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Methadone is a mu-opioid receptor agonist used for treating opiate dependence. The range of effective
methadone doses is broad. Part of the large inter-individual variability in efficacy may be accounted for by
genetic factors. Methadone is a substrate of the transporter P-glycoprotein (P-gp) 170 that is encoded by
the ABCB1 (MDR1) gene. Thus, P-gp variants may play a role in methadone absorption and distribution.
We assessed the association between ABCB1 polymorphisms and methadone dose requirements in 98
methadone-maintained patients. The stabilizing methadone doses were normally distributed with a mean
and median dose of 160 mg/day (range 30–280 mg/day). Statistical analysis showed significant difference
in genotype frequencies between the ‘higher’ (>150 mg/day) and ‘lower’ (�150 mg/day) methadone dose
groups for single nucleotide polymorphism (SNP) 1236C>T (rs1128503) (experiment-wise P 5 0.0325).
Furthermore, individuals bearing the 3-locus genotype pattern TT-TT-TT (rs1045642, rs2032582 and
rs1128503) have an approximately 5-fold chance of requiring the ‘higher’ methadone dose, while individuals
heterozygous for these three SNPs have an approximately 3-fold chance of stabilizing at the ‘lower’ metha-
done dose (point-wise P-value 5 0.026). These data suggest that specific ABCB1 variants may have clinical
relevance by influencing the methadone dose required to prevent withdrawal symptoms and relapse in this
population.

INTRODUCTION

Opiate addiction is a chronic relapsing disorder that is treated
world-wide with methadone (1). Successful treatment relies, in
part, on individual methadone dose optimization to block
heroin effect, reduce drug craving, prevent relapse and
adverse reaction. Part of the large inter-individual variability
in drug response may be accounted for by genetic factors
that can determine drug absorption, distribution, metabolism
and action. There are several factors involved in drug
response, including metabolizing enzymes, drug targets, regu-
latory factors and drug transporters. Although, initially, gen-
etics variations in metabolizing enzymes were thought to

play the major role, it is now clear that genetic variations in
drug transporters also influence drug response (2).

Methadone is a synthetic opioid that is generally adminis-
tered as a racemic mixture of (R)- and (S)-methadone enantio-
mers, yet the (R)-methadone accounts for the opioid effects
(3). Methadone is a mu-opioid receptor agonist and a weak
N-methyl-D-aspartic acid (NMDA) receptor antagonist. There
is some inter-individual variation in the pharmacokinetics of
methadone that may partly be explained by variability in cyto-
chrome P450 activity. Methadone is rapidly absorbed with
peak plasma concentrations 2–4 h after oral administration
(4). The methadone bioavailability ranges from 70 to 90%.
Methadone is metabolized primarily in the liver and is
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slowly released back into plasma or bile and is excreted by
fecal or urinary route (5). About 10–15% of methadone is
unbound and the rest is bound to alpha 1-acid glycoprotein,
albumin and globulin. Biotransformation of methadone
includes N-demethylation to pyrrolidine, an inactive major
metabolite, and a second N-demethylation to two inactive
pyrroline metabolites (6). The major methadone-metabolizing
enzymes are cytochrome P450 CYP3A4, CYP2D6 and
CYP2B6. The elimination half-life for the racemic mixture
in humans ranges from 16 to 28 h (4).

Methadone is a substrate of P-glycoprotein (P-gp) 170 as
studies in rodents and humans have shown (7–9). P-gp is a
member of the subfamily B of the ATP-binding cassette
(ABC) superfamily. It is a trans-membrane protein of 1280
amino acids that is composed of two homologous sequences,
each containing six trans-membrane domains and an ATP-
binding domain (10). P-gp functions as an efflux pump trans-
porting drugs from the intra-cellular to the extra-cellular
domain and has a significant role in drug pharmacokinetics.
P-gp is expressed in tissues with barrier function, including
the epithelia of the liver, kidney, intestine and the endothelial
cells lining the brain capillaries (11). It has a broad range of
substrates that are also often substrates of the cytochrome
P450 drug-metabolizing enzymes.

