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Abstract

Background: Methamphetamine (METH) addiction is a global concern due to its severe impact on public health, including heightened
aggression and neurotoxic effects. Genetic and epigenetic factors, particularly involving the SLC644 and COMT genes, are implicated
in individual vulnerability to METH addiction. Thus, understanding the molecular mechanisms involved is crucial for developing tar-
geted prevention and treatment strategies. Methods: A systematic literature review was conducted following the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines. Six major databases (MEDLINE/PubMed, Scopus, ScienceDi-
rect, ResearchGate, Web of Science, Google Scholar) and Spanish-language platforms (Dialnet, Redalyc, CSIC, RECyT) were searched
for studies published in English, Spanish, and Portuguese over the last 40 years. The inclusion criteria encompassed original research
focusing on genetic and/or epigenetic determinants of METH addiction, with particular emphasis on the SLC644 and COMT genes.
Studies focusing on substances other than METH, non-human subjects, or those that did not meet the language or temporal restrictions
were excluded. Data on genetic variants, epigenetic alterations (e.g., DNA methylation, histone modifications), and relevant behavioral
outcomes were extracted. Results: From an initial 600 articles, 25 studies met the inclusion criteria and were included in the qualitative
synthesis. Polymorphisms in SLC644 (e.g., S-HTTLPR) were associated with an increased risk of METH addiction (odds ratio (OR) =
2.31, 95% confidence interval (CI): 1.45-3.68; p = 0.001); meanwhile, variations in COMT (Vall58Met) were linked to both suscepti-
bility and executive function deficits. Epigenetic modifications—most notably DNA methylation in SLC644 and COMT—also emerged
as important contributors to addiction pathways, potentially influencing dopamine and serotonin regulation. Gene-environment interac-
tions, including factors such as childhood trauma and socioeconomic status, were found to modulate genetic predispositions, suggesting
a multifaceted etiology for METH dependence. Conclusions: Both genetic polymorphisms and epigenetic alterations play a critical
role in METH addiction vulnerability. The reviewed evidence highlights the need for more comprehensive, regionally diverse studies
and integrative approaches that combine genetics, neurobiology, and psychosocial factors. Such strategies could inform personalized
prevention and treatment interventions, improving patient outcomes and mitigating the global burden of METH addiction.
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1. Introduction stance disorders [13]. Meanwhile, countries in Asia, such
as Thailand and China, also report significant youth usage
but lower prevalence rates than the U.S. [14—16]. Europe
shows moderate rates, with Spain and France having higher
marijuana use [17,18]. Iraq shows the lowest METH preva-
lence; however, usage is rising due to socio-political insta-
bility, making users more prone to suicidal ideation [19—

21].

Methamphetamine (METH) is a powerful nervous
system stimulant that promotes a significant ability for abu-
sive behaviors and triggers the release of neurotransmitters,
resulting in synaptic plasticity and abnormal memory de-
velopment [1-5]. Moreover, METH use is associated with
increased health and social problems, including heightened
aggression, due to neurotoxic effects on brain regions con-

trolling impulse and emotion [3,4], and METH exposure
depletes dopamine in the striatum and increases reactive
oxygen species (ROS) [6-8]. Addiction is a global crisis
linked to severe health issues, with genetic and epigenetic
factors influencing susceptibility and behavior, such as ag-
gression [9—12]. Notably, use in the United States is high-
est among adults aged 2634, often with co-occurring sub-

The genetic and epigenetic basis of addiction is cru-
cial for developing targeted treatments for METH abuse,
and epigenetic drugs have shown promise in addiction ther-
apy [22,23]. Indeed, genetic polymorphisms, such as the
TaqlA variant in the DRD2 gene, increase addiction risk
by reducing dopamine receptor density [24]. According
to existing data, candidate genes have been identified fol-
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lowing hypotheses of links to a certain characteristic or ill-
ness [25]. Dopamine-, serotonin-, opioid-, and glutamate-
related genes represent key candidates related to METH ad-
diction and aggression, and these include DRDI, DRD?2,
DRD3, DRD4, SLC6A3, COMT; HTRI1A, HTRIB, HTR24,
SLC6A44; OPRMI, OPRDI, OPRKI; GRIN2B, GRIKI,
GRIA3, respectively [26]. The DRD2 TaqlA and COMT
Vall158Met variants modulate the effects of METH [27].

The dopamine receptor D2 (DRD?2) plays a significant
role in dopamine synthesis, storage, and release. Thus, gene
alterations may impair synthesis and function, resulting in
psychological and psychotic symptoms and susceptibility
to addiction and other neuropsychiatric conditions [28-30].
The SLC6A3 gene codes for the dopamine transporter pro-
tein (DAT) [31,32]. Alleles such as DATI 10R and DRD2
TaqlA Al have been associated with susceptibility to ad-
diction due to the dysregulated dopamine levels and recep-
tor density [33,34]. Moreover, blockage of dopamine D2
receptors has been observed to ameliorate psychotic symp-
toms and restore the value system; however, a clear corre-
lation between D2 receptor inhibition and the improvement
of these symptoms has yet to be established. METH is a
psychostimulant drug that produces a variety of effects on
the brain and nervous system, initially increasing energy,
attention, and libido [35-37].

In addition, METH produces a protein in the mem-
brane responsible for transporting the neurotransmitter
serotonin into the presynaptic neuron, while the encoded
protein concurrently inhibits neuronal activity in a sodium-
dependent manner [38]. The COMT gene is an impor-
tant component in the brain for controlling neurotransmit-
ters and for the catabolism of catecholamines such as nore-
pinephrine and dopamine, which are responsible for many
cognitive functions.

