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INTRODUCTION

The human MDR1 gene encodes MDR1, also called P-
glycoprotein (P-gp), which functions in the energy-dependent
export of substances from the inside of cells to the outside.
MDR1 was originally isolated from resistant tumor cells as
the protein responsible for conferring resistance against anti-
tumor agents (1). Human MDR1 is also expressed in normal
tissues including the mucosal cells in the small and large in-
testine, the epithelial cells of renal proximal tubules, the bil-
iary canalicular side of hepatocytes, capillary endothelial cells
of the brain and testis, and cells of the leukocyte lineage (2).
MDR1 contributes to the limitation of drug absorption from
the gastrointestinal tract, secretion of the drugs into bile and
urine, and the prevention of penetration of drugs across the
blood-brain barrier. Thus, MDR1 in these normal tissues de-
fines the pharmacokinetics of many drugs, which are sub-
strates for MDR1.

In 1989, nine nucleotide differences on the human
MDR1 gene were found from drug-selected multidrug-
resistant cultured cells (3). To date, more than 20 single
nucleotide polymorphisms (SNPs) in the exonic regions have
been identified (4–7). Among them, the mutation in exon 26,
position 3435 (C3435T), neighboring on the ATP binding do-
main, has been focused due to its suppressive effect on the
expression of MDR1 protein in duodenal biopsies and result-
ant increase of plasma concentration of digoxin under ri-
fampin induction or at steady-state in Caucasian subjects, al-
though this is a silent mutation (5). C3435T mutation was
shown to decrease efflux of the MDR1 substrate rhodamine
from CD56+ natural killer cells and lower MDR1 mRNA
expression in leukocytes (8). However, recent investigations

have suggested that C3435T has no effect on placental MDR1
expression (7) and moreover that C3435T mutation is related
to a higher level of MDR1 mRNA expression in duodenal
biopsies in healthy Japanese subjects (9). The C3435T muta-
tion has been reported to have no effect on the plasma con-
centration of digoxin (10) and to be lower in subjects with T/T
genotype (11). As for other MDR1 substrates, the C3435T
mutation has been reported to have no effect on the cyclo-
sporin A trough concentration (12) and to be lower plasma
concentration of fexofenadine (13).

These investigations suggested the importance of MDR1
genotyping, especially for C3435T. However, the molecular
mechanisms underlying the effects of this polymorphism re-
main unclear, and further investigations should be addressed
to elucidate these discrepancies. The C3435T SNP has been
suggested to be linked with the SNP at exon 21, position 2677
(G2677(A,T)) producing Ala893Thr and Ala893Ser, respec-
tively (7,13), and haplotype analysis might provide a rational
explanation for these discrepancies. This study was, therefore,
designed to elucidate the linkage of SNPs at positions 3435,
2677, and -129 in 117 healthy Japanese subjects. Position 2677
locates in the intracellular domain between the 10th and 11th
transmembrane spanning domains. Position –129 is in the
promoter region, exon 1b. In addition, the effects of SNPs at
positions 3435 and 2677 on the serum concentration-time pro-
files of digoxin after single oral administration were examined
in healthy Japanese subjects.

MATERIALS AND METHODS

Subjects

One hundred and seventeen healthy Japanese subjects
living in Kobe city and neighboring areas, consisting of 65
males and 52 females, 19 to 76 years old were evaluated for
MDR1 genotypes at positions 3435, 2677, and −129. The aims
of this study were fully explained to all subjects, and written
informed consent was obtained. The protocol for this study
was approved by the Institutional Review Board of Kobe
University Hospital, Kobe University, Japan.

MDR1 Genotyping

Genomic DNA was extracted from 0.5 mL of whole
blood using a DNA Extractor WB Kit (Wako Pure Chemical
Industries Ltd.; Osaka, Japan) as described previously (11).
The genotypes at positions 3435, 2677, and −129 of the MDR1
gene were determined by polymerase chain reaction (PCR),
restriction fragment length polymorphism (PCR-RFLP)
analysis and by direct sequencing. For amplification of spe-
cific DNA fragments, primer for T-129C was designed based
on the known sequence of MDR1 mRNA (GenBank acces-
sion number M14758) (forward primer: 5�-TCA GCA TTC
AGT CAA TCC GG-3�, reverse primer: 5�-TTT GCG TGC
CCC TAC CTC-3�), and previously reported primers were
used for C3435T (11), G2677A, and G2677T (6,14). PCR was
carried out under similar conditions for all reactions as de-
scribed previously (11). After amplification, PCR products
were digested with restriction enzymes (Mbo I for C3435T,
Bsr I for G2677A, Ban I for G2677T, and Tse I for T-129C).
DNA fragments digested with appropriate restriction en-
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zymes were separated on 3% agarose gels for C3435T and
T-129C or 5% gels for G2677A and G2677T. The genotype
determined by PCR-RFLP was confirmed by direct sequenc-
ing on an ABI PRISM� 310 Genetic Analyzer (Applied Bio-
systems; Foster City, CA) using a BigDyeTM Termina-
tor Cycle Sequencing Ready Reaction Kit (Applied Biosys-
tems). The sense primers for PCR amplification were used as
sequencing primers.