P-gp is encoded by the ABCB1 (MDR1) gene, spanning
approximately 200 kb on chromosome 7p21, with 28 exons
and 4.5 kb transcript. The gene is highly polymorphic with
at least 38 single nucleotide polymorphisms (SNPs) in the
coding region (NCBI). A significant variation in allele fre-
quencies among different populations has been reported
(12). A few common ABCB1 variants have been shown to
be associated with P-gp expression, drug response and
disease susceptibility (2,10,12–14). There is considerable con-
troversy about the functional significance of various ABCB1
polymorphisms, which could be owing to emphasis on single
SNPs rather than haplotypes, ethnic-specific allele frequencies
(10,12), tissue-specific expression (15), the number of haplo-
type combinations (16,17) and the effect of other transporters
or metabolizing enzymes. Most studies focused on the synon-
ymous SNP 3435C.T (rs1045642, exon 26). Homozygosity
to the T allele (TT) showed lower in vivo duodenal P-gp
expression compared with CT or CC (13). Using allele-
specific mRNA expression, Wang et al. (18) performed quan-
titative analysis of allelic expression (SNaPshot) in human
liver samples, and found that the 3435C allele expresses
significantly higher mRNA levels than the 3435T allele.
Altered substrate specificity, as a result of distorted confor-
mation, but similar mRNA and protein levels, was found to
be caused by this variant in human and monkey cell lines (19).

The SNPs 1236C.T (rs1128503), 2677G.T (rs2032582)
and 3435C.T (rs1045642) are the most common variants in
the coding sequence. These SNPs are reported to be in
strong linkage disequilibrium (LD) accounting for two major
haplotypes, TTT and CGC (12,16). Variants 1236T, 2677T
and 3435T were reported to minimize P-gp activity in vitro
in a substrate-specific manner (20). A difference in the
ABCB1 haplotype profile was found between different ethnic
groups and low haplotype diversity was observed in Cauca-
sians (21). A haplotype containing the haplotype subset
1236T-2677T-3435T is highly represented among non-African

populations, while a haplotype containing the sub-haplotype
1236C-2677G-3435C is highly represented in the
African-American population (21). Two studies reported the
frequencies of ABCB1 SNPs in different Jewish ethnic
groups. One study (22) demonstrated that the Ashkenazi
Jewish (e.g. Eastern European) population is comparable
with Caucasians in the frequency of the three common
SNPs. The second study (23) reported that the frequency of
the 3435T allele in four Jewish populations: Ashkenazi,
Yemenite, North African and Mediterranean (from Bulgaria,
Greece and Turkey) is quite similar, and is intermediate
between that of the previously reported white and West
African populations (24), while the frequency of the 3435T
allele was higher in near Eastern Jews (from Iraq, Iran and
Buchara).

A haplotype containing the promoter SNP 129T.C
(rs3213619) was found to be associated with high level of
P-gp expression and an increase in transport activity, indepen-
dent of 3435C.T (15). A significant association was shown
between common ABCB1 haplotypes and ulcerative colitis
in Caucasians. This association was dependent on the intronic
variant rs3789243 and independent of 3435C.T (14).

In this study, we examined the association of alleles, geno-
types and multi-locus genotype patterns of nine SNPs span-
ning the ABCB1 gene with stabilizing dose of methadone in
former severe heroin-dependent Jewish patients from Israel.

RESULTS

Ninety-eight former severe heroin-dependent patients from an
Israeli methadone maintenance treatment (MMT) clinic partici-
pated in this study. All subjects met strict criteria for opiate
dependence and were in a stable drug-free phase of methadone
treatment (see Materials and Methods). The stabilizing
methadone doses were normally distributed with a mean and
median dose of 160 mg/day (range 30–280 mg/day).

ABCB1, single nucleotide polymorphism alleles, genotypes

Nine ABCB1 common SNPs (rs1045642, rs6949448, rs2235067,
rs2032583, rs2032582, rs1922242, rs1128503, rs2520464 and
rs3789243) were genotyped (Table 1). These SNPs were selected
for stage I of the study that was designed as an initial effort. SNP
rs2032582 (2677G/T/A) is non-synonymous (Ser893Ala/Thr),
SNPs rs1045642 (3435C.T) and rs1128503 (1236C.T) are
synonymous and the other six SNPs are intronic. rs2032582
(2677G/T/A) is tri-allelic and was genotyped by direct sequen-
cing of a flanking PCR product. The allele frequencies for each
SNP are listed in Table 1. Observed genotype distributions
were consistent with Hardy–Weinberg equilibrium (HWE)
(P . 0.3, Table 1).

