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Opioid addiction, also referred to as opioid use disorder, continues to be a devastating
problem throughout the world. Familial relation and twin studies have revealed opioid ad-
diction, like other addictive diseases, to be profoundly influenced by genetics. Genetics
studies of opioid addiction have affirmed the importance of genetics contributors in suscep-
tibility to develop opioid addiction, and also have important implications on treatment for
opioid addiction. But the complexity of the interactions of multiple genetic variants across
diverse genes, as well as substantial differences in allelic frequencies across populations, thus
far limits the predictive value of individual genetics variants.

The A118G variant of the μ opioid receptor
(MOR) gene, OPRM1, has been robustly

shown to have a significant association with opi-
oid addiction, as well as alcoholism, in specific
populations. Further, the molecular mechanism
of this variant conferring substitution of an as-
partate residue for an asparagine residue in the
40th amino acid position in the amino terminus
of the receptor and conferring altered ex-
pression, β-endorphin binding, and stress re-
sponsivity in humans has been elucidated in a
manner that other gene variants contributing to
addiction have not yet been studied. Given the
overall genetic variability among humans in-
cluding the confound ofmany other genetic var-
iants being present in any single person, which
can alter the impact of the variant under study,
the effect of any single variant can be difficult,
but sometimes possible, to discern. In rodent
models, particularly in inbred strains, the effects

of such single variants can be investigated with
much better control and without the confound
of additional genetics variants. For example, re-
cent studies of a mouse model of the A118G
OPRM1 variant have indicated mice homozy-
gous for the 118G allele self-administer almost
double the amount of heroin as their homozy-
gous 118A allele littermates, indicating a pro-
found effect of this single single-nucleotide
polymorphism (SNP) on opioid intake behav-
ior. In addition to genetics contributions to the
vulnerability to addiction, the contribution of
genetic variants to the success of treatment, as
measured by prevention of recidivism following
successful detoxification of opioids by the med-
ications approved for treatment of opioid addic-
tion, are also of interest. Specifically, genetics
association studies have been successful in iden-
tifying variants in genes encoding enzymes,
which metabolize or transport methadone that
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modestly contributes to individual variation in
the optimal dosing of methadone for treatment,
as well as genetic variants in components
of related neurotransmitter or hormone sub-
systems. Genetics studies have informed our
understanding of the biological basis of opioid
addiction and treatment at multiple levels.

The search for the genetic variants that con-
tribute to the heritability of propensity to addic-
tion to opioids such as heroin and oxycodone,
which at this point is more than two decades old
and has been documented in thousands of pub-
lications, has yielded valuable information but
has not resulted in a comprehensive description
of the genetic factors underlying opioid addic-
tion vulnerability. Twin and family studies have
shown that genetic heritability of substance ad-
dictions in general, and addiction to opioids in
particular, account for ∼50% of the risk for vul-
nerability (Tsuang et al. 1996, 1998; Kreek et al.
2004; Brick et al. 2019; Gillespie et al. 2019).
However, the contribution of the genetic vari-
ants identified to date to contribute to this over-
all genetic variability sums to amuch lower level.
This “missing heritability” problem (Manolio
et al. 2009) has been described as a problem
not only for addictive diseases, but for many
other biological features such as height, and dis-
eases such as type 2 diabetes.

The current review is not an attempt to be
exhaustivewith regard to all published studies to
date on opioid addiction/opioid use disorder,
which numbers in the thousands, and for which
numerous reviews already exist (Kreek et al.
2004; Reed et al. 2014; Burns et al. 2019). Rather,
it will document the exciting discoveries in ge-
netics that extend our understanding of the neu-
robiology of opioid addiction and the treatment
of opioid addiction. It will include discussion of
the first gene variant discovered to have a con-
tribution to vulnerability to opioid addiction
(Bond et al. 1998) and which remains to date
the most studied and most replicated genetic
variant contributing to vulnerability to opioid
addiction, as well as a discussion of the rationale
for using animal models in the study of human
genetics and recent pharmacogenetics studies of
methadone maintenance treatment of opioid
addiction.

