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Editorial

ABC Transporters: Role in Modulation of Drug Pharmacokinetics and in Physiopathology and Therapeutic
Perspectives

The superfamily of ABC transporters comprises 49 proteins in humans. They all use ATP hydrolysis as an energy source
and share common structural features. In particular, the presence of 2 membrane-spanning domains made of 6 transmembrane
segments and of 2 ATP binding casscttes is required to make them functional. Yet, the function of many of these proteins still
needs to be elucidated and their substrates remain unknown, but for those that are best characterized, it is clear that they play a

critical role in the maintenance of cell homeostasis, by modulating the cell concentration in xenobiotics or in physiological
substrates.

In the present issue, we will examine the role of selected transporters in this superfamily, to illustrate their importance in
drug disposition or in physiopathology. We will also discuss therapeutic perspectives related to modulation of their activity.
The figure illustrates the transpocters we will focus on, together with the indication of their function and of the pathology
associated to their dysfunction.
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Figure: Families of ABC {ransporters (squared) with indication of the number of transporters in the family (circled).

Xenobiotic transporters catalyse the efflux of drugs, or metabolites thereof, out of the cells. In contrast to many other
transporters, they all display very broad substrate specificity, recognizing their substrates hased on physico-chemical properties
rather than on specific molecular determinants, hence their appeliation of ‘Multidrug Transporters’. These transporters belong
to 3 families, namely ABCB for P-glycoprotein, ABCC for MRPs (Multidrug-resistance Related Proteins), and ABCG for the
half transporter BCRP (Breast Cancer Resistance Protein).

In this issue, we will review their specific role in modufating drug pharmacokinetics [1] or in conferring resistance to
anticancer chemotherapy [2], and the interest of mhibitors to reverse their effect. We will also discuss for 2 of them (ABCBI
and ABCC2) how genetic polymorphisms can lead o variations in their transport capacity among individuals and therefore
justify therapeutic monitoring of blood levels, or patient’s genotyping for drugs with narrow therapeutic index [3).

Other ABC transporters rather transport physiological substrates that can be highly variable in their chemical nature
(Chlorure ions for ABCC7 or cholesterol for ABCAIL, for example). The physiological role of these transporters has been
generally identified when discovering the molecular mechanism of the disease their defect can cause, which may explain why
for mosl of them, it remains largely unknown,
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In this issne, we will describe how the dysfunction in ABCA1 or ABCG!L, ABCBI11, ABCC6, ABCC7, or ABCD
transporters can lead to athevosclerosis [4], cholestatic liver disease [5], Pscudoxanthoma elasticum [6], Cystic Fibrosis {7], or
adrenolcukodystrophy [8], respectively. We will also examine the strategies that are developed to correct these defects in a
therapeutic perspective,
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Abstract: Nine proteins of the ABC superfamily (P-glycoprotein, 7 MRPs and BCRP) are involved in multidrug
transport. Being localised at the surface of endothelial or epithelial cells, they expel drugs back to the external medium (if
located at the apical side [P-glycoprotein, BCRP, MRP2, MRP4 in the kidney]) or to the blood (if located at the
basolateral side [MRP1, MRP3, MRP4, MRP5]), modulating thereby their absorption, distribution, and elimination. In the
CNS, most transporters are oriented to expel drugs to the blood. Transporters also cooperate with Phase I/Phase II
metabolism enzymes by eliminating drug metabolites. Their major features are (i) their capacity to recognize drugs
belonging to unrelated pharmacological classes, and (ii) their redundancy, a single molecule being possibly substrate for
different transporters. This ensures an efficient protection of the body against invasion by xenobiotics. Competition for
transport is now characterized as a mechanism of interaction between co-administered drugs, one molecule limiting the
transport of the other, which potentially affects bioavailability, distribution, and/or elimination. Again, this mechanism
reinforces drug interactions mediated by cytochrome P450 inhibition, as many substrates of P-glycoprotein and CYP3A4
are common. Induction of the expression of genes coding for MDR transporters is another mechanism of drug interaction,
which could affect all drug substrates of the up-regulated transporter. Overexpression of MDR transporters confers
resistance to anticancer agents and other therapies. All together, these data justify why studying drug active transport

Modulation of Drug

should be part of the evaluation of new drugs, as recently recommended by the FDA.

Keywords: P-glycoprotein, BCRP, MRP, ADME properties, drug-drug interactions.

INTRODUCTION

The proteins from the ATP-binding cassette (ABC) trans-
porters superfamily share as common features a capacity to
actively transport molecules through the membranes, and to
use ATP hydrolysis as an energy source. They have been
classified in seven subfamilies (ABCA to ABCG), according
mainly to sequence homologies and structural organization
[1]. The topology and nomenclature of ABC transporters
have been extensively reviewed elsewhere [2-4] and will not
be addressed here.

Most of the 48 human ABC transporters (without the
truncated ABCC13 with still unknown function [5]) play a
role in the export of physiological substrates (amino acids,
peptides, lipids, inorganic ions...), but nine of them are
rather associated to a Multi-Drug Resistance (MDR) pheno-
type, due to their ability to extrude out of the cells a large
variety of xenobiotics.! These are the P-glycoprotein
(ABCBI, P-gp), the Multidrug Resistance associated Pro-
teins or MRPs (MRP1-MRP7, also referred to as ABCCI1-6
and ABCCI10), and the Breast Cancer Resistance Protein or
BCRP (ABCG?2). In addition, the intracellular transporter
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Belgium; Tel: +32-2-764-73-78; Fax: +32-2-764-73-73;
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! Transporters involved in drug influx belong to another superfamily of transporters,
namely the SLC (Solute-Linked Carrier) family (a family of secondary transporters that
comprises the organic anion transporting polypeptides (OATPs), the organic anion
transporters (OATSs) or the organic cation transporters (OCTs)). These also play an
important role in drug pharmacokinetics and drug-drug interactions [6, 7] but will not
be discussed here.
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ABCA3 has also been implicated in multidrug resistance in
leukemia cells, as it can sequester drugs inside lysosomes
[8]. The role of these MDR transporters, and of P-gp in par-
ticular, is well described in the context of resistance to
anticancer drugs [9, 10]. Yet, as they are widely distributed
in the organism [11], they also play an important role in the
modulation of absorption, tissue distribution and elimination
of their substrates or in the protection of sanctuaries, like the
central nervous system (Fig. 1). MDR ABC transporters are
therefore considered as a major intervenient in the phar-
macokinetics of many drugs, which can in its turn modulate
their pharmacological activity or their toxicity [12-14]. A
first goal of this paper is to review the current knowledge on
the role of MDR ABC transporters in drug transport and its
consequences in terms of ADME properties.

A striking characteristic of these MDR transporters is the
wide variety of apparently non chemically-related substrates
they can accommodate. This is not yet fully understood, but
the structure of the murine P-gp (Abcbla) recently resolved
at a 3.8 A resolution [15], together with the structural models
of different MDR ABC established by homology modeling
using crystallographic structures from bacterial homologs
[16-22], may be helpful in this respect. A pharmacological
consequence of this broad substrate specificity is that co-
administration of drug substrates may cause drug-drug inter-
actions by competition for a same transporter. Moreover,
drugs can also induce the expression of transporters, modi-
fying thereby their capacity to transport their substrates [13].
A second goal of this paper is to examine how these recently
described mechanisms of drug-drug interactions can affect
drug pharmacokinetic properties.

© 2011 Bentham Science Publishers Ltd.
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PHYSIOLOGICAL FUNCTIONS OF MDR ABC
TRANSPORTERS

Table 1 illustrates the localization, expression levels (at
the mRNA or protein level), and physiological substrates of
MDR ABC transporters. Caution is required however when
data refers only to mRNA levels, as discrepancies between
mRNA and protein levels may exist. For example, BCRP
expression in kidney is low at mRNA level but higher at
protein level [23]. Moreover, spliced mRNA variants do not
always code for an entire, functional protein [24-27]. While
some of these transporters, like P-gp, have a very broad
tissue distribution, others are expressed only in a few organs,
like MRP7. For the latter, this suggests specific roles in these
organs, even though these have rarely been evidenced.
Considering MRP7, for example, it is interesting to note that
it is expressed in the heart and can transport leukotriene C4,
a well known vasoconstrictor agent [28]. Likewise, MRP4 is
highly expressed in prostate and expels cyclic nucleotides
that control erectile function and smooth muscle activity in
the urinary tract [29]. The expression level of a given
transporter can also markedly vary from one organ to the
other, depending of its specific role. P-gp for example is
highly expressed at the apical membrane of many epithelial
cells (enterocytes, renal tubules, canalicular membrane of
hepatocytes) or brain capillary endothelium [11], in relation
with its detoxification function. More intriguingly, some
transporters can be found either at the apical or at the
basolateral membrane, depending on the tissue. This is
mostly the case for MRP4, which is usually located at the
basolateral membrane but is found at the apical surface of
renal epithelial cells and brain endothelial cells (for a review,
refer to [30]). The basolateral transporters MRP1 and MRP5
have also been detected at the apical membrane of brain
endothelial cells [31], although at low levels. This may
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contribute to reinforce the protective effect of P-gp or BCRP
on the brain.

MDR TRANSPORTERS AND
DRUG PHARMACOKINETICS

Fig. (1) illustrates the main role of MDR ABC trans-
porters with respect to drug disposition in the organism.
Those that are localized at the apical surface of the cells
bordering the elimination organs will contribute to cell
detoxification by expelling xenobiotics into the bile, the
urine or the faeces; those that are expressed at the basolateral
surface will rather contribute to drug (re)absorption by
driving them from the intracellular medium to the blood [30,
32]. MRPs mainly transport Phase II metabolites (drug con-
jugates to glutathione, glucuronate or sulfate [33]) and cons-
titute therefore the "Phase 11" of drug elimination [34, 35].

MODULATION OF

At the level of barriers separating the blood from
sanctuaries or vulnerable organs like the brain, the placenta
or the testis, most transporters are oriented towards a trans-
port from the organ to the blood, as a way to protect these
fragile sites from foreign invasion [36, 37]. This role is best
evidenced by the specific neurotoxicity of ivermectin in
beagle dogs that are naturally deficient in P-glycoprotein
[38]. In non-polarized cells, efflux pumps can contribute to
reduce the cellular concentration of drugs and hence, their
pharmacological activity if they act upon an intracellular
target. This is well exemplified by the reduction in intra-
cellular activity of fluoroquinolones, macrolides, or dapto-
mycin against bacteria infecting macrophages expressing
MDR transporters [39, 40] or of anti-HIV drugs in infected
macrophages and lymphocytes [41]. 4 fortiori, overexpres-
sion of MDR transporters is a well established mechanism of
resistance of cancer cells to chemotherapy [10, 42, 43].
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Fig. (1). [llustration of the role of MDR ABC transporters in the modulation of drug disposition when expressed at the apical or basolateral
side of the cells bordering the main barriers in the body, or in non polarized cells.
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Table 1. Localization and Physiological Substrates of ABC Transporters
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ABC Tissue Distribution
T " Localization Physiological Substrates Refs.
ransporter High Expression Low Expression
P-gp . Kidney, adrgnal gland, liver, Prostate, skin, heart, Phospholipids, cytokines,
Apical pancreas, intestine, lung, . [11,220]
(ABCBI) . . skeletal muscle, ovary steroids
blood-brain barrier, placenta
. Kidney, lung, testis, skeletal Glutathione, glutathione
MRPI Basolateral (except in and cardiac muscles, placenta Liver, intestine, brain conjugates (LTC4, DNP-SG), (31, 221-
(ABCC1) placenta and BBB) . o ¢ . . 223]
(apical) bilirubin glucuronides, bile salts
MRP2 Apical Liver, kidney, small intestine, LTC4, DNP-SG, bilirubin [183,222,
(ABCC2) P placenta glucuronides, sulphated bile salts | 224, 225]
MRP3 Basolateral Adrenal gland, intestine, Liver, kidney, prostate™® e ;‘}:;g;zfii, E?gfé?;:”& [222, 226,
(ABCC3) pancreas, gallbladder, placenta ’ ’ - 227]
glucuronides
Apical (kidney, BBB) or Ovary*, testis*, kidney, cAMP, cGMP, bile salts,
MRP4 basol 1 p lune™. ; ine® i fol . d id [31,228-
(ABCC4) aso atelja (prostate, rostate ung®, {ntestme , lver, olate, con:]ugate steroids, 232]
choroid plexus) brain, pancreas prostaglandins (PGE1, PGE2)
MRP5 Basolateral (except in Skeletal* and cardiac muscle, . - g
(ABCCS) BBB) testis* Brain, neurons, liver cAMP, cGMP, folate, DNP-SG [31,227]
MRP6 Liver, kidney, skin, lung, heart, _
(ABCC6) Basolateral intestine, pancreas, stomach LTC4, DNP-SG [233,234]
% Lo . - .
MRP7 9 Colon*, skin*, testis*, Estradiol-17B-glucuronide, [235, 236]
(ABCCI10) pancreas*® LTC4
BCRP Apical Placenta, breast, blood-brain Kidney, lung, ovary*, Vgan}llllfirglt;zg??ﬁ E:Sg:g’ [23,237-
(ABCQG2) P barrier, liver, intestine, testis* pancreas*® porphynns, estrog 240]
conjugates
BBB, blood-brain barrier; LTC4, leukotriene C4; DNP-SG, 2,4-dinitrophenyl-S-glutathione.
*Data for gene expression only (mRNA); otherwise, the tissue distribution refers to protein detection.
Table 2. Pharmacologically Relevant Substrates of MDR ABC Transporters
ATC Pharmacological Drug P-gp | MRP1 MRP2 MRP3 MRP4 | MRP5 | MRP6 | MRP7 | BCRP Refs.
Code Class
Alimentary tract and metabolism
Cimetidine + + [241, 242]
02B H2-receptor Nizatidine + [243]
antagomsts
Ranitidine + [242]
A
03F Propulsives Domperidone + [101]
04A Antiemetics Ondansetron + [101]
07D Antipropulsives Loperamide + [101]
Cardiovascular system
Digoxin o * [100, 241]
01A Cardiac glycosides
Talinolol +(1) [244]
01B Anti-arrhythmics Quinidine +(r)*
02C Antihypertensives Prazosin +(m) +(m) [245]
c | o7a Beta-blocking Celiprolol + [246]
agents
08C Calcium channel Nicardipine * + [247, 248]
blockers (vascular) Nifedipine +(r)* + [247, 249]
08D Calcium channel Diltiazem + [250]
blockers (cardiac) Verapamil o [251]
09C Angiotensin IT Losartan + - - [252]
antagomsts
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ATC Pharmacological Drug P-gp | MRP1 MRP2 MRP3 MRP4 | MRP5 | MRP6 | MRP7 | BCRP Refs.
Code Class
Ezetimibe + + [253]
Atorvastatin +* [254-256]
Lipid modifying K K
C | 10A agents Pitavastatin + + + [257]
Pravastatin +(1) + [258,259]
Rosuvastatin + + + [260,261]
Systemic hormons
H ‘ 02A ‘ Corticosteroids Dexamethasone ‘ + ‘ ‘ =¥ [100, 241]
Anti-infectives
01A Tetracyclines Tetracycline + + [258,262]
a [258,263-
01C Beta-lact: + + + +
eta-lactams' (1) 265]
Macrolides® + + +(r) [266-268]
OIF
Ketolides Telithromycin + +(r) [269]
. . [58,268,
01M Fluoroquinolones + + +(r) +(m) + 270-276]
Nitrofuranes Nitrofurantoin + [277]
01X
Lipopeptides Daptomycin + [40]
02A Azole antifungals Itraconazole +(m) =¥ [164,278]
Anti bacterial
04A nhimycobacteria Rifampicin +(m) [279]
antibiotics
J . - [44,228,
N Adefovir (CHO) - + + + +(m) 280-283]
everse
transcriptase Ganciclovir + [284]
inhibitors . .
Zidovudine
(AZT) + + [282,285]
- [89, 162,
Indinavir + +- + - - - 286-288]
05A Lopinavir + . + - (m) [289]
Nelfinavir + + R [82’8;]62’
Protease inhibitors
. . [162,286-
_ - - %
Ritonavir + +/- + 288
[89, 162,
Saquinavir + +/- + - - =¥ 286-288,
290]
Antineoplastic and immunomodulating agents
Cladribine + + [44,291]
01B Antimetabolites +* (and
Methotrexate + + + + + + [292-299]
PG)
Docetaxel + + + [300-302]
[62, 228,295,
Paclitaxel + - + - - + - 300, 301,
303-305]
L [62,228, 281,
Etoposide + +/- +(GC) + (and GC) - + + - 295,304, 306-
01C Plant alkaloids 310]
[228,301,
Vinblastine + + +* - + 304, 311-
313]
[228, 295,
301, 303
. s ot # # ) >
Vincristine + + + +- - + 307,310,

314, 315]
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ATC Pharmacological Drug P-gp | MRP1 MRP2 MRP3 MRP4 | MRP5 | MRP6 | MRP7 | BCRP Refs.
Code Class
Actinomycin D + + [304, 314]
[62,228, 281,
295,303,304
.. b ) ) >
Daunorubicin + +(GS) - - + + + 308,314,316,
317]
01D | Cytotoxic antibiotics [62, 228, 295,
303, 304,307
ici + + + _ _ + 4b > > >
Doxorubicin (GS) 308,310,316
318]
. 4 b [62,316,319,
Mitoxantrone + + + 320]
Irinotecan + + + + + [321-324]
01X Camptothecins
L Topotecan + + + [325-328]
- Gimatecan - - + - [329]
Platinium . . 4 [307, 310,
. compounds Cisplatin * . 330]
Protein kinase Imatinib + +/-* [331-334]
inhibitors Lapatinib + + [335]
- - Becatecarin + [336]
.. + (m) [62, 245,
- - Flavopiridol /. - +/- 337]
100, 155
Ciclosporin A +* - - (100, '
04A | Immunosuppressants 324,338]
Tacrolimus + =¥ [155,338]
Musculo-skeletal system
01a | Anti-inflammatory Diclofenac - - + [142]
M agents
04A Antigout agents Colchicine + + - [339]
Brain and nervous system
+
Morphine +(GC) +(GC) (m) - [340-342]
02A Opioid analgesics (CHO)
xycodone +
Oxycod: 200
- Analgesics Asimadoline + [105]
Phenobarbital + - - - [343, 344]
03A Antiepileptics Phenytoin + - - - - [343-345]
opiramate + - - -
Topi 346
N Bromocriptine +(m) [347]
Antiparkinsonian
04B P drugs Budipine + (m) [348]
-dopa +
L-dop: 349
uphenazine +
Fluph: i 350
05A Antipsychotic drugs Perazine + [350]
isperidone +
Risperid: 351
Citalopram +(m) [352]
06A Antidepressants
rimipramine +(m
Trimi i 352
Antiparasitic products
oroquine - + s
Chloroqui 353,354
01B Antiparasitics Mefloquine + + [355]
Quinine + [353]
P
- Quinacrine +(m) [356]
02C Antihelmintics Ivermectin + [100]
- Oxfendazole - - + [357]
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ATC Pharmacological Drug P-gp | MRP1 MRP2 MRP3 MRP4 | MRP5 | MRP6 | MRP7 | BCRP Refs.
Code Class
Respiratory system
Cetirizine + + [358]
R 06A Antihistaminics
Fexofenadine + + ‘ ‘ ‘ ‘ [359, 360]
Various
v | 034 | Antidotes (morphinic |y pop o qone + - [341,361]
antagonist)

Drug are classified according to ATC codes (Anatomical Therapeutic Chemical classification system; http://www.whocc.no/atc/).
All data refer to studies with human transporters, except when specifically indicated: (m) mouse; (r) rat; (CHO) Chinese hamster ovary cells.
Key: +, substrate; -, non substrate; *, modulator/inhibitor [143]; #, transport is dependent upon the presence of glutathione; GS, glutathione conjugate; GC, glucuronide conjugate; PG,

polyglutamate conjugate.

*does not apply to the whole class (some members are substrates, others, not); >, BCRP substrate specificity is affected by mutations at amino acid 482 [62].

Table 2 summarizes our current knowledge on the active
transport of drugs by the main MDR ABC transporters. A
first observation is that a single transporter can affect a very
large number of molecules, belonging to a wide variety of
pharmacological classes and presenting markedly remote
chemical structures. P-gp substrates are mostly organic
amphipathic molecules, ranging in size from less than 200
Da to almost 1900 Da. Most of them are neutral or basic
compounds, but zwitterionic and negatively charged com-
pounds (like methotrexate) can also be transported. Among
MRPs, MRP4 and MRP5 have the particularity to transport
cyclic nucleotides and purine analogues [44-46], but not
anthracyclines, taxanes, or vinca alkaloids. BCRP shows a
broad substrate specificity, with partial overlap with P-gp
substrates. On the other hand, all drugs belonging to a same
pharmacological class are not necessarily substrates for the
same transporter. All together, these data suggest that
recognition by MDR transporters depends on molecular
determinants that have nothing in common with those
defining the high specificity of drug-target interaction in
most pharmacological models (classical model of the key-
and-lock recognition [47]). Yet, converging evidence from
experimental studies and molecular modeling tend to
indicate that these are the global physico-chemical properties
of the molecule rather than the presence of specific subs-
tituents that drive substrate recognition. Tentative 'phar-
macophores' have been progressively built up that allow to
predict possible interactions, mainly with P-glycoprotein,
and are now used for in silico screening [48, 49]. The
features identified include the presence of hydrogen bond
acceptor, hydrophobic and aromatic areas, and positive
ionizable group at appropriate distance from one another
[50]. Another factor that can contribute to broad substrate
specificity is the fact that MDR transporters possess several
binding sites in the transmembrane domains, as demons-
trated for P-gp [51-53], MRP2 [54] or BCRP [55], which can
probably accommodate different substrates [56].

A second observation is that a single molecule can be
substrate for different transporters. At the molecular level,
this indicates that common features may dictate recognition
by different transporters. In this respect, it is interesting to
note that this may even apply to totally unrelated trans-
porters, as those conferring resistance to antibiotics in
bacteria. For example, ciprofloxacin but not moxifloxacin, is
substrate of murine Mrp4 [57, 58] as well as of efflux pumps
conferring resistance to fluoroquinolones in Staphylococcus

aureus, Streptococcus pneumoniae, or Listeria monocyto-
genes [59-61]. At the physiological level, this redundancy
between transporters may compensate for the poor expres-
sion of a given transporter in a particular tissue and/or for
alteration of activity in mutated proteins. Mutagenesis
studies have indeed shown that substrate specificity can be
affected by a single amino acid change (see for example [62]
for BCRP or [63] for P-glycoprotein). Indeed, in vivo also,
variations in ABC transporters expression between indivi-
duals is well documented [64, 65], as well as genetic
polymorphisms (see for review [66] for P-gp and MRP2 and
[67] for BCRP). These polymorphisms might however be
clinically relevant only at certain drug doses.

A third observation is that P-glycoprotein seems by far to
be the broadest spectrum transporter. This conclusion needs
however to be taken with caution, as P-glycoprotein is also
the most widely studied transporter. Empty cells in Table 2
need thus to be interpreted as an absence of data and not
necessarily as an absence of transport. Other possible
limitations of the data presented in this Table are that some
of them have been performed in animal cells (exploring
therefore transport capacity of the animal transporter), or in
animal cells transfected with human transporter (but with the
remaining background of the other transporters expressed by
the animal cell) or using knockout animals. Transposition of
the results to human needs therefore careful appreciation due
to interspecies substrate discrepancies. Thus, whereas mouse
Berpl was functionally comparable with human BCRP in a
murine fibroblast cell line [68], interspecies differences do
exist between Bcrpl/BCRP in hepatocytes [69], as well as
between murine and human MRP2/Mrp2 [70, 71], or P-gp
[72, 73].

Consequences for Drug Absorption (Intestinal Barrier)

Drugs administrated by oral route must pass through
several barriers before reaching their target site, the first one
being the intestinal epithelium. Due to their high expression
in the small intestine and to their co-localization at the apical
membrane of enterocytes, P-gp, MRP2, and BCRP play a
key role in limiting the absorption of drugs by expelling
them back to the intestinal lumen [74, 75]. Expression of
transporters along the small intestine is not uniform and
regional differences have been reported (see for review
[75]): whereas P-gp expression is higher in the ileum [76],
MRP2 and BCRP expression are higher in jejunum [77, 78].
This will affect locally drug absorption at the intestinal
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barrier. For example, a significant inverse correlation was
found between ciclosporin A absorption and intestinal P-gp
mRNA levels along the gastrointestinal tract [79].

To date, the role of P-gp is the most documented [80]. In
the mice, however, Berpl has been shown to limit the oral
bioavailability of the anticancer drug topotecan [81], and to
protect the animals against ingested dietary carcinogens
(such as 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine,
PhIP) [82] or phototoxins like pheophorbide A [83]. On the
contrary, MRP transporters expressed at the basolateral side
of the cells may increase drug absorption. This has been
demonstrated for ampicillin [84] or adefovir [85] using in
vitro models of intestinal barrier.

The tools developed to study the role of P-gp in intestinal
drug absorption consist of in vifro models of Caco-2 cell
monolayers [86] and in vivo models with knockout mice
[87]. Mice express two isoforms of P-gp, namely Mdrla and
Mdrlb, which both act as multidrug transporters; however,
Mdrlb is not detected in the intestine. Mdria (-/-) mice
allowed for example to demonstrate the major role of P-gp in
the pharmacokinetics of paclitaxel [88] or HIV protease
inhibitors (indinavir, nelfinavir and saquinavir [89]), since
drug plasmatic concentrations were significantly higher in
Mdrla (-/-) mice than in WT mice (6-fold higher for pacli-
taxel, and 2- to 5-fold higher for HIV protease inhibitors).
Studies with healthy volunteers allowed to confirm the
importance of P-gp expression levels [79] or of the co-
administration of pump inhibitors for drug absorption [90].

Moreover, detoxifying enzymes of cytochrome P450
family are likely to act in synergy with ABC transporters to
decrease drug absorption [91, 92]. Cytochrome P450 3A4
(CYP3A4) accounts for nearly 70% of all CYP enzymes
expressed in small intestine [93]. It displays a substantial
overlap in substrate specificity and colocalizes with P-gp in
enterocytes [94]. Recently developed models of Mdria/lb
(-/-), Cyp3a (-/-), and Cyp3a/Mdrla/lb (-/-) mice will thus
be of prime interest to evaluate the respective importance of
metabolism and efflux in drug disposition. Of high interest,
recent data obtained with this model suggest that there is a
high degree of synergy between Cyp3a and Mdrla. For
example, a >70-fold increase in systemic exposure to doce-
taxel is observed after oral administration to Cyp3a/
Mdrla/lb (-/-) mice vs. a 12-fold increase in Cyp3a (-/-)
mice and a 3-fold increase in Mdria/lb (-/-) mice [95].
Mathematical models have been developed to predict the
change in AUC mediated by each of these systems for drugs
that are common substrates [96]. Yet, the observation of syn-
ergistic effects makes probably largely pointless evaluations
of the individual contribution of each of these mechanisms
with respect to modifications of drug bioavailability in vivo.

Consequences for Drug Distribution

ABC transporters located at the blood-brain barrier
(BBB), the blood-CSF barrier, the blood-placental barrier, or
the blood-testis barrier restrict the penetration of xenobiotics
into the central nervous system, the foetus (via the placenta)
or the testis. While this contributes to protect these
vulnerable territories, it also compromises drug accessibility
in pathological situations. This is most conspicuously the
case for central nervous diseases (neurodegenerative dis-
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eases, intracranial tumors, dementia, epilepsy, meningitis...).
Two physiological barriers separate the brain from the
bloodstream. The blood-brain barrier (BBB) is made of
endothelial cells of the brain microvasculature that isolate
the cerebral blood from the brain interstitial fluid. Tight
junctions between these cells limit the paracellular flux of
hydrophilic molecules across the BBB, so that only lipo-
philic molecules with low molecular weight can passively
diffuse. The blood-cerebrospinal fluid (CSF) barrier is
formed by a single layer of choroid plexus epithelial cells
that separates the plexus blood from the CSF. BCRP and P-
gp are the main ABC transporters expressed at the human
BBB [97]; they are both localized at the apical (or luminal)
pole of the BBB where they transport drugs from the brain to
the blood. MRPs are also detected but with a lower
expression; their functional role at the BBB still needs to be
clearly determined [98].

The first studies investigating the influence of ABC
transporters at the BBB were performed in vitro, using
cultures of brain endothelial cells. These cells however do
not always exhibit all the properties of in situ brain
microvessel endothelial cells [98]. P-gp-knockout mice
models were thereafter used to demonstrate the implication
of P-gp to limit drugs entry into the brain, Mdrla being the
major P-gp isoform present at the BBB. The first studies
with Mdria (-/-) mice showed that they were almost 100-
fold more sensitive to the neurotoxic effects of ivermectin,
an antiparasitic compound [87] than wild-type mice. Many
other P-gp substrates, such as digoxin [99, 100], ciclosporin
A [100], loperamide, domperidone and ondansetron [101],
HIV protease inhibitors (indinavir, saquinavir, nelfinavir)
[89], or paclitaxel [102] are accumulated in the brains of P-
gp-deficient mice up to 35- or 40-fold higher than in WT
mice, clearly documenting the role of P-gp as a gatekeeper at
the luminal side of the BBB [103]. Several studies also
evidenced a more marked implication of Mdrla at the BBB
than at the intestinal barrier by comparing the increase in
drug concentration in the brain vs. the intestine of Mdrla(-/-)
or Mdria/lb (-/-) mice as compared to wild-type animals
(4.4- to 9.6-fold vs. 2-fold for vinblastine [104]; 9-fold vs. no
effect for asimadoline, an experimental analgesic [105]).
More recently, positron emission tomography (PET) and
single photon emission computed tomography (SPECT)
imaging techniques [106] with radiolabeled efflux pump
substrates have allowed non-invasive studies in animals and
humans and a direct visualization of drug transporter
function at the BBB [107, 108].

Although expressed at the BBB [109], Berpl seems to
have a moderate role in the transport of substances known to
be BCRP substrates, such as imatinib [110] and mitoxan-
trone [111], or of xenobiotics that are also P-gp substrates
[112, 113]. Yet, other studies showed the Berpl acts syner-
gistically with P-gp to limit the brain penetration of topo-
tecan [114] and lapatinib [115]. In case of P-gp deficiency,
however, Berpl expression at the BBB increases, which is
accompanied by greater export of its substrates, like mito-
xantrone or prazosin [116]. Mrp4 presents the particularity
of being expressed at the apical membrane of endothelial
cells at the BBB but at the basolateral membrane of epithe-
lial cells at the blood-CSF barrier. This dual localization
allows for clearance of Mrp4 substrates from both the CSF
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and the brain, as shown for topotecan [117]. However, this
effect has been observed in rodents and might not be relevant
in humans, where MRP4 expression seems to be very low
[118].

In the placenta, P-gp expressed in trophoblasts protects
the fetus from potential teratogenic compounds [119], and
from many drugs like digoxin, saquinavir or paclitaxel [120]
extruding them into the maternal blood. Likewise, Berpl,
expressed in placental syncytiotrophoblasts [109], limits the
foetal penetration of topotecan [81]. Again the role of active
transporters as a limitation to the permeability of the foeto-
maternal barrier may rationalize clinical observations, for
example the lack of efficacy of protease inhibitors for
preventing HIV transmission in pregnant women [121].

Consequences for Drug Elimination

A role for intestinal P-gp in the elimination of drugs from
the blood to the gut lumen has been described [122], but the
main routes of drug elimination remain through biliary
excretion and renal clearance.

Biliary Excretion of Drugs

In the liver, a lot of transporters are involved not only in
the excretion of bile constituents, but also of xenobiotics and
metabolites produced by Phase I and Phase II enzymes.
These include MDR transporters, but also other ABC
transporters like BSEP (Bile Salt Export Pump, ABCBI11)
and Solute-Linked Carrier transporters [123, 124]. P-gp,
MRP2 and BCRP are localized at the canicular membrane of
hepatocytes and secrete metabolized xenobiotics into the
bile. MRP1, MRP3 and MRP4 are expressed at the basolate-
ral membrane and extrude metabolites in the blood, from
where they can be eliminated by the kidneys (for a review,
see [125]). Hepatic cells appear thus as a hub, orientating the
route of elimination of metabolized drugs depending on their
affinity for apical or basolateral transporters.

Transporters can also cooperate at the level of different
barriers to efficiently reduce drug concentrations in the
blood. For example, a complementary role of P-gp and Mrps
has been evidenced for paclitaxel [126] and etoposide [127].
While P-gp is mainly involved in restricting their intestinal
absorption, Mrp2 dominates in their hepatobiliary excretion.
Moreover, in Mrp2 deficient animals (Mrp2 knockout mice),
Mrp3 can secrete etoposide metabolites from the liver to the
blood, from where they are further eliminated in urine [127].
Thus, MRP3 is considered to function as a backup detoxify-
ing pathway for hepatocytes, since its expression is increased
when the normal canicular route is damaged by cholestatic
diseases or when the function of MRP2 is impaired [128].

Renal Drug Excretion

In renal epithelial cells, P-gp, MRP2, and MRP4 are
expressed at the apical (luminal) membrane, whereas MRP1
and MRP6 are localized on the basolateral membrane [129].
Moreover, P-gp, MRP2, MRP4, and MRP6 are expressed in
renal proximal tubules, whereas MRP1 is localized in distal
tubules and collecting ducts [129], protecting distal part of
the nephron from toxic drug accumulation which may occur
with water reabsorption. BCRP protein expression in kidney
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has been recently evidenced, with also a localization in
proximal tubules [23] but its role in renal drug efflux
remains to be clearly determined.

Beside their role in drug elimination, MDR transporters
may also exert a protective role on the kidneys themselves,
as these organs are particularly exposed to toxic compounds.
In patients (or animals) with chronic renal failure, it has been
observed that the renal expression of P-gp [130] or of Mrp2
[131] is increased while that of uptake transporters is
decreased. This may help the sick organ to eliminate toxins.
Modifications of the expression of MDR transporters may
also contribute to modulate drug nephrotoxicity. It has been
shown for example that the expression level of P-gp is lower
in kidney graft recipients treated with ciclosporin A than in
those treated with tacrolimus. This is correlated with a longer
graft survival in the tacrolimus patients, attributed to a higher
nephrotoxicity in the ciclosporin A group [132]. Overexpres-
sion of several MDR transporters (P-gp, Mrp2, Mrp4, Mrp5
[133]) and down regulation of influx transporters (OAT and
OCT) has also been evidenced in mice treated with cisplatin,
another nephrotoxic drug, even if its transport is not
documented for all of them (see Table 2).

MDR EFFLUX PUMPS AND TRANSPORTER-
MEDIATED DRUG-DRUG INTERACTIONS

Polymedication is very frequent in clinical practice,
especially in the elderly. It is often the cause of iatrogenic
adverse reactions related either to drug-drug interactions or
to inappropriate dosing due to organ insufficiency in old
patients. Some mechanisms of pharmacokinetic interactions
are now quite well characterized, like those mediated by the
administration of inhibitors or inducers of cytochromes P450
or the formation of complexes between cationic and anionic
compounds. Yet, it now appears that MDR transporters can
also play a major role in drug —drug interactions. The most
popular example is probably that of flavonoids present in
grapefruit juice, which can inhibit both the P-gp-mediated
efflux and the CYP3A4-mediated metabolism of many drugs
in enterocytes, improving thereby their bioavailability [134,
135]. There is considerable overlap between CYP3A4 and P-
glycoprotein substrates [136], so that both systems will often
be involved in drug interactions, resulting in complex
pharmacokinetic profiles of multidrug regimens [137]. As
compared to CYP-mediated drug interactions, those media-
ted by MDR transporters have however the particularity of
possibly affecting drug concentration in a specific body
compartment (such as the brain) without modifying blood
levels.

Drug-drug interactions related to MDR transporters can
occur by two main mechanisms. The first one is a
competition between drugs (substrates or modulators of the
pump) for the binding site(s) of the transporter, which can
impair the transport of one or the two interacting drugs. The
second is a change in the expression level of the MDR
transporter upon exposure to a given drug, but which can
affect the transport of any other drug substrate of the same
pump. These interactions are not always deleterious, one
drug being able to boost the absorption of the second one.
This is well exemplified in Kaletra®, which consists of the
combination of a therapeutic dose of lopinavir and a low



608 Current Drug Targets, 2011, Vol. 12, No. 5

dose of ritonavir, which only serve for inhibiting lopinavir
efflux and metabolism, hence increasing its bioavailability
[138-140].

Competition for Drug Binding Site

A combination of an efflux pump substrate with a well-
characterized inhibitor/modulator can be useful to increase
intestinal absorption or penetration into specific tissues, but
it can also lead to adverse effects by decreasing drug eli-
mination. On the other hand, the co-administration of two
drugs substrates for the same transporter may sometimes
result in unexpected and/or unwanted effects. One may
anticipate that the drug with the highest affinity will be more
efficiently transported, and thus inhibit the transport of the
other drug. Yet, if the mechanism of the interaction is com-
petitive, the concentration ratio between the two drugs may
also play a critical role in determining which one will inf-
luence the transporter of the other one. Moreover, other
mechanisms of interaction than simple competition for trans-
port have been described, for example, allosteric modifica-
tion by binding to a modulator site (see for example diclo-
fenac, which inhibits the transport of anionic substrates by
MRP2 [141] but stimulates that of amphiphilic substrates
[142]). On these bases, it is clear that transporter-mediated
drug interactions are not easy to predict in vivo, and are often
understood a posteriori. Methods to accurately predict such
interactions are therefore needed [96].

A series of drugs, which were first documented as being
P-gp substrates, are now widely used both in vifro and in
vivo for their modulator activity (among others, quinine and
quinidine, verapamil, ciclosporin A and nifedipine; they con-
stitute the first generation of P-gp modulators [143, 144]).
Using P-gp knockout mice, Fromm ef al. [145] showed that
co-administration of quinidine increases digoxin concentra-
tions in plasma and brain (by 73.0% and 73.2%, respect-
ively) of wild-type mice, but not in Mdrla (-/-) mice, dem-
onstrating that quinidine is not only a substrate, but also a
potent inhibitor of P-gp. In accordance with these results, a
study with human volunteers showed that digoxin intestinal
absorption increased from 22.3 + 8.9% to 55.8 + 21.2% of
the dose when co-administrated with quinidine [90]. Digoxin
oral bioavailability is also increased when co-administrated
with talinolol [146], with a 23% increase of the area under
the concentration-time curve AUC(0-72h), or clarithromycin
[147] (1.7-fold increase in AUC(0-24h)), whereas its renal
elimination is reduced when co-administrated with verapamil
[148]. In another study with healthy male volunteers,
quinidine caused an increase of loperamide transport into the
brain, leading to several side effects, although the blood
plasma concentration of loperamide remained unchanged
[149].

Ciclosporin A, another well-known P-gp substrate [100],
is also able to act as an inhibitor, increasing taxane
(paclitaxel or docetaxel) oral bioavailability in wild-type
mice [150] (from 9.3% up to 67% when co-administrated
with ciclosporin A) as well as in cancer patients [151, 152]
(from 4-8% for taxane alone, up to 47% or 88%, depending
on the taxane, in presence of ciclosporin A). Similarly, the
increased bioavailability and reduced clearance of the BCRP
substrate irinotecan in patients treated concomitantly with
ciclosporin A [153, 154] has been attributed to the inhibition
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of BCRP by ciclosporin A [155]. The clinical efficacy of
ciclosporin A as a pump modulator is thus related to its
ability to inhibit different MDR transporters (P-gp, BCRP,
MRP1 [156]).

Anti-HIV therapy requires the combination of three or
four antiretroviral drugs from different classes. Many anti-
HIV drugs have been demonstrated as being substrates for
MDR transporters, mainly P-gp and MRP2 (see Table 2).
However, ritonavir also behaves as a P-gp inhibitor and
decreases digoxin clearance by 35%, in humans, likely
because both drugs compete with P-gp for renal elimination
[157]. P-gp and CYP3A4 inhibition by ritonavir or other
protease inhibitors has also been evoked to explain the
increased blood concentrations of tacrolimus [158],
fexofenadine [159] or loperamide [160]. This could apply to
much more classes of drugs that are substrates of both P-gp
and CYP 3A4 [161]. Moreover, protease inhibitors are also
inhibitors (but not substrates) of BCRP [162, 163], and could
therefore also affect the pharmacokinetic profile of drugs
that are substrates of this transporter. The same reasoning
could apply to antifungal agents, which are substrates of P-
gp but inhibitors of BCRP [164].

Several drug-drug interactions have been reported with
the antifolate drug methotrexate. Co-administration of
benzimidazole proton-pump inhibitors significantly inhibits
BCRP-mediated transport of methotrexate in vitro, and
pantoprazole reduces its clearance in vivo in mice (1.9-fold),
possibly via competition for BCRP [165]. Co-administration
of nonsteroidal anti-inflammatory drugs (NSAIDs) [166]
also modifies methotrexate pharmacokinetics, possibly by
inhibiting its renal tubular secretion via MRP2 and MRP4
[141, 167]; in vitro diclofenac inhibits BCRP-mediated
methotrexate transport [142].

Much more interactions have been described in cellular
or in vitro models. For example, bromocriptin increases L-
dopa cellular accumulation about 2.05-fold in a rat brain
endothelial cell model by inhibiting P-gp [168], whereas
amiodarone inhibits digoxin secretion through P-gp in
kidney epithelial cells [169]. Interactions with anticancer
drugs have also been demonstrated. The antibiotics ofloxacin
and erythromycin enhance vincristine accumulation in
MRP1-overexpressing cells [170], and opiates (methadone
and morphine) inhibit paclitaxel uptake by P-gp in human
placental inside-out vesicles [171]. On the contrary, transport
of paclitaxel, docetaxel, and saquinavir in MDCK cells
overexpressing MRP2 is stimulated by diclofenac [142].
Further investigations are needed however to determine
whether these are relevant in the clinics, as concentrations
used in vitro are often supratherapeutic.

Drug-induced Change in Expression of MDR ABC
Transporters

Regulation of transporters expression has been mainly
studied in the liver, a key organ for drug detoxification and
disposition (for comprehensive reviews, see [172, 173]).
Several nuclear receptors like the pregnane X receptor (PXR,
also referred as the steroid and xenobiotic receptor SXR),
constitutive androstane receptor (CAR), peroxisome proli-
ferator activated receptor alpha (PPAR«), or nuclear factor-
E2-related factor (Nrf2) are implicated in the induction by
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xenobiotics of ABC transporters (P-gp, MRP2 [174], MRP3
[175], Mrp4 [176] or BCRP [177]), as well as of cyto-
chromes P450 [178] or of uptake transporters (OATP) [179],
enabling a coordinated response to drug injury. Nuclear
receptors regulate target gene transcription in a ligand-
dependent manner. Ligand binding promotes their activation
and translocation to the nucleus, where they form homo- or
heterodimers that bind to specific response elements within
regulatory regions of the target gene. Several drugs are able
to bind to and activate nuclear receptors, such as rifampicin,
clotrimazole, phenobarbital, dexamethasone, nifedipine, or
midazolam [180], and therefore to modulate MDR trans-
porter expression (see Table 3) [178, 181]. In vitro, other
drugs induce rather gene amplification [182].