Linkage disequilibrium

Linkage disequilibrium analysis revealed that all nine SNPs
are correlated in this population and SNP nos 2–8 form
a haplotype block of 59 kb from intron 4 to intron 25
(Fig. 1) (25). The highest LD value (r2 ¼ 0.90; D0 ¼ 1.00) cor-
responds to SNPs 1236 (rs1128503)–rs2520464. Also, strong
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association is found between SNPs 1236 (rs1128503) and
2677 (rs2032582) (r2 ¼ 0.89; D0 ¼ 0.98). Lower LD value
was found between the SNPs 2677 (rs2032582) and 3435
(rs1045642) (r2 ¼ 0.65; D0 ¼ 0.87) and between SNPs 1236
(rs1128503) and 3435 (rs1045642) (r2 ¼ 0.62; D0 ¼ 0.83).

Association of specific single nucleotide polymorphisms and
stabilizing methadone dose. Density plots of genotypes
versus methadone doses suggest that subjects with genotype
‘TT’ in SNPs rs1045642, rs2032582 and rs1128503 (nos 1,
5 and 7) and genotype ‘AA’ in SNP rs2520464 (no. 8)
require relatively higher methadone doses (Fig. 2). One-way
analysis of variance (ANOVA) for the three genotypes of
each SNP, using methadone doses as a dependent quantitative
trait, was not significant (P . 0.1).

Subjects were then dichotomized into ‘higher’ (.150 mg)
and ‘lower’ (�150 mg) groups, according to their stabilized
daily dose of methadone. Comparison of allele frequencies
revealed no significant difference between the two groups for
each of the SNPs analyzed (P . 0.13; Table 2). Statistical
analysis using contingency tables showed significant differ-
ences in genotype frequencies between the two groups, for
SNPs rs1128503 and rs2520464, and a nearly significant differ-
ence for SNP rs1045642 (point-wise P ¼ 0.007, 0.026 and
0.054, respectively; Table 3). The significance levels were
adjusted for multiple testing via 10,000 permutation samples.
The only genotype frequencies difference that remains signifi-
cant after this correction was for SNP rs1128503 (experiment-
wise P ¼ 0.0325; Table 3). Homozygosity for the ‘T’ allele in
SNP rs1128503 confers a 6.66-fold chance of stabilizing at a

Figure 1. Linkage disequilibrium plots of nine ABCB1 single nucleotide polymorphisms. (A) D0. (B) r2. Values (100�) corresponding to each single nucleotide
polymorphism pair are displayed inside the squares. (A) The degree of red corresponds with the D0 score (0,D0,1); blue represents high D0 value with low
significance. (B) The degree of shade of gray corresponds with the r2 score (0,r2,1).

Table 1. ABCB1 single nucleotide polymorphisms (SNPs) analyzed in this study

No. SNP Alleles Positiona Amino acid change Exon/intron (i) MAFb Map positionc HWE P-valued

1 rs1045642 C/T 3435 Ile1145Ile 26 0.45 86976581 0.8
2 rs6949448 A/G i25 0.43 86979750 0.7
3 rs2235067 G/A i22 0.07 86987858 0.8
4 rs2032583 C/T i21 0.08 86998497 0.8
5 rs2032582 G/T (A) 2677 Ser893Ala (Thr) 21 0.43 (0.02) 86998554 0.7
6 rs1922242 A/T i16 0.50 87011603 0.3
7 rs1128503 C/T 1236 Gly412Gly 12 0.42 87017537 0.6
8 rs2520464 A/G i4 0.45 87039022 0.6
9 rs3789243 C/T i3 0.49 87058822 0.4

HWE, Hardy–Weinberg equilibrium.
aReference sequence NM_000927.
bMAF, minor allele frequencies in this sample.
cNCBI Build 36.2.
dDeviation from HWE.
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higher methadone dose than heterozygosity or homozygosity
for the reference ‘C’ allele [odds ratio (OR) ¼ 6.66, 95% con-
fidence interval (CI) (1.41–31.36)].

