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Abstract: Addiction is characterized by drug-craving, compulsive drug-taking, and relapse, and
results from the interaction between multiple genetic and environmental factors. Reward pathways
play an important role in mediating drug-seeking and drug-taking behaviors, and relapse. The
objective of this study was to identify heroin addicts who carry specific genetic variants in their
dopaminergic reward systems. A total of 326 heroin-dependent patients undergoing methadone
maintenance therapy (MMT) were recruited from the Addiction Center of the China Medical Uni-
versity Hospital. A heroin-use and craving questionnaire was used to evaluate the urge for heroin,
the daily or weekly frequency of heroin usage, daily life disturbance, anxiety, and the ability to
overcome heroin use. A general linear regression model was used to assess the associations of
genetic polymorphisms in one’s dopaminergic reward system with heroin-use and craving scores.
Results: The most significant results were obtained for rs2240158 in GRIN3B (p = 0.021), rs3983721 in
GRIN3A (p = 0.00326), rs2129575 in TPH2 (p = 0.033), rs6583954 in CYP2C19 (p = 0.033), and rs174699
in COMT (p = 0.036). These were all associated with heroin-using and craving scores with and
without adjustments for age, sex, and body mass index. We combined five variants, and the ensuing
dose-response effect indicated that heroin-craving scores increased with the numbers of risk alleles
(p for trend = 0.0008). These findings will likely help us to understand the genetic mechanism of
craving, which will help in predicting the risk of relapse in clinical practice and the potential for
therapies to target craving in heroin addiction.
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1. Introduction

Heroin addiction, a chronic relapsing disease characterized by compulsive drug-
seeking, drug abuse, tolerance, and physical dependence, is a major public health concern
worldwide [1]. It is a complex psychiatric disorder that results from the interaction between
biological, environmental, psychological, and drug-related factors. Heroin addiction is
strongly influenced by genetic factors, with high heritability estimates of 40% to 60% in
different drugs [2,3]. Many genes associated with heroin addiction have been reported
using different approaches, suggesting high genetic heterogeneity [2,4]. However, the
application of the genetic knowledge to help prevent the occurrence and relapse of heroin
addiction and its complications is still lacking.
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Previous linkage and association studies of polymorphisms have reported several
genetic variants associated with drug abuse, addiction, and related phenotypes [5,6].
These studies include variants in genes encoding the mu and kappa opioid receptors,
dopamine receptors D2 and D4, serotonin receptor 1B, GABA receptor subunit gamma
2 [7–9], catechol-O-methyltransferase (COMT) [10,11], proopiomelanocortin (POMC), tryp-
tophan hydroxylase 2 (TPH2), and brain-derived neurotrophic factor (BDNF) [12]. Phys-
iological and pathological candidate genes may play a role in heroin addiction. The
potential mechanism may include drug receptors, neurotransmitters and transporters,
drug metabolism enzymes, and the related pathways (e.g., reward modulation, behavioral
control, cognitive function, signal transduction, and stress response) [13]. To identify
genetic variants involved in heroin addiction, we constructed physiological hypotheses
of their function to discover heroin addicts with a high genetic susceptibility. We focused
on 13 genes encoding the opioidergic components OPRK1, OPRL1, PDYN, cannabinoid
receptor 1 [2], dopaminergic and serotonin components (COMT), tryptophan hydroxylases 1
(TPH1 and 2 TPH2), methadone-metabolizing enzymes (CYP1A2, CYP2B6, and CYP2C19),
and cognitive function-related genes (GRIN3A, GRIN3B, and GRM6).

Craving is an integral symptom that is considered to be central to the motivational
drive in heroin addiction [14]. We explored the genetic basis of craving in order to better
understand the addiction process, and to identify potential targets of anti-craving medica-
tions and non-pharmacological interventions. We used a craving score as the phenotype to
perform a quantitative trait locus (QTL) association study.

