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Abstract: During the last decade, a greater focus has been given to impact of genetic variation in membrane transporters on the
pharmacokinetics and toxicity of numerous therapeutic drugs. While the majority of transporter-related pharmacogenetic research has
been in regards to classic genes encoding the outward-directed ATP-binding cassette (ABC) transporters, such as ABCB1 (Pglycoprotein), ABCC2 (MRP2), and ABCG2 (BCRP), more studies have been conducted in recent years evaluating genes encoding solute
carriers (SLC) that mediate the cellular uptake of drugs, such as SLCO1B1 (OATP1B1) and SLC22A1 (OCT1). The distribution of ABC
and SLC transporters in tissues key to pharmacokinetics, such as intestine (absorption), blood-brain-barrier (distribution), liver
(metabolism), and kidneys (excretion), strongly suggests that genetic variation associated with changes in protein expression or function
of these transporters may have a substantial impact on systemic drug exposure and toxicity. In this current article, we will review recent
advances in understanding the contribution of critical ABC and SLC transporters to interindividual pharmacokinetic and dynamic
variability of substrate drugs.

INTRODUCTION
Drug transporter proteins are of increasing interest across
numerous therapeutics areas, including oncology, due to their role
both in processes regulating pharmacokinetic properties of drugs
(absorption, distribution and elimination) and the development of
cellular drug resistance through decreased uptake or increased
efflux. The two most commonly studied membrane transporters
include members of the ATP-binding cassette transporters and
solute carriers. Between these two classes of transporter proteins
there are almost 400 individual proteins that have been identified to
date. Their ubiquitous distribution throughout the body, depending
on individual transporter, and their role in the cellular uptake and
efflux of both endogenous compounds and xenobiotics gives
strength to the hypothesis that they may play a crucial role in the
pharmacokinetics of therapeutic drugs used clinically (Fig. 1). Only
recently has the functional impact of genetic variation in these
transporters been studied in vivo, and unfortunately the pharmacogenetics of transporters is still not sufficiently studied. This
review article will focus on known variants in select genes
encoding ATP-binding cassette transporters and solute carriers that
have been identified as impacting drug pharmacokinetics and/or
toxicity.
ATP-BINDING CASSETTE TRANSPORTERS
Among the 48 genes in the ATP-binding cassette (ABC) family,
most research has focused on ABCB1 (P-glycoprotein) and ABCG2
(BCRP, MXR, ABCP). The genes in this family, including ABCB1
and ABCG2, encode transmembrane proteins that bind and subsequently hydrolyze ATP, using the energy to drive the transport of
various molecules across cell membranes [1-3]. ABC transporter
proteins are believed to play a major role in host detoxification and
protection against xenobiotic substances, though their importance
appears to be highly substrate-dependent [4]. Mouse knock-out
models of ABC transporter genes have shown alterations in bloodbrain barrier function [5, 6], intestinal drug absorption [7, 8], fetal
drug exposure [9], and drug-induced damage to testicular tubules
[10]. Furthermore, re-sequencing of various human ABC transporter genes has revealed a number of naturally-occurring allelic
variants, many of which appear to affect the functional activity of
the encoded protein in vivo [11-13]. This genetic variation may
potentially modulate transporter phenotypes in humans and thereby
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affect toxicity and response to drug treatment or predisposition to
disease.
ABCB1 (ABCB1)
The ABCB1 gene, the first ABC transporter identified and the
best characterized, maps to chromosome 7q21.1 and consists of 28
translated exons and 27 introns. Formerly known as MDR1 or
PGY1, ABCB1 was the first human ABC transporter gene cloned
and characterized through its ability to confer a multi-drug resistant
(MDR) phenotype to cancer cells that had developed resistance to
certain chemotherapy drugs [14]. It has been shown to transport a
wide range of hydrophobic substrates from diverse therapeutic
classes [13], including several anticancer drugs [15]. ABCB1 is
expressed in multiple healthy organs, and is thought to play an
important role in removing toxic substances or metabolites from
cells. For example, the protein is highly expressed in cells comprising the blood–brain barrier and presumably plays a role in
transport of toxic compounds out of the brain, effectively preventing uptake [16]. It is also expressed in many excretory cell types
such as kidney, liver, intestine, and adrenal gland, where the normal
physiological function is thought to involve the secretion of toxic
xenobiotics and their metabolites, in addition to steroids [6, 17, 18].
The expression of ABCB1 on the apical surface of epithelial cell of
the lower gastrointestinal tract (jejunum, ileum, and colon) has been
shown to influence intestinal drug absorption and limit oral
bioavailability of a wide variety of structurally diverse drugs, including important anticancer agents derived from natural sources,
though this is highly substrate dependent [18].
ABCB1 VARIANTS
The first systematic screen of the ABCB1 gene for the presence
of single-nucleotide polymorphisms (SNP) was published in 2001
[19, 20] and to date, over 100 polymorphisms that occur at a
frequency of greater than 5% have been identified in Caucasians
[21-24]. Several recombinant variants have been generated either
by in vivo drug selection or by site-directed mutagenesis
techniques, which show altered substrate specificity or impaired
function of a properly assembled protein [15, 25]. The functional
effect of many common polymorphisms in ABCB1 is unknown.
The three most commonly studied exonic variants in vitro are
1236C>T, 2677G>A/T and 3435C>T. However, any differences in
variant-dependent protein expression and function may be due to
other variants that are co-expressed with ABCB1 variants, such as
the ABCB1 3435C>T polymorphism. This has lead to a number of
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Fig. (1). Schematic showing localization of ABC and SLC transporters involved in pharmacokinetics, specifically oral absorption from the GI tract, hepatic
uptake, and elimination in the bile.

haplotypes being identified (see Table 1) that commonly include the
2677G>T/A and/or 1236C>T polymorphisms, which are in strong
linkage disequilibrium [24, 26].
IN VITRO EFFECTS OF ABCB1 VARIANTS
A majority of the in vitro studies exploring effects of ABCB1
variants have focused on individual SNPs, such as the 2677G>T/A
variant. This polymorphism contains a tri-allelic polymorphism
(with G at nucleotide 2677 found in the reference sequence, and
with A or T at that position being the two possible variants), which
results in an amino acid change in exon 21 (Ala893Ser/Thr) [27].
The Ser893 substitution has been shown to be associated with
altered multi-drug resistance in AdrR MCF-7 cells as well as
approximately 2-fold enhanced efflux in stably transduced NIH3T3
GP+E86 cells [28]. In contrast to the 2677G>T/A, the ABCB1
3435C>T variant has been most extensively studied in vitro,
although a clear mechanism has not been elucidated. Although this
variant is a silent mutation, there is a 2-fold decrease in protein
level for individuals with the homozygous T allele (TT genotype)
as compared to those with the wild-type alleles (CC genotype) [19,
29]. Furthermore, using an ABCB1 substrate, rhodamine 123
fluorescence in CD56+ natural killer cells was significantly lower in
vitro with the CC genotype, as compared to the TT genotype [30],
suggesting that the CC genotype had increased efflux of the
ABCB1 substrate.

Currently it is unclear whether the decreased protein expression
associated with the 3435C>T variant is due to a secondary polymorphism found in a critical haplotype or due to some mechanism
controlled by the variant directly. One possible explanation for
changes in protein folding due to this silent mutation is ribosome
stalling, resulting in altered transport and substrate specificity [26].
Additionally, expression of ABCB1 is known to be regulated by the
pregnane X receptor (PXR; NR1I2), a ligand-activated, nuclear
receptor, which may further obscure any effects of the
polymorphism [31, 32]. Novel variants have been identified in the
promoter region of the ABCB1 gene that results in increased
transcriptional activity and mRNA expression in the placenta [33].
Furthermore, a recent study has suggested that down regulation of
ABCB1 function by a genetic variant can increase PXR-induced
expression of a variety of genes, presumably due to decreased
efflux of the PXR activators by ABCB1 [34]. Regardless of the
underlying mechanism for why the 3435C>T variant is associated
with decreased ABCB1 protein there is a need for further studies to
determine the in vivo effects of these polymorphisms, either alone
or in haplotypes.
IN VIVO EFFECTS OF ABCB1 VARIANTS
As mentioned earlier, distribution of other (unidentified)
variation in the same gene and/or other genes relevant to drug
disposition linked to the 3435C>T polymorphism might be different
among the different human populations studied. In this context, it is
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Major Haplotypes in the ABCB1 Gene
Exonic SNPs

Intronic SNPs

Nomenclature

61

1236

2677

3435

5.1*

10.1*

13.1*

14.2*

20.2*

ABCB1*1

A

C

G

C

G

A

C

A

G

ABCB1*2

A

C

G

T

A

C

A

G

ABCB1*13

A

T

T

T

G

G

T

G

G

ABCB1*15

A

T

T

C

G

G

T

G

G

ABCB1*11

A

T

G

C

G

T

G

G

ABCB1*14

G

T

T

T

G

G

T

G

G

ABCB1*12

A

T

G

T

G

G

T

G

G

ABCB1*24

A

C

A

C

G

A

C

A

G

ABCB1*26

A

C

G

C

T

A

C

A

A

ABCB1*21

A

T

G

C

T

A

T

G

G

*Denotes variant number by exon [24].