Polymorphisms in the COMT gene correlate with sev-
eral health issues, including mental disorders and pain sen-
sitivity, and provide essential insights into the fundamen-
tal causes of many illnesses and assist in the development
of tailored therapies. Epigenetic changes, including DNA
methylation, change the reward circuit, stress response, and
brain circuitry gene expression, determining addiction sus-
ceptibility [39]. These changes impact dependency and
therapeutic effectiveness. The COMT Vall58Met polymor-
phism is associated with dopamine dysregulation, result-
ing in addictive behaviors [40]. Additionally, addressing
DNA methylation pathways presents opportunities for cus-
tomized addiction therapies, enhancing therapeutic efficacy
and decreasing the probability of relapse [41]. Genetic and
epigenetic changes in the dopamine and serotonin pathways
influence addiction susceptibility, highlighting the need for
personalized therapeutic strategies grounded in molecular
and neurobiological considerations.

DNA methylation is a vital epigenetic modification
and is crucial in the onset and progression of METH ad-
diction [42]. DNA methylation involves adding methyl

groups to DNA, primarily at cytosine residues, poten-
tially modifying gene expression without changing the
DNA sequence [43]. The interplay between SLC ge-
netic polymorphisms and epigenetic mechanisms, particu-
larly SLC6A4, influences vulnerability to METH use. The
SLC6A4 gene encodes the serotonin transporter and modu-
lates serotonin reuptake, while the COMT protein regulates
dopamine metabolism and impacts mood, impulse control,
and addiction-related behaviors. These molecular pathways
enable personalized interventions, such as epigenetic ther-
apies aimed at reversing maladaptive gene expression pat-
terns, hence, offering customized treatments to improve re-
covery outcomes and reduce relapse rates in METH addic-
tion.

This review explains these epigenetic therapies with
genetic determinants in METH addiction, emphasizing de-
ficiencies in existing data to inform future studies. This
research also investigates the function of critical genes in
addiction susceptibility to improve our knowledge of their
influence and facilitate customized treatment approaches.

2. Methods
2.1 Eligibility Criteria

Original, full-text English, Spanish, and Portuguese
publications published within the last 40 years were consid-
ered for inclusion. Studies needed to focus on genetic and
epigenetic determinants associated with methamphetamine
(METH) addiction and, where relevant, aggression or vio-
lence, with particular emphasis on genes related to the so-
lute carrier family (SLC) (specifically SLC6A44) and COMT.
Studies predominantly investigating substances other than
METH, or those published outside the time frame or not
within the language requirements, were excluded.

2.2 Databases and Search Strategy

A comprehensive literature search was conducted be-
tween January and May 2020 using six electronic databases:

MEDLINE/PubMed: 125 records.
Scopus: 100 records.
ScienceDirect: 75 records.
ResearchGate: 50 records.

Web of Science: 150 records.
Google Scholar: 100 records.

AR o

This resulted in a total of 600 articles. The
search terms included “methamphetamine” OR “METH”
in combination with “genetic”, “epigenetic”’, “SLC6A4”,
“COMT”, and “aggression” OR “violence”. Boolean op-
erators (AND, OR) were employed to refine results.

Additionally, we identified 75 records through manual
searches (e.g., reference lists of key articles), providing a
preliminary total of 675 records for consideration. Fig. 1
outlines the final study flow after duplicates and exclusions
were removed.
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searches (n = 600)

Scopus (n=100)
Science Direct (n =75)
Research Gate (n = 50)
Web of Science (n = 150)
Google Scholar (n=100)

Identification

Records screened after

MEDLINE/PubMed (n = 125)

Additional records identified
through other sources
(n=75)

Records excluded, with
reasons (n = 425)

duplicates were removed (n = 550)

Full-text articles assessed for

eligibility

(n=125)

(n=25)

Included

Studies included in qualitative synthesis

Studies did not focus on METH
addiction, genetic factors,
epigenetic factors, or aggression.

Full-text articles excluded,
with reasons

(n=100)

Presence of significant
methodological weaknesses,
such as poor study design,
inadequate sample size, or lack
of proper controls.

Fig. 1. Flow diagram of article searches and inclusion and exclusion criteria.

Table 1. A summary of the exclusion process during full-text assessment.

Reason for exclusion

Number of articles excluded

Focused on substances other than METH 35
Methodological weaknesses (e.g., no control, n <50) 30
No genetic or epigenetic analysis 15
Language/time frame mismatch 10
Total excluded 100

METH, Methamphetamine.

2.3 Initial Screening and Removal of Duplicates

We removed 50 duplicates, leaving 625 unique
records. Titles and abstracts were screened for relevance,
and 425 records (e.g., non-METH focus, no genetic or epi-
genetic data) were excluded. Thus, 200 records remained
for full-text review.

2.4 Full-Text Eligibility and Final Inclusion

We retrieved and assessed 200 full-text articles for el-
igibility; 75 proved to be additional duplicates, commen-
tary pieces, or lacked crucial methodological details, leav-
ing 125 for detailed review. Of these, 100 were excluded for
reasons such as insufficient outcome data, a focus on sub-
stances other than METH, or failure to meet quality criteria
(see Table 1). Consequently, 25 studies met all inclusion
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criteria and were retained for qualitative synthesis. Please
note that the final total (25) is verified and not an approxi-
mation.

2.5 Reasons for Exclusion

A summary of the exclusion process during the full-
text assessment is provided in Table 1.

2.6 Data Extraction and Quality Assessment

Following the final selection, each of the 25 articles
was independently reviewed by two authors, focusing on:

1. Study design: Whether prospective, case—control,
cross-sectional, etc.

2. Population demographics: Sample size, age, and ge-
ographic origin.
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Table 2. Distribution of genetic and epigenetic studies on METH addiction by country.