2. Materials and methods
2.1. Patients

The study protocol was reviewed and approved by the Institutional Review Board of
China Medical University Hospital (CMUH) (DMR101-IRB1-218) and was in compliance
with the Declaration of Helsinki. Informed consent was obtained from all subjects involved
in the study. In total, 316 heroin-dependent patients undergoing methadone maintenance
therapy (MMT) were recruited from the Addiction Center of the CMUH. As assessed by
senior psychiatrists experienced in heroin dependence, all the recruited patients met the
criteria from the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, for
heroin abuse and dependence, and had been receiving MMT for at least 6 months at a
dosage that had been unchanged for at least 4 weeks at the CMUH. We selected from the
extreme margin of the specific phenotype range (e.g., severe heroin addicts receiving MMT)
to maximize the power of the study. For each patient, the following clinical information
was recorded: sex, weight (in kg), height (in cm), liver function test results, comorbidities,
and daily methadone dose.

2.2. Heroin-Use and Craving Questionnaire

We designed a 14-item heroin-use and craving (HUC) questionnaire to evaluate the
behavior of heroin users undergoing MMT. Each question was scored from 0 to 4. The
questionnaire was divided into two parts: Part I (HUC 1–6, possible total scores: 0–24),
assessing the urge for heroin and whether the individual can shift their attention away
from heroin, and Part II (HUC 7–14, possible total scores: 0–32), investigating the daily or
weekly frequency of heroin usage, daily life disturbance, anxiety, and ability to overcome
heroin use. In essence, the higher the score, the more severe the heroin craving was. The
score of each item was calculated according to the manual.

2.3. Candidate Variants Selection and Genotyping

This study focused on the 13 aforementioned genes encoding various metabolic com-
ponents: OPRK1, OPRL1, PDYN, CNR1, COMT, TPH1, TPH2, CYP1A2, CYP2B6, CYP2C19,
GRIN3A, GRIN3B, and GRM6. Single nucleotide polymorphism (SNPs) with minor allele
frequency >0.05 were selected on the basis of the previous findings and population data in
the SNP databases of the National Center for Biotechnology Information (Han Chinese)
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in Beijing, China. In total, 44 SNPs were genotyped at the National Center for Genome
Medicine, Taiwan, by using Sequenom iPLEX matrix-assisted laser desorption/ionization
time-of-flight mass-spectrometry technology. DNA was extracted from 3 to 10 mL of whole
blood using a QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol. Duplicate samples were randomly selected for quality control,
and the concordance rate was >0.99 for all SNPs assayed.

2.4. Statistical Analysis

Each SNP genotype frequency distribution was examined for Hardy-Weinberg equilib-
rium using the chi-square one degree of freedom goodness-of-fit test. Demographic char-
acteristics and clinical parameters were evaluated with a chi-squared contingency table for
categorical variables and a t test for continuous variables in both sexes. Single SNP association
analyses were conducted with a general linear model, under dominant or recessive model
assumptions. We performed QTL mapping for HUC. The general linear model was used to
assess associations of genetic polymorphisms in the reward pathway with heroin-use and
craving scores, making adjustments for sex, age, and body mass index (BMI).

3. Results
Patient Characteristics

The demographic details and heroin use history of the subjects are summarized in
Table 1. No significant differences were observed between male and female patients with
respect to HUC questionnaire score, maximum dose, heroin use duration, education level,
and marital status, but significant differences were noted in the mean age, BMI, and heroin
onset age (Table 1).

Table 1. Subject characteristics.

Male (n = 259) Female (n = 67)
Variables Mean (SD) Mean (SD) p-Value

Age 43.2 (7.2) 37.8 (6.3) <0.0001
BMI 23.0 (2.8) 21.6 (2.8) 0.0005

Heroin-using and craving score 27.2 (9.4) 27.9 (11.8) 0.6247
Urge for heroin 10.6 (4.5) 10.7 (5.4) 0.8429

Ability to overcome heroin use 16.7 (5.8) 17.3 (7.0) 0.4946
MMT max dose 73.9 (29.3) 75.2 (34.7) 0.7479

Heroin onset age (year) 25.6 (7.4) 23.2 (6.1) 0.0138
Heroin use duration (year) 8.6 (5.9) 8.4 (5.8) 0.8751

Education level, n (%)
Elementary school or less 18 (7.0) 5 (7.5) 0.0682

Junior high school 124 (47.8) 21 (31.3)
Senior high school 117 (45.2) 41 (61.2)

Marital status, n (%)
Never-married 151 (58.2) 39 (58.2) 0.9447

Married 54 (20.9) 15 (22.4)
Divorced 54 (20.9) 13 (19.4)

BMI: body mass index; MMT: methadone maintenance therapy.