noteworthy that a reduced expression of intestinal CYP3A4 mRNA
was observed in subjects carrying the TT genotype of the 3435C>T
polymorphism in a Japanese population [35], although this finding
could not be confirmed by others [36]. It has also been suggested
that the interindividual variation of protein expression levels in the
human intestine might be associated with SNPs in the 5’-regulatory
region of the ABCB1 gene (i.e., at nucleotides -692T>C and 2352G>A) that are possibly in linkage with the 3435C>T
polymorphism [37].
Of the ABC transporters, phenotypical consequences of variants
have so far been most extensively described for ABCB1, and have
primarily focused on the 3435C>T and 2677G>T/A SNPs.
However, the possible effects of individual polymorphisms on the
pharmacokinetics of substrate drugs remain highly controversial. In
line with the initial observation of lower duodenal expression of
ABCB1 in individuals homozygous for the T-allele of the 3435C>T
SNP, patients with this variant have increased digoxin exposure (as
measured by AUC) and maximum concentration (Cmax) following
oral drug administration [19]. Furthermore, it has been reported that
the AUC of oral digoxin was significantly higher in subjects with
the TT genotype, but there was no difference in AUC after intravenous administration of digoxin [38]. This suggests that although
concentrations of oral digoxin are dependent on both absorption and
elimination pathways [29], the involvement of ABCB1 may only be
rate-limiting in the intestines.
In a large study evaluating the effects of several polymorphisms, including ABCB1 1236C>T and 2677G>T/A on the
pharmacology of morphine, SNPs at either location were found to
significantly correlate with higher incidence of central side effects,
including drowsiness, confusion and hallucinations [39]. Interestingly, ABCB1 genotype did not correlate with required morphine
dose, nor do serum concentrations of morphine or its metabolites,
thus highlighting the difficulty in drawing broad conclusions about
the role of ABCB1 in drug disposition. The role of ABCB1 in drug
elimination may be ethnicity- and drug-dependent, and could
potentially affect total clearance or tissue distribution.
In a small Asian population of 28 cancer patients, 3435C>T
genotyping showed no statistically significant difference in
docetaxel clearance [40]. A subsequent study evaluating the effect
of ABCB1 polymorphisms on docetaxel pharmacokinetics in 92
predominantly Caucasian cancer patients found that individuals

carrying the 1236C>T polymorphism had decreased drug clearance,
yet no association with haplotype was observed [41]. The
inconsistency of findings related to this SNP on pharmacokinetics is
not specific to docetaxel. When the relationship between irinotecan
disposition and multiple SNPs in several ABC transporter genes
was studied in 59 Caucasian patients no statistical associations were
found with any of the variants studied, including the ABCB1
3435C>T polymorphism [42].
IN VIVO EFFECTS OF ABCB1 HAPLOTYPES
Overall, the seemingly contradictory findings may indicate that
genetic variation of ABCB1 3435C>T is not the causal modulator of
any of the observed functional differences. Therefore, it is very
likely that functional differences arise from SNPs in linkage disequilibrium with other (unidentified) functional polymorphism(s),
including the ABCB1 2677G>T/A polymorphism, suggesting that
functional effects of genetic variants in the ABCB1 gene should be
considered as haplotypes rather than independent SNPs. For
example, close linkage of the polymorphisms 1236C>T, 2677G>T,
and 3435C>T has been reported [28]. Individuals who are
homozygous for the reference allele had approximately a 40%
higher AUC value of fexofenadine, an ABCB1 substrate, compared
to those who are homozygous for the variant allele. Recent work
also indicates that the use of ABCB1 haplotypes is superior to
unphased SNP analysis to predict the pharmacokinetics of digoxin
[43], cyclosporine [44], and fexofenadine [45]. Furthermore, it is
suggested that there is a correlation between the haplotype of these
three SNPs and intestinal expression of ABCB1 mRNA [35].
Assessing haplotypes in the ABCB1 gene and consideration of their
interethnic differences in future investigations will likely provide
greater power to detect associations with functional differences [24,
44, 46-48]. However, as with the individual polymorphism
assessments, many discrepant findings have been observed. A
number of clinical haplotype studies have been performed, though
many are limited by small sample size, resulting in few patients per
haplotype. As such, the large sample sizes required to determine
significance of the numerous possible haplotypes has limited
studies analyzing any significance of haplotypes on pharmacokinetics.
An additional dilemma for pharmacogenetic research of ABCB1
variants is that standard nomenclature for the ABCB1 SNPs and
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haplotypes has not been fully defined. However, there has been a
comprehensive sequence diversity analysis reported for 33
haplotypes in at least three chromosomes in a collection of 247
ethnically diverse DNA samples [24]. The authors noted two very
common haplotypes in the ABCB1 gene, referred to as ABCB1*1
for the reference allele and ABCB1*13, which contains three
common codon polymorphisms (i.e., 1236C>T, 2677G>T, and
3435C>T) as well as three intronic variants (10.1, 13.1, and 14.2;
see Table 1) [24]. In line with previously reported data, no functional difference was found in the transport of ABCB1 probe drugs
in cells transfected with the ABCB1*1 or ABCB1*13 constructs,
either in the presence or absence of the ABCB1 inhibitor,
GF120918 [24]. The ABCB1 1236/2677/3435 haplotype was shown
to correlate with both response and drug exposure (as defined by
trough concentration) in 90 patients with chronic myeloid leukemia
treated with imatinib. Significantly lower trough concentrations and
a reduced rate of major molecular response was observed in
patients with the “1a” CGC haplotype (also referred to as
ABCB1*1), as compared to all other haplotypes, the opposite of
what might be expected based on studies with other substrates [49].
In contrast to the findings reported on individual SNPs [42],
patients with homozygous variant at both 2677 and 3435 had
significantly lower exposure to SN-38, the active metabolite of
irinotecan, suggesting that the variant haplotype is associated with
increased efflux activity [50]. However, in a subsequent multivariate analysis, no correlations with individual ABCB1 were
observed [51]. A correlation was observed between the TTT
haplotype (1236T, 2677T and 3435T) and decreased irinotecan
clearance in 49 Japanese patients with cancer [48]. Furthermore,
both the 2677GG genotype and the 2677G-3435C haplotype had a
statistically significant better response to chemotherapy [52]. The
2677G-3435C haplotype was also correlated with significantly
better response to vinorelbine, another anticancer ABCB1 substrate
[53]. These discrepant findings are perhaps unsurprising, based on
preclinical observations in Abcb1-deficient mice as well as clinical
data that metabolism rather than transport is the prominent
elimination pathway for docetaxel [54, 55] and irinotecan [56, 57].
Similarly, several studies have evaluated the possible correlation
between loperamide pharmacokinetics with mixed results. The
ABCB1 2677G/3435T haplotype exhibited the highest plasma
concentrations of loperamide [47], although another study found no
correlation between 3435 polymorphism or haplotypes with
pharmacokinetics [58]. These studies highlight the need for further
studies to recruit a very high number of patients in order to conduct
more refined analysis with enough statistical power to examine how
both individual polymorphisms and haplotypes can impact the
pharmacokinetics of drugs.
ABCB1 CONCLUSION
It remains reasonable to assume that genetic variations in
ABCB1 could alter drug disposition of substrates and might have
clinical consequences. If the function or expression level of the
ABC transporters is altered due to genetic changes, intestinal
secretion of substrate drug into the gut lumen may change, as could
drug distribution or elimination. It is essential that individual
transporters or metabolizing enzymes not be considered in isolation,
due to the drug-specific differences in metabolism and excretion for
various substrates of ABCB1 [59, 60]. For example, cyclosporine
and digoxin are both transported by ABCB1, but only cyclosporine
is metabolized by the cytochrome P450 3A4 (CYP3A4) isoform. In