The proportions of different sub-ethnicities in the ‘lower’
and ‘higher’ methadone dose groups were comparable. The
distribution of different sub-ethnic groups in each of the
three genotype categories of SNP rs1128503 was not signifi-
cantly different.

Multi-locus genotype patterns

Multi-locus genotype patterns (MLGPs), were constructed
from the three common SNPs (nos 1, 5 and 7—rs1045642,
rs2032582 and rs1128503; respectively; Table 4) and the set
of nine SNPs that includes these three common SNPs
(Table 5). There were five 3-locus patterns with frequency
higher than 5%. The three major patterns were ‘HHH’ (e.g.

Figure 2. Density plots of methadone dose (mg/day) by ABCB1 genotypes. ‘A’ represents homozygous genotype AA; ‘C’ represents homozygous genotype CC;
‘G’ represents homozygous genotype GG; ‘T’ represents homozygous genotype TT; ‘H’ represents heterozygous genotype; asterisk (�) represents outliers. No
homozygotes for the variant ‘A’ allele of SNP no. 3 were found.

Table 2. Tests for association between allele frequencies of ABCB1 single
nucleotide polymorphisms (SNPs) and methadone dose

No. SNP Alleles ‘Lower’ dose na ‘Higher’ dose n Point-wise
P-valueAllele

1b
Allele
2b

Allele
1

Allele
2

1 rs1045642 C/T 52 36 55 51 0.38
2 rs6949448 A/G 34 54 50 58 0.31
3 rs2235067 G/A 4 84 9 99 0.39
4 rs2032583 C/T 4 84 11 97 0.18
5 rs2032582 G/T 56 32 52 48 0.14
6 rs1922242 A/T 49 39 48 60 0.15
7 rs1128503 C/T 54 34 59 49 0.38
8 rs2520464 A/G 35 51 52 56 0.31
9 rs3789243 C/T 41 47 55 53 0.57

aNumber of alleles.
b‘1’ represents the first allele and ‘2’ represents the second allele.
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heterozygous for the three SNPs, CT-GT-CT, 40.8%), ‘CGC’
(e.g. CC-GG-CC, homozygosity for the reference allele;
20.4%) and ‘TTT’ (TT-TT-TT, homozygosity for the variant
allele; 13.3%). The three major 9-locus patterns were
‘HHGTHHHHH’ (31.6%), ‘CGGTGACGT’ (9.2%) and
‘TAGTTTTAC’ (13.3%), (SNP order nos 1–9; Table 5), cor-
responding to the three major 3-locus patterns, respectively.
Association analyses of the 3-locus MLGPs showed evidence
of association with point-wise overall P-value of 0.026
(Table 4). Comparison of genotype pattern distributions
revealed that individuals heterozygous for the three SNPs

(‘HHH’) have an approximately 3-fold chance of stabilizing
at a relatively ‘lower’ methadone dose (�150 mg/day) than
individuals with any other genotype pattern [OR ¼ 2.85,
95% CI (1.15, 7.16), point-wise P ¼ 0.0144; Table 4]. Individ-
uals homozygous for the variant allele (‘TTT’) have an
approximately 5-fold (1/0.19) chance of requiring a relatively
‘higher’ methadone dose (.150 mg/day) than individuals
with any other genotype pattern [OR ¼ 0.19, 95% CI (0.03,
0.98, point-wise P ¼ 0.0335; Table 4]. All individuals with
the coding sequence 3-locus pattern (‘TTT’, SNPs nos 1, 5
and 7) also have the genomic 9-locus pattern ‘TAGTTTTAC’

Table 3. Tests for association between genotype frequencies of ABCB1 single nucleotide polymorphisms (SNPs) and methadone dose

No. SNPs Alleles ‘Lower dose’ na ‘Higher dose’ n Point-wise
P-value
11/12/22

x2 (2 degree
of freedom)