Serum Concentration-Time Profiles of Digoxin after Single
Oral Administration

Fifteen healthy Japanese subjects participated in the
pharmacokinetic study of digoxin. The genotypes at position
3435 of the subjects were C/C3435 (n � 5), C/T3435 (n � 4),
and T/T3435 (n � 6). Those at position 2677 were G/G2677 (n
� 5), G/A2677 (n � 1), G/T2677 (n � 2), A/T2677 (n � 3), and
T/T2677 (n � 4). Those at position –129 were T/T−129 (n � 12)
and T/C-129 (n � 3). The subjects were prohibited from taking
any drugs or alcoholic beverages for at least 1 week before
administration of digoxin until the end of the study. After
overnight fasting, each subject received a single oral dose of
digoxin (0.25 mg) as a tablet (Digosin�, Chugai Pharmaceu-
tical Co., Ltd.; Japan). They were cautioned not to eat or
drink anything for 3 h after administration. Venous blood
samples were obtained through an indwelling cannula at 0.5,
1, 2, 4, 6, 8, 12, and 24 h after administration, and serum
samples were prepared. Digoxin serum concentrations were
determined by fluorogenic enzyme immunoassay (FEIA) us-
ing an OPUS analyzer (Dade Behring, Inc.; Newark, DE).
The determination was routinely validated to confirm accu-
racy and precision. All assays were performed in duplicate for
each serum sample, and the mean value was calculated as the
data. The limit of quantification in this assay was 0.25 ng/mL.

Statistical Analysis

The �2 test was used for analysis of linkage between
SNPs at positions 3435, 2677, and –129. The unpaired Stu-
dent’s t test and Fisher’s exact probability test were used for
evaluation of the significance of differences in kinetic param-
eters and serum concentrations, respectively, between various
genotype groups. A P value of less than .05 was considered
statistically significant.

RESULTS

MDR1 Genotype Distribution in the Japanese Population

The genotypic and allelic frequencies of the C3435T,
G2677(A,T), and T-129C SNPs in 117 Japanese subjects are

shown in Table I. C3435T, G2677A, and G2677T mutations
largely occurred with variant allele frequencies of 38.5%,
20.5%, and 35.5%, respectively, whereas T-129C mutation
appeared with a frequency of 8.1%. Gender and age showed
no effect on the genotype or allele distribution.

Genetic Linkage of MDR1 SNPs

The genotype frequencies were tabulated to analyze the
genetic linkage of MDR1 SNPs (Table II). Significant linkage
was detected between MDR1 SNPs at positions 3435 and 2677
(P < .0001), but there was no linkage between positions −129
and 3435 or 2677. Of the subjects with C/C3435, 31.7% (13/41)
showed G/G2677, and this was higher than the overall G/G2677

frequency of 12.8% (15/117). In contrast, 71.4% (10/14) of the
subjects with T/T3435 showed T/T2677 genotype, which was
markedly higher than the T/T2677 frequency of 9.4% (11/117).
Compared with variant T-allele at position 2677, variant A-
allele tended to be accompanied by the C-allele at position
3435: 80.0% (36/45) of subjects with G/T2677 were accompa-
nied with C/T3435, but 67.9% (19/28) of G/A2677 were accom-
panied with C/C3435; 90.9% (10/11) of subjects with T/T2677

were accompanied with T/T3435, but 87.5% (14/16) of A/T2677

were accompanied with C/T3435; all with A/A2677 also showed
C/C3435.

Serum Concentration-Time Profiles of Digoxin following
Single Oral Administration

Fig. 1 shows the effects of MDR1 SNPs at positions 3435
and 2677 on the serum concentration-time profiles of digoxin
after single oral administration in healthy Japanese subjects.
The observed maximal serum concentration of digoxin was
1.98 ± 0.23 for the subjects with both C/C3435 and G/G2677,
1.39 ± 0.23 for those with both C/T3435 and A/T2677 and 1.44
± 0.23 ng/mL for those with both T/T3435 and T/T2677; the
value for the former group was significantly higher than those
for the other groups (P < .05). The areas under the concen-
tration-time curves after single oral administration of di-
goxin at time zero to 4 h were 4.00 ± 0.30, 2.99 ± 0.17 and 3.34
± 0.29 ng h/mL, respectively, and the value for the C/C3435

and G/G2677 group was significantly higher than that for the
C/T3435 and A/T2677 group (Table III).

