices form a bundle, or transmembrane domain (TMD), and
the two TMDs then make up the bipartite binding cavity for the substrates. In
inward conformation, the binding cavity is open to the cytosolic side and, in
the case of P-gp, also to the inner leaflet of the lipid bilayer (Aller et al., 2009).
The NBD contains the Walker A and B motifs, the ABC-family exclusive
signature C motif (consisting of LSGGQ amino acids), and also a linker region
(Q loop), connecting the NBD and to the TMD (Dalmas et al., 2005; Higgins,
1992; Walker et al., 1982).
Post-translational modifications occur at both extracellular and cytosolic
loops, but the importance of these modifications are transporter-specific. For
instance, the ABCG5/8 requires the N-linked glycosylation for trafficking
(Graf et al., 2003), while a lack of glycosylation in the BCRP and multidrugresistance associated protein 1, MRP1 does not affect function, expression, or
trafficking (Bakos et al., 1996; Diop & Hrycyna, 2005). Phosphorylation is one
of the most common post-translational mechanisms that regulates the
ubiquitination, degradation, subcellular localization, and function of the
proteins. Stolarczyk et al. (2011) noted that phosphorylation involves several
kinases and phosphorylation sites. In BCRP, the phosphorylation mediated by
the Pim1-kinase affects the membrane localization and oligomerization of the
BCRP (Xie et al., 2008). On the other hand, the Pim1-mediated
phosphorylation altered the stability and glycosylation but not the
oligomerization of the P-gp (Xie et al., 2010). Crocenzi and co-workers (2008)
observed that the activation of conventional protein kinase C (PKC) by E2-17G
resulted in endocytic retrieval of rat Mrp2 in perfused rat liver. Chai et al.
(2015) later proposed that PKCĮ activation in cholestatic livers phosphorylates
Ezrin tether proteins, which connects membrane proteins with actin filaments
and leads to MRP2 internalization. The impact of the PKC-mediated
phosphorylation on the P-gp is debated and controversial (Crawford et al.,
2018). Phosphorylation may affect the substrate binding, as suggested by
ATPase studies, but the impact on transport activity and drug resistance in cell
systems appears to be limited (Goodfellow et al., 1996; Szabo et al., 1997).

23

Literature review

Furthermore, studies also have indicate that the outcome of phosphorylation
may be species, cell-type, or PKC isoform dependent (Idriss et al., 2000; Rigor
et al., 2010).

Figure 2: Schematic of the order of the transmembrane helices (cylinders) and
nucleotide binding domains (NBD) in BCRP, MRP2, and P-gp transporters.

The functional ABC transporter consist of at least two TMDs and two NBDs,
but some transporter proteins, such as the BCRP (Xu et al., 2004), are
expressed as half-transporters. These subunits remain non-functional until
they are combined into full transporters, possibly with the help of
intramolecular disulfide bonds (Liu et al., 2008). However, the formation of a
full transporter here does not require two identical subunits as is the case with
ABCG5/8 (Graf et al., 2003). Furthermore, the transporters may co-operate
as a part of a larger unit (Mo & Zhang, 2009). Xu et al. (2004) observed that
the BCRP not only appears as a tetramer but as dodecamer as well, while
McDewitt et al. (2006) showed that the BCRP also forms octamers. With
respect to the P-gp, there are conflicting reports of the dimerization of the Pgp without a clear consensus (Mo & Zhang, 2009).
In a functional transporter, the TMDs and NBDs appear alternately but usually
begin with the TMD from the N-terminal (Figure 2). The ABCG family, BCRP
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included, is an exception to this, with the NBD in the N-terminal (Kerr et al.,
2011). Some transporters, such as the MRP1, MRP2, and MRP3, contain an
additional transmembrane domain, called TMD0, which precedes the TMD1.
With respect to MRP2, the additional domain, together with a linker region L0
between TMD0 and TMD1, affects the function and localization of the
transporter as MRP2 without TMD0 were expressed only in small quantities
intracellularly (Fernandez et al., 2002)
Three-dimensional structures provide further understanding of the function
of the protein. Recently, the three-dimensional structures of various ABC
transporters in different organisms have been characterized. Taylor et al.
(2017) determined the structure of the human BCRP (Protein Bank Database,
PDB, accession number 5NJ3) with single-particle cryo-electron microscopy
(cryo-EM) using BCRP-reconstituted nanodiscs. Although no 3D structure of
the MRP2 is available, the bovine-MRP1 structures (PDB 5UH9, 5UJA, 6BHU)
without any ligand (apo form) and in complex with LTC4 are determined by
Johnson and Chen (2017, 2018) using the cryo-EM. For the P-gp, the outward
orientated human apo structure (PDB 6C0V) is available (Kim & Chen, 2018)
as well as several structures of murine and C.elegans P-gp determined by Xray crystallography (Aller et al., 2009; Jin et al., 2012; J. Z. Li et al., 2014).

2.2.2

BINDING CAVITY

In the inward orientation, the binding cavity of the ABC transporters opens to
cytosolic side. In addition, the P-gp has two lateral openings on the inner lipid
layer, allowing for a collection of substrates from the lipid membrane (Aller et
al., 2009). The exact nature of substrate binding remains largely uncharted.
Although some substrates have been co-crystallized with the transporters, the
binding is likely to be different from substrate to substrate. This is particularly
relevant for P-gp, which has a wide substrate range and experimentally
suggested three distinctive transport sites together with an additional
modulatory site (Martin et al., 2000). To further complicate mechanistic
understanding, the transport sites are capable of modulating each other
(Shapiro & Ling, 1997). On the other hand, whether there is a large binding
region for free alignment of the substrates instead of specific binding sites has
been discussed (Vazquez-Laslop et al., 2000). The binding of the cyclic-tris(R/S)-valineselenazole stereoisomers in murine P-gp reveal that, in addition
to common residues interacting with many stereoisomers, there are specific
residues involved with only one of the stereoisomers, further supporting the
poly-specific nature of the binding cavity (Aller et al., 2009).
It is proposed that MRP2 has two binding sites as well. According to Zelcer et
al. (2003), one binding site is for transport (S-site) and another one is for
modulation (M-site). E2-17G binds to both sites but binding to the M-site
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occurs only at a higher concentration, resulting in self-cooperative transport
kinetics. Likewise, the observations of Evers et al. (2000) led to the hypothesis
of two distinct binding sites: one with a high affinity for GSH and a low affinity
for the co-transported substrate (G-site), and another one with a high affinity
for the co-transported substrate and a low affinity for GSH (D-site). Although
MRP2 commonly translocates anionic compounds, cationic drugs, such as
vinblastine and vincristine, are also substrates in the presence of GSH (Evers
et al., 2000; Van Aubel et al., 1999). Moreover, the vinblastine increased GSH
transport as well, indicating a similar co-transport mechanism as observed in
MRP1. The recent cryo-EM structure of bovine MRP1 provides further
evidence of the presence of a hydrophilic pocket that interacts with GSH
(Johnson & Chen, 2017).
Interestingly, sulfinpyrazone, an antigout agent with a negative charge in
physiological pH, was deemed not to require GSH for its transport when
studied by Evers and co-workers (2000). The authors proposed that the anions
are able to bind to both G- and D-sites required for transport at high
concentrations and can, therefore, enable transport without GSH. Likewise,
GSH is not required for glucuronide, glutathione, and sulfate conjugates as
they are thought to either interact with the whole binding pocket by
themselves, as suggested by Johnson and Chen (2017), or to have a good
affinity to both G- and D-sites (Evers et al., 2000).
An observation of the BCRP substrates, which did not reciprocally inhibit the
efflux of mitoxantrone, suggest the presence of multiple binding sites in BCRP
(Nakanishi et al., 2003). Further evidence was provided by subsequent
binding and photolabeling studies that are reviewed by Ni et al. (2010). In
addition, the sigmoidal transport kinetics of 17Į-ethinylestradiol-3-O-sulfate
observed in BCRP overexpressing Spodoptera frugiperda (Sf9) vesicles further
support the multiple binding site hypothesis (Han et al., 2010). Recently,
Laszlo and co-workers (2016) used homology modeling and docking to
investigate the binding cavity of the BCRP. They found three adjacent binding
sites, including one that exclusively bound substrates.

2.2.3

TRANSPORT CYCLE

The transport cycle can be described by various models. According to the
switch model, the transport cycle begins when the substrate binds to the
inward orientated protein (Figure 3) (Higgins & Linton, 2004; Kim & Chen,
2018). The binding of the substrate changes the protein structure so that the
NBDs are pulled closer, thus priming for ATP binding (Johnson & Chen, 2017).
Upon ATP binding, the ATP is sandwiched by the NBDs, interacting with the
Walker A and B motif of one NBD, the cytoplasmic loop of the TM bundle, and
the signature motif of the other NBD (Johnson & Chen, 2018; Kim & Chen,
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2018). The NBDs are coupled and the transmembrane bundles of the protein
rotate. In a new, outward orientation, the residues of the substrate binding site
are separated, causing a decreased affinity of binding, and the substrate is
exposed to the extracellular space.

Figure 3: Schematic of the transport cycle presented in three steps. S stands
for substrate, TMD for transmembrane domain, NBD for nucleotide-binding
domain, ATP for adenosine triphosphate, and ADP for adenosine diphosphate.
The dimensions of the components are not accurately illustrated; the scheme
only provides an overview of the protein states during transport cycle.
The substrate is subsequently released and, although the ATP hydrolysis was
not required for substrate release (Barsony et al., 2016), it was needed to reset
the protein back to inward conformation (Johnson & Chen, 2018; Kim & Chen,
2018). The hydrolysis occurs at highly conserved glutamate residues (Moody
et al., 2002). The P-gp ATPase activity was reduced enormously by a single
mutation in the glutamate position and the ATP was trapped in the P-gp when
both sites were mutated (Carrier & Gros, 2008; Tombline et al., 2004).
However, these mutations do not affect substrate binding in the absence of
nucleotides, as is shown with the LTC4 in MRP1 (Payen et al., 2003). It is thus
postulated that the glutamate substitutions change the geometry of the ATPase
site, thus affecting the hydrolysis of ATP and the dissociation of NBDs (Kim &
Chen, 2018). By bringing the two TMDs closer, the effects of mutation were
compensated and the ATPase activity was restored (Loo & Clarke, 2017).
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In these efflux proteins, the transport starts from the cytosolic space in which
the substrate is recruited and ends as the substrate is exported out of the cell.
However, P-gp can collect substrates from the lipid bilayer (Higgins &
Gottesman, 1992). Furthermore, it can also flip its substrates from the inner
lipid leaflet to the outer leaflet, acting as a flippase. Due to its high affinity for
lipophilic compounds and ability to collect substrates laterally from the lipid
bilayer, the P-gp has been considered as the membrane “vacuum cleaner”
(Higgins & Gottesman, 1992; Raviv et al., 1990).
The transport of the substrate is always coupled with ATP hydrolysis. Two ATP
molecules are required for transport (Sauna et al., 2007) and each ATP
molecule is bound to the Walker A and B motifs of one NBD and the LSGGQ
motifs of the opposing NBD (Johnson & Chen, 2018; Kim & Chen, 2018). In
P-gp, it has been observed that only one ATP is hydrolyzed during the
transport cycle (Hrycyna et al., 1998). Similarly, it was also observed that the
MRP1 can catalyze the hydrolysis only at one site, because the other ATPhydrolyzing site is degenerated (Hou et al., 2000). However, the degenerated
ATP-binding site still binds the ATP. The concentration of ATP that is needed
to reach 50% of the maximal ATP hydrolysis (Km) ranges from 0.2 to 2.0 mM,
depending on the transporter and the expression system (Cui et al., 1999;
Glavinas et al., 2007; Sharom et al., 1995). According to Ambudkar et al.
(1997), the ATP hydrolysis rate per each P-gp protein ranges from 1 to 10 s-1
and a divalent cation, such as Mg2+, was required to be a cofactor to coordinate
the ATP (Rees et al., 2009). ATP hydrolysis can be inhibited completely with
orthovanadate, which formed a complex with the ADP and divalent cation
(Urbatsch et al., 1995).