Rifampicin is known for a long time as an inducer of P-
gp and MRP2 [183, 184], through a PXR-activation mecha-
nism [185]. In human healthy volunteers, rifampicin treat-
ment increases intestinal P-gp level, thus affecting oral
bioavailability of several drugs, such as digoxin [184],
talinolol [186], fexofenadine [187] or ciclosporin A [188].
Mice expressing human PXR and treated with rifampicin
were also much less susceptible to methadone antinocicep-
tive effect, demonstrating the increase of P-gp activity at the
BBB after rifampicin treatment [189].

HIV protease inhibitors like amprenavir and nelfinavir
[190], ritonavir [191, 192] or atazanavir [193] can induce
intestinal P-gp overexpression in animals and in cultured
cells [194, 195], through binding and activation of PXR, at
clinically-relevant concentrations for ritonavir [196]. Rito-
navir also induces MRP1 overexpression in vitro [191].
However, patients treated with protease inhibitors do not
exhibit an increase in P-gp expression in lymphocytes, as
compared to patients treated with other classes of
antiretrovirals [197]. Yet, non-nucleoside and nucleoside
reverse transcriptase inhibitors also induce intestinal P-gp
expression in vitro probably via a PXR pathway [198, 199],
making the previous study difficult to interpret.

In rats, repeated administration of oxycodone (an opioid
agonist used for the management of pain in cancer patients)
causes P-gp overexpression (in liver, kidney, and brain), and
affects tissue concentration of paclitaxel [200]. Celecoxib, a
NSAID, induces an increase in MRP4 and MRP5 expression
in vitro at clinically relevant concentrations [201]. This
could explain the lack of improvement in response rate
observed in clinical trials examining celecoxib combined
with irinotecan for solid malignancies [202]. Carbamazepine,
an antiepileptic drug known as a CYP3A4 inducer, has been
shown to induce both intestinal P-gp and MRP2 in human
healthy volunteers, which affects talinolol pharmacokinetics
[203]. Other antiepileptic drugs, among which phenobarbital
(a known PXR activator), also increase P-gp, MRP1 and
MRP?2 expression levels after long-term exposure of rat brain
microvascular endothelial cells [204, 205] as well as in rat
brain [206]. This effect is associated with an activation of
PXR and CAR receptors [205].

Acquired MDR phenotype in cancer cells often results
from the overexpression of ABC transporters able to expel
anticancer drugs out from the cells [10, 42]. This suggests
that anticancer drugs can induce the expression of the
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corresponding transporter. Thus, resistant cell lines obtained
in vitro after chronic exposure to various anticancer agents
(see Table 3) do indeed overexpress ABC transporters. The
same strategy could be applied to other drug substrates,
provided they can exert a certain toxicity on cells allowing to
select those having acquired resistance. Successful examples
include mouse macrophages exposed to ciprofloxacin, which
overexpress Mrp4 [58, 207] or human erythroleukemia cells
exposed to adefovir, which overexpress an indomethacin-
sensitive efflux pump (later identified as being also MRP4)
[208]. This strategy is thus very useful to obtain cells
overexpressing efflux pumps as tools for molecular studies
and characterization of drug transport [209]. The conditions
needed to select cells in vitro are not relevant from the
clinical situation (high concentrations; prolonged exposure),
but clinical data suggests this also occurs during therapy.
Induction of P-gp expression during treatment has been
demonstrated for example in patients treated for bladder
cancer with doxorubicin [210]. Overexpression of P-gp,
MRPs or BCRP at the surface of cancer cells is frequently
reported in tumors and constitute a poor prognosis factor
[211, 212]. Interestingly also, these transporters show higher
expression levels at the BBB in drug refractory epilepsy
[213,214].

MDR ABC TRANSPORTERS AS A DRUG TARGET

Considerable effort has been made over the last decade to
develop efflux pump inhibitors as a way to improve efficacy
of anticancer agents (see for recent reviews [215 and 216]).
Yet, if in vitro or animal data are promising, success is
limited in clinical trials, probably in relation with the
pleiotropic character of the MDR transporters and with the
difficulty of inhibiting transporters that have physiological
roles without causing toxicity.

In a more general context, inhibition of apical trans-
porters like P-gp and/or BCRP is also an attractive strategy
to improve oral bioavailability and CNS penetration of drug
substrates [103, 110, 120] but it may face the same
limitations.

Another strategy could therefore rather consist of trying
to select drugs that are poor substrates for efflux transporters.
High throughput methods of in vitro and in silico screening
should be helpful in this respect.

CONCLUSION

There is no doubt that active efflux transport should now
be considered as a part of the evaluation of the pharma-
cokinetic profile of a drug, to the same extent as its metabo-
lism by hepatic enzymes. Variations in the expression profile
of transporters should also be considered with care to explain
inter-individual variability.

The importance of characterizing transport by MDR
efflux pumps is now recognized also by health authorities. In
its last drug interaction guidance, the US Food and Drug
Administration recommends indeed to test for transport,
inhibition or induction of P-glycoprotein by new drugs, as a
way to predict potential drug-drug interactions [217-219].
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Table 3. Drug Inducers of MDR ABC Transporters Expression
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ATC code Pharmacological class Drug P-gp MRP1 MRP2 MRP3 MRP4 MRPS BCRP Refs.
Cardiovascular system
01A Cardiac glycosides Digoxin +(1) [362]
Amiodarone +(s) [181]
01B Antiarrhythmics
Quinidine +(s) [363]
02A Anti-hypertensive agents Reserpine +(s) [181]
C
Calcium channel blockers o g
08C (vascular) Nifedipine +(s) +(s) [175,181]
Calcium channel blockers .
08D (cardiac) Verapamil +(s) [181]
10A Lipid modifying agents Atorvastatin +(s) [363]
Genito-urinary system and sex hormones
Antiinfectives .
G | 01A (triazole antifungal) Clotrimazole +(s) +(s) [175,181]
Systemic hormons
. . +(r,8)/
H | 02A Corticosteroids Dexamethasone + (1,8) () -(s) -(s) +(1,8) [364-366]
Anti-infectives
01C Beta-lactams Flucloxacillin +(s) [367]
01F Macrolides Erythromycin +(s) [181]
01G Aminoglycosides Gentamicin + (1,1 [368]
01M Fluoroquinolones Ciprofloxacin +(m,l) +(m,l) [58]
Antimycobacterial R . +(p,l) [175, 183-185, 366, 369-
+ +
04A antibiotics Rifampicin (s,]) /-(s) (s,) +(s) +(s) +(s) 371]
Reverse transcriptase Zidovudine (AZT wa a a 41
J inhibitors idovudine (AZT) O O O (41]
Atazanavir +(s) [193]
Protease inhibitors Nelfinavir + @b [190]
on Ritonavi e 191,192
itonavir +(rs) (s) [191, 1
Non-nucleosid:
on-ueieosidie reverse Delavirdine +(s) [198]
transcriptase inhibitors
- Neviradine +(s) [199]
Antineoplastic and immunomodulating agents
Docetaxel +(s) [372]
Paclitaxel +(s) [372]
01C Plant alkaloids
Vinblastine +(s) +(s) -(s) [366, 372]
Vincristine +(s) +(s) +(s) [369, 372]
Doxorubicin ), -(s) -(s) +(s) + (m,l) [68, 210,366, 373,374]
01D Cytotoxic antibiotics +(1
Mitoxantrone +(s) +(1) [182,375,376]
L
Camptothecins Topotecan +(s) +(1) [328,363]
01X Platinium compounds Cisplatin +(p,s) -(s) +(s) +(s) +(s,]) [366, 377-379]
Protein kinase inhibitors Imatinib +(1) - - +(1) [380]
02B Hormon antagonists Tamoxifen +(s) -(s) +/(m((s))’1) -(s) -(s) [366, 372, 381]
Sirolimus +(s) [181]
04A Immunosuppressants
Tacrolimus +(s) [181]
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ATC code Pharmacological class Drug P-gp MRP1 MRP2 MRP3 MRP4 MRPS BCRP Refs.
Musculo-skeletal system
M ‘ 01A ‘ Anti-inflammatory agents Celecoxib ‘ ‘ -(s) -(s) ‘ ‘ +(s) ‘ +(s) ‘ ‘ [201]
Brain and nervous system
Morphine +(r,]) +(r,]) +(r,]) [382, 383]
02A Opioid analgesics
Oxycodone +(r,]) [200]
Carbamazepine +() +() [203]
N 03A Antiepileptics
Phenobarbital +(s) - +(s) +(s) [174, 181,366, 370]
04B Antiparkinsonian drugs Bromocriptine +(m, s) [384]
05C Hypnotics and sedatives Midazolam +(s) [181]
Antiparasitic products and insecticides
P ‘ 01B Antimalarials Artemisinin +(s) ‘ ‘ ‘ [385]

Drugs are classified according to ATC codes (Anatomical Therapeutic Chemical classification system; http://www.whocc.no/atc/).
Induction has usually been demonstrated in vitro (at mRNA and/or protein levels); symbols in bold correspond to in vivo induction. Studies were performed in animals: m, mouse; r,
rat; p, pig; mo, rhesus monkeys; or in humans/human cell lines (no indication). Induction has been performed for short time (s) (< 72h), or long time (1) (> 3 days) periods.

Appropriate models are therefore critically needed to
evaluate drug transport by specific efflux pumps. P-gp role is
now appropriately evaluated, using reliable in vitro and in
vivo procedures. Interactions caused by other MDR trans-
porters still need to be examined on a case-by-case basis, as
standard procedures are lacking. Furthermore, we also need
filling the gap between in vitro and in vivo data to accurately
predict the role of MDR efflux pumps in drug transport and
drug interactions.
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Abstract: ATP-binding cassette (ABC) transporters, P-glycoprotein (P-gp, ABCB1) and ABCG2, are membrane proteins
that couple the energy derived from ATP hydrolysis to efflux many chemically diverse compounds across the plasma
membrane, thereby playing a critical and important physiological role in protecting cells from xenobiotics. These
transporters are also implicated in the development of multidrug resistance (MDR) in cancer cells that have been treated
with chemotherapeutics. One approach to blocking the efflux capability of an ABC transporter in a cell or tissue is
inhibiting the activity of the transporters with a modulator. Since ABC transporter modulators can be used in combination
with chemotherapeutics to increase the effective intracellular concentration of anticancer drugs, the possible impact of
modulators of ABC drug transporters is of great clinical interest. Another possible clinical use of modulators that has
recently attracted attention is their ability to increase oral bioavailability or increase tissue penetration of drugs transported
by the transporters. Several preclinical and clinical studies have been performed to evaluate the feasibility and the safety
of this approach. The primary focus of this review is to discuss progress made in recent years in the identification and
applicability of compounds that may serve as ABC transporter modulators and the possible role of these compounds in

Cancer Chemotherapy with Modulators of ABC Drug

altering the pharmacokinetics and pharmacodynamics of therapeutic drugs used in the clinic.

Keywords: ABC transporters, ABCG2, blood-brain barrier, chemotherapy, modulators, multidrug resistance, oral

bioavailability, P-glycoprotein.

MULTIDRUG RESISTANCE AND ABC DRUG
TRANSPORTERS

Chemotherapy is usually the most effective treatment for
cancer patients with advanced/metastatic tumors or hemato-
logical malignancies. However, cancer cells often develop
simultaneous resistance to many functionally and structurally
unrelated anti-cancer drugs, a phenomenon known as
multidrug resistance (MDR), which is a major problem in the
treatment of cancer [1]. Cancer cells with the MDR pheno-
type may have either inherent resistance to anti-cancer drugs
or resistance acquired after cycles of chemotherapy. Several
mechanisms of anti-cancer drug resistance, such as reduced
cellular drug uptake, increased or decreased expression of
metabolic enzymes, mutation of the target, alterations of the
apoptotic pathway, changes in cellular repair mechanisms
and increased expression/activity of drug efflux pumps have
been characterized [2].

One of the most important MDR mechanisms is an
increased efflux rate of the anti-cancer drug from cancer
cells by the members of the superfamily of ATP-binding
cassette (ABC) transporters, which is one of the largest
protein families in living organisms [3, 4]. There are 48
genes in the human genome that encode ABC transporters,
which are divided into seven subfamilies (ABCA-ABCG)
based on the amino acid sequence identity of ATP-binding
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domains [4]. ATP-binding domains, also known as nucleo-
tide binding domains (NBDs), and trans-membrane domains
(TMDs), each with six alpha helices, are the essential units
of an ABC transporter. The NBD has the highly conserved
Walker A, B, and signature C motifs and are well conserved
in all the organisms. On the other hand, the TMD confers
transport substrate specificity, and is not well conserved [5,
6]. The members of this family play a crucial role in
physiology, and mutations in ABC transporters result in
several human diseases including progressive familial intra-
hepatic cholestasis (ABCBI11), Dubin-Johnson syndrome
(ABCC2), cystic fibrosis (ABCC7), and adrenoleukodys-
trophy (ABCD1) [3, 4]. So far, at least 15 transporters have
been shown to export anti-cancer drugs in vitro [7]. Among
them, P-glycoprotein (P-gp; MDRI, ABCBI), multidrug
resistance-associated protein 1 (MRP1, ABCCIl), and
ABCG?2 (breast cancer resistance protein; BCRP, mitoxan-
trone resistance protein; MXR) are considered major players
in the development of MDR in cancer cells.

P-gp, discovered in 1976, is one of the best characterized
ABC transporters [8]. It is composed of two homologous
halves, each containing a NBD and a TMD, and transports
exogenous and endogenous amphipathic substrates out of
cells using energy from ATP [9]. It is localized at the apical
surface of the cells and is highly expressed in capillary
endothelial cells of the blood-brain barrier, placental tropho-
blasts, the testes, intestines, the liver, kidneys and the adrenal
gland [3]. These tissues function as barriers, suggesting the
physiological role of P-gp is to protect the body from
xenobiotics and toxins. P-gp pumps out many structurally
unrelated anti-cancer drugs, such as vinca alkaloids
(vinblastine, vincristine, vindesine, vinorelbine), anthracyc-

© 2011 Bentham Science Publishers Ltd.
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lines (doxorubicin, daunorubicin) and taxanes (paclitaxel,
docetaxel), suggesting the flexible nature of the substrate
binding site of P-gp [10, 11]. P-gp is highly expressed in
leukemia, breast, ovarian, colon, kidney, adrenocortical, and
hepatocellular cancers and its overexpression is inversely
correlated with poor clinical prognosis [12-14].

ABCQG?2 is a half transporter which contains one TMD
and one NBD, and is therefore thought to homodimerize or
oligomerize to form the functional unit [15-17]. Interest-
ingly, similar to the MDR family of transporters in yeast, the
location of the TMD and NBD is reversed in ABCG2
compared to P-gp [18]. Similar to P-gp, ABCG?2 is localized
to the apical membrane in epithelial cells and normally exp-
ressed in organs such as the placenta, brain, liver, prostate,
and intestine [16]. ABCG?2 is also detected in hematopoietic
and other stem cells, suggesting that it may play an
important role in the protective function of pluripotent stem
cells [19]. Overexpression of ABCG2 renders cancer cells
resistant to many anti-cancer drugs including mitoxantrone,
topotecan and methotrexate and it is associated with poor
response to chemotherapy in leukemia and breast cancer
patients [20, 21].

MRP1 (ABCCl) was the first member of the MRP
family to be identified (in 1992) and has been linked to the
development of MDR [22]. The structure of MRP1 is similar
to that of P-gp, except five additional transmembrane helices
are present at the amino-terminal end of the transporter. It is
highly expressed in the adrenal gland, bladder, choroid
plexus, colon, in erythrocytes, bone marrow, the kidneys,
lungs, placenta, spleen, stomach, testes, in helper T cells and
in muscle cells [23]. MRP1 transports some substrates con-
jugated with glucuronide, sulfate or glutathione, vinca
alkaloids, anthracyclines, methotrexate and also leukotriene
C4, which is an endogenous substrate for the transporter [24,
25]. The localization of MRP1 is different from that of P-gp,
as it is expressed in the basolateral membrane in polarized
epithelial cells and transports substrates in to the blood-
stream [26]. Overexpression of MRP1 has also been shown
in lung, breast, prostate, and ovarian cancer, gastrointestinal
carcinoma, melanoma, and leukemia [27]. While some
studies have reported MRP1 expression levels to be of
prognostic significance [28, 29], others have found no
correlation between clinical outcome and its expression [30,
31]. A comprehensive role of MRP1 in clinical drug resist-
ance is still debatable; therefore the present review will
mainly focus on two major ABC drug transporters, P-gp and
ABCG2.

APPROACHES TO IMPROVING CHEMOTHERAPY

A combination of two or multiple drugs is often used in
chemotherapy, as each drug inhibits a specific target and the
combination therefore could maximize the killing effect on
cancer cells, additively and synergistically [32]. The combi-
nation of drugs targets several cellular pathways simulta-
neously, which not only augments the tumoricidal effect of
anti-cancer drugs, but also lessens the occurrence of drug
resistance, thereby providing an optimal therapeutic outcome
(2].

In addition to conventional anti-cancer drugs, many
novel drugs have been developed based on an understanding
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of molecular mechanisms, which revealed a number of new
potential targets for drugs. These novel agents such as the
monoclonal antibody cetuximab, which targets the extra-
cellular domain of EGFR by blocking ligand binding, and
the small-molecule inhibitor erlotinib, that blocks EGFR
intracellular tyrosine kinase activity, have demonstrated
clinical advantages over the established drug regimen [33].
Several newer approaches such as cancer vaccines, antisense
oligonucleotides, and small-interfering RNAs (siRNAs) are
also promising approaches for targeting cancer cells and
deserve further clinical investigation [33]. These approaches
show a great promise for improving the efficiency of
chemotherapy, but are still not sufficient to alter the outcome
for many cancer patients.

ABC DRUG TRANSPORTERS:
IMPROVING CHEMOTHERAPY

TARGETS FOR

MDR mediated by ABC transporters in cancer cells can
be overcome by methods such as specific inhibition of
transporters at the cell surface level, blocking the signaling
pathways that control amplification and overexpression of
these transporters, and targeting the transcription factors that
regulate the expression of the pumps [34]. Historically,
research on the reversal of ABC transporter-mediated MDR
has been directed towards inhibiting the activity of the
transporter at the cell surface by drugs known as modulators
or inhibitors and due to the scope of this review, we will
focus on this strategy as a possible way to improve
chemotherapy and/or oral bioavailability. A majority of
modulator drugs used for this purpose are basically transport
substrates of ABC drug transporters that inhibit efflux of
anti-cancer agents in both in vifro and in vivo systems.

Almost three decades ago, Tsuruo et al. discovered that
verapamil (a calcium channel blocker used as a coronary
vasodilator) enhanced the cytotoxicity of vincristine and
vinblastine in a P-gp-expressing vincristine-resistant cell line
[35]. Slater et al. later reported that cyclosporine A (CsA),
an immunosuppressant drug, completely reversed primary
resistance to vincristine and daunorubicin in a drug-resistant
cell line of human T cell acute lymphatic leukemia [36].
Additional studies showed that both verapamil and CsA
reversed the MDR phenotype by interacting directly at the
drug-substrate site on P-gp [37-39]. Several other ‘off the
shelf” drugs which were already in clinical use such as
nicardipine and nifedipine were shown to reverse Pgp-
mediated MDR (reviewed in [34]) but many of these agents
were toxic, as higher concentrations of these drugs were
required for inhibiting the transporters. These drugs have
been described as the first generation modulators of P-gp. In
1991, an analog of CsA PSC833 (valspodar) was synthesized
which was not only 10-fold more potent than CsA in
inhibiting Pgp activity but also showed no immunosup-
pressive side effect [40]. Discovery of this molecule marked
the beginning of the second generation of ABC transporter
modulators. Many other modulators were developed based
on the quantitative structural activity relationship approach.
A number of clinical studies were carried out using these
modulators. These trials demonstrated some advantage over
the previous agents, but patients still suffered from side
effects associated with the therapy [41-44]. Since then, third
generation modulators such as tariquidar (XR9576) [45],
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elacridar (GF120918) [46], zosuquidar (LY335979) [47] and
dofequidar [48] have been developed which have shown
improved selectivity and inhibitory activity towards ABC
transporters. Martin ef al. reported that tariquidar, unlike
verapamil and CsA, was not a transport substrate of P-gp,
and that it inhibits P-gp function by binding at a site distinct
from the vinblastine and paclitaxel site [49]. Tariquidar
potentiated the cytotoxicity of several drugs including
doxorubicin, paclitaxel, etoposide, and vincristine at very
low concentrations (25-80 nM). Co-administration of
tariquidar potentiated the antitumor activity of doxorubicin
without a significant increase in toxicity in mice [50]. Two
Phase III trials of tariquidar in combination with paclitaxel/
carboplatin, or vinorelbine were initiated in patients with
non-small-cell lung cancer (NSCLC) but these studies were
terminated later owing to chemotherapy-related toxicity in
the tariquidar arm [51]. Recent results of another phase I
study with vinorelbine have indicated shown that tariquidar
is a potent P-gp antagonist, without significant side effects
and much less pharmacokinetic interaction than previous P-
gp antagonists [52]. This and other ongoing clinical studies
at the National Cancer Institute (NIH, Bethesda, USA) with
tariquidar suggest that there is still optimism that therapeutic
modulation of MDR mediated by ABC transporters may be
beneficial to patients.

The leukotriene LTD,4 receptor antagonist MK571 and a
fungal toxin, fumitremorgin C (FTC) were identified as
specific modulators of MRP1 and ABCG2, respectively [53,
54]. Since then MK571 and FTC have been used as standard
modulators for inhibiting MRP1- and ABCG2-mediated
transport, respectively, in laboratory assays. However, unlike
P-gp, clinically useful modulators of MRP1 and ABCG2
have not been extensively investigated in clinical trials.
Some modulators of P-gp such as biricodar (VX-710)
dofequidar (MS-209), elacridar (GF120918) or CBT-1 have
also been shown to inhibit MRP-1 and/or ABCG2-mediated
drug transport/resistance in in vitro and in clinical studies
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[48, 55-61]. Although the effect of these modulators on each
transporter is not well established in clinical trials, these
drugs might be useful against cancer cells which express a
combination of transporters linked to MDR. The efficacy
and safety of these modulators in clinical studies is still
under evaluation.

Newer approaches have been developed in the laboratory
to overcome ABC transporter-mediated MDR, including a
monoclonal antibody that binds to human P-gp and inhibits
drug transport [62], siRNA technology that specifically
decreases the expression of ABCB1 [63], and regulation of
transcription factors that inhibit P-gp activation [64].
Although these approaches might help to overcome trans-
porter-mediated MDR, clinical studies using these alter-
native approaches are still lacking to establish their efficacy
in cancer patients.

MODULATORS OF ABC DRUG TRANSPORTERS
AND ORAL BIOAVAILABILITY OF CHEMO-
THERAPEUTICS

Although modulators of ABC drug transporters were
initially envisioned as drugs that can be used to overcome
ABC transporter-mediated MDR in cancer cells or tumor
tissue, these drugs are recapturing attention for another
possible use: increasing oral bioavailability of drugs which
were earlier ruled out as oral chemotherapeutic agents due to
poor bioavailability [65]. Pgp and ABCG2 have now been
confirmed to play significant physiological roles including
preventing the uptake of many drugs and food components
from the gut into the body. Both P-gp and ABCG2 are
expressed in the brush-border membranes of enterocytes in
the intestine, which results in the excretion of their drug-
substrates into the lumen, resulting in a potentially limiting
net absorption (Fig. 1). The association of drug transporter
levels in the intestine and oral drug bioavailability was
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Fig. (1). Schematic showing the localization of P-gp and ABCG?2 at the apical surface in the (a) intestinal enterocytes and b) brain capillary
endothelial cells. The drug substrates of the transporters are pumped inside the lumen of the intestine and brain capillaries by these
transporters, resulting in reduced oral bioavailability and decreased brain accumulation (see text for details).
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Table 1. Preclinical/Clinical Studies Demonstrating the Use of Modulators of ABC Drug Transporters to Improve Oral
Bioavailability
Transporter Drug Inhibitor References
P-gp Paclitaxel HM30181 [69]
P-gp Paclitaxel Valspodar (PSC833) [93]
P-gp Docetaxel Ritonavir [84]
P-gp Talinolol Verapamil [94]
P-gp Paclitaxel, Digoxin, Fexofenadine Biochanin [95]
P-gp Paclitaxel Elacridar (GF120918) [96]
P-gp Paclitaxel Cyclosporin A [97]
P-gp Docetaxel Ritonavir [98]
P-gp Paclitaxel Cyclosporin A [99]
P-gp Digoxin Quinidine [100]
P-gp Docetaxel Cyclosporin A [101]
P-gp Digoxin Talinolol [102]
P-gp Paclitaxel Elacridar (GF120918) [103]
P-gp Paclitaxel HM30181 [69]
P-gp, ABCG2 Topotecan Elacridar (GF120918) [82, 104]
P-gp, ABCG2 Etoposide Elacridar (GF120918) [105]
P-gp, ABCG2 Topotecan Elacridar (GF120918) [106]
ABCG2 Sulfasalazine Curcumin [68]
ABCG2 Methotrexate Pantoprazole [107]
ABCG2 Irinotecan Gefitinib [108]
ABCG2 Methotrexate Omeprazole/lansoprazole [109]

Oral bioavailability of Erlotinib [110], Gefitinib [111] and Paclitaxel [112] has been shown to be increased in mdrla, mdrib, Abcg?2 triple knock-out and mdrla, mdrilb knock-out

mice, respectively.

initially demonstrated by Spareboom et al., who showed that
P-gp in the intestine limits the uptake of orally administered
paclitaxel [66]. Later Greiner ef al. also showed that the
plasma concentration of digoxin, another P-gp substrate, was
inversely correlated with intestinal P-gp expression in
patients [67]. These observations led researchers to evaluate
if modulators of ABC transporters could possibly be used to
temporarily inhibit the efflux activities of the transporters,
thereby increasing the oral bioavailability and plasma
concentrations of some poorly absorbed drugs. Several
preclinical in vitro and in vivo studies have since then repor-
ted the use of specific modulators of ABC drug transporters
to increase the oral bioavailability or efficacy of drugs such
as docetaxel, vinblastine, etoposide, digoxin, indinavir,
saquinavir, tacrolimus, nelfinavir, talinolol, topotecan,
methotrexate, irinotecan, SN-38, 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) and erlotinib, which
are either P-gp or ABCG2 substrates (reviewed in [65]). This
is consistent with biochemical studies demonstrating that
there is significant overlap in substrate specificity of Pgp,
ABCG2 and MRP1 [11]. Recently, we showed that inhibi-
tion of intestinal abcg2 in mice by curcumin results in
increased oral bioavailability of its substrate, sulfalasalazine,
which suggested that curcumin, a non-toxic natural product
modulator of P-gp and ABCG2, may be used to enhance
drug exposure [68]. A very recent study reported a newly

discovered modulator of Pgp, HM30181 increased oral
bioavailability of paclitaxel in rats and inhibition of growth
of tumor xenografts in mice which was better than
intravenous paclitaxel [69]. These results identify HM30181,
as a highly selective and potent inhibitor of MDR1, which in
combination with paclitaxel may provide an orally effective
anti-tumor regimen. Table 1 summarizes recent studies
which reported the use of P-gp or ABCG2 modulators to
increase the oral bioavailability or plasma concentrations of
drugs. These studies suggest a pharmacological advantage of
using chemotherapeutic drugs in combination with modula-
tors of ABC drug transporters.

Although using modulators in combination with other
drugs is an appealing strategy, it does have the risk of
increased toxicities associated with the combination therapy
because both P-gp and ABCG2 are also expressed in
epithelial cells of the colon, adrenal cortex, kidney, liver and
bile canalicular membranes and gall bladder. These organs
influence the excretion of drugs. Moreover, as P-gp and
ABCQG?2 also protect vital organs such as the brain, the testes,
and the fetus, against toxins that enter the body, inhibition of
the activity of these transporters may lead to toxicity
associated with these organs. In addition, some modulators
also inhibit metabolic enzymes such as cytochrome P450-
3A4, which may significantly delay drug clearance from the
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Table2. Preclinical/Clinical Studies Demonstrating Use of Modulators of ABC Drug Transporters to Improve Brain
Accumulation of Drugs
Transporter Drug Inhibitor References
P-gp Vincristine Quercetin [113]
P-gp Colchicine, Vinblastine Valspodar (PSC833), Elacridar (GF120918) [114]
P-gp Colchicine, Vinblastine Verapamil, Valspodar (PSC-833) [115,116]
P-gp Colchicine Valspodar (PSC 833) [117]
P-gp Paclitaxel Cyclosporin A, Valspodar (PSC833), Elacridar (GF120918) [118]
P-gp Paclitaxel Zosuquidar (LY335979) [119]
P-gp Paclitaxel PSC833 (Valspodar) [120]
P-gp, ABCG2 Dasatinib Elacridar (GF120918), Zosuquidar (LY335979) (only for P-gp) [121]
P-gp, ABCG2 Dasatinib Elacridar (GF120918) [78]
P-gp Imatinib Valsopodar (PSC 833), Zosuquidar (LY335979) [80, 122]
P-gp, ABCG2 Imatinib Elacridar (GF120918), Pantoprazole [79]
ABCG2 Imatinib Elacridar (GF120918) [80, 122]
ABCG2 Mitoxantrone Elacridar (GF120918) [123]
ABCG2 Mitoxantrone Elacridar (GF120918) [124]

Brain accumulation of Topotecan [77] and Dasatinib [121] has been shown to be increased in mdrla, mdrlb, Abcg?2 triple knock-out mice.

body [70]. Considering these factors, the use of modulators
in a combination regimen for improving oral bioavailability
is an approach which should be carefully monitored for
minimal toxicity associated with improved therapeutic
outcome.

MODULATORS OF ABC DRUG TRANSPORTERS
INCREASE BRAIN ACCUMULATION OF
CHEMOTHERAPEUTICS

P-gp and ABCG2 expression in the brain has been found
in numerous species, including humans, primates, rats, mice,
and pigs [71]. These transporters are principally expressed at
the luminal membrane of the endothelial cells in brain
capillaries (blood-brain barrier; BBB) and pump substrates
back into the circulation, which is a critical determinant for
the efficacy/toxicity of chemotherapeutics for the brain (Fig.
1). The importance of P-gp in the brain was first demons-
trated by Schinkel ef al., who showed that brain uptake of
drugs was higher in P-gp knockout mice, suggesting that Pgp
protects the brain from toxic effects under physiological
conditions [72]. Later, several other studies reported that P-
gp drug-substrate levels were significantly higher in the
brains of mdrla knockout mice than wild-type mice [73-76].
Brain accumulation of topotecan, a camptothecin analog and
a substrate of both P-gp and ABCG?2 that is used for treating
ovarian, cervical and small cell lung cancer, was also found
to be 3.7-fold higher in mdrla/b/Abcg2-knockout mice
compared to wild-type mice [77]. Recently, Lagas et al. also
showed P-gp and ABCG2 knockout mice have drastically
increased dasatinib brain concentrations, both after oral and
i.p. administration [78]. Collectively, these studies provide
strong evidence for the notion that inhibition of ABC
transporters at the BBB can also be used to enhance the
efficacy of drugs which are targeted for brain disorders and

do not penetrate the BBB by virtue of being substrates of the
transporters. This has been demonstrated in several in vivo
and in vitro studies in which modulators of ABC transporters
such as elacridar, pantoprazole, valspodar and zosuquidar
were used to increase accessibility of several clinically
important drugs into the brain [78-80]. Table 2 summarizes
the list of modulators that have been evaluated for the
purpose of increasing brain accumulation of clinically
important drugs. Taken together, modulators of ABC drug
transporters can possibly be used to augment brain accumu-
lation of drugs which cannot cross the BBB due to the action
of transporters, thereby increasing their therapeutic potential.

MODULATORS AS ADJUVANTS IN CLINICAL
STUDIES

As stated above, inhibition of ABC drug transporters by
modulators may be used to achieve two independent clinical
objectives: (1) reversal of MDR in drug resistant tumors
during chemotherapy (2) increasing a drug’s exposure in
body {tissues} for purposes such as increasing oral bioavail-
ability or enhanced brain accumulation of chemotherapeu-
tics. Inhibiting ABC transporters as a way to reverse drug
resistance in tumors has been reported several times, but
most studies failed to show a dramatic improvement in
clinical outcome. We have earlier reviewed the recent
progress made in clinical studies by third generation ABC
transporter modulators [34]. Here, we will describe recent
clinical studies reporting promising results. In a Phase I/II
clinical trial, Zosuquidar (LY335979) in combination with
CHOP (cyclophosphamide, hydroxydaunorubicin, oncovin
(vincristine), and prednisone) was shown to have little effect
on the pharmacokinetics of anti-cancer drugs in patients with
non-Hodgkin’s lymphoma, which suggests that this
combination may be pursued further in phase III studies [81].
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Another phase I dose escalation study showed that a
combination of oral topotecan and tariquidar was well
tolerated in patients and warranted a further phase II evalua-
tion [82]. Saeki et al. also reported that a dual inhibitor of
Pgp and MRP1, dofequidar (MS-209) in combination with
cyclophosphamide, doxorubicin, and fluorouracil (CAF)
displayed a significantly increased efficacy in breast cancer
patients who did not receive prior therapy. Although the
patient numbers in these analyses were small, the results are
important within these clinically significant patient popula-
tions [83]. In addition, studies from Oostendorp ef al. also
suggest that co-administration of ritonavir with docetaxel
could also be evaluated for its efficacy in patients with solid
tumors [84]. Although more positive outcomes are expected
now because of the increasing knowledge about modulators
with drug transporters, studies such as those reported by
Lhomme et al. compared the safety and efficacy of paclitaxel
administered with or without PSC833, in patients with
advanced ovarian or primary peritoneal cancer, showed that
the addition of PSC833 to paclitaxel did not lead to an arrest
of the disease progression or overall survival and the combi-
nation was more toxic compared with paclitaxel in untreated
patients with advanced ovarian or primary peritoneal cancer
[85].

The apparent lack of response to modulators to reverse
MDR in clinical studies can be attributed to multiple factors.
One of the most challenging issues in using modulators with
chemotherapeutic agents is alteration of the pharmacokine-
tics of the chemotherapeutic agent, which has a toxic effect.
In addition, inhibition of ABC drug transporters adds to non-
specific dose limiting toxic effects and it may also result in
drug-drug interaction related side effects. As a result, many
of these studies had to be discontinued because of toxicities
in patients [51]. Genetic variability (SNPs) in ABC transpor-
ters (discussed below) and the variability in the expression
levels of transporters among individuals selected for the
clinical studies may also be one of the factors responsible for
the poor outcome of the use of modulators. Another imp-
ortant aspect is patient selection in clinical studies. As
development of MDR is a multifactorial phenomenon, rever-
sal of MDR may have been studied in patients in whom drug
resistance was not due to the overexpression of ABC drug
transporters. Considering this, patients who show higher
levels of P-gp or ABCG2 in tumor tissue should be the ones
selected to evaluate the modulators in clinical studies.
Moreover, the presence of other ABC transporters in tumors
can complicate the use of specific modulators of ABC
transporters. Taking the above factors into consideration, the
use of modulators to inhibit ABC drug transporter mediated-
MDR in patients is a strategy that is still a viable approach
for treating drug resistant cancer. However, it is critical to
find the right inhibitor for the right transporter with the right
dosing, which would allow minimal pharmacokinetic inter-
action of the chemotherapeutic drug and maximal specific
inhibition of the transporters in the target tumor.

SINGLE-NUCLEOTIDE POLYMORPHISMS IN ABC
DRUG TRANSPORTERS AND ITS ROLE IN
MODULATOR EFFICIENCY

ABC drug transporters directly influence drug efficacy
and toxicity and the expression of these transporters deter-
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mines the degree of resistance of cancer cells to chemother-
apy. Several single nucleotide polymorphisms (SNPs) in the
coding region of both P-gp and ABCG2 have been reported
that influence their substrate specificity and interaction with
the transporters [reviewed in [86, 87]]. Such genetic vari-
ability in transporters often explains the inter-individual
variability in interactions with substrate or modulators and
drug disposition, ultimately resulting in differences in
clinical endpoints including toxicity and response to the
modulators. Kimchi-Sarfaty et al. reported that a synony-
mous mutation (C3435T) in a particular MDRI1 haplotype
causes a change in the conformation of substrate/modulator
binding sites [88]. Another example of a common non-
synonymous SNP (421C>A) in ABCG2 has been linked to
increased oral bioavailability of topotecan in patients,
decreased survival of prostate cancer patients and increased
exposure to atorvastatin and rosuvastatin, statins commonly
used in the treatment of high cholesterol [89-91]. In addition,
SNPs in metabolic enzymes such as cytochrome P450s
(CYPs) are often found to be associated with altered pharma-
cokinetics of transporter substrate drugs [92]. This is espe-
cially important when the metabolism of the drug/modulator
by the CYPs may be the rate-limiting step in drug clearance.
Since the efficacy and toxicity of drugs is ultimately
determined by plasma pharmacokinetic parameters, studies
investigating polymorphisms in ABC drug transporters as
they relate to drug administration are becoming increasingly
important in the clinical setting. In conclusion, polymor-
phisms in ABC drug transporters in various ethnic popula-
tions may significantly affect the pharmacokinetics of
substrates or modulators, suggesting that they may play a
more important role than expected in the efficiency of
therapeutic treatment of cancer patients.

CONCLUSIONS AND THERAPEUTIC PERSPECT-
IVE

In the last decade, a huge amount of effort has been
invested in the field of ABC drug transporters to identify,
develop, and clinically evaluate a variety of agents known to
antagonize the function of these transporters as a means of
overcoming tumor resistance. The application of this app-
roach—using modulators as adjuvants in chemotherapy
especially for drug-resistant tumors is still debatable due to
very little success in the clinical studies that have been
performed. The major reasons for the failure of this strategy
could be explained in retrospect by multiple factors and
variable components that are involved in the development of
drug resistance in patients. It still seems that it will take
some time to develop an ideal modulator that can be used to
overcome drug resistance that develops as a result of cancer
treatment or one that can be used in combination with other
treatments because of complex substrate recognition factors
and the physiological relevance of ABC drug transporters.
Moreover, these transporters are only one part of a multi-
component system that works to develop the drug resistance
phenotype in a cancer cell. Physiologically, transporters play
a vital role in protecting the cells from xenobiotics. Altering
the function of any of these transporters may lead to a severe
physiological imbalance resulting in high levels of toxicity.
Therefore it is essential to evaluate the following factors
critically to expect a successful outcome from the use of
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modulators of ABC drug transporters in the clinic: (a)
Toxicity is one of the significant issues reported in several
clinical studies, as most of these modulators showed non-
specific toxic effects which are not considered acceptable
during chemotherapy and prevents their safe usage during
treatment; (b) Overlapping substrate specificity and redund-
ancy in the expression of ABC transporters for the same
substrate makes it very difficult to target one modulator for a
specific drug transporter. Therefore, an ideal modulator
should be able to specifically recognize and inhibit the ABC
drug transporter responsible for drug resistance in a specific
tumor; (c) Patient selection for clinical studies is a factor
which seems to have been completely ignored in previous
clinical studies and may well be a major reason for the
failure of those trials. Patients whose tumors express high
levels of transporters will obviously receive the most benefit
from modulators. Therefore, drug-resistance reversal trials
should ideally be performed in individuals with tumors that
initially are chemosensitive but develop drug resistance
following initial therapy, which is marked by an increase in
the expression of ABC drug transporters; (d) In addition,
SNPs in an ABC drug transporter are also linked to
sensitivity to drugs. Therefore it is imperative to determine
polymorphisms in these transporters in patients before
making decisions about combination chemotherapy; (e)
Improved in vivo imaging studies with probes specific for
ABC transporters and high throughput genotype analysis can
provide a quantitative assessment of the functioning of the
transporters and would help in identifying patients for whom
modulators of ABC drug transporter may be used as
adjuvants to improve the clinical outcome of chemotherapy.
It would also be important to evaluate whether the use of
modulators of ABC drug transporters would prevent the
selection of resistant cells with characteristics of cancer stem
cells with increased expression of ABC transporters such as
P-gp or ABCG2; (f) It may be worthwhile to test whether
short-term treatment with modulators to block P-gp or
ABCG?2 just prior to chemotherapy would be effective. This
type of short-term treatment could minimize not only the
toxic side effects associated with the use of modulators but
also help to lower the required doses of chemotherapeutic
drugs.
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Abstract: The ATP-binding cassette (ABC) transporter superfamily comprises membrane proteins that translocate a
variety of substrates across extra- and intra-cellular membranes, and act as efflux proteins. ABC transporters are
characterised by the presence of genetic polymorphisms mainly represented by single nucleotide polymorphisms (SNPs),
some of which having an impact on their activity. Besides physiological substances, drugs are also substrates of some
ABC transporters, mainly ABCB1, ABCC1, ABCC2, ABCC3 and ABCQG2. Identifying the impact of these
polymorphisms on the pharmacokinetics (PK) of these drugs may have important clinical implications, certainly for those
characterised by a narrow therapeutic index and significant inter- and intra-patient PK variability. This review focuses
specifically on ABCB1 and ABCC2 and critically analyses important publications dealing with the influence of ABCBI
and/or ABCC2 polymorphisms on drug disposition in humans. For different reasons discussed in this paper, the effect of
ABCBI and/or ABCC?2 polymorphisms on drug concentrations in blood is not always easy to interpret and to correlate
with pharmacological effects. In contrast, intracellular or target tissue drug concentrations appear more directly influenced
by these polymorphisms, as illustrated with intralymphocyte concentrations for immunosupressants and antiretrovirals or
with cerebrospinal fluid (CSF) concentrations for antiepileptics and antidepressants. Further research on intracellular
and/or target tissue drug concentrations are still needed to better characterise the PK-PG (pharmacogenetics) relationship

involving ABC transporters.

Keywords: Pharmacogenomics, ABCB1, ABCC2, intracellular concentrations, genotype, polymorphism, mdrl, mrp2.

