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for positon 686. A, pyrograms for UGTIAl 686C/C,

686C/A, and 686C/T. The sequence to be analyzed is un-
derlined in GACGTGGTTTATTCCCCGTATG. The first T

and the fourth C, nucleotides unrelated to 686C>A, were
added to estimate the background value. Top, a pyrogram

1104

obtained from a Japanese individual carrying homozygous
686C; middle, a pyrogram obtained from a Japanese indi-
vidual with 686CYA; bottom, a pyrogram ohbtained from an

African-American with 636C/T. B, the nucleotide sequence
around the 686th nucleotide in exon 1 is shown (the A of the

translational start codon of the ¢DNA is designated as 1).
The sequence of the sense strand obtained from the same
individual as in the bottom of A is shown. The arrow
indicates the nucleotide substitution position.

TTATTCCC%GTATGC

2042C>G in African-Americans and Caucasians. The frequencies of
1813C>T and 2042C>G in the Japanese were not determined in this
study, because these alleles were reported to be in complete associa-
tion with 1941C>G in a Japanese population without exception (Sai
et al., 2004; unpublished data). Therefore, allele frequencies of
1813C>T and 2042C>G in the Japanese were assumed to be equal to
that of 1941C>G. On the other hand, we found that 1813C>T and
2042C>G were not always in association with 1941C>G in African-
Americans and Caucasians, as shown in Table 1. The allele frequen-
cies of the three SNPs were highest in African-Americans and lowest
in the Japanese. Significant differences in the allele frequencies were
detected (p < 0.0001, p = 0.0074, and p < 0.0001 for 1813C>T,
1941C>G, and 2042C>G, respectively, by the ) test).
Differences in Haplotype Frequencies. Sai et al. {2004) previ-
ously reported that UGTIAI could be divided into two blocks, with
the transcription-regulating and promoter regions and exon 1 in block
1, and exons 2 to 5 in block 2, according to linkage disequilibrium
analysis. Therefore, haplotype/diplotype analysis was performed us-
ing four marker variations in block 1 (~3279T>G, 211G>A, and
686C>A, and the TATA box), and three marker variations in block 2
(1813C>T, 1941C>G, and 2042C>G). The diplotype configurations
(combinations of haplotypes) were estimated for each subject by
PHASE software (Stephens et al., 2001; Stephens et al., 2003).
Concerning block 1, the diplotype configurations were inferred
with greater than 0.99 certainties for 145 Japanese, 144 Caucasians,
and 147 African-Americans. The haplotypes identified are summa-
rized in Table 2 along with their frequencies for each population,
where the 14 subjects with ambiguous diplotypes were excluded. We
followed the haplotype nomenclature previously reported (Sai et al,
2004). One Japanese subject carrying heterozygous 686C>A also
carried homozygous TA,. Thus, the association of variation 686C>A
with TA, was also confirmed in this study, as previously reported by
Huang et al. (2000) and Sai et al. (2004). A new haplotype, designated

*6d, having variations in both positions —3279 and 211, was identi-
fied that was not found in the previous study (Sai et al., 2004). We
could not determine whether the novel variation 686T and the *28
allele were on the same chromosome, because the subject with 636T
carried heterozygous TA repeats, TA/TA,.

In block 1, haplotype *Ie was predominant in the Japanese popu-
lation (0.61 in frequency). In contrast, its frequencies in Caucasians
and African-Americans were 0.45 and 0.15, respectively. Major hap-
lotypes in African-Americans were *28b and *60a. Haplotype fre-
quencies of */a and *28b in Caucasians were comparable. Thus, the
haplotype distribution patterns in block 1 for the individual popula-
tions were significantly different (p < 0.0001 by the x* test).

In block 2, the diplotype configurations using the three SNFPs were
inferred with certainties greater than 0.98 for all Caucasians and
African-Americans (150 each). The haplotypes and their frequencies
are summmarized in Table 3. Four novel haplotypes, *IC, */D, */E, and
*IF, were identified in the Caucasian and African-American popula-
tions, although *JE was not found in the latter. These haplotypes were
not found in the Japanese, as shown in a previous study (Sai et al,,
2004). Although the three SNPS were reported to be completely
associated with each other in the Japanese (Sai et al., 2004), they were
not always linked with each other in the rest of the populations.
However, it is noteworthy that 1941G allele was always associated
with 1813T and 2042G alleles except for the haplotype *IE, found
only in two Caucasians. Haplotype *IA was predominant for all ethnic
groups. The second major haplotype was */B in both the Japanese and
Caucasians. However, the frequencies of */B and */C were similar in
African-Americans (0.183 and 0.163, respectively). The haplotype
*IC was also found in Caucasians (0.06). Thus, the haplotype distri-
bution patterns in block 2 for the three populations were also signif-
icantly different (p < 0.0001 by the x* test).

Expression and SN-38 Glucuronidation of a Novel Variant
P229L. Compared with Wild-Type UGT1Al. The relative expres-
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TABLE 2
Haplotypes in block 1 (the enhancer/promaoter regions and exon 1) of UGTIAL for three ethnic groups
Haplotype disuibution patterns in block 1 were statistically different among the three ethnic groups (p < 0.0001 by the x* test). Fourteen subjects with ambiguous diplotypes were excloded

from the analysis.
Position -3279 TA box 21 686 Haplotype frequency
Nucleotide | T G 5 6 7 8 G A C A African- | Caucasian | Japanese
American i_
*la 0.150 0451 0.610 E
*Sa 0.000 0.000 0.1414?
*d 67600 | 0000 | 0003
—
*28b 0.446 0.389 0.097
*28¢c 0.000 0.000 0.003
*36b 0.044 0.017 0.000
*37h 0.065 0.007 0.000 E
*60a 0596 | 0135 | 0145 |
TABLE 3
Haplotypes in block 2 (exons 2-5) of UGTIAI for three ethnic groups
Haplotype distribution pattems in block 2 were stastically different atong the three ethnie groups (p < 0.0001 by the x* tes).
Pos_ition 1813 1941 2042 Frequency
Nucleotide C T C .G C G African- Caucasian Japanese”
American