2.3

2.3.1

EXOGENOUS SUBSTRATES AND INHIBITORS OF
THE BCRP, MRP2, AND P-GP
EXOGENOUS SUBSTRATES AND THEIR STRUCTUREACTIVITY

BCRP, MRP2, and P-gp protect the body from dietary carcinogens and toxins
as well as from therapeutic drugs and beneficial plant-origin flavonoids (Leslie
et al., 2005). The transport is not only limited to parent drug and xenobiotic
compounds, but their metabolites and conjugates are subject for transport as
the BCRP, MRP2, and P-gp work closely together with phase I and II metabolic
enzymes. In addition to having a similar role, the substrate specificity of the
transporters also overlaps considerably.
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BCRP has been shown to limit the absorption and augment the detoxification
of dietary-based toxins, carcinogens, and food components in various animal
models and cell lines (Ebert et al., 2005; Jonker et al., 2002; Pavek et al.,
2005). Paradoxically, BCRP also promotes the secretion of toxins to milk (van
Herwaarden et al., 2006). A meat based carcinogen, 2-Amino-1-methyl-6phenylimidazo(4,5-b)pyridine (PhIP), is well transported by the BCRP (van
Herwaarden et al., 2003), but the MRP2 and P-gp might have a small role in
its total transport as well (Dietrich et al., 2001; van Herwaarden et al., 2003).
Tobacco-originated carcinogenic metabolite 4-(methylnitrosamino)-1-(3pyridyl)-1-butanol (NNAL) is detoxified in intestinal enterocytes by the UGT
enzymes and is subsequently pumped out of cells by MRP1 and MRP2 (Leslie
et al., 2001). In addition, the BCRP, MRP2, and P-gp are capable of pumping
several polyphenolic flavonoids and their metabolites back to intestinal lumen
(Alvarez et al., 2010).
Through various in vitro techniques, it has been shown that a large number of
drugs are transported by one of the three transporters—BCRP, MRP2, or P-gp
(see Table 3). In humans, the loss of the BCRP function was shown to lead to
a higher bioavailability for several drugs, including sulfasalazine and several
statins, underlining the absorption-limiting role of the BCRP (Keskitalo et al.,
2009; Yamasaki et al., 2008). Likewise, with the intestinal perfusion
techniques and P-gp inhibitors, the absorption and bioavailability of digoxin
and talinolol were are shown to be affected by the P-gp efflux activity
(Drescher et al., 2003; Gramatte & Oertel, 1999). In healthy volunteers, the Pgp genotype GT2677/TT3435 led to approximately 1.5 times greater
loperamide exposure and peak concentration in comparison with the wildtype genotype (Skarke et al., 2003). The drug levels were even higher in the
presence of the P-gp inhibitor quinidine, underlining the role of the P-gp in
loperamide absorption and excretion. Animal data support the finding
according to which the MRP2 acts as barrier for some drugs, although direct
evidence in humans is still limited (Vlaming et al., 2006). The bioavailability
of talinolol and mycophenolic acid in humans might be altered by genetic
variation of MRP2, which lowers the protein expression (Laechelt et al., 2011;
Naesens et al., 2006).
Despite numerous known substrates, only a limited number of studies covers
the structural properties of the substrates and their relationship with
transporter interaction. An analysis by Matsson et al. (2009) demonstrated
that the reported P-gp substrates had significantly higher logarithm of the
water-octanol partition coefficient at pH 7.4 (LogD7.4) (median of 3.0) than
either the BCRP or MRP2 substrates (median of 0.5 and -0.4, respectively).
Although the P-gp substrates are lipophilic in general, Barnes et al. (1996)
observed that the most hydrophobic steroids were not good substrates but
effective inhibitors. On the other hand, hydrophilic steroids, such as
dexamethasone and cortisol were well transported but less potent in inhibiting
the P-gp. Similarly, D. Li et al. (2014) examined the physicochemical

29

Literature review

properties of 423 P-gp substrates. According to their analysis, the P-gp
inhibitors were more hydrophobic than the substrates. The classification
model they built had a prediction accuracy of 83.5% for the test set containing
200 compounds. Penzotti et al. (2002) built a P-gp substrate classification
pharmacophore model that incorporated features of the hydrogen bond
acceptors and donors, hydrophobic groups, and aromatic rings. This model
could categorize 50–60% of the substrates and more than 80% of the nonsubstrates.
Table 3: Substrate examples of different sources and chemical nature for
each transporter
BCRP
Carcinogens
PhIP
Dietary carcinogens (Aflatoxin B, IQ, Trp-P-1)
Benzo[a]pyrene sulfates and glucuronides

Pavek et al. (2005)
van Herwaarden et al. (2006)
Ebert et al. (2005)

Flavonoids
Genistein
Quercetin

Enokizono et al. (2007)
Sesink et al. (2005)

Drugs
Rosuvastatin
Sulfasalazine
Mitoxantrone
Topotecan
Imatinib

Kitamura et al. (2008)
Jani et al. (2009)
Ozvegy et al. (2001)
H. Li et al. (2008)
Burger et al. (2004)

Fluorescent probes
Lucifer Yellow (LY)
Hoechst 33342
Pheophorbide A

Deng et al. (2016)
Scharenberg et al. (2002)
Jonker et al. (2002)

Toxins of dietary origin
PhIP
NNAL-O-glucuronide
Ochratoxin A

Dietrich et al. (2001)
Leslie et al. (2001)
Leier et al. (2000)

Drugs
Methotrexate
Mycophenolic acid glucuronide
Olmesartan
Pravastatin
Cisplatin
Irinotecan and its active metabolite SN-38
Vinblastine
HIV protease inhibitors (saquinavir, ritonavir, indinavir)

Masuda et al. (1997)
Kobayashi et al. (2004)
Nakagomi-Hagihara et al. (2006)
Kivisto et al. (2005)
Cui et al. (1999)
Chu et al. (1997)
Tang et al. (2002)
Huisman et al. (2002)

Fluorescent probes
5(6)-carboxy-2’,7’-dichlorofluorescein (CDCF)
Calcein

Heredi-Szabo et al. (2008)
Masereeuw et al. (2003)

Toxins of dietary origin
PhIP

van Herwaarden et al. (2003)

MRP2

P-gp
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Drugs
Dabigatran exetilate
Digoxin
Quinidine
Loperamide
Talinolol
Vinblastine
Paclitaxel
HIV protease inhibitors (saquinavir, ritonavir, indinavir)

Ishiguro et al. (2014)
Collett et al. (2004)
Korjamo et al. (2007)
Schinkel et al. (1996)
Collett et al. (2004)
Tang et al. (2002)
Collett et al. (2004)
Collett et al. (2004)

Fluorescent probes
Rhodamine 123
Hoechst 33342
Calcein-AM
N-methyl-quinidine (NMQ)

Shapiro and Ling (1997)
Shapiro et al. (1997)
Tiberghien and Loor (1996)
Hooiveld et al. (2002)

Nakagawa et al. (2006) noticed that the negative potential area in the
camptothecin A ring facilitated hydrogen bond formation with the BCRP and
was thus important for the transport function. More recently, Hazai et al.
(2013) built a classification model using the support vector machine method
and all the available published BCRP substrate data at the time. The final
model exhibited 76 % overall prediction accuracy for an external validation
data set.
The MRP2 substrates are generally considered anionic, which is supported by
the work of Pedersen et al., who observed that 31 out of 40 MRP2 substrates
were carrying at least one negative charge in physiological pH (Pedersen et al.,
2008). Lai et al. (2007) studied the transport of biphenyl-substituted
heterocycles by MRP2 and observed that the physicochemical descriptors,
such as molecular weight, calculated LogP, LogD, or polar surface area, did not
correlate with transport and inhibitory activity. However, they noticed that the
steric bulkiness caused by the torsion angle between two phenyl rings dictated
the transport and inhibitory activity.

2.3.2

INHIBITORS AND THEIR ROLE IN DRUG-DRUG
INTERACTIONS

As efflux transporters may limit the absorption and disposition of several
drugs, the disruption of transporter activity enables increased entry of drugs.
On some occasions, this effect is desired to enhance the bioavailability or
duration of medication, but often the increased exposure causes adverse
effects as drugs or their metabolites permeate into the sensitive tissues, such
as the central nervous system and testis, or accumulate in the liver or kidney.
For this reason, transporter inhibition studies begin in the early phases of drug
development.
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A great number of the BCRP, MRP2, and P-gp inhibiting drugs and other
compounds are known from in vitro studies (Table 4). While numerous drugs
are presented in Table 4, they are not the sole perpetrators of transporter
inhibition. During pregnancy, the levels of E2-17G are elevated, possibly
causing jaundice (Vore et al., 1997). The underlying mechanism involved
inhibition and endocytic retrieval of the hepatic MRP2 (Mottino et al., 2002).
From our diet, the flavonoids of notorious grape fruit juice can not only alter
the function of CYP enzymes but of intestinal transporters, such as the P-gp,
as well (Bailey et al., 1998; Dresser et al., 2002). Furthermore, natural
compounds that are used for food and dietary supplements also reduce the
activity of BCRP and MRP2 (Kusuhara et al., 2012; Merino et al., 2010;
Sjöstedt, Holvikari, et al., 2017; Yoshida et al., 2008). There is also evidence of
drug excipients and food additives inhibiting drug transporters both in vitro
and in vivo (Nielsen et al., 2016; Yamagata et al., 2007).
As in the substrates, a significant overlap has been observed in inhibitors.
Matsson et al. (2009) examined the BCRP, MRP2, and P-gp inhibition by 122
registered oral drugs. Their results indicated that 23 of the studied drugs
inhibited a single transporter, while 43 were considered to be overlapping
inhibitors as they could affect more than one transporter. Furthermore, they
found that numerous drugs that are considered to be specific inhibitors also
interacted with other transporters. For instance, GF120918 and Ko143, used
as P-gp and BCRP specific inhibitors, respectively, inhibited other
transporters at a higher concentration. In addition, the authors further noted
that MK571, widely used as a specific MRP-family inhibitor, was quite efficient
in blocking the BCRP and P-gp activity. In transporter research, there is a great
need for highly specific inhibitors. Kock and Brouwer (2012) concluded that
the broad substrate and inhibitor range complicates the study of the role of a
single transporter in vivo and in vitro. Therefore, they have called for search
for more specific inhibitors. In the study of Matsson et al., haloperidol,
prazosin, and bromosulfalein were recommended, respectively, as P-gp,
BCRP, and MRP2 specific inhibitors. However, the authors did not confirm
their findings with other transporters. Moreover, the specificity also depends
on which substrate is used (Pedersen et al., 2017).
The clinical consequences of the P-gp drug-drug interactions (DDIs) are
shown in many studies with a number of substrate drugs, including digoxin
(Fenner et al., 2009), paclitaxel (Malingre et al., 2001; Meerum Terwogt et al.,
1999), loperamide (Sadeque et al., 2000), and dabigatran etexilate (Delavenne
et al., 2013; Hartter et al., 2013). In the case of anticancer drugs, such as
paclitaxel, the improved bioavailability is desired, but certain victimperpetrator combinations may cause serious adverse effects. Clarithromycin,
a macrolide antibiotic, co-administered with digoxin was reported to lead to
prolonged QTc interval (Midoneck & Etingin, 1995) due to increased digoxin
exposure caused by intestinal P-gp inhibition (Hughes & Crowe, 2010).
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Similarly, quinidine when co-administered with digoxin led to severe adverse
effects (Leahey et al., 1978).
Table 4: Example of the in vivo and in vitro BCRP, MRP2, and P-gp inhibitors;
the common inhibitors listed below are capable of inhibiting all three
transporters
BCRP
Flavones and flavonols
Curcumin
Fumitremorgin C
Ko143
Elacridar (GF120918)
Tyrosine kinase inhibitors
HIV protease inhibitors
Proton pump inhibitors
Sulfasalazine
Prazosin

Sjöstedt, Holvikari, et al. (2017)
Kusuhara et al. (2012)
Rabindran et al. (2000)
Tan et al. (2013)
Matsson et al. (2009)
Noguchi et al. (2014)
Gupta et al. (2004)
Suzuki et al. (2009)
Elsby et al. (2011)
Matsson et al. (2009)

Flavones and flavonols
Estrone-3-sulfate *
Probenecid *
Benzbromarone
Valspodar (PSC-833)

Sjöstedt, Holvikari, et al. (2017)
Kidron et al. (2012)
Heredi-Szabo et al. (2008)
Heredi-Szabo et al. (2008)
Chen et al. (1999)

Grape fruit juice
Herbs and flavonoids
Quinidine
Macrolides
Tyrosine kinase inhibitors
Azole antifungals
Elacridar (GF120918)
Verapamil
Ritonavir
Valspodar (PSC-833)
Zosuquidar (LY335979)
Haloperidol

Dresser et al. (2002)
Bansal et al. (2009)
Kakumoto et al. (2002)
Eberl et al. (2007)
Noguchi et al. (2014)
Keogh and Kunta (2006)
Keogh and Kunta (2006)
Keogh and Kunta (2006)
Drewe et al. (1999)
Drewe et al. (1999)
Dantzig et al. (1996)
Matsson et al. (2009)

MRP2

P-gp

Common inhibitors
MK-571, cyclosporine A, thioridazine*
Vinblastine, rifampin, bromosulfalein

Matsson et al. (2009)
Pedersen et al. (2017)

*May stimulate activity due to allosteric modulation or co-transport depending on used
substrate probe (Huisman et al., 2002; Kidron et al., 2012; Pedersen et al., 2017)