DISCUSSION

There occurs increasing report on the correlation of
MDR1 genotype and phenotype for high relevance of MDR1
to drug disposition. It has been suggested that C3435T SNP in

Table I. Positions, Effects, and Genotype and Allele Frequencies of MDR1 Single Nucleotide Polymorphisms (SNPs) in 117 Healthy Japanese
Subjects

SNP
MDR1

resion/position Effect

Genotype frequency (%) Allele frequencya (%)

wt/wt wt/mut mut/mut wt mut

C3435T Exon26/3435 Ile1145Ile 35.0 53.0 12.0 61.5 38.5
G2677A Exon21/2677 Ala893Thr 12.8 23.9(G/A) 1.7(A/A) 44.0 20.5(A)
G2677T Ala893Ser 38.5(G/T) 9.4(T/T) 35.5(T)

13.7(A/T)
T-129C Exon1b/-129 Noncoding 84.6 14.5 0.9 91.9 8.1

Note. In all SNPs, no effects of gender or age were present on the genotype or allele distribution.
a Allele frequency was calculated on the basis of the Hardy-Weinberg distribution.
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exon 26 of the MDR1 gene influences MDR expression and
function (5). However, recent investigations have suggested
that it might be difficult to account for the correlation of the
genotype and phenotype solely by C3435T SNP (7,13). The
SNP in exon 21, G2677(A,T), has been shown to be corre-
lated with MDR1 activity in variant allele transfected cells
and with altered MDR1 function in humans with the probe
drug, fexofenadine (13). T-129C SNP in exon 1b of the MDR1
gene has been suggested to affect placental MDR1 expression
(7). Therefore, the present study was performed to elucidate
the linkage between SNPs at positions 3435, 2677, and -129 of
the MDR1 gene in 117 healthy Japanese subjects. In addition,
the effects of the SNPs at positions 3435 and 2677 on the
serum concentration-time profiles of digoxin after single oral
administration were examined in healthy Japanese subjects.

The Japanese population showed a similar allele fre-
quency at position 3435 to other Asian populations (Chinese,
Filipino, and Saudi), and the variant T-allele frequency was
higher than that in African populations (15). The allele fre-
quency at position 2677 was lower for the wild G-allele and
higher for the variant A-allele in Japanese compared with
Caucasian populations (14). The T-129C genotype frequency
was similar between Japanese and Caucasian populations (5).

Significant genetic linkage was detected between MDR1
SNPs at positions 3435 and 2677 (P < .0001), but there was no
linkage between positions −129 and 3435 or 2677. Of the
subjects with C/C3435, 31.7% (13/41) showed G/G2677, and
71.4% (10/14) of the subjects with T/T3435 showed T/T2677.
Variant A-allele at position 2677 tended to be accompanied
by the C-allele at position 3435, as compared with variant
T-allele. The reason for the linkage is not clear, but the dis-
crepancies in clinical reports indicating that the pharmacoki-
netics of drugs are dependent on the genotype at position

3435 might be resolved by analysis of the genotype at position
2677 or by haplotype analysis, since the mutation at position
3435 is a silent mutation, and the mutations at position 2677
cause amino acid substitutions.

Pharmacokinetic profiles of digoxin after single oral ad-

Table II. Two-Dimensional Graph of MDR1 Genotypes at Positions 3435, 2677, and -129 in 117 Healthy Japanese Subjects

A

2677 G/G G/A G/T A/A A/T T/T
3435 15 28 45 2 16 11

C/C 41 13 19 5 2 2 0
C/T 62 2 9 36 0 14 1
T/T 14 0 0 4 0 0 10

B

−129 T/T T/C C/C
3435 99 12 1

C/C 41 33 7 1
C/T 62 52 10 0
T/T 14 14 0 0

C

2677 G/G G/A G/T A/A A/T T/T
−129 15 28 45 2 16 11

T/T 99 14 20 41 1 12 11
T/C 17 1 7 4 1 4 0
C/C 1 0 1 0 0 0 0

Note. The values represent the numbers of subjects with corresponding genotype. A, 3435 versus 2677; B, 3435 versus −129; C, −129 versus
2677.
Statistical analyses of the correlation of the genotypes were performed by the �2 test.
A P value of less than .05 was considered statistically significant.