Experiment-
wise
P-value

11b 12b 22b 11 12 22

1 rs1045642 C/T 12 28 4 16 23 14 0.054 6.1 0.1977
2 rs6949448 A/G 4 14 26 12 16 26 0.212 nac na
3 rs2235067 G/A 40 4 0 45 9 0 0.373 na na
4 rs2032583 C/T 0 4 40 1 9 44 0.373 na na
5 rs2032582 G/T 15 26 3 14 24 12 0.086 na na
6 rs1922242 A/T 10 29 5 10 28 16 0.094 na na
7 rs1128503 C/T 12 30 2 18 23 13 0.007 10.1 0.0325
8 rs2520464 A/G 3 11 29 14 16 24 0.026 7.9 0.0892
9 rs3789243 C/T 8 25 11 12 31 11 0.788 na na

aNumber of subjects.
b‘11’ represents homozygote for the first allele, ‘12’ represents heterozygote and ‘22’ represents homozygote for the second allele.
c‘na’ represents not applicable.

Table 4. Tests for association between ABCB1 3-locus genotype patterns (MLGPs) and methadone dose

MLGPs SNP nos 1, 5, 7 Code ‘Lower dose’ ‘Higher dose’ OR (95% CI) Point-wise P-value
na % n %

CT-GT-CT ‘HHH’b 24 54.5 16 29.6 2.85 (1.15, 7.16) 0.014
TT-TT-TT ‘TTT’ 2 4.5 11 20.4 0.19 (0.03, 0.98) 0.034
CC-GG-CC ‘CGC’ 10 22.7 10 18.5 1.29 (0.44, 3.85) 0.624
CT-GG-CC ‘HGC’ 2 4.5 4 7.4 0.60 (0.07, 4.06) 0.688
TT-GT-CT ‘THH’ 2 4.5 3 5.5 0.81 (0.09, 6.36) 1.000
Othersc 3 6.8 11 20.4 0.29 (0.06, 1.22) 0.081
Total 44 100 54 100

x2 ¼ 12.74; df ¼ 5; overall P ¼ 0.026; experiment-wise P ¼ 0.13. SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.
an denotes number of individuals with the pattern.
b‘H’ denotes heterozygote.
cMLGPs with frequency ,0.05 were combined under ‘Others’.

Table 5. Test for association between ABCB1 9-locus genotype patterns and methadone dose

MLGPs (order nos 1–9) ‘Lower dose’ ‘Higher dose’ OR (95% CI) Point-wise P-value
n % n %

HHGTHHHHH 17 38.6 14 25.9 1.80 (0.70, 4.65) 0.1968
CGGTGACGT 5 11.4 4 7.4 1.60 (0.34, 7.73) 0.7272
TAGTTTTAC 2 4.5 11 20.4 0.19 (0.03, 0.98) 0.0336
Others 20 45.5 25 46.3
Total 44 100 54 100

x2 ¼ 6.80; df ¼ 3; overall P ¼ 0.0787. MLGP, multi-locus genotype pattern; OR, odds ratio; CI, confidence interval.
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(SNP nos 1–9). Individuals with the 9-locus MLGP
‘TAGTTTTAC’ might require a relatively ‘higher’ methadone
dose [OR ¼ 0.19, 95% CI (0.03, 0.98), P ¼ 0.0336, Table 5].
After correction for multiple testing, the P-values obtained
in the MLGP analysis does not reach the significance level
of 0.05.

DISCUSSION

Successful methadone treatment for opiate dependence relies
to a certain extent on dosage optimization. P-gp acts as a gate-
keeper at the blood–brain barrier and the gastrointestinal tract
among other organs, and may contribute to the regulation of
methadone distribution. Genetic variability in the ABCB1
gene may influence methadone distribution by altering P-gp
expression and function. Numerous studies have been con-
ducted to evaluate the clinical relevance of ABCB1 variants,
but presented contradicting results. The present study was
designed to examine the influence of specific polymorphisms
of the ABCB1 gene on the methadone dose required for
stabilization.