An orally given inhibitor does not only affect the intestinal efflux pumps, but
the P-gp in the blood-brain barrier can also be inhibited. In healthy male
volunteers, simultaneous administration of antidiarrheal loperamide with
quinidine led to loperamide-induced respiratory depression (Sadeque et al.,
2000). While the inhibition of the CNS efflux pumps (including P-gp and
BCRP) may expose patients to adverse effects, animal studies have indicated
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that the inhibition can be exploited to improve the efficacy of various brain
disease treatments (Breedveld et al., 2006; Jablonski et al., 2014).
Numerous studies show that the inhibition of BCRP alters the
pharmacokinetics of its substrate (Mao & Unadkat, 2015; Martin et al., 2016).
Pham et al. (2009) observed up to an eight-fold increase in the AUC and peak
levels of atorvastatin when the victim drug was co-administered with
tipranavir and ritonavir. The effect was not solely due to BCRP inhibition,
however, as both CYP3A4 and OATP1B1 were affected as well. Curcumin
doubled the exposure and peak concentration of the orally administered
sulfasalazine in healthy volunteers (Kusuhara et al., 2012). A case study by
Suttels et al. (2015) speculated whether the inhibition of BCRP by cobicistat
may have contributed to elevated pravastatin levels and rhabdomyolysis,
ultimately led to acute kidney failure.
The United States Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) have constructed guidelines for BCRP and P-gp
inhibitory studies (European Medicines Agency, 2012; FDA, 2017b). For
instance, for an orally administered drug, if an investigational compound
affects the net flux of the BCRP or P-gp substrate and its estimated
concentration in the intestine exceeds the determined inhibitor concentration
required for a 50% inhibition of transport (IC50) by 10 times, further in vivo
studies are recommended. While the inhibition of MRP2 is not linked to any
DDIs, the concomitant inhibition of other MRPs, which act as compensatory
mechanism of drug efflux, may theoretically induce adverse effects in the liver
or kidney (Hillgren et al., 2013; Yombi et al., 2014). Therefore, it is
recommended to examine the MRP2 inhibition for new chemical entities
(NME) if conjugated hyperbilirubinemia is observed in patients or test
animals.

2.3.3

STRUCTURE-ACTIVITY RELATIONSHIP AND INHIBITION
MECHANISM

Due to the easier experimental setup and lower analytical method
requirements, it is more feasible to examine inhibition than uptake or efflux.
Consequently, there is a plethora of structure-activity relationship (SAR)
studies for inhibitors. One of the most extensive SAR studies involving
registered drugs is the work of Matsson et al. (2009) in which the authors
compared the chemical properties of the BCRP, MRP2, and P-gp inhibitors.
Among the many observations, they demonstrated a great number of
overlapping inhibitors and noticed that the inhibitors had higher lipophilicity
and aromaticity than non-inhibiting drugs. Furthermore, the BCRP specific
inhibitors contained more nitrogen atoms and aromatic functions, while the
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P-gp specific inhibitors had carbonyl oxygens that were beneficial in the
hydrogen bond formation. Interestingly, only 21% of the tested compounds
inhibited the MRP2, while 43% and 40% of compounds affected the P-gp and
BCRP, respectively. Previously, Barnes et al. (1996) and Wang et al. (2003)
concluded that hydrophobicity is required for an effective P-gp inhibition.
Moreover, Wang and co-workers also found that a long chain, nucleophilic
nature, and positive charge provided by a tertiary nitrogen atom are beneficial
for modulation.
The extensive review of Gandhi and Morris (2009) thoroughly covers the SAR
and QSAR studies on BCRP inhibiting flavonoid, tamoxifen, GF120918,
paclitaxel, fumitremorgin C, and camptothecin analogues. In general, a planar
structure and lipophilicity were observed to be common features in the SAR
and QSAR models and thus beneficial for inhibition. However, the effect of
hydroxyl groups depended on position. In addition, Sjöstedt, Holvikari, et al.
(2017) profiled 124 natural compounds or their derivatives for BCRP and
MRP2 inhibition. They confirmed that molecular weight, lipophilicity,
aromaticity, and number of rings were important factors for BCRP inhibition,
while hydroxylation was not a predictor of inhibition.
High selectivity of the MRP2 inhibition was observed in multiple flavonoid
studies (Sjöstedt, Holvikari, et al., 2017; van Zanden et al., 2005). The study
of van Zanden and co-workers found that 2 flavones with pyrogallol moieties
out of 29 compounds exhibited inhibitory activity. In a larger SAR study, 42 of
191 tested drug or drug-like compounds were considered to be inhibitors,
while 13 compounds stimulated the MRP2-mediated E2-17G transport
(Pedersen et al., 2008). The inhibitors were more lipophilic and had more
aromatic interactions than the non-inhibitors. Strikingly, the MRP2
competitive inhibitors were found to have a larger molecular weight and polar
surface but a lower lipophilicity in comparison to the non-transported
inhibitors. Together with an observation according to which 29% and 34% of
inhibitors were positively charged or neutral, respectively, in physiological pH,
the authors of that study concluded that some of the inhibitors have
completely different modes of action. Authors proposed that lipophilic
inhibitors with a cationic charge could interact through the plasma membrane.
On the other hand, hydrophilic and negatively charged inhibitors would
compete with the substrate binding on the transport site, since almost all the
stimulators and substrates carried a negative charge in physiological pH.
Likewise, later SAR studies confirmed that a negative charge was not
mandatory for inhibitory activity, while lipophilicity, aromaticity, and the
number of rings enhance inhibition (Wissel et al., 2017; Wissel et al., 2015).
The inhibitors can interfere with transport by multiple mechanism: competing
with substrate binding (competitive inhibition), hindering conformational
change of substrate-transporter complex (uncompetitive), modulating
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substrate binding allosterically (non-competitive), or by combining all
aforementioned mechanism at the same time (mixed type inhibition). The
great number of inhibitors, which are transported at the same time, indicates
that competitive inhibition is very common (see Tables 3 and 4) (Jemnitz et
al., 2010; Srivalli & Lakshmi, 2012). Non-competitive inhibitors exert their
effect through the nucleotide-binding site or membrane domains. Anionic
charged sodium orthovanadate and possibly MK-571 exert their effect through
the nucleotide-binding domain by blocking ATP hydrolysis (Matsson et al.,
2009; Urbatsch et al., 1995). On the other hand, allosteric inhibitors that have
a positive charge and lipophilic nature are thought to reach their modulation
site from the lipid bilayer, which is suggested by Pedersen et al. (2008).
Furthermore, an interaction with a transporter does not always lead to
inhibition. While the inhibitor may compete with one substrate for binding, it
may also induce a conformational change on another binding site, improving
the transport of another substrate (Shapiro & Ling, 1997). This causes
substrate specific modulation that is demonstrated by many studies and
transporters (Giri et al., 2009; Huisman et al., 2002; Kidron et al., 2012;
Pedersen et al., 2017).

2.4

STUDY METHODOLOGY FOR ABC
TRANSPORTERS

No single technique is capable of predicting the overall drug disposition in a
human being. To understand the significance of an in vitro finding, studies
using in vivo methods are required. Therefore, an extensive number of
methods are employed to study the physiological role of transporters and
drug-transporter interactions. In the following section, a wide range of
techniques are discussed but special emphasis is placed on methods that are
used in the experimental part of this thesis.

2.4.1

IN VIVO AND EX VIVO METHODS

In vivo methods are considered to be the golden standard for demonstrating
the importance of a single transporter. In humans, the significance of a
transporter of interest can be illustrated with patients who harbor a nonfunctional variant of that transporter (Keskitalo et al., 2009; Naesens et al.,
2006; Skarke et al., 2003). Regulatory agencies have recommendations for
substrates that are used in clinical trials. For the P-gp substrate, both agencies
recommend digoxin, dabigatran etexilate, and fexofenadine (EMA, 2012; FDA,
2017a). For the BCRP, the FDA favors rosuvastatin, although sulfasalazine,
having a low bioavailability, has been suggested for the study of intestinal
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inhibition (Lee et al., 2015). Likewise, in the inhibition studies, the FDA
proposes clarithromycin, itraconazole, quinidine, and verapamil as P-gp
example inhibitors, while cyclosporine is recommended for BCRP. However,
cyclosporine affects multiple other transporters and metabolic enzymes,
which is why Lee et al. (2015) have suggested the use of curcumin and lapatinib
instead.
Isolated organs and in situ perfusion models are ex vivo tools that enable
controlled investigation of transporters in a single organ without the
interference of other organs. Briefly, the isolated organ or tissue is fed with a
test compound by perfusion for a certain period of time. After that, the
concentration of the compound is determined in perfusate and tissue-related
fluids, such as urine, bile, cerebrospinal fluid. Studies in both animals and
humans with ex vivo and in situ methods have confirmed the importance of
the BCRP and P-gp in liver, kidney, intestine, and blood-brain barrier (Adachi
et al., 2003; Cisternino et al., 2001; Drescher et al., 2003; Lau et al., 2004) as
well as demonstrated the interplay of transporters and metabolizing enzymes
(Maier-Salamon et al., 2008). However, the methods are not feasible for
extensive studies as high level of surgical skills are required and long-term
experiments may compromise the integrity and viability of tissue. Moreover,
while the in vivo and ex vivo methods may provide a systemic overview, the
mechanisms on tissue or cell level may remain unclear.
Sometimes, the recruitment of patients is laborious or plain impossible if the
desired allele is rare in the population. In addition, a constant supply of organs
cannot be guaranteed. The animal models with natural or artificial mutations
of transporter encoding genes offer an alternative and more flexible approach
to study the importance of transporters. Mrp2-deficient rats, such as the
Groningen yellow / transport deficiency Wistar (GY/TR-) or Eisai
hyperbilirubinemic Sprague-Dawley (EHBR) rats, are widely used as models
for the Dubin-Johnson syndrome. The Mdr1a/b(-/-), Bcrp1(-/-) and
Mdr1a/b(-/-)&Bcrp1(-/-) knockout mice are common models in blood-brain
barrier studies (Polli et al., 2009). Transporter knockout can also be achieved
chemically with specific inhibitors. This approach bypasses any altered
physiological function and compensatory mechanism that is caused by a nonfunctional transporter but requires highly specific inhibitors.
Despite the irrefutable advantages of animal models, the translation of
preclinical data to humans may be complicated due to the compensatory
mechanisms of dysfunctional transporters, strain and species differences in
expression or distinct substrate affinity and inhibition between species (Chu
et al., 2013). For instance, the MRP3 is upregulated in both patients with the
Dubin-Johnson syndrome and in MRP2-deficient rats, thus preventing the
accumulation of bilirubin glucuronides in hepatocytes (Konig et al., 1999;
Ogawa et al., 2000). Ninomiya et al. (2005) demonstrated that rats have a 10
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times higher MRP2 expression in comparison to dogs. Li et al. (2008) further
showed with freshly acquired and cryo-preserved hepatocytes, that the MRP2
mediated transport in rats were stronger than in human. On the other hand,
BCRP activity was more prevalent in the human than rat hepatocytes. In vivo,
GR205171, a rat P-gp substrate, had nine-fold higher brain-to-plasma ratio in
humans than in rats, demonstrating a clear difference in brain distribution
between these two species (Syvanen et al., 2009). Furthermore, Suzuyama et
al. (2007) demonstrated in vitro with P-gp inhibitors quinidine and verapamil
that IC50 values changed depending on the combination of species and
substrate. For instance, quinidine had lower IC50 on cyclosporine A transport
in all species, except in murine MDR1B. Reports of species differences for the
BCRP seem to be scarce. A BCRP substrate, pheophorbide A, is effluxed by
human and dog hepatocytes, but no efflux was observed from rat or monkey
hepatocytes at all (M. Li et al., 2008). Gonzalez-Lobato et al. (2010) observed
different degrees of human and murine BCRP inhibition by mycotoxin
fumitremorgin C in MDCKII cell lines. Both human and murine MRP2
transports a wide range of cholesterol-lowering statins. However, the apparent
affinity (Km) of simvastatin, lovastatin, and rosuvastatin transport exhibited
significant differences between the mouse and human MRP2 (Ellis et al.,
2013). Furthermore, the inhibition constant Ki of simvastatin, pravastatin,
pitavastatin, and rosuvastatin was considerably higher in human MRP2.
The differences in substrate specificity between the human and mouse
transporters can be overcome by humanized mouse models in which a human
transporter encoding gene is introduced to the mouse genome. While a great
number of drug metabolizing enzymes have been studied with humanized
mouse models, a limited number of transporter models has been reported
(Scheer & Wilson, 2016). Scheer and co-workers developed the first ABC
transporter humanized mouse model for MRP2 (Scheer et al., 2012). Four
years later, Dallas et al. (2016) reported BCRP humanized mouse and,
recently, Yamasaki et al. (2018) successfully developed the first P-gp
humanized mouse model for the study of drug brain distribution.