A118G VARIANT OFOPRM1

Because the MOR, encoded by OPRM1 in hu-
mans, is the primary target of exogenous opiates
of abuse and mediates both analgesic and rein-
forcing effects among other downstream effects
of opiates, it was the earliest protein for which
genetic variants that might underlie the known
genetic vulnerability to opiate addiction were
systematically studied. Following cloning of the
human MOR gene (Wang et al. 1994; Mestek
et al. 1995), sequencing in the U.S. and Finnish
Caucasians as well as the U.S. Southwest Native
Americans led to the initial discovery of four
SNPs in the OPRM1 gene, two of which were
rare (<0.02% of reported alleles) and two of
which were common, the A118G missense var-
iant resulting in an amino acid change in the
amino-terminal region of the MOR protein as
well as an intronic variant C691G (Bergen et al.
1997). In a concurrent independent study, two
OPRM1 variants were found in a mixed (Cau-
casian and African-American) U.S. population,
one that was in a noncoding promoter region of
the gene and the other that was a missense mu-
tation now referred to as C17T, resulting in the
replacement of an alanine residue in the proto-
type MOR with a valine residue at the sixth po-
sition (Berrettini et al. 1997).

Independently, in a collaboration of our lab-
oratory with the molecular biology laboratory of
Lei Yu, we found the 118AG and 17CT poly-
morphisms ofOPRM1, as well as performed the
first mechanistic studies of the 118A prototype
receptor versus the 118G version (Bond et al.
1998). The major functional consequences of
the amino acid substitution, which exchanges
an asparagine in the prototype MOR for an as-
partate residue (N40D) in the mutant protein,
are to alter selectively the binding characteristics
of the endogenous ligand β-endorphin, result-
ing in enhanced binding by this peptide (Bond
et al. 1998) as well as reducing cellular expres-
sion concordant with altered glycosylation by
removing one of the four extracellular glycosyl-
ation acceptor asparagine residues (Beyer et al.
2004; Kroslak et al. 2007). Further, messenger
RNA (mRNA) transcripts of the 118G allele of
OPRM1 have been described as less efficiently
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produced and thus present at lowered overall
levels in comparison with the 118A allele
(Zhang et al. 2005). The decreased expression
of the 118G allele compared with 118A, initially
reported in heterologous cell lines, has been sup-
ported both in differentiated human stem cell
lines expressing endogenous MOR (Halikere
et al. 2019) as well as in MOR-directed posi-
tron-emission tomography (PET) imaging stud-
ies (Weerts et al. 2013; Peciña et al. 2015).

The allelic frequencies of the A118G variant
of OPRM1, subsequently indexed as rs1799971,
varies substantially across different populations
with the 118G allele present in frequencies glob-
ally at 22%, as indicated by the results of the 1000
Genomes Project (see grch37.ensembl.org).
This allele is present at 30%–50% in South and
East Asian populations, 10%–20% in European
Caucasians, 15%–25% in indigenous American
populations, and <5% in populations of African
descent, with this frequency being <1% in cur-
rent sub-SaharanAfrican populations (see Table
1). That there are profound differences in the
allelic frequencies of this variant across diverse
populations is typical of the majority of variants
that have been shown to be associated with sub-
stance use disorders. For instance, the C17T var-
iant of OPRM1, mentioned above and shown to
have an associationwith increased substance use
in female African-Americans (Crystal et al.
2012), is present in only ∼1% of Caucasians of
European descent and in ∼20% of African-
Americans (Crowley et al. 2003). These allelic
frequency differences may ultimately impact
our understanding of the underlying biology of
addiction as well as its treatment (see below).

The OPRM1 118G allele has been shown to
be associated with heroin dependence in both
European Caucasian and Southeast Asian pop-
ulations (Szeto et al. 2001; Bart et al. 2004).
There have been conflicting reports in the liter-
ature about association of this variant with
opioid addiction, but the majority of studies
indicate that there is an association in these pop-
ulations as concluded by a rigorous meta-anal-
ysis (Haerian and Haerian 2013) and also an
association with substance use disorders in gen-
eral (Schwantes-An et al. 2016). Given the low
prevalence of this variant in persons of African

descent, the A118G SNP does not substantially
contribute to the vulnerability to heroin addic-
tion in African-American populations.

Similar studies of the genetics of alcoholism
have shown an association of rs1799971 (e.g.,
Bart et al. 2005). Further studies have investigat-
ed whether this variant may influence responses
of patients to alcohol to one of the few available
pharmacotherapeutic treatments for alcohol-
ism, naltrexone, which acts at least in part via
antagonism of MOR and also potentially via
partial antagonism of the κ opioid receptor
(Butelman et al. 2020). Reported findings indi-
cated that in patients with at least one copy of the
118G allele, naltrexone substantially extended
duration of abstinence from alcohol, whereas
naltrexonewas ineffective in treating 118AAho-
mozygotes (Jonas et al. 2014).

