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Abstract

Because methamphetamine (METH) is metabolized by CYP2D6 at the first step of hydroxylation and demethylation, it is possible that functional
variants of CYP2D6 alter susceptibility to methamphetamine-induced dependence. We genotyped CYP2D6*1, *4,*5, *10, and *14 for 202 patients
with METH dependence and 337 controls in a Japanese population and found a significant association of the CYP2D6 gene with METH dependence
(p=0.0299). The patients had fewer */0 and *14 alleles, which are hypofunction alleles, than the controls. CYP2D6 genotypes were divided into
three phenotypes: extensive metabolizers, intermediate metabolizers, and poor metabolizers. There was no poor metabolizer among our Japanese
subjects, and intermediate metabolizers of CYP2D6 were significantly fewer in methamphetamine-dependent subjects than in controls (p =0.0212),
with an odds ratio of 0.62 (95% confidence interval: 0.51-0.76). The present study demonstrated that reduced CYP2D6 activity was a negative
risk factor for methamphetamine dependence.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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Methamphetamine (METH) is an addictive stimulant drug
used all over the world, and METH has long been the
most popular substance of abuse in Japan [33,40]. Genetic
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factors may contribute substantially to the development of
substance dependence. Family and twin studies have shown
that predisposition to drug-taking behaviors and psycho-
logical dependence on substances including amphetamines
has a strong hereditary component [24,38]. Several genetic
risk factors for METH dependence and psychosis, e.g., the
dopamine transporter gene [39], w-opioid receptor gene [18],
prodynorphin gene [31], GABAA receptor y2 subunit gene
[30], and AKT-1 gene [19], have been identified by our
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group, but more, currently unknown, genetic factors are
likely.

Several previous studies showed that genetic variability in
the enzyme that metabolizes a certain drug was associated
with dependence on that drug [17], e.g., alcohol dehydro-
genase and aldehyde dehydrogenase genes for alcoholism
[5,16,27], CYP2AG6 for nicotine dependence [2,28], and CYP2D6
for codeine dependence [14]. METH is metabolized by 4-
hydroxylation or N-demethylation as the first step and then
converted to 4-hydroxy METH (4OH-METH) or amphetamine
(AMPH); the latter is subsequently metabolized to 4-hydroxy
AMPH (40H-AMPH) by 4-hydroxylation. These metabolites of
METH, 4-OH METH, AMPH, 4-OH AMPH, and norephedrine
[4,26], are all active and have psychostimulating actions [12]. An
experimental study showed that chronic but not acute treatment
with AMPH produced accumulation of hydroxylated metabo-
lites in the striatum [10]. Studies of patients with AMPH
psychosis showed that the intensity of the psychosis was posi-
tively correlated with the amount of basic polar metabolites of
AMPH, including 4-OH AMPH and norephedrine, excreted in
the urine but not with the AMPH plasma level [1]. The two ini-
tial metabolic pathways of METH in humans, 4-hydroxylation
and N-demethylation, are catalyzed by CYP2D6 [26]. Therefore,
it is possible that an alteration of CYP2D6 activity changes the
metabolism of METH and synthesis of hydroxylated metabolites
and may affect susceptibility to METH dependence.

CYP2DG6 is one of the best-known of the polymorphic drug-
metabolizing enzymes. CYP2D6 is involved in the metabolism
of 20-25% of clinically used drugs and exhibits a clinically
relevant gene polymorphism that modifies the pharmacokinet-
ics of nearly 50% of the drugs [20]. Approximately 5-6% of
Caucasians are CYP2D6 deficient due to inactivating muta-
tions of the CYP2D6 gene (CYP2D6), CYP2D6*3 (5%), *4
(75%), and *5 (15%) and are termed poor metabolizers (PM)
[3,6,7]. In comparison, the ratio of PM among Japanese is less
than 1%, comprising mostly CYP2D6*5 with a few CYP2D6%4
and *14 genotypes [25,29,36]. However, the allele frequency of
CYP2D6*10 in Japanese (38—-51%) [25,29,36] is much higher
than that in Caucasians (1-5%), black Africans (6%), and
Ethiopians and Saudi Arabians (3-9%) [6]. Individuals with
CYP2D6*10/%10, which causes decreased CYP2D6 activity,
are termed intermediate metabolizers (IM) [22] and account
for approximately 15% of Japanese. Therefore, we examined
CYP2DO6*1, *4, *5, *10, *14 in patients with METH depen-
dence in a Japanese population to test our hypothesis that genetic
variants of the CYP2D6 gene could be a genetic factor in sus-
ceptibility to METH dependence.

