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Abstract: Background: The dopaminergic theory, the oldest and most comprehensively analyzed
neurotransmitter theory of schizophrenia, remains a focal point of research. Methods: This systematic
review examines the association between combinations of 14 dopaminergic genes and the risk of
schizophrenia. The selected genes include dopamine receptors (DRD1-5), metabolizing enzymes
(COMT, MAOA, MAOB, DBH), synthesizing enzymes (TH, DDC), and dopamine transporters (DAT,
VMATI, and VMAT?2). Results: Recurring functional patterns show combinations with either hyper-
dopaminergic effects in limbic and striatal regions or high striatal and low prefrontal dopamine levels.
The protective statuses of certain alleles or genotypes are often maintained in epistatic effects; however,
exceptions exist. This complexity could explain the inconsistent results in previous genetic studies.
Investigating individual alleles may be insufficient due to the heterozygous advantage observed in
some studies. Conclusions: Schizophrenia may not be a monolithic disease, but rather a sum of
different phenotypes which respond uniquely to different treatment and prevention approaches.

Keywords: dopaminergic theory; schizophrenia genetics; epistasis; dopamine imbalance; psychiatry
genetics

1. Introduction

Schizophrenia (SZ) is a chronic and often debilitating disease with a complex etiopatho-
genesis that involves genetic, neurochemical, and environmental factors [1]. There is con-
siderable interest in establishing a genetic basis for the disease, but the results are still far
from being conclusive, probably due to the large impact of environmental factors, including
childhood trauma [2] and stress [3].

The oldest and most comprehensively analyzed neurotransmitter theory of schizophre-
nia is the dopaminergic theory [4], which posits that imbalances of this compound are at
the core of the disorder. It is hypothesized that a heightened sensitivity of receptors to
dopamine at the subcortical level would give rise to positive symptoms, such as halluci-
nations or delusions, while lower prefrontal dopamine levels are responsible for negative
(lack of motivation, blunted affect, etc.) and cognitive deficits [5].

Epistasis is the phenomenon in which the effect of one gene is altered or masked by
one or more other genes, influencing the overall expression of a trait, or, in a more general
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manner of speaking, the interaction between two or more genes to influence a trait. As the
dopaminergic system is thought to play a key role in the development of schizophrenia and
psychotic disorders yet no single gene has been discovered to confer a clear vulnerability to
the disorder [6], we decided to investigate from a gene—gene interaction perspective, since
singular genes may be responsible for smaller effects, while a combined approach might
reveal stronger effects and shed more light on the relationship between the dopaminergic
system and schizophrenia.

The four major dopaminergic circuits in the brain are the mesolimbic, mesocortical,
tubero-infundibular, and nigrostriatal pathways. The mesolimbic system is heavily in-
volved in emotion processing [7] and is incriminated in the positive symptomatology in
schizophrenia through over-reactivity to stimuli [8], while the mesocortical pathway is
responsible for learning and reasoning [9] and is involved in the negative and cognitive
symptomatology.

To the best of our knowledge, no other reviews have specifically examined the inter-
actions between dopamine-related genes and schizophrenia, nor are there any broader
reviews that address this particular research question.

1.1. Dopamine Receptors

Dopamine receptors are generally classified as D1-like (D1, D5) or D2-like (D2-D4). D1-
like receptors stimulate adenylate cyclase via Gs and mediate excitatory neurotransmission.
D2-like receptors inhibit cAMP formation and interact with other types of G proteins,
namely G; and G, [10], and often function as autoreceptors. It is believed that prefrontal
function is coregulated through the opposing D1- and D2-mediated actions [11].

DRD1, localized on chromosome 5, encodes the most abundant receptor in the
brain [12-14] (including in the prefrontal cortex), which is predominantly an excitatory
receptor. This, the D1 receptor, plays a crucial role in cognitive processes such as attention,
executive function, learning [15], and working memory [16]. Among the gene variants
potentially involved in developing schizophrenia, rs4532 and rs5326 [17] have been heav-
ily investigated. A recent meta-analysis incriminates the GA genotype of rs5326, while
rs4532 correlation did not survive the analysis [17]. The GG, AA, and T+ genotypes of
rs1799914 [18], rs686 (in males), and rs10063995 (in females) [19], respectively, also seem to
be associated with a higher incidence of the disease. Rs4532 is associated with antipsychotic
response [17], tardive dyskinesia, [20] and (as with rs686) the quantity of tobacco used by
SZ patients [21].

DRD2, which maps to chromosome 11 [22] and encodes dopamine receptor D2, is an
autoreceptor that downregulates the synthesis and release of dopamine [23]. Its functions
include modulating learning and memory, attention, and sleep [23], and it represents the
main target of most antipsychotics. It has been found to be upregulated in the brains
of patients with schizophrenia. It is unclear whether that is attributable to disease or
the action of antipsychotics, as most studies have been conducted on patients that have
been medicated throughout their life, and this finding is not consistent in drug-naive
patients [24]. Rs2514218 located near the DRD2 gene is the only locus related to dopamine
signaling that has been found by the Schizophrenia Psychiatric GWAS Consortium (PGC)
to be a predictor of disease risk [25]. Among its polymorphisms, the Ser/Cys311 variant
is associated with disorganization and delusional ideation [26,27], while both Ser/Cys311
and Tag1A (rs1800497) correlate with risk of schizophrenia [28,29]. As such, it may appear
that variations in the DRD2 gene may confer a risk factor for developing schizophrenia, as
well as having a modifier effect.