2.4.2

WHOLE CELL IN VITRO METHODS

Cell-based in vitro methods offer a diverse alternative for in vivo models. Cells
have less variables affecting the study outcome and can be stored and shipped
with ease while preserving their function. In addition, cell cultures can be
adapted for automation. Polarized cells are required to characterize the
substrate probe flux in apical-to-basolateral and basolateral-to-apical
directions (Giacomini et al., 2010). The cells can be seeded on a microporous
filter (TranswellTM) that divides the well in two compartments. Uptake studies
in which an accumulation of probe is followed can be carried out with nonpolarized cells on a normal well plate without separate compartments.

38

Another, indirect approach to measure the accumulation is a cytotoxicity
assay, in which the accumulation of cytotoxic agent leads to cell death (Allen
et al., 2002).
Freshly isolated primary cells from the liver, intestine, brain microvessels, or
kidney provide relevant information of drug disposition and interactions as
the relevant transporters and enzymes are presented to them (Giacomini et al.,
2010). However, their morphology and transporter profile alter rapidly over
time, thus requiring close monitoring or a constant supply of fresh or
cryopreserved cells. The metabolic activity of hepatocytes is shown to be
maintained when they are cultured between two layers of collagen in a socalled sandwich culture (Marion et al., 2007). Furthermore, the sandwich
culture restores cell polarity and bile canaliculi networks that are lost during
the isolation of hepatocytes by collagenase perfusion, enabling the studies of
apical transporters in hepatocytes (LeCluyse et al., 1994). Rat and human
hepatocytes cultured in this configuration have yielded in vitro biliary
clearance values that are well in agreement with in vivo clearance (Abe et al.,
2009). The human hepatic progenitor HepaRG cell line has been proposed as
a surrogate for cultured fresh human hepatocytes. It exhibits a polarized
expression of transporters and, unlike the HepG2 (another human hepatoma
cell line for hepatocyte studies), it abundantly expresses the cytochrome P450
family proteins (Kanebratt & Andersson, 2008; Le Vee et al., 2013; SisonYoung et al., 2015).
Hidalgo et al. (1989) propose the human colon adenocarcinoma cell line Caco2 as a model system for intestinal permeability. In vitro, it differentiates into
a tight, polarized monolayer, thus mimicking the intestinal epithelium.
Furthermore, drug permeation in Caco-2 correlates well with that in the
human small intestine (Artursson & Karlsson, 1991) and, given that Caco-2
expresses many transporters and phase I and II metabolic enzymes, it is
recommended by regulatory agencies for transport and DDI investigations as
well (FDA, 2017b; Gan et al., 1996; Siissalo et al., 2008; Taipalensuu et al.,
2001). Although having a wide transporter expression, major ABC pumps,
such as the BCRP, MRP2, and P-gp, can be studied separately with specific
substrates or inhibitors. However, the abundance of pharmacokinetically
relevant proteins, such as CYP3A4 and influx transporter OATP2B1, may not
be in line with the physiological expression (Olander et al., 2016).
Specific transporters can be introduced to cells by stable or transient
transfection. This allows for the study of a specific transporter or
polymorphism. The cells that are usually utilized for expression of specific
transporters include the Madine-Darby canine kidney (MDCK), Porcine
Kidney Epithelial (LLC-PK1), and Human embryonic kidney 293 cells
(HEK293). MDCK cells are further divided into two strains, the MDCK-I
(usually referred to as MDCK), which has a high transepithelial electrical
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resistance (TEER) of 4000 cm2, and the leakier MDCK-II with a TEER of
200-300 cm2 (Volpe, 2008). The lower integrity of the MDCK-II makes it
more comparable to the Caco-2 monolayer, which has a TEER of 150-400
cm2. MDCK and LLC-PK1 cells are particularly useful because they form a
polarized monolayer on an appropriate filter support and thus provide a
correct localization of transporters. Single- and double-transfected cell lines
are useful for the determination of kinetic constants and transport specificities
(Kopplow et al., 2005; Matsushima et al., 2005; Tang et al., 2002). Multitransfected cell lines are capable of illustrating the interplay of concerted
vectorial transport and metabolism that would not be observable in single- or
double-transfected cell lines. For instance, uptake, metabolism, and the
excretion of cholesterol-lowering ezetimibe and anticancer agent etoposide
was demonstrated in the OATP1B1-UGT1A1-MRP2 triple-transfected MDCK
cells (Fahrmayr et al., 2012).
Although the MDCK, MDCK-II, and LLC-PK1 are widely used to study single
transporters, there is evidence of endogenous MRP1, MRP2, and P-gp
expression, which may complicate the conclusions drawn from these cell
system (Goh et al., 2002; Horio et al., 1989). Likewise, multiple ABC
transporters are endogenously expressed in HEK293 cells (Taub et al., 2011).
In addition, the transfection of cell lines alters the endogenous transporter
expression. Kuteykin-Teplyakov et al. (2010) demonstrated that the
endogenous MRP2 protein expression decreased strikingly in the human P-gp
transfected MDCK-II cells in comparison to the parental cell line.

2.4.3

MEMBRANE-BASED IN VITRO TECHNIQUES

Compared to whole-cell based assays, membrane preparations carry multiple
advantages—although the preparation of membranes may be technically
demanding, the final preparations are easy to handle. The most widely used
method to generate vesicles was developed by Steck and co-workers (1970). In
their technique, cells are lysed in the buffer of low ionic strength conditions
and the absence of divalent cations. Finally, the vesicles are collected by
ultracentrifugation. An emerging alternative to break the cells is nitrogen
cavitation, where the sudden drop of high pressure causes the nitrogen to
bubble out, breaking down the cells in an effective manner (Simpson, 2010;
Volk & Schneider, 2003).
The membrane preparations can be stored at -80°C for years and therefore, in
the long run, a large batch of membranes may provide more consistent and
reliable results in comparison to cell systems. Unlike whole cell methods,
compounds with low cell permeability, such as hydrophilic drugs or phase II
conjugates, can be studied as they have direct access to the active pocket of a
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transporter. Due to the easier access of an inhibitor to the substrate binding
site, Herédi-Szabó and co-workers (2013) concluded that IC50, acquired
through membrane vesicle methods, is not dependent on the transporter
expression unlike the cell assays. Furthermore, the more isolated approach of
membranes allows the researchers to manipulate the experiment conditions
more freely. A membrane-based assay enables not only the uptake and
inhibition studies, but also the ATPase and ligand binding assays. Primary
cells, immortalized cell lines, and transporter overexpressing cells of
mammalian and insect origin are commonly used for membrane preparation.
Depending on the membrane source material, it is possible to study one
specific transporter of interest. However, the intact cells may provide more
relevant information on kinetics and transport parameters in situations where
the bioavailability of the inhibitor is not known or understood.
The interaction of the substrates or inhibitors with transporter protein can be
examined with photolabeling in order to study the binding affinity or
modulation (Xia et al., 2007). Test compounds that are labeled with 3H, 125I,
52P, or 35S and a membrane containing the transporter of interest are radiated
with UV before running them on a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The gel is subsequently dried and exposed to
film. The intensity of band represents the affinity of binding. Photolabeling
can be utilized to identify the transmembrane helices that are associated with
the test compound binding, but the method is too laborious and timeconsuming in general to be applied to large scale studies (Wu et al., 2005).
The breakage of cell membrane allows for a direct investigation of the ATPase
activity of ABC transporters (Sarkadi et al., 1992). The hydrolysis of ATP,
which powers the pump activity, can be completely halted with vanadate. The
inorganic phosphate generated by the ATPase is quantified either
colorimetrically or with luminescence caused by luciferase. The ATPase assay
is well suited for high-throughput screening as it is independent of the test
compound and can easily be automated. However, it cannot separate the
substrate from inhibitor and it has a low dynamic range and large variations
(Polli et al., 2001; Xia et al., 2006).
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Figure 4: Schematic of the vesicular transport assay. Vesicles overexpressing
transporter of interest are incubated on a 96-well plate. The probe substrate is
taken into vesicles by ATP powered transport, which is possibly inhibited by
test compounds.
The membrane vesicular transport (VT) assay is another technique compatible
with automation and high-throughput screening (Saito et al., 2006). The
substrate is pumped into inside-out orientated vesicles by an ATP-mediated
transport and is subsequently quantified (Figure 4). Due to the good dynamic
range and direct nature of the VT assay, the kinetic constants of transport and
inhibition can be obtained. However, highly permeable hydrophobic
substrates can escape from the vesicles, limiting the usage of this method in
substrate studies. Furthermore, the inversion of vesicle orientation is not
complete, which may distort the data analyses and conclusions. The sidedness
of vesicles can be determined by the nucleotide pyrophosphatase activity as
described by (Bohme et al., 1994). Nevertheless, the VT assay is versatile and
employed for many purposes, such as drug-drug interaction evaluation,
binding site characterization, and single nucleotide polymorphisms studies
(FDA, 2017b; Shapiro & Ling, 1997; Sjöstedt, van den Heuvel, et al., 2017)
For membrane and whole cell based in vitro techniques, fluorescent substrate
probes may serve as a good alternative for drug compounds (see Table 3). For
instance, 5(6)-carboxy-2’,7’-dichlorofluorescein (CDCF) is a validated
surrogate for the endogenous MRP2 substrate LTC4 (Heredi-Szabo et al.,
2008). Due to its relative low cost and ease of detection, it is ideal for
automated high-throughput platforms. Commercially available substrates for
BCRP and P-gp are lucifer yellow (LY) (Deng et al., 2016) and N-methylquinidine (NMQ) (Hooiveld et al., 2002), respectively.
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2.4.4