the case of cyclosporine, reduced ABCB1 function by possible
genetic effects might be compensated for by (inducible) CYP3A4
activity. Despite the inconsistent results and complexities in allele
frequency amongst different ethnic groups, ABCB1 polymorphismmediated variability could have an impact on drug disposition
profiles and thus may provide a mechanistic basis for some of the
observed discrepancies among different populations [24, 28, 46, 6163].
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ABCG2 (ABCG2)
The ABCG subfamily consists of several half transporters that
are generally thought to form homo- or heterodimers to create the
active transporter. The ABCG2 gene is comprised of 16 exons and
15 introns and is located on chromosome 4q22. The gene encodes a
655 amino-acid ATP binding cassette half transporter (ABCG2,
also known as MXR, BCRP, or ABCP) that is comprised of one
nucleotide binding fold and one transmembrane region, often
referred to as an NBF-TM. Like other cell membrane localized
ABC transporters, ABCG2-mediated flux is primarily unidirectional, and it transports substrates from the cytoplasm out of the
cell.
The gene product ABCG2 has been shown to be a promiscuous
transporter of a large number of hydrophobic substrates, including
several prescription drugs. Various high-throughput assays for
ABCG2 have been developed recently to screen large libraries of
compounds [64], and the application of these screening systems has
resulted in an explosion in the identification of novel selective
inhibitors of this transporter [65]. Similar to ABCB1, ABCG2 is
expressed in apical membranes of multiple healthy organs,
including the liver, kidney, intestine, and brain, and is thought to
play an important role in removing toxic substances from cells, in
preventing excessive accumulation in certain tissues, and in
reducing absorption. ABCG2 expression is strongly induced in the
mammary gland of various mammals during lactation [66], where it
is likely involved in the secretion of certain important nutrients into
milk, such as riboflavin (vitamin B2] [67].
Similar to work done on ABCB1, recent re-sequencing of the
ABCG2 transporter has revealed a number of allelic variants that
may dramatically affect activity of the gene product in vivo. Some
of these genetic variants may potentially modulate the ABCG2
phenotype in patients and therefore affect their predisposition to
toxicity and response to substrate drug treatment. In particular, a
SNP in exon 5 of the ABCG2 gene has been described, in which a
421C>A transversion results in a lysine to glutamine amino acid
change at codon 141 (Q141K) [68]. This ABCG2 variant is
associated with altered substrate specificity and function of the
mutant protein relative to the reference protein (reviewed in [69]).
Several other SNPs have been identified in coding regions of the
gene, and at least three additional non-synonymous SNPs have been
identified occurring at positions 34 (V12M; exon 2), 616 (I206L,
exon 6), and 1768 (N590Y, exon 15). Although these SNPs have
not been found to confer an alteration in protein expression or
function, some variants can affect the protein stability of ABCG2
[70]. Based on a re-sequencing of the ABCG2 promoter and intron
1, sequence diversity in the cis-regulatory region has been found to
be a significant determinant of ABCG2 protein expression [71].
Evidence suggesting that ABCG2 SNP analysis might be a
useful strategy to predict systemic exposure to ABCG2 substrate
drugs is becoming increasingly prevalent. Specifically, recent
studies have demonstrated that subjects with a reduced ABCG2
activity due to the Q141K variant are at an increased risk for
gefitinib-induced diarrhea [72], and altered pharmacokinetics of 9aminocamptothecin, diflomotecan, irinotecan, rosuvastatin, sulfasalazine, and topotecan [64]. However, contradictory results have
been reported for other known ABCG2 substrates, such as
doxorubicin, imatinib, nelfinavir, and pitavastatin [64]. It should be
pointed out that several studies published to date suffer from small
sample sizes in relation to the allelic and genotypic frequencies of
the studied variants, as well as from a host of potentially
confounding factors that influence their outcome. Most important
among these are environmental and physiological factors that may
affect expression of the transporter, and links to other genes or
variants of putative relevance for drug absorption and disposition
pathways. The inclusion of data on other variants in ABCG2 [73],
and/or the use of haplotype profiles as opposed to testing unphased
SNPs to predict certain phenotypes may have clinical ramification
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for agents such as erlotinib [74], but this remains to be clarified for
most drugs. In addition, more detailed investigations into the influence of ethnicity on ABCG2 transporter function and expression
in relation to substrate specific phenotypes is urgently needed.
SOLUTE CARRIERS
While pharmacogenetic evaluation of the ABC transporters has
been extensively studied, only in recent years has the impact of
genetic variation in solute carriers (SLCs) been evaluated. In
humans, there are more than 300 individual proteins that are
organized into 47 families of SLCs [75]. The SLC families encode
membrane proteins that have been identified as passive transporters,
ion coupled transporters, and exchangers. Particular focus has been
applied to the organic anion transporting polypeptides (OATP) and
the gene family that encodes them, SLCO (previously called
SLC21) [76]. OATPs mediate the sodium-independent transport of
a wide range of amphipathic organic compounds, including steroid
conjugates, anionic oliopepties, thyroid hormones, bile saltses,
xenobiotics, and pharmaceuticals [77]. OATPs have 12 transmembrane domains, with a large, highly conserved extracellular
loop between the 9th and 10th transmembrane domains. N-glycosylation sites in extra-cellular loops 2 and 5 are consistent among the
various members of the OATP family [78].
OATP1B1 (SLCO1B1)
OATP1B1 (OATP2, OATP-C, LST-1) is primarily expressed
on the basolateral membrane of hepatocytes in the human liver.
Based on its localization and it being an uptake transporter, the
primary role of OATP1B1 is believed to be removal of substrates
from the blood into the liver [79, 80], presumably for subsequent
elimination. A large number of structurally diverse drugs are known
substrates for OATP1B1, including pravastatin [80, 81],
rosuvastatin [82], atorvastatin [83], pitavastatin [84], cerivastatin
[85], fluvastatin [86], atrasentan [87], bosentan [88], benzylpenicillin [78], rifampicin [89], caspofungin [90], enalapril [91],
temocapril [81], olmesartan [92], valsartan [81, 93], SN-38 (active
metabolite of irinotecan) [94], methotrexate [79], and troglitazone
sulphate [95]. OATP1B1 represents a mechanism underlying both
drug-drug interactions due to competition at the transporter and
pharmacokinetic variation due to genetic polymorphisms in the
gene encoding the OATP1B1 protein, SLCO1B1.
At least 17 SNPs have been identified in SLCO1B1 [96, 97].
However, in regards to any possible changes in function only 14
have been studied in vitro, and even fewer studied in vivo. In
humans, the 521T>C variant has consistently been found to cause a
functional decrease in OATP1B1 activity based on altered in vitro
transport of a number of substrates, including estrone-3-sulphate,
estradiol-17-D-glucuronide, pravastatin, atorvastatin, cerivastatin,
rifampicin, and SN-38 [83, 94, 97-99]. This variant is relatively
common in non-African populations with 8-20% of Caucasians, 916% of Chinese, and 10-16% of Japanese populations. These
studies also identified another SNP that has a possible impact on
OATP1B1 function at the 388 A>G locus, but it should be noted
that there is some inconsistencies with the reported in vitro data.
Interestingly the 521T>C and 288A>G variants are in linkage
disequilibrium and exist in several haplotypes together (Table 2).
Traditionally the SLCO1B1*1A, SLCO1B1*1B, SLCO1B1*5,
and SLCO1B1*15 haplotypes have been identified in patient
populations. Furthermore, individuals of European ancestry are
further divided into additional haplotype groups based on presence
or absence of two variants found in the promoter region of the
SLCO1B1 gene, namely -11187G>A and -10499A>C. Europeans
with the -11187G>A variant are classified as *16 (~7.9% of
population) and those with the -10499A>C variant are classified at
*17 (~6.9% of population) [100]. Several drugs have been studied
in vivo for any possible associations of SLCO1B1 SNPs or
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Table 2.

