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INTRODUCTION

Methadone maintenance treatment (MMT) is a program 
widely available to treat opioid use disorder [1]. MMT is 
proven in reducing opioid and other illicit drug use, human 
immunodeficiency virus (HIV) risk-taking behavior, and 
crime. Significant improvements in various aspects of life, 
such as health, social functioning, and quality of life, are other 
positive outcomes of MMT [2]. Administration of the optimal 
methadone dose is essential to achieve effective treatment. 
Inadequate dosing may exacerbate withdrawal symptoms, 
resulting in illicit drug use and other risk-taking behavior [3]. 

Hence, what dose is required for optimal MMT? No dose 
range is specified in clinical guidelines. Reports from numer-
ous studies have revealed a wide range of effective metha-
done dosing, with the mean effective dose ranging from 54.7 
to 140.0 mg/day [4-11]. The range of plasma concentration 
of methadone may also vary from as low as 100 ng/mL to as 
high as 1220 ng/mL [7]. Furthermore, a meta-analysis study 
reported better retention rates in flexible doses than fixed 
methadone doses in MMT patients [12]. This result indicates 
that individualized methadone dosing correlates to better 
MMT outcomes. 

The broad range of methadone dosage may be attributed 
to genetic polymorphisms. Numerous studies have shown 
the potential contribution of genetic polymorphisms to 
the variability of both methadone dose and concentra-
tion  [4-7,10,11,13-18]. Recent advances in MMT reveal the 
potential use of pharmacogenomics markers for individualized 
methadone treatment. Numerous studies have found a signif-
icant association between pharmacokinetic genetic markers 
and methadone dose, concentration, and treatment outcomes 
such as withdrawal symptoms and adverse reactions [10,13]. 

Methadone is a synthetic opioid that is available in a race-
mic mixture of (R)- and (S)-enantiomers in equal proportion. 
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ABSTRACT

Methadone has a wide pharmacokinetic interindividual variability, resulting in unpredicted treatment response. Pharmacogenomic bio-
markers seem promising for personalized methadone maintenance treatment. The evidence supports the use of ABCB1 single-nucleotide 
polymorphism (SNP) 1236C>T with genotypes C/T or C/C (Jewish) and haplotypes AGCTT carrier, AGCGC heterozygote, or non-carrier 
(Caucasian), which have a predicted lower methadone dose requirement. In contrast, ABCB1 SNP 1236C>T with genotype T/T (Jewish); hap-
lotypes AGCGC homozygote, AGCTT non-carrier (Caucasian), and ABCB1 3435C>T variant carrier; and haplotypes CGT, TTC, and TGT 
(Han Chinese) have a predicted higher methadone dose. For methadone plasma levels, ABCB1 diplotype non-CGC/TTT (Malay) predicted 
lower, and diplotype CGC/TTT (Malay), 3435C>T allelic carrier, haplotypes (CGT, TTC, TGT) (Han Chinese) predicted higher methadone 
levels. In terms of metabolism biomarkers, a lower methadone requirement was related to carriers of CYP2B6 genotypes *4(G/G) and *9(T/T) 
among Jewish patients, CYP2B6*9 genotype (T/T) and haplotypes (TA/TG); and CYP2C19 (*2/*2,*2/*3, and *3/*3; Han Chinese). Higher meth-
adone dose was observed in CYP2C19*1 allelic carriers (Han Chinese) and CYP2D6 ultrarapid metabolizer (Caucasian). Lower methadone 
levels were reported in CYP2B6 SNPs, haplotypes TTT, and AGATAA (Han Chinese), CYP2C19 genotype *1/*1 (Han Chinese), allelic carrier 
*1xN (Caucasian), and CYP3A4 genotype *1/*1 (Caucasian). Carriers of CYP2B6 genotype *6/*6 (Caucasian), CYP2B6 haplotypes ATGCAG 
and ATGCTG (Han Chinese), and CYP3A4 genotype *1/*1B (Caucasian) had predicted higher methadone plasma levels. Specific pharmacoki-
netics biomarkers have potential uses for personalized methadone treatment in specific populations.
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(R)-methadone has been reported to account for most opioid 
effects, including the primary analgesic effect [4,13]. The 
presence of adequate methadone levels in the central ner-
vous system is essential for optimal pharmacological effects. 
High levels of methadone may cause cardiac arrhythmia [19], 
respiratory arrest, and death [20]. Insufficient dosing leads 
to withdrawal symptoms. Wide interindividual variability of 
methadone dosage is a challenge in achieving optimal meth-
adone treatment. Various factors have been reported as cor-
relates to this variability such as age, diseases, comedication, 
and genetic polymorphisms [14]. Pharmacokinetic factors 
play an essential role in delivering methadone from the site of 
absorption to the site of action. This process includes absorp-
tion, distribution, metabolism, and excretion. P-glycoprotein 
(P-gp) plays a crucial role in absorption, distribution, and 
elimination [21,22]. In terms of metabolism, cytochrome 
P450 (CYP) is significant in the inactivation of methadone. 
Numerous studies have reported the association between 
genetic polymorphisms of both P-gp and CYPs and metha-
done treatment factors [4-7,10,11,13-18]. This review aims to 
elaborate on the mechanism of P-gp and CYP genetic poly-
morphisms that contributes to the variability of methadone 
pharmacokinetics. Moreover, it summarizes the potential use 
of genetic biomarkers involved in pharmacokinetics for per-
sonalized methadone treatment in terms of dose and plasma 
concentration levels of methadone. 