A total of 39 SNPs from 13 genes were not associated with HUC questionnaire
scores (Supplementary Table S1). Five SNPs (rs2240158 in GRIN3B, rs3983721 in GRIN3A,
rs2129575 in TPH2, rs174699 in COMT and rs6583954 in CYP2C19) were significantly asso-
ciated with HUC questionnaire scores. Two SNPs (rs174699 in COMT and rs6583954 in
CYP2C19) were significantly associated with urge for heroin. Another two SNPs (rs2240158
in GRIN3B and rs3983721 in GRIN3A) were significantly associated with ability to overcome
heroin use (Table 2).
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Table 2. Significant associations from single nucleotide polymorphism (SNP) analysis.

Heroin-Using and
Craving Score Urge for Heroin Ability to Overcome

Heroin Use

SNP Allele Gene Gene Pathway p-Value * p-Value # p-Value * p-Value # p-Value * p-Value #

rs2240158 T > C GRIN3B Cognitive function 0.02318 0.0353 0.08232 0.1102 0.02103 0.0288
rs3983721 C > T GRIN3A Cognitive function 0.00945 0.0109 0.074 0.105 0.00326 0.0026

rs6583954 T > C CYP2C19 Methadone-
metabolizing enzymes 0.05439 0.033 0.10597 0.0387 0.05517 0.055

rs2129575 G > T TPH2 Dopamine and
serotonin pathway 0.03343 0.0474 0.05188 0.056 0.06226 0.0948

rs174699 C > T COMT Dopamine and
serotonin pathway 0.10576 0.069 0.08398 0.0369 0.16704 0.1486

* General linear model for association between heroin-using and craving score and genetic SNPs without adjustment for covariates.
# General linear model for association between heroin-using and craving score and genetic SNPs with adjustment for age, body mass index
(BMI), and sex. Bold values denote statistical significance at the p < 0.05.

We calculated the genetic risk allele using five significant SNPs from Table 3. The
averaged HUC questionnaire score increased with the number of genetic risk alleles in
a dose–response manner, as presented in Table 3. Because the HUC questionnaire score
increased with the number of risk alleles in an additive or recessive way, we calculated
genetic risk allele scores (GRSs) based on their effects on the HUC questionnaire score,
assuming the independence of additive risks [15]. The GRSs were generated to quantify
the risk alleles for each SNP (example, 2 for homozygous risk alleles, 1 for heterozygous
risk alleles, and 0 for the absence of a risk allele). The GRSs were then totaled as defined
risk allele scores for each subject. The total scores ranged from 0 to 6 for five SNPs.

Table 3. Averaged heroin-using and craving score stratified according to genotypes of variants in reward pathway genes.

Gene SNP Risk Score Genotypes Heroin-Using and
Craving Score

Urge for
Heroin

Ability to Overcome
Heroin Use

GRIN3B rs2240158 1 CC 26.97 (9.99) 10.51 (4.64) 16.47 (6.12)
1 TC 27.84 (9.1) 10.77 (4.31) 17.07 (5.63)
0 TT 17.14 (10.12) 6.71 (5.15) 10.43 (5.62)

GRIN3A rs3983721 0 CC 26.46 (9.51) 10.22 (4.69) 16.29 (5.56)
0 CT 25.37 (9.88) 9.98 (4.51) 15.39 (6.05)
1 TT 30.64 (9.67) 11.78 (4.47) 18.98 (6.3)