*14 0.617 0.757 0.903

B 0.183 0.157 0.097

«Ic 0.163 0.060 0.000

*ID 0.033 0.017 0.000

*E 0.000 0.007 0.000
*F 0.003 0.003 0.000 i

“ Haplotypes in Japanese were determined according to the genotype of 1941C > G, becanse it was previously reported that all three markers were completely associated in a Japanese population.

sion Ievel of the novel vadant UGT1A1/P229L in the membrane
fraction of COS-1 cells was determined by Western blotting using a
polyclonal anti-human UGT1A antibody (Fig. 2). Because two bands,
one at the same position as the wild-type and the other at a higher
molecular weight, were detected for P229L, the total chemilumines-
cence of the two bands was used to calculate the protein expression
level for P229L. The protein expression level of P229L was approx-
imately 60% of the wild type, and this difference was statistically
significant by the r test (p = 0.044). The UGTIAl mRNA expression
level was then measured by real-time reverse transcription-PCR (RT-

PCR) using SYBR Green. As shown in Fig. 3, however, no significant
difference in the mRNA level was detected among the COS-1 cells
transfected with the expression plasmids carrying wild-type and
P229L UGTIAI cDNAs.

The glucuronidation activity of SN-38 by P229L expressed in
COS-1 cells was compared with that of the wild-type under 11
substrate concentrations ranging from 2.5 to 150 uM. The repre-
sentative curves of the Michaelis-Menten kinetics are shown in
Fig. 4, and the estimated apparent kinetic parameters (Kes Venaxs
and V. /K,) are summarized in Table 4. V,, values normalized
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FiG. 2. Expression of wild-type and variant P229L UGT1A1 in COS-1 cells. A, an
aliquot (20 pg) of the pooled membrane fractions from three independent prepara-
tions was subjected 1o SDS-polyacrylamide gel electrophoresis, electrophoretically
mansferred to a polyvinylidene difluoride membrane, and immunochemically de-
tected with a rabbit anti-human UGT1A antiscrum. The membrane was subse-
quently stripped and reprobed with a rabbit anti-calnexin antiserum to confirm that
the samples were evenly loaded. B, each Western blot from three independent
preparations was quantified densitometrically, and the expression level of UGT1AL
proteins was normalized to that of the wild type. The results are expressed as the
mean * S.E.M. from three independent preparations. The expression level of
UGTIA1 prowins of P229L was significantly lower than that of the wild type (p =
0.044).

N.S.

2 ]

5

o o
> @

0.44

UGT1A1 mRNA

o
[\
M

0.0-

Relative Expression Level of

wT

pP229t
UGT1A1

Fic. 3. Quantification of UGT1A1 mRNA by real-ime SYBR Green RT-PCR in
COS-1 cells transfected with wild-type and variant P225L UGT1Al. UGT1Al
mRNA from the cellular total RNA samples was quantified by SYBR Green
RT-PCR. Each sample was normalized on the basis of the B-actin content and
expressed as a percentage of the wild type. The resulis indicate the mean * SEM.
from three independent preparations. No significant difference in mRNA level was
observed between the wild type and P229L (p = 0.180).

to the expression levels are also shown. Wild-type UGT1A1 cat-
alyzed SN-38 glucuronidation with an average apparent K, value
of 8.67 pM, whereas P229L catalyzed SN-38 glucuronidation with
a K, value of 37.6 uM. The average V,,,, values were 71.2 and
5.27 pmol/min/mg membrane protein for the wild-type and P229L,
respectively. The average intrinsic clearances of SN-38 by glucu-
ronidation (Ve /K, normalized to expressed UGT1Al protein
levels were 8.26 and 0.24 pl/min/mg protein for the wild-type and
P229L, respectively.
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FiG. 4. Representative Michaclis-Menten kinetics of SN-38 glucuronidatien by
expressed wild-type (@) and variant P229L (Q) UGT1A1 in COS-1 cells, SN-38
glucuronidation by expressed UGT1A1 was assayed in the presence of the mem-
brane fractions (F00 ug) at substrale concentrations yanging from 2.5 to 150 uM.
The solid line indicates predicted glucuronidation using Michaelis-Menten kinetic
parameters estimated by nonlinear regression analysis.

Discussion

There have been previous reports of the allele frequencies of
variants in the TATA box in various ethnic groups (Beutler et al.,
1998; Fertrin et al., 2002; Innocent et al., 2002; Sugatani et al., 2002;
Kij et al, 2003; Premawardhena et al., 2003; Sai et al., 2004). Ac-
cording to these stdies, allele frequencies of the wild-type TA, were
highest in Polynesian people (0.97-0.99), followed by Asians, includ-
ing Japanese, Koreans, and Taiwanese (0.81-0.92), and Caucasians
¢0.61-0.73). Allele frequencies were lowest in Africans (0.44-0.52).
The allele frequencies of TA, and TAg in Africans were reported as
approximately 0.05, but were very rare in Caucasians and were not
detected in Asians. The allele frequencies of the four genotypes in the
TATA box in African-American, Caucasian, and Japanese popula-
tions observed in this study were in the ranges previously reported.
Allele frequencies of other UGTIAI variations have not been as
extensively studied as those in the TATA box. The allele frequencies
for the variant —3279T>G were 0.17 to 0.27 in Japanese and Koreans
(Sugatani et al,, 2002; Ki et al., 2003; 3ai et al., 2004), 0.47 in
Caucasians (Innocenti et al., 2002), and 0.85 in African-Americans
(Innocenti et al., 2002). Thus, our data (0.257 for Japanese, 0.550 for
Caucasians, and 0.847 for African-Americans) are comparable with
previously reported frequencies of this allele. The allele frequency of
the variant 211G>>A observed in this study was comparable to pre-
viously reported values for Asian people (0.09-0.21) (Huang et al.,
2000; Sugatani et al,, 2002; Ki et al., 2003; Sai et al., 2004). The
variant is considered to be characteristic for Asians. We found only
two individuals with this allele out of 130 Caucasians, and no African-
Americans had this allele.