P-GP

P-gp is an efflux pump, which actively transports xeno-
biotics out of the intracellular compartment to prevent toxic 

cellular effects [21]. It belongs to the adenosine triphosphate 
(ATP)-binding cassette (ABC) B (ABCB) subfamily [22]. 
P-gp is expressed in numerous tissues such as intestines 
and brain  [23]. Both (R)- and (S)-methadone are P-gp sub-
strates [24-26]. Preclinical studies reported the importance 
of P-gp in the blood–brain barrier. P-gp knockout mice had 
a higher methadone concentration in the brain compared to 
wild-type mice [24-26]. An in vitro study reported the ability 
of methadone to inhibit both the wild-type and variant-type 
human P-gp; the former had a more potent effect than the 
latter (Figure  1) [27]. Methadone binding to P-gp results in 
conformation, which inhibits ATP hydrolysis and trans-
port [28]. The inhibition of P-gp by methadone results in less 
methadone requirement as more methadone is available at 
the site of action. On the other hand, methadone at thera-
peutic doses can inhibit P-gp ATPase activity stimulated 
by other drugs, resulting in drug–drug interaction [27,29]. 
Numerous ABCB1 genetic polymorphisms have been found 
to affect methadone pharmacokinetics, resulting in a wide 
interindividual variability [23]. 

Methadone dose

Multiple studies have reported the association between 
the ABCB1 genetic variants and methadone dose (Table  1). 
In a study of a Jewish population, Levran et al. [16] found a 
significant difference in genotype frequencies of the ABCB1 
single-nucleotide polymorphism (SNP) 1236C>T between 
lower- and higher-dose groups. Homozygotes with T allele had 
more than 6 times risk to require more than 150 mg/day sta-
bilizing methadone dose than those who were heterozygotes 
or homozygotes for C allele (Table  2). Multi-locus genotype 

FIGURE 1. The differences between wild-type and variant-type of P-gp  in methadone efflux.  (A) Note that methadone causes 
more potent inhibition towards P-gp in the wild-type genetic polymorphism, resulting in less methadone being transported out. 
(B) In contrast, methadone causes less potent inhibition towards P-gp in the variant-type genetic polymorphism, resulting in more 
methadone being transported out. P-gp: P-glycoprotein.
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pattern analysis initially found a significant association between 
genotype distribution (a combination of 1236C>T, 2677G>T/A, 
and 3435C>T) and methadone dose, but this became negligible 
in multiple testing analysis [16]. Coller et al. [14] reported that 
two haplotypes of ABCB1 (AGCGC and AGCTT) were asso-
ciated with methadone dose. These haplotypes were formed 
from 12 unique combinations from five common SNPs in the 
Caucasian population: 61A>G, 1199G>A, 1236C>T, 2677G>T, 
and 3435C>T. Possession of two copies of the AGCGC haplo-
types was associated with a higher methadone dose compared 
to having a single copy or none. In contrast, the AGCTT hap-
lotype carrier was associated with a significantly lower metha-
done dose requirement. Hung et al. [30] reported a significant 
association between ABCB1 3435 C>T allelic variant carriers 
and non-carriers in terms of methadone dose in a Han Chinese 
population. A higher dose was required in carriers (homozy-
gotes>heterozygotes) than non-carriers [30]. Moreover, ABCB1 
haplotypes of CGT, TTC, and TGT, a combination of 1236C>T, 
2677G>T/A, and 3435C>T had a significantly higher metha-
done requirement in the Han Chinese population [30]. 