CYP2C19 rs6583954 0 CC 25.35 (10.22) 9.97 (4.75) 15.45 (6.39)
1 TC 27.63 (9.6) 10.61 (4.59) 17.02 (5.64)
2 TT 30 (9.72) 12.04 (4.34) 18.04 (6.17)

TPH2 rs2129575 0 GG 26.63 (9.86) 10.46 (4.75) 16.23 (5.56)
0 GT 25.62 (10.04) 9.89 (4.65) 15.79 (6.32)
1 TT 29.57 (9.55) 11.62 (4.43) 17.95 (5.9)

COMT rs174699 1 CC 29.48 (10.25) 11.76 (4.63) 17.83 (6.43)
0 CT 26.5 (9.18) 10.24 (4.33) 16.31 (5.62)
0 TT 25.82 (10.57) 10 (4.98) 15.82 (6.35)

In order to evaluate whether there is a combined effect of these genetic variants, three
HUC questionnaires were conducted following two models of inheritance (additive or
recessive). We found that five SNPs were significantly associated with HUC questionnaire
score, as well as the urge for heroin and the ability to overcome heroin use; in addition,
COMT—rs174699 had borderline significance (p = 0.0529). The genetic risk allele scores
(combined gene effects) were significantly associated with HUC questionnaire scores, urges
for heroin, and ability to overcome heroin use (p < 0.001; Table 4).
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Table 4. Significant associations—combined effect of multiple genes in the different genetic modes. * Genetic risk alleles
were generated from five significant variants.

Genotypes Heroin-Using and
Craving score Urge for Heroin Ability to Overcome

Heroin Use

Gene Variants Genetic
Mode (Risk Score) R2 p-Value R2 p-Value R2 p-Value

GRIN3B rs2240158 Recessive T(0) vs. C+TC(1) 0.042333 0.0107 0.034026 0.0358 0.04399 0.0092
GRIN3A rs3983721 Recessive T(0) vs. C+CT(1) 0.042856 0.005 0.026848 0.04 0.052769 0.0017
CYP2C19 rs6583954 Additive CC(0) 0.039135 0.0094 0.033026 0.0156 0.038139 0.0159

TPH2 rs2129575 Recessive T(0) vs. G+GT(1) 0.035141 0.02 0.029815 0.0241 0.03363 0.032
COMT rs174699 Recessive C(0) vs. T+CT(1) 0.03043 0.0308 0.032585 0.0152 0.027691 0.0529

Combined
effects

Genetic risk
alleles * Additive 0–6 0.061242 0.001 0.046914 0.0071 0.063081 0.0008

Bold values denote statistical significance at the p < 0.05.

4. Discussion

Heroin addiction, similar to other substance use disorders, is a complex disorder
resulting from the interplay between environment and genetic predisposition [16]. Heroin
addiction is a highly genetically heterogeneous disorder, and is associated with many
genes in different populations. As such, it is crucial to understand the mechanism of heroin
addiction by identifying variations in the neurobiology and pathogenesis of genes. Our
study identified variations in five candidate genes, including GRIN3A, GRIN3B, CYP2C19,
TPH2, and COMT, contributing to susceptibility to heroin addiction. All the variants
identified are from non-coding regions. As expected for a complex genetic disorder, each
variant was shown to have a small effect on the risk of heroin addiction. The R-squared
ranged from 3% to 5% for each genetic variant. This explained a variance in the combined
effects of multiple genes on heroin-using and craving scores, and ability to overcome heroin
use, of 6.3% (Table 4).

The variants in the GRIN3A and GRIN3B genes have been shown to be associated with
the development of addictive behaviors [17–19]. We found that rs2240158 in GRIN3B and
rs3983721 in GRIN3A were associated with urge for heroin and ability to overcome heroin
use. GRIN3A and GRIN3B each encode a subunit of the N-methyl-D-aspartate (NMDA)
receptors, which belong to the superfamily of glutamate-regulated ion channels, and are
involved in the physiological and pathological processes of the central nervous system.
Some genetic variations in the glutamatergic system have been reported to contribute to
vulnerability to drug addiction [17,20]. GRIN3A and GRIN3B may play roles in heroin
addiction, acting as dominant-negative modulators of NMDA receptors.