Key findings

Country Percentage of studies (%)
United States 28%
Japan 28%
Taiwan 12%
Other countries 32%

Focused on genetic polymorphisms and addiction susceptibility
Advanced neuroimaging and genetic—epigenetic interactions

Studies on epigenetic modifications
Mixed methodologies and emerging research

40

35

30F 28% 28%

25

20

15

10

Percentage of Studies (%)

United States

Japan

32%

12%

Taiwan Other Countries

Fig. 2. Distribution of genetic and epigenetic studies on methamphetamine (METH) addiction by country.

3. Genetic/epigenetic variables:  Specific polymor-
phisms (SLC6A44, COMT), methylation status, histone
modifications.

4. Outcome measures: Addiction severity, relapse, ag-
gression.

5. Statistical analysis: Effect sizes (e.g., odds ratio (OR),
hazard ratio (HR)), confidence intervals (Cls), p-values.

Where discrepancies arose, a third researcher was con-
sulted to achieve consensus. This standardized approach
improved the rigor and consistency of the review process.

2.7 Synthesis of Results

Data from eligible studies were compiled into sum-
mary tables to compare study design, outcome measures,
genetic markers, epigenetic analyses, and main findings.
Conclusions were drawn regarding the strength of evidence
for each genetic or epigenetic factor implicated in METH
addiction and aggression, recognizing the contributions and
limitations of each study.

3. Results

This search across many databases yielded 600 papers
concerning the genetic and epigenetic influences on METH
addiction, such as studies on the SLC, COMT, and SLC6A44
genes. After removing duplicate data and excluding re-
views and studies that did not meet the inclusion criteria
for research not directly related to SLC or COMT genes,
25 papers were retained for further analysis. This careful
selection process ensured that only relevant, high-quality
studies on METH addiction and aggression were included,
as shown in Fig. 1.

Articles were excluded from this review for several
reasons. Some studies were irrelevant since the research
focus was not on METH addiction, genetic or epigenetic
factors, or aggression. Non-original research, including re-
views and commentaries, was also excluded. Articles not
available in English, Spanish, or Portuguese, those pub-
lished outside the last 40 years, and studies involving non-
human subjects or irrelevant populations were not consid-
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Table 3. Genetic polymorphisms and the associated impacts on METH addiction.

Gene Polymorphism Effect Statistical data

SLC6A4  5-HTTLPR (S allele) Increased risk of METH addiction OR =2.31,95% CI: 1.45-3.68; p =0.001
SLC6A4  5-HTTLPR (S allele)  Increased likelihood of early-onset METH use ~ HR =2.12, 95% CI: 1.38-3.26; p = 0.002
CcoMT Vall58Met (Val/Val) Higher risk of METH dependence OR = 1.89, 95% CI: 1.21-3.08; p = 0.008
CcoMT Vall58Met (Met/Met) Greater executive function deficits =-2.76, p=0.004

COMT (Met/Met) 1
-2.76

COMT (Val/Val) |

SLC6A4 (S allele, early-onset) -

SLC6A4 (S allele)

2.12

2.31

-

-1 0 i 2

Effect Size (Odds Ratio / t-Score)

Fig. 3. Genetic polymorphisms and the associated impacts on METH addiction.

ered. Significant methodological flaws, such as poor design
or inadequate sample size, also led to exclusion. Insuffi-
cient data, duplicate studies, inaccessible full texts, and in-
appropriate study designs also contributed to exclusion.

Despite an additional manual search, no new relevant
results were found, likely due to the extensive and strin-
gent electronic database searches. However, three key ar-
ticles, initially missed, were discovered, underscoring the
thoroughness of the search strategy. These articles provided
valuable insights for the review. The participation in pub-
lishing studies related to genetic and epigenetic factors in
METH addiction shows regional disparities. The United
States and Japan lead extensive research on genetic under-
pinnings of METH psychosis, both contributing 28% of
the studies; Taiwan accounted for 12% of the research out-
put. These countries have focused on uncovering genetic
markers and environmental influences linked to METH ad-
diction. Meanwhile, other nations collectively contributed
32% of the research to the field, reflecting a growing but
uneven global effort to explore the genetic and epigenetic
dimensions of METH addiction [44,45].

Supplementary Table 1 presents comparative re-
search that used genetic and epigenetic markers related to
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METH addiction and its accompanying violence and con-
nects essential information with all data. This approach
provides a more profound understanding of the relationship
between genetic predispositions, epigenetic alterations, and
other factors. Moreover, this study systematically com-
pares and analyzes various studies concerning METH ad-
diction and aggression, specifically emphasizing the SLC
genes. The table systematically organizes data, elucidat-
ing patterns, gaps, and contradictions in the current litera-
ture, thereby acting as an invaluable resource for academics,
clinicians, and policymakers seeking to comprehend the ge-
netic and epigenetic foundations of METH addiction.
Several studies regarding the genetic and epigenetic
determinants of METH addiction have mainly focused on
specific genetic polymorphisms, especially those related
to the SLC genes. In addition, examining epigenetic pro-
cesses, including DNA methylation and histone acetyla-
tion, was undertaken to determine the roles of these mod-
ifications in vulnerability to addiction and changes in be-
havior, such as aggression. Research often assesses how
these genetic and epigenetic factors impact the reward sys-
tems in the brain, specifically related to dopamine and sero-
tonin. Studies also involved behavioral assessments, cov-
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Table 4. Advanced statistical analysis of epigenetic modifications.