Major Haplotypes in the SLCO1B1 Gene
SNPs

Nomenclature

-11187

-10499

388

521

SLCO1B1*1A

G

A

A

T

SLCO1B1*1B

G

A

G

T

SLCO1B1*5

G

A

A

C

SLCO1B1*15

G

A

G

C

SLCO1B1*16

G

C

G

C

SLCO1B1*17

A

A

G

C

haplotypes with systemic exposure to substrates or drug-induced
toxicity, such as repaglinide, fexofenadine, and a wide range of
statins [83, 94, 97-99]. Generally, there is a variant-dependent
change in pharmacokinetics, such that individuals that are homozygous for the 521 T>C variant (CC) have the highest plasma
concentration, which is in line with in vitro data suggesting that this
variant leads to a decrease in function of OATP1B1.
Statins (HMG-CoA reductase inhibitors) are widely used as
prophylactic treatment for the risk of cardiovascular events and
mortality. Several of the statins, including simvastatin, rosuvastatin,
and pravastatin, are well tolerated and appear to have a wide safety
margin [101, 102]. While statins have relatively low-to-medium
bioavailability (5 up to 30%), they are generally associated with
high inter-individual pharmacokinetic variability, even up to 10fold or more [100, 103-106]. One possible cause of this variability
could be genetic variation in the genes encoding OATPs. Since
statins are primarily metabolized in the liver, the hepatic uptake of
these drugs could be a critically important rate-limiting step in their
clearance, which gives the importance of OATPs further weight
[107]. Several members of the OATP family have been identified as
capable of transporting statins, including OATP1B1, OATP1B3,
OATP2B1, and OATP1A2 [82, 108-110]. Of these transporters,
OATP1B1 has been the most extensively characterized in regards to
an association between genetic variants and statin pharmacokinetics.
Using single SNP analysis, the area under the curve (AUC) and
peak concentration (Cmax) of pravastatin were 232% and 274%
increased in individuals that carried the SLCO1B1 521CC genotype
[103]. The 521T>C variant was also associated with a 221%
increase in the AUC, a 200% increase in Cmax for simvastatin acid,
although no associations were noted for clearance or half-life [100].
Individuals that are homozygous variant at the 521 locus also
demonstrate increased AUC and Cmax for atorvastatin and rosuvastatin, with the increase for atorvastatin being more pronounced
(144% vs. 65% increase) [111].
Studies that included haplotype analyses have also confirmed
the importance of the 521T>C variant in their populations. For
example, the plasma concentrations of pravastatin were highest in
volunteers that had the *17 haplotype, which includes the 11187G>A, 388A>G, and 521T>C variants [96]. There is some
evidence that, independent of the 521T>C SNP, the 388A>G
variant may be associated with an increased activity of OATP1B1,
since patients carrying the SLCO1B1*1B haplotype (388G, but
521T) had decreased systemic exposure to pravastatin [81, 112].
However this is possibly inconsistent with the previously
mentioned in vitro studies.
Since the mechanism of action of statins is dependent on
inhibiting HMG-CoA reductase in hepatocytes, any decrease in the
uptake of these drugs into the liver could reduce their efficacy and
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increase the risk of systemic toxicity, especially statin-induced
myopathy [108, 113]. The ability of pravastatin to reduce plasma
cholesterol and lathosterol is significantly impaired in individuals
carrying the SLCO1B1*17 haplotype [114]. Furthermore, an
impaired efficacy of pravastatin, simvastatin, and atorvastatin on
cholesterol reduction was found in Japanese patients expressing
variants in the 521 T>C SNP [115].
Several other SLCO1B1 SNPs have been identified in vitro as
leading to a change in OATP1B1 function; however many of these
have not been evaluated in vivo. While a lot of interesting
associations have been found between SLCO1B1 variants and
pharmacokinetics, especially for statins like pravastatin, more work
needs to be done in the field of SLCO1B1 pharmacogenetics. In
particular, many other compounds that have been identified as
substrates for OATP1B1 should be examined for any possible
impacts of variants, including antibiotics, chemotherapeutics,
targeted cancer agents, bilirubin, and circulating hormones, such as
prostaglandin, estradiols, and androgens. Furthermore, the majority
of studies have focused on a handful of SNPs that may not
represent critical variants yet to be studied or identified. While there
is a substantial amount of evidence that genetic variation in the
gene encoding OATP1B1 contributes to interindividual pharmacokinetic and pharmacodynamic variability, future studies should
expand upon this knowledge and further the field of pharmacogenetics.
OATP1B3 (SLCO1B3)
Like OATP1B1, OATP1B3 (OATP8, LST-2) is predominantly
expressed in the basolateral membrane of hepatocytes in humans
[116], and transports a wide range of structurally diverse
compounds, with a certain degree of overlap in substrate specificity
between the two transporters. However, it should be noted that
according to currently published findings OATP1B3 appears to be
unique in transporting digoxin, and possibly also the taxanes
docetaxel and paclitaxel [117-119]. While in vitro studies are either
lacking or contradicting about common SNPs in the gene encoding
OATP1B3, SLCO1B3, there has been some work evaluating the
effect of these variants on pharmacokinetics of OATP1B3
substrates.
Patients with end-stage renal failure are often prescribed
digoxin to combat the congestive heart failure from undergoing
hemodialysis. Under the conditions of normal renal function,
digoxin is primarily excreted unchanged in the urine (~80% of the
drug), with the remainder eliminated by bile excretion via the liver
[120]. The hepatic contribution to digoxin elimination in patients
undergoing hemodialysis is increased by 75% [121], and may be
even further increased with end-stage renal failure. In a Japanese
population associations between trough concentration-to-dose ratios
and 4 SLCO1B3 variants were noted; these variants included 2
deletions in exon 1 (-28 to -11 and -7 to -4) and 2 SNPs (334T>G
and 699G>A) [122]. The 2 deletion variants were found to be in
linkage disequilibrium and the 2 SNPs were also found to be in
linkage disequilibrium [123]. In this study, the ratio of concentration-to-dose was significantly lower in those patients that
expressed the deletion allele, and a similar trend was seen patients
expressing the reference SNP alleles. These findings suggest that
the inter-individual variation in digoxin clearance is partly
explained by variants in SLCO1B3, and that genotyping may allow
for dosage adjustments to decrease this variability.
In a recent study, several polymorphisms in SLCO1B3 were
evaluated for an effect on the pharmacokinetics of docetaxel [124].
A total of 92 adult Caucasian cancer patients were treated with
docetaxel and genotyped for 6 variants in SLCO1B3. These
included the 334T>G (*2), 439A>G (*3), 699G>A (*4), 767G>C
(*5), 1559A>C (*6), and 1679T>C (*7) polymorphisms. Haplotype
analysis revealed 12 haplotypes of minor frequency, with the
exception of one that was present in 64% of the patients (334G,
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439A, 699A, 767G, 1559A, and 1679T). It should be noted that this
haplotype contains the reference allele for all of the variants except
334T>G and 699G>A, which are in high linkage disequilibrium
(D’=0.86). Unfortunately, this study failed to find a significant
association between any SLCO1B3 SNPs or haplotypes and
docetaxel clearance. Another study did find a highly significant
association between the risk of docetaxel-induced leucopenia/
neutropenia and SNPs in SLCO1B3 [125]. Out of 23 variants
analyzed 4 (334T>G, 699G>A, an A>G change in intron 12, and a
C>T change in an undefined region) were identified as having a
significant correlation with docetaxel toxicity. The A>G intronic
polymorphism was able to correctly predict 69.2% of the severe
docetaxel-induced leucopenia/neutropenia seen in their population.
Although this positive association was only performed in a
relatively small Japanese population it supports the growing
hypothesis that pharmacogenetics might some day be used to
reduce inter-patient variability or to predict drug-induced toxicities.
Another OATP1B3 substrate that has not been extensively
tested for pharmacogenetic alterations is the related chemotherapeutic agent, paclitaxel. The clearance of paclitaxel was measured
in a cohort of 90 cancer patients, but was not associated with either
the 334T>G or the 699G>A SNPs [119]. These studies on digoxin,
docetaxel, and paclitaxel demonstrate that more research is necessary to fully understand how genetic variation in SLCO1B3 may
impact the pharmacokinetics and/or toxicity of substrates for
OATP1B3.
Recently, the role of uptake transporters, such as OATP1B3,
has been evaluated for compounds classically thought of as being
specific markers of cytochrome P450 (CYP) activity [126]. This
study focused on the role of SLCs on the non-invasive CYP3A
phenotype probes midazolam and erythromycin. Even though these
two CYP3A substrates are both used as a marker for metabolic
activity they do not correlate with each other when both are
administered in patients. Midazolam was not identified as a
substrate for any of the transporters tested in vitro, while
erythromycin was found to be a very good substrate for OATP1B3.
Furthermore, metabolism of erythromycin, as measured by the
erythromycin breath test, was significantly faster in patients that
expressed the 334G variant. The in vitro uptake of erythromycin
was significantly increased in cells expression of this variant,
suggesting that altered erythromycin breath test seen in those
patients with the 334G polymorphism may be due to an increased
functional change in OATP1B3 caused by the SNP. These studies
taken together strongly suggest that future studies should evaluate
the impact of genetic variation on drugs that are substrates for
OATP1B3 and that by better understanding the role of pharmacogenetics we can possibly improve drug efficacy and reduce toxicity.
OATP1A2 (SLCO1A2), OATP2B1 (SLCO2B1), AND OTHER
OATPS
OATP1A2 (OATP, OATP-A) is expressed in a wide variety of
tissues, including the duodenal section of the intestine [127],
cholangiocytes of the bile duct [128], blood-brain-barrier [128,
129], brain [129], and kidneys [128]. Similar to other OATPs, a
wide range of drugs and endogenous compounds have been found
to be either substrates for or inhibitors of OATP1A2 [130]. While
several genetic variants in the gene encoding OATP1A2, namely
SLCO1A2, have been identified in humans and several of these
variants have been shown to cause functional changes in vitro, no
studies have yet evaluated any role that SLCO1A2 variants may
have in vivo on drug pharmacokinetics, efficacy, or toxicity.
Similar to OATP1A2, OATP2B1 (OATP-B), encoded by
SLCO2B1, is expressed in a variety of tissues, including liver,
intestine, placenta, heart, and skin [78, 117, 131-134]. Several
SLCO2B1 variants have been identified and have been associated
with reduced function in vitro, but no data is publicly available on
any associations between these variants and drug effects in vivo.
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Furthermore, while tissue distribution, substrates, and functional
variants have been identified for other OATPs, such as OATP1C1,
OATP2A1, OATP3A1, OATP4A1, OATP4C1, OATP5A1, and
OATP6A1, to date there have been no in vivo studies to evaluate
any effect these variants may have on drugs used in humans.
Despite a wealth of knowledge that has been generated over the
past few years on the pharmacogenetics of a variety of drugs that
are substrates for OATPs, they illuminate the real need for more
studies to evaluate the impact of genetic polymorphisms on
therapeutic drugs.
OCT1 (SLC22A1)
The SLC, organic cation transporter 1 (OCT1) is encoded by
the SLC22A1 gene. Similar to OATP1B1 and OATP1B3, OCT1 is
primarily expressed on the basolateral membrane of hepatocytes
[135, 136]. Due to its location, it is also believed to play a role in
liver-mediated metabolism and excretion of substrate drugs.
Currently several polymorphisms have been identified in the
SLC22A1 gene, which have been characterized for function in vitro
and ethnic distribution [137-141]. In an earlier study, the 1393G>A
polymorphism was found to reduce the localization of OCT1 to the
surface of the basolateral membrane of hepatocytes [141]. The
SLC22A1 variants 41C>T, 566C>T, 1201G>A, and 1256delATG (a
deletion variant) were all associated with decreased uptake activity
of metformin, an OCT1 substrate [142], independent of changes in
SLC22A1 mRNA expression [137]. Furthermore, these 4 variants
were found to significantly decrease metformin’s ability to lower
glucose levels in a small population of healthy volunteers. Within
this same population these 4 variants were found to be associated
with an increase in AUC and Cmax, and a lower apparent volume of
distribution (Vd/F) of metformin [143]. This in vitro and in vivo
data combined strongly suggests that variants in the gene encoding
OCT1 can directly impact the pharmacokinetics and liver-mediated
effects of metformin. However, a separate study looked at
associations between SLC22A1 variants and chronic metformin
treatment response and did not see a significant prevalence of
variants between patients grouped as responder or nonresponder
[144]. Several possible explanations could exist for the discrepancy
between these studies. While it is not explicitly reported by both
groups, it is likely that different ethnic groups were studied and
may lead to a difference in prevalence of key variants. Another
possibility is that genetic alteration in an important renal transporter, OCT2, may have altered expression/function in the populations of these two patients or that the relatively small population
sizes failed to have adequate statistical power. Furthermore, genetic
effects could have been reduced or masked in the patient population
by other concomitant medications or treatments, as compared to the
healthy volunteers. The discrepancies between these two studies
emphasize the need for larger, more robust studies into possible
effects SLC22A1 polymorphisms may have on therapeutic drugs.
CONCLUSIONS
Variation in the pharmacokinetic profile of a therapeutic drug in
a patient population is the net result of many complex interactions
between genetic, physiological, and environmental factors. A
number of theories have been put forward to explain the observed
inconsistencies between the various substrate drugs evaluated,
including environmental factors, exogenous chemicals, food
constituents, herbal preparations, and/or therapeutic drug use that
may induce or inhibit the function or expression of these protein
(e.g., rifampin [145] and St. John’s wort [146]), thus affecting the
phenotypical activity of ABC and/or SLC transporters. This is
particularly important for patients treated with a wide variety of
medications concomitantly with their therapeutic regimen [147]. In
order to understand and reduce inter-individual pharmacokinetic
and pharmacodynamic variability, a better understanding of how
drugs are transported in the body is needed. These transporters offer
possible mechanisms underlying changes in drug resistance,
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absorption, distribution, metabolism, excretion, as well as toxicity
and efficacy. Larger studies are needed to properly study these
polymorphisms and any significant haplotypes, especially in light
of how all of these transporters work in a very complex orchestra
that together impact the drugs that we use in the clinic.
ACKNOWLEDGMENTS
This work was supported in part by the Intramural Research
Program of the NIH, National Cancer Institute, Center for Cancer
Research, the American Lebanese Syrian Associated Charities
(ALSAC), and federal funds from the National Cancer Institute,
National Institutes of Health, under contract HHSN261200800001E (ERG). The content of this publication does not
necessarily reflect the views or policies of the Department of Health
and Human Services, nor does mention of trade names, commercial
products, or organizations imply endorsement by the U.S.
Government.
REFERENCES
References 148-150 are related articles recently published.
[1]