Genotyping was performed on 202 patients with METH
dependence (167 males and 35 females; mean age, 36.9 £ 11.8
years; ICD-10-DCR criteria; F15.2), and 337 control subjects
(271 males and 66 females; mean age, 37.2 + 13.1 years) who
were age-, gender-, and geographically matched to patients. All
subjects in the present study were Japanese, born and living
in restricted regions of Japan. The patients were inpatients or
outpatients at medical institutions participating in the Japanese
Genetics Initiative for Drug Abuse (JGIDA) [39]. The clinical
diagnosis was made by two trained psychiatrists according to
ICD-10-DCR on the basis of unstructured medical interviews
and records. Healthy volunteers were recruited mainly from the
medical staff and had no present or past history of major psychi-
atric disorders, e.g., schizophrenia, bipolar disorder, and drug
dependence. This study was approved by the ethics committee
of each JGIDA institution. After a complete description of the
study to the subjects, written informed consent was obtained.

Genomic DNA was extracted from peripheral leukocytes
using standard procedures. The CYP2D6*5 genotype was
identified using long-PCR analysis according to the method
of Johansson et al. [21]. Those of CYP2D6*4 (G1840A),
CYP2D6*10 (C188T), and CYP2D6*14 (G169A) were iden-
tified by polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) according to the methods of Heim
and Meyer [15] and Wang et al. [41,42]. We did not exam-
ine other CYP2D6 alleles, e.g., *3, and *2xN alleles, in the
present study because it has been demonstrated that the fre-
quency of those alleles is below 0.7% in the Japanese population
[25,29,36]. The frequency of *2 in the Japanese population is
high, but we did not identify it because it has no effect on
CYP2D6 activity. We carried out genotyping in a blinded fash-
ion with control and patient samples randomly mixed. Allele
frequencies were calculated using the allele-counting method.
Genotype deviation from Hardy—Weinberg equilibrium was
assessed by x> goodness-of-fit test. The statistical significance
of case-control associations was evaluated by X2 test, Fisher’s
extract test, and the CLUMP program (ver 2.3) [34]. A T4 value
was adopted as the p-value by CLUMP analysis. Statistical sig-
nificance was accepted at p <0.05.

The genotype distribution of patients with METH depen-
dence and controls is shown in Table 1. We identified six
CYP2D6 genotypes in the Japanese subjects in the present study,
CYP2D6*1/%1, *1/%5, *1/%10, *5/%10, *10/*10, and *10/*14,
whereas no CYP2D6%4 allele or no CYP2D6*1/%14, *5/*5,
*5/%14, *14/%14 genotype was found in either patients with
METH dependence or controls. Genotype distributions of the
patients and controls did not deviate from Hardy-Weinberg equi-

g?ll’e2]136 genotypes of patients with methamphetamine dependence and controls

Subjects N CYP2D6 genotypes p
*1/%1 *1/%5 *1/%10 *5/%10 *10/%10 *10/*14

Patients 202 74(36.6) 6(3.0) 77(38.1) 4(2.0) 41(20.3) 0(0.0) 0.121

Controls 337 98(28.9) 16(4.7) 121(36.0) 12(3.6) 88(26.2) 2(0.6)

p-Value was generated by CLUMP ver 2.3 using 10,000 simulations.
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Table 2

CYP2D6 allele frequencies of patients with methamphetamine dependence and controls

Subjects N CYP2DG6 alleles P

*] *10 *14
Patients 404 231(57.2) 10(2.5) 163(40.3) 0(0.0) 0.0299
Controls 672 329(48.9) 28(4.2) 313(46.6) 2(0.3)

p-Value was generated by CLUMP ver 2.3 using 10,000 simulations.

librium (patients: G =2.75, d.f. =4. p=0.60; controls: G=7.92,
d.f.=6, p=0.24). The frequency of CYP2D6*1/*1, a wild-
type genotype, was 36.9% in patients with METH dependence,
and was higher than that in controls, 28.9%. In contrast,
CYP2D6*10/#%10 and *5/*10 genotypes were observed in 20.3%
and 2.0% of patients, respectively, which were lower than those
in controls, 26.2% and 3.6%, respectively. However, the differ-
ence in the CYP2D6 genotype distribution between controls and
patients with METH dependence was not statistically significant
(p=0.121).

The allele distributions of CYP2D6 in patients and controls
are shown in Table 2. The frequency of the wild-type allele,
*], was 48.9% in controls, which was less than that of patients,
57.2%. The frequencies of *5 and *10 alleles in controls were
4.2% and 46.6%, respectively, which were higher than those
in patients, 2.5% and 40.3%, respectively. Only two subjects
had the */4 allele, and they were controls (0.3%). The dis-
tribution of allele frequencies of the CYP2D6 gene differed
significantly between patients with METH dependence and con-
trols (p =0.0299).