The endogenous opioid system is important
to the regulation of the stress response system
(Kreek and Koob 1998; Koob and Kreek 2007),
as shown in part by the activation of the hypo-
thalamic-pituitary-adrenal (HPA) axis by opi-
oid antagonists (Schluger et al. 1998) as well
as the suppression of theHPA axis by exogenous
opioid agonists (Kreek et al. 1983). The
rs1799971 variant has been studied to determine
its effects on endogenous stress responsiveness.
In persons with at least one copy of the 118G
allele, cortisol response to naloxone or stress
were elevated compared with persons homozy-
gous for the 118A allele (Wand et al. 2002;
Chong et al. 2006). Further, in a stress-mini-
mized setting, subjects with at least one copy
of the 118G allele had lower resting levels of
cortisol compared with those with two 118A
alleles (Bart et al. 2006).

Since the discovery of the A118G polymor-
phism and its importance in conferring a small
component of the genetic variability in vulner-
ability to substance use disorders, a great num-
ber of studies probing a genetics association
of rs1799971 have been performed both on
substance use disorder as well as diverse relat-
ed phenomena in which the endogenous opi-
oid system are known or suspected to be in-
volved. Findings of these studies have shown
that this variant is pleiotropic; a subset of
these studies is listed in Table 1. Although
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Table 1. Published studies investigating associations of rs1799971 with diverse diseases

Population (location)
No.

sampled MAF
Disease/phenotype

studied
Association

found? References

Uyghur (Northwest China) 210–220 0.30 Obesity Yes Xu et al. 2009
Caucasian French Canadian

(Quebec City)
749 0.17 Type 2 diabetes mellitus No Ruchat et al.

2008
Caucasian (Northeast United

States)
107 0.18 Adolescent alcohol

use disorder (AUD)
Yes Miranda et al.

2010
Caucasian (Czech Republic) 582 0.14 Schizophrenia Yes Šerý et al. 2010
Caucasian (Chicago, IL,

United States)
161 0.12 Amphetamine euphoria No Dlugos et al.

2011
Caucasian (Connecticut and

South Carolina, United
States)

434 0.11 Suicidality No Arias et al. 2012

Caucasian (Germany) 2879 0.12 Alcohol dependence Yes Koller et al.
2012

Caucasian (United States) 161 0.15 HIV, viral load response
to treatment

Yes Proudnikov
et al. 2012

African (United States) 691 0.03 HIV, viral load response
to treatment

Yes

Hispanic (United States) 179 0.14 HIV, viral load response
to treatment

No

Caucasian (Norway) 252 0.13 Pain Yes Olsen et al.
2012

White (Colorado, United
States)

137 0.15 Exercise/exertion Yes Karoly et al.
2012

African (Colorado, United
States)

9 0.00 Exercise/exertion

Asian (Colorado, United
States)

22 0.14 Exercise/exertion

Hispanic (Colorado, United
States)

22 0.43 Exercise/exertion

Asian (Taiwan) 366 0.36 Nicotine/conitine
concentration

Yes Chen et al. 2013

Han Chinese (Zhejiang) 528 0.40 Schizophrenia Yes Ding et al. 2013
Caucasian (Estonia) 102 0.10 Chronic postsurgical pain Yes Kolesnikov

et al. 2013
Caucasian (Finland) 4762 0.19 Alcohol dependence No Rouvinen-

Lagerström
et al. 2013

Han Chinese (Shanghai) 112 0.38 Cancer pain, opioid
requirements

Yes Gong et al. 2013

Han Chinese (Beijing) 284 0.29 Tobacco smoking No Fang et al. 2014
Caucasian (Turkey) 208 0.16 Fibromyalgia No Solak et al. 2014
Caucasian (European-

American, Northeast)
107 0.10 Alcohol/naltrexone and

disulfiram response
No Arias et al. 2014

Asian (Japan) 85 0.49 Postoperative nausea No Sugino et al.
2014

Caucasian (Norway) 118 0.10 Disc herniation and pain Yes Hasvik et al.
2014

Caucasian (Germany) 214 0.11 Social alcohol drinking Yes Pfeifer et al.
2015

Continued
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not all of these reports found a positive asso-
ciation of rs1799971, it is clear that this par-
ticular variant has a significant impact on the
endogenous opioid system and its role in hu-
man physiology.