[2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]
[15]

[16]

Borst P, Evers R, Kool M, Wijnholds J. A family of drug
transporters: the multidrug resistance-associated proteins. J Natl
Cancer Inst 2000; 92(16): 1295-302.
Dean M, Rzhetsky A, Allikmets R. The human ATP-binding
cassette (ABC) transporter superfamily. Genome Res 2001; 11(7):
1156-66.
Gottesman MM, Ambudkar SV. Overview: ABC transporters and
human disease. J Bioenerg Biomembr 2001; 33(6): 453-8.
Lin JH, Yamazaki M. Role of p-glycoprotein in pharmacokinetics:
clinical implications. Clin Pharmacokinet 2003; 42(1): 59-98.
Schinkel AH, Smit JJ, van Tellingen O, Beijnen JH, Wagenaar E,
van Deemter L, et al. Disruption of the mouse mdr1a Pglycoprotein gene leads to a deficiency in the blood-brain barrier
and to increased sensitivity to drugs. Cell 1994; 77(4): 491-502.
Schinkel AH, Mayer U, Wagenaar E, Mol CA, van Deemter L,
Smit JJ, et al. Normal viability and altered pharmacokinetics in
mice lacking mdr1-type (drug-transporting) P-glycoproteins. Proc
Natl Acad Sci USA 1997; 94(8): 4028-33.
Jonker JW, Buitelaar M, Wagenaar E, Van Der Valk MA, Scheffer
GL, Scheper RJ, et al. The breast cancer resistance protein protects
against a major chlorophyll-derived dietary phototoxin and
protoporphyria. Proc Natl Acad Sci USA 2002; 99(24): 15649-54.
Sparreboom A, van Asperen J, Mayer U, Schinkel AH, Smit JW,
Meijer DK, et al. Limited oral bioavailability and active epithelial
excretion of paclitaxel (Taxol) caused by P-glycoprotein in the
intestine. Proc Natl Acad Sci USA 1997; 94(5): 2031-5.
Smit JW, Huisman MT, van Tellingen O, Wiltshire HR, Schinkel
AH. Absence or pharmacological blocking of placental Pglycoprotein profoundly increases fetal drug exposure. J Clin Invest
1999; 104(10): 1441-7.
Wijnholds J, deLange EC, Scheffer GL, van den Berg DJ, Mol CA,
van der Valk M, et al. Multidrug resistance protein 1 protects the
choroid plexus epithelium and contributes to the bloodcerebrospinal fluid barrier. J Clin Invest 2000; 105(3): 279-85.
Fromm MF. The influence of MDR1 polymorphisms on Pglycoprotein expression and function in humans. Adv Drug Deliv
Rev 2002; 54(10): 1295-310.
Lockhart AC, Tirona RG, Kim RB. Pharmacogenetics of ATPbinding cassette transporters in cancer and chemotherapy. Mol
Cancer Ther 2003; 2: 685-98.
Marzolini C, Paus E, Buclin T, Kim RB. Polymorphisms in human
MDR1 (P-glycoprotein): recent advances and clinical relevance.
Clin Pharmacol Ther 2004; 75(1): 13-33.
Gottesman MM, Pastan I. Biochemistry of multidrug resistance
mediated by the multidrug transporter. Annu Rev Biochem 1993;
62: 385-427.
Ambudkar SV, Dey S, Hrycyna CA, Ramachandra M, Pastan I,
Gottesman MM. Biochemical, cellular, and pharmacological
aspects of the multidrug transporter. Annu Rev Pharmacol Toxicol
1999; 39: 361-98.
van Tellingen O. The importance of drug-transporting P-glycoproteins in toxicology. Toxicol Lett 2001; 120(1-3): 31-41.

Pharmacogenetics of Drug Transporters
[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Van Asperen J, Van Tellingen O, Beijnen JH. The pharmacological
role of P-glycoprotein in the intestinal epithelium. Pharmacol Res
1998; 37(6): 429-35.
Schellens JH, Malingre MM, Kruijtzer CM, Bardelmeijer HA, van
Tellingen O, Schinkel AH, et al. Modulation of oral bioavailability
of anticancer drugs: from mouse to man. Eur J Pharm Sci 2000;
12(2): 103-10.
Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J,
Johne A, et al. Functional polymorphisms of the human multidrugresistance gene: multiple sequence variations and correlation of one
allele with P-glycoprotein expression and activity in vivo. Proc Natl
Acad Sci USA 2000; 97(7): 3473-8.
Hoffmeyer S, Brinkmann U, Cascorbi I. Frequency of single
nucleotide polymorphisms in the P-glycoprotein drug transporter
MDR1 gene in white subjects. Pharmacogenomics 2001; 2(1): 5164.
Saito S, Iida A, Sekine A, Miura Y, Ogawa C, Kawauchi S, et al.
Three hundred twenty-six genetic variations in genes encoding nine
members of ATP-binding cassette, subfamily B (ABCB/MDR/
TAP), in the Japanese population. J Hum Genet 2002; 47(1): 38-50.
Schwab M, Eichelbaum M, Fromm MF. Genetic polymorphisms of
the human mdr1 drug transporter. Annu Rev Pharmacol Toxicol
2003; 43: 285-307.
Evans WE, McLeod HL. Pharmacogenomics--drug disposition,
drug targets, and side effects. N Engl J Med 2003; 348(6): 538-49.
Kroetz DL, Pauli-Magnus C, Hodges LM, Huang CC, Kawamoto
M, Johns SJ, et al. Sequence diversity and haplotype structure in the
human ABCB1 (MDR1, multidrug resistance transporter) gene.
Pharmacogenetics 2003; 13(8): 481-94.
Ramachandra M, Ambudkar SV, Gottesman MM, Pastan I,
Hrycyna CA. Functional characterization of a glycine 185-to-valine
substitution in human P-glycoprotein by using a vaccinia-based
transient expression system. Mol Biol Cell 1996; 7(10): 1485-98.
Fung KL, Gottesman MM. A synonymous polymorphism in a
common MDR1 (ABCB1) haplotype shapes protein function.
Biochim Biophys Acta 2009; 1794(5): 860-71.
Mickley LA, Lee JS, Weng Z, Zhan Z, Alvarez M, Wilson W, et al.
Genetic polymorphism in MDR-1: a tool for examining allelic
expression in normal cells, unselected and drug-selected cell lines,
and human tumors. Blood 1998; 91(5): 1749-56.
Kim RB, Leake BF, Choo EF, Dresser GK, Kubba SV, Schwarz UI,
et al. Identification of functionally variant MDR1 alleles among
European Americans and African Americans. Clin Pharmacol Ther
2001; 70(2): 189-99.
Greiner B, Eichelbaum M, Fritz P, Kreichgauer HP, von Richter O,
Zundler J, et al. The role of intestinal P-glycoprotein in the
interaction of digoxin and rifampin. J Clin Invest 1999; 104(2):
147-53.
Hitzl M, Drescher S, van der Kuip H, Schaffeler E, Fischer J,
Schwab M, et al. The C3435T mutation in the human MDR1 gene
is associated with altered efflux of the P-glycoprotein substrate
rhodamine 123 from CD56+ natural killer cells. Pharmacogenetics
2001; 11(4): 293-8.
Song X, Xie M, Zhang H, Li Y, Sachdeva K, Yan B. The pregnane
X receptor binds to response elements in a genomic contextdependent manner, and PXR activator rifampicin selectively alters
the binding among target genes. Drug Metab Dispos 2004; 32(1):
35-42.
Owen A, Chandler B, Back DJ, Khoo SH. Expression of pregnaneX-receptor transcript in peripheral blood mononuclear cells and
correlation with MDR1 mRNA. Antivir Ther 2004; 9(5): 819-21.
Takane H, Kobayashi D, Hirota T, Kigawa J, Terakawa N, Otsubo
K, et al. Haplotype-oriented genetic analysis and functional
assessment of promoter variants in the MDR1 (ABCB1) gene. J
Pharmacol Exp Ther 2004; 311(3): 1179-87.
Lamba J, Strom S, Venkataramanan R, Thummel KE, Lin YS, Liu
W, et al. MDR1 genotype is associated with hepatic cytochrome
P450 3A4 basal and induction phenotype. Clin Pharmacol Ther
2006; 79(4): 325-38.
Goto M, Masuda S, Saito H, Uemoto S, Kiuchi T, Tanaka K, et al.
C3435T polymorphism in the MDR1 gene affects the enterocyte
expression level of CYP3A4 rather than Pgp in recipients of livingdonor liver transplantation. Pharmacogenetics 2002; 12(6): 451-7.
Eap CB, Fellay J, Buclin T, Bleiber G, Golay PK, Brocard M, et al.
CYP3A activity measured by the midazolam test is not related to