Fig. 1. The relationship between MDR1 genotypes and serum con-
centration-time profiles of digoxin after single oral administration in
healthy Japanese subjects. Open circles; C/C3435 and G/G2677 group
(n � 4); closed circles, T/T3435 and T/T2677 group (n � 4). The data
are expressed as the mean ± SE. * Statistically significant difference
(P < .05) between both genotype groups.
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ministration depended significantly on the genotype at posi-
tions 3435 or 2677, but not at position –129. Subjects with
both C/C3435 and G/G2677 showed higher serum concentra-
tions of digoxin than those with both T/T3435 and T/T2677. We
also examined the relevance of MDR1 SNPs to MDR1
mRNA expression, and it has also been suggested that
C3435T and G2677(A,T) mutations are related with a higher
level of expression of MDR1 mRNA in duodenal biopsies in
healthy Japanese subjects (9). These results could reasonably
explain the present pharmacokinetic observations. However,
much more research is needed to determine the therapeutic
significance of these mutations. Digoxin shows the narrow
therapeutic range of serum concentration, and the stratifica-
tion of the patients based on the MDR1 genotype might de-
crease the frequency of adverse events.

In summary, the results of the present study indicated
significant linkage between the MDR1 SNPs at positions 3435
and 2677 in the Japanese population, and it was suggested
that subjects with both C/C3435 and G/G2677 genotype showed
higher serum concentrations than those with both T/T3435 and
T/T2677 genotype. Future studies will need to evaluate the
phenotype and the genetic linkage of heterozygous genotypes
at positions 3435 and 2677, since C/T3435 and G/T2677 hetero-
zygous genotypes were the most predominant in Asian and
Caucasian populations in each position. The findings de-
scribed here will help to understand the genotype distribution
and genetic linkage of MDR1 C3435T and G2677(A,T) SNPs,
and the functional relevance of these SNPs to digoxin phar-
macokinetics in the Japanese population.

NOTATION

In this article, the genotype of MDR1 gene could be
defined as C/C3435, for example, when the genotype at posi-
tion 3435 was homozygous for the C-allele.

REFERENCES

1. S. V. Ambudkar, S. Dey, C. A. Hrycyna, M. Ramachandra, I.
Pastan, and M. M. Gottesman. Biochemical, cellular, and phar-
macological aspects of the multidrug transporter. Annu. Rev.
Pharmacol. Toxicol. 39:361–398 (1999).

2. F. Thiebaut, T. Tsuruo, H. Hamada, M. M. Gottesman, I. Pastan,
and M. C. Willingham. Cellular localization of the multidrug-

resistance gene product P-glycoprotein in normal human tissues.
Proc. Natl. Acad. Sci. USA 84:7735–7738 (1987).

3. N. Kioka, J. Tsubota, Y. Kakehi, T. Komano, M. M. Gottesman,
I. Pastan, and K. Ueda. P-glycoprotein gene (MDR1) cDNA
from human adrenal: Normal P-glycoprotein carries Gly185 with
an altered pattern of multidrug resistance. Biochem. Biophys.
Res. Commun. 162:224–231 (1989).

4. L. A. Mickley, J. S. Lee, Z. Weng, Z. Zhan, M. Alvarez, W.
Wilson, S. E. Bates, and T. Fojo. Genetic polymorphism in MDR-
1: A tool for examining allelic expression in normal cells, unse-
lected and drug-selected cell lines, and human tumors. Blood
91:1749–1756 (1998).

5. S. Hoffmeyer, O. Burk, O. von Richter, H. P. Arnord, J. Brock-
moller, A. Johne, I. Cascorbi, T. Gerloff, I. Roots, M. Ei-
chelbaum, and U. Brinkmann. Functional polymorphisms of the
human multidrug-resistance gene: Multiple sequence variations
and correlation of one allele with P-glycoprotein expression and
activity in vivo. Proc. Natl. Acad. Sci. USA 92:3473–3478 (2000).

6. S. Ito, I. Ieiri, M. Tanabe, A. Suzuki, S. Higuchi, and K. Otsubo.
Polymorphism of the ABC transporter genes, MDR1, MRP1 and
MRP2/cMOAT, in healthy Japanese subjects. Pharmacogenetics
11:175–184 (2001).

7. M. Tanabe, I. Ieiri, N. Nagata, K. Inoue, S. Ito, Y. Kanamori, M.
Takahashi, Y. Kurata, J. Kigawa, S. Higuchi, N. Terakawa, and
K. Otsubo. Expression of P-glycoprotein in human placenta: re-
lation to genetic polymorphism of the multidrug resistance
(MDR)-1 gene. J. Pharmacol. Exp. Ther. 297:1137–1143 (2001).