Innocenti et al, (2002) reported on the haplotype frequencies of
UGTIAI in African-Americans and Caucasians using —3279T>G,
the TA repeat, and other SNPs in the transcription-regulating region.
Although they did not use the marker SNPs 211G>A and 686C>A
(likely due to their rarity in both populations), frequencies of the *28,
*36, *37, and *60 haplotype groups in African-Americans can be
calculated according to their data as 0.35, 0.04, 0.12, and 0.33, and the
calculated frequencies in Caucasian as 0.36, 0.01, 0.01, and 0.09.
These frequencies were also comparable to our data, We found two
individuals carrying 211G>>A in the Caucasian group; however, we
could not infer haplotypes for these individuals with high certainty.
The observed haplotype *28 group frequency in our study of 0.100
(*28b plus *28¢) was slightly lower than the reported values of 0.131
in Japanese patients (Sai et al., 2004) and 0.127 in Koreans (Ki et al,,
2003). However, the previously reported values are included in the
95% confidence interval of our data. The observed haplotype *6 group
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TABLE 4
Kinetic parameters of SN-38 glucuronidation by wild-type and P229L UGTIAIL

Parameter K. Vipar VoK Normatized Vi, Normalized VpurKon
UGT1A1 M pmol/minimg protein ml/min/mg protein pmol/min/mg protein mlfmin/mg protein
Wild-type 8.67 018 71.2*473 8.23 = 0.65 717246 826 = 0.15
P229L 3.6 £234 527 =032 0.14 £ 0.02 293+ 0.98 0.24 = 0.03

frequency (*6a plus *6b) was also comparable to the previously
reported data in Japanese and Koreans. A strong association of TA,
with —3279G was suggested for Japanese cancer patients (Sai et al.,
2004). This association was also observed in all populations measured
in this study. Other variations, TA and TAg in the TATA box, also
had linkage with —3279G.

Recent studies indicate that 3’-untranslated regions may regulate
mRNA stability (Day and Tuite, 1998; Conne et al., 2000}. Exon 1 is
unique for each member of the UGTIA subfamily, whereas exons 2 to
5 are common to all members of the subfamily. The variants in the
3'_.untranslated region of UGTIAI in exon 5, therefore, could have
various effects on all enzymes of the UGTIA subfamily. However,
until recently, their physiological effects have remained unknown.
Acuna et al. (2003) reported a protective effect of the variant
1941C>G on liver transaminase levels caused by tolcapone, for
which glucuronidation (mainly by UGT1A9) is one metabolic path-
way (Acuna et al., 2003). The SNP 1941C>G is a marker for
haplotype *IB in block 2 as shown in Table 3. Sai et al. (2004)
reported the *IB-dependent decreasing trend of the AUC ratio (SN-
38G/SN-38) and an increase in serum total bilirubin levels. Highly
differential haplotype distributions in both blocks 1 and 2 observed in
different ethnic groups may cause different toxicity profiles during
therapy using drugs, such as CPT-11, that are metabolized by
UGT1Al.

A novel SNP 686C>T was found in an African-American sample
in this study, leading to an amino acid change, P229L, which is
different from the known SNP 686C>A (P229Q). Studies using a
larger sample size may be necessary to elucidate an accurate fre-
quency. The known SNP 686C>A (P229Q) was reported to be related
to Gilbert's syndrome and to have very low bilirubin glucuronidation
activity (Koiwai et al., 1995). However, Jinno et al. (2003a,b) reported
that protein expression and mRNA levels of P229Q expressed in
COS-1 cells were comparable to those of the wild type, and the
decrease in its SN-38 glucuronidation was marginal. Since the asso-
ciation of P229Q) with TA,, has been suggested previously (Huang et
al., 2000; Sai et al., 2004) and confirmed in this study, hyperbiliru-
binemia observed in Japanese and Taiwanese patients carrying the
P2290Q) variant can be mainly attributed to the TA, variation. On the
other hand, the novel varant P229L expressed in COS-1 cells was
found to have extremely low SN-38 glucurcnidation efficacy in this
study (less than 3% of that for the wild type). The low glucuronidation
activity of P229L was not caused by its low transcription levels,
because a significant difference in the mRNA level was not observed
between the wild type and variant. The low UGT1A1/P229L expres-
sion level in COS-1 cells suggests that this enzyme is unstable
compared with the wild-type enzyme. Moreover, a band shifted to a
higher molecular weight than the wild-type UGT1A1 was detected by
a rabbit anti-human UGTIA antibody in a Western blot. Such addi-
tional bands were also observed in Western blots of variant UGT1Al
having extremely low enzyme activities, such as F83L and Y486D in
our group (Jinno et al., in press). The band shift to a higher molecular
weight in SDS-polyacrylamide gel electrophoresis is considered to be
the result of products with different post-translational modifications
such as phosphorylation or glycosylation, which may occur due to

conformational changes caused by amino acid substitution. This may
also contribute to the extremely low catalytic activity of the variant
enzyme compared with that of the wild type as shown in Table 4.
Although the clinical significance of 229L remains to be confirmed,
this novel SNP may be a potential cause of diseases such as hyper-
bilirubinemia or jaundice and may cause severe adverse effects after
administration of CPT-11.
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Department of Hospital Pharmacy, Faculty of Medicine, Tottori University, Yonago, Japan