INTRODUCTION

The ATP-binding cassette (ABC) transporter superfamily
comprises membrane proteins that translocate a variety of
substrates across extra- and intra-cellular membranes, and
act as efflux proteins. In humans, 48 different ABC trans-
porters have been identified and categorised into seven
distinct subfamilies on the basis of their sequence homology
and domain organisation. Their physiological and pharmaco-
logical functions have been extensively reviewed [1]. As any
other protein, ABC transporters are characterised by genetic
polymorphisms, mainly single nucleotide polymorphisms
(SNPs), consisting in a variation of a single nucleotide
(substitution, deletion or insertion) within the DNA seq-
uence, some of which having an impact on the activity of the
protein. Besides physiological substances, drugs are also
substrates of some ABC transporters, mainly ABCBI,
ABCCI1, ABCC2, ABCC3 and ABCG2. Identifying the imp-
act of these polymorphisms on the pharmacokinetics (PK) of
these drugs may have important clinical implications.
Indeed, the clinical use of several drugs is complicated by a
narrow therapeutic index, a significant inter- and intra-
patient PK wvariability, and the potential for serious drug
interactions. For these drugs, therapeutic drug monitoring
(TDM) and dosage individualisation are therefore highly
recommended to optimise efficacy and reduce toxicity. In the
daily practice, the conventional TDM is most frequently
based on the measurement of trough whole blood or plasma
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Chemistry, Saint-Luc Hospital, Avenue Hippocrate 10, 1200 Brussels,
Belgium; Tel: +32.2.764.67.25; E-mail: Vincent.Haufroid@uclouvain.be
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concentrations (CO0), just before the next dose, followed by
drug dosage adjustment according to the concentration mea-
sured. Several polymorphisms in genes coding for biotrans-
formation enzymes and/or transport proteins may signifi-
cantly contribute to this variability, and genotyping for some
key polymorphisms may assist the clinician in the inter-
pretation of TDM and/or to anticipate dosage adjustment [2].

This review focuses specifically on ABCB1 and ABCC2
and critically analyses important publications having investi-
gated the impact of ABCBI and ABCC2 polymorphisms on
drug disposition in humans. Relevant studies were selected
by searching in PubMed (up to August 2009) with the fol-
lowing selection criteria ((abcbl OR mdrl) AND (genotype
OR polymorphism)) and ((abcc2 OR mrp2) AND (genotype
OR polymorphism)) for ABCB1 and ABCC2, respectively.
Only papers dealing with the influence of 4BCBI and/or
ABCC2 polymorphisms on drug PK parameters were taken
into account (PK-PG analyses), excluding those investigat-
ing only the association between genetic polymorphisms and
clinical endpoints such as drug efficacy and/or drug toxicity.
In addition, given the wide organ distribution of both ABC
transporters, it must be already kept in mind that a given
SNP in ABCBI or ABCC?2 is not expected to have an effect
on a single physiological process but, on the contrary, would
be more susceptible to influence a number of processes such
as drug absorption (in gut), elimination (in liver and kidney)
and distribution (in blood-brain, blood-heart-barriers, etc.),
each process potentially influencing drug distribution in an
independent manner (Fig. 1). Therefore, the resulting effect
on blood PK parameters may be difficult to predict due to
the complexity of those various biological barriers.

© 2011 Bentham Science Publishers Ltd.
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Fig. (1). Expression and function of ABCBI1 in selected tissues. The arrows indicate the direction of ABCB1-mediated transport, which leads
to reduced intracellular concentrations of ABCBI1 substrates (with permission from Fromm [153]).

ABCB1

The ABCBI transporter, also known as P-glycoprotein
(P-gp), was first described in tumour cells that were
becoming resistant to various anticancer drugs as a result of
its over-expression. For this reason, ABCB1 was first named
multidrug resistance protein 1 (MDR1) before the proposal
of an official nomenclature for the ABC transporters by the
Human Genome Organization (HUGO) in October 1999
(http://www.genenames.org/genefamily/abc.html).  Several
SNPs have been reported for the ABCBI (MDRI) gene, some
of which affecting P-gp expression and/or function (see
ABCBI1 on http://www.pharmgkb.org/search/) (Table 1).
Three among those SNPs, namelyl1236C>T (rs1128503),
2677G>T/A (rs2032582) and 3435C>T (rs1045642), located
in exons 12, 21 and 26, respectively, are in strong linkage
disequilibrium and have been studied extensively. Interest-
ingly, these SNPs are very frequent in most ethnic groups [3,
4] and only the 2677G>T/A polymorphism results in an
amino acid substitution (Ala893Ser/Thr), whereas 1236C>T
and 3435C>T are synonymous SNPs. The SNP in exon 26
(i.e. 3435C>T), resulting in a silent mutation, has probably

been the most investigated so far. The initial study reporting
an effect of this polymorphism was already published 10
years ago [5]. In this study, homozygous carriers of the
ABCBI 3435T allele had on average more than two-fold
lower intestinal P-gp expression levels, measured by western
blot analysis, compared to homozygous carriers of the
3435C allele. In accordance with such an effect at the protein
level, the 3435C>T polymorphism has been associated with
reduced mRNA expression and stability ex vivo [6] but this
finding could not be confirmed in vitro [7]. More recently,
this polymorphism has been associated with changes in
substrate specificity [7]. In this latter publication, the authors
suggested that the presence of the rare codon, marked by the
synonymous polymorphism, could affect the timing of
cotranslational folding and the insertion of P-gp into the
membrane, thereby altering the structure of substrate and
inhibitor interaction sites. Altogether, based on existing data,
the in vivo impact of the 3435C>T polymorphism could
therefore involve effects, at both transcriptional and
translational levels, affecting not only P-gp expression but
also substrate specificity, rending the effect of this SNP on
drug disposition difficult to predict. Therefore, it is also

Table 1. Important Polymorphisms (SNPs) in ABCBI Gene Selected in PharmGKB Database (http://www.pharmgkb.org/search/)

Position Nucleotide Change Effect” NCBI dbSNP Allelic Frequency®

Exon 2 61A>G Asn21Asp 159282564 Ca: 0.08 As:0.05 Af:0.03

Exon 11 1199G>A Ser400Asn 152229109 Ca:0.03 As:0.00 Af:0.01

Exon 12 1236C>T synonymous rs1128503 Ca: 046 As:0.67 Af:0.21
2677G>T Ala893Ser Ca:0.38 As: 045 Af:0.10

Exon21 2677G>A Ala893Thr 152032582 Ca 002 As: 020 Af 001

Exon 26 3435C>T synonymous 151045642 Ca: 0.56 As:045 Af:0.20

NCBI: National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/projects/SNP/)

‘number represents amino-acid codon
“based on information found in http://www.pharmgkb.org/search/
Ca: Caucasian, As: Asian, Af: African
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Table 2. Impact of ABCBI Polymorphisms on PK Parameters of Selected Drugs

Drug Inljzslzliign:tzgh(les:(lm) PK Parameter Effect Refs.
Probe drug
Digoxin 3435 Cmax (1) higher Cmax in 3435TT [5]
3435 AUC n.s. (meta analysis*) [11]
3435 Cmax higher Cmax in 3435TT (meta analysis*) [11]
2677, 3435 AUC, Cmax (1) higher AUC and Cmax in 3435TT [16]
2677, 3435 Vd (1) lower Vd in 3435TT [17]
1236, 2677, 3435 CO0(2) higher CO in 3435TT and in T-T-T homozygous [18]
2677, 3435 C0 (2) n.s. [19]
Immunosupp-
ressant 3435 AUCO0-4 n.s. (meta analysis*) [20]
Cyclosporin 3435 AUCO0-12 higher AUCO-12 in 3435T carriers (meta analysis*) [20]
3435 Cmax n.s. (meta analysis*) [20]
3435 Co higher CO in 3435T carriers (meta analysis*) [20]
61,1199, 1236, 2677, PBMC (2) lower PBMC concentration in 1199A carriers [31]
3435 higher PBMC concentration in 3435T carriers
Tacrolimus 1236, 2677, 3435 CO0, d.req. (2) n.s. [28]
1236, 2677, 3435 C0, d.req. (2) n.s. [29]
2677, 3435 C0, d.req. (2) n.s. [35]
3435 C0(2) n.s. [36]
1236, 2677, 3435 C0, d.req. (1) n.s. [37]
1236, 2677, 3435 AUC, Cmax (1) n.s. [38]
1236, 2677, 3435 AUC (2) n.s. [39]
3435 C0(2) n.s. [40]
1236, 2677, 3435 AUC (2) n.s. [41]
26717, 3435 d.req. (2) n.s. [42]
2677, 3435 C0, d.req. (2) n.s. [43]
26717, 3435 C0 (2) n.s. [44]
2677, 3435 CO0(2) higher CO in 3435T carriers [45]
2677, 3435 CO0, d.req. (2) higher CO in 3435T carriers [46]
3435 CO0(2) higher CO in 3435T carriers [47]
3435 CO0(2) higher CO in 3435T carriers [48]
1236, 2677, 3435 CO0, d.req. (2) lower CO and higher dose req. in 2677GG [49]
2677, 3435 AUC (2) higher AUC in 3435T carriers (only trend) [50]
3435 CO0, d.req. (2) lower dose req. in 3435TT [51]
3435 C0 (2) lower CO in 3435CC [53]
1236, 2677, 3435 AUC, CO (1) n.s.** [2]
3435 C0, d.req. (2) n.s.** [54]
1236, 2677, 3435 C0, d.req. (2) n.s.** [55]
1236, 2677, 3435 CO0(2) lower CO in C-G-C homozygous** [56]
1199, 1236, 2677, 3435 hepatic conc. (2) higher hepatic concentration in 1199A or 3435T carriers [58]
Sirolimus 1236, 2677, 3435 C0 (2) n.s. [59]
1236, 2677, 3435 C0, d.req. (2) n.s. [60]
2677, 3435 AUC, CL (2) n.s. [61]
3435 C0 (2) n.s. [62]
Anti-cancer
Docetaxel 3435 AUC, CL (2) n.s. [63]
3435 AUC, CL (2) n.s. [64]
1236, 2677, 3435 CL (2) lower CL in 1236TT [65]
Paclitaxel 3435 AUC (2) higher AUC in 3435T carriers for main metabolite [66]
3435 CL (2) n.s. [67]
2677, 3435 CL (2) n.s. [68]
Vincristine 2677, 3435 AUC, CL (2) n.s. [69]
Irinotecan 1236, 2677, 3435 CL (2) lower CL in T-T-T haplotype [70]
1233, 2677, 3435 AUC, CL (2) higher AUC in C-G-C haplotype for metabolite SN-38 [71]
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Polymorphism

Drug Tnvestigated (exon) PK parameter Effect Refs.

Imatinib 3435 CL (2) n.s. [72]

1236, 2677, 3435 CL (2) lower reduction in CL between day 1 and SS in T-T-T homozygous [73]

1236, 2677, 3435 C0 (2) higher CO in 1236TT [74]

Doxorubicin 1236, 2677, 3435 AUC, CL (2) lower AUC and higher CL in C-G-C homozygous [75]

Anti-infective

Lopinavir 3435 CO0(2) n.s. [76]

2677, 3435 C0 (2) n.s. [77]

1236, 2677, 3435 C0 (2) n.s. [78]

Saquinavir 2677, 3435 AUC, CL Cmax (1) n.s. [79]

2677, 3435 AUC, CL, Cmax (1) n.s. [80]

1236, 2677, 3435 AUC, CL (1) n.s. [81]

Indinavir 2677, 3435 C0 (2) n.s. [82]

3435 k.(2) lower k, in 3435CC vs. 3435CT [83]

3435 Vd, CL (2) higher Vd and CL in 3435CC [84]

Atazanavir 3435 CO0(2) higher CO in 3435CC [85]

3435 C0 (2) higher CO in 3435CC [86]

2677, 3435 C0 (2) n.s. [77]

Nelfinavir 3435 CO0(2) n.s. [87]

3435 C0 (2) n.s. (higher CO in 3435CT only) [88]

2677, 3435 PBMC (2) higher PBMC concentration in 3435TT [89]

Nevirapine 3435 CO0(2) n.s. [90]

3435 C0 (2) n.s. [91]

Efavirenz 3435 CO0(2) n.s [76]

Valacyclovir 1236, 2677, 3435 AUC (1) n.s [93]

Posaconazole 3435 AUC (2) n.s [94]

Voriconazole 2677, 3435 CL (1) n.s [95]

Dicloxacillin 3435 AUC, Cmax (1) n.s [96]

Cloxacillin 1236, 2677, 3435 AUC, Cmax (1) lower AUC and Cmax in C-G-C homozygous [97]

CNS

Phenytoin 3435 Co (1) higher CO in 3435TT [98]

3435 C0 (2) higher CO in 3435TT [99]

Carbamazepine 1236, 2677, 3435 C0(2) n.s. [100]

Phenobarbital 2677, 3435 C0, CSF (2) higher CSF concentration and CSF/CO ratio in 3435TT [101]

Risperidone 2677, 3435 CO0(2) n.s. [102]

2677, 3435 C0 (2) n.s. [103]

1236, 2677, 3435 CO0(2) lower CO in T-T-T haplotype for active metabolite [104]

Quetiapine 2677, 3435 transplacental transfer (ex vivo) higher transplacental transfer in 3435TT [105]

Clozapine 3435 C0 (2) higher CO in 3435TT [106]

Fluvoxamine 3435 C0 (2) higher CO in 3435TT [107]

Paroxetine 61,2677, 3435 C0 (2) n.s. [108]

Citalopram 2677, 3435 C0, CSF (2) lower CO and CSF concentration in 2677TT [109]

Loperamide 3435 AUC, Cmax (1) n.s. [111]

2677, 3435 AUC (1) higher CO in 3435TT (trend) [112]

Methadone 3435 C0 (2) lower CO in 3435TT [113]

1236, 2677, 3435 d.req. (2) higher maintenance dose in T-T-T homozygous [114]

61,1199, 1236, 2677, 3435 d.req. (2) higher maintenance dose in C-G-C homozygous [115]
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Polymorphism

Drug Tnvestigated (exon) PK parameter Effect Refs.
Cardiovascular
Talinolol 2677, 3435 AUC (1) n.s. [116]
1236, 2677, 3435 AUC, Cmax (1) n.s. [117]
Losartan 3435 AUC (1) n.s. [118]
Telmisartan 3435 AUC, Cmax, CL (1) n.s. [119]
Verapamil 1236, 2677, 3435 Co (1) n.s. [120]
Amlodipine 2677, 3435 AUC, CL (1) lower AUC and higher CL in T-T homozygous [121]
Pravastatin 1236, 2677, 3435 AUC, CL (1) n.s. [122]
1236, 2677, 3435 AUC (1) n.s. [123]
2677, 3435 AUC (2) n.s. [124]
Fluvastatin 1236, 2677, 3435 AUC, CL (1) n.s. [122]
Lovastatin 1236, 2677, 3435 AUC, CL (1) n.s. [122]
Rosuvastatin 1236, 2677, 3435 AUC, CL (1) n.s. [122]
Simvastatin 1236, 2677, 3435 AUC, CL (1) higher AUC in T-T-T homozygous [125]
Atorvastatin 1236, 2677, 3435 AUC, CL (1) higher AUC in T-T-T homozygous [125]
Clopidigrel 3435 AUC, Cmax (2) lower AUC and Cmax in 3435TT [127]
Miscellaneous

Fexofenadine 3435 AUC (1) higher AUC in 3435TT (trend) [128]
1236, 2677, 3435 AUC (1) higher AUC in 3435TT [129]
Lansoprazole 3435 AUC, Cmax (2) n.s. [130]
Budesonide 3435 AUC, CL (1) n.s. [131]
Prednisolone 1236, 2677, 3435 AUC, Cmax (2) n.s. [132]

PK parameter: (1) single dose, (2) steady-state, d.req.: dose requirement

*When a meta analysis is available, only studies published after the meta analysis are included in this table.

** CYP3AS expressor status taken into consideration.

important to note that the effect of such a SNP on drug
disposition will be drug specific and will have to be analysed
carefully for each drug of interest separately (Table 2). The
amino acid change (Ala893Ser/Thr) associated with the
2677G>T/A polymorphism seems to have, on its side, a
negligible impact on P-gp function [3]. However, as the
three above mentioned SNPs (1236C>T, 2677G>T/A and
3435C>T) are in high linkage disequilibrium, several authors
have suggested that the use of haplotype analyses would be
of higher relevance for association studies compared to
analyses including those SNPs separately, more probably
because each SNP has at least an additive effect on protein
function/expression [8]. For information, the most frequent
ABCBI haplotypes are presented in Table 3, illustrating how
the above mentioned 3435T allele, for instance, may belong
to different ABCBI haplotypes (*2, *13 and *14). Another
SNP located in exon 11 (1199G>A, rs2229109) and resulting
in an amino acid substitution (Ser400Asn) (Table 1 and 3)
has been shown to alter efflux transport activity of P-gp,
probably by modifying substrate specificity [9, 10].
Although less frequent than previously mentioned SNPs
(1236C>T, 2677G>T/A and 3435C>T), the 1199G>A poly-
morphism remains also important to take into account in PK-
PG analyses.

In the first study reporting the effect of ABCB1 3435C>T
polymorphism on intestinal P-gp expression, the authors also

assessed the impact of this SNP on the uptake of orally
administered P-gp substrates using digoxin (DIGO) as a
probe drug [5]. As DIGO is mostly excreted as such by the
kidney, DIGO PK analysis should mainly reflect its
absorption and therefore P-gp activity. In a group of 14
healthy volunteers, Hoffmeyer ef al. showed that individuals
homozygous for this polymorphism (3435TT, n=7) had sig-
nificantly higher DIGO plasma levels (Cmax) as compared
to 3435CC individuals (n=7). The effect on DIGO disposi-
tion was in accordance with their initial observation of
reduced intestinal P-gp expression at the protein level in
3435TT individuals. Since that time, several studies have
investigated the impact of ABCBI polymorphisms on DIGO
PK parameters in different ethnic groups. In 2005, a first
meta-analysis was published on that topic and the overall
result, in Caucasian and Japanese subjects taken altogether,
suggested that the 3435C>T polymorphism did not seem to
have any major influence on exposure levels of DIGO as
determined by measurements of area under the plasma
concentration/time curve (AUC) between 0 and 4 hours,
AUCO0-4h or AUCO0-24h in Caucasian and Oriental subjects
[11]. However, the authors of this meta-analysis mentioned
that subjects with 3435CC genotypes were found to have
lower DIGO Cmax values compared with subjects bearing
3435TT genotypes, thereby suggesting that the oral availa-
bility of DIGO may be lower in subjects with 3435CC geno-
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Table 3. Main ABCB1 Haplotypes (according ref. [3])
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Haplotype | ! IVS4 | TVS9 | 1199 | 1236 | IVSI2 | IVSI3 | IVSI4 | IVS20 | 2677 | 3435 | | | | | .
A>G | G>T | A>G | G>A | T | C>T CT | A>G | G>A | G>T/A | C>T

*] A G A G C C C A G G C | 0150 | 0.151 | 0.150 | 0.200 | 0.000
*2 A G A G C C C A G G X/ | 0.120 | 0.010 | 0.016 | 0.100 | 0.083
1] A G © G \4 C @ © G G Cc | 0.010 | 0.020 | 0.200 | 0.050 | 0.166
*13 A G © G \4 C ©) © G XV | 0320 | 0.050 | 0.266 | 0.350 | 0.333
*14 G © G \4 C @ © G X/ | 0.075 | 0.020 | 0.016 | 0.000 | 0.000
21 A @ A G C @ @ © G G C | 0.035 | 0.080 | 0.000 | 0.000 | 0.000
*24 A G A G C C C A G C | 0.020 | 0.005 | 0.066 | 0.000 | 0.000
*24A A @) A G C C C A G C | 0.000 | 0.000 | 0.000 | 0.000 | 0.333
*26 A @) A G C C C A ® G C | 0.09 | 0.080 | 0.050 | 0.150 | 0.000
30 A G A C C C A G G C | 0.010 | 0.005 | 0.000 | 0.000 | 0.000

Haplotype names were assigned based on evolutionary considerations and assignment of the reference sequence as ABCBI *1.
Plain boxes denote the reference sequence; the encircled letters represent, intronic (surrounded by circle), synonymous (surrounded by triangle), and non-synonymous (surrounded by

square) segregating sites.

cDNA positions: [VS4 (-25, exon5); IVS9 (-44, exon10); IVS12 (+44, exonl2); IVS13 (+24, exonl3); IVS14 (+38, exonl4); IVS20 (+24, exon20).
Population frequencies are noted. CA: Caucasians; AA: African-Americans; AS: Asian-Americans; ME: Mexican-Americans; PA: Pacific Islanders.

type [11]. It is very interesting to note that the effect of this
3435C>T polymorphism was actually different according to
the ethnic group investigated. Indeed, Caucasians volunteers
bearing the 3435TT genotype had on average higher Cmax
or AUCO0-4h or AUCO0-24h [12, 13] whereas Japanese
volunteers showed the opposite trend [14, 15]. More recent
studies, published after that meta-analysis, have confirmed
higher DIGO levels (Cmax, AUCO0-24h) in Caucasians
volunteers bearing the 3435TT genotype [16, 17]. Accord-
ingly, a recent study on 195 Caucasians patients receiving
DIGO as part of their chronic therapy for congestive heart
failure has shown that DIGO serum levels (trough level CO
measured for therapeutic drug monitoring purposes) were
significantly higher in the group of patients bearing the
3435TT genotype (0.18-0.21 pg/L per additional T allele)
and more particularly the 1236T-2677T-3435T haplotype
[18]. However, another study also performed in Caucasians
patients treated with DIGO (n=77) did not show a similar
trend probably, according to the authors themselves, because
of the influence of P-gp inhibitor co-administration fre-
quently encountered in daily clinical practice [19]. Altoge-
ther, existing literature data indicate that DIGO PK para-
meters are clearly influenced by ABCBI polymorphisms in a
different way according to the ethnicity and that haplotype
analysis would be useful to better understand such discrep-
ancies. However, although statistically confirmed, the clini-
cal relevance of these polymorphisms on DIGO PK still
remains to be determined mainly in view of the co-
administration of P-gp inhibitors in routine clinical practice.

Several immunosuppressive drugs, largely used to pre-
vent graft rejection after solid organ transplantation, are well
known substrates of ABCB1. Among them, calcineurin
inhibitors (CNIs), mainly represented by cyclosporine (CsA)
and tacrolimus (Tac), prevent cellular rejection through the
selective inhibition of interleukin-2 production by T-cells.

The effect of the 3435C>T polymorphism on CsA PK
parameters has been recently reviewed in a meta-analysis
mainly based on results obtained from patients treated with

CsA [20]. The main CsA PK parameters taken into account
in this meta-analysis were CsA AUC0-4, AUCO0-12 (twice a
day administration drug), CL/F, Cmax and CO (trough level).
While the authors found no significant effect of the
3435C>T polymorphism on CsA AUCO0-4 [8, 21-23], a
significant influence of this polymorphism was observed on
CsA AUCO0-12, with higher values for patients bearing at
least one 3435T allele [8, 21, 24]. A possible explanation for
the discrepancy observed between AUCO0-4 and AUCO-12 is
the fact that P-gp is expected to influence the PK of its
substrates, such as CsA, by limiting their absorption but also
by promoting their excretion (P-gp is expressed at the biliary
and renal tubular level) and that the information obtained
from CsA AUCO0-4 would be more influenced by the
absorption phase than the potentially affected elimination
phase. Contrary to DIGO, this meta-analysis did not find any
evidence to support the influence of 3435C>T polymorphism
on CsA Cmax [8, 21, 25, 26]. This may suggest that the
effect of 3435C>T polymorphism on the oral availability of
CsA is limited. This observation is in accordance with the
findings mentioned above that CsA AUCO0-4 seems not to be
influenced by different C3435T genotypes, thereby suggest-
ing that the 3435C>T polymorphism may have a greater
influence on excretion (and possibly distribution) than
absorption of CsA [20]. Finally, the meta-analysis showed a
significant impact of the 3435C>T polymorphism on trough
CsA concentrations (CO0), but only after exclusion of two
studies including Asian patients [21, 22, 24, 27-30]. As with
DIGO, these findings suggest ethnic differences in genotype-
phenotype relationships involving ABCBI. Interestingly, it
was recently confirmed that ABCB1 polymorphism was
associated with differences in CsA PK but only during the
first week post-transplant [23]. Such a finding could be
partly explained by the inhibition of P-gp by CsA itself.
Taken together, all results indicate that the influence of the
3435C>T polymorphism on whole blood CsA PK para-
meters, although significant, at least for some of them
(AUCO0-12, C0), is probably of a magnitude unlikely to be
relevant for clinical practice. It should be noted, however,
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that whole blood CsA concentrations, depending on indivi-
dual pharmacokinetics and pharmacogenetics (PG), do not
necessarily reflect intracellular concentration and hence the
ability to interact with the ultimate target, calcineurin. Since
T-cells are the pharmacodynamic target of CNIs, genetic
studies investigating CNIs concentrations within this cell
population would be more relevant from a clinical point of
view. In the case of CsA, Crettol ef al. recently showed that
whole blood concentrations only partially reflected the
highly variable intracellular (or intralymphocyte) concentra-
tions, and that for a given CsA blood concentration, intra-
cellular concentration varied over a 10-fold factor among
patients [31]. More interestingly, they showed that CsA
intracellular concentrations, and to a lesser extent intracellu-
lar versus blood concentration ratios (an accumulation
index), were determined by genetic polymorphisms in
ABCBI, also expressed at the cellular membrane of T-cells.
The ABCBI 11994 allele (1199G>A polymorphism) was
associated with lower intracellular concentrations, probably
caused by a higher P-gp activity towards CsA, whereas the
34357 allele (3435C>T polymorphism) led to higher
intracellular concentrations, most probably due to a lower P-
gp activity towards the drug, as observed previously for CsA
whole blood PK [31]. Importantly, the authors also showed
that ABCBI polymorphisms influenced CsA intracellular
concentrations to a significantly higher extent than CsA
blood concentrations, with therefore a greater potential in
term of clinical impact. Such studies are important in that
they provide physicians with genetic determinants of drug
concentration at the pharmacodynamic target, opening new
therapeutic perspectives. Indeed, integrating such data (with
others still to be elucidated) in a physiologically-based phar-
macokinetic (PBPK) model might, for instance, facilitate
simulation of intracellular versus blood concentration rela-
tionships and contribute to extrapolate intracellular concen-
trations from whole blood measurements, performed routi-
nely in all laboratories involved in TDM activities. Such an
approach could therefore offer a useful alternative to the
laborious methods to measure intracellular concentrations
(not performed routinely) in that individualised whole blood
or plasma target concentrations could be proposed, according
to the genotype each patient, to ultimately reach a similar
effective intracellular concentration. Although out of the
scope of this review, and considering that ABCBI is also
expressed by kidney tubular cells, differences in 4BCBI
genotype (3435C>T polymorphism) have been demonstrated
to significantly impact nephrotoxocity, a major CsA side
effect, most probably by influencing CsA intrarenal concen-
trations [32]. The influence of ABCBI polymorphisms on
CsA intracellular concentrations, contrary to whole blood
concentrations, remains therefore a topic with a great
potential clinical interest and further studies should assess its
real PK and pharmacodynamic (PD) impact.

Tacrolimus (Tac) is another CNI largely used in solid
organ transplantation. It is an ABCBI substrate and poly-
morphisms in the gene coding for this ABC transporter could
also theoretically influence Tac PK parameters. However, it
should be kept in mind that Tac whole blood PK parameters
are largely influenced by genetic polymorphisms in
CYP3AS, the main CYP isoform involved in Tac biotrans-
formation [29] and that this genetic association has now to
be considered as a important confounding factor when asses-
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sing any possible association between ABCBI polymor-
phisms and Tac whole blood PK parameters. Indeed, it is
now well established that whole blood Tac concentrations
(and dose requirements) are strongly associated with the
CYP3AS5 expressor status, which 1is itself genetically
determined [33]. Numerous reports have confirmed that
patients expressing CYP3AS5 (around 20% of the Caucasian
population) have a lower Tac concentration to dose ratio
when compared with nonexpressors in kidney but also in
liver, lung and heart transplant recipients [34]. In a cohort of
kidney transplant recipients, Tac dose-adjusted trough
concentrations were 5.8-fold lower in CYP3AS5 expressors
than in CYP3AS5 nonexpressors and there was a 2.3-fold
difference to maintain target blood concentrations between
both groups [29]. With this in mind and taking into consi-
deration the confounding CYP3AS5 expressor status, the
association between Tac PK parameters and ABCBI
polymorphisms is still a matter of debate [34]. Indeed, most
of the studies failed to demonstrate any association between
ABCBI polymorphisms and Tac dose requirements or dose-
adjuted trough blood concentrations [28, 29, 35-44] whereas
only a few reports suggested a significant, but often weak,
relationship between ABCBI polymorphisms and both Tac
PK parameters in heart [45], lung [46], liver [47] or kidney
[48-53] transplant recipients with 34357 carriers always
requiring lower doses to reach the target blood concen-
trations of Tac. Confounding factors, including the CYP3AS
expressor status, may, of course, play a major role in these
conflicting results. In this respect, an independent effect of
ABCBI polymorphisms should be better assessed separately
in CYP3AS nonexpressors and CYP3AS5 expressors. Only a
few studies have been conducted with such a design and they
mainly showed that the association between ABCBI poly-
morphisms and Tac PK parameters was either not significant
[2, 54] or, even more interestingly, that it disappeared after
sub-classification according to CYP3AS5 expressor status in a
large cohort of stable renal transplant patients (n=206) with
high statistical power [55]. Only one study performed on 91
lung transplant recipients suggested that ABCB1 haplotypes
derived from the three common polymorphisms (exons 12,
21 and 26) was associated with Tac dose requirement after
eliminating the confounding CYP3A5 genotype [56].
Clearly, all these studies indicate that Tac whole blood PK
parameters are mainly influenced by the CYP3AS5 expressor
status and that ABCB! polymorphisms only play a minor
role, if any. Furthermore, as for CsA, whole blood Tac
concentrations do not necessarily reflect their intracellular
concentration and hence their efficacy or toxicity. In a pilot
study, Tac concentrations in hepatic tissue have been shown
to better correlate with acute rejection score than whole
blood concentrations in adult liver-transplanted recipients
from whom protocol biopsies were obtained [57]. Interest-
ingly, in the same study population, a significant relationship
was observed between intrahepatic Tac concentrations and
ABCBI polymorphisms, whereas no correlation was seen
when Tac whole blood concentrations were considered
independently [58]. As for CsA, this latter report suggests
that ABCBI genotypes may influence Tac biliary excretion
and/or tissue distribution, but further studies are still needed
to confirm these findings. Preliminary, yet unpublished, data
from our group seeking to determine Tac concentrations
within lymphocytes suggest similar conclusions. The /7994
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(1199G>A polymorphism) and 34357 (3435C>T polymer-
phism) alleles were significantly associated with increased
intracellular concentrations probably because of a lower P-gp
activity towards Tac and therefore with a potentially higher
immunosuppressive activity. As for CsA, the latter studies
suggest that the influence of ABCBI polymorphisms on Tac
intracellular concentrations is probably of higher clinical
relevance compared to their influence on whole blood
concentrations.

Sirolimus (SRL) is another immunosuppressive drug
largely used in solid organ transplantation and belonging to
the mammalian target of rapamycin (mTOR) inhibitor
group, a distinct pharmacological class compared to CNIs,
that inhibits the response to interleukin-2 and thereby blocks
the activation of T- and B-cells. SRL is also a substrate of
the ABCBI transporter but ABCBI polymorphisms seem to
have no impact on SRL whole blood PK parameters [59-62].
To the best of my knowledge, data on the influence of
ABCBI polymorphisms on SRL intracellular concentrations
are not available.

Several anti-cancer drugs are also well known substrates
of ABCBI and the impact of ABCBI polymorphisms, mainly
3435C>T polymorphism, on their PK parameters has been
investigated for some of them.

In the group of microtubule inhibitors, docetaxel (DOC)
and paclitaxel (PAC) PK parameters have been largely
investigated in relation to ABCBI genetic status. The DOC
AUC and CL have been reported, in most cases, to be
unaffected by ABCBI SNPs [63, 64] but one study in 92
Caucasians patients reported a significantly decreased DOC
CL only in ABCBI 1236TT homozygous (-25%) and no
influence of 2677G>T/A and 3435C>T polymorphisms [65].
A weak association between PK parameters and ABCBI
genetic status has been also described for PAC [66-68]. For
example, in the study of Nakajima et al., patients possessing
the 3435T allele had a significantly higher AUC of 3’-p-
hydroxyPAC (the main PAC metabolite) compared to those
possessing the 3435C allele. However, adverse effects of
PAC (mainly leucopenia) were not related to 3’-p-
hydroxyPAC AUC [66]. Therefore, even if ABCBI genetic
status has the potential to alter the PK of the main PAC
metabolite, the influence of ABCBI genotype on intracellular
PAC and 3’-p-hydroxyPAC concentrations still remains to
be determined. For vincristine (VIN), another anti-cancer
drug belonging to the group of microtubule inhibitors,
neither ABCBI genotype nor ABCBI haplotype influenced
PK parameters such as AUC and CL [69].

In the group of topoisomerase 1 inhibitors, irinotecan
(CPT-11) and its active metabolite (SN-38) PK parameters
have been shown to be influenced by 4BCB! haplotype [70].
In this latter study, the authors showed that the renal CL of
both CPT-11 and SN-38 was reduced in patients belonging
to the 4ABCBI haplotype 1236T-2677T-3435T, suggesting
that P-gp expressed in the proximal tubules may play a
substantial role in the renal excretion of CPT-11 and SN-38
[70]. Unexpectedly, another study, also performed in patients
from Asian origin, has shown that the ABCB1 2677G-3435C
haplotype was associated with a higher SN-38 AUC without
any influence on CPT-11 AUC [71]. The reasons for these
discrepancies are not yet clear but it could be concluded that
the impact of ABCBI genotype on CPT-11 PK parameters, if
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present, seems very limited and only present after haplotype
analysis.

In the group of tyrosine kinase inhibitors, imatinib
(IMA) has been investigated as a P-gp substrate. Although a
preliminary study did not shown an influence of 4BCBI
genotype on IMA PK parameters [72], two more recent
studies found an association [73, 74]. In the first study,
Gurney et al. showed that the reduction in IMA CL between
day 1 and steady-state was associated with ABCBI genotype,
being less apparent in homozygous 1236TT-2677TT-
3435TT, probably due to a genotype-specific influence of
IMA on elimination [73]. In the second study, Dulucq et al.
showed that patients with 1236TT genotype had higher IMA
concentrations and, accordingly, that the 1236C-2677G-
3435C haplotype was statistically associated to less frequent
major molecular response demonstrating a potential
usefulness of these SNPs in the identification of who may or
may not respond optimally to IMA [74].

Studies have been also conducted with doxorubicin
(DOX). In a recent paper on Asian breast cancer patients, the
authors showed that patients homozygous for the 1236C-
2677G-3435C haplotype had significantly lower DOX
exposure levels compared to the patients carrying the CT-
GT-CT (p=0.02) or TT-TT-TT (p=0.03) genotypes. Accord-
ingly, significantly increased DOX CL was also observed in
patients harbouring CC-GG-CC genotype when compared to
patients harbouring the CT-GT-CT genotype [75].

In summary for anti-cancer drugs, ABCBI genotype may
alter IMA and DOX PK parameters but studies exploring the
impact of ABCB1 SNPs on intracellular drug concentrations
(and adverse effects) are still needed.

Among anti-infective drugs, the human immunode-
ficiency virus (HIV) protease inhibitors (PIs) are well known
substrates of P-gp and several studies investigating the
impact of ABCBI genotype and/or haplotype on their PK
parameters have been published since early 2000. Lopinavir
(LPV) is the most widely used PI (in association with low
doses of ritonavir, RTV, used as a booster). To the best of
my knowledge, all studies that have investigated the impact
of ABCBI genotype on LPV trough concentrations (CO0) in
HIV treated patients have led to negative results [76-78].
Similar negative results have been obtained for saquinavir
(SQV), another PI, based on studies performed in volunteers
and analysing PK parameters such as SQV AUC and CL
[79-81]. In the case of indinavir (IDV), although negative
results have been obtained in large cohort of patients when
considering IDV CO0 [82], 3435C>T polymorphism has been
associated with absorption constant rate, Vd and CL [83, 84],
suggesting that patients with 3435CC genotype would have
reduced IDV absorption after oral intake. The situation
seems somewhat different for atazanavir (ATZ), a more
recent PI for which a significant association has been
observed between trough concentrations (C0) and 4BCBI
genotype. Indeed, it has been reported that plasma trough
concentrations of ATZ were significantly higher (about 2.5-
fold) in HIV treated patients with 3435CC genotype com-
pared to those with CT or TT genotype [85, 86]. It is inte-
resting to note that this effect of 3435C>T polymorphism on
ATZ CO is at the opposite of the one observed with DIGO.
This observation could be explained either by the fact that
3435C>T SNP alters substrate specificity as suggested by
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Kimchi-Sarfaty et al. [7] or by a different ATZ redistribution
in peripheral blood mononuclear cells and in particular in T
lymphocytes, the target of antiretroviral therapy. Unfor-
tunately, no data are available in relation to ATZ intracel-
lular concentrations and ABCBI genotype. This association
between ABCBI genotype and ATZ CO was not confirmed in
the study of Ma et al. [77]. The case of nelfinavir (NFV) is
interesting in the way that intracellular data are available.
When considering only NFV plasma concentrations (C0), the
effect of ABCBI genotype is not clear. While one study
found no association between NFV CO and ABCBI genotype
[87], another study in children found that NFV CO was
higher in 3435CT heterozygous compared to 3435CC homo-
zygous but values observed for 3435TT were not different
from those observed for 3435CC patients [88]. As for
immunosuppressive drugs (e.g. CsA, Tac), the ABCBI
efflux pump activity may decrease intracellular drug concen-
tration, thus reducing the amount of drug at the site of action
(in this case, T lymphocytes). Based on the measurement of
NFV in PBMCs of HIV infected patients, Colombo et al.
were the first to demonstrate the existence of a nice rela-
tionship between NFV intracellular PK and 3435C>T
polymorphism with intracellular AUC ratios of 2.1, 1.4 and 1
for ABCBI 3435TT, CT and CC patients, respectively,
without improvement after haplotype analysis [89]. Based on
these results, the presence of the 3435T allele should be
associated with a reduced ABCBI efflux activity towards
NFV as observed initially with DIGO [5].

The non-nucleoside reverse transcriptase inhibitors
(NNRTIs) are another category of antiretrovirals used in
combination with PlIs to treat HIV infection in humans.
Nevirapine (NVP) and efavirenz (EFV) are the main
substances belonging to this pharmacological class. The
studies assessing the association between ABCBI genotype
and either NVP CO [90, 91] or EFV CO0 [76] have led to
negative results. These results are not surprising because
NNRTIs, contrary to Pls, are poor P-gp substrates [92].

The PK parameters of the antiviral valacyclovir (VLC)
do not seem associated with ABCBI genotype [93].

Antifungals belonging to the triazole class are also P-gp
substrates but neither posaconazole AUC [94] nor
voriconazole CL [95] seem to be associated with ABCBI

genotype.

Among antibiotics, the ABCBI genotype did not
influence dicloxacillin PK parameters (AUC, Cmax) [96]
whereas cloxacillin PK parameters were only influenced by
ABCBI haplotype (and not genotype) with patients
homozygous for the 1236C-2677G-3435C haplotype having
a significantly lower Cmax (2.3-fold), AUC (1.6-fold) and
urinary excretion (2.2-fold) of cloxacillin compared with
those carrying the homozygous for the T-T-T haplotype [97].

Many drugs exert their pharmacological activity at the
central nervous system (CNS) level. As P-gp is also
expressed at the endothelial cells of the blood-brain barrier
(BBB), its efflux activity may limit the uptake of those drugs
within the CNS and therefore reduce their pharmacological
activity and/or toxicity. In this respect, PK parameters based
on cerebrospinal fluid (CSF) concentrations would be more
informative in comparison to PK parameters obtained from
plasma or blood concentrations. Furthermore, the calculation
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of CSF/plasma or blood concentration ratios may be useful
as an index of drug penetration across the BBB in order to
assess the potential impact of ABCBI genotype on P-gp
activity in vivo.

Antiepileptic drugs certainly belong to this category. The
phenytoin (DPH) plasma trough concentrations CO have
been associated with 3435C>T polymorphism; indeed,
patients or volunteers of Caucasian origin and bearing the
3435TT genotype had significantly higher DPH CO
compared to those bearing at least one 3435C allele (CT and
CC) [98, 99]. No effect of ABCBI genotype was observed in
epileptics of Asian origin on the plasma PK parameters of
carbamazepine (CBZ) [100]. However, the latter authors
observed that ABCBI genotype influenced the CBZ
responsiveness without significant changes in the CBZ
plasma concentrations, suggesting the potential interest for
CBZ measurements in CSF. Such an analysis has been
performed for phenobarbital (PB) in Caucasian epileptic
patients [101]. In this study, the authors clearly showed that
patients with 3435TT genotype had significantly higher PB
CSF concentrations and CSF/plasma ratios (1.5-fold
compared with 3435CC for both parameters) without any
changes in PB plasma concentrations. Furthermore, the
seizure frequency was significantly reduced when PB CSF
concentrations were increased and when patients were
bearing 3435T alleles [101].

Antipsychotic and antidepressant drugs have also to cross
the BBB to exert their pharmacological activity. Two studies
conducted in Asian schizophrenia patients treated by
risperidone (RIS) showed that plasma trough CO was not
associated with ABCBI genotype [102, 103]. A more recent
study involving schizophrenia patients from Caucasian
origin confirmed the observation on Asian patients but
showed an effect of ABCBI haplotype on the plasma
concentration of 9-hydroxyrisperidone, the active metabolite
of RIS, with lower values in patients homozygous for the
1236T-2677T-3435T haplotype [104]. The RIS antipsychotic
effect is assumed to be related to the active moiety, that is,
the sum of RIS and 9-hydroxyrisperidone, which was also
significantly lower in patients homozygous for the T-T-T
haplotype [104]. Quetiapine (QTP) is another antipsychotic
for which a higher placental transfer has been reported in
association with the presence of the 3435T allele [105].
Patients carriers of the ABCBI1 3435TT genotype have been
shown to have 1.6-fold higher clozapine (CLOZ) plasma
concentrations than non carriers [106]. Unfortunately, no
data are available on RIS, QTP and CLOZ concentrations in
CSF in relation to ABCBI genotype.

In Asian psychiatric patients, it has been shown that the
plasma PK of the antidepressant fluvoxamine (FLV) was
associated with ABCBI genotype, with higher FLV CO in
3435TT patients (2-fold compared to 3435CC), but only for
the higher dosages (200 mg/day) [107]. In Caucasian
patients treated by antidepressant drugs, no effect of ABCBI
genotype was observed on paroxetine (PRX) plasma
concentrations [108] while an opposite result was observed
after citalopram (CIT) use with lower CIT CO values in
2677TT patients (1.5-fold compared to GG/GT) [109].
Interestingly for the latter study, the 2677TT genotype was
also associated with lower CIT CSF concentrations (1.33-
fold compared to GG/GT), and a lower treatment response,
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suggesting that this particular genotype was associated with
an increased activity of ABCBI1 towards CIT [109].
Unfortunately, the haplotype analysis was not reported in
this study.