ANIMAL MODELS FOR THE STUDY OF
SUBSTANCE USE DISORDER GENETICS

Although thousands of studies have been pub-
lished on genetics of addictive diseases in hu-
mans and thousands more studies have been

published on animal models of addictive dis-
eases, the study of genetics in animal models
of addiction has to date been comparatively lim-
ited. The tools and ability for control of genetics
in animal models, especially in rodents for
which robust models of various aspects of
substance use disorder are abundant, suggest
that insights could be gleaned that may impact
on our understanding of the genetics of addic-
tion in humans. Although numerous studies
have been conducted using genes that have
been inactivated (“knocked out”), either consti-

Table 1. Continued

Population (location)
No.

sampled MAF
Disease/phenotype

studied
Association

found? References

Caucasian (Spain) 763 0.17 Alcohol, maladaptive
behaviors

Yes Francès et al.
2015

Han Chinese (Wuhan) 285 0.39 Cancer pain No Wang et al.
2015

Asian (Malaysia) 146 0.40 Cold pressor pain No Zahari et al.
2015

African (Cameroon) 436 0.01 Sickle cell anemia No Wonkam et al.
2018

Mixed (Tunisia) 129 0.12 Cancer pain No Chatti et al.
2017

Caucasian (Arab, U.A.E., and
Egypt)

458 0.15 Substance use disorder No Alblooshi et al.
2018

Caucasian (Sweden) 201 0.23 Pain hypersensitivity Yes Heddini et al.
2014

Caucasian (Poland) 339 0.12 Alcoholism Yes Samochowiec
et al. 2019

Han Chinese (Zhejiang) 215 0.45 Sufentanil analgesia Yes Zhao et al. 2019
African-American 241 0.03 Perioperative pain No Li et al. 2019
European Caucasian 277 0.13 No
Caucasian (France) 496 0.15 Suicide ideation Yes Nobile et al.

2019
Mixed (Brazil) 57 0.32 Painful bladder syndrome Yes Cassão et al.

2019
Caucasian (Hungary) 3743 0.13 Psoriasis Yes Szentkereszty-

Kovács et al.
2019

Caucasian (Spain) 114 0.15 Dental pain No López-
Valverde
et al. 2019

Caucasian (Spain) 231 0.21 Low back pain Yes Margarit et al.
2019

Asian (Korea) 55 0.40 Gambling disorder No Kim et al. 2019

The listed studies are not intended to be exhaustive, but were chosen to illustrate the diverse diseases in which the μ opioid
receptor polymorphism might be implicated in vulnerability, as well as the differences in mean allelic frequencies between
different populations.
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tutively or in response to gene excision factors in
a location and/or time and/or cell-type-specific
manner, these are typically not guided by hu-
man genetics as much as findings from prior
pharmacological probes. Also, given that they
do not involve specific variants but rather inac-
tivation of entire genes (or specific splice vari-
ants of gene transcripts), they have not been
informative to our understanding of human ge-
netics of drug addiction per se. Rather, the two
avenues in which animal models have been in-
formative to our understanding of human ge-
netics include (1) genetics studies of select
strains that differ in their response to specific
drugs of abuse, whether such strains have been
found by happenstance or have been specifically
bred for differential responsiveness to drugs on
one or more parameter, for example, preferring
(P) ethanol versus nonpreferring (NP) ethanol-
bred rats; and (2) animals genetically altered to
have a specific variant that aligns with a known
genetic variant in humans, followed by genetic
inbreeding, with offspring of animals homozy-
gous for the variant studied in comparison with
littermates (siblings from the same parental pair
born from the same pregnancy).

Genetics of Rodent Strains or Substrains

A number of rat strains have been developed for
alcohol responsivity as a model for vulnerability
to the development of alcoholism (Ciccocioppo
2013). One of the earliest and best characterized
pair of lines were developed from the outbred
strain of Wistar rats, selecting for low versus
high ethanol drinking, resulting in rat lines
named NP for ethanol-nonpreferring and P
for ethanol-preferring (Li et al. 1993). Subse-
quent inbreeding of these lines allowed for iden-
tification of a quantitative trace locus (QTL) on
rat chromosome 4, which accounts for 33% of
the genetic variability (Carr et al. 1998). Several
genes, including those for neuropeptide Y, lo-
cated proximal to or within this QTL remain
candidates to mediate the genetic difference be-
tween the inbred strains underlying the differ-
ences in drinking behavior (Carr et al. 2007).
Although identification of the genes underlying
differences in alcohol-preferring behavior in

these rodent models may elucidate mechanisms
underlying propensity for alcoholism, the
particular gene variants discovered will not nec-
essarily, and may indeed even be unlikely to,
correspond with genetic variants in humans
that contribute to vulnerability to alcoholism.