The nine SNPs analyzed (Table 1) were selected based on
reported evidence for functionality, relatively high frequency,
location in the gene and LD data. MLGP analysis revealed the
presence of five major 3-locus genotype patterns (frequency
.5%) and also three major 9-locus genotype patterns, indicat-
ing a strong LD and low diversity in this group. This phenom-
enon has been observed in other populations and might be a
sign of positive selection when variants connected with
better adaptation are expected to increase rapidly in frequency
(21,26). We showed that, in this population, homozygosity for
the ‘T’ allele of the common SNP 1236C.T (rs1128503)
confers an approximately 7-fold chance of requiring more
than 150 mg of methadone, daily, for stabilization
(experiment-wise P ¼ 0.0325). In addition, a 3-locus genotype
pattern, ‘TT-TT-TT’ (rs1045642, rs2032582 and rs1128503),
that occurs in 13.3% of the sample, is possibly associated
with a ‘higher’ methadone dose requirement.

This finding is intriguing from various aspects; SNP
1236C.T (rs1128503) is a synonymous variant that does
not result in change in the protein sequence. It is located at
exon 12, in one of the intra-cellular loops of the protein, adja-
cent to an ATP-binding/utilization domain. 1236C.T could
affect translation regulation, RNA stability or other molecular
mechanisms. It may also have an indirect effect by being
linked to a causal variant. A number of studies reported
strong LD between 1236C.T and 2677G.T as well as
3435C.T. In this study population, a haplotype block of
59 kb (from intron 4 to intron 25) was identified, which
includes 1236C.T and 2677G.T. A lower LD (r2 ¼ 0.63;
D0 ¼ 0.83) was found between 1236C.T and 3435C.T.
The allele frequencies of 1236C.T differ between various
populations with major difference among Caucasians, Asians
and Africans (10,12,13,16). A recent report (27) showed that
individuals homozygous for the ‘T’ allele of 1236C.T (as
well as 2677G.T and 3435C.T) had higher clearance of
the tyrosine kinase inhibitor, imatinib, that is used to treat
chronic myeloid leukemia or gastrointestinal stromal tumors.
Xing et al. (28) suggested that individuals homozygous for

the ‘T’ allele of 1236C.T have greater improvement after
treatment with the P-gp substrate antipsychotic drug, risperi-
done, independent of 2677G.T and 3435C.T. An in vitro
study using the P-gp substrate rhodamine 123, in a mammalian
epithelial cell line (LLC-PK1), concluded that the three SNPS
(1236C.T, 2677G.T and 3435C.T), individually or as a
haplotype, minimize P-gp activity in a substrate-dependent
manner (20).

A number of studies reported that the 3435T allele associ-
ates with lower P-gp expression and activity (13) as well as
reduced mRNA stability (18). Accordingly, one would
expect that homozygosity to the 3435T allele would similarly
reduce P-gp expression in the blood–brain barrier, which
could lead to lower efflux function, increase methadone
brain entry, and hence require an overall lower methadone
dose. Our finding seems to contradict this assumption, but
there is no consensus about the functionality of the 3435T
variant and a few studies reported opposite data (29,30). It
was also shown that haplotype analysis may be more effec-
tive than the analysis of individual SNPs and the 3435T
allele is positioned on at least two major distinct 3-locus
haplotypes.

The various organs involved in methadone exposure, in
which P-gp is expressed, should also be taken into account
as the same variant may simultaneously affect different pro-
cesses, such as absorption and elimination, in addition to
brain distribution. It has been suggested that P-gp variants
will have little impact on net methadone intestinal absorption
because of the fact that even relatively low doses of metha-
done (80–150 mg/day), as used in methadone treatment of
opiate addiction, would reach a sufficient concentration to
saturate the transporters (2,31).

It is hard to predict the extent of the relative contribution of
ABCB1 genetic variability to the inter-individual variation in
methadone dose requirement. There are a number of confound-
ing factors that have to be considered when interpreting this
data, including genetic variation in the metabolizing enzymes,
methadone clearance, increased opiate tolerance by chronic
exposure, psychiatric co-morbidity, drug co-dependence, deliv-
ery methods, sex, age and ethnicity, as well as the actual
target of the medication and the downstream signal transduc-
tion mechanism. For instance, studies have found that patients
with chronic pain, benzodiazepines or alcohol abuse, and
patients treated with medication known to alter the biotrans-
formation of methadone, such as rifampin or phenytoin,
need to be prescribed higher doses of methadone (32–36).