To account for the highly variable PK of antipsychotic
and antidepressant drugs, besides the potential impact of
ABCBI genotype, as discussed above, it must be kept in
mind that CYP2D6 genotype plays a major role so that
guidelines for dosage adjustments according to CYP2D6
status are already available for these drugs [110]. However,
for a given plasma concentration, ABCB]I status could still
explain a part of the variability in CSF concentration, as
shown previously with CIT, and ultimately in therapeutic
response.

Opioids and analogues also exert their pharmacological
activity after crossing the BBB. The PK of the anti-diarrhoea
drug loperamide (LPM) has been analysed in relation to
ABCBI genotype with no clear results in Caucasians
volunteers. While one study showed no association between
3435C>T polymorphism (or ABCBI*1 vs ABCBI1*13 haplo-
type carriers) and LPM plasma concentration [111], another
study showed only a non significant trend towards higher
plasma LPM in 3435TT carriers suggesting a reduced
activity of ABCBI1 towards LPM for 3435T allele [112]. No
data about LPM CSF concentrations were available in both
studies. The effect of ABCBI genotype seems more
pronounced on methadone (MTD) PK. In a study including
245 Caucasians patients undergoing MTD maintenance treat-
ment, Crettol et al. showed that 3435TT carriers presented
lower (1.26-fold) trough MTD plasma concentrations
compared to 3435CC carriers [113]. In accordance with
those results, it has been shown that patients bearing the
1236TT-2677TT-3435TT genotype had an approximately 5-
fold chance of requiring a higher MTD maintenance dose
[114] most probably due to a reduced uptake of MTD in the
CNS, illustrating the potential drug specific effect of ABCBI
polymorphisms [7]. It should be mentioned that a study has
found opposite results also in Caucasian patients [115] and
that data about MTD CSF concentrations were not available
in those studies.

In the cardiovascular field, several drugs are also ABCBI1
substrates. No effect of ABCBI genotype on blood PK
parameters was observed for talinolol [116, 117], losartan
[118], telmisartan [119] and verapamil [120]. It has been
shown, however, that amlodipine (ALD) PK parameters
were affected by ABCBI haplotype in Asians volunteers
[121]. In this study, lower ALD AUC (1.48-fold) and higher
ALD CL (1.52-fold) were observed in volunteers bearing the
2677TT-3435TT genotype than in those with 2677GG-
3435CC genotype, suggesting an increased activity of
ABCBI towards ALD for the 2677T-3435T haplotype. The
ABCBI genotype seems to have different effects on the PK
of cholesterol-lowering HMG-CoA reductase inhibitors
statins. While the PKs of fluvastatin [122], pravastatin
[122-124], lovastatin [122] and rosuvastatin [122] have
been shown to be unaffected by the ABCBI genotype, a
modest increase in AUC for simvastatin acid (1.6-fold) and
atorvastatin (1.55-fold) has been observed in volunteers
homozygous for the 1236T-2677T-3435T haplotype
compared with those homozygous for the 1236C-2677G-
3435C haplotype [125]. However, it must be stressed that the
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plasma concentration of statins, except fluvastatin, is highly
dependent of a SNP in the influx transporter OATP1B1
[126] which has to be considered as a major confounding
factor when analysing the impact of ABCBI genotype. The
PK of the antiplatelet prodrug clopidogrel (CPG) has been
also associated with ABCBI genotype. In Caucasian patients
with coronary artery disease who underwent percutaneous
coronary intervention, CPG Cmax and AUC were
significantly lower (3.73- and 4.69-fold, respectively) in
subjects homozygous for the 3435T allele compared with
subjects with the 3435CT and CC genotype suggesting that
CPG absorption (and thereby active metabolite formation) is
decreased in presence of the 3435T allele [127].

Among miscellaneous drugs known to be ABCBI
substrate, fexofenadine (FEX) PK has been analysed in
relation to ABCBI genotype. In Caucasian volunteers, a non-
statistically significant trend towards higher FEX AUC was
observed in subjects bearing the 3435TT genotype [128]
while similar results became significant in Asians volunteers
[129]. Interestingly, in the latter study, the authors showed
that the ABCBI genotype 2677AA-3435CC was charac-
terised by the lower FEX plasma concentrations compared to
other main genotype groups (2677GG-3435CC or 2677TT-
3435TT) highlighting the interest of haplotype analysis in
different ethnic populations. No effect of ABCBI genotype
was observed on the PK of lansoprazole [130], budesonide
[131] and prednisolone [132].

ABCC2

ABCC2 (also known as multidrug resistance protein 2,
MRP2) is an ATP-binding cassette transporter mainly
responsible for the biliary excretion of numerous organic
anions. For this reason, it was originally referred to as
canalicular  multispecific ~organic  anion  transporter
(cMOAT). Its main physiological substrate is bilirubin
glucuronide and a genetic defect in bilirubin glucuronide
excretion due to ABCC2 mutation leads to the Dubin-
Johnson syndrome (DJS). Several mutations in ABCC2 have
been therefore described in patients suffering from the DJS.
Besides bilirubin glucuronide, ABCC?2 is also responsible for
the active efflux of many drugs, influencing, as for ABCBI,
biliary and renal excretion, intestinal absorption and tissue
distribution [133]. Interestingly, ABCC2 is also expressed on
the membrane of PBMCs, particularly in CD4+ T cells
[134]. In addition to mutations responsible for the DJS,
several SNPs have been also reported for ABCC2, some of
which affecting transporter expression and/or function (see
ABCC2 on http://www.pharmgkb.org/search/) (Table 4).
Four among those SNPs, namely -24C>T (rs717620),
1249G>A  (rs2273697), 3972C>T  (rs3740066) and
4544G>A (rs8187710), located in 5°-UTR, exons 10, 28 and
32, respectively, have been studied extensively mainly
because of their high allele frequency in humans. The
1249G>A and 4544G>A polymorphisms result in an amino
acid substitution (Val417Ile and Cys1515Tyr) whereas the
3972C>T is a synonymous SNP (Ile1324lle). Furthermore a
linkage disequilibrium between -24C>T and 3972C>T has
been observed [133]. An in vitro analysis has shown that the
ABCC2 -24C>T polymorphism was associated with a 20%
reduction in transcriptional activity in HepG2 cells, and
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Table 4. Important Polymorphisms (SNPs) in ABCC2 Gene Selected in PharmGKB Database (http://www.pharmgkb.org/search/)

Position Nucleotide Change Effect” NCBI dbSNP Allelic Frequency
5’-flanking -1549G>A - rs1885301 Ca: 043 As:0.10 Af:0.49
5’-flanking -1019A>G - rs2804402 Ca: 043 As:0.15 Af:0.37

5’-UTR® -24C>T* - 15717620 Ca:0.19 As:0.10 Af:0.06

Exon 10 1249G>A Val4171le 152273697 Ca:0.17 As:0.10 Af:0.17

Exon 10 1446C>G synonymous

Exon 18 2366C>T Ser789Phe 1s56220353 Ca:0.00 As:0.02 Af:0.00

Exon 25 3542G>T Argl181Leu rs8187692 Ca: 0.00 As:0.00 Af:0.09

Exon 25 3563T>A** Vall188Glu 1517222723 Ca:0.08 As:0.00 Af:0.07

Exon 28 3972C>T* synonymous 1s3740066 Ca: 0.38 As:0.20 Af:0.27

Exon 31 4348G>A Alal450Thr 1s56296335 Ca:0.00 As:0.02 Af:0.00

Exon 32 4544G>A** Cys1515Tyr rs8187710 Ca: 0.08 As:0.00 Af:0.20

NCBI: National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/projects/SNP/)

‘number represents amino-acid codon

"based on information found in http://www.pharmgkb.org/search/
Ca: Caucasian, As: Asian, Af: African

‘UTR: untranslated region

* linkage disequilibrium between -24C>T and 3972C>T

** linkage disequilibrium between 3563T>A and 4544G>A

lower levels of mRNA were detected in kidney tissues of
carriers of this SNP [135].

Among immunosuppressive drugs used in trans-
plantation, mycophenolic acid (MPA) PK has been largely
investigated in relation to ABCC2 genotype. Briefly, MPA is
glucuronidated by uridine diphosphate glucuronosyltransfe-
rases (UGTs, mainly UGT1A9 isoform) to its pharmacologi-
cally inactive 7-O-glucuronide metabolite (MPAG). MPA is
also glucuronidated, to a lesser extent (about 5%) and mainly
by UGT2B7 isoform, to acyl-MPAG (AcMPAG) which is
believed to have immunosuppressive but also toxic
properties (diarrhoea). MPAG (but also MPA and AcMPAG)
is then excreted into the bile via ABCC2, which is essential
for enterohepatic (re)circulation (EHC) of MPA(G). More-
over, MPA AUC ratio (AUC6-12/AUCO0-12) has been pro-
posed by some authors as an estimate of EHC of MPA. In a
preliminary study including Caucasian renal allograft
recipients in steady state conditions, Naesens et al. have
shown that ABCC2 -24C>T polymorphism (and also
3972C>T in linkage disequilibrium) was associated with
higher MPA trough levels (C0) due to a lower MPA CL
[136]. Similarly, MPA CL was also significantly lower (-
20%) in Japanese renal transplant recipients bearing the
ABCC2 -24T allele [137] whereas no effect of ABCC2
genotype was observed in a smaller cohort of 40 Caucasian
renal transplant patients [138]. These observations could be
explained by a lower ABCC2 activity towards MPA in -24T
carriers. Interestingly, using an analytical method validated
to measure AcMPAG and MPAG in addition to MPA,
Lévesque et al. showed that ABCC2 -24C>T polymorphism
was also associated with a 25% increase in AcMPAG AUC
after single administration of the drug in Caucasian
volunteers, suggesting a reduced ABCC2 activity towards
AcMPAG and maybe a reduced intestinal toxicity in patients
bearing the -24T allele [139]. A similar effect on AcMPAG
AUC was observed in Chinese renal transplant recipients but

this time with the 4BCC2 1249G>A polymorphism and
patients carrying the heterozygous genotype ABCC2
1249GA exhibited a higher AcMPAG AUC6-12 compared
to the wild-type genotype [140]. All those studies indicate
that ABCC2 genotype influence MPA and MPA metabolites
PK parameters. Contrary to MPA, ABCC2 genotype seems
to have a negligible impact on tacolimus (Tac) and
sirolimus (SRL) trough concentrations in renal transplant
recipients [61].

Among anticancer drugs, methotrexate (METO) and
irinotecan (CPT-11) have been investigated in relation to
ABCC2 genotype. In a group of 44 Caucasian paediatric
patients with acute lymphoblastic leukemia, Rau et al.
showed that the mean plasma METO AUC from 36 to 48
hours after the start of the infusion was significantly 2-fold
higher in female patients carrying at least one ABCC2 -24T
allele as compared with all other patients [141]. Similar
results have been published with CPT-11. In a cohort of 85
Caucasian cancer patients, a higher CPT-11 AUC has been
observed in those bearing the ABCC2 -24T allele and, in this
study, more than 40% of the variation in CPT-11 AUC could
be explained by five independent variables among which
ABCC2 -24C>T, age and CPT-11 dose [142]. Similarly, in a
group of 67 Asian cancer patients, 4BCC2 haplotype 1
(including the -24C allele, see Table 5) and haplotype IV
(including the 1249 A allele) were respectively associated
with lower SN-38 (CPT-11 active metabolite) and lower
CPT-11 AUCs [143]. In a cohort of 167 Caucasian cancer
patients, although no effect was observed for individuals
SNPs, an ABCC2 haplotype (including the 1249G allele) has
been associated with lower CPT-11 CL (28.3 vs 31.6 L/h)
and with a significant reduction of severe diarrhoea, maybe
as a consequence of reduced hepatobiliary secretion of CPT-
11 itself [144]. All those results suggest that ABCC2 geno-
type, particularly -24C>T and 1249G>A polymorphisms,
may be respectively associated with reduced and increased
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Table 5. Main ABCC2 Haplotypes
Haplotype -24C>T 1249G>A 1446C>G 3563T>A 3972C>T 4544G>A *

I C G C T C G 0.31

I T G C T T G 0.23

11 C G C T T G 0.16

v C A C T C G 0.19

\% C G C A C A 0.04

* haplotype frequency according Lévesque et al. [139].

excretion of some anti-cancer drugs including METO and
CPT-11, with potential clinical effects on toxicity, as
discussed previously [144], or on efficacy (higher response
rate in ABCC2 -24TT patients) [71]. However, Zamboni et
al. did not find any effect of ABCC2 -24C>T polymorphism
on the disposition of 9-nitrocamptothecin and its O9-
aminocamptothecin metabolite [145], illustrating once more
the difficulties of in vivo PK-PG analyses.

As discussed for ABCB1 and antiretrovirals, the ABCC2
efflux pump activity may decrease intracellular drug concen-
tration, thus reducing the amount of drug at the site of action
(in this case T lymphocyte). While no effect of ABCC2
genotype was observed on nelfinavir [89] or tenofovir [146]
intracellular concentrations, a significant association has
been observed between ABCC2 4544G>A polymorphism
and lopinavir (LPV) intracellular concentration suggesting
that ABCC2 4544A allele (haplotype V, linked with 3563A
allele) could be associated with a reduced activity of ABCC2
towards LPV [147].

In relation to cholesterol-lowering HMG-CoA reductase
inhibitors, no effect of the most frequently assessed ABCC2
SNPs was observed on pravastatin [123, 148] or simvas-
tatin [149] PK parameters. However, after taking into
consideration the main genetic confounding factor in statins
PK (i.e. the OATPBI genotype), Niemi et al. have shown
that volunteers heterozygous for the ABCC2 1446C>G
polymorphism presented AUCO0-12 and Cmax of pravastastin
respectively 67 and 68% lower than in those with the
1446CC genotype [150]. As they also demonstrated that
ABCC2 mRNA expression was 95% higher in livers with
the 1446CG genotype (n=7) than in those with 1446CC
genotype (n=86), the authors suggested that ABCC2
1446C>G polymorphism was associated with reduced
systemic exposure to pravastatin as a consequence of
increased ABCC2 expression.

As observed with CPT-11, the variant ABCC2 1249G>A
has been associated with lower oral bioavailability and
increased residual CL of intravenous talinolol suggesting
that Val4171le substitution is associated with higher activity
of the intestinal transporter [151]. Finally, in 12 Japanese
renal transplant recipients, those with the ABCC2 -24CT
genotype showed significantly higher Cmax of telmisartan
compared to those with the -24CC genotype (96.8 vs. 57.4
ng/ml, respectively) [152].

In conclusion, genetic variability in the 4BCBI and/or
ABCC2 genes may potentially influence drug disposition,

probably by altering protein expression and/or function.
However, in most cases, the impact of ABCBI/ and/or
ABCC2 SNPs on blood PK parameters remains very
controversial (because relatively weak) and difficult to
interpret for several potential reasons.

First, it has been suggested that it was probably more
relevant to emphasis on haplotypes rather than on isolated
SNPs and to take into account the haplotype variability in
different racial backgrounds. Indeed, each SNP belonging to
a particular haplotype may have at least an additive effect on
protein function/expression. However, well designed studies
involving genetic association with ABCBI (according to
Table 3 criteria) or ABCC2 haplotypes and drug PK para-
meters are still quite rare. Secondly, a simultaneous effect of
SNPs including other transporters and/or biotransformation
enzymes may hide the potential effects of ABCBI and/or
ABCC2 SNPs as illustrated previously with cholesterol-
lowering statins, immunosuppressants or antipsychotics/
antidepressants and OATP1B1, CYP3A5 or CYP2D6, res-
pectively. To overcome this problem, further studies will
have to combine several SNPs including different proteins
and of course to analyse larger cohorts of patients or
volunteers with sufficient study power. Thirdly, it must be
reminded that ABCBl1 and ABCC2 are specifically
expressed in different tissues and that a same SNP may
simultaneously affect different processes, such as absorption,
elimination, and tissue distribution, as illustrated in Fig. (1).
The resulting effect on drug concentrations in blood is not
always easy to interpret and to correlate with pharmaco-
logical effect contrary to intracellular or target drug concen-
trations as illustrated with intralymphocyte concentrations
for immunosupressants and antiretrovirals, or with CSF
concentrations for antiepileptics and antidepressants. Further
studies including these intracellular or target drug concen-
trations should be recommended to better characterise the in
vivo impact of ABCBI and/or ABCC2 SNPs and to better
understand the intracellular PK-PG relationships.

In the daily clinical practice, partly because of the above
mentioned reasons, there are not yet clinically validated
examples of ABCB1 (or ABCC2)-genotype-directed dosing
of drugs (as already proposed for some CYP, for example)
but weak variations observed in drug PK with ABCBI and/or
ABCC2 polymorphisms, if statistically significant and con-
firmed in independent studies, could be integrated, as a piece
of a puzzle, in predictive multivariate models (population PK
models) to finally propose such ABCBI (or ABCC2)-
genotype-directed dosing guidelines.
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Important Targets for the
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Abstract: Atherosclerosis has been characterized as a chronic inflammatory response to cholesterol deposition in arteries.
Plasma high density lipoprotein (HDL) levels bear a strong independent inverse relationship with atherosclerotic
cardiovascular disease. One central antiatherogenic role of HDL is believed to be its ability to remove excessive
peripheral cholesterol back to the liver for subsequent catabolism and excretion, a physiologic process termed reverse
cholesterol transport (RCT). Cholesterol efflux from macrophage foam cells, the initial step of RCT is the most relevant
step with respect to atherosclerosis. The ATP-binding cassette (ABC) transporters ABCA1 and ABCG1 play crucial roles
in the efflux of cellular cholesterol to HDL and its apolipoproteins. Moreover, ABCA1 and ABCGI1 affect cellular
inflammatory cytokine secretion by modulating cholesterol content in the plasma membrane and within intracellular
compartments. In humans, ABCA1 mutations can cause a severe HDL-deficiency syndrome characterized by cholesterol
deposition in tissue macrophages and prevalent atherosclerosis. Disrupting Abcal or Abcgl in mice promotes
accumulation of excessive cholesterol in macrophages, and physiological manipulation of ABCA1 expression affects
atherogenesis.

Here we review recent advances in the role of ABCA1 and ABCG1 in HDL metabolism, macrophage cholesterol efflux,
inflammation, and atherogenesis. Next, we summarize the structure, expression, and regulation of ABCA1 and ABCG1.
Finally, we give an update on the progress and pitfalls of therapeutic approaches that target ABCA1 and ABCG1 to

stimulate the flux of lipids through the RCT pathway.

Keywords: Atherosclerosis, macrophages, cholesterol, inflammation, ABCA1, ABCGI.

INTRODUCTION

Plasma levels of high density lipoprotein (HDL) are inv-
ersely proportional to the risk of atherosclerotic cardiovas-
cular disease (CVD) in humans [1]. The key mechanism
underlying the atheroprotective properties of HDL is thought
to be its role in reverse cholesterol transport (RCT), a
physiologic process by which excess peripheral cholesterol
is transported by HDL to the liver for excretion in the bile
and feces [2]. In addition, HDL can prevent oxidation of low
density lipoprotein (LDL) [3], act as an anticoagulant [4] and
have anti-inflammatory properties [5], all of which may
contribute to the antiatherogenic effects of HDL. This pre-
sumption leads to an assertion that raising HDL cholesterol
(HDL-C) levels alone would improve RCT and protect
against the development of atherosclerosis. However, high
HDL-C concentration appears not to be always synonymous
with an efficient RCT. Therefore, improving the HDL
functionality may be more attractive to potentially stimulate
RCT.

The initial step of RCT is thought to be dependent upon
extracellular lipid acceptors, including HDL and/or lipid-
poor apolipoproteins. Studies have indicated that the ATP-
binding cassette (ABC) transporter ABCAL1 is required for
the maintenance of normal plasma HDL-C levels, and is
important for the first step of RCT, i.e., transfer of
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cholesterol to lipid-poor HDL apolipoproteins (e.g., apoA-I)
[6]. ABCGI is also of interest, since it participates in an
intermediate RCT step, i.e. transfer of cholesterol to mature
HDL particles (e.g., HDL2 and HDL3) [7]. Moreover,
ABCA1 and ABCG1 export lipids to either cell surface-
bound or internalized apolipoproteins [8, 9]. Minor changes
in cholesterol content in the plasma membrane or within
intracellular vesicular compartments can significantly impact
cell function via influencing cellular signaling events [10,
11]. Thus, the traditional role of ABCA1 and ABCGI1 in
lipid transport is mechanistically linked to their potential role
in suppressing inflammation.

Here we review recent advances in the role of ABCALI
and ABCGI1 in HDL metabolism, macrophage cholesterol
efflux, inflammation, and atherogenesis. Next, we summa-
rize the structure, expression, and regulation of ABCA1 and
ABCGI1. Finally, we attempt to integrate this information
and discuss the progress and pitfalls of therapeutic app-
roaches that target ABCA1 and ABCG1 to stimulate the flux
of lipids through the RCT pathway.

1. ABCA1 AND ABCG1 IN HDL METABOLISM AND
CONSEQUENCES FOR ATHEROSCLEROSIS

1.1. ABCA1, HDL, and Atherosclerosis

ABCALI, first known as ABC1, was cloned in 1994 by
Luciani and colleagues [12] as a homolog of yeast ced-7, and
is a member of the large superfamily of ABC transporters
that use ATP as an energy source to transport lipids and
other molecules across membranes [13]. Understanding of

© 2011 Bentham Science Publishers Ltd.
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the role of ABCA1l in HDL biogenesis came with the
discovery that mutations in the ABCA1 gene result in the
extreme HDL deficiency syndrome Tangier disease (TD). In
1999, the mutation in TD was mapped to chromosome 9q31
in the ABCAl gene [14-17]. Since then, an enormous
amount of research has been set off to investigate the
mechanism of action, regulation, and suitability of ABCA1
as a target to increase HDL formation therapeutically for the
treatment and prevention of atherosclerosis.

The defective cholesterol and phospholipid efflux to
apoA-I from fibroblasts derived from TD patients suggested
that the removal of cellular lipids to apoA-I is a major
predictor of plasma HDL-C levels [18, 19]. Although the
structure and synthetic rates of apoA-I are normal in TD, the
hypercatabolism of circulating apoA-I may result in the
severe HDL deficiency syndrome in this disease [20]. As a
result, homozygous TD is associated with extremely low
levels of apoA-I (<1% normal) and HDL-C (<5% normal).
In accord, several recent genome-wide association studies
have identified common variants in ABCALI as a significant
source of variation in plasma HDL-C levels across multiple
ethnic groups [21-23], establishing ABCA1 as a major gene
influencing HDL levels in humans. However, the impact of
ABCA1 on atherosclerosis remains controversial. An early
systematic survey of TD patients indicated homozygotes
over the age of 30 displaying a 6-fold higher incidence of
CVD than normolipidemic control subjects [24]. Of note, the
increased risk of atherosclerosis in TD patients does not
appear to be as dramatic as one would expect in individuals
with an almost complete absence of HDL. One possible
explanation is that TD homozygotes in addition to having
low HDL-C also have reduced levels of VLDL and LDL
cholesterol (VLDL-C and LDL-C), and thus the atherogenic
stimulus may be diminished. Comparison of the phenotypes
of TD homozygotes with heterozygotes who have decreased
HDL-C (=40% normal) but normal VLDL-C or LDL-C
levels confirmed that ABCAL is a rate-limiting factor in
HDL biosynthesis, while one functional ABCAI allele is
sufficient to maintain normal LDL levels. Moreover,
heterozygotes do not display the excessive accumulation of
lipid-laden tissue macrophages as observed in homozygotes
[25], implying that one functional ABCA1 allele is sufficient
to prevent excessive cholesterol accumulation in macro-
phages. Interestingly, heterozygotes also showed significant
increases in CVD incidence and carotid artery intima media
thickness as compared to healthy controls [26]. One study of
the Copenhagen City Heart cohort revealed that genetic
variations in ABCA1 affect CVD in the general population
[27]. However, a follow up study of the same cohort con-
cluded that low HDL caused by loss-of-function mutations in
ABCAI1 does not contribute to the risk of CVD [28]. It was
also reported that both common and rare ABCA1 variations
are associated with increased CVD despite normal HDL
levels [27, 29, 30]. Collectively, these studies support the
idea that impaired ABCA1 function increases atherosclerosis
in humans, although not in all cases by mechanisms that
reflect reduced plasma HDL-C levels.

Studies in mice where the Abcal locus is deleted or
human ABCAIl is overexpressed generally support the
hypothesis that ABCA1 by maintaining circulating HDL-C
levels and cellular cholesterol efflux significantly prevents
atherosclerosis. Total-body Abcal-deficient (Abcal ") mice

Ye et al.

exhibit low plasma HDL-C levels and cholesterol accumu-
lation in peripheral macrophages, a phenotype similar to that
of TD patients [31]. However, atherosclerotic lesions were
not increased when Abcal ™ mice were fed chow or a high-
fat, high-cholesterol (HF/HC) diet [31]. Upon cross-breeding
of Abcal”™ mice with hypercholesterolemic mouse models
(apoE’/’ or Ldlr’ mice), the accumulation of lipid-laden
foam cells in peripheral tissues was especially pronounced
[32]. However, compared with the control mice, lesion size
was not increased in either Abcal "apoE ™~ or Abcal " Ldlr ™
double knockout mice, which is probably caused by a less
atherogenic lipid profile in these animals. Recent studies
have used tissue-specific knockout or knockdown of the
Abcal locus to assess the respective role of liver, intestine,
and macrophage ABCA1 in HDL metabolism and athero-
genesis. Liver-specific Abcal ™ mice have a ~80% reduction
in HDL-C levels [33], and liver-specific partial gene
knockdown of Abcal significantly reduced HDL-C levels by
~40% [34]. Subsequent studies reported that intestine-
specific Abcal”’™ mice have a ~30% reduction in HDL-C
levels [35]. Thus, the liver and intestine that synthesize
apoA-1 [36, 37], are primarily responsible for lipidating
newly secreted lipid-poor apoA-I via ABCA1-mediated lipid
efflux. More recently, Brunham et al. elegantly showed the
tissue-specific role of ABCAL1 in influencing susceptibility
to atherosclerosis [38]. Their results indicated that physio-
logically global ABCA1 overexpression reduced atheroscle-
rosis. Deletion of hepatic Abcal significantly accelerated
atherosclerosis, indicating that the liver is an important site
at which ABCA1 plays an antiatherogenic role. Surprisingly,
selective deletion of macrophage ABCA1 was not found to
have a strong impact on lesion burden. Moreover, previous
studies have shown that, independently of changes in plasma
HDL-C levels, deletion of Abcal in bone marrow-derived
hematopoietic cells increases atherosclerosis [32, 39],
whereas overexpression of bone marrow ABCA1 reduces
atherosclerosis [40]. Whether ABCA1 expression in other
hematopoietic cells (e.g., dendritic cells, lymphocytes, and
endothelial progenitor cells) prevents atherosclerosis via
modulating immunologic responses, including the secretion
of inflammatory cytokines and T cell proliferation, remains
to be further investigated.

Together these studies demonstrate that ABCAL is a rate-
limiting factor in HDL biosynthesis. In liver and intestine
ABCAL1 is essential for maintaining plasma HDL-C levels,
while macrophage ABCA1 only has a minor effect on circu-
lating HDL but is important as a mediator of cellular lipid
efflux to exogenous lipid-poor HDL apolipoproteins (Fig. 1).
Physiological deletion or expression of ABCA1 modulates
susceptibility to atherosclerosis in mice, and hepatic ABCA1
may be an appropriate therapeutic target for raising HDL
levels and reducing atherosclerosis in humans.

1.2. ABCGI1, HDL, and Atherosclerosis

ABCGI, also known as ABC8 or human white gene,
exhibits high homology with the Drosophila white gene,
which acts as a regulator of tryptophan and guanine uptake
in conjunction with the scarlet and brown genes [41, 42]. To
date, no genetic variations in human ABCGI1 have been
identified that link it to any inheritable disease. Nevertheless,
Mauldin ef al. reported that ABCG1 expression and function
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Fig. (1). Schematic overview of the role of ABCA1 and ABCG] in the reverse cholesterol transport (RCT). apoA-I is secreted by liver and
intestine and loaded with cholesterol (C) and phospholipids by ABCAL1. The thus formed prepf-HDL picks up cholesterol and phospholipid
from ABCAI in macrophages and peripheral cells and is converted to a-HDL. These mature HDL particles can be further loaded with
cholesterol at least in part by ABCGI in macrophages and delivers in turn its cargo to SR-BI in the liver. Subsequently, cholesterol can be
secreted into the bile either in the free form or after conversion as bile salt (BS). After transport via the bile into the intestine, cholesterol and

bile salts are reabsorbed or excreted in the feces.

are significantly reduced in patients with type 2 diabetes
mellitus, potentially contributing to the formation of lipid-
laden macrophages and accelerated atherosclerosis in these
patients [43]. Schou et al. demonstrated that a functional
variant in the ABCG1 promoter, ABCG1 -376C>T located
in a putative SP1 binding site, reproducibly predicts an
increased incidence of ischemic heart disease in the general
population [44]. In addition, Furuyama et al. reported that
another ABCG1 -257T>G promoter polymorphism confers
an appreciable increase in the risk of atherosclerotic disease
severity in Japanese men [45]. In the latter two studies,
plasma HDL-C levels are relatively normal in subjects with
ABCG1 mutations [44, 45]. However, Furuyama et al
suggested that ABCG1 may influence the lipid composition
in HDL particles, affect the turnover of HDL metabolism
and atherogenesis in humans [45]. In an attempt to determine
the function for human ABCGI1, Klucken et al. treated
human macrophages with antisense oligonucleotides to
ABCGI, and this treatment resulted in decreased efflux of
cholesterol and phospholipids to HDL3 [7]. However, the
exact cellular and physiological function of ABCGI1
remained unclear.

Studies evaluating the physiological relevance of
ABCGI1 transport activity have relied mainly on mouse
models where the endogenous Abcgl locus is deleted or

human ABCGI is overexpressed. Kennedy et al. first repor-
ted that Abcgl—/— animals did not display an overt dyslipi-
demia when maintained on a chow diet [46]. However, these
null animals accumulated massive both neutral lipids and
phospholipids in hepatocytes and in macrophages within
multiple tissues following administration of a HF/HC diet.
Conversely, overexpression of human ABCGI protected
murine tissues from dietary fat-induced lipid accumulation.
Despite these observations, when administered a HF/HC
diet, loss of total body Abcgl transport did not significantly
accelerate atherosclerosis, and loss of macrophage Abcgl in
atherosclerotic mouse models (apoE’/’ or Ldlr'™ mice) has
been variously reported to be either pro- or antiathero-
sclerotic [47-50]. Moreover, total body human ABCG1 over-
expression resulted in either no effect [51] or aggravation
[52] of atherosclerosis. These results indicate that manipu-
lating ABCG1 alone does not markedly impact athero-
sclerosis in mice.

ABCA1 converts lipid-poor/free apoA-I to partially
lipidated “nascent” HDL, and these particles in turn may
serve as substrates for ABCG1-mediated cholesterol export
[53]. This raises the interesting possibility that ABCA1 and
ABCGI1 may coordinate the removal of excessive cellular
cholesterol. Recently, Abcal and Abcgl double knockout
(Abcal "Abcgl™) mice were generated by several
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independent groups to investigate the potential synergistic
relationship between ABCA1 and ABCGI in modulating
macrophage cholesterol homeostasis and atherogenesis. Out
et al. reported that combined Abcal and Abcgl deficiency
resulted in a completely abolished cholesterol mass efflux
from macrophages to HDL [54]. Similar studies by Yvan-
Charvet et al. showed that Abcal’/’Abcgl’/’ macrophages
displayed a more than 2-fold decrease in the ability to
promote cholesterol efflux to HDL or serum as compared to
Abcal ", Abcgl’/’ and wild-type macrophages [55]. In vivo
studies using a macrophage-specific RCT assay also indi-
cated that cholesterol efflux from Abcal’"Abcgl™™ macro-
phages to plasma, liver, and feces was highly reduced as
compared to animals that received macrophages from single
knockout or wild-type mice [56]. Defective cholesterol
efflux due to the combined deficiency of Abcal and Abcgl
was associated with markedly increased cholesterol content,
primarily in the form of cholesteryl ester (CE), in resident
macrophages of the peritoneal cavity, lung, liver, spleen,
Peyer’s patches, and lymph nodes in chow-fed Abcal ™
Abcgl’/ “mice [54]. However, these mice did not show lipid
accumulation in the arterial wall. This is most likely caused
by the severe hypocholesterolemia in these mice, which is
unable to provide the stimulus to attract macrophages to
infiltrate into the arterial wall. Furthermore, Yvan-Charvet
et al. showed that Ldlr”™ mice receiving Abcal "Abcgl ™™
transplants had substantially greater atherosclerosis as
compared to recipients receiving single knockout or wild-
type bone marrow, following administration of a HF/HC bile
salt diet (1.25% cholesterol, 7.5% cocoa butter and 0.5%
cholic acid) [55]. Out et al. reported that reconstitution of
Ldlr" mice with Abcal"Abcgl™ bone marrow cells resul-
ted in a prominent accumulation of lipids in the liver, lung
and spleen as compared to recipients receiving single
knockout or wild-type bone marrow, following a Western-
type diet (0.15% cholesterol and 15% fat) [57]. However, in
the context of Ldlr’ recipients, loss of ABCG1 did not
significantly worsen atherosclerosis beyond that caused by
the loss of only ABCA1, which is possibly reflecting an
unexpected decreased in plasma VLDL/LDL levels in the
Abcal’/’Abcgl’/’ transplanted mice. The study of Out et al.
was interpreted as showing a disproportionate increase in
atherosclerosis given the degree of VLDL/LDL lowering.

Taken together, these studies indicate that ABCG1 plays
a critical role in lipid homeostasis by controlling tissue lipid
levels and the efflux of cellular cholesterol to HDL (Fig. 1).
Unlike ABCA1, ABCG1 does not have a rate-limiting role in
maintaining plasma HDL-C levels. Likewise, loss of
ABCGI alone does not markedly accelerate atherosclerosis.
In spite of having a varied effect on atherosclerosis, ABCG1
in concert with ABCA1 does make a major contribution to
cellular cholesterol export and prevent macrophage foam cell
formation.

2. ABCA1 AND ABCG1 IN INFLAMMATION,
INDEPENDENT OF CHANGES IN CIRCULATING
HDL LEVELS

Atherosclerosis is a chronic inflammatory disease in
which macrophages and endothelial cells (EC) play import-
ant roles. Macrophages are a primary cell type involved in
innate immunity. Lipopolysaccharide (LPS), a major outer
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membrane constituent of Gram-negative bacteria, is a potent
endotoxin that, through the activation of cellular immunity,
induces a cytokine-mediated systemic inflammatory res-
ponse in the host [58, 59]. A series of studies have shown
that deficiency of ABCA1 and/or ABCGI1 in macrophages
leads to LPS hypersensitivity [55, 60, 68, 78], implying a
potential role of these two transporters in suppressing macro-
phage inflammation. In addition to macrophages, aortic EC
also express ABCA1 and ABCG1 and export cholesterol to
HDL [61]. EC in the artery wall become activated in many
cases by oxidized lipids in early atherogenesis [62].
Activated EC secrete pro-inflammatory chemokines that
recruit monocytes to the activated endothelium [63]. Several
studies have shown that incubation of EC with HDL reduces
the endothelial inflammatory response [64-66]. It is thus
possible that ABCA1 and ABCG1 modulate inflammatory
responses in vascular EC at least in part by facilitating
cholesterol efflux to HDL in these cells.

2.1. Anti-inflammatory Properties of ABCA1

Francone et al. reported that LPS-induced septic shock
was exacerbated in Abcal " Ldlr’™ mice compared with
Ldlr"™ mice [59], suggesting a potential role of ABCAL1 in
suppressing inflammation. Subsequent studies by Aiello et
al. showed that macrophages from Abcal "Ldlr"~ mice were
enriched in CE content (80-fold higher), and plasma HDL
concentrations in these mice were extremely low [67].
However, it is not clear whether the observed heightened
response to LPS in macrophages from Abcal "Ldlr’" mice is
due to the massive cellular CE accumulation, the low plasma
HDL-C levels, or some other alterations. Recently, macro-
phage-specific Abcal " mice were generated by Zhu et al.
[68], and it was demonstrated that macrophages lacking
Abcal are hypersensitive to LPS stimulation, independently
of low plasma HDL-C levels, requiring the expression of
MyD88 which is an adaptor protein that mediates LPS
signaling initiated by the Toll-like receptor 4 (TLR4).
Koseki ef al. showed that cultured Abcal—/— macrophages
secreted greater amounts of pro-inflammatory tumor necrosis
factor-a (TNF-a) in response to LPS, and that this response
was associated with increased levels of free cholesterol (FC)
in lipid rafts on the cell surface [69]. These data support the
concept that ABCAI modulates cell surface cholesterol
levels and inhibits its partitioning into lipid rafts, which may
explain the hypersensitivity to LPS in Abcal ™ macrophage.
Moreover, Sun et al. reported that FC accumulation in the
endosomal compartment increased the inflammatory res-
ponse in a TLR-dependent fashion, with TLR3 playing the
major role [70]. Combined, it is plausible that the anti-
inflammatory properties of ABCA1l are mediated by its
ability to modulate cholesterol content both on the cell
surface and within intracellular compartments (Fig. 2).

However, recent work by Tang et al. suggested that not
all of the anti-inflammatory properties of ABCA1 are a con-
sequence of its lipid transport activity [71]. It was reported
that the interaction of apoA-I and its mimetic peptides with
ABCA1 promotes cholesterol removal and activates signal-
ing molecules, such as Janis kinase 2 (JAK2), which opti-
mize the lipid export activity of ABCAL1 [72, 73]. JAK2
activation, however, also stimulates signaling pathways that
activate transcription factors called STATs [74]. One of the
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Fig. (2). Protective effects of ABCA1 and ABCG1 on macrophage cholesterol efflux and inflammation. The ABC transporters ABCA1 and
ABCG1 coordinate to facilitate macrophage cholesterol efflux to HDL and its apolipoproteins. ABCA1 transports phospholipids (PL) and
cholesterol, while ABCG1 is largely a cholesterol transporter. Cholesterol efflux to apoA-I specifically requires ABCA1, whereas efflux to
HDL requires ABCG1. Unlike ABCA1, ABCG1 has a specific role in promoting cellular efflux of oxysterols modified at the 7 position, such
as 7-ketocholesterol- and 7B-hydroxycholesterol. Activation of LXR by oxysterols robustly induces the transcriptional expression of ABCA1
and ABCGI in macrophages, leading to enhanced cholesterol efflux and resolution of the cholesterol overload in these cells. ABCA1 and
ABCG1 modulate the fluidity of the plasma membrane as well lipid raft formation. This, in turn, modulates the Toll-like receptor 4 (TLR4)
expression and signaling upon activation via the LPS/MD-2 complex formed after binding of LPS to CD14. Subsequently, downstream
signaling molecules such as Myd88 will control the activation of NF-kB and the inflammatory gene expression response. Activation of LXR
can also modulate the inflammatory response through suppression of NF-kB, but this mechanism appears to be independent of ABCA1 or
ABCGTH activity. Free cholesterol (FC) accumulation in the late endosome/lysosome can also modulate the inflammatory response by
spontaneous activation of TLRs, such as TRIF-dependent TLR3, present in these intracellular compartments. By promoting cholesterol
efflux from the late endosomal compartment, ABCA1 thus have a unique role in dampening inflammation. In addition, binding of apoA-I to
ABCA1 stimulates the activation of signaling molecules, such as Janis kinase 2 (JAK2). The activated JAK2 both enhances the interaction of
apoA-I with ABCA1 and stimulates the transcription factor STAT3. The phosphorylated STAT3 is translocated to the nucleus where it
suppresses LPS-mediated production of inflammatory cytokines, without inhibiting LPS-induced NF-«xB activation.

STATs, STAT3, plays a major role in suppressing inflam-
matory cytokine production by macrophages [74, 75]. As a
result, incubation of apoA-I with activated ABCA1-expres-
sing macrophages suppressed the production of inflam-
matory cytokines TNF-a, IL-1B, and IL-6 by a STAT3-
dependent process [75]. This novel role of ABCAl was
further confirmed by results showing that apoA-I lost its
anti-inflammatory activity in Abcal '~ macrophages [75].
The generation of mutant forms of ABCA1 that lack the
ability to activate STAT3 but retain lipid export activity is

worth exploiting, and is expected to provide important
mechanistic insight into the anti-inflammatory properties of
ABCA1 (Fig. 2).

2.2. Anti-inflammatory Properties of ABCG1

Wojcik et al. reported that Abcgl™ mice had increased
pro-inflammatory cytokine levels in their lungs, leading to
the recruitment of neutrophils, eosinophils, B cells, T cells,
and dendritic cells [76]. They also showed that macrophages
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are the primary cell type involved in the onset of both pul-
monary lipidosis and inflammation in Abcgl’/’ mice. Like-
wise, Yvan-Charvet et al. found that macrophages lacking
either Abcgl, or both abcal and abcgl secreted significantly
more cytokines and chemokines [55]. Both ABCA1 and
ABCG1 modulate cell surface cholesterol levels and inhibit
its partitioning into lipid rafts. Given lipid rafts may provide
platforms for innate immune receptors to respond to
inflammatory signals [77], it follows that loss of ABCA1 and
ABCG]1 by increasing raft content will increase signaling
through these receptors. In agreement, basal and LPS-
stimulated thioglycollate-elicited peritoneal macrophages
showed increased inflammatory gene expression in the order
Abcal "Abcgl>Abcgl>Abcal >wild-type, and TLR4
cell surface concentration was increased in Abcal”’ ’Abcgl’/ N
>Abcgl>Abcal " >wild-type macrophages [78]. Interest-
ingly, replenishment or removal of cholesterol using cyclo-
dextrin reduced the inflammatory response of Abcal™ and
Abcgl’/’ macrophages [78, 79], supporting the hypothesis
that the increased inflammatory response is attributable
to cholesterol accumulation in the plasma membrane of
Abcal " and Abcgl ™ macrophages. ABCG1 appears to have
a more potent role in modulating macrophage inflammation
than ABCA1, which perhaps reflects a predominant role of
this transporter in modulating cholesterol content in lipid
rafts [80].

Both apoptosis and necrosis was increased in Abcgl ™
alveolar macrophages [76], which may also contribute to or
dampen pulmonary inflammation. In agreement, Baldan
et al. showed that Abcgl™™ peritoneal macrophages were
more apoptotic [47]. When FC accumulates in the macro-
phage, the ratio of FC to phospholipids is disturbed in the
endoplasmic reticulum (ER) membrane [81]. The "stiffen-
ing" of the ER membrane bilayer leads to ER protein dys-
function, ER stress, and the unfolded protein response,
resulting in apoptosis of the cell [81]. Furthermore, oxy-
sterols that are formed within macrophages as a consequence
of cholesterol accumulation may cause cells to be more
prone to apoptosis [82, 83]. Unlike ABCA1, ABCGI has a
specific role in promoting cellular efflux of oxysterols
modified at the 7 position, such as 7-ketocholesterol- and 783-
hydroxycholesterol, to prevent macrophages from oxysterol-
induced cell death [84, 85]. Thus, it is possible that Abcgl’/’
macrophages are more prone to apoptosis due to the toxic
effects of FC and oxysterol accumulation.