Several variants in TPH2 have previously been associated with heroin addiction in
African Americans and in Hispanics, and are also associated with phenotypes related to
smoking status, neuropsychiatric disorders, higher reward dependence, and personality
traits [16,21]. TPH is the main 5-HT-synthesizing enzyme in the biosynthesis of the 5-
HT pathway in the brain. In the current study, we found that the variant rs2129575 in
TPH2 was associated with heroin-using and craving score, which supports the findings of
previous studies.

Our findings indicate that the COMT gene is associated with urge for heroin, which
plays a critical role in heroin dependence [10,22]. The COMT gene SNP rs174699 was
associated with urge for heroin. Individuals with the CC genotype would thus be expected
to exhibit a stronger urge for heroin use than individuals with the CT or TT genotypes.
COMT plays an important role in the regulation of synaptic dopamine levels, and in the
reinforcement mechanism of drug dependence. The COMT SNP rs174699 was selected as a
possible marker of genetic predisposition to addiction.

The CYP2C19 gene encodes a CYP450 enzyme that contributes to methadone metabolism,
dependent on treatment dose, plasma concentration, and the side effects of methadone [23].
Methadone maintenance therapy is an established treatment for heroin dependence. The
CYP2C19 gene SNP rs6583954 was found to be associated with heroin-using and craving
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score, and the ability to overcome heroin use. Individuals with the T allele would thus be
expected to exhibit a stronger ability to overcome heroin use than individuals with the C
allele. Variations in the CYP2C19 gene may influence the steady-state plasma concentrations
of methadone and the plasma concentrations of methadone [24], while the SNP rs6583954 in
the CYP2C19 gene may potentially serve as an indicator for ability to overcome heroin use.

There are some limitations in this study that need to be considered. The results were
compared to those of previous studies. Some variants from previous reports were not
genotyped, and the phenotype and population were often different. We cannot determine
if the negative findings in this study are true negatives, because the SNP coverage of some
of the genes may be insufficient to exclude real associations. Based on known or inferred
biologically functional genes, we used a candidate gene approach that allows for scanning
a limited number of SNPs and is limited by current knowledge. Our study had only
limited phenotypic and genotypic information. It is thus necessary to genotype more novel
susceptibility genes identified by genome-wide association studies (GWAS) [20,25–27].
Secondly, the sample size was small compared to those in many other studies. We per-
formed a quantitative trait locus association study to identify genetic variants affecting the
HUC questionnaire score. Without a normal control in this study, we have suggested that
larger-scale studies are warranted in order to further confirm this association, and to use it
practically in the population without genetic risk.

5. Conclusions

This study suggests an extension to the list of susceptibility genes and variants un-
derlying heroin addiction. Although the variants identified in this study are suggested
for assessing the degree of urge for heroin and the ability to overcome heroin use, they
may uncover a genetic basis for craving and heroin-addictive behavior. These findings
will likely help us understand the genetic mechanism of craving, which will be helpful
in predicting the risk of relapse in clinical practice as well as the potential applicability of
therapies for targeting craving in heroin addiction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11040259/s1, Table S1: Associations from single SNP analysis in reward pathway genes.

Author Contributions: I.-K.H., H.-Y.L. and C.-M.C. were responsible for the study concept and
design. C.-L.H. and P.-H.C. conducted data analysis and the interpretation of findings. C.-L.H. and
C.-M.C. interpreted the results of genotyping and clinical data. C.-L.H., P.-H.C. and C.-M.C. drafted
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Ministry of Health and Welfare (MOHW105-NHI-S-114-000004).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of China Medical University
Hospital (CMUH) (DMR101-IRB1-218).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: We thank the National Center for Genome Medicine for the technical support
and Ministry of Health and Welfare Tsaotun Psychiatric Center. This study was supported by
Hospital and Social Welfare Organizations Administration Commission (Grant number 11063) and
China Medical University (CMU107-Z-04).