Current Pharmaceutical Design, 2010, Vol. 16, No. 2

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

227

3435 C>T polymorphism in the multiple drug resistance transporter
gene. Pharmacogenetics 2004; 14: 255-60.
Taniguchi S, Mochida Y, Uchiumi T, Tahira T, Hayashi K, Takagi
K, et al. Genetic polymorphism at the 5' regulatory region of
multidrug resistance 1 (MDR1) and its association with
interindividual variation of expression level in the colon. Mol
Cancer Ther 2003; 2: 1351-9.
Kurata Y, Ieiri I, Kimura M, Morita T, Irie S, Urae A, et al. Role of
human MDR1 gene polymorphism in bioavailability and interaction
of digoxin, a substrate of P-glycoprotein. Clin Pharmacol Ther
2002; 72(2): 209-19.
Ross JR, Riley J, Taegetmeyer AB, Sato H, Gretton S, du Bois RM,
et al. Genetic variation and response to morphine in cancer patients:
catechol-O-methyltransferase and multidrug resistance-1 gene
polymorphisms are associated with central side effects. Cancer
2008; 112(6): 1390-403.
Goh BC, Lee SC, Wang LZ, Fan L, Guo JY, Lamba J, et al.
Explaining interindividual variability of docetaxel pharmacokinetics and pharmacodynamics in Asians through phenotyping and
genotyping strategies. J Clin Oncol 2002; 20(17): 3683-90.
Bosch TM, Huitema AD, Doodeman VD, Jansen R, Witteveen E,
Smit WM, et al. Pharmacogenetic screening of CYP3A and
ABCB1 in relation to population pharmacokinetics of docetaxel.
Clin Cancer Res 2006; 12(19): 5786-93.
Mathijssen RHJ, Marsh S, Karlsson MO, Xie R, Baker SD, Verweij
J, et al. Irinotecan pathway genotype analysis to predict
pharmacokinetics. Clin Cancer Res 2003; 9(9): 3251-8.
Johne A, Kopke K, Gerloff T, Mai I, Rietbrock S, Meisel C, et al.
Modulation of steady-state kinetics of digoxin by haplotypes of the
P- glycoprotein MDR1 gene. Clin Pharmacol Ther 2002; 72(5):
584-94.
Chowbay B, Cumaraswamy S, Cheung YB, Zhou Q, Lee EJ.
Genetic polymorphisms in MDR1 and CYP3A4 genes in Asians
and the influence of MDR1 haplotypes on cyclosporin disposition
in heart transplant recipients. Pharmacogenetics 2003; 13(2): 89-95.
Yi SY, Hong KS, Lim HS, Chung JY, Oh DS, Kim JR, et al. A
variant 2677A allele of the MDR1 gene affects fexofenadine
disposition. Clin Pharmacol Ther 2004; 76(5): 418-27.
Tang K, Ngoi SM, Gwee PC, Chua JM, Lee EJ, Chong SS, et al.
Distinct haplotype profiles and strong linkage disequilibrium at the
MDR1 multidrug transporter gene locus in three ethnic Asian
populations. Pharmacogenetics 2002; 12(6): 437-50.
Skarke C, Jarrar M, Schmidt H, Kauert G, Langer M, Geisslinger
G, et al. Effects of ABCB1 (multidrug resistance transporter) gene
mutations on disposition and central nervous effects of loperamide
in healthy volunteers. Pharmacogenetics 2003; 13(11): 651-60.
Sai K, Kaniwa N, Itoda M, Saito Y, Hasegawa R, Komamura K, et
al. Haplotype analysis of ABCB1/MDR1 blocks in a Japanese
population reveals genotype-dependent renal clearance of
irinotecan. Pharmacogenetics 2003; 13(12): 741-57.
Dulucq S, Bouchet S, Turcq B, Lippert E, Etienne G, Reiffers J, et
al. Multidrug resistance gene (MDR1) polymorphisms are
associated with major molecular responses to standard-dose
imatinib in chronic myeloid leukemia. Blood 2008; 112(5): 2024-7.
Han JY, Lim HS, Yoo YK, Shin ES, Park YH, Lee SY, et al.
Associations of ABCB1, ABCC2, and ABCG2 polymorphisms
with irinotecan-pharmacokinetics and clinical outcome in patients
with advanced non-small cell lung cancer. Cancer 2007; 110(1):
138-47.
Han JY, Lim HS, Park YH, Lee SY, Lee JS. Integrated
pharmacogenetic prediction of irinotecan pharmacokinetics and
toxicity in patients with advanced non-small cell lung cancer. Lung
Cancer 2009; 63(1): 115-20.
Pan JH, Han JX, Wu JM, Huang HN, Yu QZ, Sheng LJ. MDR1
single nucleotide polymorphism G2677T/A and haplotype are
correlated with response to docetaxel-cisplatin chemotherapy in
patients with non-small-cell lung cancer. Respiration 2009; 78(1):
49-55.
Pan JH, Han JX, Wu JM, Sheng LJ, Huang HN, Yu QZ. MDR1
single nucleotide polymorphisms predict response to vinorelbinebased chemotherapy in patients with non-small cell lung cancer.
Respiration 2008; 75(4): 380-5.
Bardelmeijer HA, Ouwehand M, Buckle T, Huisman MT, Schellens
JH, Beijnen JH, et al. Low systemic exposure of oral docetaxel in
mice resulting from extensive first-pass metabolism is boosted by
ritonavir. Cancer Res 2002; 62(21): 6158-64.

228 Current Pharmaceutical Design, 2010, Vol. 16, No. 2
[55]

[56]

[57]

[58]
[59]

[60]
[61]

[62]

[63]
[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

van Zuylen L, Verweij J, Nooter K, Brouwer E, Stoter G,
Sparreboom A. Role of intestinal P-glycoprotein in the plasma and
fecal disposition of docetaxel in humans. Clin Cancer Res 2000;
6(7): 2598-603.
Iyer L, Ramirez J, Shepard DR, Bingham CM, Hossfeld DK, Ratain
MJ, et al. Biliary transport of irinotecan and metabolites in normal
and P- glycoprotein-deficient mice. Cancer Chemother Pharmacol
2002; 49(4): 336-41.
Kehrer DF, Mathijssen RH, Verweij J, de Bruijn P, Sparreboom A.
Modulation of irinotecan metabolism by ketoconazole. J Clin Oncol
2002; 20(14): 3122-9.
Pauli-Magnus C, Feiner J, Brett C, Lin E, Kroetz DL. No effect of
MDR1 C3435T variant on loperamide disposition and central
nervous system effects. Clin Pharmacol Ther 2003; 74(5): 487-98.
Brinkmann U, Roots I, Eichelbaum M. Pharmacogenetics of the
human drug-transporter gene MDR1: impact of polymorphisms on
pharmacotherapy. Drug Discov Today 2001; 6(16): 835-9.
Brinkmann U, Eichelbaum M. Polymorphisms in the ABC drug
transporter gene MDR1. Pharmacogenomics J 2001; 1(1): 59-64.
Ameyaw MM, Regateiro F, Li T, Liu X, Tariq M, Mobarek A, et al.
MDR1 pharmacogenetics: frequency of the C3435T mutation in
exon 26 is significantly influenced by ethnicity. Pharmacogenetics
2001; 11(3): 217-21.
Cascorbi I, Gerloff T, Johne A, Meisel C, Hoffmeyer S, Schwab M,
et al. Frequency of single nucleotide polymorphisms in the Pglycoprotein drug transporter MDR1 gene in white subjects. Clin
Pharmacol Ther 2001; 69(3): 169-74.
Schaeffeler E, Eichelbaum M, Brinkmann U, Penger A, AsantePoku S, Zanger UM, et al. Frequency of C3435T polymorphism of
MDR1 gene in African people. Lancet 2001; 358(9279): 383-4.
Cusatis G, Sparreboom A. Pharmacogenomic importance of
ABCG2. Pharmacogenomics 2008; 9(8): 1005-9.
Deeken JF, Robey RW, Shukla S, Steadman K, Chakraborty A,
Poonkuzhali B, et al. Identification of compounds that correlate
with ABCG2 transporter function in the National Cancer Institute
Anticancer Drug Screen. Mol Pharmacol 2009; 76(5): 946-56.
Jonker JW, Merino G, Musters S, van Herwaarden AE, Bolscher E,
Wagenaar E, et al. The breast cancer resistance protein BCRP
(ABCG2) concentrates drugs and carcinogenic xenotoxins into
milk. Nat Med 2005; 11(2): 127-9.
van Herwaarden AE, Wagenaar E, Merino G, Jonker JW, Rosing H,
Beijnen JH, et al. Multidrug transporter ABCG2/breast cancer
resistance protein secretes riboflavin (vitamin B2) into milk. Mol
Cell Biol 2007; 27(4): 1247-53.
Imai Y, Nakane M, Kage K, Tsukahara S, Ishikawa E, Tsuruo T, et
al. C421A polymorphism in the human breast cancer resistance
protein gene is associated with low expression of Q141K protein
and low-level drug resistance. Mol Cancer Ther 2002; 1(8): 611-6.
Gardner ER, Figg WD, Sparreboom A. Pharmacogenomics of the
Human ATP-Binding Cassette Transporter ABCG2 Current
Pharmacogenomics 2006; 4(4): 331-44.
Nakagawa H, Tamura A, Wakabayashi K, Hoshijima K, Komada
M, Yoshida T, et al. Ubiquitin-mediated proteasomal degradation
of non-synonymous SNP variants of human ABC transporter
ABCG2. Biochem J 2008; 411(3): 623-31.
Poonkuzhali B, Lamba J, Strom S, Sparreboom A, Thummel K,
Watkins P, et al. Association of breast cancer resistance
protein/ABCG2 phenotypes and novel promoter and intron 1 single
nucleotide polymorphisms. Drug Metab Dispos 2008; 36(4): 78095.
Li J, Karlsson MO, Brahmer J, Spitz A, Zhao M, Hidalgo M, et al.
CYP3A phenotyping approach to predict systemic exposure to
EGFR tyrosine kinase inhibitors. J Natl Cancer Inst 2006; 98(23):
1714-23.
Yoshioka S, Katayama K, Okawa C, Takahashi S, Tsukahara S,
Mitsuhashi J, et al. The identification of two germ-line mutations in
the human breast cancer resistance protein gene that result in the
expression of a low/non-functional protein. Pharm Res 2007; 24(6):
1108-17.
Rudin CM, Liu W, Desai A, Karrison T, Jiang X, Janisch L, et al.
Pharmacogenomic and pharmacokinetic determinants of erlotinib
toxicity. J Clin Oncol 2008; 26(7): 1119-27.
Hediger MA, Romero MF, Peng JB, Rolfs A, Takanaga H, Bruford
EA. The ABCs of solute carriers: physiological, pathological and
therapeutic implications of human membrane transport
proteinsIntroduction. Pflugers Arch 2004; 447(5): 465-8.