More recently, Whetzel et al. reported that reductions in
ABCGI1 expression in endothelium promote a pro-
inflammatory endothelial phenotype [86]. Aortic EC from
Abcgl™ mice displayed increased production of chemo-
kines, increased surface expression of the adhesion mole-
cules that promote monocyte adhesion and interactions. The
regulation of monocyte-endothelial interactions by ABCG1
appeared to be independent of HDL binding. Furthermore,
the pro-inflammatory phenotype of Abcgl”~ EC was not
mediated by NFkB, a key molecule involved in the regula-
tion of the inflammatory response to both infection and
tissue damage. Instead, the IL-6-IL-6 receptor axis was
found to be induced in Abcgl”™ EC, and this pathway,
through STAT3 signaling, regulates monocyte-endothelial
interactions in Abcgl’/ ~mice. Thus, in addition to suppres-
sing macrophage inflammation, ABCG1 may also be import-
ant for regulating the early inflammatory response in EC in
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the vessel wall. Further studies examining whether the effect
of ABCG1 deficiency on the total cholesterol content and/or
the intracellular distribution of cholesterol in EC as well as
macrophages and the consequence for cellular signaling are
needed to fully understand the anti-inflammatory properties
of ABCGI.

3. STRUCTURE, EXPRESSION AND REGULATION
OF ABCA1 AND ABCG1

3.1. The Structure, Expression, and Regulation of
ABCA1

ABCAL1 is a 2261 amino acid integral membrane protein.
It is a full transporter, comprising two halves of similar
structure. Each half has a transmembrane domain containing
six helices and a nucleotide binding domain (NBD) con-
taining two conserved peptide motifs known as Walker A
and Walker B, which are present in many proteins that use
ATP in energizing their transport activity, and a Walker C
signature unique to ABC transporters. ABCALI is predicted
to have an N terminus oriented into the cytosol and two large
extracellular loops that are highly glycosylated and linked by
one or more cysteine bonds [87, 88].

ABCAL1 is expressed ubiquitously, but with the highest
concentrations in the liver, brain, adrenal glands, and macro-
phage foam cells [89-91]. Experiments using biotinylation
[92], anti-FLAG antibody in FLAG-ABCAI transfected
cells [93], green fluorescent protein (GFP)-ABCA1 trans-
fected cells [94, 95], and a polyclonal antibody [96] have
suggested that ABCA1 localizes to the plasma membrane
and to intracellular compartments (e.g., early and late endo-
somes and lysosomes). Although still controversial, it is
suggested that ABCA1 may form a channel in the plasma
membrane that promotes flipping of lipids from the inner to
outer membrane leaflet by an ATPase-dependent process
[97]. Some data support a direct efflux mechanism wherein
ABCAL1 first binds apoA-I, resulting in subsequent transfer
of lipid to the bound apoA-I, which is then released from the
cell, with the latter steps presumably still occurring within
the context of the high affinity complex [98, 99]. Other more
indirect models have also proposed that ABCAI1 activity
creates lipid raft membrane domains in the absence of apoA-
I, and that these lipid domains may represent a larger capa-
city but lower affinity cellular binding site for apoA-I that is
not closely associated with ABCA1 [100, 101]. Subse-
quently, cellular phospholipids and cholesterol are trans-
ported simultaneously or phospholipid efflux precedes cho-
lesterol efflux [102, 103]. These partially lipidated apolipo-
proteins can then acquire additional cholesterol by other
processes and mature into larger spherical HDL particles
(HDL2 and HDL3). The selective uptake of HDL by the
liver is mediated by scavenger receptor class B type I (SR-
BI), which has a high affinity for lipid-rich HDL particles,
but low affinity for lipid-poor HDL apolipoproteins [104].

In addition to mediating lipid efflux on the cell surface,
ABCA1 may also be internalized along with apoA-I in
vesicles to intracellular compartments where ABCA1 pumps
lipids into the vesicles for association with apoA-I, and
subsequent release of nascent HDL particles upon fusion
with the plasma membrane (retroendocytosis) [105, 106].
Smith et al. reported the uptake and resecretion of labeled
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apoA-I [107] and colocalization of GFP-ABCA1 and apoA-I
in intracellular compartments [108]. In agreement, Hassan
et al. showed that cell binding of apoA-I specifically media-
tes the continuous endocytic recycling of ABCAI, and that
this pathway plays a central role in the genesis of nascent
HDL [109]. Moreover, Chen et al. found impaired ABCA1
internalization in cells expressing a mutant form of ABCA1
(ABCA1delPEST), and the failure of the ABCA1-PEST
mutant to reach late endosomes was associated with less
ability to export endosome/lysosomal cholesterol to apoA-I,
but not cell surface cholesterol [110]. They also reported that
trafficking of ABCA1, and possibly apoA-I, to the late endo-
some/lysosome compartment is responsible for a quantita-
tively significant percentage of total ABCAIl-dependent
cholesterol efflux [110]. Thus, it is conceivable that
internalization of ABCAL1 is necessary for the mobilization
of cellular cholesterol, at least during transit through the late
endosome/lysosome compartment.

As expected for a transporter that mediates excess
cellular cholesterol export, transcription of ABCAIL is
markedly induced by overloading cells with cholesterol [89,
90]. ABCALl expression is regulated at multiple levels,
including the nuclear receptors liver X receptor (LXR) and
retinoid X receptor (RXR) binding to the promoter region of
the ABCA1 gene, with LXR being activated by elevated
levels of oxysterols in cholesterol-loaded cells [111, 112].
Several additional modes of transcriptional regulation of
ABCAT1 by the transcription factors Sp1/3, upstream stimula-
tory factor 1/2 (USF1/2), hepatocyte nuclear factor 1a (HNF-
la), cyclic AMP (cAMP), and Zinc finger protein 202
(ZNF202) have been reviewed [113]. Although much
emphasis has been placed on the transcriptional regulation of
ABCAI, new studies are beginning to reveal its post-trans-
criptional regulation. Under basal conditions in cultured
cells, ABCA1 has a relatively rapid turnover rate, as evi-
denced by the fact that ABCA1 protein is highly unstable in
absence of inducers (half-life of 1 to 2 hours) [114-116].
ABCAL1 is stabilized by apoA-I binding to cells, through
apoA-I-dependent inhibition of calpain-mediated proteolysis
of ABCA1 [115]. Multiple constitutive and apoA-I-stimu-
lated phosphorylation events have been described that both
enhance [72, 117-121] or inhibit [122] ABCAL activity. In
addition, Arakawa and Yokoyama showed that apoA-I
itself stabilizes ABCA1 by retarding its degradation [123]. In
their study, A,N-acetyl-leucine-leucyl-norleucinal aldehyde
(ALLN), but not lactacystin, blocked the turnover of ABCA1
in the absence of apoA-I, and these authors speculated that a
non-proteasomal thiol protease was involved. In another
study by Feng et al., the decrease in ABCA1 protein in FC-
loaded macrophages was blocked to similar degrees by
ALLN and lactacystin, suggesting an important role for pro-
teasomal degradation in this process [124]. An important
area of future investigation will be to determine the mole-
cular mechanisms linking FC loading to proteasomal degra-
dation of ABCAI, including the possibility that FC loading
triggers ubiquitination of ABCA1. Moreover, Wang and
Oram reported that unsaturated fatty acids (FAs) also
accelerate the degradation of ABCA1l and thus decrease
apoA-I-mediated efflux [116]. Unsaturated FAs not only act
on the transcriptional regulation of ABCA1 (as antagonists
of oxysterols in LXR activation), but also induce ABCA1
protein degradation (via a signaling pathway involving
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activation of phospholipase D2 and phosphorylation of
ABCAL serines) [125].

3.2. The Structure, Expression, and Regulation of
ABCGl1

ABCG1 is a half-transporter containing only one 6-helix
transmembrane domain and a single nucleotide binding fold.
As an active transporter which needs two NBD and two
transmembrane bundles, ABCG1 needs to form a homo-
dimer or a heterodimer with another ABC transporter to
become active [126, 127].

In general, high expression of ABCG1 mRNA was noted
in spleen, lung, thymus, and brain, whereas expression in
kidney, liver, and heart was low or undetectable [127, 128].
Subsequent studies using ABCG1-null/LacZ knock-in mice
demonstrated that ABCG1 is predominantly expressed in
macrophages, EC, and lymphocytes [46]. The mammalian
ABCG1 cDNA was originally identified from studies using
degenerate PCR and RNA from either a murine macrophage
cell line [127], a murine pre-B cell library [128], or a human
Jurkat T-cell line [128], or after using exon-trapping and a
human chromosome 21 ¢cDNA library [129]. Both the human
and murine ABCG1 genes utilize multiple promoters and
alternative splicing to produce a diverse array of mRNAs
that encode multiple putative protein isoforms that range
from 64-79 kDa [130-132]. It is not known if these isoforms,
which vary only at the amino terminus upstream of the
Walker A motif, form distinct dimers and/or have different
functions in vivo. One interesting human isoform variation is
predicted to arise due to alternative splicing in a section of
the cytoplasmic domain of ABCGI1 between the trans-
membrane regions and the ATP cassette. Splicing in this
region leads to either the presence or absence of a 12 amino
acid (AA) internal segment in the ABCG1 protein, termed as
ABCG1(+12) and ABCGI1(—12) [128, 133]. The two
ABCG] isoforms are expressed at both RNA and protein
levels in human macrophages, with ABCG1(—12) tending to
be the more abundant [134]. Of note, ABCG1(+12) is not
expressed in mice [135], while mouse models are widely
used to elucidate the function of ABCGI, further inves-
tigations into the importance of this human ABCG1 isoform
are warranted.

ABCG1 promotes cholesterol efflux from cells to mature
HDL but not to lipid-free apoA-I [7, 136, 137]. In contrast to
ABCA1-dependent lipid export, which requires apolipo-
protein binding, ABCGI1-dependent cholesterol efflux does
not appear to directly bind HDL [138]. Different models
have been proposed to explain how ABCGI1 acts to increase
the availability of plasma membrane cholesterol to its accep-
tors. One suggested that ABCG1 helps cholesterol molecules
to overcome the energy barrier for entry into the hydrophilic
water layer, perhaps by using ATP to promote protrusion of
the cholesterol molecule into water, followed by a transient
collision with an acceptor [138]. A second model pointed to
a function of ABCGI1 as a phospholipid floppase, promoting
changes in the organization of plasma membrane phospho-
lipids and subsequent attraction of cholesterol to the outer
leaflet for diffusional efflux [139]. Although expression of
ABCG]1 does not increase cellular binding of HDL, it does
increase the oxidation sensitivity of cellular cholesterol in
the absence of HDL [100, 137], suggesting that ABCGI



8 Current Drug Targets, 2011, Vol. 12, No. 3

(like ABCA1) can modify plasma membrane cholesterol
domains such that they are more accessible to cholesterol
oxidase. Whether the cholesterol in the ABCG1 modified
membrane domains is spatially different from those gene-
rated by ABCA1 remains to be investigated.

ABCG]1 predominantly localizes to the intracellular com-
partments in basal macrophages, and it can be redistributed
to the plasma membrane after LXR activation [140]. Thus,
the LXR system performs a dual function of inducing
ABCG1 transcription and its translocation to the plasma
membrane. However, one recent study by Larrede et al
demonstrated that stimulation of cholesterol efflux to HDL
by LXR activation in human foam cells involves an ATP-
dependent transport mechanism solely mediated by ABCA1
that it appears to be independent of ABCGI1 expression
[141]. In addition to LXR activation, ABCGI expression can
also be induced by agonist of peroxisome proliferator-
activated receptor gamma (PPARy) paralleling with
increased LXR [142]. In agreement, Akiyama et al. showed
that hepatic expression of ABCG1 was reduced in mice
following conditional disruption of hepatic PPARy [143].
Moreover, PPARy agonists were reported to induce ABCG1
in LXR o/B-null macrophages and to exert antiatherogenic
effects [144]. These results suggest that the expression of
macrophage ABCG1 could be increased by PPARy agonists,
which is associated with or independent of LXR activation.

Like ABCA1, ABCG1 expression can also be post-trans-
criptionally regulated by diverse factors. Uehara et al. dem-
onstrated that unsaturated FAs significantly suppress the
stimulatory effects of oxysterols and retinoids on the mRNA
and protein expression of ABCG1 as well as the activity of
the wild-type human ABCG1 promoter [145]. In addition,
lipoxygenases comprise a family of enzymes capable of
mediating selective lipid oxidation. One of them, called
12/15-lipoxygenase (12/15LO) catalyzes the conversion of
free FAs to produce eicosanoids [146]. Nagelin et al. pre-
viously showed that 12/15LO activity in macrophages
enhances the degradation of ABCGI protein and thus
reduced cholesterol efflux [147]. Correlating with the inc-
reased turnover of ABCG1, the 12/15L0O eicosanoid product
12S-hydroxyeicosatetranoic acid (12SHETE) enhances the
serine phosphorylation of ABCG1 [147]. More recently, the
mechanism by which 12/15LO regulates ABCG1 was further
elucidated by the same group, and it was suggested that
12/15L0O activates c-Jun NH2-terminal kinase 2 (JNK2) and
p38 mitogen-activated protein kinase (MAPK) pathways to
enhance the phosphorylation and degradation of ABCG1
[148]. Furthermore, Mauldin et al. demonstrated that
ABCG1 expression was decreased in peritoneal macro-
phages isolated from Type 2 diabetic mice [149]. Similarly,
down-regulation of ABCG1 was observed by using C57BL/
6] peritoneal macrophages cultured in the presence of
elevated glucose levels. These results suggest that ABCG1
expression in diabetic macrophages is regulated by chronic
exposure to elevated glucose. Zhou et al. recently reported
that the expression of ABCG1, but not ABCA1, was reduced
in monocytes from Type 2 diabetic patients, which is partly
related to the increased exposure to serum advanced
glycation end (AGE) products [150]. The effect of AGEs on
ABCG1 expression is mediated by the receptor for AGE
(RAGE) through a LXR-independent pathway. However, the
exact mechanism remains unknown [151].
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4. THERAPEUTIC TARGETING ABCA1 AND ABCG1

As described above ABCAL, but not ABCGI, is a rate-
limiting factor in HDL biosynthesis. Both  ABCA1 and
ABCG] play critical roles in lipid homeostasis by control-
ling tissue lipid levels and cellular cholesterol efflux.
Cholesterol efflux to apoA-I specifically requires ABCAI,
whereas efflux to HDL requires ABCGIL. In addition,
ABCAL1 and ABCGI have also anti-inflammatory properties
which are independent of changes in plasma HDL-C levels.
The beneficial effects of ABCA1 and ABCG1 have made
them important new therapeutic targets for preventing
atherosclerosis. The expression and activity of ABCA1 and
ABCGI1 is regulated transcriptionally and post-transcrip-
tionally by multiple processes. Nowadays, various programs
have been initiated by the pharmaceutical industry to target
these two ABC transporters.

4.1 Target Transcription of ABCA1 and ABCG1

Both ABCAL1 and ABCG]1 are strongly induced in human
macrophages on LXR/RXR activation, and ABCG1 appears
to be a preferential target of LXR ligands in foam cells
[141]. Thus, upregulation of macrophage ABCA1l and
ABCG1 by LXR agonists may constitute an effective
pharmacological approach to attenuate foam cell formation,
and thereby to prevent arterial lipid accumulation and lesion
progression in dyslipidemic patients. In addition to ABCAI
and ABCG1, LXR agonists are also known to induce the
transcription of other molecules involved in the RCT
pathway, including apoE [152], which promotes cholesterol
efflux from macrophages by both ABCA1-independent and -
dependent mechanisms; liver and intestinal ABCGS5 and
ABCGS [153], which promote excretion of liver and dietary
cholesterol into the bile; lipid transfer proteins, such as
cholesteryl ester transfer protein (CETP) [154] and phos-
pholipid transfer protein (PLTP) [155], which remodel
extracellular HDL particles to regenerate lipid-free apolipo-
proteins. On the other hand, Joseph et al. reported that LXR
is important for macrophage survival and regulation of the
innate immune response, but this mechanism does not seem
to be controlled by ABCA1 or ABCGI activity [156]. In
agreement, Valledor ef al. demonstrated that LXR and RXR
coordinately regulate the network of genes that control prog-
rammed cell death, resulting in protection of macrophages
from bacterial-induced apoptosis [157].

Initial studies using two non-steroidal synthetic LXR
agonists (TO901317 and GW3965) in mice suggested they
were able to increase plasma HDL-C levels and reduce athe-
rosclerosis [158-161]. Recently, Verschuren et al. demons-
trated that TO901317 strongly suppressed atherosclerotic
lesion evolution and promoted lesion regression in
apoE*3Leiden mice, a model for atherosclerosis with
predictive value for the human situation [162]. Remarkably,
the effect of T0901317 on plaque regression occurred even
in the presence of proatherogenic plasma cholesterol and
triglyceride profiles. The ability of T0901317 to induce
atherosclerosis regression is mechanistically linked to (1)
enhanced cholesterol efflux from macrophages in the aortic
lesions (via upregulation of ABCA1, ABCGI, and apoE); (2)
suppressed endothelial monocyte adhesion (at least in part
via upregulation of ABCG1); (3) reduced lesional macro-
phage content by apoptosis; and (4) increased expression of
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the chemokine receptor CCR7 in foam cells, which is
essential for the emigration of mature dendritic cells to
lymph nodes during regression. The exciting possibilities for
LXR agonists as new therapeutics are, however, counter-
balanced by one significant side effect: the induction of liver
de novo lipogenesis and elevation of plasma triglyceride
levels [163-165]. This liability is, at least in part, mediated
by LXR-induced transcription of sterol regulatory element
binding protein-1c (SREBP-1¢), which induces some of the
key enzymes involved in fatty acid synthesis, such as fatty
acid synthase (FAS) and acetyl-coenzyme A carboxylase
(ACC) [163, 164].

Clearly, a major challenge for LXR agonists is to achieve
a favorable balance between the beneficial effects of induc-
tion of cholesterol exporters (e.g., ABCAl and ABCG1) and
the detrimental effects of induction of SREBP-1c. A few
possible strategies have been proposed to minimize the side
effects of LXR agonist treatment. Both LXR isoforms (i.e.,
LXRa and LXRp) respond to the same natural and synthetic
ligands, but they show different tissue distribution. LXRa
predominates in tissues that synthesize triglycerides, such as
the liver, whereas LXR[ has a ubiquitous tissue distribution
[166, 167]. 1t is thus possible that LXR subtypes can control
different genes due to their different tissue distribution.
Interestingly, peritoneal macrophages from LXRJ knockout
mice, but not LXRa knockout mice, show altered basal
expression of ABCA1 mRNA [166], suggesting that LXRf
is the subtype more responsible for controlling ABCA1
transcription in macrophages. Furthermore, unlike LXRo-
selective agonists, LXR[-selective agonists may not induce
hepatic lipogenesis [167, 168]. However, the crystal struc-
tures of LXRa and B are very similar in the ligand binding
domains, and it may be a challenge to develop subtype-
selective ligands [169, 170]. Another approach is the identi-
fication of target gene-selective or tissue-selective LXR
agonists. Encouragingly, several natural or synthetic steroi-
dal LXR agonists have been shown to selectively activate
gene expression with minimal SREBP-1c¢ gene activation in
the liver and strongly induce ABCA1 expression in macro-
phages [171, 172]. More recently, a novel synthetic steroidal
LXR agonist ATI-829 was reported in mice to selectively
activate LXR target gene expression in the intestine and
macrophages rather than in the liver, without inducing
hypertriglyceridemia and liver steatosis [173]. Given the
variety of factors that modulate atherosclerosis in mice, the
development of LXR agonists that are LXRf, gene, or tissue
selective, which can raise circulating HDL-C and stimulate
macrophage cholesterol efflux without causing liver and
plasma triglyceride accumulation is critical for the deve-
lopment of LXR-based agonists as therapeutically useful
agents.

4.2 Target Post-Transcription of ABCA1 and ABCGl1

The possibility of targeting posttranscriptional regulation
of ABCA1 and ABCGI1 has received less attention. A series
of studies have indicated that both ABCA1 and ABCG] are
highly unstable proteins, and that they may be post-trans-
criptionally regulated in vivo by metabolic factors associated
with common disorders, such as diabetes. It is also likely that
transcription of ABCA1 and ABCG1 in highly cholesterol-
loaded cells may already be maximally stimulated. Under
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these conditions, stimulating transcriptional process alone
may have a limited contribution to enhance the overall
activity of ABCA1 and ABCGI.

ABCAL1 is degraded by calpain [115], and it appears to
be one of the major mechanisms for regulation of its cellular
level, and helical apolipoproteins protect ABCA1 against
this degradation [123]. Helical apolipoproteins interact with
ABCA1 and generate new HDL by removing cellular lipid.
ABCAL1 is phosphorylated and stabilized by a mechanism
involving protein kinase C that is presumably activated by
diacylglycerol generated by replenishment reaction for the
removal of sphingomyeline [120]. To date, several synthetic
amphipathic a-helical peptides have been produced. One of
them, called D4-F because it contains 4 phenylalanines and
only D-amino acids, can be absorbed orally into the blood
stream with a low rate of turnover in mice [174]. Adminis-
tration of this peptide in drinking water has been shown to
markedly reduce atherosclerosis in mouse models [174,
175]. D-4F protects against atherosclerosis by several
possible mechanisms including interactions with ABCAI.
Another advantage of synthetic amphipathic o-helical pep-
tides is that they may be relatively resistant to the oxidative
damage which has been reported to impair the interaction of
apoA-I with ABCA1 [176]. However, a disadvantage of
these peptides is that they have non-specific detergent effects
on membrane lipids and can accumulate in tissues and
damage cells [177, 178]. Further investigation is needed to
develop novel synthetic peptides that mimic amphiphilic
helical segments of apolipoproteins to specifically remove
cellular lipids via the ABCAIl pathway without having
detergent-like effects.

4.3 Other Potential Therapeutic Targets

Another potential strategy under investigation is to
increase the concentration of acceptors for ABCA1l and
ABCG1. ABCALI transports phospholipids to lipid-poor
apoA-I to generate partially lipidated "nascent" HDL, called
preB-HDL. These pref-HDL particles can acquire additional
cholesterol by other processes and then convert into sphe-
rical larger HDL, called a-HDL. These mature HDL particles
are effective substrates for ABCGIl-mediated cholesterol
transport [53, 179-180]. In this regard, intravenous infusion
of apoA-I or apoA-I mimetic peptides is promising app-
roaches. Infusion of recombinant apoA-IMilano/phos-
pholipid complexes in apoE”’ mice reduced the foam-cell
content of arterial lesions within 48 h post infusion [181]. A
weekly infusion of recombinant apoA-IMilano/phospholipid
complexes in humans for 5 weeks appeared to induce
regression of coronary atherosclerosis in a small study [182].
Currently, one intravenously administered apoA-I mimetic
peptide, known as the RLT peptide (ETC-642, Esperion
Therapeutics Inc., Ann Arbor, Michigan), is being studied in
clinical trials [183]. More recently, Sacks et al. developed a
novel selective delipidation technique by which large HDL
in human or monkey plasma was converted into cholesterol-
depleted HDL, resembling pref-HDL and small spherical
HDL3 that are active in removing excessive cholesterol from
cells [184]. Importantly, treatment with the delipidated
plasma tended to reduce diet-induced aortic atherosclerosis
in monkeys, suggesting that the selective HDL delipidation
could be an attractive therapy for atherosclerosis.
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5. CONCLUSIONS

Studies of human disorders and mouse models show that
the ABC cholesterol transporters ABCA1 and ABCG1 have
a major impact on whole-body lipid homeostasis by a pro-
cess termed RCT. ABCA1 and ABCG1 work synergistically
to remove excess cholesterol from cells (particularly macro-
phages), and they also play important roles in suppressing
inflammation through multiple mechanisms. In humans,
ABCA1 mutations can cause a severe HDL-deficiency
syndrome characterized by cholesterol deposition in tissue
macrophages and prevalent atherosclerosis. Disrupting
Abcal or Abcgl in mice promotes accumulation of exces-
sive cholesterol in macrophages, and physiological manipu-
lation of ABCAL1 expression affects atherogenesis in mouse
models. ABCA1 and ABCG1 have complex cellular and
regulatory pathways that are far from being completely
understood. At present, a number of approaches have been
utilized to target ABCAl and ABCGI in efforts to raise
circulating HDL levels and stimulate lipid flux through the
RCT pathway. However, the efficacy and safety of these
therapies remains an open question. As we learn more, there
will undoubtedly be additional novel therapeutic targets that
offer the best opportunity to treat atherosclerosis.
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Abstract: Bile formation is a key function of the liver and is driven by active secretion of bile salts and other organic
compounds into the biliary tree. Bile salts represent the major organic constituent of bile. They are released with bile into
the small intestine, where they are almost quantitatively reabsorbed and transported via the portal circulation back to the
liver. In the liver, they are taken up into hepatocytes and secreted into bile. This cycling between the liver and the small
intestine is called enterohepatic circulation of bile salts. Bile salts are secreted from hepatocytes into the bile by the bile
salt export pump BSEP. This step constitutes the rate-limiting step of handling of bile salts in the liver and is the major
driving force of the enterohepatic circulation of bile salts. Improper functioning of BSEP leads to an accumulation of bile
salts within hepatocytes, where bile salts become cytotoxic. If persistent, accumulation of bile salts in hepatocytes will
lead to liver disease. This review summarizes the essential concepts of bile formation and the current knowledge of
mechanisms known to impair BSEP function. Finally, it sets the current therapeutic approaches for cholestatic liver
disease into perspective to the pathophysiologic mechanisms of impaired BSEP function.

Keywords: ABC transporter, bile formation, BSEP, cholestasis, drug, liver injury.

PHYSIOLOGY OF BILE FORMATION

The liver is strategically located between the gut and the
systemic circulation. Nutrients as well as drugs and other
xenobiotics, once absorbed by the gut pass via the portal
blood to the liver and from there, if not retained by the liver,
to the systemic circulation. In the small intestine, digestion
and absorption of lipids requires bile salts. Bile salts
represent two thirds of organic constituents of bile. Bile is
produced by the liver, whereby hepatocytes form about 60 to
75 % and biliary epithelia about 25 to 40 % of bile fluid in
humans. Bile is collected in the gall bladder in between
meals and released from the gall bladder into the duodenum
after a meal. Important constituents of bile, in addition to
bile salts, are lipids (phosphatidylcholine and cholesterol),
organic anions (bilirubin and others) and small ions [1].
Hepatic bile flow is composed of bile salt-dependent bile
flow, which is driven by bile salt secretion and bile salt-
independent bile flow, which is mainly driven by secretion
of organic anions [2].

Bile salts are a metabolic product of cholesterol and are
synthesized in a multistep process in hepatocytes [3]. After
synthesis, they are rapidly conjugated by linking their
carboxylic acid group to the amino group of taurine or
glycine forming an amide [4] and secreted into the canaliculi
for delivery into the biliary tree [5, 6]. In the small intestine,
bile salts promote the digestion of fat and absorption of
lipids and fat soluble vitamins [5, 7]. Bile salts are absorbed
to more than 90 % in the small intestine and cycle back to
the liver via the portal circulation. In the liver, bile salts are
taken up from the sinusoidal blood plasma into hepatocytes
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for secretion into the biliary tree [8]. This cycling between
the gut and the liver is termed enterohepatic circulation of
bile salts and a "motus circularis bilis" has first been
described in 1690 by Mauritius Reverhorst and in 1710 by
Giovanni Alfonso Borelli [9]. For efficient transport of bile
salts from the sinusoids into the canaliculi as well as for
controlling this process, hepatocytes are equipped with an
elaborate array of transporters and regulatory mechanisms
[10-12]. Hence, hepatocytes are the principle cells involved
in bile formation and provide the driving force for the
enterohepatic circulation of bile salts. A tight control of bile
salt concentration within hepatocytes is essential, as they are
amphipathic molecules and display cytotoxic and at high
concentrations even detergent properties [7]. Hence, any
surplus of bile salts within hepatocytes can become
damaging or even lethal to the cells [13, 14].

At the basolateral plasma membrane of hepatocytes, bile
salts are mostly taken up in a sodium-dependent manner and
to a minor extent via sodium-independent processes.
Sodium-dependent uptake of bile salts is mediated by the
sodium-taurocholate  cotransporting polypeptide NTCP
(SLC10A41), which shows a preference for conjugated bile
salts [8, 15], while sodium-independent uptake of bile salts
shows a preference for unconjugated bile acids and is
fostered by organic anion transporting polypeptides or
OATPs (SLCOs), namely OATP1B1 and OATPIB3 [10,
11]. As an additional OATP, OATP2BI1 is also expressed in
hepatocytes but does not mediate transport of conjugated bile
salts [10, 16]. Importantly, OATPs are also key mediators of
hepatocellular drug and xenobiotic uptake, whereby
OATP1B1 and OATPI1B3 exhibit overlapping substrate
specificities [17]. Knowledge about intracellular transport of
bile salts from the basolateral cell pole across hepatocytes to
the canalicular plasma membrane is limited, but bile salt
binding proteins are almost certainly involved [18, 19].

© 2011 Bentham Science Publishers Ltd.
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Canalicular export of bile salts occurs against a steep
concentration gradient and is mediated by the bile salt export
pump BSEP (ABCBI11), which is a member of the ATP-
binding cassette (ABC) transporter super family [8, 20, 21].
The rate limiting step in the overall transport from the portal
blood into bile is located at the canalicular plasma membrane
[10, 22]. Hence, undisturbed functioning and proper regula-
tion of BSEP is essential for keeping the potentially cyto-
toxic bile salts at a low intracellular level in hepatocytes. In
rat liver exposed to a physiologic load of bile salts, the
concentration of their monomeric form (i.e. soluble in the
cytoplasm in their anionic form [23]) in the cytoplasm is
probably <1 uM [24]. Based on comparable total liver tissue
bile salt concentrations [25], a similar value can be assumed
for human hepatocytes. In the canaliculus, formation of pri-
mary bile is an isoosmotic process. Water follows the secre-
ted solutes using a paracellular route across tight junctions
and a transcellular route mediated by aquaporins, which
display a distinct expression pattern in the basolateral and
canalicular membrane of hepatocytes [26]. Consequently,
bile salts are a crucial driving force for the generation of
canalicular bile flow. Any reduction of bile flow represents a
pathophysiologic situation and is called cholestasis.

Even though NTCP is predominantly a bile salt trans-
porter it handles in addition sulfated compounds such as
bromosulfophthalein and sulfated steroid metabolites [8, 15,
27, 28]. Of note, human NTCP but not rat Ntcp transports
the statin rosuvastatin [29]. Experiments with isolated human
hepatocytes suggest that NTCP mediates 35 % of total
rosuvastatin, the remaining part being OATP-mediated.
Taken together, NTCP acts not only as the key hepato-
cellular bile salt uptake system, but may also contribute to
hepatocellular handling of steroid metabolites and some
drugs. NTCP is under tight transcriptional and post-
transcriptional regulation to keep intracellular bile salts
below cytotoxic levels. Transcriptionally, NTCP is repressed
by upregulation of the small heterodimer partner 1 (SHP-1,
NROB2), which is under direct positive control of the bile
salt sensor farnesoid X receptor (FXR, NR1H4) [30]. This
mechanism is species-dependent. Post-transcriptionally,
NTCP exists in different phosphorylation states, which in
turn regulate its recycling between an endosomal compart-
ment and the basolateral plasma membrane. Increasing
cAMP induces dephosphorylation of NTCP in the endoso-
mal compartment from where dephosphorylated NTCP is
shipped to the basolateral domain of hepatocytes [31].

OATPs have a very broad substrate pattern and transport
a considerable number of endogenous substrates, metabolic
end products as well as xenobiotics including drugs and
toxins. Examples of endogenous substrates are bile salts;
examples of metabolic end products are estrone-3-sulfate and
thyroxin sulfates [16, 17, 32]. Hepatic OATPs are also sub-
ject to regulation. The transcription of OATP1B3 is under
direct and the transcription of OATP1B1 under indirect con-
trol of the bile salt sensor FXR. In this context, transcription
of OATP1BI is diminished by a SHP-1 induced repression
of hepatocyte nuclear factor la (HNFla), the major
activator of the OATP1B1 promotor [30]. Rat Oatplal and
Oatpla4 have been shown to undergo phosphorylation in
heterologous expression systems resulting in their functional
down regulation [33, 34].
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BSEP has a narrow, but species-dependent substrate
specificity and transports monoanionic, conjugated bile salts
[20, 21]. Human BSEP, but not rat Bsep transports the bile
salt metabolite taurolithocholate-3-sulfate [35, 36]. Rat Bsep
transports practically no unconjugated bile salts [37], which
in vivo is mirrored by the clinical observation that patients
with defective bile salt conjugation have very little
unconjugated bile salts in their bile [38]. In addition to bile
salts, human BSEP and rat Bsep are able to mediate transport
of pravastatin, but not other statins [39].

The transcription of BSEP is under strong positive
control by the bile salt sensor FXR [21, 30]. In addition to
ligand binding for its activation, FXR requires interaction
with its partner retinoid X receptor (RXR, NR2B1) to form a
heterodimeric complex [40]. This complex binds to the
sequence element AGGTCA, which forms an inverted repeat
separated by one nucleotide (IR-1 element) on FXR respon-
sive genes [30, 40], a process which is under additional
control of coactivators and corepressors [41]. FXR is more
strongly activated by hydrophobic than by hydrophilic bile
salts [30, 42]. Additional FXR agonists include polyunsatu-
rated fatty acids, hydroxylated bile alcohols, oxysterols,
andosterone, dietary component from plants such as stig-
masterol, cafestol [30, 43] or procyanidines found in grapes,
red wine, apples and chocolate [44]. Known FXR
antagonists are guggulsterone, lithocholate and the synthetic
compound AGN34 [42]. Due to its central role in bile salt
and hence lipid and energy homeostasis, several synthetic
FXR agonists, such as for example GW4064, 6a-ethylcheno-
deoxycholic acid (6-ECDCA), both of which are more potent
activators than bile salts, AGN29, AGN31 or feraxamine
[41, 42] have been developed. The list of synthetic agonists
is rapidly growing (e.g. [45-47]), which is certainly fostered
by the detailed structural knowledge of FXR [48]. As the
canalicular exit step is rate limiting in hepatocellular
handling of bile salts, BSEP is also subject to efficient short
term regulation. Both, alterations of the carrier density of
BSEP in the canalicular membrane via endo- and exocytosis
as well as by phosphorylation state of BSEP control the
secretory capacity of the canalicular membrane for bile salts
[49, 501].

The main constituent of biliary lipids is phosphatidyl-
choline. Canalicular phospholipid secretion is critically
dependent on MDR3 (ABCB4) [51]. This ABC transporter
acts as a phosphatidylcholine translocator from the inner to
the outer hemileaflet of the canalicular membrane [52]. From
there, phosphatidylcholine is released into bile by the
detergent action of bile salts secreted by BSEP [53]. In the
canaliculus, phosphatidylcholine and bile salts form mixed
micelles, which act as acceptors for poorly water-soluble
substances, e.g. cholesterol [53]. Thereby, the release of
cholesterol from the canalicular membrane into the aqueous
canalicular lumen is facilitated by the heterodimeric ABC
transporter ABCGS5/ABCGS8 [54]. Taken together, canalicu-
lar lipid secretion requires the coordinated action of the three
ABC transporters BSEP, MDR3 and ABCGS5/ABCGS.
Furthermore and importantly, the mixed micelles formed in
the canaliculi are instrumental to lower the toxicity of the
high concentrations of bile salts in bile and by doing so
prevent injury of the bile ducts by bile salts [55]. In addition,
the canalicular membrane is rich in sphingomyelin [56],
which associates with cholesterol [57, 58]. Such an
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association was also observed in plasma membrane microdo-
mains, so called lipid rafts [59, 60]. Lipid microdomains are
resistant to solubilization by some detergents. Recently, lipid
microdomains have been demonstrated in rat canalicular
membrane [61]. Such microdomains might hence constitute
a structural element to protect the canalicular membrane
from the detergent action of high concentrations of bile salts
in the canaliculi. As a further protective element, the cana-
licular membrane contains the P-type ATPase ATP8BI
(FIC1). This ATPase is thought to translocate phosphati-
dylserine from the outer to the inner leaflet of the canalicular
membrane and thereby contributing to the resistance of the
canalicular membrane towards solublization by bile salts
[62-64].

Biliary organic anions other than bile salts mainly inc-
lude bilirubin diglucuronide and glutathione. In addition,
drug metabolites are secreted in anionic form as glucuro-
nides or sulfates into bile. Two ABC transporters located in
the canalicular plasma membrane are critically involved in
canalicular metabolite secretion: multidrug resistance protein
2 (MRP2, ABCC2) has a preference for glucuronidated com-
pounds, the prototypical substrate being bilirubin diglu-
curonide [65]. ABCG2 (also called breast cancer resistance
protein or BCRP) mediates secretion of a variety of meta-
bolites of endogenous and exogenous compounds and seems
to have some bias towards sulfated compounds [66]. In
addition, it is an important transporter conferring for tumor
cells resistance to chemotherapy in cancer.

In summary, bile formation is an important function of
the liver. For production of bile, hepatocytes are equipped
with an array of basolateral uptake systems and ABC trans-
porters in the canalicular membrane. These ABC transporters
are able to export their substrates against large concentration
gradients into the canaliculi, from where they enter the
biliary tree. In the case of bile salt secretion, which is
mediated by BSEP, a correct interplay between several ABC
transporters is necessary to counteract the toxic activity of
bile salts towards the bile ducts. Any interference with this
process, either caused by inherited or acquired functional
impairment of these transporters can potentially lead to
pathophysiologic and hence to clinically relevant liver
diseases.

INHERITED CHOLESTATIC LIVER DISEASE

In humans, many insights into the role of canalicular
ABC transporters in bile formation and normal liver
physiology were gained from inherited forms of cholestatic
liver disease. Progressive familial intrahepatic cholestasis
(PFIC) is a very rare form of liver disease, which clinically
presents in three distinct entities. The prominent clinical
manifestations of these diseases are cholestasis, pruritus and
jaundice. Severe forms become clinically manifest early in
childhood and usually require liver transplantation [67]. The
molecular identification of the underlying genetic defects
allows now a clear diagnostic distinction between the three
forms: PFIC1 is caused by mutations in the gene coding for
FIC1 (ATP8B1), PFIC2 by mutations in the gene for BSEP
(ABCBI11) and PFIC3 in the gene for MDR3 (ABCB4) [68].
As this review is focused on BSEP, only the
pathophysiology of PFIC2 will be discussed. PFIC2 also
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presents with a milder form with recurring episodes of
cholestasis, which is known as benign recurrent intrahepatic
cholestasis type 2 or BRIC2. PFIC2 and BRIC2 can also be
called BSEP deficiency syndrome [12]. Both PFIC2 and
BRIC2 patients have mutations in the BSEP gene [69, 70].
Taken together, mutations in the BSEP gene are resulting in
BSEP deficiency syndrome, which is a continuum from mild
to severe, often progressive forms of intrahepatic cholestasis
[12,71, 72].

Frequently occurring mutations in the BSEP gene causing
PFIC2 are missense mutations, nonsense mutations, dele-
tions, insertions and splice site mutations. Patients with
severe PFIC2 have less than 1 % of the normal amount of
primary bile salts in their bile and are negative for BSEP
staining with antibodies in their liver biopsies [73]. Recently,
a comprehensive study reported a detailed analysis of
patients with severe BSEP deficiency syndrome (PFIC2)
from 109 families and identified 82 different mutations [74].
The mutations in these patients cluster in the two nucleotide
binding domains of BSEP protruding into the cytoplasm.
The BSEP nucleotide binding domains show a high degree
of conservation between different species [49], which
illustrates the importance of a correct structure of these
domains for proper functioning of ABC-transporters [75-77].
The pathophysiologic consequences of the different muta-
tions were studied by BSEP immunohistochemistry in bio-
psies, where available [74]. The vast majority of patients had
abnormal or absent BSEP immunostaining, with a complete
lack of BSEP staining being dominating. Hence, mutations
in the BSEP gene tend to lead to absent BSEP expression in
patients, which may be a consequence of the quality control
system of protein synthesis in the endoplasmic reticulum
(reviewed in [21]). Direct experimental evidence for this
hypothesis is at the moment not available, since no
comprehensive studies on mRNA levels in liver biopsies
from patients with BSEP deficiency syndrome have been
published to date. The number of novel mutations described
for the BSEP gene is still increasing [78, 79]. An elegant
follow up investigation of BSEP mutations studied the
consequences of mutations and single-nucleotide polymor-
phisms in the BSEP gene from histologically characterized
patients [74] on pre-mRNA splicing and on the subsequent
processing of BSEP protein in vitro [80]. The authors
identified 20 mutations/SNPs, which displayed reduced
wild-type splicing and therefore reduced levels of normal
mRNA in an in vitro system. Expression in CHO-K1 cells
led for the majority of mutations to BSEP protein retention
in the endoplasmic reticulum and subsequent degradation.
This finding explains the lack of BSEP immunostaining in
liver biopsies of such patients. In both studies, two common
mutations were remarkable: The E297G and D482G mutants
of BSEP varied most in their expression level among the
respective carriers [74]. Furthermore, the common European
mutant D482G displayed an enhanced aberrant splicing [80],
which possibly provides an explanation for the wide
variation of BSEP expression observed in patients with
D482G mutations. Patients carrying this mutation have
clinical phenotypes with variable severity, indicating a
potential contribution of additional, yet unknown host factors
to the pathogenesis of liver disease. Very recently, patients
who developed antibodies against BSEP after liver
transplantation for end-stage PFIC2 were reported [81, 82].
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Such patients also develop persistent or transient severe
BSEP deficiency syndrome. While one of these patients
died, the others could be rescued by a more aggressive
immunosuppressive regimen. This constitutes potentially a
novel form of BSEP deficiency syndrome. However, it
should be pointed out that the exact time point of the
beginning of the (auto)immune reaction could not be
determined in these patients.