In contrast, Fonseca et al. [6] reported a negligible dif-
ference in terms of methadone dose between the ABCB1 
phenotypes of extensive metabolizer (EM), intermediate 
metabolizer (IM), and poor metabolizer (PM) in a Caucasian 
population. Another study in the Caucasian population also 
reported no significant association between responders’ status 
and ABCB1 genotypes [4]. 

A comparison of methadone dose was different between 
studies. Two studies with significant findings predefined the 
methadone dose group into (1) low (≤150 mg) and high dose 

(>150 mg) [16] and (2) low (<55 mg), medium (55–99 mg), 
and high dose (100–150 mg) [30]. Another study with signif-
icant findings compared the difference of methadone dose 
between haplotypes [14]. Two studies found negligible associ-
ations between phenotype [6] and responder status: low-dose 
responder (40–80 mg), high-dose responder (≥120 mg), or 
non-responder (≥120 mg) [4]. 

Methadone concentration

In a Malay population, Zahari et al. [11] reported that 
ABCB1 CGC/TTT diplotype (a combination of 1236C>T, 
2677G>T/A, and 3435C>T) was significantly associated 
with higher (R,S)-methadone plasma levels compared to 
those who did not possess this diplotype. Other diplotypes, 
haplotypes, genotypes, or allelic variants had insignificant 
contributions towards methadone plasma levels. Similarly, a 
Caucasian population study found a similar negligible differ-
ence in (R)-, (S)-, and (R,S)-methadone plasma levels between 
three phenotypes of ABCB1 3435 C>T polymorphism [6]. 
However, it did not analyze the difference in terms of diplo-
type, as did Zahari et al. [11]. In contrast, another study in 
the Caucasian population reported a significant association 
between ABCB1 61A>G and 3435C>T, and trough (R)-, (S)-, 
and (R,S)-methadone plasma levels. Lower methadone lev-
els were observed in carriers of allelic variants ABCB1 61A>G 
(A/G or G/G genotypes) and ABCB1 3435C>T (C/T or T/T 
genotypes). Higher methadone plasma concentrations were 
observed in carriers of ABCB1 haplotypes 61A/2677G/3435C 
and 2677G/3435C. No stereoselectivity in P-gp transport for 
methadone was reported [4].

TABLE 2. Potential genetic polymorphisms for the prediction of methadone dose and concentration

Methadone dose
Lower Higher

ABCB1 ABCB1 haplotypes AGCGC heterozygote or non-carrier – Caucasian 
[14]
ABCB1 haplotypes AGCTT carrier – Caucasian [14]
ABCB1 SNP 1236C>T genotype C/T or C/C – Jewish [16]

ABCB1 haplotypes AGCGC homozygote – Caucasian [14]
ABCB1 haplotypes AGCTT non-carrier – Caucasian [14]
ABCB1 SNP 1236C>T genotype T/T – Jewish [16]
ABCB1 3435C>T variant carrier – Han Chinese [30]
ABCB1 haplotypes CGT, TTC, TGT – Han Chinese [30]

CYP CYP2B6 genotype *4 (G/G),*9(T/T) – Jewish [7]
CYP2B6*9 genotype (T/T) and haplotypes TA/TG (combination of *4 
and *9) – Han Chinese [30]
CYP2C19 PM phenotypes (*2/*2,*2/*3,*3/*3) – Han Chinese [10]
CYP2D6 EM phenotype (*1, *2, *3, *6, *35) – Caucasian [6]

CYP2B6 genotype *4 (A/A and A/G),*6,*9(G/G and G/T) – Jewish [7]
CYP2C19 EM (*1/*1) or IM (*1/*2, *1/*3) phenotypes – Han Chinese [10]
CYP2D6 UM phenotypes (*1xN and *2xN) – Caucasian [6]

Methadone concentration
Lower Higher

ABCB1 ABCB1 diplotype non-CGC/TTT – Malay [11]
ABCB1 carriers 61A>G, 3435 C>T, 2677 G>T – Caucasian [4]
ABCB1 haplotypes (61A/2677G/3435C) and (2677G/3435C) – 
Caucasian [4]