Epigenetic modification Gene affected

Observed effect

Statistical data

DNA methylation
DNA methylation
Histone acetylation

SLC6A44
coMmT
Dopamine-related genes

Increased addiction susceptibility
Dopamine dysregulation
Altered reward sensitivity

Amethylation = 12.5%; p < 0.005
15.2% higher in addicts; p = 0.003
Under investigation

Table 5. Regression analysis of gene—environment interactions.

Variable Beta coefficient (3) p-value

SLC644 (5-HTTLPR S) 0.42 p=0.001
COMT (Val/Val) 0.37 p=0.005
Childhood trauma 0.55 p < 0.001
Socioeconomic status -0.32 p=0.02
Peer influence 0.47 p < 0.001

ering such areas as aggression and psychiatric disorders,
while prioritizing population-specific information and fol-
lowing rigorous methodological expectations, including ap-
propriate sample sizes and advanced analytical procedures.

This study outlines many challenges in the study of
METH addiction. Indeed, data variability makes compar-
isons and meta-analyses difficult due to differences in re-
search methods and demographic characteristics. More-
over, the geographical reach of the research has been re-
stricted, with most studies concentrated in industrialized na-
tions, and there is significant variability in genetic findings,
e.g., those concerning S-HTTLPR polymorphisms. Com-
plexity in epigenetic research, including gene—environment
interactions, also poses additional challenges, while ethical
issues, particularly informed consent and genetic biases, are
of paramount concern. Finally, integrating genetic, epige-
netic, neurological, and psychosocial approaches to create
global models of addiction is a major challenge.

This systematic search across multiple databases ini-
tially yielded 600 papers relevant to the genetic and epige-
netic influences on methamphetamine (METH) addiction.
Following a rigorous screening and selection process using
PRISMA guidelines, duplicates (n = 50) were removed, and
425 studies were excluded based on predefined criteria. Ul-
timately, 25 high-quality studies were retained for analysis.

3.1 Study Selection and Exclusion Criteria

The studies excluded from this review represented the
following categories. Non-relevant studies (n = 210) did
not focus on METH addiction, genetic or epigenetic fac-
tors, or aggression. Non-original research (n = 75), such as
review articles, commentaries, or meta-analyses. Language
and timeframe restrictions (n = 60): The eliminated studies
were not published in English, Spanish, or Portuguese, or
were published more than 40 years prior. Methodological
weaknesses (n = 80), including inadequate sample sizes (n
<50), lack of control groups, or insufficient statistical anal-
ysis.

3.2 Geographical Distribution of Studies

There were significant regional disparities in research
on the genetic and epigenetic factors of METH addiction.
The largest contributors were the United States and Japan,
each accounting for 28% of the total studies. Taiwan con-
tributed 12%, while other countries, including Europe, Aus-
tralia, and Latin America, comprised 32% of the research.
The Middle East and Africa remain underrepresented in this
field, highlighting the need for expanded research efforts in
these regions, see Table 2 and Fig. 2.

The SLC6A44 gene (S-HTTLPR variant) was found to
be significantly associated with an increased risk of METH
addiction, whereby METH addiction was 2.31 times more
likely in individuals possessing the short (S) allele (OR =
2.31, 95% CI: 1.45-3.68; p = 0.001). Additionally, a meta-
analysis of four studies confirmed that the S allele doubled
the likelihood of early-onset METH use compared to the
L allele (HR = 2.12, 95% CI: 1.38-3.26; p = 0.002) , see
Fig. 3.

Similarly, the COMT gene (Vall58Met polymor-
phism) plays a crucial role in addiction susceptibility. The
Val/Val genotype was linked to higher COMT enzyme ac-
tivity and an increased risk of METH dependence (OR =
1.89, 95% CI: 1.21-3.08; p = 0.008). Conversely, individ-
uals with the Met/Met genotype displayed greater executive
function deficits in METH usage (t=-2.76, p = 0.004). Ta-
ble 3 summarizes these findings.

Table 4 provides a summary of these epigenetic find-
ings.

3.3 Regression Analysis of Gene—Environment Interactions

A multivariate regression analysis was conducted to
evaluate the effect of genetic predisposition and environ-
mental factors on METH addiction susceptibility. SLC644
and COMT genotypes, childhood trauma, socioeconomic
status, and peer influence were included in the model as
independent variables. The results of this analysis are pre-
sented in Table 5.
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These findings indicate that both genetic predisposi-
tions and environmental factors contribute significantly to
addiction risk, with childhood trauma showing the strongest
predictive value.

3.4 Research Gaps

An absence in studies from the 1980s to the 1990s was
observed in the analysis, attributable to the controlled study
approaches that were performed previously. Meanwhile, at
the beginning of the 2000s, developments involving can-
didate gene studies and genome-wide association studies
(GWAS) identified possible connections with genes, no-
tably the solute carrier family (SLC) genes, specifically the
SLC6A4 and COMT genes. Nonetheless, these investiga-
tions frequently presented limited sample sizes and limited
replication [46]. Thus, a 2020 comprehensive review sug-
gested performing more GWAS and sequencing studies to
elucidate the genetic effects of SLC and COMT genes on
METH addiction, focusing on the importance of more eas-
ily controlled studies [47]. However, as of 2022, these well-
powered GWAS for METH susceptibility, specifically fo-
cusing on SLC and COMT genes, remain limited [48].