Based on the clinical picture of severe BSEP deficiency
syndrome, it can be concluded that BSEP is the only
canalicular export system for bile salts. Unfortunately,
information on functional consequences of mutant human
BSEP forms can currently not be obtained from in vivo
studies. Therefore, mutant and wild type forms of BSEP are
functionally studied in heterologous expression systems.
Using the Sf9 cell expression system, no substrate overlap
between Bsep and the additional canalicular anion exporter
Mrp2 was found [35]. Hence, also in in vitro studies, Mrp2
can not compensate for the loss of functional Bsep.
Originally, seven BSEP mutations leading to severe BSEP
deficiency syndrome, all affecting highly conserved amino
acids, were studied in heterologous expression systems.
These human mutations were introduced into the corres-
ponding conserved positions of rat Bsep and subsequently
expressed in MDCK cells [83]. Five of the studied mutations
resulted in altered targeting of Bsep to the apical membrane,
and mutant forms with reduced transport activity were
identified. Hence, in principle information on the in vivo
phenotype can be obtained from in vitro experiments [84].
However, in one study, the common D482G mutation
displayed reduced transport activity [83], while the same
mutation after being cloned into mouse Bsep displayed
normal function [85]. Later, characterization of the D482G
mutant BSEP form in HEK293 cells led to normal transport
activity [86]. Also for the E297G variant, conflicting data on
transport activity have been published [86, 87]. These
discrepancies can potentially be explained by species
differences of the Bsep backbone, differences in the
interaction of BSEP with the membrane of the expression
system or differences in RNA stability of this BSEP mutant
in the different expression system. The latter should in
principle not affect the results, as expression level of BSEP
is controlled by Western blotting. Hence, while heterologous
expression of BSEP is necessary to investigate the functional
consequences of BSEP mutations, the results may be
impacted by the choice of the expression systems and
potentially also methodological differences between
different labs and therefore have to be used with caution to
understand clinical phenotypes of BSEP mutations.

Absent BSEP or BSEP lacking proper functional
properties will lead to accumulation of bile salts within
hepatocytes. Enhanced metabolism of bile salts within
hepatocytes is a protective mechanism and leads to sulfated
and glucuronidated bile salts [88, 89]. These metabolites are
excreted into bile via the multidrug resistance protein MRP2
(ABCC2) [65], or back into the sinusoids by MRP3
(ABCC3) and MRP4 (ABCC4) [90], two salvage systems
which help to reduce potentially cytotoxic intracellular bile
salts. Recently, the heterodimeric organic solute transporter
OSTo-OSTPR was also found to be expressed in the
basolateral hepatocyte membrane [91]. OSTa-OSTp is the
major efflux transporter for bile salts from the enterocytes in
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the ileum into the blood and therefore crucial for the
reclaiming of bile salts from the small intestine [8]. It is
therefore conceivable that OSTo-OSTf could also act as a
basolateral salvage (efflux) system for bile salts. However,
the relative contribution of these three adaptive basolateral
bile salt salvage systems is currently not fully understood
and needs to be worked out in detail. Despite these adaptive
responses, hydrophobic bile salts will with time damage
hepatocytes resulting in portal inflammation and giant-cell
hepatitis. In addition, observations from patients with severe
forms of BSEP deficiency syndrome have revealed that they
are already at very young age at significant risk to develop
hepatocellular carcinoma [74, 92]. The detailed mechanisms
of bile salt induced cell transformation is not known in
detail, but bile salt induced carcinogenesis may involve
mitochondria [93, 94], interference with signaling cascades
controlling cell cycle [95] and/or activation of homeobox
genes [96]. Furthermore, it seems conceivable that elevated
intracellular bile salt levels could interfere with DNA repair
mechanisms.

ACQUIRED CHOLESTATIC LIVER DISEASE

A rather evident form of acquired cholestatic liver
disease is bile duct obstruction caused by gall stones or
tumors. It leads to extrahepatic cholestasis. In contrast, inhi-
bition of BSEP by xenobiotics such as drugs or endogenous
metabolites will lead to reduced canalicular bile salt
secretion and consequently to intracellular accumulation of
bile salts. If persistent, this will lead to clinical signs of
intrahepatic cholestasis and ultimately to liver injury. Drug
induced liver injury including cholestasis is a frequent
clinical entity, which leads to a considerable number of
hospital admissions and in severe cases requires liver
transplantation [97]. Furthermore, adverse drug reactions
resulting in liver injury are an important cause for attrition of
drugs during development or for withdrawal of drugs from
the market [98, 99]. It was found in medical inpatients that
about 30 % of drug induced liver injuries are cholestatic or
mixed [100].

Examples of drugs known to cause cholestasis in suscep-
tible individuals are cyclosporine, rifampicin, rifamycin,
glibenclamide or bosentan. Using the insect cell expression
system, these drugs have been found to be competitive
inhibitors of rat and human BSEP [35, 101, 102]. The
endothelin receptor antagonist bosentan is an example of a
drug, where the cholestatic potential has been worked out in
detail. Bosentan is taken up by OATPIB1 and OATP1B3
into hepatocytes and its metabolites sequestered for biliary
excretion, which is the main elimination route for bosentan
[103]. Bosentan caused asymptomatic, reversible transa-
minase elevations in some patients, while being evaluated in
clinical trials [104]. In these patients, plasma bile salt levels
increased with increasing dose of bosentan. As a cones-
quence of competitive inhibition of [102, 104], bosentan
treatment of rats led to an elevation of plasma bile salt levels.
This elevation of bile salts was more pronounced under
coadministration of glibenclamide [104]. These findings
strongly suggest that in patients in vivo bosentan acts as a
competitive, specific BSEP inhibitor, since no elevation of
serum bilirubin was found [104]. The list of Bsep/BSEP
inhibitors is continuously growing [105]. Further investiga-
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tion of the mechanism of bosentan-induced cholestasis in
rats revealed that bosentan leads to a stimulation of bile flow
[106]. This is somewhat unexpected since the pathophysio-
logic hallmark of cholestasis is a reduction of bile flow.
However, bosentan did not affect biliary bile salt output. In
combination with the increased bile salt-independent bile
flow, this will lead to a lower bile salt concentration in
canalicular bile concomitant with a reduced biliary lipid
secretion. This in turn might negatively affect canalicular
lipid composition and lipid asymmetry and hence contribute
to intracellular accumulation of bile salts and other chole-
philic substances [107]. The choleretic effect of bosentan
was dependent on the presence of functional Mrp2 [106]. In
an additional in vitro study with the Sf9 cell system,
bosentan mediated inhibiton of rat and human BSEP was
confirmed [108]. Importantly, the same study demonstrated a
stimulation of rat and human MRP2 transport activity by
bosentan and therefore offers a mechanistic explanation of
the observed increase of bile salt-independent bile flow in
rats.

Another form of a mixed genetic and acquired cholestasis
is intrahepatic cholestasis of pregnancy [109]. Cholestasis of
pregnancy often starts in the third trimester and is
characterized by pruritus, and elevated serum bile salts and
transaminases [109-112]. After delivery, cholestasis rapidly
resolves. Findings of elevated serum levels of steroids during
pregnancy link estrogen and its metabolites [113, 114] and
progesterone and its metabolites to the pathogenesis of
cholestasis of pregnancy [115-117]. This link is also
supported by the observation of oral contraceptive induced
cholestasis [114, 118]. Mice with a disrupted gene for the
estrogen receptor o. are insensitve to induction of cholestasis
by estradiol treatment, indicating a key role of this receptor
for the pathogenesis of estrogen induced cholestasis [119]. In
rats, application of pharmacological doses of estradiol-17§-
glucuronide or progesterone sulfate has been found to cause
acute cholestasis [120, 121]. Of note, estradiol-17f-
glucuronide induced cholestasis in rats is strictly dependent
on the expression of Mrp2 in the canalicular membrane
[122]. Therefore, estradiol-17p3-glucuronide was tested on rat
Bsep expressed in Sf9 cell vesicles, but did not inhibit ATP-
dependent taurocholate transport [35]. However, using Sf9
cell membrane vesicles expressing both, Bsep and Mrp2,
estradiol-17B-glucuronide inhibited taurocholate transport in
a time- and dose-dependent manner [35]. It was concluded
from this finding that Bsep is indirectly inhibited and this
inhibition was postulated to reflect a trans-inhibition, i.e.
estradiol-17B-glucuronide needs to be secreted into the
canalicular lumen for Bsep inhibition [35]. An alternate
explanation could be a physical interaction of Bsep and
Mrp2 in the membrane, mediated by estradiol-17B3-glucu-
ronide [122]. Indirect inhibition of Bsep by estradiol-17f3-
glucuronide was confirmed and extended to sulfated
progesterone metabolites [121, 123] and also reported for the
HERI1/HER?2 inhibitor PKI1166 [124].

In summary, drug inhibition of BSEP followed by
acquired cholestasis is now well established. The exact
mechanism of BSEP inhibition is drug specific and can
either be direct (competitive) or indirect. In the latter case,
inhibition likely occurs from the side of the canaliculus and
requires in addition MRP2. Finally, drug activation of MRP2
leading to an increase of bile salt-independent bile flow may

Current Drug Targets, 2011, Vol. 12, No. 5 665

aggravate the cholestatic potential of a drug. In addition,
acute experiments with estradiol-17B-glucuronide in rats
have demonstrated that in less than 30 minutes a rapid
internalization of part of Mrp2 and Bsep into a subapical,
vesicular compartment occurs [125-127]. This internalization
is dependent on Ca2+-dependent protein kinase C [128] and
will consequently lead to a reduction of canalicular bile flow.

BSEP AS A POTENTIAL THERAPEUTIC TARGET

The general principle of therapeutic intervention in cho-
lestatic liver disease is to restore or to enhance canalicular
bile formation and consequently to lower intracellular load
of hydrophobic bile salts in hepatocytes. Normal canalicular
bile flow might also contribute to normalization of cana-
licular lipid composition. An additional benefit of increased
canalicular bile formation is a lowering of the toxic potential
of biliary bile salts to the bile ducts. In addition, induction of
metabolism of hydrophobic bile salts as well as induction of
the basolateral salvage systems is also a therapeutic option.
An additional aspect of the treatment of cholestatic disorders
is improvement of the quality of life. Prolonged cholestasis
is often accompanied by severe pruritus, a condition having a
severe negative impact on affected patients. Therefore,
measures reducing this symptom, even if they are not able to
cure patents, are highly needed and frequently used.

As there are multiple mechanism of BSEP related choles-
tasis, a variety of options are available to the physician. In
obstructive forms of cholestasis, endoscopic or surgical
removal of the obstruction or restoration of bile flow by
endoscopic (or percutaneous) insertion of a stent into the
obstructed bile duct is the standard procedure. It has however
to be kept in mind that in particular insertion of a stent is not
a cure, as it does not tackle the cause of the obstruction. In
cases of drug induced cholestasis, discontinuation of the
drug or lowering the dose of the drug is indicated. A good
example for this is bosentan, where serum bile salt levels of
the affected patients turned quickly back to normal after
discontinuation of the drug [129]. However, in cases where
additional mechanisms of liver injury are important, removal
of the drug may not be sufficient. An example for this is the
antidiabetic drug troglitazone, which was withdrawn from
the market due to liver toxicity. While the exact mechanism
of toxicity is not fully understood, mitochondrial toxicity of
troglitazone is clearly relevant [130, 131]. In addition,
troglitazone and its main metabolite are clearly cholestatic
[132, 133]. In many patients, onset of liver injury was
delayed and/or persisted after discontinuation of troglitazone
[131]. In addition, patients with diabetes often suffer from
non-alcoholic steatohepatitis, which may further complicate
the disease course.

The situation with inherited defects of BSEP malfunction
is very different. Gene therapy for such patients is currently
not an option and it is very hard to predict at this moment,
when it will become available. In case of non-functional
BSEP mutants, therapeutic options are very limited. The
main goals are to restore as much as possible canalicular bile
salt secretion and to lower intracellular bile salt load, and
hence prevent or lower the risk for fibrosis/cirrhosis and and
neoplastic transformations [134]. The latter point is
important as PFIC2 patients have a considerable risk for
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developing hepatocellular carcinoma at young age [74, 92].
While ursodeoxycholate (UDC) has proved to be a valuable
option for patients with PFIC3, patients with PFIC2 show a
mixed response to treatment with this bile salt [135]. UDC
shifts the bile salt pool from more toxic hydrophobic bile
salts to less toxic hydrophilic bile salts [136] and has been
shown to upregulate canalicular transporter synthesis and
membrane insertion at the post-transcriptional level [50, 137-
140] and consequently stimulates bile flow. Thus, an ade-
quate BSEP function once BSEP is inserted into its target
apical membrane is of key importance for UDC to exert its
anticholestatic effect. As BSEP structure and function are
often compromised in PFIC2, it is not surprising that UDC is
of limited therapeutic value for PFIC2. The C23 homologue
of C24-UDC, norUDC, has been demonstrated in an
experimental mouse model of cholestasis to exert strong
anticholestatic and antifibrotic effects [141]. Studies on its
efficacy in human cholangiopathies are awaited in the near
future.

Pruritus is a major burden for patients with PFIC2. Its
pathogenesis is yet unresolved [142]. The non-absorbable
anion exchanger resin cholestyramine has been proposed for
the symptomatic treatment of pruritus in cholestatic
disorders of different origin and is, due to its low rate of
serious side effects, widely used for this purpose at least
temporarily [143]. However, evidence for its antipruritc
efficacy from well performed, controlled studies is lacking
[144]. Rifampicin is a potent antipruritic agent in cholestasis
[143, 144]. In addition, rifampicin may abort cholestatic
episodes in BRIC2 [134]. It is known to induce hydroxy-
lation of hydrophobic bile salts in hepatocytes allowing them
to be glucuronidated and consequently to lower the cytotoxic
potential of these bile salts in cholestatic conditions [139].
Thus, rifampicin represents a therapeutic option for the
medical treatment of pruritus in PFIC2 as well as for BRIC2.

FXR is a bile salt activated transcription factor that plays
a critical role in bile salt homeostasis [145, 146]. FXR
reduces the body load of bile salts by decreasing their
biosynthesis (CYP7A1 (CYP, cytochrome P450) |,
CYP8BI 1), and increasing their metabolism (CYP3A4 1,
UGT2B4 1T (UGT, uridine diphosphate glucuronosyltrans-
ferase) UGT2B7 1) and hepatic (BSEP 1) and intestinal
(apical sodium dependent bile acid transporter, ASBT or
SLC10A2 1) elimination. Based on these observations, FXR
ligands may offer a rational treatment option for cholestatic
liver diseases. The selective FXR agonist 6-ECDCA
prevented bile flow impairment induced by lithocholic acid
(LCA) or 170-ethinylestradiol (E,-170) in rat models of
cholestasis and protected hepatocytes against acute necrosis
caused by LCA [147, 148]. In vivo administration of 6-
ECDCA in rats led to enhanced expression of Bsep, Mrp2,
Mdr2, and Shp, while it repressed Cyp7al, Cyp8bl and Ntcp
mRNA expression. The first phase II pilot trial of 6-ECDCA
in patients with primary biliary cirrhosis has recently been
performed [149] and results are eagerly awaited. Stimulation
of adaptive response to cholestasis by FXR agonists is likely
to be beneficial in canalicular cholestasis, where secretory
failure of hepatocytes is the cause in early partial/incomplete
obstruction. In addition, an antifibrotic effect of FXR
agonists has also been described [150].
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Treatment options of pruritus in cholestatic disorders
[142] include therapy of the underlying disease with UDC
(13-15 mg/kg/d) when appropriate, the anion exchange resin
cholestyramine (1-2 x 4g/d), the pregnane X receptor (PXR,
NR1I2) agonist and enzyme inducer rifampicin (2 x 150
mg/d, max. 2 x 300 mg/d; cave: hepatitis after 6-12 weeks in
<12%), the opioid antagonist, naltrexone (25-50 mg/d; cave:
initial opioid withdrawal symptoms), and the serotonine
reuptake inhibitor, sertraline (75 mg/d) [143].

UDC has been shown to be an effective therapy of
pruritus in intrahepatic cholestasis of pregnancy, but not in
primary biliary cirrhosis (PBC) [143]. However, no studies
have so far been designed to selectively test the effect of
UDC on pruritus in PBC or primary sclerosing cholangitis
(PSC) as a primary endpoint. Circumstantial evidence rather
than adequately performed randomized, placebo-controlled
trials showed that cholestyramine exerts antipruritic effects
in PBC. The PXR agonist and enzyme inducer rifampicine
has been shown to effectively diminish pruritus in PBC and
to be superior to the constitutive androgen receptor (CAR,
NR1I3) agonist and enzyme inducer phenobarbital. The
opioid receptor antagonist naltrexone may diminish pruritus
when administered at doses of 25-50 mg/d (note: start with
very low doses to prevent opioid withdrawal-like symptoms)
and is easier to administer than the subcutaneously applied
naloxone. The serotonin reuptake inhibitor, sertraline,
induced some relief of pruritus in a randomized, placebo-
controlled crossover study. Experimental and therapeutic
approaches in otherwise treatment-resistant, desperate
patients include plasmapheresis, albumin dialysis, plasma
separation and anion absorption, nasobiliary drainage, biliary
diversion and liver transplantation [143].

So far, treatment options for severe forms of PFIC2 are
limited to partial biliary diversion and liver transplantation
[143]. On two patients, hepatocyte transplantation was
performed, but both needed a subsequent liver trans-
plantation [151, 152]. However, as outlined above, some
BSEP mutants display residual transport activity. A patient
with benign recurrent intrahepatic cholestasis type 2 was
identified as a carrier of combined heterozygous BSEP
mutations (p.E297G and p.R432T) [87]. In vitro charac-
terization of these mutations showed a massive reduction of
their vi,x compared to wild type BSEP. Hence, it may be
possible to have a normal or less impaired liver function with
less than normal BSEP in the canalicular membrane. In
addition, in a cohort of 110 healthy liver samples, BSEP
expression levels varied widely [153], again suggesting that
less than normal BSEP levels lead to a sufficient bile
secretory capacity of the liver. A further investigation of
BSEP mutants in the MDCK cell expression system
demonstrated that the E297G and the D482G mutant of
BSEP reach the apical target membrane with a massively
reduced efficiency compared to wild type BSEP [86].
Treating MCDK cells expressing these two mutants with 4-
phenylbutyrate led to an increase of the BSEP mutants in the
apical membrane of MDCK cells [154]. As both variants
display at least residual transport activity, this finding may
open a possibility for a pharmacologic treatment of some
forms of inherited BSEP deficiency syndrome. Such an
approach has become feasible now as it was recently
demonstrated in three patients with ornithine transcar-
bamylase deficiency that treatment with 4-phenylacetate, a
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metabolite of 4-phenylbutyrate [155] BSEP expression is
upregulated at the protein, but not at the mRNA level [156].

CONCLUSION

Progress has been enormous in understanding physiology
and pathophysiology of enterohepatic circulation of bile salts
from the earliest concepts to the current understanding of
molecular mechanisms of impaired BSEP function. While
clear concepts on the pathogenesis of inherited and acquired
forms of BSEP deficiency syndrome exist, therapeutic
options are still limited and consist mainly of interventional
procedures such as biliary diversion or liver transplantation
[135]. Drug treatment has so far been mainly symptomatic
with the exception of bland acquired cholestasis, where
discontinuation of the insulting agent will usually cure the
patient. Starting from the established interventions using
ursodoexycholate and/or inducers of liver detoxification,
identification of novel drugs for treating cholestatic liver
disease may lure around the corner.

ACKNOWLEDGEMENT

Bruno Stieger is supported by grant # 31003A 124652 /1
from the Swiss National Science Foundation.

REFERENCES

[1] Esteller A. Physiology of bile secretion. World J Gastroenterol
2008; 14: 5641-9.

[2] Trauner M, Boyer JL. Bile salt transporters: molecular
characterization, function, and regulation. Physiol Rev 2003; 83:
633-71.

[3] Russell DW. Fifty years of advances in bile acid synthesis and
metabolism. J Lipid Res 2009; 50 Suppl: S120-5.

[4] Hunt MC, Alexson SE. Novel functions of acyl-CoA thioesterases
and acyltransferases as auxiliary enzymes in peroxisomal lipid
metabolism. Prog Lipid Res 2008; 47: 405-21.

[5] Hofmann AF, Hagey LR. Bile acids: chemistry, pathochemistry,
biology, pathobiology, and therapeutics. Cell Mol Life Sci 2008;
65:2461-83.

[6] Hofmann AF. Bile acids: trying to understand their chemistry and
biology with the hope of helping patients. Hepatology 2009; 49:
1403-18.

[7] Hofmann AF. The enterohepatic circulation of bile acids in
mammals: form and functions. Front Biosci 2009; 14: 2584-98.

[8] Dawson PA, Lan T, Rao A. Bile acid transporters. J Lipid Res
2009; 50: 2340-57.

[9] Beuers U, Boyer JL. Bile - a historical review of studies on its form
and function. In: Kirsner JB, editor. Gastroenterology in the 20th
century. New York: Lea & Ferbiger; 1994. p. 267-88.

[10]  Meier PJ, Stieger B. Bile salt transporters. Annu Rev Physiol 2002;
64:635-61.

[11]  Kullak-Ublick GA, Stieger B, Meier PJ. Enterohepatic bile salt
transporters in normal physiology and liver disease.
Gastroenterology 2004; 126: 322-42.

[12]  Pauli-Magnus C, Stieger B, Meier Y, Kullak Ublick GA, Meier PJ.
Enterohepatic transport of bile salts and genetics of cholestasis. J
Hepatol 2005; 43: 342-57.

[13]  Krahenbuhl S, Talos C, Fischer S, Reichen J. Toxicity of bile acids
on the electron transport chain of isolated rat liver mitochondria.
Hepatology 1994; 19: 471-9.

[14]  Rust C, Wild N, Bernt C, Vennegeerts T, Wimmer R, Beuers U.
Bile acid-induced apoptosis in hepatocytes is caspase-6-dependent.
J Biol Chem 2009; 284: 2908-16.

[15] Hagenbuch B, Dawson P. The sodium bile salt cotransport family
SLC10. Pflugers Arch 2004; 447: 566-70.

[16] Hagenbuch B, Meier PJ. Organic anion transporting polypeptides of
the OATP/SLC21 family: Phylogenetic classification as

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Current Drug Targets, 2011, Vol. 12, No. 5 667

OATP/SLCO superfamily, new nomenclature and molecular/
functional properties. Pflugers Arch 2004; 447: 653-65.

Hagenbuch B, Gui C. Xenobiotic transporters of the human organic
anion transporting polypeptides (OATP) family. Xenobiotica 2008;
38:778-801.

Stolz A, Takikawa H, Ookhtens M, Kaplowitz N. The role of
cytoplasmic proteins in hepatic bile acid transport. Annu Rev
Physiol 1989; 51: 161-76.

Agellon LB, Torchia EC. Intracellular transport of bile acids.
Biochim Biophys Acta 2000; 1486: 198-209.

Stieger B, Meier Y, Meier PJ. The bile salt export pump. Pflugers
Arch 2007; 453: 611-20.

Stieger B. Recent insights into the function and regulation of the
bile salt export pump (ABCB11). Curr Opin Lipidol 2009; 20: 176-
81.

Reichen J, Paumgartner G. Uptake of bile acids by perfused rat
liver. Am J Physiol 1976;231: 734-42.

Hofmann AF, Mysels KJ. Bile acid solubility and precipitation in
vitro and in vivo: the role of conjugation, pH, and Ca2+ ions. J
Lipid Res 1992; 33: 617-26.

Weinman SA, Maglova LM. Free concentrations of intracellular
fluorescent anions determined by cytoplasmic dialysis of isolated
hepatocytes. Am J Physiol 1994; 267: G922-31.

Setchell KD, Rodrigues CM, Clerici C, et al. Bile acid
concentrations in human and rat liver tissue and in hepatocyte
nuclei. Gastroenterology 1997; 112: 226-35.

Masyuk Al, LaRusso NF. Aquaporins in the hepatobiliary system.
Hepatology 2006; 43 (2 Suppl 1): S75-81.

Geyer J, Wilke T, Petzinger E. The solute carrier family SLC10:
more than a family of bile acid transporters regarding function and
phylogenetic relationships. Naunyn Schmiedebergs Arch Pharmacol
2006; 372: 413-31.

Alrefai WA, Gill RK. Bile acid transporters: structure, function,
regulation and pathophysiological implications. Pharm Res 2007;
24:1803-23.

Ho RH, Tirona RG, Leake BF, ef al. Drug and bile acid transporters
in rosuvastatin hepatic uptake: function, expression, and
pharmacogenetics. Gastroenterology 2006; 130: 1793-806.

Eloranta JJ, Kullak-Ublick GA. The role of FXR in disorders of bile
acid homeostasis. Physiology (Bethesda) 2008; 23: 286-95.

Anwer MS. Cellular regulation of hepatic bile acid transport in
health and cholestasis. Hepatology 2004; 39: 581-90.

Kalliokoski A, Niemi M. Impact of OATP transporters on
pharmacokinetics. Br J Pharmacol 2009; 158: 693-705.

Glavy JS, Wu SM, Wang PJ, Orr GA, Wolkoff AW. Down-
regulation by extracellular ATP of rat hepatocyte organic anion
transport is mediated by serine phosphorylation of oatpl. J Biol
Chem 2000; 275: 1479-84.

Guo GL, Klaassen CD. Protein kinase C suppresses rat organic
anion transporting polypeptide 1- and 2-mediated uptake. J
Pharmacol Exp Ther 2001; 299: 551-7.

Stieger B, Fattinger K, Madon J, Kullak Ublick GA, Meier PJ.
Drug- and estrogen-induced cholestasis through inhibition of the
hepatocellular bile salt export pump (Bsep) of rat liver.
Gastroenterology 2000; 118: 422-30.

Hayashi H, Takada T, Suzuki H, Onuki R, Hofmann AF, Sugiyama
Y. Transport by vesicles of glycine- and taurine-conjugated bile
salts and taurolithocholate 3-sulfate: a comparison of human BSEP
with rat Bsep. Biochim Biophys Acta 2005; 1738: 54-62.

Gerloff T, Stieger B, Hagenbuch B, et al. The sister of P-
glycoprotein represents the canalicular bile salt export pump of
mammalian liver. J Biol Chem 1998; 273: 10046-50.

Carlton VE, Harris BZ, Puffenberger EG, et al. Complex
inheritance of familial hypercholanemia with associated mutations
in TIP2 and BAAT. Nat Genet 2003; 34: 91-6.

Hirano M, Maeda K, Hayashi H, Kusuhara H, Sugiyama Y. Bile
salt export pump (BSEP/ABCBI11) can transport a nonbile acid
substrate, pravastatin. J Pharmacol Exp Ther 2005; 314: 876-82.

Lo Sasso G, Petruzzelli M, Moschetta A. A translational view on
the biliary lipid secretory network. Biochim Biophys Acta 2008;
1781: 79-96.

Fiorucci S, Rizzo G, Donini A, Distrutti E, Santucci L. Targeting
farnesoid X receptor for liver and metabolic disorders. Trends Mol
Med 2007; 13:298-309.

Wang YD, Chen WD, Moore DD, Huang W. FXR: a metabolic
regulator and cell protector. Cell Res 2008; 18: 1087-95.



668 Current Drug Targets, 2011, Vol. 12, No. 5

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[62]

[63]

[64]

[65]

[66]

[67]

Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B. Role of bile
acids and bile Acid receptors in metabolic regulation. Physiol Rev
2009; 89: 147-91.

Del Bas JM, Ricketts ML, Vaque M, ef al. Dietary procyanidins
enhance transcriptional activity of bile acid-activated FXR in vitro
and reduce triglyceridemia in vivo in a FXR-dependent manner.
Mol Nutr Food Res 2009; 53: 805-14.

Mehlmann JF, Crawley ML, Lundquist JTt, ef al. Pyrrole[2,3-
dJazepino compounds as agonists of the farnesoid X receptor
(FXR). Bioorg Med Chem Lett 2009; 19: 5289-92.

Fiorucci S, Mencarelli A, Distrutti E, Palladino G, Cipriani S.
Targetting farnesoid-X-receptor: from medicinal chemistry to
disease treatment. Curr Med Chem 2010; 17: 139-59.

Lundquist JT, Harnish DC, Kim CY, et al. Improvement of
Physiochemical Properties of the Tetrahydroazepinoindole Series of
Farnesoid X Receptor (FXR) Agonists: Beneficial Modulation of
Lipids in Primates. ] Med Chem 2010; 53: 1774-87.

Mi LZ, Devarakonda S, Harp JM, et al. Structural basis for bile acid
binding and activation of the nuclear receptor FXR. Mol Cell 2003;
11: 1093-100.

Noe J, Hagenbuch B, Meier PJ, St-Pierre MV. Characterization of
the mouse bile salt export pump overexpressed in the baculovirus
system. Hepatology 2001; 33: 1223-31.

Beuers U. Drug Insight: mechanisms and sites of action of
ursodeoxycholic acid in cholestasis. Nat Clin Pract Gastroenterol
Hepatol 2006; 3: 318-28.

Smit JJ, Schinkel AH, Oude Elferink RP, e a/. Homozygous
disruption of the murine mdr2 P-glycoprotein gene leads to a
complete absence of phospholipid from bile and to liver disease.
Cell 1993; 75: 451-62.

Oude Elferink RP, Paulusma CC. Function and pathophysiological
importance of ABCB4 (MDR3 P-glycoprotein). Pflugers Arch
2007; 453: 601-10.

Small DM. Role of ABC transporters in secretion of cholesterol
from liver into bile. Proc Natl Acad Sci USA 2003; 100: 4-6.
Hazard SE, Patel SB. Sterolins ABCGS and ABCG8: regulators of
whole body dietary sterols. Pflugers Arch 2007; 453: 745-52.
Trauner M, Fickert P, Halilbasic E, Moustafa T. Lessons from the
toxic bile concept for the pathogenesis and treatment of cholestatic
liver diseases. Wien Med Wochenschr 2008; 158: 542-8.

Gerloff T, Meier PJ, Stieger B. Taurocholate induces preferential
release of phosphatidylcholine from rat liver canalicular vesicles.
Liver 1998; 18: 306-12.

van Erpecum KJ, Carey MC. Influence of bile salts on molecular
interactions between sphingomyelin and cholesterol: relevance to
bile formation and stability. Biochim Biophys Acta 1997; 1345:
269-82.

Nibbering CP, Carey MC. Sphingomyelins of rat liver: biliary
enrichment with molecular species containing 16:0 fatty acids as
compared to canalicular-enriched plasma membranes. J Membr
Biol 1999; 167: 165-71.

Munro S. Lipid rafts: elusive or illusive? Cell 2003; 115: 377-88.
Rajendran L, Simons K. Lipid rafts and membrane dynamics. J Cell
Sci2005; 118: 1099-102.

Ismair MG, Hausler S, Stuermer CA, ef al. ABC-transporters are
localized in caveolin-1-positive and reggie-1-negative and reggie-2-
negative microdomains of the canalicular membrane in rat
hepatocytes. Hepatology 2009; 49: 1673-82.

Paulusma CC, Groen A, Kunne C, et al. Atp8b1 deficiency in mice
reduces resistance of the canalicular membrane to hydrophobic bile
salts and impairs bile salt transport. Hepatology 2006; 44: 195-204.
Folmer DE, Elferink RP, Paulusma CC. P4 ATPases - lipid
flippases and their role in disease. Biochim Biophys Acta 2009;
1791: 628-35.

Cai SY, Gautam S, Nguyen T, Soroka CJ, Rahner C, Boyer JL.
ATP8BI deficiency disrupts the bile canalicular membrane bilayer
structure in hepatocytes, but FXR expression and activity are
maintained. Gastroenterology 2009; 136: 1060-9.

Nies AT, Keppler D. The apical conjugate efflux pump ABCC2
(MRP2). Pflugers Arch 2007; 453: 643-59.

Kusuhara H, Sugiyama Y. ATP-binding cassette, subfamily G
(ABCG family). Pflugers Arch 2007; 453: 735-44.

Davit-Spraul A, Gonzales E, Baussan C, Jacquemin E. Progressive
familial intrahepatic cholestasis. Orphanet J Rare Dis 2009; 4: 1.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

[86]

(87]

(88]

(89]

[90]

Stieger and Beuers

Oude Elferink RP, Paulusma CC, Groen AK. Hepatocanalicular
transport defects: pathophysiologic mechanisms of rare diseases.
Gastroenterology 2006; 130: 908-25.

Strautnieks SS, Bull LN, Knisely AS, ef al. A gene encoding a
liver-specific ABC transporter is mutated in progressive familial
intrahepatic cholestasis. Nat Genet 1998; 20: 233-8.

van Mil SW, van der Woerd WL, van der Brugge G, et al. Benign
recurrent intrahepatic cholestasis type 2 is caused by mutations in
ABCBI 1. Gastroenterology 2004; 127: 379-84.

Lam CW, Cheung KM, Tsui MS, Yan MS, Lee CY, Tong SF. A
patient with novel ABCBI11 gene mutations with phenotypic
transition between BRIC2 and PFIC2. J Hepatol 2006; 44: 240-2.
Takahashi A, Hasegawa M, Sumazaki R, et al. Gradual improve-
ment of liver function after administration of ursodeoxycholic acid
in an infant with a novel ABCB11 gene mutation with phenotypic
continuum between BRIC2 and PFIC2. Eur J Gastroenterol Hepatol
2007; 19: 942-6.

Jansen PLM, Strautnieks SS, Jacquemin E, et al. Hepatocanalicular
bile salt export pump deficiency in patients with progressive
familial intrahepatic cholestasis. Gastroenterology 1999; 117: 1370-
9.

Strautnieks SS, Byrne JA, Pawlikowska L, ef al. Severe bile salt
export pump deficiency: 82 different ABCBI11 mutations in 109
families. Gastroenterology 2008; 134: 1203-14.

Locher KP. Review. Structure and mechanism of ATP-binding
cassette transporters. Philos Trans R Soc Lond B Biol Sci 2009;
364:239-45.

Seeger MA, van Veen HW. Molecular basis of multidrug transport
by ABC transporters. Biochim Biophys Acta 2009; 1794: 725-37.
Rees DC, Johnson E, Lewinson O. ABC transporters: the power to
change. Nat Rev Mol Cell Biol 2009; 10: 218-27.

Chen HL, Liu YJ, Su YN, et al. Diagnosis of BSEP/ABCBI11
mutations in Asian patients with cholestasis using denaturing high
performance liquid chromatography. J Pediatr 2008; 153: 825-32.
Treepongkaruna S, Gaensan A, Pienvichit P, ef al. Novel ABCBI11
mutations in a Thai infant with progressive familial intrahepatic
cholestasis. World J Gastroenterol 2009; 15: 4339-42.

Byrme JA, Strautnieks SS, Thrke G, ef al. Missense mutations and
single nucleotide polymorphisms in ABCB11 impair bile salt export
pump processing and function or disrupt pre-messenger RNA
splicing. Hepatology 2009; 49: 553-67.

Keitel V, Burdelski M, Vojnisek Z, Schmitt L, Haussinger D,
Kubitz R. De novo bile salt transporter antibodies as a possible
cause of recurrent graft failure after liver transplantation: a novel
mechanism of cholestasis. Hepatology 2009; 50: 510-7.

Jara P, Hierro L, Martinez-Fernandez P, et al. Recurrence of bile
salt export pump deficiency after liver transplantation. N Engl J
Med 2009; 361: 1359-67.

Wang L, Soroka CJ, Boyer JL. The role of bile salt export pump
mutations in progressive familial intrahepatic cholestasis type II. J
Clin Invest 2002; 110: 965-72.

Lam P, Pearson CL, Soroka CJ, Xu S, Mennone A, Boyer JL.
Levels of plasma membrane expression in progressive and benign
mutations of the bile salt export pump (Bsep/Abcbll) correlate
with severity of cholestatic diseases. Am J Physiol 2007; 293:
C1709-16.

Plass JR, Mol O, Heegsma J, et al. A progressive familial
intrahepatic cholestasis type 2 mutation causes an unstable,
temperature-sensitive bile salt export pump. J Hepatol 2004; 40: 24-
30.

Hayashi H, Takada T, Suzuki H, Akita H, Sugiyama Y. Two
common PFIC2 mutations are associated with the impaired
membrane trafficking of BSEP/ABCBI11. Hepatology 2005; 41:
916-24.

Noe J, Kullak-Ublick GA, Jochum W, et al. Impaired expression
and function of the bile salt export pump due to three novel
ABCBI11 mutations in intrahepatic cholestasis. J Hepatol 2005; 43:
536-43.

Alnouti Y. Bile Acid sulfation: a pathway of bile acid elimination
and detoxification. Toxicol Sci 2009; 108: 225-46.

Zollner G, Trauner M. Molecular mechanisms of cholestasis. Wien
Med Wochenschr 2006; 156: 380-5.

Geier A, Wagner M, Dietrich CG, Trauner M. Principles of hepatic
organic anion transporter regulation during cholestasis,
inflammation and liver regeneration. Biochim Biophys Acta 2007;
1773:283-308.



BSEP and Cholestasis

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

—
—_—
—_—
N —
e

[113]
[114]

[115]

[116]

[117]

[118]

Ballatori N, Li N, Fang F, Boyer JL, Christian WV, Hammond CL.
OST alpha-OST beta: a key membrane transporter of bile acids and
conjugated steroids. Front Biosci 2009; 14: 2829-44.

Knisely AS, Strautnieks SS, Meier Y, et al. Hepatocellular
carcinoma in ten children under five years of age with bile salt
export pump deficiency. Hepatology 2006; 44: 478-86.

Palmeira CM, Rolo AP. Mitochondrially-mediated toxicity of bile
acids. Toxicology 2004; 203: 1-15.

Sokol RJ, Devereaux M, Dahl R, Gumpricht E. "Let there be bile"--
understanding hepatic injury in cholestasis. J Pediatr Gastroenterol
Nutr 2006; 43 Suppl 1: S4-9.

Atherford PA, Jankowski JA. Molecular biology of Barrett's cancer.
Best Pract Res Clin Gastroenterol 2006; 20: 813-27.

Souza RF, Krishnan K, Spechler SJ. Acid, bile, and CDX: the
ABCs of making Barrett's metaplasia. Am J Physiol 2008;
295:G211-8.

Bleibel W, Kim S, D'Silva K, Lemmer ER. Drug-induced liver
injury: review article. Dig Dis Sci 2007; 52: 2463-71.

Schuster D, Laggner C, Langer T. Why drugs fail--a study on side
effects in new chemical entities. Curr Pharm Des 2005; 11: 3545-
59.

Smith DA, Schmid EF. Drug withdrawals and the lessons within.
Curr Opin Drug Discov Dev 2006; 9: 38-46.

Meier Y, Cavallaro M, Roos M, et al. Incidence of drug-induced
liver injury in medical inpatients. Eur J Clin Pharmacol 2005; 61:
135-43.

Byrne JA, Strautnieks SS, Mieli-Vergani G, Higgins CF, Linton
KJ, Thompson RJ. The human bile salt export pump: charac-
terization of substrate specificity and identification of inhibitors.
Gastroenterology 2002; 123: 1649-58.

Noe J, Stieger B, Meier PJ. Functional expression of the canalicular
bile salt export pump of human liver. Gastroenterology 2002; 123:
1659-66.

Treiber A, Schneiter R, Hausler S, Stieger B. Bosentan is a
substrate of human OATP1B1 and OATP1B3: inhibition of hepatic
uptake as the common mechanism of its interactions with
cyclosporin A, rifampicin, and sildenafil. Drug Metab Dispos 2007,
35:1400-7.

Fattinger K, Cattori V, Hagenbuch B, Meier PJ, Stieger B.
Rifamycin SV and rifampicin exhibit differential inhibition of the
hepatic rat organic anion transporting polypeptides, Oatpl and
Oatp2. Hepatology 2000; 32: 82-6.

Stieger B. Role of the bile salt export pump, BSEP, in acquired
forms of cholestasis. Drug Metab Disp 2010; 42: 437-45.

Fouassier L, Kinnman N, Lefevre G, et al. Contribution of mrp2 in
alterations of canalicular bile formation by the endothelin
antagonist bosentan. J Hepatol 2002; 37: 184-91.

Meier PJ. Canalicular bile formation: beyond single transporter
functions. J Hepatol 2002; 37: 272-3.

Mano Y, Usui T, Kamimura H. Effects of bosentan, an endothelin
receptor antagonist, on bile salt export pump and multidrug
resistance-associated protein 2. Biopharm Drug Dispos 2007; 28:
13-8.

Geenes V, Williamson C. Intrahepatic cholestasis of pregnancy.
World J Gastroenterol 2009; 15: 2049-66.

Pusl T, Beuers U. Intrahepatic cholestasis of pregnancy. Orphanet J
Rare Dis 2007; 2: 26.

Hay JE. Liver disease in pregnancy. Hepatology 2008; 47: 1067-76.
Gonzales E, Davit-Spraul A, Baussan C, Buffet C, Maurice M,
Jacquemin E. Liver diseases related to MDR3 (ABCB4) gene
deficiency. Front Biosci 2009; 14: 4242-56.

Kreek MJ. Female sex steroids and cholestasis. Semin Liver Dis
1987, 7: 8-23.

Reyes H, Simon FR. Intrahepatic cholestasis of pregnancy: an
estrogen-related disease. Semin Liver Dis 1993; 13: 289-301.
Laatikainen T, Karjalainen O. Excertion of progesterone
metabolites in urine and bile of pregnant women with intrahepatic
cholestasis. J Steroid Biochem 1973; 4: 641-8.

Meng LJ, Reyes H, Palma J, Hernandez I, Ribalta J, Sjovall J.
Profiles of bile acids and progesterone metabolites in the urine and
serum of women with intrahepatic cholestasis of pregnancy. J
Hepatol 1997; 27: 346-57.

Reyes H, Sjovall J. Bile acids and progesterone metabolites in
intrahepatic cholestasis of pregnancy. Ann Med 2000; 32: 94-106.
Lindberg MC. Hepatobiliary complications of oral contraceptives. J
Gen Intern Med 1992; 7: 199-209.

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Current Drug Targets, 2011, Vol. 12, No. 5 669

Yamamoto Y, Moore R, Hess HA, et al. Estrogen receptor alpha
mediates 17alpha-ethynylestradiol causing hepatotoxicity. J Biol
Chem 2006; 281: 16625-31.

Meyers M, Slikker W, Pascoe G, Vore M. Characterization of
cholestasis induced by estradiol-17 beta-D-glucuronide in the rat. J
Pharmacol Exp Ther 1980; 214: 87-93.

Vallejo M, Briz O, Serrano MA, Monte MJ, Marin JJ. Potential role
of trans-inhibition of the bile salt export pump by progesterone
metabolites in the etiopathogenesis of intrahepatic cholestasis of
pregnancy. ] Hepatol 2005; 44: 1150-7.

Huang L, Smit JW, Meijer DK, Vore M. Mrp2 is essential for
estradiol-17beta(beta-D-glucuronide)-induced cholestasis in rats.
Hepatology 2000; 32: 66-72.

Akita H, Suzuki H, Ito K, et al. Characterization of bile acid
transport mediated by multidrug resistance associated protein 2 and
bile salt export pump. Biochim Biophys Acta 2001; 1511: 7-16.
Takada T, Weiss HM, Kretz O, Gross G, Sugiyama Y. Hepatic
transport of PKI166, an epidermal growth factor receptor kinase
inhibitor of the pyrrolo-pyrimidine class, and its main metabolite,
ACU154. Drug Metab Dispos 2004; 32: 1272-8.