Similar attempts have been made to investi-
gate mouse strains with inherent differences in
opioid preference. The relatively high mor-
phine-preferring mouse strain, C57BL/6, was
crossbred with the relatively low morphine-pre-
ferring mouse strain DBA/2 (Berrettini et al.
1994). A QTL underlying the differences in
morphine preference was localized to a region
of chromosome 10 containing the gene for the
MOR, Oprm1 (Belknap et al. 1995; Bergeson
et al. 2001; Doyle et al. 2014). Identification of
the particular variant(s) within a QTL can be
complex and labor- and cost-intensive. The par-
ticular variants contributing to the differential
morphine preference in these two mouse strains
could potentially inform our understanding of
mechanisms of MOR agonist reward, but they
have not yet been reported.

Mouse Models of Particular Genetic Variants

For the most part, genetics studies in animal
models are unlikely to yield direct parallels
with SNPs to be found in human genetics stud-
ies. However, recently, rodent models have
proved to be crucial for investigating the effects
of isolated functional SNPs on aspects of the
disease that can be modeled by animal studies.
Human genetics studies are susceptible to vari-
ation in many other genes. By studying a SNP in
inbred mice, we can isolate the effects of this
SNPon physiology or behavior both under base-
line conditions as well as in response to pertur-
bations.

Two separate animal models have been
developed to investigate the effects of the poly-
morphism A118G in inbred mouse models. The
genetic and resulting amino acid sequence of the
MOR in the mouse differs from that of human
MOR. There is an analogous arginine residue in
themouse at amino acid sequence 38 (compared
with amino acid 40 in the human receptor),
which is potentially glycosylated. One of the
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mouse models induced a mutation of the 112
adenine to guanine, with concomitant amino
acid substitution of the Arg38 to an aspartate
residue, which parallels the human situation at
amino acid 40 (Mague et al. 2009). The effects of
this mutation in the mouse MOR gene largely
parallel the effects of the A118Gmutation in the
human MOR gene with reduced expression in
the 112GG homozygous mice compared with
the 112AA homozygous mice and reduced gly-
cosylation in in vitro studies as expected (Mague
et al. 2009). These studies were performed on
offspring of maternal and paternal mice who
are heterozygous for the two alleles, Oprm1-
112AG, in littermate siblings who are homozy-
gous for the 112GG allele or 112AA allele. This
is analogous to the situation of nonidentical
twin siblings who are the offspring of parents
who are both heterozygous (OPRM1 118AG)
and who are 118GG or 118AA homozygotes
(one in four chance for each child of two hetero-
zygotes to be homozygous for each allele).

This model, developed in the laboratory of
Julie Blendy of the University of Pennsylvania,
has now been more extensively studied with re-
spect to the differential responsiveness of the
mice to opioids. Most extraordinarily, our labo-
ratory, in collaboration with the Blendy labora-
tory, discovered that 112GG mice self-adminis-
ter roughly twice the amount of heroin as
112AA mice in both male and female mice
(Fig. 1; Zhang et al. 2015). Very similar findings
emerged in studies of oxycodone self-admi-
nistration (Collins et al. 2019). The 112GG
homozygous mice also showed enhanced stria-
tal dopamine release in response to heroin com-
pared with their 112AA littermates, although
baseline extracellular dopamine in the striatum
did not differ between the two groups (Zhang
et al. 2015).

We have further characterized the heterozy-
gous mice, 112AA versus 112GG, investigating
differences in baseline (opioid-naive) gene ex-
pression of several genes that interact with the
endogenous opioid system in diverse brain re-
gions of adult mice (Collins et al. 2018). We
found several gene expression alterations, most
strongly the expression levels of the precursors
of the neuropeptides arginine vasopressin and

galanin in the hypothalamus and the expression
of opioid receptor-like receptor (ORL1; target of
orphanin FQ/nociceptin peptide) and cannabi-
noid receptor type 1 (CB1) in the hippocampus.
In addition to the effects of the altered MOR
function and expression levels possibly being
directly on the reinforcing and rewarding effects
of heroin, the altered expression of these opioid-
interacting genes may lead to an altered re-
sponsivity to heroin that is reflected by increased
self-administration in the 112GG homozygotes.