Abstract

There has been an increasing appreciation of the role of drug transporters in the
pharmacokinetic and pharmacodynamic profiles of certain drugs. Among various
drug transporters, P-glycoprotein, the MDRI gene product, is one of the best
studied and characterised. P-glycoprotein is expressed in normal human tissues
such as liver, kidney, intestine and the endothelial cells of the blood-brain barrier.
Apical (or luminal) expression of P-glycoprotein in these tissues results in

-reduced drug absorption from the gastrointestinal tract, enhanced drug elimination

into bile and urine, and impeded entry of certain drugs into the central nervous
system. The clinical relevance of P-glycoprotein depends on the localisation in
human tissues (i.e. vectorial or directional movement), the therapeutic index of the
substrate drug and the inherent inter- and intra-individual variability.

With regard to the variability, polymorphisms of the MDRI gene have recently
been teported to be associated with alterations in disposition kinetics and inter-
action profiles of clinically useful drugs, including digoxin, fexofenadine,
ciclosporin and talinolol. In addition, polymorphism may play a role in patients
who do not respond to drug treatment. Moreover, P-glycoprotein is an important
prognostic factor in malignant diseases, such as tumours of the gastrointestinal
tract,

A growing number of preclinical and clinical studies have demonstrated that
polymorphism of the MDRI gene may be a factor in the overall outcome of
pharmacotherapy for numerous diseases. We believe that further understanding
the physiology and biochemistry of P-glycoprotein with respect to its genetic
variations will be important to establish individualised pharmacotherapy with
various clinically used drugs.

Introduction of the concepts of pharmacogenetics
to the clinical setting has had an impact on individu-
alisation of drug treatment, and could therefore con-
tribute significantly to enhanced drug safety and
efficacy. Drug-metabolising enzymes are typical
cases that have been intensively investigated. For
example, the activity of cytochrome P450 (CYP)

2D6 is polymorphically distributed in the population
and related to the presence of a number of allelic
variants with varying degrees of functional signifi-
cance. Thus, genotyping is expected to provide a
new tool for predicting individual drug-metabolis-
ing capabilities before treatment begins. Recently,
some naturally occurring polymorphisms of the
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MDR]1 gene have been reported to be correlated with
potential clinical effects,!!'! with the levels of
P-glycoprotein expression in human tissues,!”"!% or
with the bioavailability of orally administered
drugs.') Furthermore, there is some evidence that
the extent of P-glycoprotein induction and the inter-
action profile of P-glycoprotein substrates are de-
pendent on MDR] polymorphisms.*!1.12]

Numerous candidate single nucleotide polymor-
phisms (SNPs) have been identified and charac-
terised. Notably, the C3435T mutation in exon 26
has been examined in detail. In addition, the
G2677T/A mutation is of interest because it is close-
ly linked to C3435T. However, the effects of these
SNPs on the expression of P-glycoprotein and the
pharmacokinetic and pharmacodynamic outcomes
of certain drugs are unclear.['?!

At a time when the potential importance of P-
glycoprotein function is receiving much attention,
this review highlights recent studies by others and
ourselves on the role of the MDRI gene polymor-
phism in expression in various human tissues, its
pharmacokinetic and pharmacodynamic impacts, as
well as the inter-racial variability of allelic frequen-
cies. In addition, possible explanations for the varia-
ble and conflicting results seen among studies are
discussed. The scope of this review is strictly limited
to observations from human studies.

1. General Features

1.1 Lecdlisation in Human Tissues and
Basic Functions

P-glycoprotein, a transmembrane transporter en-
coded by the MDRI gene, acts as an efflux pump in
an adenosine triphosphate (ATP)-dependent fash-
ion. It was first identified in human cancer cells as a
protein responsible for resistance against many anti-
cancer drugs.l'*'7] Subsequently, this efflux trans-
porter has been found in various normal human
tissues. Expression is identified in the small and
large intestinal epithelium, adrenal gland, placenta
(trophoblasts), kidney (the brush border of the renal

@ 2004 Adis Data Information BY. All rights reserved.

tubule), liver (the canalicular membrane of the
hepatocyte), pancreas (pancreatic ductile cell), and
capillary endothelial cells of brain and testes.[!%221 In
these tissues, P-glycoprotein is located on the apical
or luminal surface of the epithelial cells. P-glyco-
protein has also been found in peripheral blood
lymphocytes.[#324 On the basis of its tissue distribu-
tion and findings in knockout mice, P-glycoprotein
is speculated to play an important role in the excre-
tion of foreign xenobiotics and endogenous sub- .
strates via the canalicular membrane of hepatocytes
into the bile, via the brush border membrane of
enterocytes into the gut lumen and via the brush
border membrane of proximal tubules into the
urine.'?>28 P-glycoprotein in trophoblasts contrib-
utes to the function of blocking the transfer of hy-
drophobic xenobiotics across the human placenta.l?’]
In the endothelial cells of the blood-brain barrier, P-
glycoprotein prevents the entry of substrates into the
central nervous system.!?*3% In summary, P-glyco-
protein functions as a defence mechanism against
xenotoxins. '