Mottino AD, Cao J, Veggi LM, Crocenzi F, Roma MG, Vore M.
Altered localization and activity of canalicular Mrp2 in estradiol-
17beta-D-glucuronide-induced cholestasis. Hepatology 2002; 35:
1409-19.

Crocenzi FA, Mottino AD, Cao J, et al. Estradiol-17beta-D-
glucuronide induces endocytic internalization of Bsep in rats. Am J
Physiol 2003; 285: G449-59.

Roma MG, Crocenzi FA, Mottino AD. Dynamic localization of
hepatocellular transporters in health and disease. World J
Gastroenterol 2008; 14: 6786-801.

Crocenzi FA, Sanchez Pozzi EJ, Ruiz ML, et al. Ca(2+)-dependent
protein kinase C isoforms are critical to estradiol 17beta-D-
glucuronide-induced cholestasis in the rat. Hepatology 2008; 48:
1885-95.

Fattinger K, Funk C, Pantze M, ef al. The endothelin antagonist
bosentan inhibits the canalicular bile salt export pump: a potential
mechanism for hepatic adverse reactions. Clin Pharmacol Ther
2001; 69: 223-31.

Masubuchi Y. Metabolic and non-metabolic factors determining
troglitazone hepatotoxicity: a review. Drug Metab Pharmacokinet
2006; 21: 347-56.

Julie NL, Julie IM, Kende AI, Wilson GL. Mitochondrial
dysfunction and delayed hepatotoxicity: another lesson from
troglitazone. Diabetologia 2008; 51: 2108-16.

Preininger K, Stingl H, Englisch R, e al. Acute troglitazone action
in isolated perfused rat liver. Br J Pharmacol 1999; 126: 372-8.
Funk C, Ponelle C, Scheuermann G, Pantze M. Cholestatic
potential of troglitazone as a possible factor contributing to
troglitazone-induced hepatotoxicity: in vivo and in vitro interaction
at the canalicular bile salt export pump (Bsep) in the rat. Mol
Pharmacol 2001; 59: 627-35.

Stapelbroek JM, van Erpecum KJ, Klomp LW, Houwen RH. Liver
disease associated with canalicular transport defects: current and
future therapies. J Hepatol 2010; 52: 258-71.

Davit-Spraul A, Fabre M, Branchereau S, et al. ATP8EBI and
ABCBI1 analysis in 62 children with normal gamma-glutamyl
transferase progressive familial intrahepatic cholestasis (PFIC):
Phenotypic differences between PFIC1 and PFIC2 and natural
history. Hepatology 2010; 51: 1645-55.

Paumgartner G, Beuers U. Ursodeoxycholic acid in cholestatic liver
disease: mechanisms of action and therapeutic use revisited.
Hepatology 2002; 36: 525-31.

Beuers U, Bilzer M, Chittattu A, et al. Tauroursodeoxycholic acid
inserts the apical conjugate export pump, Mrp2, into canalicular
membranes and stimulates organic anion secretion by protein kinase
C-dependent mechanisms in cholestatic rat liver. Hepatology 2001;
33:1206-16.

Dumont M, Jacquemin E, Erlinger S. Effect of ursodeoxycholic
acid on the expression of the hepatocellular bile acid transproters
(Ntcp and bsep) in rats with estrogen-induced cholestasis. J Ped
Gastroenterol Nutr 2002; 35: 185-91.

Marschall HU, Wagner M, Zollner G, et al. Complementary
stimulation of hepatobiliary transport and detoxification systems by
rifampicin and ursodeoxycholic acid in humans. Gastroenterology
2005; 129: 476-85.



670 Current Drug Targets, 2011, Vol. 12, No. 5

[140]

[141]

[142]

[143]

[144]

[145]
[146]

[147]

[148]

Dombrowski F, Stieger B, Beuers U. Tauroursodeoxycholic acid
inserts the bile salt export pump into canalicular membranes of
cholestatic rat liver. Lab Invest 2006; 86: 166-74.

Fickert P, Wagner M, Marschall HU, et al. 24-norUrsodeoxycholic
acid is superior to ursodeoxycholic acid in the treatment of
sclerosing cholangitis in Mdr2 (Abcb4) knockout mice.
Gastroenterology 2006; 130: 465-81.

Kremer AE, Beuers U, Oude-Elferink RP, Pusl T. Pathogenesis and
treatment of pruritus in cholestasis. Drugs 2008; 68: 2163-82.

EASL Clinical Practice Guidelines: management of cholestatic liver
diseases. J Hepatol 2009; 51: 237-67.

Tandon P, Rowe BH, Vandermeer B, Bain VG. The efficacy and
safety of bile Acid binding agents, opioid antagonists, or rifampin
in the treatment of cholestasis-associated pruritus. Am J
Gastroenterol 2007; 102: 1528-36.

Makishima M, Okamoto AY, Repa JJ, et al. ldentification of a
nuclear receptor for bile acids. Science 1999; 284: 1362-5.

Parks DJ, Blanchard SG, Bledsoe RK, ef al. Bile acids: natural
ligands for an orphan nuclear receptor. Science 1999; 284: 1365-8.
Neimark E, Chen F, Li X, Shneider BL. Bile acid-induced negative
feedback regulation of the human ileal bile acid transporter.
Hepatology 2004; 40: 149-56.

Pellicciari R, Fiorucci S, Camaioni E, et al. 6alpha-ethyl-
chenodeoxycholic acid (6-ECDCA), a potent and selective FXR

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Stieger and Beuers

agonist endowed with anticholestatic activity. J Med Chem 2002;
45:3569-72.

Zollner G, Trauner M. Nuclear receptors as therapeutic targets in
cholestatic liver diseases. Br J Pharmacol 2009; 156: 7-27.

Liu Y, Binz J, Numerick MJ, et al. Hepatoprotection by the
farnesoid X receptor agonist GW4064 in rat models of intra- and
extrahepatic cholestasis. J Clin Invest 2003; 112: 1678-87.

Dhawan A, Mitry RR, Hughes RD. Hepatocyte transplantation for
liver-based metabolic disorders. J Inherit Metab Dis 2006; 29: 431-
5.

Waelzlein JH, Puppi J, Dhawan A. Hepatocyte transplantation for
correction of inborn errors of metabolism. Curr Opin Nephrol
Hypertens 2009; 18: 481-8.

Meier Y, Pauli-Magnus C, Zanger UM, et al. Interindividual
variability of canalicular ATP-binding-cassette (ABC)-transporter
expression in human liver. Hepatology 2006; 44: 62-74.

Hayashi H, Sugiyama Y. 4-phenylbutyrate enhances the cell surface
expression and the transport capacity of wild-type and mutated bile
salt export pumps. Hepatology 2007; 45: 1506-16.

Feillet F, Leonard JV. Alternative pathway therapy for urea cycle
disorders. J Inherit Metab Dis 1998; 21 Suppl 1: 101-11.

Nagasaka H, Yorifuji T, Kobayashi K, ez al. Favorable effect of 4-
phenylacetate on liver functions attributable to enhanced bile salt
export pump expression in ornithine transcarbamylase-deficient
children. Mol Genet Metab 2010; 100: 123-8.

Received: January 23, 2010

PMID: 21039337

Revised: March 27,2010

Accepted: March 27,2010



Current Drug Targets, 2011, 12, 671-682 671

ABCC6 as a Target in Pseudoxanthoma Elasticum
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Abstract: The ABCC6 gene encodes an organic anion transporter protein, ABCC6/MRP6. Mutations in the gene cause a
rare, recessive genetic disease, pseudoxanthoma elasticum, while the loss of one ABCC6 allele is a genetic risk factor in
coronary artery disease. We review here the information available on gene structure, evolution as well as the present
knowledge on its transcriptional regulation. We give a detailed description of the characteristics of the protein, and
analyze the relationship between the distributions of missense disease—causing mutations in the predicted three-
dimensional structure of the transporter, which suggests functional importance of the domain-domain interactions. Though
neither the physiological function of the protein nor its role in the pathobiology of the diseases are known, a current
hypothesis that ABCC6 may be involved in the efflux of one form of Vitamin K from the liver is discussed. Finally, we
analyze potential strategies how the gene can be targeted on the transcriptional level to increase protein expression in
order to compensate for reduced activity. In addition, pharmacologic correction of trafficking-defect mutants or
suppression of stop codon mutations as potential future therapeutic interventions are also reviewed.

Keywords: Genetic disease, connective tissue, cardiovascular, transcriptional regulation, calcification, vitamin K, membrane
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PSEUDOXANTHOMA ELASTICUM

Pseudoxanthoma elasticum (PXE, OMIM 264800) is a
recessive genetic disorder with a prevalence of 1 : 25.000 —
100.000, affecting the elastic tissues of the body, including
the skin, the arteries and the elastic Bruch’s membrane in the
eye. Patients most commonly present with characteristic
papules in the skin during late childhood or adolescence and
subsequently develop angioid streaks of the retina. Angioid
streaks are associated with subretinal neovascularisation,
which can lead to hemorrhage and partial or complete loss of
central vision. The diagnosis of pseudoxanthoma elasticum
is suspected in individuals with characteristic skin and ocular
findings and is confirmed by histological findings on biopsy
of lesional skin in which fragmented calcified elastic fibers
are visualized by use of special histological stains (e.g. von
Kossa staining).

The disease was first described in 1881 by D. Rigal [1]
and Félix Balzer, but the term Pseudoxanthoma elasticum
(PXE) was first used in 1896 by Jean-Ferdinand Darier [2].
In 1889 Robert W. Doyne was the first to describe angioid
streaks, than Ester Gronblad and James Strandberg revealed
the connection between PXE and angioid streaks in 1929 [3].

CUTANEOUS AND MUCOSAL MANIFESTATIONS

The first sign of PXE is usually yellowish papules on the
neck and other flexor surfaces. These skin lesions vary in
size from 1-5 mm and may be grouped or coalesce to form
larger plaques (Fig. 1A). In most of the cases the skin loses
its elasticity and becomes wrinkled and redundant. In addi-
tion to the neck, plaques may also appear on other areas,
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such as axillae, inguinal region, antecubital and popliteal
fossae, and periumbilical area during the progression of the
disease. In some cases mucosal lesions, identical to the skin
lesions, can be detected on the inside of the lower lip,
vagina, and all along the digestive tract mucosal membrane

[4].

The classic histological findings in PXE are ultrastruc-
tural elastic tissue abnormalities in the middle and lower
dermis. In PXE patients elastin becomes fragmented and
degenerated (See Fig. 1C). Deposition of calcium in the
abnormal elastin matrix can be visualized by von Kossa or
other histological stains for calcium [5]. Similar clinical
findings may also be present is some other diseases for
example in beta-thalassemia [6], focal dermal elastosis [7],
cutis laxa [8], calciphylaxis [9] or Paget’s disease [10].

However the ultra-structural histopathology is a hallmark
of PXE. Even the skin findings in a highly related disease
(PXE-like disorder with multiple coagulation factor defi-
ciency) are in detail slightly different from the skin lesions
found in PXE patients [11].

EYES

Symptoms eventually appear in the eyes in all cases of
PXE (Fig. 1B). The affected areas are the Bruch’s membrane
and the retinal-pigmented epithelium (RPE).

In PXE, calcification of dystrophic elastic fibers can be
observed in the elastic layer of Bruch’s membrane, similar to
what is seen in the skin. Pigment irregularities, called peau
d’orange, may appear in the RPE. Calcification and thicken-
ing of the Bruch’s membrane, as well as loss of RPE pig-
ment granules lead to the development of angioid streaks
(AS) [12].

AS are dehiscences in Bruch’s membrane, forming
grayish to reddish irregular lines resembling vessels, emanat-

© 2011 Bentham Science Publishers Ltd.
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ing from the optic disk. Due to the calcium deposition,
Bruch’s membrane becomes fragile, which is thought to be
the major factor resulting in the dehiscences within the
membrane. Later in the course of the disease fibrovascular
tissue may grow through the damaged membrane, leading to
choroidal neovascularization (CNV), subretinal fibrosis,
atrophy of the overlying RPE and retinal hemorrhages [13].

Clumpad & Frngmented Elastic Fibers (rom the collection of Mark Lebwohl MEO)

Fig. (1). Manifestation of pseudoxanthoma elasticum. A: skin
symptoms; B: angioid streaks in the eye; C: von Kossa staining of
calcium deposits and fragmented elastic fibers in the skin biopsy of
a PXE patient. The pictures are from the PXE International, with
permission.

Hemorrhages from the fragile new vessels can lead to
partial or complete vision loss in PXE patients, starting

Viradi et al.

usually around the third or fourth decade of life. Central
vision loss has the greatest impact on the quality of life in
PXE patients, but thus far no preventive measures are
available. Laser therapy can be used to stop the proliferation
or the bleeding of submacular neovessels, but it may cause
visual loss or central scotomas due to scarring, and a high
rate of recurrence has been observed [14, 15]. A promising
therapy to treat ocular symptoms of PXE may be the
application of antiangiogenic drugs. There have been several
publications documenting efficacy of intravitreal treatment
with vascular endothelial growth factor (VEGF) monoclonal
antibodies in case of age-related macular degeneration
resulting in CNVs [16, 17]. Similar treatment was already
applied for a small group of PXE patients, showing very
promising results [18].

CARDIOVASCULAR SYSTEM

Calcification may affect the cardiovascular system,
mostly the small and middle-sized arteries. Cardiovascular
symptoms include diminished peripheral pulses, angina pec-
toris, hypertension, mitral-valve prolapse and restrictive car-
diomyopathy [19-23]. One of the most common cardiovas-
cular symptoms is intermittent claudication. Bleeding, espe-
cially gastrointestinal hemorrhages may also occur probably
due to calcification of the elastic fibers in the small arteries
located under the mucosa [24]. Myocardial infarction or
other symptoms leading to sudden death are rare, but
probably the most serious complication associated with PXE
is the early onset of atherosclerosis [4].

ABCC6 AS A POTENTIAL GENETIC RISK FACTOR
IN CORONARY ARTERY DISEASE (CAD)

A strong correlation between a sequence variant of the
ABCC6 gene (c.3421C>T leading to the p.R1141X non-
sense mutation) and CAD has been demonstrated in a Dutch
cohort [25]. However, a surprisingly high frequency of the
mutant allele was observed in the control population raising
doubts about the validity of this unique study on the
association of ABCC6 mutation carrier status and CAD. An
independent population genetic study on a large Hungarian
cohort confirmed the findings of the previous report [26]. A
significant association of carrier status and CAD was
observed (5/361 carriers p=0.016 OR=10.5 95%CI 1.22-
90.30). These findings mean that one non-functional allele of
ABCCG6 increases the risk of CAD significantly.

THE ABCC6 GENE

In 2000 it was discovered by positional cloning that
mutations in the ABCC6 gene are responsible for the deve-
lopment of PXE [27-29]. Since the discovery of the connec-
tion between ABCC6 mutations and PXE a large number of
disease-causing mutations has been identified; the most
frequent ones are p.R1141X (20 — 30%) and c.EX23 29del
(5-15%). The high heterogeneity of PXE alleles in the
population is comparable to that of other autosomal diseases.
A locus-specific database has been established recently with
the collection of the disease-causing mutations and other
genetic variants and with link to other genetic databases
[www.ncbi.nlm.nih.gov/lovd/home.php?select db=ABCC6].
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ABCCE6 is located at 16p13.11 and codes for the ATP-
binding cassette transporter protein, ABCC6/MRP6. The
functional gene of 75 kb size consists of 31 exons. Two
pseudogenes that are expressed at low levels and are
positioned centromeric (ABCC6-y1) and telomeric (4BCC6-
w2) of ABCC6 have also been mapped [30]. Both ABCC6-w1
and ABCC6-y2 share a high degree of sequence similarity
(~99%) with the functional gene, but are truncated in the
fourth and ninth intron, respectively. The ABCC6 locus is
located in a genomic region that was subject to segmental
duplications, a series of events thought to play a crucial role
in the recent evolution of the ABCC6 gene cluster [31]. Due
to this evolutionary scenario chromosomal rearrangements,
gene conversion and emergence of new genes have been
observed.

There are several reports indicating that the ABCC6 locus
is genetically unstable. A rare fragile site (FRA16A) has
been found in close centromeric proximity to ABCC6 [32],
while the breakpoint of rearranged Chromosome 16 in the
acute non-lymphocytic leukemia cell line M4Eo was
localized ~0.5 Mb telomeric of ABCC6 [33, 34]. ABCCI, the
gene located closest to ABCC6 (8 kb apart) is frequently
deleted in the drug-selected M4Eo cell line, and the conco-
mitant amplification of ABCCI and ABCC6 is observed in
the SKOV3 ovarian carcinoma cell lines after multidrug
selection [35].

TRANSCRIPTIONAL REGULATION

The initial characterization of the transcriptional regula-
tion of the human ABCC6 gene identified two evolutionarily
conserved regions in the 5’ sequence 10kb upstream from
the translation start site [36]. Both regions harbor a CpG
island (CGI), potential target of DNA methylation. Analysis
of DNA methylation may give clues to the location of imp-
ortant regulatory regions of gene expression, as methylation
is stable like an imprint. Methylated regions indicate silen-
ced and unmethylated regions designate transcriptionally
active sequences [37]. Bisulfite genomic sequencing was
carried out to analyze both the distal and the proximal CGI
in different cell lines expressing and non-expressing ABCC6
[36]. Cell-type specific DNA methylation in the proximal
CpG island was detected, which inversely correlated with the
expression of the gene and suggested that this region plays
an important role in the tissue-specific regulation of ABCC6.

Based on these data luciferase reporter gene assays were
performed with sequential deletion promoter constructs. One
silencer (between -713 and -332 bp) and one DNA
methylation sensitive activator sequence (between -332 and -
145 bp) were identified [36]. These data indicated that this
region confers tissue-specificity to the ABCC6 expression
pattern. Further promoter mapping experiments confirmed
these findings by identifying one tissue-specific regulator
element (between -209 and -145 bp) and one further stronger
activator sequence located between -234 and -209 bp [38].

The potential regulatory role of some transcription
factors and cytokines has been suggested. The binding of the
PLAG family of transcription factors and RXR has been
convincingly demonstrated: they are able to transactivate the
endogenous ABCC6 gene, the binding site was determined
by luciferase assay and the binding to the ABCC6 promoter
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in the natural chromatin environment was demonstrated by
chromatin immunoprecipitation. However, their functional
role is still unclear [38, 39]. The binding of NF-kB, SP1 and
TGF-f has been also suggested but their functional role and
their binding to the endogenous 4BCC6 promoter have not
been tested [40].

Signal transduction pathways leading to the modulation
of ABCC6 expression have also been deciphered. Initially
the activation by TGF-f and inhibition by TNF-a and IFN-y
were reported in luciferase reporter gene assays [40].
However, these effects have not yet been confirmed on the
endogenous gene and the implicated signal transduction
pathway was not identified. More recently, we found that
activation of the MAP kinase ERK1/2 cascade leads to the
significant inhibition of the expression of ABCC6 in HepG2
and Caco-2 cell lines [41]. The detailed analysis of the
molecular mechanism of this inhibition of ABCC6 expres-
sion revealed that this is a direct effect on transcription ini-
tiation. Indeed, it was found that a degenerate but functional
HNF4 (hepatocyte nuclear factor 4) binding site [42, 43]
plays a pivotal role in the regulation of ABCC6 [41]. While
HNF4 binds tightly to the promoter of the gene under normal
conditions this occupancy is dramatically reduced upon the
activation of the ERK1/2 pathway leading to the decreased
expression of ABCC6.

These experiments also revealed that mutated ABCC6
promoter constructs with abolished HNF4 binding site have
prevented further activation of the luciferase activity by the
other transcription factors [41]. This strongly suggests that
HNF4 is responsible for the tissue-specific regulation of
ABCC6. It is worth to note that ABCC6 is expressed at a
detectable level only in tissues where HNF4 is expressed
[44, 45].

Our further experiments on the transcriptional regulation
of ABCC6 identified a strong primate- and tissue- specific
enhancer located in the first intron of the gene. We also
demonstrated that the proteins binding to this enhancer form
an activator complex with the proteins binding to the
proximal promoter [46].

MODIFYING GENES AND PXE PHENOCOPIES

The PXE phenotype is highly variable even within a
single family where patients have the same disease-causing
mutations [4]. No clear genotype/phenotype correlation has
been observed to date [47]. Finally, other diseases can mimic
the PXE phenotype. The PXE-like syndrome is due to
mutations in the gamma-glutamyl carboxylase (GGCX) gene
[11], while certain genetic hemoglobinopathies (e.g. thala-
ssemia) lead to slowly developing phenotypes similar to
PXE [48]. Although the molecular mechanisms of the deve-
loping phenotype are not yet understood, in beta thalassemia
mice a liver-specific down-regulation of Abcc6 gene exp-
ression was observed [49]. Christian Gotting and his co-
workers identified a number of genes modifying the disease
course in a German cohort. They demonstrated that the
ABCC6 ¢.-219A>C promoter polymorphism is significantly
less frequent in patients than in the control population [50].
They also showed that certain promoter polymorphism of the
SPPI (secreted phosphoprotein 1, previously called: osteo-
pontin) gene were more frequent in PXE patients than in
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controls [51]. Furthermore, earlier disease onset is associated
with polymorphisms of catalase, superoxide dismutase and
glutathione peroxidase genes [52]. They also found that
polymorphisms of the VEGF (vascular endothelial growth
factor gene) are prognostic markers for ocular symptoms
[53]. Similarly, it was observed that the ¢.2402C>G p.T801R
polymorphism of the xylol-transferase II gene is associated
with increased PXE severity [54].

THE ABCC6/MRP6 PROTEIN

The human proteome contains 48 ABC proteins; on the
basis of sequence similarity they are grouped into seven
subfamilies from A to G. The ABCC-subfamily includes
twelve members; most of them are active transporters while
ABCC7 (CFTR) acts as a chloride channel and probably
regulates the action of other ion channels (for more details,
see the relevant chapter of the present issue: CFTR
[ABCC7] target in Cystic Fibrosis). Two other members of
the subfamily, ABCC8 and 9 are K'-channel regulators
operating as intracellular ATP/ADP sensors thus reporting
about the metabolic state of the cells (for more details, see
the relevant chapter of the present issue: ABCC8/9 target in
type 2 diabetes).

The ABCC-proteins share the general features of the
ABC-kingdom: they harbor two nucleotide-binding (ABC)-
domains and two transmembrane domains (TMDs), each
with six membrane-spanning helices (the so called “core
structure”). It is a unique feature of some ABCC-type
proteins (“long MRPs” like ABCCl, 2, 3, 6, 8, 9 and 10) that
two additional domains are attached to the core structure N-

A

extracellular
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terminally: a transmembrane domain with five membrane
spanning helices and an intracellular loop. Accordingly, the
domain architecture of the long MRPs, including ABCC6/
MRP6 is TMDO0-LO-TMDI1-ABCI1-L1-TMD2-ABC2 (L0
and L1 are intracellular loops) (Fig. 2 panel A). ABCC6
consists of 1503 amino acids and it is known that the protein
functions as an organic anion transporter [55, 56]. Indeed, in
vitro studies demonstrated the transport of glutathione-
conjugates like glutathione S-conjugated leukotriene C4
(LTC4), N-ethylmaleimide S-glutathione (NEM-GS) and S-
(2,4-dinitrophenyl) glutathione, while the rat orthologue
transports an anionic cyclopentapeptide [57]. It has also been
shown by in vitro assays that some missense mutations des-
cribed as causative mutations in pseudoxanthoma elasticum
result in the loss of ATP-dependent transport of test substra-
tes [55]. Compared with its sub-family members (ABCC1-5)
ABCC6 is a poorly characterized transporter. The protein
shows significantly lower transport rate (turnover number) in
in vitro assays than the other human ABCC-type transpor-
ters, which makes its detailed biochemical/functional charac-
terization difficult.

It has been suggested that overexpression of ABCC6 is
able to confer low level of resistance to several commonly
used natural product anticancer agents like etoposide, doxo-
rubicin, daunorubicin and actinomycin D [56]. However,
clinically relevant ABCC6-mediated drug resistance has
never been found.

Homology Models

No high-resolution three dimensional structure of
ABCC6 is available. However, a three dimensional homo-
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(Fig. 2) Contd.....

Fig. (2). Membrane topology and three dimensional homology models of ABCC6. Missense mutations are indicated in red. A: the membrane
homology model and domain arrangements of ABCC6. B: three dimensional homology model of ABCC6 representing the outward facing
conformation; C: three dimensional homology model of ABCC6 representing the nucleotide-free conformation, Insert: schematic

representation of the domain swapping of ABC proteins.

logy model of ABCC6 is already built and published [58],
made possible by the recent publication of high resolution
crystalline structures of ABC proteins [59-61]. One of the
structures representing the nucleotide-saturated, outward
facing conformation shows that the two nucleotide-binding
(ABC) domains are in close proximity to each other in the
characteristic head-to-tail orientation reflecting to the
previously described "nucleotide sandwich dimer" [62]. The
other shows a nucleotide-free, substrate-saturated conforma-
tion. Newly recognized structural elements are the long
"rigid" extensions of the transmembrane helices, called
intracellular loops (ICL). Each half of the ABC proteins has
two ICLs interacting with the ABC-domains. The coupling
helices contact with their “own” as well as with the
“opposite” ABC-domains, hence a special type of domain
swapping can be recognized in the structure (see insert on
Fig. 2).

We have constructed two homology models of human
ABCCE6 protein: one of the models is based on the Sav1866
bacterial ABC transporter structure [58] representing a
nucleotide-saturated conformational state, while the other
one uses the recently published mouse Abcbl structure as
template and represents the nucleotide-free (apo) conforma-
tion. The two models are illustrated on Fig. (2), Panel B and
C. By performing a statistical analysis we have found a
significant clustering of the missense PXE-mutations at the
domain-domain interfaces: at the transmission interface that

involves four intracellular loops (ICLs) and the two ABC
domains as well as at the ABC - ABC interacting surfaces. In
the nucleotide-saturated model the mutations affecting these
regions are 2.75 and 3.53 fold more frequent than the
average mutational rate along the protein sequence,
respectively [58]. At the predicted ICL-ABC interfaces in
the nucleotide-free model the mutational rate is 4.25-fold
more frequent than the average mutational rate along the
protein sequence (the ABC domains are distant in this
conformation). The observed significant clustering means
that the domain contacts are much less permissive to amino
acid replacements than the rest of the protein. These results
provide a “bridge” between genetic data and protein
structure and can be viewed as novel proof of the importance
of the studied domain-domain interactions in the ABCC6
transporter.

ANIMAL MODELS

Abcc6 knock out mouse models were generated and the
critical role of Abcc6 in ectopic mineralization/calcification
has been confirmed in the Abcc6” mice which recapitulates
the genetic, histopathologic and ultrastructural features of
PXE [63, 64]. These findings suggest that the function of this
transporter is conserved in the mouse. Calcification in the
vibrissae capsules is the first symptom of the calcification
phenotype detected at the 8 to 10 weeks of age and serves as
an early biological marker of the disease [63]. A slight



676 Current Drug Targets, 2011, Vol. 12, No. 5

alteration of plasma lipid composition of the Abcc6” mice
has also been reported [64]. The KO mouse models have
been utilized for physiological and for pharmacological
studies that are discussed elsewhere in this paper.

Dystrophic Cardiac Calcification (DCC) in the mouse is
an autosomal recessive trait in certain laboratory strains and
the Abcc6 gene locus has been recently found as a main
mediator of DCC at the Dyscalcl locus [65, 66]. A splicing
error in processing of Abcc6 mRNA has been identified as
the causative genetic event (“splice-mutation”) of DCC. This
mouse shows a more pronounced arterial calcification
phenotype than the one observed in the laboratory-generated
Abce6” mice strains (presumably due to the different genetic
background) and seems to be as good model of PXE as the
latter.

The zebrafish (Danio rerio) has nearly the same ABC
gene repertoire as the human and has accessible and well-
characterized embryo. Two morpholinos were designed
targeting two different regions of the 4bcc6a gene, and it
was observed that they decrease Abcc6a expression by 54
and 81%. Both morpholinos induced a similar phenotype,
cardiac edema and curled tail. Microinjecting zebrafish
larvae with full-length mouse 4bcc6 mRNA completely
rescued the knockdown phenotype [67]. These recent results
serve as basis of a novel knockdown animal model system.
However, the results provided by this model may not be
translated directly to human physiology, as the zebrafish
gene appears to be essential for the development of the
animal.

THE “VITAMIN K HYPOTHESIS” OF PXE

ABCCE6 is predominantly expressed in the liver in the
basolateral compartment of the plasma membrane of the
hepatocyte (and to a lesser extent in the kidney and the
intestine), while the symptoms are systemic affecting various
organs. This apparent discrepancy led to the hypothesis that
PXE is a metabolic disease suggesting that ABCC6 is
involved in the secretion of a metabolite from the liver into
the circulation [68]. Recent experiments demonstrated that
grafting of wt mouse muzzle skin onto the back of KO mice
triggered mineralization, whereas grafting KO mouse muzzle
skin onto wt mice was accompanied with no mineralization
[69]. These transplantation experiments argue that PXE is
indeed a metabolic disorder. Furthermore, in a parabiotic
experiment the surgical pairing of Abcc6(-/-) mice with
wild-type prevented the mineralization of the connective
tissue in the knockout mice [70].

There have been a few case reports of a disease that
phenotypically resembled pseudoxanthoma elasticum with
respect to the mineralization of soft tissues causing cardio-
vascular, dermal and ocular symptoms. However, these
patients suffer from a vitamin K-dependent coagulation
factor deficiency which is not seen in PXE [71-73]. The
disorder is extremely rare and for decades its molecular basis
remained unknown. Also, no mutations in the ABCC6 gene
could be detected in these individuals, suggesting that
mutation of another gene could also cause PXE-like soft
tissue calcification. The identity of this enigmatic gene was
unraveled recently [11], and the clinical condition was
classified as a novel disorder: PXE-like disease (pseudoxan-
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thoma elasticum-like disorder with multiple coagulation
factor deficiency, OMIM 610842). Six patients were found
to possess compound heterozygous mutations in the gamma-
glutamyl carboxylase (GGCX) gene.

The GGCX gene encodes the gamma-glutamyl carboxy-
lase enzyme (GGCX), an ER (endoplasmic reticulum)-
resident protein, responsible for post-synthetic carboxylation
of Gla-domain containing proteins to which they confer Ca-
binding properties [74]. During the carboxylation reaction,
vitamin K (VitK) is oxidized to an epoxide form, which is
then re-reduced by another enzyme, Vitamin K oxido-
reductase (VKORCI1), thereby completing the VitK-cycle
[75]. Proteins with Gla residues bind calcium (and certain
other divalent cations) and this property is required for their
physiological function. The best-known members of this
group of proteins are the vitamin K-dependent coagulation
factors produced in and secreted from the liver. The reduced
activity of the GGCX enzyme explains the coagulation
deficiency in PXE-like patients. Another gamma glutamyl
carboxylated protein is MGP (matrix gla protein) which is a
potent inhibitor of connective tissue mineralization and its
function is essentially dependent on the correct carboxyla-
tion of the protein [76-78]. Insufficient carboxylation of
MGP might thus be responsible for the soft tissue calcifica-
tion in PXE-like patients. MGP can be detected in minera-
lized tissues of individuals with classic PXE as well as in
Abcc6 mutant mice [79-81]. Using antibodies specifically
recognizing the non-carboxylated and the carboxylated
forms of MGP, it has been shown that sites of ectopic
calcification only contained the undercarboxylated form of
MGP [80, 81]. These data led to the hypothesis that ABCC6
could directly or indirectly influence the availability of
vitamin K, or the capacity of the vitamin K cycle at peri-
pheral tissues. The highly similar phenotypic features of the
two diseases evoked hypotheses about their overlapping
pathophysiology. In PXE-like disease — due to the mutations
of the GGCX enzyme - the Gla-gammacarboxylation is
reduced in the liver, thus resulting in blood coagulation
abnormality, and also in the extrahepatic soft tissues where
the control of calcification is impaired. In classical PXE
gamma carboxylation is normal in the liver as there is no
mutation in GGCX. According to the current hypothesis, in
extrahepatic tissues gamma carboxylation is lower than
normal as Vitamin K available for the carboxylation cycle
may be limited in those tissues.

This notion is supported by the very recent finding that
the level of circulating vitamin K1 is lower in PXE patients
as compared to healthy controls [82]. It is notable that the
variability between patients is high and the range of
measured vitamin K1 levels in the control group overlaps
with that of the PXE patient group. Collectively, these data
raises the possibility that one form of Vitamin K is
transported from the liver into the circulation, and this
transport is mediated by ABCC6 (and is missing in PXE due
to ABCC6 mutations) [83].

On the other hand, the fact that PXE is a slowly
progressive disease suggests that the metabolite transported
by ABCC6 may only be reduced but not completely absent
in the circulation of patients. Besides being a co-factor of
gamma carboxylation, VitK may have other physiological
functions, including transcriptional regulation and protection
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Fig. (3). The major Vitamin K forms and metabolites. I: VitK1; II. MK4 (VitK2); III: VitK3 (menadione); IV: VitK3-glutathione conjugate;
V: VitK aglycone; VI: aglycone glucoronide. Beta-oxidation is represented by reaction a; glucuronidation by b; glutathione conjugation by
¢; conversion of VitK1 to VitK3 by d; while resynthesis of the sidechain generating MK4 by e.

of certain neuronal cells from oxidative injury [84]. These
findings need to be taken into consideration when studying
the connections between vitamin K status, ABCC6 and PXE.
Whether there is a connection between protection against
oxidative stress by VitK and the chronic oxidative stress
measured in the serum and cells of PXE patients [52, 85, 86]
is unknown and needs further investigation.

Currently, the exact metabolic pathway of Vitamin K is
not known in detail. Dietary Vitamin K (phylloquinone,
VitK1) is mostly utilized in the liver to serve as a cofactor in
blood clotting factor synthesis. Part of Vitamin K1 is
converted by side-chain removal to Vitamin K3 (also known
as menadione) probably in the enterocytes [87]. K3 can be
taken up by the extrahepatic tissues and the complex
aliphatic side chain is substituted to the naphtoquinone core
thus generating MK4 (a menaquinone, also called Vitamin
K2), which is available for the Vitamin K cycle of the
extrahepatic tissues [88]. It is known that both Vitamin K1
and MK4 are metabolized to a common catabolite after beta-
oxidation of the side-chains and subsequent glucuronidation
and the conjugate is secreted into the urine [89]. K3 can be
conjugated with glutathione. The known metabolic events
and vitamin K compounds are shown in Fig. (3).

In principle, any of the Vitamin K metabolites or molecu-
lar forms (see Fig. 3) could be the transported substrate(s) of
ABCC6, that, according to the “Vitamin K hypothesis”,

control(s) indirectly - via gamma-carboxylation of Ca-bind-
ing proteins like MGP - the formation of calcium-deposits in
the arterial wall and in other soft tissues. However, the key
role of Vitamin K in the disease phenotypes associated with
ABCC®6 has not been proven.

Indeed, very recent independent studies challenged the
“Vitamin K theory”. In one of the papers [90] it was dem-
onstrated that oral administration of massive amount of vita-
min K2 did not alter the ectopic mineralization in Abcc6”
mice. Similarly, intravenous administration of Vitamin K3-
glutathion conjugate (K3-GSH) did not alter the degree of
mineralization. Furthermore, the same authors also found
that vitamin K2, K3 and K3-GSH has no effect in an in vitro
calcification system, i.e. they did not trigger any minerali-
zation inhibition.

In the other study [91] Abcc6” mice were placed on a
diet of either 5 or 100 mg/kg of vitamin K1 or K2 at
prenatal, 3 weeks or 3 months of age. These authors also
found no significant change in the levels of pathologic
calcification irrespective which type of administration was
used. However, measuring the plasma levels of different
Vitamin K forms resulted in a very interesting observation:
upon the same administration the level of Vitamin K1 in the
plasma of wt mice was significantly higher than in the
plasma of the Abcc6” animals. The same was true when
Vitamin K2 was administrated orally. These results suggest
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that Abcc6 might be involved in vitamin K transport,
absorption or metabolism in the body to some degree, which
is in agreement with the observations discussed in the
previous paragraphs [81].

Unequivocally, both studies provided evidence that diet-
ary supplementation in vitamin K is not a viable approach to
prevent PXE-related calcification thus suggesting that the
availability of vitamin K is not a limiting factor in the
pathology of PXE.

Local expression of ABCC6 has been shown in several
tissues and cell types, e.g. keratinocytes, fibroblasts, smooth
muscle cells and macrophages [92-94], some of those are
affected in PXE. The local effect of missing ABCC6 activity
may also contribute to the progression of the disease.

ABCC6 AS A DRUG TARGET

Two disease conditions are associated with mutations in
the ABCC6 gene: pseudoxanthoma elasticum is a recessive
trait due to mutations in both ABCC6 alleles, while the loss
of one functional ABCC6 allele is a genetic risk factor in
coronary artery disease, CAD and possibly stroke [95]. As
the phenotype in both cases is due to complete or partial loss
of ABCC6 activity, augmentation-type gene therapy — in
principle — could be an effective treatment of the disease
conditions. However, even if all the safety concerns of gene
therapy were solved, there would be questions to be
answered: is it sufficient to restore ABCC6 activity only in
the liver, or it is also needed to do in other organs with lower
level of expression (e.g. kidney)?

Some of the PXE-causing ABCC6 mutations may result
in only partial loss of function of the protein. Induction of
expression of such a low activity mutant — in theory — could
potentially be therapeutic in these cases. The induction of
ABCC6 expression could be achieved at distinct levels:
increased transcription, increased RNA stability or increased
protein stability. However, we have almost no information to
date about the regulation of ABCC6 RNA and protein stabi-
lity. Therefore, currently the only way to develop a hypothe-
sis-driven therapy based on increased ABCC6 expression is
to intervene at the transcriptional regulation of the gene. As
discussed previously the transcriptional regulation of ABCC6
was investigated by different groups and the potential role of
several transcription factors has been suggested [38-40].
However, only the role of ERK1/2-HNF4 pathway has been
analyzed in a potential physiological context. As previously
mentioned, HNF4 is a bona fide activator of the gene, while
the activation of the ERK1/2 pathway inhibits HNF4 and
thereby the expression of ABCC6 [41].

ERK1/2 regulate several physiological processes, such as
cell growth and proliferation, differentiation, survival and
apoptosis [96]. The pathway is activated by a number of
stimuli, like growth factors and environmental stresses (e.g.
oxidative stress) or through various G protein coupled recep-
tors [97]. The pathway has a low basal activity and upon
activation it is rapidly deactivated by different phosphatases
the most important among them being PP2A (protein
phosphatase 2A). PP2A itself is under the control of protein
kinase A and other signaling cascades [98].
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An option to increase the expression level of the ABCC6
gene would be the inhibition of ERKI1/2 activation in
hepatocytes. Due to the myriad of ERK1/2 activating factors,
the low basal activity and the fast turnover of the signals,
inhibitory stimuli of ERK1/2 are not easy to find. However,
some of the anticancer therapies are targeting the ERK1/2
pathway and promising results have been obtained both in
vivo and in vitro in inhibiting cancer progression [99, 100]. It
is highly probable that new generations of these molecules
will become available. These molecules might have benefi-
cial effect in some patients because only a slight inhibitory
effect would be necessary in the case of PXE symptoms, the
toxic effect of the molecules on other tissues would be dimi-
nished. Furthermore, in some cases patients are suffering
from chronic oxidative stress and develop secondary PXE
(e.g. in beta-thalassemia) [48, 49]. These patients treated
with ERK1/2 inhibitors and/or an anti-oxidative stress ther-
apy might also receive therapeutic benefit. Similarly, the
ABCC6 mutation carriers also suffer from mild oxidative
stress [52, 101], a condition potentially inhibiting the expres-
sion of the gene from the remaining allele. These patients
could presumably benefit from the same therapy to prevent
the development of CAD.

ERK1/2 has a wide variety of targets. One of them is
HNF4, which is inactivated either directly or indirectly by
the kinase [102, 103]. HNF4 transcription factor is a major
regulator of the expression of ABCC6 and also a master
regulator of metabolism in hepatocytes. By influencing the
global metabolic state of the liver one can induce or inhibit
the expression and/or the activity of HNF4. Accordingly, it
has been demonstrated that high insulin levels (e.g. in dia-
betic mouse models HNF4) is downregulated [104], while in
fasting states functional HNF4 level is increased [105] lead-
ing to hepatic gluconeogenesis. Similarly, it has been shown,
that HNF4 is up-regulated by glucocorticoid hormones
[106]. These conditions might contribute to a higher ABCC6
expression level and diminishing or eliminating the PXE
symptoms in some PXE and probably the beta thalassemic
patients.

Missense disease-causing mutations can reduce the
transport activity and/or the overall stability of the trans-
porter, or may result in a slightly altered conformation that is
not compatible with the normal trafficking of the protein to
the plasma membrane. Indeed, defective protein trafficking
caused by mutations underlies many human diseases and
examples include several membrane-embedded ABC-pro-
teins (like ABCC7/CFTR, ABCC2, ABCCS8/SURI or
ABCBI11/BSEP). Efforts to identify pharmacologic com-
pounds to correct the misfolding and/or misprocessing of
mutant membrane proteins have already resulted in a few
remarkable findings, and are considered as the molecular
basis of allele-specific therapy of the given disease (see e.g.
[107]). This observation raises the possibility that pharmaco-
logical compounds (acting either as “chemical chaperones”
or interfering with the quality control of the protein sorting/
processing mechanism) may correct the defect causing the
disease in a group of patients. Substrates and modulators of
ABCBI have been demonstrated to act as chemical chape-
rones thus helping the appearance of fully mature protein at
the cell surface in the case of processing ABCB1 mutants
[108]. The first effort of promising correction of folding of
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the ASO8CFTR mutant was achieved by curcumin, which
might act as a chemical chaperone [109].

Several studies demonstrated that sodium 4-phenyl-
butyrate (4-PBA) can restore the cellular trafficking of a
mutated ABCC7/CFTR (AF508) and its cellular function
were restored — at least partly - in both cultured cells and in
cystic fibrosis patients [110-112]. 4-PBA is approved for
clinical use in human subjects in urea cycle disorder [113].
As a “chemical chaperon” it is thought to interfere with the
Hsc70 protein in the endoplasmic reticulum, allowing a
proportion of misfolded proteins to escape association with
the chaperon thus improving cellular trafficking [114], and
this effect is independent of its function as a drug of urea
cycle disorders.

We have embarked upon a similar project on missense
disease-causing mutants of ABCC6 utilizing in vitro and in
vivo approaches [115]. First we study missense mutants by
expression in insect cells. This establishes the transport
characteristics and identifies those ABCC6 mutants with
stability and preserved transport activity. To investigate the
intracellular targeting of the ABCC6 mutants we developed a
novel experimental approach to express the human ABCC6
variants in the liver of living mice. This approach provides a
unique insight into the intracellular processing of a human
ABC transporter in physiological conditions very similar to
the biology of the fully differentiated human liver cells. Our
preliminary results demonstrate that this complex experi-
mental strategy is capable to determine those mutants which
are potential targets of chemical chaperon- based allele-spe-
cific intervention. Indeed, by 4-PBA treatment of mice
transiently expressing human ABCC6 variants we could
identify one PXE mutant protein reverting its exclusively
intracellular localization to a near normal plasma membrane
distribution in mouse liver cells in vivo.