Conflicts of Interest: No potential conflict of interest were disclosed.

References
1. Barbotte, E.; Guillemin, F.; Chau, N.; Lorhandicap, G. Prevalence of impairments, disabilities, handicaps and quality of life in the

general population: A review of recent literature. Bull. World Health Organ. 2001, 79, 1047–1055. [PubMed]
2. Goldman, D.; Oroszi, G.; Ducci, F. The genetics of addictions: Uncovering the genes. Nat. Rev. Genet. 2005, 6, 521–532. [CrossRef]
3. Kendler, K.S.; Jacobson, K.C.; Prescott, C.A.; Neale, M.C. Specificity of Genetic and Environmental Risk Factors for Use and

Abuse/Dependence of Cannabis, Cocaine, Hallucinogens, Sedatives, Stimulants, and Opiates in Male Twins. Am. J. Psychiatry
2003, 160, 687–695. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jpm11040259/s1
https://www.mdpi.com/article/10.3390/jpm11040259/s1
http://www.ncbi.nlm.nih.gov/pubmed/11731812
http://doi.org/10.1038/nrg1635
http://doi.org/10.1176/appi.ajp.160.4.687
http://www.ncbi.nlm.nih.gov/pubmed/12668357


J. Pers. Med. 2021, 11, 259 7 of 7

4. Bailey, A.; Yuferov, V.; Bendor, J.; Schlussman, S.D.; Zhou, Y.; Ho, A.; Kreek, M.J. Immediate withdrawal from chronic “binge”
cocaine administration increases mu-opioid receptor mRNA levels in rat frontal cortex. Brain Res. Mol. Brain Res. 2005, 137,
258–262. [CrossRef]

5. Marie-Claire, C.; Jourdaine, C.; Lépine, J.-P.; Bellivier, F.; Bloch, V.; Vorspan, F. Pharmacoepigenomics of opiates and methadone
maintenance treatment: Current data and perspectives. Pharmacogenomics 2017, 18, 1359–1372. [CrossRef] [PubMed]

6. Levran, O.; Randesi, M.; Da Rosa, J.C.; Ott, J.; Rotrosen, J.; Adelson, M.; Kreek, M.J. Overlapping dopaminergic pathway genetic
susceptibility to heroin and cocaine addictions in African Americans. Ann. Hum. Genet. 2015, 79, 188–198. [CrossRef] [PubMed]

7. Weele, J.V.-V.; Qaadir, A.; Palmer, A.; Cook, E.H.; De Wit, H. Association between the Casein Kinase 1 Epsilon Gene Region and
Subjective Response to D-Amphetamine. Neuropsychopharmacology 2005, 31, 1056–1063. [CrossRef]

8. Wand, G.S.; McCaul, M.; Yang, X.; Reynolds, J.; Gotjen, D.; Lee, S.; Ali, A. The Mu-Opioid Receptor Gene Polymorphism (A118G)
Alters HPA Axis Activation Induced by Opioid Receptor Blockade. Neuropsychopharmacology 2002, 26, 106–114. [CrossRef]

9. Xu, K.; Liu, X.-H.; Nagarajan, S.; Gu, X.-Y.; Goldman, D. Relationship of the delta-opioid receptor gene to heroin abuse in a large
Chinese case/control sample. Am. J. Med. Genet. 2002, 110, 45–50. [CrossRef]

10. Vereczkei, A.; Demetrovics, Z.; Szekely, A.; Sárközy, P.; Antal, P.; Szilágyi, Á.; Sasvári-Székely, M.; Barta, C. Multivariate Analysis
of Dopaminergic Gene Variants as Risk Factors of Heroin Dependence. PLoS ONE 2013, 8, e66592. [CrossRef] [PubMed]

11. Mouly, S.; Bloch, V.; Peoc’H, K.; Houze, P.; Labat, L.; Ksouda, K.; Simoneau, G.; Declèves, X.; Bergmann, J.F.; Scherrmann, J.-M.; et al.
Methadone dose in heroin-dependent patients: Role of clinical factors, comedications, genetic polymorphisms and enzyme activity.
Br. J. Clin. Pharmacol. 2015, 79, 967–977. [CrossRef] [PubMed]