Franke et al.
[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]
[91]

[92]

[93]

[94]

Hagenbuch B, Meier PJ. Organic anion transporting polypeptides of
the OATP/ SLC21 family: phylogenetic classification as OATP/
SLCO superfamily, new nomenclature and molecular/functional
properties. Pflugers Arch 2004; 447(5): 653-65.
Hagenbuch B, Meier PJ. The superfamily of organic anion
transporting polypeptides. Biochim Biophys Acta 2003; 1609(1): 118.
Tamai I, Nezu J, Uchino H, Sai Y, Oku A, Shimane M, et al.
Molecular identification and characterization of novel members of
the human organic anion transporter (OATP) family. Biochem
Biophys Res Commun 2000; 273(1): 251-60.
Abe T, Kakyo M, Tokui T, Nakagomi R, Nishio T, Nakai D, et al.
Identification of a novel gene family encoding human liver-specific
organic anion transporter LST-1. J Biol Chem 1999; 274(24):
17159-63.
Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP, et al. A
novel human hepatic organic anion transporting polypeptide
(OATP2). Identification of a liver-specific human organic anion
transporting polypeptide and identification of rat and human
hydroxymethylglutaryl-CoA reductase inhibitor transporters. J Biol
Chem 1999; 274(52): 37161-8.
Maeda K, Ieiri I, Yasuda K, Fujino A, Fujiwara H, Otsubo K, et al.
Effects of organic anion transporting polypeptide 1B1 haplotype on
pharmacokinetics of pravastatin, valsartan, and temocapril. Clin
Pharmacol Ther 2006; 79(5): 427-39.
Ho RH, Tirona RG, Leake BF, Glaeser H, Lee W, Lemke CJ, et al.
Drug and bile acid transporters in rosuvastatin hepatic uptake:
function, expression, and pharmacogenetics. Gastroenterology
2006; 130(6): 1793-806.
Kameyama Y, Yamashita K, Kobayashi K, Hosokawa M, Chiba K.
Functional characterization of SLCO1B1 (OATP-C) variants,
SLCO1B1*5, SLCO1B1*15 and SLCO1B1*15+C1007G, by using
transient expression systems of HeLa and HEK293 cells.
Pharmacogenet Genomics 2005; 15(7): 513-22.
Hirano M, Maeda K, Shitara Y, Sugiyama Y. Contribution of
OATP2 (OATP1B1) and OATP8 (OATP1B3) to the hepatic uptake
of pitavastatin in humans. J Pharmacol Exp Ther 2004; 311(1): 13946.
Shitara Y, Itoh T, Sato H, Li AP, Sugiyama Y. Inhibition of
transporter-mediated hepatic uptake as a mechanism for drug-drug
interaction between cerivastatin and cyclosporin A. J Pharmacol
Exp Ther 2003; 304(2): 610-6.
Kopplow K, Letschert K, Konig J, Walter B, Keppler D. Human
hepatobiliary transport of organic anions analyzed by quadrupletransfected cells. Mol Pharmacol 2005; 68(4): 1031-8.
Katz DA, Carr R, Grimm DR, Xiong H, Holley-Shanks R, Mueller
T, et al. Organic anion transporting polypeptide 1B1 activity
classified by SLCO1B1 genotype influences atrasentan
pharmacokinetics. Clin Pharmacol Ther 2006; 79(3): 186-96.
Treiber A, Schneiter R, Delahaye S, Clozel M. Inhibition of organic
anion transporting polypeptide-mediated hepatic uptake is the major
determinant in the pharmacokinetic interaction between bosentan
and cyclosporin A in the rat. J Pharmacol Exp Ther 2004; 308(3):
1121-9.
Vavricka SR, Van Montfoort J, Ha HR, Meier PJ, Fattinger K.
Interactions of rifamycin SV and rifampicin with organic anion
uptake systems of human liver. Hepatology 2002; 36(1): 164-72.
Sandhu P, Lee W, Xu X, Leake BF, Yamazaki M, Stone JA, et al.
Hepatic uptake of the novel antifungal agent caspofungin. Drug
Metab Dispos 2005; 33(5): 676-82.
Liu L, Cui Y, Chung AY, Shitara Y, Sugiyama Y, Keppler D, et al.
Vectorial transport of enalapril by Oatp1a1/Mrp2 and OATP1B1
and OATP1B3/MRP2 in rat and human livers. J Pharmacol Exp
Ther 2006; 318(1): 395-402.
Nakagomi-Hagihara R, Nakai D, Kawai K, Yoshigae Y, Tokui T,
Abe T, et al. OATP1B1, OATP1B3, and mrp2 are involved in
hepatobiliary transport of olmesartan, a novel angiotensin II
blocker. Drug Metab Dispos 2006; 34(5): 862-9.
Yamashiro W, Maeda K, Hirouchi M, Adachi Y, Hu Z, Sugiyama
Y. Involvement of transporters in the hepatic uptake and biliary
excretion of valsartan, a selective antagonist of the angiotensin II
AT1-receptor, in humans. Drug Metab Dispos 2006; 34(7): 124754.
Nozawa T, Minami H, Sugiura S, Tsuji A, Tamai I. Role of organic
anion transporter OATP1B1 (OATP-C) in hepatic uptake of
irinotecan and its active metabolite, 7-ethyl-10-hydroxycampto-

Pharmacogenetics of Drug Transporters

[95]

[96]

[97]

[98]

[99]

[100]
[101]
[102]
[103]

[104]
[105]
[106]

[107]
[108]

[109]

[110]
[111]

[112]

[113]
[114]

[115]

[116]

thecin: in vitro evidence and effect of single nucleotide
polymorphisms. Drug Metab Dispos 2005; 33(3): 434-9.
Nozawa T, Sugiura S, Nakajima M, Goto A, Yokoi T, Nezu J, et al.
Involvement of organic anion transporting polypeptides in the
transport of troglitazone sulfate: implications for understanding
troglitazone hepatotoxicity. Drug Metab Dispos 2004; 32(3): 291-4.
Niemi M, Schaeffeler E, Lang T, Fromm MF, Neuvonen M,
Kyrklund C, et al. High plasma pravastatin concentrations are
associated with single nucleotide polymorphisms and haplotypes of
organic anion transporting polypeptide-C (OATP-C, SLCO1B1).
Pharmacogenetics 2004; 14(7): 429-40.
Tirona RG, Leake BF, Merino G, Kim RB. Polymorphisms in
OATP-C: identification of multiple allelic variants associated with
altered transport activity among European- and African-Americans.
J Biol Chem 2001; 276(38): 35669-75.
Iwai M, Suzuki H, Ieiri I, Otsubo K, Sugiyama Y. Functional
analysis of single nucleotide polymorphisms of hepatic organic
anion transporter OATP1B1 (OATP-C). Pharmacogenetics 2004;
14(11): 749-57.
Tirona RG, Leake BF, Wolkoff AW, Kim RB. Human organic
anion transporting polypeptide-C (SLC21A6) is a major
determinant of rifampin-mediated pregnane X receptor activation. J
Pharmacol Exp Ther 2003; 304(1): 223-8.
Pasanen MK, Neuvonen M, Neuvonen PJ, Niemi M. SLCO1B1
polymorphism markedly affects the pharmacokinetics of
simvastatin acid. Pharmacogenet Genomics 2006; 16(12): 873-9.
Grodos D, Tonglet R. Scandinavian simvastatin study (4S). Lancet
1994; 344(8939-8940): 1768.
Bays H. Statin safety: an overview and assessment of the data-2005. Am J Cardiol 2006; 97(8A): 6C-26C.
Niemi M, Pasanen MK, Neuvonen PJ. SLCO1B1 polymorphism
and sex affect the pharmacokinetics of pravastatin but not
fluvastatin. Clin Pharmacol Ther 2006; 80(4): 356-66.
Lennernas H, Fager G. Pharmacodynamics and pharmacokinetics of
the HMG-CoA reductase inhibitors. Similarities and differences.
Clin Pharmacokinet 1997; 32(5): 403-25.
Scripture CD, Pieper JA. Clinical pharmacokinetics of fluvastatin.
Clin Pharmacokinet 2001; 40(4): 263-81.
Hatanaka T. Clinical pharmacokinetics of pravastatin: mechanisms
of pharmacokinetic events. Clin Pharmacokinet 2000; 39(6): 397412.
Ho RH, Kim RB. Transporters and drug therapy: implications for
drug disposition and disease. Clin Pharmacol Ther 2005; 78(3):
260-77.
Neuvonen PJ, Niemi M, Backman JT. Drug interactions with lipidlowering drugs: mechanisms and clinical relevance. Clin Pharmacol
Ther 2006; 80(6): 565-81.
Matsushima S, Maeda K, Kondo C, Hirano M, Sasaki M, Suzuki H,
et al. Identification of the hepatic efflux transporters of organic
anions using double-transfected Madin-Darby canine kidney II cells
expressing human organic anion-transporting polypeptide 1B1
(OATP1B1)/multidrug
resistance-associated
protein
2,
OATP1B1/multidrug resistance 1, and OATP1B1/breast cancer
resistance protein. J Pharmacol Exp Ther 2005; 314(3): 1059-67.
Niemi M. Role of OATP transporters in the disposition of drugs.
Pharmacogenomics 2007; 8(7): 787-802.
Pasanen MK, Fredrikson H, Neuvonen PJ, Niemi M. Different
effects of SLCO1B1 polymorphism on the pharmacokinetics of
atorvastatin and rosuvastatin. Clin Pharmacol Ther 2007; 82(6):
726-33.
Mwinyi J, Johne A, Bauer S, Roots I, Gerloff T. Evidence for
inverse effects of OATP-C (SLC21A6) 5 and 1b haplotypes on
pravastatin kinetics. Clin Pharmacol Ther 2004; 75(5): 415-21.
Link E, Parish S, Armitage J, Bowman L, Heath S, Matsuda F, et
al. SLCO1B1 variants and statin-induced myopathy--a genomewide
study. N Engl J Med 2008; 359(8): 789-99.
Niemi M, Neuvonen PJ, Hofmann U, Backman JT, Schwab M,
Lutjohann D, et al. Acute effects of pravastatin on cholesterol
synthesis are associated with SLCO1B1 (encoding OATP1B1)
haplotype *17. Pharmacogenet Genomics 2005; 15(5): 303-9.
Tachibana-Iimori R, Tabara Y, Kusuhara H, Kohara K, Kawamoto
R, Nakura J, et al. Effect of genetic polymorphism of OATP-C
(SLCO1B1) on lipid-lowering response to HMG-CoA reductase
inhibitors. Drug Metab Pharmacokinet 2004; 19(5): 375-80.
Konig J, Cui Y, Nies AT, Keppler D. A novel human organic anion
transporting polypeptide localized to the basolateral hepatocyte