ABCB1 diplotype CGC/TTT – Malay [11]
ABCB1 3435C>T carrier – Han Chinese [30]
ABCB1 haplotypes (CGT, TTC, TGT) – Han Chinese [30]

CYP CYP2B6 eight SNPs, haplotypes TTT, AGATAA– Han Chinese [35]
CYP2C19*1 allelic carrier – Han Chinese [10]
CYP2D6 genotype *1/*xN – Caucasian [4]
CYP2D6 EM phenotypes (*1, *2, *3, *6, *35) – Caucasian [6]
CYP3A4 genotype *1/*1 – Caucasian [4]

CYP2B6 haplotypes ATGCAG and ATGCTG – Han Chinese [35]
CYP2B6 genotype *6/*6 – Caucasian [4, 5]
CYP2D6 UM phenotype (*1xN and *2xN) - Caucasian [6]
CYP3A4 genotype *1/*1B – Caucasian [4]

CYP: Cytochrome P450; EM: Extensive metabolizer; IM: Intermediate metabolizer; PM: Poor metabolizer; SNP: Single nucleotide polymorphism; 
UM: Ultrarapid metabolizer
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CYPs

Methadone metabolism mainly occurs in the 
liver  [1]. CYP in the Phase I reaction is essential for the 
N-demethylation of methadone, producing the inactive 
metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrro-
lidine (EDDP). The primary CYPs involved in methadone 
metabolism are cytochrome P450 2B6 (CYP2B6), CYP2C19, 
and CYP3A4. CYP3A4 shows no preference towards any 
methadone isomers, and CYP2C19 has selectivity towards 
the (R)-methadone isomer [31]. Inhibition of CYP2B6 sig-
nificantly reduces the metabolism of both isomers with a 
three-fold increase in plasma (S)-methadone over the other 
isomer [32]. This shows the stereoselectivity of CYP2B6 
towards (S)-methadone. Other methadone-related CYPs 
include CYP2D6 and CYP2C9. The number of functional 
alleles of a CYP genotype determines the individual pheno-
type in the metabolism rate. CYP phenotypes include PM, 
IM, EM, and ultrarapid metabolizer (UM). In general, in 
the presence of functional enzymes, more methadone can 
be metabolized, resulting in reduced plasma concentration 
and perhaps a higher methadone dose. In contrast, reduced 
enzyme activity or enzyme non-functionality results in 
higher methadone plasma concentration and perhaps a 
lower dose of methadone (Figure 2). Numerous studies have 
reported the contribution of CYP genetic polymorphisms 
to withdrawal symptoms, adverse effects, and methadone 
dose [13,18]. 

CYP2B6

CYP2B6 is the primary enzyme responsible for methadone 
metabolism. CYP2B6 produces the highest EDDP metabolite 
compared to other CYP families and it showed stereoselectiv-
ity towards (S)-methadone in a preclinical study [31]. A clini-
cal study proved CYP2B6 as the primary driver of methadone 
inactivation of both (R)- and (S)-enantiomers with stereose-
lectivity towards the latter enantiomer [32]. (S)-methadone 
is associated with adverse effects related to methadone. 
Ansermot et al. [33] reported a significant QTc reduction in 
patients receiving a substitution of (R)-methadone, who were 
previously on (R,S)-methadone. Moreover, a study of meth-
adone-related death found significantly higher methadone 
plasma levels in CYP2B6*6 allele carriers than CYP2B6*1 and 
*4. This result indicates the role of CYP2B6 in methadone 
metabolism with the carriers of the non-functional CYP2B6*6 
representing the poor phenotype group [34].

Methadone dose
Levran et al. [7] reported that a significantly lower meth-

adone dose (<100 mg/day) was required to stabilize MMT 
patients who were homozygotes for the variant alleles of 
CYP2B6*4 and CYP2B6*9 compared to those who were het-
erozygotes and non-carriers. The result was not attenuated 
even after controlling for other confounding factors such as 
age, sex, and the ABCB1 1236T/T genotypes. These variant 
alleles corresponded to CYP2B6*6. The associations between 
the additional SNPs of CYP2B6 and methadone dose were not 
significant [7]. In the Han Chinese population, a similar find-
ing was observed in CYP2B6*9 carriers, who required a signifi-
cantly lower dose than non-carriers [30]. Moreover, haplotype 
analysis in this population reported haplotypes combining 
allelic variants *4 (516G>T) and *9 (785A>G) with TA or TG, 
who had a significantly lower methadone dose requirement 
compared to non-carriers [30]. 