The most frequent mutation in PXE is the R1141X
nonsense mutation. It has been shown that aminoglycoside
antibiotics like gentamicin can suppress premature stop
codon arrest of translation by inducing the ribosome to read
through (or “suppress”) the nonsense mutation via insertion
of an amino acid. It was demonstrated in a muscular
dystrophy mouse model that aminoglycosides could suppress
stop codons not only in vitro but also in vivo [116]. How-
ever, the efficacy of the “read through” may be quite low.
Enhanced production of active protein from genes with
nonsense mutations can be achieved by combining treatment

by inducing the promoter of the gene and the application of
“read through” agents [117]. A promising new non-amino-
glycoside agent of suppressing premature termination codons
is PTC124 (Ataluren), which is in clinical trial in cystic
fibrosis, in Hemophilia A and B and in Duchenne muscular
dystrophy [118]. These strategies can now be tested in
experiments with the aim of correcting the frequent ABCC6
R1141X stop codon mutation.

In Fig. (4) we have summarized the potential targets of
the therapeutical interventions discussed above.
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ABBREVIATIONS

ABC = ATP-binding cassette

ABCC6 = ATP-binding cassette protein, family C,
number 6

AS = Angioid streak

CAD = Coronary artery disease

CGI = CpG island

ChIP = Chromatin immunoprecipitation

CNV = Choroidal neovascularization

DCC = Dystrophic cardiac calcification

ERK1/2 = Extracellular signal-regulated kinase 1/2

GGCX = 7-Glutamyl carboxylase

HNF4 = Hepatocyte nuclear factor 4

K1 = Vitamin K1

K2/MK4 = Vitamin K2/menaquinone

K3 = Vitamin K3/menadione

KO = Knock out
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MAPK = Mitogen-activated protein kinase

MGP = Matrix gla protein

MRP = Multidrug resistance-associated protein
PXE = Pseudoxanthoma elasticum

RPE = Retinal pigmented epithelium

VEGF = Vascular endothelial growth factor
VKOR = Vitamin K oxido-reductase

wt = Wild type
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Targeting CFTR: How to Treat Cystic Fibrosis by CFTR-Repairing
Therapies
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Abstract: Several novel compounds recently appeared as promising leads to develop effective drugs against the basic
defect in Cystic fibrosis (CF) and the first rationale therapies for CF relying on the understanding of the basic defect
started to hit the clinical setting.

Most of these efforts are focused on correcting the F508del mutation (occurring in ~90% of CF patients) which causes
misfolding of the CF transmembrane conductance regulator (CFTR) protein, the intracellular retention of such abnormal
conformation by the endoplasmic reticulum quality control and premature degradation, thus precluding CFTR from
reaching the cell membrane where it normally functions as a cAMP-stimulated CI™ channel.

Here, several rationale therapeutic strategies are briefly reviewed, namely, mutation-specific (or "CFTR-repairing")
approaches (with a particular focus on the cellular defect associated with F508del-CFTR), manipulation of other ionic
(non-CFTR) conductances and gene therapy. Still more innovative strategies, such as manipulation of the proteostasis
network, displacement of molecular chaperones, targeting mutant CFTR by in silico small-molecule screens and systems

biology approaches are also discussed.

Keywords: Basic defect, CFTR modulator, corrector, F508del, drug discovery.

INTRODUCTION
Cystic Fibrosis and CFTR

Cystic Fibrosis (CF) is the most common, lethal mono-
genic disorder, estimated to affect 30,000 individuals in the
European Union and about the same number in the US [1],
with an incidence of 1 per 2,500-4,000 newborns. Clinically,
CF is dominated by the involvement of the respiratory tract,
the main cause of morbidity and mortality, through airway
obstruction by thick mucus and chronic infections, especially
by Pseudomonas aeruginosa, eventually leading to loss of
the respiratory function [2]. Other CF symptoms include
pancreatic dysfunction, elevated sweat electrolytes, male
infertility, intestinal obstruction, liver cirrhosis, etc. [3].
However, there is wide clinical variability in organ involve-
ment from classical severe forms to milder and atypical
presentations [4]. Despite impressive advances in relating the
molecular basis of CF to organ-level disease, CF is still a
very limiting disorder, both in terms of life expectancy (37
yrs in the US) and quality of life [5].

The disease is caused by dysfunction of a single gene,
spanning a genomic region of ~190 Kb and consisting of 27
exons, which codes for the CF transmembrane conductance
regulator (CFTR) protein [6], a cAMP-activated chloride
(Cl-) channel, expressed at the apical membrane of most
surface epithelial cells lining the airways, the gastrointestinal
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tract and the ducts of several glands, like the pancreas, air-
ways submucosal and sweat glands [7]. Due to the absence/
impairment of functional CFTR, very little or no CFTR-
mediated CI transport is detected in CF epithelia. Various
other ion transporters are also regulated by CFTR, above all
the epithelial Na" channel (ENaC) - a major regulator of salt
and water re-absorption which is downregulated by active
CFTR [8, 9]. In turn, this ENaC hyperabsorption which
results from defective/ lack of CFTR, has been postulated to
lead to water depletion from the airway surface liquid (ASL)
in CF and consequent reduction in its height and fluidity
[10]. This phenomenon is believed to contribute to the dele-
terious cascade of mucus accumulation, infection, inflamma-
tion and destruction that characterizes CF lung disease [11].

CFTR itself (also ABCC7), a member of the ABC trans-
porter superfamily, is a large multidomain protein compris-
ing 1480 amino acid residues arranged in two membrane
spanning domains (MSD1/2), two nucleotide (ATP) binding
domains (NBD1/2) and a unique highly polar regulatory
domain (RD) with multiple putative phosphorylation sites
[12]. For correct appearance of functional CFTR at the
surface of epithelial cells, multiple cellular processes have to
occur in an accurate and coordinated way. These start by the
production and splicing of the long CFTR primary transcript,
followed by correct processing of the protein along the
secretory pathway and insertion in the apical membrane and
ending in the adequate activation of the channel in a tightly
regulated fashion.

Each of the numerous CFTR gene mutations so far
reported to cause CF [13] disrupt protein function in distinct
ways and by affecting one or more of these processes. In
order to tackle all these different gene mutations towards

© 2011 Bentham Science Publishers Ltd.
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corrective (or "CFTR-repairing") therapy, they have been
grouped into functional classes. However, before describing
this classification of mutations and respective therapeutic
strategies (see below under "Functional Classes of CFTR
Mutations and "CFTR-Repairing Therapies"), a brief
overview of the mutations themselves as well as their
molecular and cellular consequences is provided hereunder.

CFTR Gene Mutations

More than 1,500 alterations have been described to date
in the CFTR gene [13], the majority of which are pathologic.
They have the following distribution: missense (41.5%);
frameshift (16%); splicing (12.5%); nonsense (9.5%); large
(3%) and in-frame (2%) deletions/ insertions; and promoter
(0.5%); plus 15% of presumed non-pathological variants
[13]. However, the most common cause of CF is a deletion
of 3 nucleotides resulting in loss of phenylalanine at position
508 of the polypeptidic chain [14, 15]. This mutation, termed
F508del and accounting for ~70% of CF chromosomes
worldwide, occurs in ~90% of CF patients in at least one
allele and is associated with a severe clinical phenotype [16].
Generally, a higher frequency of this mutation is observed in
Northern vs. Southern European populations [17, 18].

Such a wide spectrum of mutations in the CFTR gene
comprises a large number of uncommon variants for which
disease prognosis is difficult, also because the underlying
functional defect is unclear [19]. Many of these uncommon
variants still result in partially functional CFTR and hence
milder or "atypical" forms of CF [20]. However, clinical
phenotypes may vary widely for the same genotype, thus
posing considerable challenges in establishing diagnosis and
prognosis of CF in relation to genotypes [5, 19, 20]. In fact,
it has been estimated that overall, 7% of CF patients are not
diagnosed until age 10 years, with a significant proportion
not diagnosed until after age 15 years [20]. The phenotypical
unpredictability of these "milder" mutations poses even
greater challenges to the establishment of newborn screening
programmes which are based on DNA analysis, especially in
countries (e.g. Southern Europe) where their proportion is
higher. These challenges include above all the choice of
mutations to be included in the "screening panel”, due to
major difficulties in establishing a clear follow-up procedure
in positive cases for these unpredictable mutations.

Functional Classes of CFTR Mutations and "CFTR-
Repairing' Therapies

Since ultimately, all disease-causing CFTR mutations
result in defective cAMP-regulated Cl secretion by epithelial
cells [21, 22], in principle, fixing the basic defect to restore
CFTR-mediated CI transport should clinically improve CF.
Moreover, once the underlying defect(s) of CFTR mutants
are known, they can be grouped into functional classes so as
to be tackled by similar corrective strategies, and hopefully
with the same compounds (see below). The previously
defined functional classes of CFTR mutations, which have
been explained in detail elsewhere [21, 22], are also briefly
described below.

Class I mutations impair protein production, often being
nonsense mutations (with premature stop codons, e.g.
G542X or W1282X) usually leading to mRNA degradation

Margarida D. Amaral

by nonsense-mediated decay (NMD). Class II mutations
(where F508del is included) affect CFTR protein processing
due to endoplasmic reticulum (ER) retention by the ER
quality control (ERQC) and degradation [23]. Class III
mutants (e.g., G551D) traffic to the cell membrane but
exhibit impaired gating by disrupting channel regulation.
Class IV mutations (e.g., R334W) decrease channel
conductance, i.e., flow of Cl ions, usually by locating in the
channel conducting pore. Class V mutations significantly
reduce normal protein levels, often by affecting splicing
(3272-26A>G or 3849 + 10 kb C>T) and generating both
aberrant and normal transcripts, the levels of which vary
among different CF patients with the same mutation and
correlate with disease severity [24, 25].

The next step, after examining the molecular and cellular
basis of CF mutations, is to design appropriate and effective
treatments to correct these basic molecular and cellular
defects. Some of these "CFTR-repairing" (or "CFTR-assist")
therapeutic strategies [1, 11], are currently under experi-
mental testing or already progressed to the clinical setting.
Since they have been reviewed elsewhere recently [11, 26],
only a brief overview of these approaches is provided here.

. Class 1. Aminoglycoside antibiotics and synthetic
novel small molecules have been described to
camouflage premature termination codons (PTCs)
and suppress translational fidelity by allowing the
incorporation of an amino acid. This permits
translation to continue over PTCs to the normal
termination of the transcript thus producing full-
length protein. Examples of clinical and pre-clinical
trials carried out in patients with CF to test correction
of CFTR function by translational "read-through"
include both gentamicin [27] and more recently
ribosome-binding molecules like Ataluren (formerly
PTC124, PTC Therapeutics) [28, 29]. More recently,
novel geneticin analogs have been developed and
shown in vitro to be of promising value [30].

. Class II. Chemical (unspecific) and pharmacological
(specific) chaperones are small molecules which can
potentially bind more or less specifically to mutant
CFTR proteins, promoting their folding and stability
(for a review see [23]). Both these types of com-
pounds allow mutants to escape ER degradation and
reach the cell surface (see below "Targeting the
Cellular Defect Associated with F508del-CFTR").
Among these compounds, termed in the CF field as
"correctors" [31], there are currently promising
candidate drugs in trial to correct the F508del defect
in patients. Such is the case of VX-809 (Vertex
Pharmaceuticals) for which a Phase Ila clinical trial
was recently completed. Although the study was
primarily designed to test safety and tolerability of the
drug some reduction in sweat chloride values were
reported [32].

. Class III. CFTR activators such as the flavonoid
genistein [33] which can overcome the channel
gating/ regulation defects of CFTR mutants which
already localize to the cell membrane [34], are termed
in the CF field as "potentiators" [35]. Although a
CFTR potentiator is a compound which increases CI
secretion only in the background of the normal
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physiological control, i.e., after stimulation of the
cAMP/PKA signalling pathway, an ideal potentiator
should not modulate this pathway, but rather act on
the channel itself. Among potentiators, one of the
most promising drug candidates which has fulfilled
such criterion, is VX-770 (Vertex Pharmaceuticals)
[36]. This compound revealed a 10% improvement in
lung function after 2 weeks of twice-daily therapy in
a Phase Ila trial involving patients bearing the G551D
in at least one CFTR allele [37]. Two Phase III
studies (one for paediatric and another for adolescent/
adult patients) began in Summer 2009. Currently, a
VX-770 clinical trial is also recruiting CF patients
aged 12 yrs and older who are F508del-homozygous,
since past studies have revealed that a few of these
patients have some F508del-CFTR protein at the
membrane of native respiratory cells [38, 39], albeit
expected to display much reduced function [40, 41].

. Class IV. Compensation for reduced CFTR conduc-
tance can be achieved either by increasing the overall
cell surface density of these mutants with class II
correctors or/and through increased stimulation of the
existing channels with class III potentiators.

. Class V. Increasing the levels of splicing factors that
correct missplicing or manipulating those that alter
the balance of different splice forms, are valid stra-
tegies to promote increased levels of correctly spliced
transcripts in CF patients bearing CFTR splicing
mutations (~10% of all CF patients). Knowledge of
the factors required to manipulate mRNA splicing in
the desired direction, combined with recent advances
in the delivery of "splice switching" oligomers to
cells, holds great promise for the development of new
therapeutic strategies for the treatment of splicing
mutations occurring in various diseases [42]. How-
ever, despite the demonstrated success of such stra-
tegies in cell culture this type of approach has not yet
moved into clinical trials. It is nevertheless, expected
that CFTR potentiators with proven efficacy on wt-
CFTR will also move soon into the clinical setting for
patients with class V mutations.

Despite the attractiveness of this rationale for "class-
approach" for CFTR-repairing therapy, it should be empha-
sized that, for many of the very high number of CF-causing
mutations so far reported in the CFTR gene, the corres-
ponding functional defect remains unknown, thus precluding
their functional classification. The CFTR2 project [43], a
recent major research effort aimed at understanding the
defects associated with a significant proportion of CFTR
mutants at the molecular, cellular and functional levels for
disease diagnosis and prognosis, will allow such classifica-
tion of CFTR mutations, thus enabling considerable progress
towards mutation-specific therapies. Indeed, by creating
isogenic epithelial cell lines each expressing a different
CFTR variant, CFTR2 will constitute a valuable resource for
the development of targeted compounds by "CFTR-repair-
ing" strategies (see below) [11]. Moreover, this initiative will
also provide key insights into the structure and function of
CFTR.

Although appealing, application of mutation-specific
therapeutic strategies to CF patients with different CFTR
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genotypes still has its caveats. In fact, although sharing the
same molecular/cellular defect(s), CFTR mutations in the
same functional class may respond differently to a given
compound. For instance, bisaminomethylbithiazoles, which
were shown to correct F508del-CFTR in F508del/F508del
human bronchial epithelia, did not correct another tempe-
rature-sensitive trafficking mutant, P574H-CFTR [31].
Another example is gentamicin which appears to correct
W1282X more efficiently [44] than other nonsense CFTR
mutations [45]. Similar discrepancies in efficacy are
expected to other compounds when tested on different CFTR
mutants. In this respect, the CFTR2 resources (see above)
will be extremely helpful, since such collection of cell lines
expressing different CFTR variants can also be used to test
pre-clinically the efficacy of "CFTR-repairing” compounds
on different genotypes before moving into clinical trials.

Manipulating other Ionic Conductances to Restore
Airway Surface Liquid

Since CF airways also exhibit a major enhancement of
sodium (Na') absorption and subsequent ASL dehydration,
another therapeutic approach to CF, which is completely
different from the above because it is independent of the
CFTR genotype, relies on the correction of ion transport
which is not mediated by CFTR. This is the so-called
"bypassing approach" (reviewed in [11, 46]).

This strategy proposes for instance to correct for the Na"
hyperabsorption by inhibiting the Na' epithelial channel
(ENaC) and/or for the lack of CFTR-mediated CI transport,
by activating other non-CFTR CI' channels, such as the
calcium (Ca®")-activated CI” channels (CaCCs) [11].

To correct for the Na" hyperabsorption in the airways of
CF patients, early clinical trials were conducted with
aerosolized form the specific ENaC blocker amiloride, and
demonstrating that this compound improved mucociliary
clearance (MC) and expanded airway surface liquid (ASL)
CF cells [47, 48]. Despite these encouraging results, the low
potency and rapid absorption of amiloride by airway
epithelia translated into a short duration of efficacy for CF
patients. Subsequent trials have thus tested improved ENaC
blockers, also as aerosolized therapies for CF, alone or in
combination with hypertonic saline, and encouraging results
have been reported [49] (for a review on ENaC therapy see
[50]). Since ENaC activation has been shown to depend on
several trypsin-family serine peptidases [51, 52], therapeutic
approaches based on protease inhibitors are also being
pursued [53]. Another approach to selectively downregulate
ENaC involves usage of small interference (si) RNAs to
downeregulate its expression levels [54-56] and, given the
rapid developments in siRNA therapeutics targeted to the
lung [57], this strategy may become feasible in the short-
term. However, since ENaC cannot be fully blocked, given
the associated risk of hypotension and other symptoms
associated with psuedohypoaldosteronism (PHAT1), all ENaC
targeted therapies must might under tight control.

As to CaCCs, after more than 25 years searching for
possible candidates, the molecular identity of the latter was
finally recognized as being one member of the anoctamin
family of transmembrane proteins (ANO1) or transmem-
brane protein 16A (TMEMI16A) [58-60].
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The current most promising therapeutic strategy for
alternative Cl” conductances is to stimulate CaCCs through
ATP-activated purinergic receptors P2Y(2) using synthetic
nucleotides which are more stable and selective than ATP,
such as INS365 or denufosol tetrasodium (INS37217, Inspire
Pharmaceuticals). The latter, a metabolically more stable and
potent compound, has the advantage of not only stimulating
CaCC channels but also of inhibiting ENaC, albeit modestly,
thus attenuating excessive Na' absorption and ASL
dehydration [11, 46]. Denufosol already finished a first
Phase III (TIGER-1) clinical trial [61], demonstrating statis-
tical significance for lung function (FEV1) improvement.
Currently, CF patients are being enrolled for a second Phase
3 trial (TIGER-2) with this drug candidate. These trials
started before identification of TMEMI16A, so it remains to
be elucidated that this is actually the target of denufosol.

Similarly to the bypassing approach that ignores the basic
CFTR defect, other recent therapeutic strategies have
focused on correcting other non-CFTR defects. One example
is the age-dependent accumulation of ceramide, described to
be due to enhanced pH-dependent sphingomyelinase acti-
vity, which cleaves sphingomyelin to ceramide [62]. Ext-
reme function of this enzyme and excessive accumulation of
ceramide were shown to occur in the respiratory tract of
uninfected cffr-/~ mice, resulting in constitutive pulmonary
inflammation and death of respiratory epithelial cells [62].
Although still controversial that such defects are primary in
the CF pathogenesis cascade [63, 64], pharmacological
treatment of these mice with the sphingomyelinase blocker
amitriptyline (an antidepressant drug in previous clinical
use) normalizes pulmonary ceramide levels and prevents
other pathological findings, including susceptibility to
infection [62].

Gene Therapy

To date, gene therapy has failed to demonstrate a clinical
benefit for CF after repeated administration. Notwithstand-
ing, a lot was gained from the pre-clinical and clinical
studies that were performed, not only in endpoints for
efficacy assessment [65, 66] but also in key knowledge of
the basic biology of the epithelium that is essential for a
better understanding the CF pathophysiology.

One major problem of single-dose gene therapy achieved
by vectors that insert its CFTR transgene into the hosting cell
(e.g., lentiviruses) is that cells lose expression of the
"intruding" gene after some time, lasting only for 4-6 weeks.
This is mostly due to usage of a "shorter version" of the
CFTR gene (called complementary DNA, or cDNA) which
is only ~6kb instead of the long (~190 kb), full genomic
CFTR gene. The absence of intercalating regions (introns) in
such "shorter gene versions" leads to silencing of the genes
by complex mechanisms, still not fully elucidated. Thus, one
plausible alternative is to use larger CFTR constructions
which, however, due to their large size cannot be inserted
into conventional vectors. Human artificial chromosomes
(HACs) containing half of the CFTR genomic sequence were
already inserted into mammalian cells by suicidal bacteria
and shown to maintain CFTR expression over 50 cell
generations [67]. More recently, successful generation of
genomic constructs containing the full-length CFTR gene
were also reported [68]. Although with still many barriers to
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overcome, such an approach may still hold promise of gene
therapy success for CF.

Targeting the Cellular Defect Associated with F508del-
CFTR

Since the F508del mutation is the main cause of CF,
being the most prevalent in patients worldwide, major
research efforts aim to understand and correct this mutant.
F508del is a class I mutant (see above), so the major defect
is causes on CFTR protein is its intracellular localization [15,
69]. Indeed, F508del-CFTR fails to traffic to the plasma
membrane due to major retention at the level of the ER and
degradation by a process known as ERAD (ER-associated
degradation). This ER retention is believed to result from its
failure in acquiring a native (folded) conformation.
Structural cues exposed in the mutant protein are somehow
recognized by the ER quality control (ERQC), the "sensor"
of ERAD a mechanism that reduces levels of misfolded
proteins in the secretory pathway through proteasomal
degradation via the ubiquitin-(Ub)proteasomal pathway
(UPP) (reviewed in [70]). Since it would be of potential
therapeutic benefit to render the ERQC less stringent
towards F508del-CFTR, many groups, including ourselves
have focused their efforts on the identification of the key
specific intervenients responsible for recognizing and
sending most of this mutant to degradation. Since this
approach has been excellently reviewed recently [12], it is
only briefly mentioned here. Some more novel strategies are
described in the following section.

According to our own working model of the ERQC [71,
72] several sequential checkpoints involving distinct protein
machineries (mostly molecular chaperones) assess the
folding status of newly synthesized proteins targeting for
degradation those which cannot achieve a folded conforma-
tion in a timely fashion. Targeting the components of these
machineries for therapeutic benefit (reviewed in [23]) has
been attempted soon after the first molecular chaperone,
Hsp70, was identified to associate with CFTR [73]. The
compound then used to attempt F508del-CFTR rescuing was
the polyamine deoxyspergualin [74], described to bind both
molecular chaperones Hsp70 and Hsp90 and also a potent
immunosuppressive, clinically applied for graft rejection
protection by a yet unknown mechanism [75]. However, the
effect, which was then described for this compound in rescu-
ing the processing of F508del-CFTR, could not be confirmed
in another study [76]. Moreover, it was subsequently shown
that disruption of the CFTR/ Hsp90 association with
geldanamycin, an Hsp90-specific benzoquinone ansamycin
drug, prevented maturation of wt-CFTR and accelerated its
degradation by the proteasome [77]. Dissociation from
Hsp90 thus seems detrimental to the efficiency of CFTR
processing.

Similarly to Hsp90, decreased wt-CFTR processing was
also found by downregulating the levels of the ER mem-
brane-bound and Ca®"-dependent chaperone/lectin calnexin,
the major component of another proposed ERQC checkpoint,
or by preventing its interaction with CFTR, by devoiding
CFTR of the glycan residues responsible such interaction
[71]. Curiously, and despite the recent confirmation of these
data by additional studies [78-80], some groups reported to
have achieved "release" of F508del-CFTR from the ER by
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perturbing interactions with calnexin, or proposed this to be
the MoA for the effects brought about by diverse compounds
claimed to cause some F508del-CFTR maturation. Such
compounds include the Ca**-pump inhibitors (depleting Ca*"
from the ER) thapsigargin [81] and curcumin, the major
component of tumergic [82], and N-butyldeoxynojirimycin
(miglustat) an inhibitor of ER a-glucosidases I and II [83,
84]. However, most of these results are controversial because
rescue of F508del-CFTR by these compounds could not be
confirmed by other groups as discussed previously [11, 12].
Importantly, miglustat (Zavesca®, Actelion) used in
Gaucher disease therapy as an inhibitor of ceramide-specific
glycosyltransferases [85] was assessed in a Phase Ila clinical
trial involving F508del-CF patients. Although the trial was
completed in Summer 2009, the results have not yet been
released.

While the mechanism of action (MoA) of CFTR
correctors is largely unknown, a recent study indicates that,
at least some of them, may indeed compete with molecular
chaperones such as Hsp70. In this study [86] Hsp70 was
shown to bind to F508del-NBD1 of CFTR with 5-fold higher
affinity than to the wild-type (wt) domain and that such high
affinity was significantly decreased by pre-incubation with
the CFTR corrector 4a [31]. Such decrease in affinity
plausibly resulted from the ability of corrector 4a to mask
some hydrophobic pocket(s) exposed in the surface of
F508del-NBD1, thus increasing its (apparent) intrinsic
folding. Speculation about the implications of these in vitro
results to the in vivo scenario of full-length CFTR, seems to
lead to the conclusion that corrector 4a does not merely
"release" misfolded F508del-CFTR from Hsp70, leaving it
"vulnerable" to other clearance mechanisms, but instead it
promotes F508del-CFTR folding, even if apparently and as
measured by the decreased exposure of hydrophobic
surfaces.

Accordingly, to achieve rescuing of F508del-CFTR, it
does not seem to be enough for small molecules to disrupt its
association with molecular chaperones. It appears also
crucial that the "released" protein has acquired a folded
conformation (or some form of "protection" for its hydro-
phobic surfaces) to avoid instability and degradation. This is
indeed the role of Hsp70 and chaperones in general, which
are known to protect their "client proteins" from multiple
interactions in the cell milieu, so that they can achieve their
native conformation. However, since chaperones are know to
exert dual effects on their substrates [87], they also to
drastically target them for degradation if they are unable to
accomplish so in a timely fashion.

Despite many more of less unsuccessful attempts to
overcome the intracellular retention of F508del-CFTR, such
manoeuvre would be of great therapeutic value, since this
mutant is still functional. Nevertheless, it should be born in
mind that when rescued to the cell surface by low
temperature, for instance, its activity was found to be only
~20% of normal CFTR [40, 41]. Moreover, after low-
temperature rescuing F508del-CFTR evidences a major
instability at the cell membrane [88, 89] resulting from both
enhanced endocytosis [90] and decreased recycling [91].
These instability and "vulnerability" to degradation of
F508del-CFTR in distal secretory compartments also sug-
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gests that low temperature probably does not substantially
increase its folding for the above-discussed reasons.

Consequently, to correct for the various defects associa-
ted with F508del-CFTR, two kinds of "correctors" are being
searched for, namely by high-throughput (HT) approaches:
1) those rescuing the trafficking defect, but still relying on
additional compounds to stabilize the protein at the cell
surface and/or to increase channel activity; and 2) those
overcoming the trafficking defect, but also achieving cell
surface stabilization and enhanced CI transport. The latter
are probably the ones truly enhancing F508del-CFTR
folding in a specific manner (for reviews, see [11, 12]).
Moreover, because drug regulatory agencies require some
indication of the MoA [92] for a compound to go from phase
0 (pre-clinical) into phase I, it is relevant to invest in drug-
discovery assays that already provide this information.

Once lead compounds are identified by HT screening
(HTS) of large libraries of small molecules, their respective
mechanism of action (MoA) still has to be undermined, a
process which is often time-consuming, and rate-limiting in
their translation into the clinical setting. Strategies are thus
required to quickly pinpoint the targets/pathways affected by
such lead compounds resulting from HTS’s. An alternative,
as discussed below, is to use targets as the starting point for
screening.

INNOVATIVE THERAPEUTIC STRATEGIES
Manipulation of the Proteostasis Network

"Proteostasis", or protein homeostasis (which means
keeping the cellular proteome in a folded, functional-
competent state) is achieved by an ensemble of proteins
mostly composed of molecular chaperones, but also folding
and proteolytic enzymes, and traffic factors ensuring correct
protein intracellular compartmentalization [93]. Manipula-
tion of this "proteostasis" network to achieve disease
correction by controlling the chaperone machineries that
maintain the folding status of the proteome has been recently
proposed as a therapeutic strategy to diminish the global
threshold at which non-native proteins are sent for
degradation (reviewed in [93, 94]). Application of the
"proteostasis" approach to CF therapy would imply allowing
some F508del-CFTR protein to escape the tight ERQC
control [95]. Likely, however, this may have substantial
side-effects as the same "lower ERQC threshold" would
apply to all misfolded proteins en route to in the secretory
pathway which, under normal conditions, would be retained
by the ERQC and sent for ERAD.

Indeed, ERAD is a very general "clearance" mechanism
which is believed to have evolved to efficiently protect the
cell from accumulation of abnormal proteins within the
secretory pathway. Incompetent ERAD would cause irrever-
sible cell damage, pathological states, premature aging and
decreased endurance to environmental stresses. Although the
proposers of therapeutic proteostasis claim that there is
enough room to lower the "pass level" for protein confor-
mers attempting to enter the secretory pathway [95], there is
recent evidence that this concept may not hold. Indeed, in the
case of retinitis pigmentosa, a retinal degeneration caused by
mutations in the rhodopsin-1 gene and causing ER stress, it
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was found by studying the fly model of this disease where
similar mutations in the same gene trigger age-related retinal
degeneration, that ERAD acts as a protective mechanism
against retinal degeneration [96]. Moreover, these results
suggest that manipulation of ERAD towards increasing, not
decreasing, its stringency may also serve as a powerful
therapeutic strategy against retinitis pigmentosa and
probably also a number of diseases associated with ER
stress.

Displacement of Molecular Chaperones/Factors

Another interesting therapeutic approach is "chaperone
displacement", which has been shown to rescue F508del-
CFTR to the cell membrane by saturating some molecular
chaperones of the ERQC by using (misfolded) parts of
CFTR as "decoys" [97]. A similar strategy, but using pep-
tides containing the arginine-framed tripeptide (AFT) signals
known to retain F508del-CFTR within the ER has also
recently been shown to be successful in cell culture [98]. The
latter is particular appealing since usage of peptides has
recently proven successful in a phase II clinical trial, albeit
for another disease [99]. The attractiveness of this approach
is that, like proteostasis manipulation, it does not rely on the
pre-identification of the key ERQC intervenients.

Although this displacement by competition does not
necessarily imply complete specificity, there is some
indication that more or less specific ERQC factors exist both
for ER-Golgi transport [100, 101] and for ERAD [102].
Technically, however, such factors would not be called cha-
perones, which by definition are unspecific, and conse-
quently the approach, would become "factor displacement".
For CFTR, despite that multiple factors have been identified,
including some not affecting overall secretory substrates
(like the pro-degradative CHIP, targeting F508del-CFTR for
ERAD [103]) strict specificity may not be guaranteed.
Nevertheless, this approach is expected to be of more
restricted scope than manoeuvring proteostasis.

So, the major difference between therapeutic proteostasis
and chaperone/factor displacement approaches, although the
real molecular mechanisms remain unidentified, seems to lie
on the fact that the latter "saturates" the ERQC by "specific
competition", thus diminishing to some extent the risk of
general misconformer leakage. In other words, although both
these strategies focus on widening the ERQC (and plausibly
not so much on promoting F508del-CFTR intrinsic folding),
molecular chaperone/factor displacement does so in a more
or less specific way.

Targeting Mutant CFTR by ir silico Small-Molecule
Screens

Another very promising avenue to drug discovery aimed
at correcting the basic defect in CF involves determination of
the structural differences between wt-CFTR and its mutant
variants namely, F508del-CFTR. The "holy grail" in the
protein structure field is of course the high-resolution 3D-
structure resolved by X-ray crystallography. But applying it
to CFTR is a hard task because, like other members of the
ABC transporter family, full-length CFTR (not to mention
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F508del-CFTR) is difficult to be obtained in significant
yields as a pure protein so as to generate high-quality
crystals. So, until these technical difficulties are solved,
efforts were put to solving the wt- and F508del versions of
NBDI1 (where F508 is located). Surprisingly, the two
structures were found to almost overlap [104, 105].
Nevertheless, the mutations used to solubilise F508del-
NBD1 generated for this purpose were subsequently shown
to rescue its trafficking defect in vivo [106], thus raising the
possibility that the true structure of F508del-NBDI1 may
remain unresolved.

As alternatives to high-resolution structures, approaches
such as cryo-electronic microscopy [107] and nuclear mag-
netic resonance (NMR) have been also explored in the CFTR
field. Compelling NMR studies provided structural details
for the mechanistic activation of CFTR by PKA-phospho-
rylation of the RD through loss of interaction with NBD1
[108, 109]. These results could also confirmed by compu-
tational models [110], thus indicating that the individual
domains of CFTR largely contribute to self-chaperoning the
full-length protein and that deletion of F508 diminishes this
ability [111].

Protein modelling approaches have also been used to
identify the structural differences between wt- and F508del-
NBD1/CFTR, as an alternative /complementary approach. A
recent molecular dynamics modelling study comparing the
two versions of NBD1 has shown that the F508del domain
has more conformational freedom and exposes more often its
hydrophobic interior to the solution than wt-NBD1 [112].
Such increased dynamic flexibility may explain the recently
reported five-fold higher affinity of F508del-CFTR for
Hsp70 than wt-CFTR [86], the fact that the mutant is a better
target for the ERQC as well as its diminished self-
chaperoning ability [111]. Furthermore, major progress
towards identification of the structural difference between wt
and F508del-CFTR was achieved by a recent structural
model of full-length CFTR, based on the atomic structure of
the Sav1866 ABC transporter from Staphylococcus aureus
[113]. This study identified a key intramolecular site of high
potential to be repaired therapeutically between the surface
of NBDI1 involving the side chain of F508 and an intra-
cellular loop (ICL4) in the second membrane-spanning
domain (MSD2). Indeed, this NBDI1-ICL4 site may be the
putative binding site for F508del-CFTR correctors, while a
previously proposed pocket located in the interface between
NBDI1 and NBD2 may be the binding site for CFTR channel
potentiators [114]. Efforts to find small molecules that are
able to fit into this structural pocket and to rescue the
trafficking defect of F508del-CFTR are already underway.

Systems Biology Approaches

In the current post-genomic/ functional genomic era,
research activities worldwide have started to focus on
genome-wide, HT approaches to solve both mechanisms and
therapies. One very relevant approach, while identifying the
complete interactome of CFTR, demonstrated that down-
regulation of a specific co-chaperone of Hsp90, Ahal (acti-
vator of 90 kDa heat shock protein ATPase homologl,
AHSAD1) partially rescued the processing defect of F508del-
CFTR [115].
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Another high-content study by Rotin and cols [116],
overexpressed ~450 cDNAs fused to the halide-sensitive
YFP marker in order to identify factors promoting rescue of
F508del-CFTR to the plasma membrane of non-epithelial
HEK 293 cells, in a variation of the previously described
halide-permeability assay [117]. Among the 9 top hits
resulting from this functional screen which were selected for
further validation, only one (STATI1, Signal transducer and
activator of transcription 1) could rescue F508del-CFTR to
the cell surface above levels of corrector 4a. The drug
Velcade (active compound proteasome inhibitor bortezomib,
PS-341) was proposed in the study to act by a putative
mechanism of action (not supported by evidence) involving
Hsp70 and HspA4 (a non-validated screen hit). However,
bortezomib is known to inhibit the "adaptive" unfolded
protein response (UPR) by preventing ERAD. This is the
mechanism by which bortezomib induces the pro-apoptotic
UPR pathway, preferentially in myeloma cells as these
produce high levels of immunoglobulin [118, 119] and the
rationale for its usage as an anti-neoplastic agent. However,
its use in other diseases, namely in CF is potentially
dangerous given its pro-apoptotic properties.

In another recent study [120], suberoylanilide hydroxa-
mic acid (SAHA), an histone deacetylase (HDAC) inhibitor
and regulator of Hsp90 (a chaperone shown to regulate
CFTR [77]), was described to restore the cell surface
expression and channel activity of F508del-CFTR (to 28% of
wt-CFTR) in human primary airway epithelial cells. By
using a knock-down approach, this study revealed that
HDACT7 plays a central role in rescue of F508del-CFTR by
SAHA. However, although the therapeutic potential of this
compound looks promising, the fact that it alters the
expression of more than 1,000 genes, makes this approach
unlikely to hit the clinical setting soon.

Additional experimental strategies such as high-content
siRNA or cDNA overexpression screens using different
assays, namely designed to specifically assess traffic, e.g.,
using fluorescent constructs coupled to automatic micro-
scopy [121] are in progress in various CF-related laborato-
ries and are likely to provide large-scale information on
targets and pathway affecting CFTR traffic/function. How-
ever, the computational integration of these extensive in-
progress data from biochemistry, molecular biology, gene-
tics, biophysics, and proteomics, in a true "systems" app-
roach to derive network models [122] is probably the only
way for the complete comprehension of the factors that
govern the relationships between genes and proteins invol-
ved in the pathophysiology of CF. Nevertheless, this app-
roach has yet to demonstrate results, when applied to solve
disease mechanisms.

Pre-clinical Assessment of "CFTR-Repairing" Molecules

Nevertheless, pre-clinical validation of this affluence of
novel compounds in terms of their efficacy and MoA still
requires substantial efforts, so that only the best are actually
given to patients who are now starting to be in high demand
for the several competing clinical trials in perspective. So
far, efficacy testing on human bronchial epithelial (HBE)
cells from CF patients is considered to be the "gold standard"
for CFTR-repairing molecules going into clinical trial [36,
36] and a good correlation has been found between data
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collected for VX-770 in HBEs and clinical trial outcomes
[37]. However, this good correlation regarding this poten-
tiator compound is still insufficient to prove primary HBEs
as the gold standard for compound validation. So, more data
still need to be gathered for additional compounds, correc-
tors namely, in order to demonstrate that indeed efficacy on
primary HBEs correlates well with clinical efficacy. In parti-
cular, bioavailability of small molecules based exclusively
on cell culture testing, may prevent good prediction of
clinical efficacy. One example is given by the specific
CFTR(inh)-172 [123] which is quite potent in inhibiting
CFTR in primary HBE cultures [36, 124] but has failed to
demonstrate the same efficacy in human native sweat glands
[125] or human intestinal tissue (MDA lab, unpublished
observations).

Furthermore, compounds like PTC-124, pre-validated for
CF both in primary HBEs and mouse models [126] as well
as for Duchenne/Becker muscular dystrophy (DMD/BMD)
also in both primary human muscle cells and in mdx mice
expressing dystrophin nonsense alleles [127] has shown
controversial results in clinical trials for CF and has been
suspended in a phase II DMD/BMD trial due to lack of
demonstrated benefit [128].

Accordingly, pre-clinical validation directly on native
human tissues ex vivo, such as rectal biopsies already com-
monly used for the diagnosis and prognosis of CF in several
European centres [129], or even samples of explanted CF
airways, becomes an attractive option to assess bioavail-
ability /efficacy of compounds. This approach may comple-
ment those on primary HBEs to achieve a better prediction
of compound clinical value in human individuals.

Animal models have provided valuable insights into
various aspects of CF and should also perform an important
role in what concerns pre-clinical validation of small mole-
cules. However, since mouse models lacking functional
CFTR do not develop the characteristic manifestations of
human CF, [130-132], the value of murine animals to predict
the outcome of CFTR-repairing compounds maybe some-
what limited. Moreover, given that human and murine CFTR
exhibit different channel characteristics [133] and also
different regulatory pathways operate in the murine and
human tissues [134], it is predicted that efficacy of small
molecules in mice may not translate into equivalent effec-
tiveness in the human lung. Indeed, as above described for
primary cultures, testing of the CFTR (inh)-172 compound
in mice has also shown efficient inhibition [123] and yet the
same effect fails to be observed in human tissues. This leads
to think that prediction of clinical efficacy based on
validation of CFTR-repairing compounds in mouse models
may be of limited value.

Notwithstanding, better predictions and pre-clinical
validation are expected from testing of small molecules in
novel animal models for CF, in pigs namely, whose ana-
tomy, biochemistry, physiology, size, lifespan and genetics
are more similar than mice to those of humans [135]. How-
ever, pre-clinical testing for correctors in the forthcoming
F508del/F508del CF pig model [136] may be hampered by
the leaky processing of porcine F508del-CFTR, which is
described to be even higher than murine F508del-CFTR
[137]. An ideal animal CF model to test for efficacy of
correctors of human 508del-CFTR, would thus be a CFTR -/-
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pig engineered to express human (two copies) of the human
F508del-CFTR gene.

CONCLUSION

In summary, while a few innovative in-progress app-
roaches seek more mechanistic insight into CF disease and a
more efficient track to drugs, several novel compounds
emerged from HTS as promising effective drugs against the
basic defect in CF. Moreover, the first rationale therapies for
CF relying on the understanding of the basic defect have
started to hit the clinical setting. Based on the current "drug
pipeline", these are expected to rise in numbers very soon.

Moreover, establishing good predictive pre-clinical
assays and adequate therapy endpoints for "CFTR-repairing"
therapies is indispensable to bring only the best compounds
to the clinical setting and to assess their efficacy. To this
end, the current diagnosis methods directly dependent on
CFTR function (sweat ClI' measurements, nasal potential
difference or CI secretion assessment in rectal biopsies) may
be extremely helpful. With such a concerted action, it may
be possible to achieve ~10% normal CFTR activity in the
epithelia of CF patients, as generally believed to be sufficient
to cure CF [70].
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ABC = ATP-binding cassette (transporters)

(transporters)

ASL = Airway surface liquid

CaCC = Ca’"-activated CI' channels

CF = Ciystic fibrosis

CFTR = Ciystic fibrosis transmembrane conductance
regulator

ENaC = Na' Epithelial channel

ER = Endoplasmic reticulum

ERAD = ER-associated degradation

ERQC = ER quality control

HBE = Human bronchial epithelial (cells)

HDAC = Histone deacetylase

HT = High-throughput

ICL = Intracellular loop

MoA = Mechanism of action

MSD = Membrane spanning domains

NBD = Nucleotide binding domain

NMR = Nuclear magnetic resonance

PTC
RD
Ub
UPR
UPP

Margarida D. Amaral

= Premature termination codon
= Regulatory domain

= Ubiquitin

= Unfolded protein response

= Ub-proteasomal pathway.
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Abstract: Peroxisomes are involved in a variety of metabolic processes, including B-oxidation of fatty acids, especially
very long chain fatty acids. Three peroxisomal ABC proteins belonging to subfamily D have been identified in
mammalian peroxisomes that have an important role in fatty acid metabolism. ABCD1/ALDP and ABCD2/ALDRP are
suggested to be involved in the transport of very long chain acyl-CoA, and ABCD3/PMP70 is involved in the transport of
long chain acyl-CoA. ABCDI1 is known to be responsible for X-linked adrenoleukodystrophy (X-ALD); an inborn error of
peroxisomal B-oxidation of very long chain fatty acids. X-ALD is characterized biochemically by the accumulation of
very long chain fatty acids 