COMPUTATIONAL METHODS

The ultimate goal of in silico techniques in the transporter field is to provide
insight into ligand-transporter interaction in order to predict the DDI and
pharmacokinetic profiles before the compound is synthesized (Matsson &
Bergstrom, 2015). In addition, computational methods can serve as virtual
filters to reduce and select the lead compounds for further testing (Chang et
al., 2006; Ritschel et al., 2014). Furthermore, various computational
approaches may provide an understanding of the transport function at the
molecular level and an explanation for experimental data. The methods to
study transporter-ligand interactions on a molecular level can roughly be
divided into structure- and ligand-based techniques.
Docking and molecular dynamics are structure-based methods that are
considered to be direct approaches in transport studies. Docking provides
insight into the ligand-protein interaction by estimating the binding energies
of interaction. The method consists of two major steps: positioning and
scoring. In positioning, the binding site is defined and the flexibility of protein
residues are decided. Then, different conformations for the ligand are
generated that are docked into a predefined binding site. The scoring functions
calculate the free binding energy based on fundamental physics principles,
such as inter-atomic interactions, solvent effects, and conformational strain.
Based on the scoring, the binding of investigated compounds is ranked and the
binding mode is identified. Molecular dynamics is a computational approach
to explore the conformation of a protein. In a simulation, the atoms are
allowed to interact dynamically with each other following the principles of
Newtonian physics. Molecular dynamics are used to examine the dynamics
between the protein, ligand, and the lipid environment as well (Jones &
George, 2013).
For structured-based approaches, an experimentally determined, atomic
resolution protein structure is required. X-ray crystallography and cryo-EM
are common techniques to determine the ABC transporter structures (Aller et
al., 2009; Johnson & Chen, 2018; Kim & Chen, 2018). A missing,
uncharacterized structure can be modelled from an experimentally
determined protein structure that has to be closely related to the protein of
interest (Sanchez et al., 2000). This technique is referred to as homology or
comparative modelling and its success depends on the goodness of the
template. The method is based on the observation that three-dimensional
structures are more preserved than primary amino acid sequence.
Ligand-based techniques depend solely on the information contained in the
ligand. Techniques are based on the assumption that similar molecules have
similar biological activity and that statistical models based on molecules with
known activity can predict the activities of new molecules. There are many
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mathematical and statistical approaches used to identify functional groups,
structures, and properties that are relevant for activity. These methodologies
includes partial-least square (PLS), cluster analysis, principal component
analysis, support vector machines (SVM), artificial neural networks (ANN),
and random forest (RF) (Matsson & Bergstrom, 2015; Stouch &
Gudmundsson, 2002). Moreover, there are different ways to describe the
chemical structure, ranging from binary fingerprints and numeric descriptors
to three-dimensional information such as pharmacophore features and
molecular fields. Models based on structurally-related compounds are able to
dissect specific features from the compound series that are vital for activity
(Wissel et al., 2017; Wissel et al., 2015), while models with chemically diverse
compounds are better at identifying general trends (Matsson et al., 2009).
Ligand-based methods are widely applied to ABC transporters. For instance,
Broccatelli et al. (2011) utilized various molecular interaction field-based
technologies to build a model with an accuracy of 86% that could classify and
predict P-gp inhibitors. Similarly, Zhang and co-workers (2009) utilized
support vector machines to develop a classification model for the MRP2
inhibitors (model accuracy 77%). Montanari and Ecker (2014) compiled
publicly available data and created a Naïve Bayesian classification model to
both predict the inhibitors (accuracy of 92%) and identify important
substructures favorable for BCRP inhibition.
It is generally accepted that the inclusion of structural protein information has
an advantage over solely ligand-based techniques (Matsson & Bergstrom,
2015). However, the lack of proper protein crystal structures has made ligandbased methods more popular, but the emergence of new high-resolution
structures is opening vast opportunities for the incorporation of structurebased methods. The approach of combining both methodologies has been
shown to provide accurate predictions (Klepsch et al., 2014).
PBPK modelling is a computational approach to predict the pharmacokinetics
of a drug based on preclinical data (Zhuang & Lu, 2016). In the model, various
compartments that represent physiological tissues and organs are connected
with blood circulation and the relevant physiological parameters are
incorporated with in vitro and in vivo experimental data for the tested
compound. To date, PBPK modelling is used in different stages of drug
development, from candidate selection and DDI prediction to waiving clinical
trials and designing dosages for certain patient groups. Transporter mediated
pharmacokinetics are an emerging application of PBPK modelling and ideally,
if appropriate data are provided in model development, it could predict the
impact of DDIs, genetic variation, disease state, and physiological conditions
on drug pharmacokinetics, standing as a decision-making tool.
On several occasions, the transporter incorporated PBPK models have been
included in new drug application (NDA) submissions to demonstrate the
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severity of DDI to the regulatory agencies and waive further clinical trials
(Shebley et al., 2018; Zhou et al., 2016). Futatsugi et al. (2018) employed a
PBPK model to study the importance of polymorphisms in BCRP intestinal
and hepatic activity and observed that heterozygous polymorphism of
c.421C>A had markedly less impact on rosuvastatin exposure (+32-33%) than
homozygous polymorphism (+166-169%). PBPK models were used to study
the complex co-operation of transporter and metabolic enzymes. Ge and
coworkers (2017) developed a PBPK model that consisted of UGT-mediated
glucuronidation, glucuronide disposition by BCRP, glucuronide hydrolysis,
and enterohepatic circulation. Although the model lacked important
glucuronide transporters, such as MRP2 and MRP3, it showed the impact of
BCRP in genistein and daidzein glucuronide disposition.
At the moment, a major challenge in PBPK modelling is the scaling of in vitro
transporter data (Shebley et al., 2018; Zamek-Gliszczynski et al., 2013).
Empirical scaling factors have been applied to in vitro parameters to yield good
correlation with in vivo data, but the basis of scaling is unclear (Jones et al.,
2012). It is hoped that reliable quantitative protein expression data are going
to mitigate the problem.
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3 AIMS OF THE STUDY
The accumulation of ABC transporter knowledge has raised awareness of their
importance in drug-drug interactions. Consequently, an increasing number of
studies, which are intended to identify the inhibitors involved in drug
interactions, are conducted early on in drug development.
The main aim of this thesis is to increase our understanding of ABC
transporter inhibition and to explore the development of the vesicular
transport assay.
The specific goals of this thesis are:
1. Assessing the improvement of in vitro–in vivo correlation of the
vesicular transport assay by the inclusion of the bovine serum albumin
(publication I).
2. Evaluation of the inhibitory effect of food additives on the BCRP,
MRP2, and P-gp (publication II).
3. Structure-activity relationship analysis and comparison of the BCRP,
MRP2, and P-gp inhibitors (publication III and IV).
4. Identification of the key amino acid residues involved in the binding of
inhibitors (publication IV).
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4 MATERIALS AND METHODS
4.1

MATERIALS

Key reagents, materials and equipment employed in the publication are listed
in Table 5. More detailed information is in materials and methods section
below or in the publication In general, the chemicals and materials were
purchased from Sigma-Aldrich (USA) unless stated otherwise.
Table 5: Reagents, materials, and equipment used in the publications.
Purpose (publication)

Reagent / Material / Equipment (Supplier)
QuikChange Lightning Site-Directed Mutagenesis Kit

Site-directed mutagenesis kits
(II-IV)

(Agilent Technologies, USA)
Q5 site-directed mutagenesis kit (New England Biolabs,
USA)
Bac-to-Bac® Baculovirus Expression System

Generation of recombinant

(Invitrogen, USA)

baculovirus (I-IV)
Cellfectin II (Invitrogen, USA)
Spodoptera frugiperda cell line (ATCC, USA)
Spodoptera frugiperda (Sf9)
cell culture (I-IV)

HyClone SfX insect cell medium (GE Healthcare, USA)
Foetal bovine serum (Gibco, USA)

Protein concentration
measurement (I-IV)
Cholesterol-loading of
BCRP and P-gp vesicles
(I, II, IV)

Bio-Rad protein assay dye (Bio-rad, USA)

Randomly methylated ǃ-cyclodextrin cholesterol
complex (Cyclolab Ltd, Hungary)

BCRP substrate probe

Lucifer Yellow dipotassium salt (LY) (Sigma-Aldrich,

(I, II, IV)

USA)
5(6)-carboxy-2’,7’- dichlorofluorescein (CDCF) (Sigma-

MRP2 substrate probes
(I-IV)

Aldrich, USA)
Estradiol-17ǃ-glucuronide (E2-17G) (Sigma-Aldrich,
USA)

47

Materials and methods

P-gp substrate probe

N-Methyl-Quinidine (NMQ) (Solvo Biotechnology,

(II, IV)

Hungary)

Food additives tested for

25 European Food Safety Authority approved food

inhibition (II)

additives (Sigma-Aldrich, USA)

Chemical library tested for

546 compounds synthesized by the University of

structure-activity relationships

Pittsburgh Chemical Methodologies and Library

(III, IV)

Development, USA
Varioskan Flash plate reader (Thermo Fisher Scienti¿c,
Finland)
Aquity Ultra-performance liquid chromatography
(UPLC) with UPLC BEH Shield RP18 column (Waters,
USA)

Detection and quantification of

Ultra-performance liquid chromatography-tandem mass

substrate probe (I-IV)

spectrometry (UPLC-MS/MS) using a
Acquity UPLC I Class combined with a XevoTM
TQ-S MS triple quadrupole (Waters, USA)
Agilent 110-series High-performance liquid
chromatography with Poroshell 120 EC-C18 column
(Agilent Technologies, USA)

4.2
4.2.1

METHODS
PREPARATION OF THE BCRP, MRP2, AND P-GP
MEMBRANE VESICLES

Human BCRP (pcDNA3-BCRP), MRP2 (pGEM3-MRP2), and P-gp (pcDNA3MDR1.4) cDNA were kind gifts from Dr. Douglas Ross (University of Maryland
Greenbaum Cancer Center, USA), Dr. Piet Borst (The Netherlands Cancer
Institute), and Dr. Branimir Sikic (Stanford University School of Medicine,
USA), respectively. The cDNAs were subsequently subcloned into the
BamHI/XhoI-sites of pFastBacI vector.
The ABCG2 gene encoding BCRP was converted back to wild-type BCRP
(corresponding to Uniprot entry Q9UNQ0) with QuikChange Lightning Site-
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Directed Mutagenesis Kit (Agilent Technologies, USA). Likewise, the ABCC2
gene encoding MRP2 contained two naturally occurring non-synonymous
single nucleotide polymorphisms (V1188E and C1515Y), which were mutated
back to wild-type (Uniprot entry Q92887) with the Q5 site-directed
mutagenesis kit (New England Biolabs, USA). The ABCB1 gene encoding the
P-gp carried a variation of G185V and was corrected to the wild-type with Q5
site-directed mutagenesis kit. The final sequence of ABCB1 corresponded to
Uniprot entry P08183. The corrected pFastbac-plasmids were transformed
into Escherichia coli DH10Bac cells to generate bacmids, baculovirus shuttle
vectors.
The virus production and transporter expression were carried out in Sf9 cells.
For baculovirus generation, the Sf9 cells were maintained at 27°C as adherent
cultures in SFX Hyclone medium supplemented with 5% fetal bovine serum.
The DNA-lipid mixture of bacmid was generated with Cellfectin II (Invitrogen,
USA) and that solution was employed to transfect the Sf9 cells. After 60 hours
of incubation, the culture medium containing the freshly produced virus was
collected. This first passage of baculovirus stock was used to re-transfect the
fresh Sf9 cells to obtain P2 stock. P3 stock, acquired after a second
amplification, was used to transfect the Sf9 cells for vesicle preparation.
The P3 virus stock transfected Sf9 cells were cultivated as suspension cultures
and were harvested approximately 60 hours after transfection. The vesicle
preparation was adapted from the publication of Chu et al. (2004). First, the
cells were washed with a harvest buffer. Then, the cells were lysed and
homogenized with the Dounce tissue homogenizator (Pestle B) in a membrane
buffer on ice. The lysate were centrifuged at 800g for 10 minutes and the
collected supernatant was subsequently further centrifuged at 100 000g for 75
minutes. The crude membrane pellet was resuspended in the membrane
buffer and passed through a 27-gauge needle 20 times. Protein concentration
of the membrane suspension was measured with the Bradford protein assay
kit (Bio-Rad, USA). Finally, the membrane vesicles were snap-frozen and
stored at -80°C until use.
Telbisz et al. (2007) observed improved BCRP activity when the membrane
cholesterol levels of insect cell-derived membrane vesicles were increased.
Similarly, cholesterol-enriched Sf9-P-gp vesicles exhibited greater transport
than the normal Sf9-P-gp vesicles (Heredi-Szabo et al., 2013). To enhance the
dynamic range of the VT assay, the BCRP and P-gp membrane vesicles were
incubated with cholesterol-RAMED (randomly methylated-ǃ-cyclodextrin)
complex on ice. The cholesterol concentration during the incubation was
2.5mM and after 20 minutes of incubation, the membrane vesicles were
centrifuged at 100 000g. The supernatant containing excess cholesterol was
removed, the vesicles were resuspended in the membrane buffer, and the
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vesicle suspension was passed through a 27-gauge needle 20 times before
being snap-frozen and stored at -80°C.

4.2.2

VESICULAR TRANSPORT ASSAY

The interactions of transporters with substrates and inhibitors were studied
with the VT assay (Publication I, II, III, IV). In short, the vesicles were first
incubated at 32–37°C with a substrate probe and, optionally, with an inhibitor
for 10 minutes. In the MRP2 assays, GSH was included to provide the cotransport of a substrate. The transport was subsequently begun by adding a
pre-warmed ATP-solution and terminated with an ice-cold assay buffer after
the substrate-specific time of incubation. Next, the reaction solution was
filtered on glass fiber filter plates and the retained vesicles were washed five
time with a washing buffer. Finally, 0.1 M NaOH, 0.1 M NH4OH, or 3:1
methanol:H2O was added to break the vesicles and release the probe. After 10
minutes of incubation, the lysate was then eluted from the filter by either
vacuum filtration or centrifugation. The LY and CDCF were analyzed directly
from the plate with a fluorometer and the NMQ was chromatographically
separated with high-performance liquid chromatography (HPLC) before
fluorometric quantification. The transporter-mediated uptake was
determined by subtracting the uptake of the probe in the absence of the ATP
from the uptake in the presence of the ATP (see Equation 1 below). The
inhibition was defined by the relative uptake of the probe in the presence of
the inhibitor in comparison to the control containing the vehicle only
(Equation 2).
Since the inhibition assay may yield false results if the inhibitors have intrinsic
fluorescence, quench, or stimulate the signal of the fluorescence probe, this
interference was determined by measuring the intrinsic fluorescence of the
tested inhibitors as well as of the fluorescence signal of the probe in the
presence of the inhibitors (Publication II, III, IV). As the amount of retained
inhibitor after assay was not quantified, the used inhibitor concentrations
were 100, 25, and 5% of the initial inhibitor concentration in the VT assay.
Similarly, the aggregation of poorly soluble compounds may lead to false
inhibition. According to Irwin et al. (2015), in the presence of colloidal
aggregates, membrane proteins are adsorbed to the colloids and partially
denatured, which leads to artificial inhibition or sometimes activation. The use
of a detergent may mitigate the formation of aggregates, but it also
compromises the integrity of the vesicles and was therefore avoided. Hence,
the solubility of the tested inhibitor in the assay environment was evaluated
by measuring the assay solution, containing the inhibitor and substrate but
not the vesicles, with the Nepheloskan Ascent nephelometer (Thermo Fisher
Scientific, USA) (Publication II, IV). Although the nephelometry does not
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quantify the amount of insoluble aggregates, it indicates whether solubility
may pose an issue. Furthermore, the internet-based database Aggregator
Advisor was utilized to predict possible false results (Publication III). Irwin et
al. (Irwin et al., 2015) observed that the compounds that have a Tanimoto
coefficient of over 80%, with known aggregators and a logarithm of wateroctanol partition coefficient (logP) over 3.0, were plausible aggregators
themselves.
As detergents, the inhibitors may disrupt the structure of the vesicles as well,
leading to a loss of uptake and apparent inhibition. The membrane disrupting
effect was examined with a modified VT assay (Publication I). The transporter
membrane vesicles were first incubated with substrate probes in the presence
of the ATP to load the vesicles. The transport was stopped by 1.2mM sodium
orthovanadate and, subsequently, the inhibitor or vehicle was added to the
vesicles. After a substrate probe-dependent incubation time (10 and 30
minutes for LY and CDCF, respectively), a cold washing buffer was added and
the vesicles were filtered and washed as they would be in the normal VT assay.
The decrease of accumulated probe in inhibitor treated vesicles in comparison
to the control were attributed to membrane breakage.