A second model involved the exchange of
exon 1 of the mouse Oprm1 gene, encoding
the amino terminus and transmembrane region
1, exon 1 of the human gene (Mahmoud et al.
2011). This yields a receptor that has the substi-
tuted amino acid residue in the same precise
location as the human variant in the 40th posi-
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Figure 1. Male mice self-administration of heroin.
Mice with the 112GG genotype ofOprm1 self-admin-
ister significantly greater amounts of heroin than
mice homozygous for the prototype Oprm1 112AA
genotype. SA, Self-administration. (From Zhang et al.
2015; modified, with permission, from the authors.)
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tion of the extracellularly localized amino termi-
nus. It should be noted that other amino acids
encoded by this human cassette are also altered
as they are not all conserved between the two
species. There have been no published reports
of opioid self-administration in this “human-
ized” mouse model of the A118G variant, but
in studies of morphine conditioned place pref-
erence, there was no difference between the
118AA and 118G homozygous mice (Hender-
son-Redmond et al. 2016), although bothmouse
models observed a decrease in analgesic re-
sponse to exogenous opioids (Mague et al.
2009; Mahmoud et al. 2011).

As mentioned above, and indicated by the
results in Table 1, the effects of the A118G var-
iation ofOPRM1 are pleiotropric with effects on
multiple disease states and aspects of physiolo-
gy. The two mouse constructs described could
be helpful in elucidating the mechanism of the
genetic contribution of this variant to the devel-
opment of these disease states. Head-to-head
comparison of these mouse constructs would
also be helpful to further understand the role
of mouse versus human amino acids surround-
ing the variant asparagine/aspartate residue in
MOR binding/signaling/physiology.

GENETICSOFMETHADONEMAINTENANCE
THERAPY

Pharmacogenetics refers to the interaction
of pharmaceutical therapeutic effectiveness
with genes and genetic variants. The two main
successful treatments for opioid addiction are
methadone and buprenorphine/naloxone. Al-
though the bulk of efforts into the genetics of
opioid addiction have focused on vulnerabilities
toward the development of an addiction, several
recent studies from our own laboratory and oth-
ers have investigated genetic associations with
the success of maintenance treatment with rath-
er few studies investigating buprenorphine
pharmacogenetics published to date. Although
methadone maintenance therapy for opioid ad-
diction is by far the most successful treatment
for any addictive disease to date, 10%–30% of
patients are refractory. In addition, methadone
is usually administered at a dose between 80 and

150 mg/d, but some patients have been shown to
require higher doses such as >150 mg/d. Genet-
ics studies have investigated associations of
particular variants in genes involved in the neu-
rochemistry and metabolism of methadone.

The primary pharmacotherapeutic target
of methadone is MOR (Neil 1984) with a low-
er potency binding to N-methyl-D-aspartate
(NMDA) receptors (Gorman et al. 1997). Al-
though certain noncoding or synonymous var-
iants of the OPRM1 have been associated with
methadone dosing, the A118G and C17T vari-
ants were not found to be associated with this
parameter (Levran et al. 2013b; Smith et al.
2017; Crist et al. 2018). A genome-wide associ-
ation study (GWAS) of methadone dosing re-
vealed that in an African-American population,
but not European-American, a SNP localized
near the OPRM1 locus is associated with meth-
adone dosing requirements in treatment of opi-
oid addiction with the minor allele contributing
to a requirement for higher methadone doses
(Smith et al. 2017). Variants in the genes encod-
ing for NMDA receptor subcomponents have
not been reported to be assessed with respect
to methadone dosing and treatment response
in opioid addiction.

In addition to the binding sites, several stud-
ies have probed genetic variants in enzymes
known to be involved in the metabolism of
methadone, namely, the cytochrome P450
(CYP) family members (Eap et al. 2002). Vari-
ants ofmethadonemetabolizing enzymes in this
family have been shown to alter methadone bio-
availability (Wang et al. 2011). Further, variants
in multiple CYP genes have been shown to be
associated with required methadone dosing
with rather modest effects (Levran et al. 2013a).