Reports in the Caucasian population have found a negli-
gible difference between CYP2B6 genotypes in methadone 
dose  [5,6]. The contradictory findings might be due to dif-
ferences in inclusion and exclusion criteria, ethnicity, and 
analysis. Levran et al. [7] had more stringent criteria that 
only included subjects using no concomitant medications 
known to affect methadone metabolism. In contrast, Crettol 
et al. [5] and Fonseca et al. [6] did not exclude patients using 
such concurrent medications, with the earlier study [5] 
only excluding the comedication in the high-dose non-re-
sponder group. Methadone dose group classifications were 
different between studies based on genotypes [7], pheno-
types [6], and predefined dose groups: low-dose responders 
(40–80  mg/day), high-dose responders (≥120 mg/day), and 
high-dose non-responders (≥120 mg/day) [5]. The analysis of 
the association between CYP2B6*6 and methadone dose was 

FIGURE 2. This figure shows the metabolism of methadone to 
EDDP by CYP enzymes. This figure also shows the difference 
between functional and reduced activity or non-functional 
CYPs in terms of methadone plasma concentration and dose. 
In the presence of functional enzymes, more methadone can 
be metabolized, resulting in reduced plasma concentration 
and perhaps a higher methadone dose. In contrast, reduced 
enzyme activity or non-functional enzyme results in higher 
methadone plasma concentration and perhaps a lower dose 
of methadone EDDP: 2-ethylidene-1,5-dimethyl-3,3-diphen-
ylpyrrolidine; CYP: Cytochrome P450.
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different between two studies as one analyzed CYP2B6*4 and 
CYP2B6*9 genotypes separately. These alleles had been shown 
to have strong linkage disequilibrium and could represent 
CYP2D6*6 [7]. Other studies have analyzed the methadone 
dose between CYP2B6*6 genotypes [5,6]. 

Methadone concentration
In terms of methadone concentration, Crettol et al. [5] 

found significantly higher trough and peak plasma levels of (S)- 
and (R,S)-methadone in homozygous carriers of the CYP2B6*6 
allele variant than in heterozygotes and non-carriers in a Swiss 
MMT population. A similar finding was reported by Crettol 
et al. [4] in another study of the association between trough 
and peak (S)-methadone plasma levels and CYP2B6*6/*6 
genotypes. In a Han Chinese population, a similar pat-
tern was observed in carriers of the CYP2B6*6 (rs2279343 
and rs3745274) allelic variants. Other SNPs (rs10500282, 
rs10403955, rs2279345, rs1038376, and rs707265) were also 
found to be significantly associated with (S)-methadone 
plasma levels. The SNP rs8100458 was significantly associated 
with trough (R)-methadone plasma levels. Moreover, TTT 
(a combination of rs8100458-rs10500282-rs10403955) and 
AGATAA (a combination of rs2279342-rs3745274-rs2279343-
rs2279345-rs1038376-rs707265) haplotypes were associ-
ated with lower (S)-methadone plasma levels. ATGCAG 
and ATGCTG haplotypes were associated with higher 
(S)-methadone plasma levels [35].

In a Caucasian population, the means of both the trough 
(S)- and (RS)-methadone plasma levels were higher in homo-
zygous carriers of CYP2B6*6. However, the result did not 
reach significant levels [6]. In a Jewish population, both 
SNPs of CYP2B6*4 (SNP785A>G, rs2279343) and CYP2B6*9 
(SNP516G>T, rs3745274) were also found not significantly 
associated with trough (R/S)-methadone plasma levels [7]. 
The effect on specific (R)- and (S)-methadone plasma levels 
was not evaluated [7]. The small study sample size is one of the 
factors that contributed to the negligible association. 

CYP2C19

CYP2C19 is another enzyme necessary for the metabo-
lism of methadone. An in vitro study reported a similar pro-
duction of EDDP by CYP3A4 with stereoselectivity towards 
(R)-methadone enantiomer [31,36]. In clinical studies, the 
(R)-methadone stereoselectivity of CYP2C19 has been con-
flicting [5,6,10]. 