4.2.3

TRANSPORT DATA ANALYSIS

The ATP-dependent transport (Equation 1) and relative inhibitory activity
(Equation 2) from the vesicular transport assays were calculated using the
following equations:
(1) = ܶݐݎݏ݊ܽݎା் െ ܶିݐݎݏ݊ܽݎ்

(2) = 100 % െ

 ܲܶܣെ ݀݁ݐݎݏ݊ܽݎݐ ݐ݊݁݀݊݁௪௧ ௧
 כ100%
 ܲܶܣെ ݀݁ݐݎݏ݊ܽݎݐ ݐ݊݁݀݊݁௪௧௨௧ ௧

The impact of passive permeation was deducted and removed by Equation 1.
Further data analysis was performed using a Graph Pad Prism 6 (GraphPad
Software Inc, USA). The kinetic parameters of substrate transport were
calculated by curve fitting using the Michaelis-Menten equation:

(3) = ݒ

ܸ݉ܽ]ܵ[ כ ݔ
ܭ + [ܵ]

= ݒ ݎ
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where Vmax is the maximal transport rate, [S] is the substrate concentration, h
stands for the Hill coefficient, Km for the Michaelis-Menten constant, and Khalf
for the concentration of the substrate required for 50% of the maximal
transport rate. The left part of equation 3 is for substrates that have only one
binding site, while the right part of the equation was utilized for E2-17G,
following sigmoidal kinetics in MRP2.
The IC50 was determined by four parameter curve fitting in accordance to
equation 4 below:
(4) ܴ݁݁ݏ݊ݏܴ݁ = ݁ݏ݊ݏ +

ܴ݁݁ݏ݊ݏ௫ െ ܴ݁݁ݏ݊ݏ
[]ܫ
1 + ܥܫ

ି

ହ

where Response is the relative ATP-dependent transport (%) in comparison to
the control without an inhibitor, Responsemax and Responsemin are the highest
and lowest levels of inhibition, respectively, and [I] is the concentration of the
inhibitor.
Likewise, the statistical analysis was carried out with the Graph Pad Prism.
The significance in the difference between the kinetic parameters was
calculated using the extra-sum-of-squares F-test. On the other hand, the
statistical differences in the uptake rates were analyzed through the unpaired
t-test.

4.2.4

COMPUTATIONAL METHODS

The pharmacophore models presented in Publication III were generated for
each scaffold using the Common Feature Pharmacophore of Discovery studio
version 4.0 (Accelrys Software, USA).
Homology models in Publication IV were generated using MODELLER
(v.9.18) (Šali & Blundell, 1993). MRP2 was modelled on the template of the
bovine MRP1 (pdb id 5uja). Three mouse structures were selected as templates
upon which to model the human P-gp: pdb ids 3g5u, 4q9k, 5ko2. Alignment
was performed with Clustal Omega (v.1.2.4) (Sievers et al., 2011). Respectively,
200 and 100 models were generated for the MRP2 and P-gp, and the best
models were selected based on their global DOPE score.
In Publication IV, docking simulations were conducted to the human BCRP
structure (pdb id 5nj3) and a homology model generated for the MRP2 and Pgp using the GLIDE software (Schrödinger LLC, USA). Proteins and
compounds were prepared using Maestro (Schrödinger LLC, USA) and the
LigPrep module (Schrödinger LLC, USA). For docking simulations, the
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standard precision (XP) parameters of GLIDE, with a flexible ligand and
receptor routine, were selected. Up to a million poses during the docking run
were selected and the best 100 poses were chosen for the post-docking
minimization.
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5 SUMMARY OF THE MAIN RESULTS
5.1

THE EFFECT OF ALBUMIN ON MRP2 AND BCRP IN
THE VESICULAR TRANSPORT ASSAY (I)

The addition of albumin has enhanced the prediction of in vivo clearance of
the CYPs and UGTs from in vitro data (Rowland et al., 2007; Wattanachai et
al., 2012). Because albumin is a physiological fatty acid carrier, the
improvement is suggested to be due to the removal of the enzymatic activity
interfering fatty acids that are released during membrane preparation. ABC
transporters are widely studied in similar preparations. In order to investigate
whether the addition of albumin could lead to similar effects with ABC
transporters, the transport activity of the BCRP and MRP2 with three
substrate probes in the presence of bovine serum albumin was examined
(BSA).
In the assays, the binding of the substrate to the BSA and the unbound
concentration of the substrate were taken into consideration. In the VT assay,
0.1 % of the BSA increased the Vmax statistically significantly for three
substrates—CDCF, E2-17G, and LY by 110, 55, and 28%, respectively (Figure
5). However, it did not improve the apparent affinity to the transporters that
was described by Km. Furthermore, the effect was also not BSA concentrationdependent when the BSA concentration was increased to 1.0 % but was
dictated by the amount of the transporter-containing membrane vesicles
instead.

Figure 5: The effect of 0.1% BSA on the uptake of the (A) CDCF and (B) E2-17G
in MRP2 vesicles and of the (C) LY in BCRP vesicles. Each point represents the
mean (±SD) of separate experiments normalized to the calculated Vmax of the
control.
As oleic acid is the most abundant fatty acid in the Sf9 cell membranes, used
for membrane vesicle preparation, its inhibitory properties were studied by
adding it to the VT assay. Despite having a vesicle breaking effect, it inhibited
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the BCRP transport activity strongly, with an apparent IC50 of 28μM for the
BCRP. However, the inhibition of MRP2 was inconclusive, because the
observed decrease of the MRP2 transport activity could be completely
attributed to the breakage of the vesicles.

5.2

INTERACTION OF FOOD ADDITIVES WITH
INTESTINAL EFFLUX TRANSPORTERS (II)

Food additives are added to food products to improve their appearance, taste,
and shelf life. In almost any industrial food product, there are multiple food
additives, often in relatively high concentration. Although the food additives
approved for use are considered safe, they may alter the function of intestinal
transporters during their journey through the body. Fruit juices and drug
excipients are known for their interactions with drug transporters, but food
additives have been less studied. For that reason, this study investigated
whether 25 EU approved additives, including colorants, sweeteners, and
preservatives, could possibly interact with the three intestinal drug efflux
transporters.
First, food additives were tested against the BCRP, MRP2, and P-gp at 50μM
concentration using the VT assay. To rule out false inhibition, fluorescence
interference and aggregation due to poor solubility were examined. None of
the preservatives and only one of the sweeteners inhibited the substrate probe
uptake by more than 50%. On the other hand, inhibitory activity was observed
for 6 out of 10 colorants and their IC50 were determined together with
neohesperidin DC, the only inhibiting sweetener. Several colorants strongly
inhibited both the BCRP and MRP2, having a low micromolar IC50. The best
inhibitor for the BCRP was neohesperidin DC (IC50 = 0.86μM), while brilliant
blue was the strongest MRP2 modulating compound (IC50 = 3.2μM).
Interestingly, no relevant P-gp inhibition was observed.
According to literature, the azo dyes are widely used in beverages, sometimes
in high concentrations. In relation to the data obtained here, the
concentrations of the azo dyes can exceed the observed IC50 by a hundred
times in the worst case scenarios (Table 6). Although the VT assay does not
provide definite evidence for in vivo inhibition, based on the thresholds set by
the FDA and EMA, the result justifies further studies to elucidate the clinical
impact of this finding.
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Table 6. Reported concentrations (mg/kg or mg/l) of selected food colorants
in beverages around the world. The IC50 values determined in the study are
shown in mg/l below the colorant name to enable comparison. The values
marked with an asterisk stand for median concentration.
Colorant

Allura red AC
IC50, BCRP = 6.60
IC50, MRP2 = 9.93

Minimum

Maximum

Mean

Country

5.77

7.15
8.5

6.46
í

Iran

1.6
16.03

55.91

í

Italy

í

63.5

Korea

0.1

2335

17.8
í

France

Kuwait

í

í
0.08

65.28
í

Turkey

0.03
í

11.2

2.2

Korea

2.75

71.44
73

24.85
í

Iran

0.9
21

144

í

India

4.3

39.1

í

France

0.63

125

í

Greece

2.9

448

í

Kuwait

11.9

603.14

208.57

Iran

17

848

198 *

India

í

í

24.26

Turkey

0.64

2.09

í

Brazil

0.35

2.7

í

Greece

Sunset yellow FCF

3.3

17.4

í

Taiwan

í

19

6.8

IC50, BCRP = 4.80

25.1

27.33

í

Iran

0.48

215.14

25.49

Iran

0.1

270

í

4

1000

172 *

India

3.7
í
0.06
0.2
21

10
47.4
121.82
633
1558

í
9.5
24.42
í
239 *

Taiwan
Korea
Iran
Kuwait
India

10

í

í

Brilliant blue FCF
IC50, MRP2 = 2.55

Carmoisine
IC50, BCRP = 2.70
IC50, MRP2 = 14.6

Tartrazine
IC50, BCRP = 12.6
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Brazil

Kuwait

Korea

Kuwait

Iran

5.3

A STRUCTURE-ACTIVITY RELATIONSHIP STUDY
OF ABCC2 INHIBITORS (III)

A disruption of MRP2 function via inhibition may lead to an accumulation of
its substrate, conjugated hyperbilirubinemia and cholestasis caused by
reduced bile flow. Therefore, the identification of the MRP2 modulators and
their physicochemical properties is important in the early stage of drug
development. To illustrate the key chemical properties important for MRP2
inhibition, a great number of structurally closely-related compounds were
studied.
The study represents a continuation of an earlier screening for MRP2
inhibitors in a set of 432 compounds divided into an analogue series or
scaffolds. In the current study, 114 compounds were selected to expand 4 of
the existing scaffolds and to introduce a new scaffold (Figure 6). IC50 values
for each compound were determined with the vesicular transport assay and
the structure-activity relationship and pharmacophore features for each
scaffold were characterized.

Figure 6. Markush structures of each scaffold.
The study identified several strongly interacting compounds with a low
micromolar IC50 (see Table 7 below) as well as inactive and transport
stimulating compounds. According to the SAR analysis, a negative charge was
not obligatory for interaction yet it had a beneficial impact. Aromaticity and
lipophilicity were also important for activity. Furthermore, halogen
substitution in compounds belonging to scaffolds 2 and 5 increased inhibition.
A common pharmacophore was not built, but individual pharmacophores for
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each scaffold revealed at least two hydrophobic features and one hydrogen
bond acceptor in each scaffold pharmacophore.

Table 7. The IC50 values and substitutions of the best inhibitors for each
scaffold
Compound
1ac
(scaffold 1)

2aw
(scaffold 2)

R1

R2

R3

R4

IC50, μM

-Cl

2-Cl; 5-Cl

-OH

-

13

3-C(CH3)3

-CH3

11

-H

-

8

-

17

-H

-

27

-

-

136

-(CH2)5COOH

3ac
(scaffold 3)

4ao

-H

(scaffold 4)

5ay
(scaffold 5a)

5bh
(scaffold 5b)

5.4

4-OCH2CH3

3,4

-H

DOCKING AND STRUCTURE ACTIVITY STUDY OF
BCRP, MRP2 AND P-GP MODULATORS (IV)

In order to explain the results of the SAR analysis and the molecular basis of
the MRP2 inhibition, a homology model for MRP2 was generated based on a
recent bovine MRP1 structure and a set of 41 compounds was docked and
divided in three scaffolds. In addition, to compare the SAR of the compounds
in other transporters, their inhibitory activity in the BCRP and P-gp was tested
using a VT assay. Likewise, the compounds were docked to the human BCRP
structure and a homology model of the P-gp was based on murine structure to
further deepen the understanding of the basis of inhibition.
According to the VT assay, the compounds were highly active toward the
BCRP, while the inhibition in the P-gp was less prominent. In addition,
transport stimulators were only observed with the P-gp. Docking was
performed to both the substrate binding site (SBS) and the nucleotide binding
domain (NBD). The docking scores of the SBS correlated well in some scaffolds
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(scaffold 2C with BCRP and P-gp), but the docking scores of the NBD did not
translate into a strong inhibition in all transporters. The SAR analysis of the
P-gp inhibitors revealed that lipophilicity promoted the inhibition, while a
negative charge and halogen substitution seemed to suppress activity. For
BCRP, the data lacked dynamic range and it is therefore difficult to draw any
conclusions. However, a negative charge was not an obstacle for activity.
To reveal the molecular basis of inhibition, the interactions between the tested
compound and the transporter amino acid residues were examined. In the
preliminary analysis, the number of interactions each compound had with
transporters related to in vitro activity in some of the scaffold-transporter
combinations. On the other hand, frequency of interactions between the
residues and test compounds were not crucial for inhibition. Upon a closer
inspection, single residues that could distinguish the active compounds from
the inactive ones were observed. For instance, the ligand interaction with the
MRP2 residue Ser594 led to high in vitro activity in scaffold 2C compounds.
Visualization of the docking in Figure 7 shows that Ser594 lies at the end of a
sub-pocket and that the compounds capable of reaching the Ser594 residue
exhibit strong inhibition.