1.2 Substrate Drugs

P-glycoprotein recognises and transports a varie-
ty of drugs, including chemotherapy agents (pacli-
taxel®! and irinotecan®?)), antibacterials (erythro-
mycinB¥ and levofloxacin!®¥), immunosuppressants
(ciclosporin and tacrolimus),*! cardiac drugs
(digoxin®® and quinidine*”), calcium channel ant-
agonists (diltiazem(®®! and verapamil’®) and HIV .
protease inhibitors (ritonavir®! and saquinavir®l).
P-glycoprotein substrates, inducers and inhibitors
are listed in detail elsewhere.*#3 It is well known
that there is a strong overlap in substrate specificity
and tissue distribution for P-glycoprotein and
CYP3A4/5.14-461 P-glycoprotein accepts a broad
spectrum of structurally and functionally unrelated
drugs. It is not clear what determines the substrate
specificity of P-glycoprotein. In general, P-glyco-
protein substrates are hydrophobic, and/or organic
cations at physiological pH, containing 6ne or more
aromatic rings, with a molecular weight >400.147]

Clin Phamacokinet 2004: 43 (9
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Fig. 1. Schematic representation of P-glycoprotein sscondary structure, with known synonymous and non-synonymaus nucleotide substitu-
tions. Non-synonymous substitutions are indicated by the correspending amino acid changes. ATP = adenosine triphosphate.

1.3 Gene Structure and Sites
of Polymorphism

The MDRI gene is located on chromosome 7 at
q21,8) with 28 exons encoding a protein of 1280
amino acids. The presence of a highly conserved
ATP-binding site in two homologous halves as well
as the linker region makes this protein a member of
the so-called ATP-Binding Cassette (ABC) trans-
porter superfamily. -

Mickley et al.* reported the first evidence of the
presence of naturally-occurring polymorphisms in

_the human MDRI gene. They found two SNPs in
exon 21 (G2677T) and 24 (G2995A). Subsequently,
screening of the entire MDRI gene has been under-
taken by some laboratories®!%3%52 and, to date,
numerous SNPs have been identified (figure 1 and
tables I, II and III). Systematic analysis of the entire
MDRI gene including the promoter region indicated
that at least one SNP existed in all DNA samples
obtained from healthy Japanese and Caucasian indi-
viduals.!®19 All of the mutations reported for MDRI
are SNPs, and some of these are associated with

@ 2004 Adis Data Informnation BY. All rights reserved.

amino acid substitutions. Whole gene deletion, sin-
gle nucleotide deletion or changes for aberrant tran-
scription have not been reported. Among non-syn-
onymous mutations, the G—=T (G2677T) and G—A
(G2677A) transversions at position 2677 in exon 21,
which is located on the intracellular side of P-glyco-
protein after transmembrane region 10, are asso-
ciated with an amino acid change from Ala at codon
893 (Ala893) to Ser and Thr, respectively. In con-
trast, the C—T transversion at 3435 in exon 26
(C3435T) does not change the amino acid sequence.
Interestingly, G2677T/A and C3435T are closely
linked; >90% of Japanese,!'®? 62% of European
American® and 80% of Caucasian German®® indi-
viduals have these two SNPs simultaneously. The
association was also observed in paediatric heart
transplant patients.’] As regards the linkage dise-
quilibrium, Tang et all® recently performed a
haplotype analysis of the MDRI gene in three ethnic
Asian groups (Chinése, Malays and Indians) by
examining ten intragenic SNPs. Interestingly, three
SNPs, located on exons 12 (C1236T), 21 (G2677T/

Ciin Phamacokinet 2004; 43 (9)
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Caucasian New Zeatand

{n = 16011

Depressed patients

Renal transplant recipients

Caucasian (n = 124)#

Renal epithelial tumours

Caucasian (n = 212)%

LDLT = living donor liver transplantation.

A) and 26 (C3435T), could account for most of the
haplotypes, similar to those reported in European-
and African-Americans® and Japanese[!”! popula-
tions. They also found inter-ethnic differences in the
MDRI haplotypes.

On the basis of the assumption that one SNP
occurs every 1000 base pairs in a DNA sequence,’
further novel polymorphisms may be expected. In-
deed, we recently observed a novel non-synony-
mous mutation (Glul08Lys) in Japanese subjects.61)

2. Allelic Frequencies of MDR1 Variants
in Different Ethnic/Racial Populations
and Specific Patient Groups

2.1 Ethnic/Racial Distribution

The allelic frequency distributions of SNPs in the
MDRI gene have been reported in various racial
populations. Tables I, II and III show the allelic
frequencies for MDRI variants reported from differ-
ent ethnic populations and specific patient groups.
Among distinct MDR! variants, C3435T has been
detected in all ethnic populations studied so far (i.e.
Caucasians, African Americans and Asians), albeit
with considerable ethnic variation in frequencies:
the frequency of the C3435 allele has been reported
as 43-54% in Caucasians, 34—63% in Asians and
73-90% in Africans. The incidence of C/T and C/
C3435 genotypes in the African is much higher than
those in other racial populations. At SNP exon 21
G2677T/A, Caucasians (57%) and Japanese (43%)
share a similar frequency of the G2677 allele; how-
ever, there is a trend toward a lower frequency in the
Indian population (34%). An A61G variant is ob-
served only in Caucasians, suggesting it may be
ethnic-specific.

Ethnic differences in P-glycoprotein activity
have not been widely studied. However, inter-ethnic
differences in the distribution of the MDR1 variants
are a possible cause of the inter-ethnic differences in
the pharmacokinetics of P-glycoprotein substrate
drugs illustrated in the following examples. The oral
bioavailability of ciclosporin was significantly low-
er in Blacks (mean 30.9%) than Whites (39.6%) or
Hispanics (42.1%), with no differences in clearance

Clin Phormacokinet 2004; 43 (%)
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Renal transplant recipients

Caucasian (n = 124)%!