Then we divided CYP2D6 genotypes into three functional
phenotypes, EM, IM, and PM, according to as the level of
enzyme activity. The definition of the three phenotypes fol-
lows the modified method described by Someya et al. [35].
They defined the heterozygote of a wild and inactivating allele,
e.g., CYP2D6*1/*5 as IM because they did not find a signifi-
cant difference in CYP2D6 activity between CYP2D6*10/%10
and CYP2D6*1/*5. Briefly, EM comprise CYP2D6*1/%1 and
*1/%10, IM comprise of CYP2D6*10/%10, *1/*5, *5/*10,
*10/*14, and PM comprise CYP2D6*5/*5,*5/% 14, and *[4/*14.
No subject with the PM phenotype was observed in the sub-
jects of the present study. The patients with METH dependence
had significantly fewer IM and more EM (p =0.0212, Table 3).
The odds ratio of IM for METH dependence was 0.62 (95%
confidence interval: 0.51-0.76).

We found that the distributions of CYP2D6 allele and pheno-
type frequency were significantly associated with susceptibility
to METH dependence. Hypofunction alleles of CYP2D6, *10

g;:foiypes of patients with methamphetamine dependence and controls
Subjects N CYP2D6 phenotypes p

EM M
Patients 202 151(74.8) 51(25.2) 0.0212
Controls 336 218(64.9) 118(35.1)

No poor metabolizer was found. EM, extensive metabolizer; IM, intermediate
metabolizer.

and *14, and IM phenotypes comprising CYP2D6*10/*10,
*1/%5, *5/%10, *10/*14 were fewer in the patients than in the
controls. Intermediate metabolism of CYP2D6 was identified
as a negative risk factor for development of METH dependence,
and reduced the risk of METH dependence to about six out of ten.
CYP2D6 catalyzes the first step in the metabolism of METH,
4-hydroxylation of the aromatic ring and N-demethylation [26],
which produces several kinds of metabolites, e.g., 4-OH METH,
4-OH AMPH, and norephedrine. The ratios of these metabolites
excreted in urine were different among human, rat, and guinea
pig species [8]. In humans, the major metabolites of METH
in urine are the unchanged drug and 4-OH METH, and the
minor ones are hippuric acid, norephedrine, 4-OH AMPH, and
4-OH norephedrine. Hydroxylated metabolites of METH were
shown to be active neurochemically and behaviorally like the
parent compound. OH-METH and OH-AMPH inhibited uptake
of noradrenaline in chopped cerebral cortex [43], uptake of
dopamine into striatal homogenates [9], and induced release of
noradrenaline and dopamine from striatal homogenates [13].
The potency of 4-OH AMPH in inhibition and release of
dopamine from the striatum was almost equivalent to that
of AMPH. These hydroxylated metabolites themselves had
propensity to induce hyperlocomotion and stereotyped behav-
iors [37], indicating psychostimulating and psychotomimetic
activities, and also to enhance abnormal behaviors induced by
the parent drugs [11]. These metabolites were taken up by
dopaminergic terminals [23] and accumulated greatly in synap-
tic terminals of the striatum and hypothalamus after chronic
administration of METH or AMPH because the half life of
hydroxylated AMPH is 1.5 days in rat brain, whereas the half-
life of AMPH is 45 min. Therefore, hydroxylated metabolites
of METH could preferentially contribute to the development
of dependence or the psychotic disorder induced by METH in
the chronic phase of METH abuse. This speculation seems to
be consistent with a clinical observation by Anggard et al. [1],
who noted that the intensity of the psychosis of patients with
AMPH dependence is more closely related to the urinary levels
of hydroxylated metabolites than to the plasma levels of AMPH.

Ramamoorthy et al. [32] showed that the intrinsic clear-
ance rate of (+)- and (—)-METH in 4-hydroxylation by *10 of
CYP2D6 was 30- and 67-fold slower than the wild-type *1 in
vitro. Thus, it can be expected that, in vivo, an individual who is a
CYP2D6 IM, for example, the *10/*10 genotype, would display
much lower levels of hydroxylated metabolites of METH after
abuse of METH, resulting in less accumulation of the hydroxy-
lated metabolites of METH in the brain and more rapid excretion
of unchanged METH in the urine. This pharmacokinetic change
of METH by CYP2D6 IM could result in relative insuscepti-
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bility to development of dependence on the drug. However, our
findings need to be confirmed in larger samples because our
sample size may not be large enough to exclude possibilities
of population stratification and type 1 and 2 errors. Confirma-
tion in different populations, e.g., Caucasian should be very
useful because there are poor metabolizers of CYP2D6, who
must show the least dependence to methamphetamine. In addi-
tion, examination of the CYP2D6 gene in patients who abuse
methylendioxymethamphetamine, another widely abused drug,
should be informative because it is also a substrate for CYP2D6.
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