4. Discussion

4.1 Studies on Solute Carrier Family (SLC) Genes in
METH Addiction

SLC genes, including SLC6A44 and 5-HTTLPR, have
been studied in the context of METH addiction. SLC644
encodes the serotonin transporter, an essential regulator of
serotonin reuptake that affects mood and behavior [49].
Studies have shown that polymorphisms in the SLC644
gene, including in the serotonin transporter-related poly-
morphic region 5-HTTLPR and the intron 2 variable num-
ber tandem repeat STin2, are linked to a variety of substance
use disorders, including METH addiction. Furthermore,
single nucleotide polymorphisms (SNPs) have been linked
to alcohol, heroin, cocaine, and METH dependencies, indi-
cating that polymorphisms in these ethnic and cultural risk
alleles affect vulnerability to addiction in concordance with
genetic vulnerabilities [50]. Studies by Payer ef al. [51]
evaluated the genetic basis of METH dependence and ag-
gression. Payer ef al. [51] discovered that the SERT risk
allele load was comparable across METH users and con-
trols, indicating that aggressiveness is not contingent upon
METH misuse but is associated with diminished activity
in the ventral inferior frontal gyrus. Payer ef al. [51] ob-
served no significant variations in dopamine or serotonin
transporter polymorphisms between the METH-dependent
and control groups. These results indicate that other vari-
ables, such as epigenetic pathways, may affect METH de-
pendency and violence. Johnson ef al. [45] analyzed the
5'-HTTLPR polymorphisms and found that the risk of early
METH use nearly doubled in Caucasian males with the
SS genotype compared to L-carriers. Meanwhile, Namyen
et al. [52] examined multiple polymorphisms in METH-
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dependent patients, finding no significant association for
5-HTTLPR, 5-HTI1A, and DRD2, but identifying a signifi-
cant link between the 5-H72A4 T/C genotype and psychiatric
symptoms, such as psychosis and depression. Both studies
underscore the role of serotonin-related genes in METH ad-
diction, with Johnson et al. [45] focusing on early onset and
Namyen et al. [52] investigating psychiatric comorbidities;
however, further research is needed [51-60].

AL-Eitan et al. [26] examined DRD4 exon III, vari-
able number tandem repeat (VNTRSs), and SLC6A44 poly-
morphisms in a Jordanian Arab population, finding a sig-
nificant association between DRD4 and VNTRs in al-
leles 4 and 7, respectively, and substance use disorder
(SUD), whereas no significant association was observed for
SLC6A44. Reith et al. [33] reviewed serotonin polymor-
phisms, noting a modest link between the SLC644 S al-
lele and alcohol dependence. Moreover, the DRD4 Ex3 s/s
genotype was linked to psychotic disorders in males with
stimulant addiction [3]. These studies emphasize genetic
factors in addiction but highlight differences in genes and
populations, indicating the complexity of genetic influences
on SUD [61-65].

Lin and Tsai [16] both investigated the 5-HTTLPR
polymorphism role in suicidal behavior, with differing re-
sults. Zhang et al. [66], found no association in Chinese
METH abusers, attributing this to their small sample size
and lack of epigenetic analysis. In contrast, the Lin and Tsai
[16] meta-analysis identified a significant correlation be-
tween the s allele and suicidal behavior among psychiatric
populations, particularly violent attempts. These results
showed that reduced serotonin transporter function corre-
lates with a heightened risk of suicide. Moreover, these
studies illustrate that the complexity of genetic variables in-
fluences suicide risks, offering additional evidence from a
larger sample size [67-70].

Genetic variables connected to METH usage and psy-
chosis were examined by Ezaki et al. [15] and Namyen
et al. [52]. Ezaki et al. [15] noted that lower serotonin
transporter levels in individuals with the 5-HTTLPR S al-
lele may prolong METH-induced psychosis; however, this
study omitted the analysis of epigenetic factors. Mean-
while, Namyen et al. [52] observed no significant al-
terations between METH-dependent patients and controls
with 5-HTTLPR. The 5-HT2A4 102T/C polymorphism was
linked to psychosis and METH dependency [52]. These
results underscore the complex genetic basis of METH-
induced psychosis, with Ezaki et al. [15] recognizing limi-
tations due to the restricted sample size. Previous research
has also analyzed the role of Organic Cation Transporter 3
(OCT?3) in the use of stimulants. Gasser [71] discovered no
direct association between OCT3 gene variants and general
METH dependency, although a linkage with polysubstance
use was noted. The results found that OCT3 does not di-
rectly interact with amphetamines but plays a crucial role in
regulating neurotransmitter levels, influencing behavioral
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responses to stimulants [71-77]. Thus, studies have investi-
gated the importance of OCT3 in substance use, with Gasser
[71] focusing on genetic risk and Zhu et al. [75] on the role
of OCT3 in the effects of amphetamines.

The research published by Reith ef al. [33] investi-
gated the correlation between genetic polymorphisms in the
hDATI and SLC6A43 genes and METH use, as well as psy-
chosis. Four polymorphisms were analyzed in this study,
including a VNTR in the 3’-untranslated region (UTR). No
significant changes were seen in the overall genotypic dis-
tribution between METH-dependent patients and controls;
however, people with persistent psychosis (exceeding one
month) had a greater incidence of nine or fewer repeat al-
leles in the VNTR (OR = 4.24; p = 0.0054). This indi-
cates that these alleles are a significant risk factor for se-
vere METH-related psychosis outcomes. The association
between HTR6 and METH-induced psychosis was inves-
tigated in a Japanese cohort, revealing that the HTR6 gene
variation (rs6693503) correlated with an elevated risk. This
indicates that HTR6 is involved in the development of psy-
chosis. Genes encoding serotonin receptors, such as 5-
HTIA, 5-HT2A, and 5-HT2C, markedly impact reactions to
psychiatric medications, with variations in these genes in-
fluencing receptor expression and pharmacological effects.
Specifically, the HTTLPR polymorphism in the 5-HT trans-
porter gene (SLC6A4) influences antidepressant efficacy
and is associated with depression, underscoring the signif-
icant role serotonin plays in psychiatric disorders [66,78—
84].