Renal epithelial tumours

Caucasian (n = 212)R

living donor liver transplantation.

LDLY =

or the volume of distribution at steady state.5? Since
intestinal P-glycoprotein activity is the major deter-
minant of the bicavailability of ciclosporin, patients
with a higher level of intestinal P-glycoprotein may
have lower bioavailability and whole blood concen-
trations, and vice versa.[®® Inter-ethnic differences
in bioavailability and interaction profiles of tacroli-
mus have also been reported.[+%6! As described
above, the frequency of the C/C3435 genotype is
higher in Africans than in other racial populations.
Recently, Schaeffeler and colleaguest®® speculated
that the reason for the lower bioavailability of
ciclosporin in Africans than in Caucasians is an
increased frequency of the C/C genotype in Afri-
cans, based on their experimental findings that indi-
viduals homozygous for the T3435 allele have on
average substantially lower intestinal P-glycopro-
tein levels than those homozygous for the C3435
allele.!% The high frequency of the C34335 allele in
Africans may also explain the high incidence of
resistance and more aggressive tumours, such as
breast cancer, in individuals of African origin.%6¢7)
These data highlight the need to consider inter-
ethnic variability before extrapolating pharmacokin-
etic data, including drug interaction profiles, ob-
tained in one ethnic group to another.

2.2 Specific Patient Groups

Since P-glycoprotein may have a role as a protec-
tive barrier against a wide variety of substrates as
well as the environment, the allelic frequency of
MDRI variants is expected to differ among patients
with various diseases, as has been seen among dif-
ferent racial populations.

Based on the functional role of P-glycoprotein as
a neuroprotective barrier, altered P-glycoprotein ex-
pression or function in brain capillaries, partially
due to polymorphism of the MDRI gene, could
affect the uptake of neurotoxic xenobiotics, thereby
modulating interindividual susceptibility to neuro-
logical disorders such as Parkinson’s disease. To
test this hypothesis, Furuno et al.® compared alle-
lic frequencies of three mutations (C3435T,
G2677T/A, and T-129C) between 95 Italian pa-
tients with Parkinson’s disease and 106 non-Parkin-

Clin Pharmacokinet 2004: 43 (9)
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Renal epithelial tumours

212)1
LDLT = living donor liver transplantation.

Caucasian (n

son’s disease, non-medicated controls. They divided
the 95 patients into two groups according to the age
at onset of the disease; an early onset group (n = 25,
onset age <45 years) and a late onset group (n = 70,
onset age >45 years). Although the differences did
not reach statistical significance, the frequencies of
T3435 and T2677 were highest in the early onset
Parkinson’s disease group, second highest in the late
onset group, and lowest in the control group. Sieg-
smund et all® also compared the frequencies of
allelotypes and genotypes of C3435T between pa-
tients with renal epithelial tumours and healthy con-
trol subjects. They observed a significant disequilib-
rium with respect to a higher T3435 prevalence in
patients.

Ulcerative colitis in humans has histological fea-
tures resembling a form of colitis developed in mdrl
knockout mice.[869 Since ulcerative colitis in
mdrla—/- mice can be prevented by antibiotics and
since the mdrla—"- mice are immunologically nor-
mal, functional defects of the intestinal epithelial
barrier due to the lack of P-glycoprotein expression
are possible reasons for the pathogenesis of coli-
tis.[68) Schwab et al.[7% tested whether C3435T poly-
morphism, which is associated with a lower intesti-
nal P-glycoprotein expression,” predisposes one to
the development of ulcerative colitis by comparing
allele frequencies and genotype distribution of
C3435T between 149 patients with ulcerative colitis
and sex-matched healthy controls. They found sig-
nificantly increased frequencies of the T3435 allele
and homozygotes for the T allele in patients with
ulcerative colitis compared with controls, and con-
cluded that impairment of barrier function in T3435
subjects could render this genotype more suscepti-
ble to the development of ulcerative colitis.

Some SNPs have been identified in the 5™-un-
translated region (5'-UTR) of the MDRI gene. Inter-
estingly, these mutations are frequently observed in
patients with haematological malignancies’! or os-
teosarcomas.[’? Several studies have shown that
certain specific nucleotide sequences, including SP1
and AP1 binding sites, are important in controlling
the level of MDRI expression.’>™! Rund et al.l’!
have identified a T—C transversion at position +8
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(relative to the transcription start site) localising
near (one base pair downstream) the initiator se-
quence (—6 to +11) required for proper transcription
initiation. They also found that this mutation was
present in patients with acute myeloid leukaemia
(AML) and chronic lymphocytic leukaemia at three
times the frequency that it was found in normal
subjects. A T—oC transversion at position +8 is
identical to the T-129C mutation.

3. Polymorphisms and Expression of
P-Glycoprotein in Various
Human Tissues

P-glycoprotein levels are known to show signif-
icant interindividual variability, with 2- to 8-fold
variations found in intestinal biopsies from patients
and healthy volunteers.[>] Among various mutations
in the MDRI gene, certain variants have recently
been reported to be associated with a change in
expression levels of P-glycoprotein in human tis-
sues. Table IV summarises the effect of different
MDRI genotypes on the expression level of P-gly-
coprotein in various human tissues, together with in
vivo pharmacokinetic and pharmacodynamic
changes of P-glycoprotein substrates.