Methadone dose
Studies in a Han Chinese population reported a significant 

association between methadone dose and CYP2C19 pheno-
types among the Han Chinese population [10,18]. Both EM 
(*1/*1) and IM (*1/*2, *1/*3) groups had significantly higher 

methadone dose than PM (*2/*2, *2/*3, *3/*3) group [10]. The 
significant levels were enhanced with the inclusion of allele 
types in either CYP2B6 or CYP3A4, as well as the allelic com-
bination of those CYPs included in the analysis, which allowed 
the formation of 6–12 different methadone dose ranges [18]. 
However, the authors did not elaborate more on the proposed 
classification [18]. Gene-gene interaction analysis found a neg-
ligible association between these major CYPs in methadone 
metabolism [18].

In contrast, Crettol et al. [5] found no significant differ-
ence in CYP2C19 genotype distribution between responders 
and non-responders, as well as between low-dose and high-
dose groups among a Caucasian population in Switzerland. 
Similarly, another study in a Caucasian population in Spain 
reported negligible methadone dose difference between EM 
(*1/*1), IM (*1/*2), and PM (*2/*2) phenotypes of CYP2C19 [6]. 
The contradictory findings might be attributed to the inclu-
sion of comedication known to affect methadone metabolism 
by CYP2C19 [5,6]. Wang et al. [10] performed a further anal-
ysis that removed participants with comedication known to 
affect CYP2C19 metabolism, resulting in increased significant 
levels. 

Methadone concentration
Wang et al. [10] reported a significant association between 

(R)-methadone plasma levels and CYP2C19 among Han 
Chinese with negative urine morphine. Patients with the pre-
dicted phenotype of EM (*1/*1) reported a significantly lower 
trough (R)-methadone plasma levels than PM, but a negligible 
difference was found in terms of (S)-methadone plasma levels. 
The SNPs CYP2C19*2 and *3 represented the non-functional 
alleles while the SNP CYP2C19*1 represented the functional 
allele. Lack of functional allele variants in the genotype leads 
to reduced metabolism of (R)-methadone, resulting in higher 
methadone plasma levels [10]. 

In contrast, Crettol et al. [5], Crettol et al. [4], and Fonseca 
et al. [6] reported negligible correlations between trough 
(R)-, (S)-, and (R,S)-methadone plasma levels and CYP2C19 
genotypes. Stereoselectivity towards (R)-methadone was not 
observed in two studies [5,6], contradicting the reports of 
other in vitro study and in vivo study [10,31]. 

Classification of genotypes, phenotypes, and illicit opioid use 
may have contributed to the differing findings. Crettol et al. [5] 
classified phenotypes into two groups: EM (based on genotypes 
*1/*1, *1/*2, and *1/*3) and PM (based on genotypes *2/*2). Wang 
et al. [10] divided patients into urine opiate-positive and -nega-
tive groups before three further phenotype classifications: EM 
(based on genotype *1/*1), IM (based on genotypes *1/*2 and 
*1/*3), and PM (based on genotypes *2/*2, *2/*3, and *3/*3). The 
genotypes distribution between studies was also different, even 
between two homogenous populations. The genotype CYP2C19 
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*2/*2, for example, had a frequency of 10.7% in the Han Chinese 
population [10], and 0.95% and 4.8% in the Caucasian population 
in Spain [6] and Switzerland [5], respectively. The latter two pop-
ulations consisted of at least 95% Caucasian. 

CYP3A4/5

CYP3A4 and CY3A5 belong to the CYP3A family [37]. 
An initial finding reported a leading role of CYP3A4 in the 
metabolism of methadone [38]. A subsequent study found 
that CYP2B6 is the primary enzyme essential for methadone 
metabolism [31]. 

Methadone dose
Chen et al. [13] reported no significant association between 

six SNPs of CYP3A4 and methadone dose in a Han Chinese 
population. Similarly, Levran et al. [7] found no significant 
association between four SNPs of CYP3A4 and methadone 
dose in a Jewish population. Despite similar findings in terms of 
methadone dose in both Han Chinese and Jewish populations, 
the majority of SNPs included in the final analysis were differ-
ent, with only one similar SNP (rs2242480). These differences 
exist due to the differences in the selection method, references, 
software, methods, and ethnicity. The Caucasian population 
showed a negligible difference in methadone doses between 
EM, PM, and very PM phenotypes in terms of CYP3A5 [6]. 