Cao et al. [6] conducted a meta-analysis evaluating
the association between the SLC644 and substance use dis-
orders across various racial and ethnic groups. The results
demonstrate that the S-HTTLPR polymorphism in SLC644
is associated with addictive alcohol, heroin, cocaine, and
METH habits and usage; however, the strength and charac-
teristics of these associations differed across distinct popu-
lations. The results suggest that genetic factors influencing
substance use problems may vary across ethnic groups.

Huang et al. [44] examined the involvement of
HTRI1B in METH dependency within a Japanese cohort
and reported no significant genetic association with METH
dependence, psychosis, or related clinical symptoms, sug-
gesting limited involvement of HTR1B in METH-specific
outcomes. However, in a broader analysis or different sub-
group within the same study, they identified a correlation
between the HTR1B G861C polymorphism and other drug
use disorders and severe depressive episodes, indicating the
gene’s potential relevance in broader psychopathological
contexts. The results indicate a possible involvement of
HTRI1B in certain mental disorders. Overall, the seroton-
ergic system influences complex disorders, such as addic-
tion and suicidal behavior [24]. Another study identified
the VNTR polymorphism in SLC6A43 as a significant ge-
netic risk factor for prolonged METH psychosis. This find-
ing aligns with the broader research indicating that genetic

variations within SLC6A43 can affect neurotransmitter trans-
port and may play a role in susceptibility to substance use
disorders and related psychiatric conditions.

A recent study by Yahya et al. [81] investigated the
association between the SLCIA2 rs4755404 genetic mu-
tation and METH dependence, psychosis, and mania in a
Malaysian population, and found that individuals with the
GG genotype had a higher risk of METH-induced psy-
chosis; however, no significant link was observed with
METH dependence or mania. This suggests genetic fac-
tors might contribute to specific METH-related symptoms.
While this study is the first to explore the role of the SLC142
rs4755404 polymorphism in METH dependence, previous
research found an association between this polymorphism
and alcohol dependence in a German population [85], indi-
cating its relevance in substance abuse.

4.2 Studies on COMT Genes in METH Addiction

Studies have assigned METH addiction to COMT
gene variants, and the Val158Met polymorphism was linked
to METH usage in Taiwan. METH abusers had more
Val alleles, which increased COMT enzyme activity. An-
other research study found a link between COMT mu-
tations and drug usage, particularly METH; the COMT
Vall58Met genotype potentially impacted how METH af-
fects dopamine and executive functions [86]. METH ad-
dicts with the Met/Met genotype, which reduces COMT ac-
tivity, showed the highest executive function impairments.
This may be related to prefrontal brain dopamine signaling
changes.

GWAS found that METH users exhibited altered DNA
methylation in genes associated with GABAergic synapses,
glutamatergic synapses, and morphine addiction pathways
[48]. Though differentially methylated, the COMT gene
was not highlighted. COMT gene variations have been
studied in relation to METH consequences in various ways.
Previous investigations found that individuals with the
COMT Met variation were more likely to spontaneously re-
lapse after withdrawing from METH usage [69]. This sug-
gests that the Met variation may contribute to persistent psy-
chotic symptoms. In contrast, another study examined two
COMT gene variations (rs4680 and rs165599) in relation
to addiction susceptibility. Although neither change alone
influenced addiction, the A/G combination seemed to pro-
vide protection [87]. These studies highlight the complex
involvement of COMT in psychosis and addiction. Spe-
cific variations in the COMT and DRD4 genes were asso-
ciated with a heightened risk of substance misuse, affecting
drug use patterns, age of initiation, and length of addiction,
indicating that genetics plays a substantial role in addic-
tion susceptibility [70]. Recent research has demonstrated
no significant correlation between the COMT Vall58Met
polymorphism and METH addiction [83]. Moreover, no
changes in the COMT rs4680 allele frequency were ob-
served between amphetamine users and controls in behav-
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ioral addiction studies, suggesting that COMT may not be
a pivotal element in METH addiction, necessitating more
research.

Rectaw et al. [59] investigated the COMT gene
and its relationship to behavioral addiction, specifically
co-occurring gambling disorders and amphetamine depen-
dence. Researchers compared a group of 107 men with this
dual diagnosis to a control group of 200 men without addic-
tions. The findings suggest a connection between a specific
variation in the COMT gene (rs4680) and an increased risk
of addictive behaviors. Additionally, the study identified
personality trait differences between the addicted and non-
addicted groups. The authors propose that COMT, along
with personality factors, might influence the development
of addiction.

While some studies report potential associations be-
tween COMT and other forms of substance abuse, such as
cocaine dependence, these findings do not extend uniformly
to METH. For example, variations in the COMT gene have
been implicated in cocaine addiction, where certain alle-
les appear to increase susceptibility [30]. However, similar
patterns have not been consistently observed with METH
use.

Liu et al. [88] examined DNA methylation patterns in
207 METH users and 105 controls, categorizing users into
high and low-addiction quality groups. The authors found
that genes involved in pathways such as circadian rhythm,
neurotransmitter signaling, and addiction showed differen-
tial methylation, with Caveolin-2 (CAV2) exhibiting higher
methylation in less severe addiction cases. These results in-
dicate that DNA methylation may influence METH addic-
tion development. DNA methylation can alter neural sig-
naling pathways, impacting reward processing [22]. Fur-
ther, the adaptability of DNA methylation to environmental
stimuli, such as drug exposure, suggests potential therapeu-
tic targets in treating addiction by modifying these epige-
netic changes [13].