12. Nielsen, D.A.; Barral, S.; Proudnikov, D.; Kellogg, S.; Ho, A.; Ott, J.; Kreek, M.J. TPH2 and TPH1: Association of Variants and
Interactions with Heroin Addiction. Behav. Genet. 2008, 38, 133–150. [CrossRef] [PubMed]

13. Burns, J.A.; Kroll, D.S.; Feldman, D.E.; Liu, C.K.; Manza, P.; Wiers, C.E.; Volkow, N.D.; Wang, G.-J. Molecular Imaging of Opioid
and Dopamine Systems: Insights into the Pharmacogenetics of Opioid Use Disorders. Front. Psychiatry 2019, 10, 626. [CrossRef]
[PubMed]

14. Tiffany, S.T.; Wray, J.M. The clinical significance of drug craving. Ann. N. Y. Acad. Sci. 2012, 1248, 1–17. [CrossRef]
15. Mealiffe, M.E.; Stokowski, R.P.; Rhees, B.K.; Prentice, R.L.; Pettinger, M.; Hinds, D.A. Assessment of Clinical Validity of a Breast

Cancer Risk Model Combining Genetic and Clinical Information. J. Natl. Cancer Inst. 2010, 102, 1618–1627. [CrossRef]
16. Uhl, G.R.; Drgon, T.; Johnson, C.; Fatusin, O.O.; Liu, Q.-R.; Contoreggi, C.; Li, C.-Y.; Buck, K.; Crabbe, J. “Higher order” addiction

molecular genetics: Convergent data from genome-wide association in humans and mice. Biochem. Pharmacol. 2008, 75, 98–111.
[CrossRef]

17. Xie, X.; Liu, H.; Zhang, J.; Chen, W.; Zhuang, D.; Duan, S.; Zhou, W. Association between genetic variations of NMDA receptor
NR3 subfamily genes and heroin addiction in male Han Chinese. Neurosci. Lett. 2016, 631, 122–125. [CrossRef]

18. Kalivas, P.W.; LaLumiere, R.T.; Knackstedt, L.; Shen, H. Glutamate transmission in addiction. Neuropharmacology 2009, 56, 169–173.
[CrossRef]

19. Olive, M.F.; Cleva, R.M.; Kalivas, P.W.; Malcolm, R.J. Glutamatergic medications for the treatment of drug and behavioral
addictions. Pharmacol. Biochem. Behav. 2012, 100, 801–810. [CrossRef]

20. Nielsen, D.A.; Ji, F.; Yuferov, V.; Ho, A.; He, C.; Ott, J.; Kreek, M.J. Genome-wide association study identifies genes that may
contribute to risk for developing heroin addiction. Psychiatr. Genet. 2010, 20, 207–214. [CrossRef]

21. Levran, O.; Peles, E.; Randesi, M.; Da Rosa, J.C.; Ott, J.; Rotrosen, J.; Adelson, M.; Kreek, M.J. Susceptibility loci for heroin and
cocaine addiction in the serotonergic and adrenergic pathways in populations of different ancestry. Pharmacogenomics 2015, 16,
1329–1342. [CrossRef]

22. Li, T.; Yu, S.; Du, J.; Chen, H.; Jiang, H.; Xu, K.; Fu, Y.; Wang, D.; Zhao, M. Role of Novelty Seeking Personality Traits as Mediator
of the Association between COMT and Onset Age of Drug Use in Chinese Heroin Dependent Patients. PLoS ONE 2011, 6, e22923.
[CrossRef]

23. Wang, S.-C.; Ho, I.-K.; Tsou, H.-H.; Liu, S.-W.; Hsiao, C.-F.; Chen, C.-H.; Tan, H.K.-L.; Lin, L.; Wu, C.-S.; Su, L.-W.; et al. Functional
Genetic Polymorphisms inCYP2C19Gene in Relation to Cardiac Side Effects and Treatment Dose in a Methadone Maintenance
Cohort. OMICS A J. Integr. Biol. 2013, 17, 519–526. [CrossRef] [PubMed]