Methadone concentration
CYP3A activity analysis using midazolam reported higher 

levels of all forms of methadone at both trough and peak in 
low CYP3A activity group in a Caucasian population [4]. 
Crettol et al. [4] reported significantly higher trough and peak 
(S)-methadone plasma levels in the CYP3A4 (*1/*1B) genotype 
than the CYP3A4(*1/*1) genotype, with an insignificant differ-
ence in both trough and peak (R)-methadone plasma levels 
in the initial analysis. However, further analysis found no ste-
reoselectivity towards (S)-methadone. Furthermore, no asso-
ciation was found between (R)-, (S)-, and (R,S)-methadone 
plasma levels at either trough and peak with CYP3A5 
genotypes [4]. Similarly, Fonseca et al. [6] reported an insig-
nificant association between all forms of (R)-, (S)-, and (RS)-
methadone plasma levels and CYP3A5 phenotypes (EM, PM, 
and very PM). A study in a Han Chinese population reported 
no significant difference in trough (R)- and (S)-methadone 
plasma levels between all selected CYP3A4 SNPs [13]. No 
allelic variant of *1B was included in the study because the 
variant is rare in the study population [13]. 

CYP2C9

In an in vitro study, CYP2C9 was found to generate a mea-
surable amount of EDDP only at 10 times the concentration at 

which major CYPs (2B6, 2C19, and 3A4) were able to generate 
the measurable amount of methadone metabolites [31]. 

Methadone dose
Crettol et al. [5] reported no significant association between 

CYP2C9 and methadone dose between low- and high-dose 
groups or between responder and non-responder groups. 
A study in another Caucasian population reported a higher 
methadone requirement in EM than IM and PM phenotypes. 
However, the differences did not reach significant levels [6]. 

Methadone concentration
The studies in the Caucasian population reported a neg-

ligible association between (R)-, (S)-, and (RS)-methadone 
plasma levels and CYP2C9 phenotypes and genotypes [4,5]. In 
these studies, the difference in methadone dose was compared 
between PM (based on genotypes *2/*2, *2/*3, and *3/*3) and 
EM (based on genotypes *1/*1, *1/*2, and *1/*3), and did not 
reach significance [5]. Fonseca et al. [6] reported similar find-
ings between EM (*1/*1 and *1/*2), IM (*1/*3), and PM (*2,*3) 
phenotypes among a Caucasian population. 

CYP2D6

The contribution of CYP2D6 to methadone metabolism 
is minimal in comparison to other CYPs, as reported in the 
in vitro study. Clinical studies indicated a possible interaction of 
genetic polymorphisms in methadone metabolism [4,6]. Up to 
25 genotypes have been detected in the MMT population [6]. 

Methadone dose
Fonseca et al. [6] reported a significant difference between 

UM and EM CYP2D6 phenotypes in trough methadone 
plasma levels in a Caucasian population, with the former 
group requiring a significantly higher dose. The possession of 
at least one functional allele (*1,*2,*3,*6, or *35) was classified 
as EM in this study. UM was defined as those who possessed 
duplicates of *1 or *2 [6].

In contrast, de los Cobos et al. [15] in a study of a Caucasian 
population reported no significant association between PM, 
EM, and UM phenotypes and methadone dose. The study 
classification of phenotypes was based on the number of func-
tional alleles (*1,*2, *9, and *10) with none, 1–2, and >2 classi-
fied as PM, EM, and UM, respectively [15]. Similarly, Shiran 
et al.  [17] reported no significant association between meth-
adone dose and the activity of CYP2D6 among a Caucasian 
population in the UK. The classification of phenotypes in the 
study was different, with phenotypes being grouped based on 
the CYP2D6 activity using the O-demethylation of dextro-
methorphan. Furthermore, studies in Jewish [7] and Caucasian 
patients [4] reported no association between CYP2D6 SNPs 
and methadone dose. 
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Methadone concentration
All forms of trough methadone (R, S, and R/S) were sig-

nificantly higher in UM compared to EM in a study among 
a Caucasian population in Spain. We expected that plasma 
methadone levels should be lower in UM than EM because the 
expected UM activity is higher than EM. The findings might 
be due to the inhibition of CYP2D6 methadone metabolism 
because the majority (65%) of the study population had comed-
ication, such as anti-depressants and antiretrovirals [6]. Crettol 
et al. [4] reported significantly lower trough (S)-methadone 
plasma levels in IM and EM groups than UM (*1/*xN) group 
and a negligible difference in trough (R)-methadone and peak 
of all forms of methadone plasma levels.

Another study conducted in Spain reported no significant 
difference in trough (R/S)-methadone plasma levels between 
phenotypes. In that study, patients using concurrent medica-
tion known to inhibit CYP2D6 were not excluded from the 
analysis [15]. 