Our finding cannot be directly compared with those of a
similar study by Coller et al. (37) in Australia. Although
three out of the five SNPs in their study are similar to the
SNPs we studied, it seems that about half of the patients
were in MMT treatment ,2 months, a time when full stabil-
ization would not be expected. In addition, the methadone
doses reported were significantly lower than those in our
study (range 15–110 mg/day, mean 59.2+ 24.8).

Many clinicians hesitate to use very high methadone doses
(above 200 mg/day) because of the possible adverse effects of
prolonged QTc intervals (38,39). In Israel, permission is still
required for the administration of any methadone dose above
120 mg/day. In the USA, there used to be a similar dose
limit, which later was increased to 150 mg/day. Now there is
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no federal limit on methadone doses, but many states have a
limit ranging from 120 to 200 mg/day. Therefore, determining
which genotypes may require higher doses could be clinically
significant. Predicting individual sensitivity to methadone may
help determine the most effective methadone dose for each
individual patient.

The mechanism underlying the association between P-gp
variants and methadone requirements is uncertain. Further
studies are necessary to evaluate the function of specific vari-
ations on P-gp expression in different tissues and to replicate
this study in a larger sample and with different ethnicities.

MATERIAL AND METHODS

Subjects

All patients currently treated in an MMT program (The Dr.
Miriam and Sheldon G. Adelson Clinic for Drug Abuse, Treat-
ment and Research, Tel Aviv, Israel) (40) were formerly
severe heroin addicts. All subjects had (i) at least 1 year of
daily multiple self-administration of heroin, which is required,
by Israeli law, for entry into an MMT clinic, and (ii) at least
one withdrawal or failure in a detoxification center. Subjects
were further ascertained using the modified Addiction Severity
Index (ASI), which addresses any current additional drug and
alcohol abuse (41). The study was approved by the Helsinki
Committee of the Tel Aviv Sourasky Medical Center and
The Rockefeller University Hospital Institutional Review
Board and all subjects signed informed consent for genetic
studies. A total of 138 consecutive subjects agreed to partici-
pate in genetic studies during the period 2004–2006. Blood
samples were obtained and genomic DNA was isolated.
Totally 109 subjects met the following criteria for this specific
study: (i) at least 6 months in MMT; (ii) Jewish ancestry; (iii)
negative urine, for illicit opiates, and a stable methadone dose
for at least 4 weeks prior to obtaining blood specimen; (iv) not
related to another subject already in the study. Out of these,
three samples failed DNA isolation. Eight samples were
later excluded because of genotype failure; ending up with a
total of 98 individuals (64 males; 34 females). The mean
age of the subjects was 45 years (range 20–67). Nine subjects
had positive urine for cocaine over the 4 weeks prior to obtain-
ing blood specimen. This study dataset includes five major
sub-groups: Sephardic (Western Europe, Balkans and
Morocco) (39%), Ashkenazi (Central and Eastern Europe)
(22%), Oriental (Iraq, Iran, Yemen and Syria) (16%), mixed
(13%) and unknown (10%). The stabilizing methadone dose
ranged between 30 and 280 mg/day with a mean and median
dose of 160 mg/day.

Study design

The subjects were divided into two groups according to their
stabilized daily dose of methadone: the first group was
comprised of subjects stabilized on a methadone dose
between 30 and 150 mg/day (‘lower dose’) and the second
group comprised of subjects stabilized at a methadone dose
between 151 and 280 mg/day (‘higher dose’). The decision
to split the groups at a methadone dose of 150 mg/day was

based on the fact that, until recently, the majority of patients
were maintained on doses ,150 mg/day.

Single nucleotide polymorphism selection

A set of eight SNPs spanning most of the ABCB1 gene was
selected (Table 1). The selection criteria were: (a) potential
functionality; (b) minor allele frequency (MAF) .0.02; (c)
tagging SNPs (tSNPs) for Caucasians based on HapMap
(www.hapmap.org) and others (14). The set of SNPs com-
prised of one non-synonymous (tri-allelic rs2032582G/T/A),
two synonymous (rs1045642 and rs1128503) and five intronic
tSNPs. The ninth SNP, rs2032583 (intron 21), was not initially
selected by the criteria described above but was included in
the final analysis. This SNP is located 57 bp from SNP no. 5
(the tri-allelic 2677G.T/A, rs2032582) and was amplified
by polymerase chain reaction (PCR) and sequenced with the
same primers.

