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Over the last three decades, transporters have become increasingly 
recognized for their important roles in clinical pharmacology.   
As gatekeepers of drug absorption, disposition and targeting, 
transporters in the intestine, liver, kidney and blood brain barrier have 
been the subject of many clinical pharmacology studies. A seminal 
work published in 2001 was among the first studies to shift the focus 
of pharmacogenomic research from drug metabolizing enzymes to 
drug transporters, demonstrating that pharmacogenomic factors in 
genes in addition to drug metabolizing enzymes, and in particular, 
in transporter genes, could play an important role in interindividual 
variation in pharmacokinetics of drugs.

Over the last three decades, transporters 
have become increasingly recognized for 
their important roles in clinical pharmacol-
ogy. As gatekeepers of drug absorption, dis-
position and targeting, transporters in the 
intestine, liver, kidney and blood brain bar-
rier have been the subject of many clinical 
pharmacology studies. The focus has been 
on specific transporters in two major super-
families: the ATP Binding Cassette (ABC) 
superfamily and the SoLute Carrier (SLC) 
superfamily rather than on all the genes clas-
sified as transporters in the human genome.1 
Of the transporters in these two major su-
perfamilies, which consist of about 49 ABC 
transporters and > 400 SLC transporters, 

about 10 are highly studied for their role 
in drug absorption, distribution and elim-
ination, and are described in regulatory 
guidances.2 These include two ABC trans-
porters, P-glycoprotein encoded by ABCB1, 
which was previously known as the MDR1 
gene and Breast Cancer Resistance Protein 
(BCRP, ABCG2) and eight SLC trans-
porters, Multi-drug Toxin and Extrusion 
Transporters (MATE1, SLC47A1 and 
MATE2, SLC47A2), Organic Anion 
Transporters (OAT1, SLC22A6, and 
OAT3, SLC22A8), Organic Anion 
Transporting Polypeptides (OATP1B1, 
SLCO1B1, and OATP1B3, SLCO1B3), 
and Organic Cation Transporters (OCT1, 

SLC22A1, and OCT2, SLC22A2). Of these 
transporters, P-gp was one of the earliest 
recognized for its roles in pharmacokinetics 
and pharmacodynamics, initially identified 
for its role in causing pleiotropic drug resis-
tance in cancer cells.3–5 As the transporter 
was found to be expressed in epithelial cells 
of the intestine, liver, and kidney and in the 
endothelia cells of the blood–brain barrier,5 
its significant role in both drug absorption 
and distribution became evident. Notably, 
during the early 2000’s when the Human 
Genome Project was underway, and ques-
tions about genetic variation in all genes and 
their impact on interindividual variation in 
drug response began to be explored, ABCB1 
became the subject of numerous pharma-
cogenomic studies.

Prior to the Human Genome Project, 
pharmacogenetic research had centered al-
most exclusively on candidate gene studies 
of genes encoding drug-metabolizing en-
zymes.6 In general, the focus of these stud-
ies was on individuals of European ancestry 
who carried common reduced-function 
alleles of these enzymes. However, with 
the publication of the Human Genome 
Project7,8 understanding genetic variation 
in all human genes became possible. For 
clinical pharmacology, understanding the 
spectrum of human genetic variation in 
drug-metabolizing enzymes and transport-
ers that played roles in drug absorption, 
distribution, and elimination was of major 
importance. For the first time, a plethora 
of studies that focused on identifying and 
characterizing genetic variation in racial 
and ethnic groups beyond individuals of 
European ancestry were published. In the  
wake of the Human Genome Project,  
the National Institutes of Health funded 
the Pharmacogenomics Research Network 
(PGRN), a network of investigators who 
conducted research on many genes and 
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drug response phenotypes in ethnically 
diverse populations.9 In the area of drug 
transporters, discovering and characteriz-
ing genetic variation in ABCB1 (or MDR1) 
led the way for pharmacogenomic studies 
of transporters.10–13