Figure 7: Binding pocket near the Ser594 residue in MRP2. The interacting
ligand (dark compound) reaches the Ser594 with a phenyl ring, while the noninteracting ligand (light compound) is aligned in other direction.
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Summary of the main results

The results show that homology models, docking, and ligand-residue analysis
could be viable tools to explain the inhibition observed in vitro. However, the
mutagenesis of the important residues could provide further insight and
validate the techniques.
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6 DISCUSSION AND FUTURE PERSPECTIVE
6.1

ALBUMIN EFFECT IN THE VESICULAR
TRANSPORT ASSAY

To date, no gold standard method is available for predicting and studying the
transporter-mediated drug-drug interactions in vitro. Numerous techniques
and cells are available and one must be aware of the limitations of each method
(Giacomini et al., 2010). The methods can be divided roughly into whole cell
and membrane preparation based assays. While both can be utilized for
substrate studies, highly permeable substrates can escape membrane vesicles,
making whole polarized cells the method of choice. However, high
permeability of the inhibitor is not a limitation in vesicle studies. Moreover,
the vesicular transport assay is more suitable for high-throughput screening
and enables direct access of tested compound to the substrate binding cavity,
which is beneficial for low permeability compounds such as hydrophilic
metabolites and phase II conjugates.
In the first publication (I), whether albumin would affect transport kinetics
and possibly have an impact on in vitro–in vivo extrapolation (IVIVE) was
studied. Previous studies with human liver microsomes and recombinant
metabolic enzymes showed improved metabolic activity (Rowland et al., 2007;
Wattanachai et al., 2012) and Wattanachai et al. (2012) observed a better in
vivo hepatic clearance prediction for phenacetin when liver microsomes were
supplemented with albumin. However, even with albumin, lidocaine hepatic
clearance was underpredicted. Other groups have demonstrated that the
albumin effect was dependent on the investigated enzyme as well as on the
substrate used (Manevski et al., 2013; Rowland et al., 2008).
With two transporters and three substrates, only a slight improvement of Vmax
was observed, while Km remained similar. Albumin seemed to have a more
prominent impact on the MRP2 but, as the vesicle preparations and the
amount of vesicles used in the assay are different, a definite conclusion cannot
be drawn. Cholesterol loading of the BCRP vesicles, used to improve the
dynamic range of the BCRP assay, had not impact on the extent of albumin
effect. In comparison with the earlier reports of albumin effect in metabolic
enzymes, the enhancement in Vmax was rather small. From an IVIVE
perspective, the modest change in transport fades into other variability
causing factors, such as choice of laboratory, expression system, assay, and
data analysis (Bentz et al., 2013; Volpe, 2016). For instance, the addition of
cholesterol to the membrane vesicles has a much greater impact on the BCRP
activity (Telbisz et al., 2007). However, without further studies, the benefits of
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albumin on transport kinetics cannot be dismissed because the effect was
substrate- and transporter-dependent.
Despite the potentially small impact, several interesting questions related to
the albumin mechanism in the vesicular transport assay are raised. Fatty acids
that are released during membrane generation were hypothesized to inhibit
the enzyme activity by competing with substrate binding. The evidence of
improved apparent affinity defined by Km in the presence of albumin for
metabolic enzymes support this hypothesis. In addition, the most prevalent
fatty acid in the Sf9 membranes is oleic acid, which does indeed inhibit the
BCRP in the VT assay performed for this study as well as in other systems
(Aspenstrom-Fagerlund et al., 2012; He et al., 2014; Marheineke et al., 1998).
The results obtained here demonstrate that the magnitude of the albumin
effect decreases when the amount of membrane is increased, indicating that
an unknown factor in membrane preparation interacts with the albumin.
Interestingly, when the albumin concentration was increased from 0.1% to
1.0% while the membrane amount remained constant the albumin effect was
not altered. One explanation for this observation may be that 0.1% was enough
to clear out the fatty acids in the membrane provided but in a higher
membrane amount the 1.0% of albumin may have shown a difference in effect.
A higher concentration of albumin was not pursued during the VT assay
performed in this study due to its assay disturbing effects that are caused by
foaming during washing and elution.
If fatty acids really appear to be the culprits of depressed transport, they add
another source of variability to the vesicular transport assay. While the fatty
acid composition of other commonly employed expression systems is not
known, it most likely differs between various cells and species. In human red
cells, palmitic acid was the most common fatty acid, constituting 18.2% of total
phospholipids, while oleic acid constituted 12.0% as the fourth most common
fatty acid (Dodge & Phillips, 1967). In Sf9 insect cells, the percentage of oleic
acid in total lipids was 48.0% (Marheineke et al., 1998). Innate fatty acids,
capable of hindering transport, may further complicate the comparability of
results, particularly, when inhibition is studied. For instance, it is suggested
that the MRP2 and P-gp have a transport modulating site and a complex cooperation between their various substrates and inhibitors is observed (Kidron
et al., 2012; Martin et al., 2000). Therefore, performing assays in the presence
of albumin may attenuate the issue but necessitates information about the
unbound concentrations of inhibitor. Moreover, albumin may have a direct
interaction with the investigated transporter (Marek et al., 2014). The removal
of fatty acids prior to the assay might be another solution. As the high
concentration of methyl-ǃ-cyclodextrin is capable of extracting the oleic acid
from the lipid membranes (Brunaldi et al., 2010), an attempt was made to
clean the membrane preparations used here by briefly incubating the vesicles
with ǃ-cyclodextrin, methyl-ǃ-cyclodextrin, or 10% albumin. After a short
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incubation, the cyclodextrins and albumin were removed by centrifugation
and vesicles were tested for activity. However, the transport did not improve
in comparison to the non-treated vesicles. One explanation may be that while
free fatty acid in aqueous phase is removed, this loss is replaced by fatty acids
from the membrane. Therefore, the absolute quantification of fatty acids both
in the membrane and solution may provide more insight about the role of fatty
acids in transporter inhibition.

6.2

FOOD ADDITIVES AS BCRP, MRP2, AND P-GP
INHIBITORS

Intestinal efflux transporters limit the access of many orally taken drugs, such
as rosuvastatin and sulfasalazine by the BCRP (Mao & Unadkat, 2015) and
digoxin, dabigatran etexilate, and loperamide by the P-gp (Delavenne et al.,
2013; Fenner et al., 2009; Sadeque et al., 2000). While there is no direct
evidence for MRP2, a plethora of in vitro and preclinical data suggest that the
MRP2 functions as a bioavailability limiting factor as well (Jemnitz et al.,
2010). The alteration of transporter activity by another medication, food, or
even dietary supplements may cause health endangering events.
Food additives are widely used in food products to enhance their desired
properties. However, only a handful of studies cover the implications of food
additives on efflux transporters (Nielsen et al., 2016; Yamagata et al., 2007),
and it is possible that unexpected adverse effects may emerge from food
additives through the enhanced bioavailability of otherwise poorly absorbed
drugs. In the second publication (II), the VT assay is used to study 25 EU
approved food additives, including sweeteners, preservatives, and colorants.
Among the tested compounds, the azo dyes were highly potent inhibitors for
the BCRP and MRP2. BCRP and P-gp are known to have a large overlap in
inhibitors (Matsson et al., 2009), but that overlap was not observed in the
present study. P-gp inhibitors are typical hydrophobic compounds with a
neutral or positive charge. However, most of the studied azo dyes have
multiple sulfate groups producing strong negative charges in physiological pH,
thus disrupting the P-gp activity. In contrast, sulfate groups are likely
promoting the inhibition of BCRP and MRP2, which are capable of
translocating the negatively charged conjugated sulfates and glucuronides
(Zamek-Gliszczynski, Hoffmaster, et al., 2006). Other than the efflux
transporters, the azo dyes may also influence drug treatments through
intestinal uptake transporters, namely, the OATP2B1 which has a plethora of
negatively charged inhibitors (Karlgren et al., 2012).
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Although food additives have a notorious reputation due to their connections
with various disorders and diseases, such as attention deficit hyperactivity
disorder and colorectal cancer (Santarelli et al., 2008; Stevens et al., 2011),
they are generally recognized as safe by the Food and Drug Administration
(GRAS Notice Inventory). Out of nine sweeteners in our studies, only
neohesperidin DC demonstrated significant inhibitory activity, exclusively
toward the BCRP. The low IC50 of flavanone derivative neohesperidin DC is
not surprising as several other flavanones are good BCRP inhibitors (Sjöstedt,
Holvikari, et al., 2017). Interestingly, widely used sweeteners, such as
aspartame, acesulfame K, and cyclamate, did not interact with any transporter
while stevioside had a limited impact on the BCRP. However, the lack of
activity may be misleading due to our low test concentration (50 μM), since
the sweeteners may be used in combination and at millimolar concentrations
(Huvaere et al., 2012; Janvier et al., 2015).
Table 8. The calculated molecular properties of the most potent BCRP and
MRP2 inhibiting food additives

PSA

Hydrogen
bond
donors

Hydrogen
bond
acceptors

452

176

3

10

-0.18

750

195

3

11

Carmoisine

-1.48

458

167

3

9

Sunset yellow FCF

-3.21

408

167

3

9

Tartrazine

-6.63

468

220

3

13

Neohesperidin DC

2.59

613

245

9

15

Food additive

LogD7.4

Allura red AC

-2.41

Brilliant blue FCF

MW,

g/mol

The high concentration of colorants found in beverages in relation to the
observed low IC50 values in this study suggests that in vivo transporter
interactions cannot be ruled out. The FDA and EMA recommend in vivo drug
inhibition studies, if the expected intestinal concentration of the tested
compound is more than 10 times that of the in vitro IC50 value (EMA, 2012;
FDA, 2017a). Nonetheless, the limitation of the performed inhibition assay has
to be considered. In order to reach the intestinal efflux transporters, food
additives have to permeate into enterocytes. While the exact permeability of
the azo dyes in the small intestine is unknown, in general, the absorption of
colorants is reported to be relatively low, according to European Food Safety
Authority (EFSA) safety evaluations (EFSA, 2009a, 2009b, 2009c, 2009d,
2010). This can be explained with a low predicted LogD7.4 and a negative
charge in the physiological pH, and therefore it whether these colorants can
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access the efflux transporters is arguable (see Table 8). Furthermore, the
metabolic activity by the gut microbiome may alter the physicochemical and
inhibitory effect of food additives in the intestine and thus further complicate
the conclusion (Chung et al., 1992). The in vivo inhibition of the BCRP by
neohesperidin DC can be debated as well. Based on the predicted LogD7.4,
neohesperidin DC may permeate the enterocytes to exhibit BCRP inhibition
but, on the other hand, the intestinal microbiome is known to metabolize
neohesperidin DC (Braune et al., 2005).
Despite the strong potential of inhibition observed in this study, the
widespread use of food additives and the lack of reported food additive–drug
interactions may indicate that food additives are not capable of causing
clinically significant interactions with medications. Further studies using
whole cell assays would help to evaluate the potential for in vivo inhibition of
the intestinal efflux transporters.