Current Pharmaceutical Design, 2010, Vol. 16, No. 2

[117]

[118]

[119]

[120]
[121]

[122]

[123]

[124]

[125]

[126]
[127]

[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

229

membrane. Am J Physiol Gastrointest Liver Physiol 2000; 278(1):
G156-64.
Kullak-Ublick GA, Ismair MG, Stieger B, Landmann L, Huber R,
Pizzagalli F, et al. Organic anion-transporting polypeptide B
(OATP-B) and its functional comparison with three other OATPs of
human liver. Gastroenterology 2001; 120(2): 525-33.
Smith NF, Acharya MR, Desai N, Figg WD, Sparreboom A.
Identification of OATP1B3 as a high-affinity hepatocellular
transporter of paclitaxel. Cancer Biol Ther 2005; 4(8): 815-8.
Smith NF, Marsh S, Scott-Horton TJ, Hamada A, Mielke S, Mross
K, et al. Variants in the SLCO1B3 gene: interethnic distribution and
association with paclitaxel pharmacokinetics. Clin Pharmacol Ther
2007; 81(1): 76-82.
Doherty JE, de Soyza N, Kane JJ, Bissett JK, Murphy ML. Clinical
pharmacokinetics of digitalis glycosides. Prog Cardiovasc Dis
1978; 21(2): 141-58.
Pieringer H, Biesenbach G. Hemodialysis in patients older than 65
years with end-stage renal failure--comparison of outcome in
patients with and without diabetes. Z Gerontol Geriatr 2008; 41(2):
139-45.
Tsujimoto M, Dan Y, Hirata S, Ohtani H, Sawada Y. Influence of
SLCO1B3 gene polymorphism on the pharmacokinetics of digoxin
in terminal renal failure. Drug Metab Pharmacokinet 2008; 23(6):
406-11.
Tsujimoto M, Hirata S, Dan Y, Ohtani H, Sawada Y. Polymorphisms and linkage disequilibrium of the OATP8 (OATP1B3) gene
in Japanese subjects. Drug Metab Pharmacokinet 2006; 21(2): 1659.
Baker SD, Verweij J, Cusatis GA, van Schaik RH, Marsh S, Orwick
SJ, et al. Pharmacogenetic pathway analysis of docetaxel
elimination. Clin Pharmacol Ther 2009; 85(2): 155-63.
Kiyotani K, Mushiroda T, Kubo M, Zembutsu H, Sugiyama Y,
Nakamura Y. Association of genetic polymorphisms in SLCO1B3
and ABCC2 with docetaxel-induced leukopenia. Cancer Sci 2008;
99(5): 967-72.
Franke RM, Baker SD, Mathijssen RH, Schuetz EG, Sparreboom
A. Influence of solute carriers on the pharmacokinetics of CYP3A4
probes. Clin Pharmacol Ther 2008; 84(6): 704-9.
Glaeser H, Bailey DG, Dresser GK, Gregor JC, Schwarz UI,
McGrath JS, et al. Intestinal drug transporter expression and the
impact of grapefruit juice in humans. Clin Pharmacol Ther 2007;
81(3): 362-70.
Lee W, Glaeser H, Smith LH, Roberts RL, Moeckel GW, Gervasini
G, et al. Polymorphisms in human organic anion-transporting
polypeptide 1A2 (OATP1A2): implications for altered drug disposition and central nervous system drug entry. J Biol Chem 2005;
280(10): 9610-7.
Steckelbroeck S, Nassen A, Ugele B, Ludwig M, Watzka M,
Reissinger A, et al. Steroid sulfatase (STS) expression in the human
temporal lobe: enzyme activity, mRNA expression and
immunohistochemistry study. J Neurochem 2004; 89(2): 403-17.
Franke RM, Scherkenbach LA, Sparreboom A. Pharmacogenetics
of the organic anion transporting polypeptide 1A2.
Pharmacogenomics 2009; 10(3): 339-44.
Grube M, Kock K, Oswald S, Draber K, Meissner K, Eckel L, et al.
Organic anion transporting polypeptide 2B1 is a high-affinity
transporter for atorvastatin and is expressed in the human heart.
Clin Pharmacol Ther 2006; 80(6): 607-20.
Grube M, Reuther S, Meyer Zu Schwabedissen H, Kock K, Draber
K, Ritter CA, et al. Organic anion transporting polypeptide 2B1 and
breast cancer resistance protein interact in the transepithelial
transport of steroid sulfates in human placenta. Drug Metab Dispos
2007; 35(1): 30-5.
Kobayashi D, Nozawa T, Imai K, Nezu J, Tsuji A, Tamai I.
Involvement of human organic anion transporting polypeptide
OATP-B (SLC21A9) in pH-dependent transport across intestinal
apical membrane. J Pharmacol Exp Ther 2003; 306(2): 703-8.
Schiffer R, Neis M, Holler D, Rodriguez F, Geier A, Gartung C, et
al. Active influx transport is mediated by members of the organic
anion transporting polypeptide family in human epidermal
keratinocytes. J Invest Dermatol 2003; 120(2): 285-91.
Gorboulev V, Ulzheimer JC, Akhoundova A, Ulzheimer-Teuber I,
Karbach U, Quester S, et al. Cloning and characterization of two
human polyspecific organic cation transporters. DNA Cell Biol
1997; 16(7): 871-81.

230 Current Pharmaceutical Design, 2010, Vol. 16, No. 2
[136]

[137]
[138]

[139]

[140]

[141]

[142]

[143]

Zhang L, Dresser MJ, Gray AT, Yost SC, Terashita S, Giacomini
KM. Cloning and functional expression of a human liver organic
cation transporter. Mol Pharmacol 1997; 51(6): 913-21.
Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA,
et al. Effect of genetic variation in the organic cation transporter 1
(OCT1) on metformin action. J Clin Invest 2007; 117(5): 1422-31.
Itoda M, Saito Y, Maekawa K, Hichiya H, Komamura K,
Kamakura S, et al. Seven novel single nucleotide polymorphisms in
the human SLC22A1 gene encoding organic cation transporter 1
(OCT1). Drug Metab Pharmacokinet 2004; 19(4): 308-12.
Kerb R, Brinkmann U, Chatskaia N, Gorbunov D, Gorboulev V,
Mornhinweg E, et al. Identification of genetic variations of the
human organic cation transporter hOCT1 and their functional
consequences. Pharmacogenetics 2002; 12(8): 591-5.
Sakata T, Anzai N, Shin HJ, Noshiro R, Hirata T, Yokoyama H, et
al. Novel single nucleotide polymorphisms of organic cation
transporter 1 (SLC22A1) affecting transport functions. Biochem
Biophys Res Commun 2004; 313(3): 789-93.
Shu Y, Leabman MK, Feng B, Mangravite LM, Huang CC, Stryke
D, et al. Evolutionary conservation predicts function of variants of
the human organic cation transporter, OCT1. Proc Natl Acad Sci
USA 2003; 100(10): 5902-7.
Kimura N, Masuda S, Tanihara Y, Ueo H, Okuda M, Katsura T, et
al. Metformin is a superior substrate for renal organic cation
transporter OCT2 rather than hepatic OCT1. Drug Metab
Pharmacokinet 2005; 20(5): 379-86.
Shu Y, Brown C, Castro RA, Shi RJ, Lin ET, Owen RP, et al.
Effect of genetic variation in the organic cation transporter 1,

Received: August 29, 2009

Accepted: September 2, 2009

Franke et al.

[144]

[145]

[146]

[147]

[148]
[149]
[150]

OCT1, on metformin pharmacokinetics. Clin Pharmacol Ther 2008;
83(2): 273-80.
Shikata E, Yamamoto R, Takane H, Shigemasa C, Ikeda T, Otsubo
K, et al. Human organic cation transporter (OCT1 and OCT2) gene
polymorphisms and therapeutic effects of metformin. J Hum Genet
2007; 52(2): 117-22.
Fromm MF, Kauffmann HM, Fritz P, Burk O, Kroemer HK,
Warzok RW, et al. The effect of rifampin treatment on intestinal
expression of human MRP transporters. Am J Pathol 2000; 157(5):
1575-80.
Durr D, Stieger B, Kullak-Ublick GA, Rentsch KM, Steinert HC,
Meier PJ, et al. St John's Wort induces intestinal P-glycoprotein/
MDR1 and intestinal and hepatic CYP3A4. Clin Pharmacol Ther
2000; 68(6): 598-604.
Richardson MA, Straus SE. Complementary and alternative
medicine: opportunities and challenges for cancer management and
research. Semin Oncol 2002; 29(6): 531-45.
Bansal AT, Barnes MR. Genomics in drug discovery: the best
things come to those who wait. Curr Opin Drug Discov Devel 2008;
11(3): 303-11.
Chow LM, Chan TH. Novel classes of dimer antitumour drug
candidates. Curr Pharm Des 2009; 15(6): 659-74.
Lanni C, Racchi M, Uberti D, Mazzini G, Stanga S, Sinforiani E, et
al. Pharmacogenetics and pharmagenomics, trends in normal and
pathological aging studies: focus on p53. Curr Pharm Des 2008;
14(26): 2665-71.