Using an immunochemical approach to quantify
P-glycoprotein content, Hoffmeyer et al.™! first re-
ported that C3435T was associated with a signifi-
cantly reduced intestinal P-glycoprotein content in
subjects with the T/T genotype (i.e. the homozygote
for the mutant T allele) in comparison with subjects
homozygous for the C allele. In the human placenta,
Tanabe et al.l'% found that individuals having the
C-129 allele showed significantly lower P-glyco-
protein levels than those having the T-129 allele,
while such a significant correlation was not observ-
ed for the C3435T allele, as measured by Western
blot analysis. T~129C is located seven basepairs
downstrearn from the transcription initiation site
(A+ITTCGAGTAG). In their study, G2677T/A also
correlated with the level of P-glycoprotein expres-
sion, but not significantly. In the human heart (left
ventricular samples), a reduced expression, but not
statistically significant, in samples containing the

® 2004 Adis Data Informetion BV. All rights reserved,

T/T genotype of the C3435T mutation was report-
ed.34

P-glycoprotein and MDRI mRNA are also ex-
pressed in various leucocyte lineages with the high-
est level of expression in CD56+ natural killer cells,
followed by CD4+, CDl15+, CD19+ and CDI14+
cells.®586] Hitzl et al.®? studied MDRI mRNA ex-
pression in leucocytes of healthy individuals with
different genotypes at position 3435 of the human
MDR1 gene and found that the MDR] mRNA level
was lowest in the T/T population, intermediate in
heterozygous subjects and highest in the C/C group.
Reduced P-glycoprotein activity was also found in
natural killer cells from healthy individuals having
the T/T genotype at position 3435 in comparison
with subjects homozygous for the C allele.l782)
Fellay et al.l?! have quantified by real-time PCR
MDR] transcripts in peripheral blood mononuclear
cells from 59 HIV-1-infected patients, and showed
an association between the C3435T T/T genotype
and a lower level of MDR! expression (arbitrary
unit, median 1.87) compared with the C/T genotype
(2.36) and C/C genotype (2.79). They also con-
firmed this association by fluorescence-activated
cell-sorter analysis of P-glycoprotein expression in
peripheral blood mononuclear cells; the correlation
coefficient between transcript and protein expres-
sion was r = 0.58 (p < 0.0006). Siegsmund et al.l*!
have also indicated an association of the T3435
allele and lower P-glycoprotein expression in non-
cancerous renal tissues.

In contrast to these observations, Nakamura et
al.®! have indicated that the T3435 allele was asso-
ciated with increased MDRI mRNA expression in
human duodenal samples. Similarly, Illmer et al.t
showed a lower MDRI expression in blast samples
obtained from patients with AML whose MDRI
genotypes were homozygous for the wild-type allele
at all three gene loci investigated (i.e. exons 12, 21,
and 26). However, Goto et al.l”! and Siegmund et
al.5% have recently reported that intestinal or duode-
nal MDR! mRNA levels were not influenced by
C3435T polymorphism. The latter authors have also
determined immunoreactive duodenal P-glycoprote-
in expression and observed the same results for

Clin Pharmacokinet 2004; 43 ()
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mRNA levels.5?! Thus, the collected evidence indi-
cates that the contribution of the MDR] variants to
expression (both at protein and mRNA levels) is still
controversial, '

4. Impact of Polymorphisms
on Pharmacotherapy

4.1 Pharmacokinetic Consequences

To date, polymorphisms of the MDR! gene that
alter in vivo transport activity have been focused on:
the silent mutation in exon 26 (C3435T) and the
non-synonymous mutation in exon 21 (G2677T/A).

Subjects with the T/T genotype at position 3435
had higher steady-state plasma concentrations after
oral administration of digoxin in comparison with
the C/C subjects.®"® Similar results were observed
by Kurata et al,l'!!l who showed that the mean
absolute bioavailability (estimated from oral and
intravenous administrations) of digoxin was signifi-
cantly higher in 2677TT/3435TT subjects (homozy-
gotes for thymine at both positions 2677 and 3435)
than 2677GG/3435CC subjects in a gene dose-de-
pendent manner, in that maximum bioavailability
was observed in homozygotes for the mutant allele
(mean, 87.19%) > heterozygotes (80.9%) > homozy-
gotes for the wild-type allele (67.6%). They also
indicated that the renal clearance of digoxin was
almost 32% lower in 2677TT/3435TT subjects than
in 2677GG/3435CC subjects, with 2677GT/3435CT
subjects having an intermediate value. These results
suggest that reductions in the intestinal secretion of
digoxin into the gut lumen and renal excretion into
the urine occur simultaneously in subjects with
SNPs. :

The histamine H] receptor antagonist fex-
ofenadine, which is used for the treatment of season-
al allergic rhinitis and chronic idiopathic urticaria, is
also a P-glycoprotein substrate. Kim et al.l’? dem-
onstrated that the *2 allele was associated with
differences in fexofenadine concentrations, with the
area under the plasma concentration-time curve
(AUC) being almost 40% greater in *1/*1 subjects
compared with *2/*2 subjects, with *1/*2 heterozy-
gotes having an intermediate value, suggesting en-

® 2004 Adis Data Information BY. All rights reserved.

hanced in vivo P-glycoprotein activity among sub-
jects with the MDRI*2 allele. In their study, the *2
allele was defined as a haplotype in which three
SNPs at different polymorphic sites (T1236, T2677
and T3435) occurred simultaneously. However,
they reported that fexofenadine is also a good sub-
strate for organic anion transporting polypeptide
(OATP).[8788 In contrast, Drescher et al.[™®! did not
find any significant differences in fexofenadine dis-
position between subjects homozygous for the C
allele and T allele at position 3435. Siegmund et
al.!%3 also did not find a significant influence of
three MDR1 variants (C3435T and G2677T/A) on
talinolol disposition.