24. Kringen, M.K.; Chalabianloo, F.; Bernard, J.-P.; Bramness, J.G.; Molden, E.; Høiseth, G. Combined Effect of CYP2B6 Genotype and
Other Candidate Genes on a Steady-State Serum Concentration of Methadone in Opioid Maintenance Treatment. Ther. Drug
Monit. 2017, 39, 550–555. [CrossRef] [PubMed]

25. Glatt, S.J.; Lasky-Su, J.A.; Zhu, S.C.; Zhang, R.; Zhang, B.; Li, J.; Yuan, X.; Li, J.; Lyons, M.J.; Faraone, S.V.; et al. Genome-wide
linkage analysis of heroin dependence in Han Chinese: Results from Wave Two of a multi-stage study. Drug Alcohol Depend. 2008,
98, 30–34. [CrossRef]

26. Kalsi, G.; Euesden, J.; Coleman, J.R.; Ducci, F.; Aliev, F.; Newhouse, S.J.; Liu, X.; Ma, X.; Wang, Y.; Collier, D.A.; et al. Genome-Wide
Association of Heroin Dependence in Han Chinese. PLoS ONE 2016, 11, e0167388. [CrossRef]

27. Yang, H.-C.; Chu, S.-K.; Huang, C.-L.; Kuo, H.-W.; Wang, S.-C.; Liu, S.-W.; Ho, I.-K.; Liu, Y.-L. Genome-Wide Pharmacogenomic
Study on Methadone Maintenance Treatment Identifies SNP rs17180299 and Multiple Haplotypes on CYP2B6, SPON1, and
GSG1L Associated with Plasma Concentrations of Methadone R- and S-enantiomers in Heroin-Dependent Patients. PLoS Genet.
2016, 12, e1005910. [CrossRef]

http://doi.org/10.1016/j.molbrainres.2005.02.017
http://doi.org/10.2217/pgs-2017-0040
http://www.ncbi.nlm.nih.gov/pubmed/28841113
http://doi.org/10.1111/ahg.12104
http://www.ncbi.nlm.nih.gov/pubmed/25875614
http://doi.org/10.1038/sj.npp.1300936
http://doi.org/10.1016/S0893-133X(01)00294-9
http://doi.org/10.1002/ajmg.10374
http://doi.org/10.1371/journal.pone.0066592
http://www.ncbi.nlm.nih.gov/pubmed/23840506
http://doi.org/10.1111/bcp.12576
http://www.ncbi.nlm.nih.gov/pubmed/25556837
http://doi.org/10.1007/s10519-007-9187-7
http://www.ncbi.nlm.nih.gov/pubmed/18181017
http://doi.org/10.3389/fpsyt.2019.00626
http://www.ncbi.nlm.nih.gov/pubmed/31620026
http://doi.org/10.1111/j.1749-6632.2011.06298.x
http://doi.org/10.1093/jnci/djq388
http://doi.org/10.1016/j.bcp.2007.06.042
http://doi.org/10.1016/j.neulet.2016.08.025
http://doi.org/10.1016/j.neuropharm.2008.07.011
http://doi.org/10.1016/j.pbb.2011.04.015
http://doi.org/10.1097/YPG.0b013e32833a2106
http://doi.org/10.2217/pgs.15.86
http://doi.org/10.1371/journal.pone.0022923
http://doi.org/10.1089/omi.2012.0068
http://www.ncbi.nlm.nih.gov/pubmed/24016178
http://doi.org/10.1097/FTD.0000000000000437
http://www.ncbi.nlm.nih.gov/pubmed/28723731
http://doi.org/10.1016/j.drugalcdep.2008.04.011
http://doi.org/10.1371/journal.pone.0167388
http://doi.org/10.1371/journal.pgen.1005910

	Introduction 
	Materials and methods 
	Patients 
	Heroin-Use and Craving Questionnaire 
	Candidate Variants Selection and Genotyping 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