Methadone is a substrate of the P-glycopro-
tein (P-gp) 170 transporter encoded in humans
by the ABCB1 gene, which serves in part to
transport drugs out of the brain, limiting
blood–brain barrier penetration (Levran et al.
2008). Genetics association studies of nine
SNPs of this gene with doses required for meth-
adone indicate a significant, albeit modest, asso-
ciation of a single, synonymous polymorphism
in the coding region of this gene, rs1128503,
comparing formerly heroin-addicted persons
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in treatment requiring high dose methadone
(>150 mg/d) and those requiring lower doses
of methadone (≤150 mg/d). Further, a haplo-
type of this SNP and two others, the non-
synonymous SNP rs2032582 as well as the
synonymous SNP rs1045642, both also in the
coding region, was significantly associated with
requirements for a highermethadone dose (Lev-
ran et al. 2008). A similar earlier study also in-
dicated that haplotypes of the ABCB1 variants
were associated with methadone dose require-
ments (Coller et al. 2006).

An association study of methadone treat-
ment success of heroin-addicted patients and
the dopamine D2 receptor DRD2 Taq1A vari-
ant rs1800497, which causes a carboxy-terminal
amino acid substitution, is associated with poor
treatment outcome with higher relapse (Law-
ford et al. 2000), but this was not replicated in
a similar population (Barratt et al. 2006). Given
known effects of brain-derived neurotrophic
factor on methadone response, we investigated
polymorphisms in the gene encoding for nerve
growth factor (β polypeptide) NGFB. Of the 14
polymorphisms of this gene investigated, a
single intronic variant, rs2239622, showed sig-
nificant association with methadone dose re-
quirements (Levran et al. 2012).

Although methadone maintenance is effec-
tive in normalizing opioid-exposure-induced
dysfunction and can lead to long-term absti-
nence from illicit opioid use, it has also been
shown to be effective in reducing cocaine use.
However, some patients continue to abuse co-
caine while in methadone treatment. A recent
genetics study revealed that an association of a
gene variant, rs1500, a noncoding SNP down-
stream from the corticotropin-releasing hor-
mone-binding protein (CRHBP), is associated
with a propensity to abstain from cocaine use
while in methadone maintenance (Peles et al.
2019).

The cumulative genetics effect on metha-
done dosing is relatively low, and other factors
such as prior illicit opioid exposure in terms of
duration of use and daily dosing level at time of
recovery initiation likely have much more
important effects onmethadone dosing require-
ments. Additionally, other medications can

interact with methadone, altering metabolism,
which can impact the required dosing, including
phenytoin and rifampin, which can accelerate
methadone metabolism. Thus, patients on these
medications would require higher dosing (Kreek
et al. 1976; Tong et al. 1981).

CONCLUSIONS

Although it has long been known and appreci-
ated that there are genetic risk factors underly-
ing propensity to the development of addictive
diseases, a full accounting of the genetic compo-
nents of this risk has thus far proven elusive, as
has been the case for other polygenic risk factors
contributing to many other complex diseases.
Future studiesmay help further our understand-
ing, perhaps via studies of larger populations, a
closer accounting of addictive disease pheno-
types, inclusion of considerations of comorbid
disorders, and/or a clearer understanding of
gene–gene and gene–environment interactions.
Genetics studies to date have certainly enhanced
our understanding of the biology of addiction
and addiction treatment. For the vastmajority of
the variants that have been identified to date in
replicated studies of having an association with
opioid addiction, little to no work has been per-
formed to examine the functional mechanisms,
in vitro and in vivo, which might relate the con-
sequences of the variant to the responses to opi-
oids and alterations of the endogenous opioid
system. In the case of the A118G OPRM1 vari-
ant, which has been discussed here, the early
finding of functional consequences in vitro
helped to spur the numerous subsequent studies
that have since elucidated our understanding of
the effects of this variant in vivo. However, as
noted above, this variant is present only in very
low levels or not at all in sub-Saharan African
populations in which heroin use is a large and
growing problem (Acuda et al. 2011; Lancaster
et al. 2018). The effect size of the G allele is high
in mouse model studies of the A118G OPRM1
variant, but overall the contribution of this allele
to addiction propensity is low with persons
homozygous for 118A allele also developing ad-
dictions. It will be critical to further elucidate the
genetic risk factors, both in terms of the discov-
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ery of new variants and their interactions with
known contributing variants, in furthering our
understanding of the mechanisms of those var-
iants that have already been replicated.
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