Fang et al. [11] analyzed SNPs and methylation sta-
tus in the DRD4 and COMT genes, finding that the DRD4
rs1800955 C allele was related to a decrease in paranoid
symptoms; meanwhile, the COMT rs4818 CC genotype
was linked to lower motor impulsivity. These identified
correlations, which are influenced by changes in methy-
lation, can indicate a higher risk of psychotic symptoms
among METH dependents. Nevertheless, the exploratory
nature of this study and the sample size mean further in-
vestigations are required to support these findings [11]. On
the other hand, the study by Hosak [89] showed an associ-
ation between the high-activity Val158 allele of the COMT
gene and certain DRD4 gene haplotypes, which are associ-
ated with unfolding allelic variations of the DRD4 gene and
METH dependence. Moreover, the study by Hosak [89] de-
tected interactive effects between the two genes, suggesting
that this combination represents a common genetic suscep-
tibility to METH addiction. Moreover, both studies under-
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score the significance of the COMT Vall58Met polymor-
phism in METH dependence.

However, Tammimaiki and Ménnist6 [40] argued that
there was no clear relationship between stimulant abuse
and the COMT Vall58Met polymorphism. Although the
COMT gene might have a small role within the framework
of addiction, it is likely that it does not act as the single
“addiction gene”. Instead, addiction is a phenomenon with
a multitude of genetic factors, environmental factors, and
gene interactions, with added complexity from sex differ-
ences.

Bousman et al. [30] examined genetic variations in the
COMT, BDNF, and OPRM1 genes and treatment responses
in METH-dependent individuals. Among 61 participants,
Bousman et al. [30] found that the BDNF Val66Met vari-
ant was linked to better treatment outcomes in Caucasian
participants; meanwhile, no significant associations were
observed for COMT or OPRM1, though moderate effects
warrant further study. Similarly, Wang ef al. [22] found
that individuals with the COMT Val/Val genotype experi-
enced greater benefits from modafinil treatment in main-
taining alertness during sleep deprivation. Both studies sug-
gest that dopamine regulation is key in the treatment re-
sponse, influenced by specific genetics.

Saloner et al. [61] examined the mechanisms through
which the COMT Vall58Met polymorphism affects METH
support and cognition. Saloner et al. [61] found that the
Met/Met genotype improves the executive function (EF)
in non-METH users but worsens dopamine dysregulation
and EF in METH users. Saloner et al. [61] also found
that Met/Met homozygotes performed worse on the EF tests
than Val allele carriers among METH users. These re-
sults indicate that genetic predispositions affect the cog-
nitive impacts in METH users, but further research with
larger and more diverse populations and epigenetic factors
is needed. Saloner et al. [61] examined the EF of METH
users with and without the COMT Vall58Met polymor-
phism. Met/Met genotype carriers demonstrated lower ex-
ecutive performance than Val allele carriers, indicating that
the Val allele may protect against METH-induced cogni-
tive impairments by facilitating dopamine clearance. These
results align with Bousman ef al. [30], whereby healthy
Met carriers performed well in EF tests, potentially due to
presenting higher dopamine levels. However, Saloner et
al. [61] claimed METH consumption negates this bene-
fit, meaning Met carriers may be more sensitive to METH-
related cognitive deficits.

Hosak et al. [41] investigated DNA samples from 123
METH-dependent patients, their parents, and 400 healthy
controls in a Czech cohort to determine whether the COMT
Vall158Met polymorphism was associated with meth use.
No direct correlation was shown between the COMT gene
variation and METH dependency; nevertheless, a trend in-
dicating a greater prevalence of psychotic symptoms in
Val allele carriers was noted. This corresponds with Sa-
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loner et al. [61], who observed that enzymatic activity
was increased in individuals with the Val allele, accelerat-
ing dopamine clearance, and perhaps exacerbating the neu-
rotoxic effects of METH. Studies by Saloner et al. [61]
further indicated that Val allele carriers exhibit more pro-
nounced cognitive impairments and psychotic symptoms
associated with prolonged METH use.

Bousman ef al. [30] analyzed six SNPs in the AKT1,
ARRB2, BDNF, COMT, GSTP1, and OPRM]1 genes, pre-
viously linked to METH dependence in Asian populations;
however, no significant associations were observed in Cau-
casian men. Meanwhile, trends were noted in allelic diver-
gence for ARRB2 and GSTPI, as well as convergence for
BDNF. This study emphasized potential ethnic differences
in genetic factors related to METH dependence; nonethe-
less, validation is required across diverse groups. In con-
trast, Bousman et al. [30] found positive associations be-
tween specific SNPs and AKT! haplotypes with METH use
disorders in a Japanese population, highlighting the role of
AKT] in addiction behaviors.

Cannabis is by far the most commonly used illicit drug
in Europe, according to the European Monitoring Centre
for Drugs and Drug Addiction [35]. While heroin remains
Europe’s most commonly used illicit opioid, cannabis use
is significantly more prevalent overall.

Survey data noted the highest prevalence of drug use
among 15-34-year-olds was 22.1% for cannabis in France,
compared to much lower rates for cocaine (4.2% in the UK),
ecstasy (3% in the Czech Republic/UK), and amphetamines
(2.5% in Estonia). This indicates cannabis is the most used
narcotic in Europe [90].

The  European Drug Report 2018  has
dedicated sections on cannabis, cocaine, 3,4-
methylenedioxymethamphetamine (MDMA),

heroin/opioids, and new psychoactive substances, fur-
ther highlighting cannabis as the most widely used illicit
drug in Europe [91].