Because of a lack of metabolic biotransforma-
tion, digoxin is often used as a probe drug for
pharmacogenetic testing (i.e. in vivo phenotype-gen-
otype relationship studies) of the MDRI gene poly-
morphism. Sakaeda et al.5>! studied the relationship
between the MDRI genotype and the pharmaco-
kinetics of digoxin after a single oral administration
in healthy subjects. They found that the AUC4 of
digoxin was significantly lower in subjects with the
T/T3435 genotype than in C/C3435 subjects. Their
observations are in line with a finding by Kim et
al.,’™ but in contrast to the findings of Hoffmeyer et
al.l”) and Kurata et al.l!!)

One study has investigated the relationship be-
tween MDR/I polymorphisms and the pharmaco-
kinetics of oral ciclosporin in healthy subjects. Al-
though the peak concentration and AUC of
ciclosporin in the C/T3435 and T/T3435 subjects
were 15% and 22% larger than those in C/C3435
subjects, differences in these values did not reach
statistical significance.l’”}

Functional consequences of MDRI polymor-
phism have also been investigated in two in vitro
studies. In in vitro experiments conducted by Kim et
al.1%? with cultured cells expressing MDR1-Ala893
(G2677) and MDR1-8er893 (T2677) revealed that
the Ser893 variant transporter resulted in a 47%
lower intracellular digoxin concentration than did
the Ala893 variant. Based on these results, they
concluded that Ser893 variant-containing cells ex-
hibit enhanced efflux characteristics compared with
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those cells in which Ala893 was expressed. Kimchi-
Sarfaty et al.B®% also investigated functional conse-
quences of MDRI polymorphisms (Asn21Asp,
Phel03Leu, Ser400Asn,  Ala893Ser, and
Ala998Thr) using a vaccinia virus-based transient
expression system by two approaches; cell surface
localisation and transport function. In contrast to the
findings by Kim et al.,"? they found that cell surface
expression and transport capabilities were not sub-
stantially affected by any of the polymorphisms
tested.

Taking all these findings into consideration, pub-
lished observations, even when made using the same
probe drug and even among the same racial group,
are conflicting. The question arises as to why the
contribution of C3435T and/or G2677T/A muta-
tions to the pharmacokinetics of digoxin and fex-
ofenadine differs among reports. Discussing poss-
ible reasons for this discrepancy will be useful for
future studies of the involvement of polymorphisms
of MDRI, as well as other drug transporters, in in
vivo transport activity.

Both digoxin and fexofenadine are transported
across cells by the OATPs, which are also expressed
in various human tissues such as liver, intestine, and
kidney. Although the intestinal transport mechan-
isms responsible for fexofenadine uptake have not
yet been defined, fexofenadine has been shown to be
a substrate of human OATP-A.18788 Similarly,
digoxin was reported to be a substrate of liver-
specific OATPS, another member of the OATP fam-
ily.®) In addition to the MDRI gene, the OATP-C
and OATPS genes exhibit genetic variability.#2
Although the effects of OATP8 variants have not yet
been elucidated, certain mutations in the CATP-C
gene could alter the in vivo pharmacokinetics of a
clinically used drug.! Thus, it is possible that other
transport mechanisms apart from those involving P-
glycoprotein contribute to the variations in digoxin
and fexofenadine pharmacokinetics in humans.

Grapefruit is known to inhibit the intestinal meta-
bolism of numerous drugs, including terfenadine,
saquinavir, ciclosporin, triazolam and nisoldipine,
by inhibiting CYP3A enzymes, resulting in elevated
drug bioavailability and then serum concentra-
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tions.® Recently, a new mechanism for the drug-
grapefruit juice interaction has been reported; the
bioavailability and serum concentrations of fex-
ofenadine were reduced when grapefruit juice was
taken.[* In the intestine, P-glycoprotein and OATPs
are located on the luminal membrane of the entero-
cyte, but they have opposite vectors for efflux back
into the bowel and for uptake into the portal circula-
tion, respectively.®s) Although the specific OATP
member(s) responsible for the fexofenadine-
grapefruit juice interaction has not been elucidated,
OATP-B was recently identified as an OATP mem-

" ber localised at the apical membrane of intestinal

epithelial cells in humans.®® In addition to OATP-
B, OATP-D and OATP-E are reported to be ex-
pressed in the human small intestine.®”l Since
grapefruit juice is a more potent in vitro inhibitor of
OATP than of P-glycoprotein activities,® the entry
of fexofenadine from the intestinal lumen to blood
may be inhibited by grapefruit juice, resulting in a
reduced bioavailability. As grapefruit is able to in-
hibit P-glycoprotein-mediated drug efflux when pre-
sent in sufficient concentrations,’3%%%%] the net bio-
availability of fexofenadine will depend on the rela-
tive contribution of both efflux and uptake
mechanisms. Indeed, in an interaction study with
grapefruit juice, non-significant but moderate
changes in digoxin pharmacokinetics were observ-
ed.[% These findings clearly indicate that the intesti-
nal transport of fexofenadine is determined by at
least two drug transporters (P-glycoprotein and
OATPs). Thus, multi-transporter-mediated drug
transport with genetic variability needs to be consid-
ered when evaluating transport activities in the
human body. It is clear that the identification of
specific probe substrates and inhibitors for P-glyco-
protein is required to elucidate the in vivo effect of
MDR]I polymorphisms on pharmacotherapy.

The possibility of the existence of functional
unobserved SNPs cannot be excluded. As described
in section 2, three SNPs, C1236T, G2677T/A and
C3435T, have been haplotyped.li®135234) Recently,
Tang et al.’¥ demonstrated linkage disequilibrium
between the different pairs of these SNPs and specu-
lated on unobserved causal SNP(s) near position
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