In the current issue of Clinical 
Pharmacology and Therapeutics, a manu-
script co-authored by Richard Kim, Grant 
Wilkinson and colleagues is re-published, 
and represents the most highly cited manu-
script in the journal in the decade between 
2000 and 2010, cited over 800 times.13 
The manuscript entitled “Identification 
of Functionally Variant MDR1 Alleles 
Among European Americans and African 
Americans,” describes a comprehensive, 
multi-tiered pharmacogenomic study fo-
cused on MDR1 in these populations.13 
In brief, sequencing the coding regions of 
DNA samples collected from 60 individ-
uals in these populations, the investigators 
identified 10 genetic polymorphisms, 6 of 
which encode non-synonymous variations. 
Common linkage among the genetic vari-
ants and associated haplotypes were identi-
fied, and a nomenclature for the haplotypes 
was proposed. Notably, two synonymous 
SNPs (C1236T and C3435T) and a non-
synonymous SNP (G2677T, Ala893Ser) 
were found to be linked (MDR1*2) and to 
occur at a frequency of 62% in European 
Americans and 13% in African Americans 
in the population genotyped in the study. 
The investigators went on to functionally 
characterize the Ala893Ser variant in cells 
and discovered that digoxin was trans-
ported at a faster rate in cells recombinantly 
expressing the Ser893 polymorphism of 
P-gp compared with the Ala893. These 
studies led to their third tier of studies, 
which was to characterize the pharmacoki-
netics of a model P-gp substrate in healthy 
volunteers who carried the various haplo-
types of MDR1 identified in the study.

Fexofenadine was selected as the model 
substrate of P-gp because the drug was a 
P-gp substrate and could be safely admin-
istered to healthy volunteers.13 The plasma 
concentrations of the drug were determined 
following the administration of a single 
oral dose to 37 European Americans and 
23 African Americans, and the pharmaco-
kinetic characteristics were associated with 
MDR1 haplotypes. The major finding was 
that fexofenadine plasma concentrations 

were significantly higher in individuals 
carrying MDR1*1, a haplotype which 
includes C3435 in linkage with G2677 
(Ala893) in comparison to individuals car-
rying MDR1*2, a haplotype which includes 
T3435 in linkage with T2677 (Ser893). In 
fact, the area under the plasma level–time 
curve was almost 40% greater in individu-
als who carried the homozygous MDR1*1/
MDR1*1 alleles compared with individuals 
who were homozygous MDR1*2/MDR1*2, 
and the heterozygotes MDR1*1/MDR1*2 
had an intermediate area under the plasma 
level–time curve. These data were consistent 
with the in vitro data demonstrating that the 
Ser893 polymorphism of P-gp had a greater 
rate of transport of its substrates in com-
parison to the Ala893 polymorphism and 
suggested that, consistent with their in vitro 
findings, the MDR1*2 allele had enhanced 
in vivo activity, which was associated with a 
lower extent of absorption of fexofenadine.

This multi-tiered elegant study, which 
has been highly cited since its publication, 
caused a ripple in the field of pharmacog-
enomics. Namely, the study demonstrated 
that pharmacogenomic factors in genes in 
addition to drug metabolizing enzymes, 
and in particular, in transporter genes, 
could play an important role in interin-
dividual variation in pharmacokinetics 
of drugs.13 What was most interesting at 
the time was that the study contradicted 
a study published just a year earlier by 
Hoffmeyer et al.14 The Hoffmeyer study 
demonstrated a contrary result: namely, 
individuals who were homozygous for 
T3435, a synonymous variant, had higher 
plasma concentrations of digoxin in com-
parison to homozygotes for C3435. The 
Hoffmeyer manuscript, which has been 
cited over 2,000 times, was a highly influ-
ential and widely discussed paper in the 
field of clinical pharmacology at the time. 
Thus, Kim et al. attempted to rationalize 
their findings in the context of the contra-
dictory findings of the Hoffmeyer study. 
Kim et al. had found that individuals who 
were homozygous for the haplotype that 
most commonly carried the T3435 allele 
(MDR1*2) had lower plasma concentra-
tions of fexofenadine than individuals who 
were homozygous for the C3435 allele, in 
contrast to the higher digoxin concentra-
tions found in individuals with this allele in 
the Hoffmeyer study. Reasons cited by Kim 

et al for the lack of agreement between the 
two studies were that (i) Hoffmeyer et al. 
had failed to identify the non-synonymous 
variant (C2677T, Ala893T) that was in al-
most complete linkage disequilibrium with 
C3435T; (ii) different conditions were 
used in the two studies, for example, differ-
ent P-gp substrates were studied; (iii) other 
variants which affect P-gp expression levels 
had not been genotyped by either group; 
and (iv) the effects of C3435T, a synony-
mous variant, on RNA processing had not 
been characterized, leaving a gap in our 
understanding of the mechanism by which 
a synonymous variant may affect clinical 
phenotypes. They also suggested that there 
may be other transporters as well as dietary 
factors that could affect drug absorption. 
Later, intriguing results from Gottesmann 
et al. suggested that the haplotype with 
T3435 changes a preferred codon for serine 
to a less preferred codon, changes the rate of 
translation of the protein, and consequently 
its folding and substrate specificity,15 thus 
lending credence to the idea that synony-
mous variants may indeed affect protein 
structure and function. Today, manuscripts 
continue to be published, which focus on 
the effect of the C3435T variant and the 
haplotypes of MDR1 on clinical drug re-
sponse described by Kim et al.13,16