Research on genetic and epigenetic factors contribut-
ing to METH vulnerability in Europe has been limited for
several reasons. Cannabis, heroin, and opioids are the most
prevalent illicit drugs in Europe, leading to a focus on these
substances [21,34]. METH use has been largely confined
to the Czech Republic and Slovakia, with recent signs of
spread, reducing research priority (European Monitoring
Centre for Drugs and Drug Addiction, 2014) [35]. Addi-
tionally, no GWAS exist on METH use disorders, and large
sample sizes are difficult to obtain in lower prevalence pop-
ulations [21].

Research on genetic predisposition to METH addic-
tion and aggression is limited in Spain, likely due to his-
torically low METH use compared to substances such as
cannabis, cocaine, and heroin. As a result, fewer resources
have been dedicated to genetic studies on METH-related
behaviors, with no specific studies from Spain mentioned.
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Meanwhile, METH use in the U.S. is often combined with
opioids, increasing the risk of overdose [33,56].

Fentanyl, which is a highly powerful artificial opi-
oid, is increasingly being mixed with other drugs, including
heroin, cocaine, and methamphetamine; thus, fentanyl is
often unknowingly administered by users, leading to an in-
crease in overdose deaths [92]. Mixing fentanyl with stim-
ulants, particularly with METH, is very risky, a trend de-
scribed by the term “speed balling on steroids”, referring to
its intensified strength [93].

Research into the genetic and epigenetic determinants
of METH addiction and aggression in Iraq is faced with
many obstacles, such as continuous conflicts hampering
scientific advancements, social stigma related to drug ad-
diction, lack of funds, and the relatively recent onset of
the METH epidemic. Thus, suggested measures to fill
this knowledge gap include providing dedicated resources
for research endeavors, raising public awareness to re-
duce stigma, developing international collaborations, and
integrating genetic screening into rehabilitation programs.
Moreover, prioritizing this research field will provide in-
valuable information on the biological underpinnings of ad-
diction and enable the creation of effective, personalized
prevention and treatment strategies to combat the growing
METH problem in Iraq.

4.3 Gene—Environment Interactions

This analysis considers the significance of genetic
polymorphisms (SLC644 5-HTTLPR; COMT Vall58Met)
and epigenetic forces (DNA methylation, histone modifica-
tions). However, it is very important to appreciate that en-
vironmental conditions are equally important in the creation
of addiction pathways. Factors, such as childhood trauma,
socioeconomic status, peer influence, and drug availability,
interact with genetic backgrounds and can either increase or
decrease the odds of being born with a susceptibility to be-
coming a methamphetamine addict. For example, a person
who has the short (S) SLC6A44 allele has a higher sensitivity
to stress, which, when mixed with the presence of early-life
trauma or the absence of any known protective factor, with
a high-stress environment that stretches over a long period,
then this individual is going to exhibit a very high probabil-
ity of expressing addictive behaviors.

Furthermore, processes, such as epigenetics, e.g.,
changes in DNA methylation, often link the environment
and genetic makeup, meaning these processes are impor-
tant to consider when developing a more accurate model
for understanding METH addiction. Chronic stress or us-
ing drugs repetitively could alter the methylation of genes,
and this alteration might perpetuate maladaptive behavior.
Therefore, to understand METH addiction ontology, future
models should incorporate not only genetic information but
also psychosocial knowledge. Positive and negative every-
day life experiences undoubtedly impact the neurobiolog-
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ical basis of addiction in both genetically susceptible and
non-susceptible individuals.

4.4 Clinical Implications

The results of this systematic review have highly con-
sequential clinical implications, potentially allowing for a
better identification of at-risk individuals, particularly relat-
ing to METH addiction. Genetic insights provide extensive
information, especially concerning the SLC644 and COMT
polymorphisms. Such information may also provide a sub-
stantial core for a more personalized form of immediate-to-
long-term clinical preventive practices. For instance, when
one considers the previously noted extreme vulnerabilities
associated with some genotypes for the SLC644 and COMT
polymorphisms, it hardly seems farfetched to assume that
a more at-risk genotype might benefit from some form of
immediate clinical intervention, such as intensive counsel-
ing forms that basically “reprogram” the individual to think
differently about drug use. Educational forms of prevention
might also be immediately implementable.

5. Conclusions

The research presented in this review determines that
METH addiction is a multifaceted disorder shaped by ge-
netic and epigenetic variables. Crucial genes, includ-
ing in the SLC gene family, especially the SLC644 and
COMT genes, significantly influence individual vulnerabil-
ity to METH addiction. Genetic variations influence neu-
rotransmitter modulation, resulting in modified dopamine
and serotonin levels that contribute to addictive behaviors
and aggressiveness. This study underscores the need to
compile genetic, epigenetic, neurological, and psychosocial
methodologies to build holistic models for comprehending
and addressing METH addiction and emphasizes the need
for more studies, particularly in underrepresented areas,
to develop individualized treatment techniques. The au-
thors underscore the need to combine genetic and epigenetic
viewpoints to comprehend METH addiction and violence.
This review recognizes existing research deficiencies, no-
tably the absence of extensive GWAS concentrating on ge-
netic markers, such as SLC644 and COMT genes in METH
addiction, and conducts more extensive investigations with
bigger sample numbers to corroborate genetic and epige-
netic results across varied populations. This review fur-
ther emphasizes the need to investigate gene—environment
connections and the impact of many social, psychological,
and environmental variables on addiction. This interdisci-
plinary approach may expand the comprehensive knowl-
edge of METH addiction and guide individualized treat-
ment solutions.
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