The importance of CYP2D6 to methadone pharmacoki-
netics is limited because it is not the major CYP involved in 
methadone metabolism [31]. However, the inhibition of this 
CYP by methadone has a clinical implication in the metabo-
lism of CYP2D6 substrates, such as dextromethorphan [17,39].

PERSPECTIVE AND CONCLUSION

The evidence supports the use of ABCB1 SNP 1236C>T 
with genotypes C/T or C/C (Jewish) [16] and haplotypes 
AGCTT carrier, AGCGC heterozygote, or non-carrier 
(Caucasian) [14], which have a predicted lower methadone 
dose requirement. In contrast, ABCB1 SNP 1236C>T with 
genotype T/T (Jewish) [16]; haplotypes AGCGC homozygote, 
AGCTT non-carrier (Caucasian) [14], and ABCB1 3435C>T 
variant carrier; and haplotypes CGT, TTC, and TGT (Han 
Chinese) [30] have a predicted higher methadone dose. For 
methadone plasma levels, ABCB1 diplotype non-CGC/TTT 
(Malay); ABCB1 carriers of 61A>G, 3435C>T, and 2677G>T 
(Caucasian); and ABCB1 haplotypes of 61A/2677G/3435C and 

2677G/3435C in Caucasian [4] predicted lower methadone 
levels. Diplotype CGC/TTT (Malay) [11]; ABCB1 3435C>T 
allelic carrier (Han Chinese); haplotypes CGT, TTC, and 
TGT (Han Chinese) [30] predicted higher methadone lev-
els. In terms of metabolism biomarkers, a lower methadone 
requirement was related to carriers of CYP2B6 genotypes *4 
(G/G) and *9 (T/T) among Jewish patients [7], CYP2B6 gen-
otype *9 (T/T) and haplotypes (TA/TG) [30]; and CYP2C19 
(*2/*2,*2/*3, and *3/*3; Han Chinese) [10]; and CYP2D6 EM 
compared to UM (Caucasian) [6]. Higher methadone dose 
was observed in carriers of CYP2B6 genotypes *4 (A/A, A/G) 
and *9 (G/G and G/T) among Jewish patients [7], CYP2C19*1 
allelic carriers (Han Chinese) [10], and CYP2D6 UM pheno-
types (*1xN, *2xN) in Caucasian patients [6]. Lower metha-
done levels were reported in CYP2B6 SNPs, haplotypes TTT 
and AGATAA (Han Chinese) [35], CYP2C19 genotype *1/*1 
(Han Chinese) [10], allelic carrier *1xN [4] and EM phenotypes 
(Caucasian) [6], and CYP3A4 genotype *1/*1 (Caucasian) [8]. 
Carriers of CYP2B6 genotype *6/*6 (Caucasian) [4,5], CYP2B6 
haplotypes ATGCAG and ATGCTG (Han Chinese) [35], 
CYP2D6 UM phenotypes (*1xN and *2xN) [6], and CYP3A4 
genotype *1/*1B (Caucasian) [4] had predicted higher meth-
adone plasma levels (Figure 3). Given the small sample sizes 
in various studies, replication studies with larger sample sizes 
in similar and different populations are required. Different 
methodologies hinder a point-by-point comparison between 
studies. The absence of analysis of the associations between 
methadone dose and plasma methadone concentration and 
its impact on specific pharmacogenomic biomarkers in the 
included studies results in the difficulty in determining direct 
associations between methadone dose and plasma concentra-
tion for specific biomarkers. Because methadone response is 
related to numerous factors, the analysis should be designed 
to control as many potential confounding factors as possible, 
including other pharmacokinetic biomarkers, pharmaco-
dynamic biomarkers, age, sex, and concurrent medication. 
Artificial intelligence and machine learning are some of the 
promising tools in treatment outcome prediction. These tools 

FIGURE 3.  Potential pharmacogenomics biomarkers for personalized methadone treatment in specific populations. 
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can incorporate pharmacogenomics biomarkers and other 
datasets such as neuroimaging to produce deep learning algo-
rithms, which can enhance treatment prediction [40]. 

Specific pharmacokinetics biomarkers have potential 
uses for personalized methadone treatment in specific pop-
ulations. The use of pharmacogenomics is essential because 
methadone has a wide interindividual variability and various 
possible drug–drug interactions with unpredictable treat-
ment response. More studies are required to validate the use 
of these biomarkers.
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