Genotyping

Genotypes were determined by TaqManw technology (SNP
nos 1–3, 7–9; Table 1). SNP nos 4 and 5 (rs2032582,
rs2032583) were directly sequenced. The TaqManw Pre-
Designed SNP Genotyping Assays (Applied Biosystems,
Foster City, CA) are listed in Supplementary Material,
Table S1a. PCR was performed in replicates, on a GeneAmpw

PCR system 9700, using TaqManw universal PCR master mix
with uracil-N-glycosylate (AmpErase UNG) (Applied Biosys-
tems) according to the manufacturer’s protocol. Briefly,
TaqManw assay mix (20� or 40�) and universal PCR
master mix (2�) were mixed, and the volume was adjusted
with water to 4 ml and was then added to 10 ng of genomic
DNA (1 ml) in a 384-well optical reaction plate. PCR amplifi-
cation lasted for 2 min at 508C; 10 min at 958C followed by 40
cycles of 15 s at 928C and 1 min at 608C. Genotype analysis
was performed on an ABI Prismw 7900 sequence detection
system using SDS 2.1 software (Applied Biosystems).

Sequencing

PCR amplification of exon 21 and the overlapping intronic
sequences was performed using AmpliTaq Goldw (Applied
Biosystems). Primers were designed using software Primer 3
(42) and the sequences are listed in Supplementary Material,
Table S1. In addition, representative samples from each
TaqMan analysis were confirmed by sequencing. Primer
sequences are listed in Supplementary Material, Table S1.

PCR amplification consisted of 10 min at 948C, eight
‘touch-down’ cycles of 30 s at 948C, 30 s at 63–568C and
30 s at 728C, followed by 35 cycles of 30 s at 948C, 30 s at
568C and 30 s at 728C with a final step of 7 min at 728C.
PCR products were purified using Qiagen BioRobot 9600w

(Venlo, The Netherlands) and sequenced using ABI 3700
Big Dye Terminators (v3)w on an ABI Prism 3700w capillary
sequencer (Applied Biosystems). Electropherograms were
scored twice, independently, using the Sequencer 4.5 software
(Gene Codes Corporation, Ann Arbor, MI, USA).
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Statistical analysis

x2 Tests were carried out to test for deviation from HWE with
a cut-off of 0.05 showing deviation from HWE (Table 1).
Fisher’s exact test and x2 test were used for allelic and geno-
typic analyses for individual SNPs (Tables 2 and 3). The four
individuals carrying the rare ‘A’ allele of rs2032582 (2677)
were excluded from the analysis. ANOVA was used for the
analysis of the three genotypes of each SNP, using methadone
doses as a dependent quantitative trait. LD values between
SNP pairs were determined using LD statistics (r2 and D0)
with the Haploview program version 3.2 (Broad Institute,
MIT and Harvard, MA, USA) (43) (Fig. 1). Density plots of
methadone dose by genotypes were produced using the
SYSTAT 11 program (Systat Software, Inc., San Jose, CA,
USA) (Fig. 2). MLGPs (a set of genotypes one each at differ-
ent loci) were tabulated for SNP nos 1, 5 and 7 and for SNP
nos 1–9 (Tables 4 and 5). Fisher’s exact test and likelihood
ratio x2 test were performed to determine individual and
global P-values, respectively. MLGPs with frequency ,0.05
were pooled into a single class called ‘others’. Experiment-
wise significance levels were obtained by permutation
testing (44). The SUMSTAT program (http://www.genemap-
ping.cn/sumstat.html) was used to perform random permu-
tation with 10 000 randomization samples. In each of these
‘null’ samples, a x2 value was computed for the observed
data. The proportion of randomization samples with x2

exceeding the x2 in the observed data is an estimate for its
associated significance level, which automatically adjusts for
multiple testing and allows for the dependence among SNPs.
Comparing these randomization P-values with Bonferroni cor-
rected P-values shows that the nine observed SNPs approxi-
mately correspond to five independent SNPs. Thus,
experiment-wise P-values may be obtained from uncorrected
(point-wise) P-values by multiplying the latter with 5
(Table 3).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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