Thus, the study by Kim et al. was a leading 
study that preceded the plethora of studies 
focused on genetic variants in membrane 
transporters and drug response.2,13 From 
2005 onward, many pharmacogenomic 
studies transitioned from candidate gene 
studies to genomewide association studies 
(GWAS), which take an agnostic approach 
in identifying genetic variants responsi-
ble for various phenotypes. For example, 
in GWAS and candidate gene studies, 
genetic variants in SLCO1B1 encoding 
OATP1B1 have been found to be critical 
determinants of statin-induced myopathies 
and are the subject of several dosing guide-
lines from the Clinical Pharmacogenetics 
Implementation Consortium (CPIC).17–

19 GWAS led to the interesting discovery 
that genetic variants in ABCG2 encoding 
BCRP are determinants of response to the 
anti-gout medication, allopurinol,20 and 
determinants of response to rosuvasta-
tin.21,22 Candidate gene pharmacogenomic 
studies focused on multiple reduced func-
tion alleles have also shown that missense 
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variants in the organic cation transporter, 
OCT1, are determinants of the pharmaco-
kinetics and pharmacodynamics of many 
basic drugs.23,24 Importantly, genetic vari-
ants in various liver transporters are asso-
ciated with drug-induced hepatotoxicities 
and notably, cholestasis.25–27

For MDR1, many associations with 
genetic variants have been found and are 
cataloged in the Human GWAS Catalog.28 
These include body height, as well as gall-
stones and hepatic dysfunction, which 
suggest important roles of the transporter 
in the portal system. Though not strictly 
pharmacogenomic phenotypes, these asso-
ciations underscore the critical importance 
and multiple roles of P-gp in human biol-
ogy and pathophysiology.

In summary, the highly cited and seminal 
manuscript by Kim et al.13 was among the 
first studies to shift the focus of pharmacog-
enomic research from drug metabolizing 
enzymes to drug transporters. Published in 
2001 and focused on the most recognized 
ABC transporter, P-gp, the research resulted 
in new findings for the clinical pharmacology 
community. First and foremost, genetic vari-
ants and haplotypes exhibit widely different 
frequencies depending on race and ethnicity. 
For example, the most common haplotype 
in MDR1 in individuals of European ances-
try, MDR1*1, has a frequency of about 10% 
in populations of African ancestry but over 
50% in European populations. While this 
may seem like common knowledge, at the 
time it was a significant finding, which stim-
ulated calls for pharmacogenomic studies in 
non-European populations. Unfortunately, 
even today, the focus of pharmacogenomic 
research remains predominantly European, 
although some studies have been conducted 
in other races and ethnic groups.29 A second 
finding was the importance of haplotypes. In 
pharmacogenomic studies, it is crucial to con-
sider the genetic variants that are in linkage 
with variants of interest. Kim et al. identified 
several important haplotypes that were not 
recognized in earlier studies and may have 
contributed to incomplete findings. A third 
finding was that non-synonymous variants 
in P-gp, in this case, Ala893Ser, may have 
increased function in cells, potentially trans-
lating to increased function in vivo affecting 
drug response. Importantly, both haplotype 
and synonymous variants should not be 
disregarded, as they may have mechanistic 

importance for the function of the trans-
porter. The significance of understanding the 
mechanisms responsible for clinical obser-
vations was underscored in the multi-tiered 
approach by Kim et al, where they not only 
identified genetic variants, several previously 
unreported genetic variants, but also deter-
mined the functional consequences of these 
variants to transporter expression and func-
tion, linking in vitro mechanisms to clinical 
drug response. This study has had a profound 
impact on the clinical pharmacology commu-
nity, leading to new ideas in pharmacogenom-
ics and fostering a new understanding of the 
factors responsible for interindividual varia-
tion in drug concentrations and response.
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