8. M. Hitzl, S. Drescher, H. van der Kuip, E. Schaffeler, J. Fischer,
M. Schwab, M. Eichelbaum, and M. F. Fromm. The C3435T mu-
tation in the human MDR1 gene is associated with altered efflux
of the P-glycoprotein substrate rhodamine 123 from CD56+ natu-
ral killer cells. Pharmacogenetics 11:293–298 (2001).

9. T. Nakamura, T. Sakaeda, M. Horinouchi, T. Tamura, N.
Aoyama, T. Shirakawa, M. Matsuo, M. Kasuga, and K. Okumura.
Effect of the mutation (C3435T) at exon 26 of the MDR1 gene on
the MDR1-mRNA expression level in duodenal enterocytes of
healthy Japanese subjects. Clin. Pharmacol. Ther. 71:297–303
(2002).

10. L. Becquemont, C. Verstuyft, R. Kerb, U. Brinkmann, M. Lebot,
P. Jaillon, and C. Funck-Brentano. Effect of grapefruit juice on
digoxin pharmacokinetics in humans. Clin. Pharmacol. Ther. 70:
311–316 (2001).

11. T. Sakaeda, T. Nakamura, M. Horinouchi, M. Kakumoto, N. Oh-
moto, T. Sakai, Y. Morita, T. Tamura, N. Aoyama, M. Hirai, M.
Kasuga, and K. Okumura. MDR1 genotype-related pharmacoki-
netics of digoxin after single oral administration in healthy Japa-
nese subjects. Pharm. Res. 18:1400–1404 (2001).

12. N. von Ahsen, M. Richter, C. Grupp, B. Ringe, M. Oellerich, and
V. W. Armstrong. No influence of the MDR-1 C3435T polymor-
phism or a CYP3A4 promoter polymorphism (CYP3A4-V allele)

Table III. Pharmacokinetic Parameters according to the Genotypes at Positions 3435 and 2677 after a
Single Oral Administration of Digoxin

Genotype

N

Parameter

C3435T G2677(A,T) C1h (ng/mL) AUC0–4h (ng h/mL)

C/C G/G 4 1.98 ± 0.23 4.00 ± 0.30
C/C G/A 1 2.05 4.55
C/T G/G 1 2.08 3.83
C/T A/T 3 1.39 ± 0.23a 2.99 ± 0.17a

T/T G/T 2 1.58 3.13
T/T T/T 4 1.44 ± 0.23a 3.34 ± 0.29

Note. C1h, serum concentration of digoxin at 1 h after administration; AUC0–4h, area under the serum
concentration-time curve from time zero to 4 h; N, number of subjects.
The values are expressed as the mean ± SE.
a Statistically significant difference (P < .05) compared with C/C3435 and G/G2677 group.

Horinouchi et al.1584



on dose-adjusted cyclosporin A trough concentrations or rejec-
tion incidence in stable renal transplant recipients. Clin. Chem.
47:1048–1052 (2001).

13. R. B. Kim, B. F. Leake, E. F. Choo, G. K. Dresser, S. V. Kubba,
U. I. Schwarz, A. Taylor, H. G. Xie, J. McKinsey, S. Zhou, L. B.
Lan, J. D. Schuetz, E. G. Schuetz, and G. R. Wilkinson. Identi-
fication of functionally variant MDR1 alleles among European
Americans and African Americans. Clin. Pharmacol. Ther. 70:
189–199 (2001).

14. I. Cascorbi, T. Gerloff, A. Johne, C. Meisel, S. Hoffmeyer, M.

Schwab, E. Schaeffeler, M. Eichelbaum, U. Brinkmann, and I.
Roots. Frequency of single nucleotide polymorphisms in the P-
glycoprotein drug transporter MDR1 gene in white subjects. Clin.
Pharmacol. Ther. 69:169–174 (2001).

15. M. M. Ameyaw, F. Regateiro, T. Li, X. Liu, M. Tariq, A. Mo-
barek, N. Thornton, G. O. Folayan, J. Githang’a, A. Indalo, D.
Ofori-Adjei, D. A. Price-Evans, and H. L. McLeod. MDR1 phar-
macogenetics: Frequency of the C3435T mutation in exon 26 is
significantly influenced by ethnicity. Pharmacogenetics 11:217–
221 (2001).

Genetic Linkage of MDR1 Polymorphisms 1585