6.3

SAR ANALYSIS AND DOCKING OF THE BCRP,
MRP2, AND P-GP INHIBITORS

The structure-activity relationship of the BCRP, MRP2, and P-gp inhibitors
were examined through an additional two studies. In the first study, the IC50
of MRP2 inhibition was determined for a large set of compounds (publication
III). In addition, pharmacophores were built for each analogue compound
scaffolds. The second study (publication IV) focused on the comparison of the
inhibition between three transporters. In addition to in vitro experiments,
docking using experimental protein structures or homology models was
employed to elucidate the mechanism of interaction.
In summary, the observed physicochemical properties important for MRP2
inhibition are in the line with previous findings (summarized in Table 9).
However, none of the previous inhibition studies identified halogen features
as beneficial for inhibition. In publication III, the most potent inhibitors of
scaffold 2 compounds were halogenated. Interestingly, the number of bromine
and chlorine atoms plays a critical role in the MRP2 substrate classification
model of Pinto et al. (2012). On the other hand, lipophilicity and aromaticity
were found to be important for inhibitory activity, which is logical due to the
abundance of hydrophobic moieties in the substrate binding cavity.
Furthermore, LogD7.4 tends to separate the inhibitors from the noninteracting compounds among the registered drugs (Matsson et al., 2009). A
negative charge in compounds was found to be beneficial but not required for
MRP2 inhibition. While scaffold 1 and 2 compounds exhibit improved activity,
the presence of carboxylic substituent was not translated into high inhibition
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in scaffold 4 and 5 compounds. In fact, some neutral compounds, such as 3ac
had a low micromolar IC50. Even though MRP2, being an anionic transporter,
translocates the neutral and cationic substrates as well (Pedersen et al., 2008),
this may be coupled with a simultaneous GSH transport as observed by Evers
et al. (2000) with a positively charged vinblastine. Consequently, the
interaction of positive compounds is not to be unexpected. On the other hand,
the inhibition by cationic compounds may indicate the possibility of an
allosteric modulation (Pedersen et al., 2008). The inhibition can be mediated
through the nucleotide binding domain or lipid membrane, but the vesicular
transport assay or docking are not able to distinguish an alternative
interaction. The scaffold-based MRP2 pharmacophores built in publication III
displayed similar features as the previous model built by Zhang and coworkers (2009). Our pharmacophores indicate that there are 2–4 hydrophobic
features and 1–2 hydrogen bond acceptors, depending on the scaffold, while
the model of Zhang et al. was based on nine strong inhibitors of diverse
structures and consists of two hydrogen bond acceptors and one hydrophobic
feature.

Table 9. Summary of previous MRP2 inhibitor structure-activity relationship
studies and their conclusion
Study

Observed characteristics important for inhibition

Han et al. (2001)

Lipophilicity, non-polar surface area.

Ng et al. (2005)

Hydrophobicity, negative charge, aromatic rings.

Lai et al. (2007)

Torsion angle.

Pedersen et al. (2008)

Negative charge not necessary, aromaticity, lipophilicity,
molecular weight, polar surface area.

Matsson et al. (2009)

Aromaticity, lipophilicity.

Zhang et al. (2009)

Hydrophobicity, hydrogen bond acceptors.

Coburger et al. (2010)

Methoxy groups as hydrogen bond acceptor.

Wissel et al. (2015)

Lipophilicity, solubility, number or rings, negative charge
not necessary.
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In the BCRP case, the lack of a dynamic range of data yielded no detailed
conclusions on ligand interaction. Previous data by Matsson et al. (2009)
suggest that the nitrogen surface area and thus a positive charge of the ligand
are beneficial. However, the polyphenolic flavonol inhibitors and the
conjugated substrates indicated that a negative charge is not an obstacle to
interaction (Jarvinen et al., 2018; Sjöstedt, Holvikari, et al., 2017). Many
compounds in the data set in this study had a negative charge in the
physiological pH yet a strong inhibition of the BCRP was observed in our assay.
In contrast, a negative charge demolished the inhibition of the P-gp. This can
be explained by the nature of the P-gp binding pocket, which repels anionic
compounds due to its abundance of negatively charged residues (Aller et al.,
2009; Johnson & Chen, 2017). However, hydroxyl groups and a negative
charge are not insurmountable obstacles for the P-gp inhibition as
demonstrated by flavonoids (Kitagawa et al., 2005).
The importance of lipophilicity and aromaticity that is noted by previous
studies was also confirmed (see Table 10). Unlike the MRP2, halogenated
ligands had poor interaction with the P-gp, particularly with the compounds
belonging to scaffold 1. Similar result was observed in the quinolone derivative
SAR study, where the introduction of fluorine and chlorine reduced the activity
of a compound to reverse the vincristine resistance in K562/ADM cells (Suzuki
et al., 1997). This is rather surprising, because halogen substitution increases
the lipophilicity and halogenated compounds interact eagerly with electron
rich aromatic and negatively charged oxygen containing residues (Bois et al.,
1998; Sirimulla et al., 2013).
Although there are numerous classification models available (Broccatelli et al.,
2011; Montanari & Ecker, 2014; Pedersen et al., 2008; Wissel et al., 2015), the
final degree of drug transporter inhibition can hardly be estimated in the early
stages of drug development prior to the synthesis of the drug (Montanari &
Ecker, 2015). In addition to simple physicochemical factors, such as
lipophilicity, charge, and the number of hydrogen bond acceptors and donors,
the important parameters that affect the inhibition are elusive. Further
challenges, such as polyspecific binding and the flexibility of the transporters,
remain to be solved. However, new experimental structures, homology
modelling, and docking expand the understanding of inhibition, which is going
to contribute to better future predictions of activity and guide the selection of
lead compounds in virtual screening. In addition, molecular docking can be
utilized to map the binding sites and elucidate the mechanism of genetic
variation in transporters, as shown by Laszlo et al. (2016).
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Table 10. Previous studies and conclusions about the P-gp inhibitor structureactivity relationship
Study

Observed characteristics important for inhibition

Suzuki et al. (1997)

Ekins et al. (2002)

Wang et al. (2003)

Aromaticity and nitrogen beneficial, but not the halogen
substitution on aromatic ring
Pharmacophore: Aromatic ring, hydrophobic features,
hydrogen bond acceptor.
Hydrophobicity, long chains, tertiary nitrogen,
nucleophilicity.

Kitagawa et al. (2005)

Hydrophobicity, planar structure.

Matsson et al. (2009)

Hydrophobicity, non-polar surface area.

Sheu et al. (2010)

Suitable number of hydroxyl and hydrophobicity, planar
structure in flavonoids.

Docking to other modulatory sites, such as the NDB, can be used to explain the
overlap in inhibition. Matsson et al. (2009) docked several inhibitors to the
NBD1 of the human MRP1 in order to examine the BCRP, MRP2, and P-gp
multispecific inhibitors. In their analysis, they noted that the hydrophilic
inhibitors, such as the MK571, quercetin, and silymarin, had high affinity
toward the NBD and, in addition, they interacted with the same amino acids
as the ATP. In the case of the present study, the docking scores to the
nucleotide binding domain (NBD) did not correlate with the in vitro activity
nor with the inhibition overlap between the transporters. However, the tested
compounds were relatively hydrophobic and are likely to seek into the
lipophilic modulatory sites. Furthermore, the interactions with the NBD
residues were not examined to verify the competition of the NBD binding with
the ATP. Therefore, the usefulness of docking in NBD binding cannot be
dismissed.

6.4

FUTURE PERSPECTIVES AND EMERGING
TECHNIQUES IN INHIBITION STUDIES

Nowadays, the DDI potential of the NMEs is well characterized due to the
active role of regulatory agencies. This does not necessarily apply to old and
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established drug compounds, however. Although discovery of new crucial
drug-transporter interactions is highly unlikely, the transporters involved in
the disposition of old drug molecules may be unknown. The inhibition of the
efflux transporters in excretory tissues may lead to elevated drug levels inside
the tissues, which is not observable from plasma drug concentrations. This
could effectively mask the connection between adverse effects and DDI.
New, powerful techniques are emerging to provide visualization in inhibition
studies. Positron emission tomography (PET) imaging with radioactive tracers
is increasingly utilized in the field of transporters (Kilbourn, 2017). PET
enables the visualization of the spatial-temporal course of the tracer, which
can be a transporter substrate or inhibitor, while being minimally invasive for
the specimen. The technique can be employed in DDI studies to follow the
altered distribution and accumulation of a tracer when an inhibitor is
introduced. For instance, the penetration and exposure of a victim drug in DDI
can be demonstrated with PET. It is generally accepted that the in vivo
inhibition of the blood-brain barrier efflux is unlikely due to high
concentrations required to inhibit the P-gp and BCRP (Kalvass et al., 2013).
However, it has been shown that the penetration of the 11C-labeled verapamil
in the brain was elevated in the presence of a potent P-gp inhibitor,
cyclosporine A (Sasongko et al., 2005). PET imaging was originally developed
for humans, but a small animal PET is a viable alternative for clinical PET
imaging (Langer, 2016). An entire animal can be imaged at once and the role
of the transporter can be studied with knockout or genetically modified animal
models. For instance, it has been showed that 11C-labeled metformin have
sustained retention in the liver and bladder when pyrimethamine was
administered to mice 30 minutes before a metformin IV injection (Shingaki et
al., 2015). On a downside, only a limited amount of tracers are available for
the ABC transporters, namely the P-gp, MRPs, and BCRP (Kilbourn 2017). In
addition, the tracers are often not specific, and can be translocated by other
transporters as well. The metabolism of the tracer may also complicate the
data, especially if the study is focused on a metabolically active liver.
Therefore, there is a great need for a transporter-specific and metabolicallystable inhibitors. Similarly, Yasuda et al. (2018) utilized in vivo fluorescence
imaging and a BCRP specific fluorescent probe, pheophorbide A, to evaluate
the impact of the DDI caused by orally administered BCRP inhibitors. They
concluded that live imaging of mice can be utilized to identify and characterize
the BCRP inhibitors.
The affinity of an inhibitor toward a transporter is thought to play an
important role in transporter inhibition. However, Clay and Sharom (2013)
hypothesized that the transport rate is limited by the rate of the inwardoutward conformational change and the dissociation of the ligand from the
outward facing transporter rather than by the binding affinity or the ATP
hydrolysis rate. To study the dissociation, the membrane transporters

69

Discussion and future perspective

expressed with histidine-tags can be purified, concentrated, and solubilized
into nanodiscs or polystyrene-co-maleic acid lipid particles (SMALP) (Gulati
et al., 2014; Ritchie et al., 2011), which can be subsequently immobilized on a
gold surface suitable for and studied by surface plasmon resonance techniques
(Sigal et al., 1996). This method has already been utilized to study the binding
of the soluble P-gp with a surface-fixed antibody (Ritchie et al., 2011).
However, this platform could also be used to investigate the interaction
between the ligand and transporter and to produce binding parameters. The
benefit of the technique is its lack of other transporters and factors that may
interfere or compete with binding. In addition, the lipid disc techniques may
provide new insight into transporter function by contributing to structural and
lipid-protein studies.
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7 CONCLUSIONS
BCRP, MRP2, and P-gp are ubiquitously expressed ABC transporters that play
an important role in the protection of sensitive tissues and in the excretion of
harmful compounds. They transport a wide range of drugs, therefore affecting
their absorption, disposition, and elimination. Alteration of the transporter
function leaves the body open to a greater exposure to drugs. Transporter
inhibition is a common cause for changed function. The inhibition can be
mediated by drugs, but dietary based nutrients and food additives may also
interfere with the ABC transporters. Although a vast number of drugtransporter interactions are known, the molecular basis of inhibition is less
characterized.
The VT assay is a widely used in vitro technique to study transporter
inhibition. In this thesis, the optimization of the VT assay by the addition of
albumin was explored in order to improve the IVIVE. Results indicated slight
enhancement in transport rates but the improvements are unlikely to impact
in vivo predictions.
The potential of intestinal efflux transporter inhibition by food additives,
which are widely used in processed food products, was also investigated using
the VT assay. While only one sweetener (neohesperidin DC) had a low
micromolar range IC50 in BCRP, several strong inhibitors for the BCRP and
MRP2 were found among food colorants. Surprisingly, none of the tested
compounds had strong inhibitory activity toward the P-gp. Due to the
limitations of the VT assay, additional studies using whole cell assays are
required to evaluate the potential for in vivo inhibition.
Two earlier studies focused on the SAR analysis. First study focused on the
MRP2 with 5 scaffolds and 114 compounds. Lipophilicity, charge, and halogen
substitutions were beneficial for activity and, according to the scaffold-based
pharmacophore models, the inhibitors had at least two hydrophobic features
and one hydrogen bond acceptor. The second study compared the SAR of each
transporter. Both the VT assay and the SAR analysis indicated that
lipophilicity and aromaticity are vital factors in activity. On the other hand, a
negative charge and halogen substitutions reduced inhibition. The tested
compounds inhibited the BCRP unexpectedly strongly and the data lacked a
dynamic range to draw conclusions. Besides identifying key physicochemical
properties of inhibition, docking was employed to further elucidate the
mechanism of inhibition. In some compound scaffolds, docking scores had a
high correlation with the in vitro activity and many amino acid residues were
found important for activity, thus proving the usefulness of docking and
ligand-residue analysis.
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