DRD3 is a D2-like receptor encoding gene located on chromosome 3 with a very high
dopamine affinity (20 times higher than D2) [10]. D3 can function as an autoreceptor [30]
and regulate the dopamine transporter [31] DAT (SLC6A3). Most studies have focused on
rs6280 (Ser9Gly) with inconsistent results [32]. Gly homozygotes have a higher affinity for
dopamine binding [33], and seem to have poorer executive functions, findings present both
in healthy and psychosis-affected individuals [34].
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DRDY4, situated on chromosome 11, is involved in novelty seeking and addiction [35,36]
and may play a role in developing the SZ, considering its high density in the frontal cortex
and amygdala [37]. Human receptor D4 has a polymorphic region consisting of a variable
number of repeats in exon 3 (D4D3) [10]. Results are inconsistent, but a few studies report
that a higher number of repetitions is associated with risk of developing SZ, including with
risk of delusions in affective psychoses [35,38,39].

The DRD5 gene encodes human dopamine receptor D5, which is involved in attention,
working memory, and locomotion [15,40]. This receptor is not as well studied in SZ. A few
studies have found associations between schizophrenia and rs1850744 [41], rs77434921,
rs1800762 [42] and 148 bp-VNTR [43].

1.2. Metabolizing Enzymes Genes

In the human brain, dopamine is mainly metabolized by COMT, MAOs, and DBH.
MAOs deaminate dopamine, producing DOPAL (an aldehyde), further converted to ho-
movanillic acid by COMT and eliminated from circulation [44]. COMT is responsible for
dopamine degradation in the prefrontal cortex by converting it to 3-methocxytyramine (gen-
erally considered physiologically inert) [45]. DBH (dopamine beta-hydroxylase) converts
dopamine to noradrenaline [44].

Catechol-O-methyltransferase, encoded by the COMT gene, is an enzyme that in-
activates dopamine (plus other catecholamines) in the prefrontal cortex, eliminating it
from the system [46]. This enzyme exhibits sexual dimorphism, its functionality being
inhibited by estrogen [47]; thus, we will emphasize the need to investigate its behavior in
a sex-dependent manner. The most well-studied polymorphism is Val158Met, where Val,
the ancestral variant [48], is associated with an almost 40% higher level of the enzyme, and
better thermal stability (at 37 °C) [37], which results in faster dopamine metabolism in the
prefrontal cortex. Data suggests an association between the Val allele and a higher risk of
schizophrenia [49]. Some studies have shown an association between this COMT variant
and negative symptomatology [49]. Particularly in females, the presence of the Val allele
influences the severity of negative symptoms [50].

Monoamine oxidase A is an enzyme encoded by the MAOA gene that metabolizes
dopamine, norepinephrine, and serotonin [51]. Low-functioning genetic variants are heav-
ily associated with aggression [52] and, in conjunction with childhood trauma, antisocial
behavior [51]. While this gene is not particularly associated with SZ, the rs6323 variant
and a variable number of tandem repeats located near the promoter (WWNTR) have shown
inconsistent association with disease risk, and rs6323 (G allele) may be responsible for
affective symptomatology in patients [53-55]. Since both MAOA and MAOB are located
on the X chromosome, genetic analyses should ideally be stratified by sex.

The MAOB gene encodes monoamine oxidase B, an enzyme responsible for the degra-
dation of dopamine and associated with neurodegenerative diseases such as Alzheimer’s
and Parkinson’s disease [56,57]. The data are scarce, but rs1799837 (G allele) [58] is sug-
gested to be associated with SZ risk, rs1799836 (A allele) with alogia in male patients, and
rs6651806 (A allele) with higher severity of negative symptoms (also in males) [50]. There
are also some weak associations with delusions in patients [59].

Dopamine beta-hydroxylase, encoded by the DBH gene, converts dopamine to no-
radrenaline and is involved in addiction and the decision-making process [60,61]. The 5’
Ins / Del polymorphism may be correlated with the severity of positive symptomatology [62]
without directly influencing disease risk [63]. Along with rs6271 and rs1108580, it also
appears to be somewhat associated with cognition in patients [64—66].

1.3. Synthesizing Enzymes

Dopamine is endogenously synthesized in the human brain from tyrosine, converted
(through TH, tyrosine hydroxylase) to L-DOPA, and further converted to dopamine by
DDC (DOPA decarboxylase) [44].
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The TH gene encodes tyrosine hydroxylase, an enzyme that facilitates the conversion of
tyrosine to L-DOPA [44] and is effectively a rate-limiting enzyme in dopamine synthesis [67].
A high-functioning VNTR variant in intron 1 appears to be associated with higher positive
symptom dimension scores on the PANSS scale [67], while the CC (low-functioning)
genotype of rs10770141 is associated with lower dopamine availability and lower 1Q
among SZ patients [68]. Some minor polymorphisms may also increase the risk of suicide
attempts in patients [69]. TH is generally not considered to be associated with disease
risk [70], but it may influence different dimensions of SZ symptomatology.

The DDC gene encodes dopa-decarboxylase, an enzyme which finalizes the dopamine
synthesis process through the decarboxylation of L-DOPA to dopamine, as well as the
serotonin synthesis process [71]. The T allele of rs2237457 is associated with lower gene
expression and potentially treatment-resistant schizophrenia (TRS) [71]. The minor allele G
of rs10499696 appears protective for TRS [72]. Two deletions, a 4 bp deletion in exon 1 and
a 1 bp deletion in the promoter region, have been associated with earlier and later onset,
respectively, of SZ in males [73].

1.4. Dopamine Transporters

Dopamine is reuptaken from the synaptic cleft through the action of the dopamine
transporter, which delivers it back to the cytosol of the presynaptic neuron and is further
packaged by VMAT to the synaptic vesicles, where it can be stored until further release [74,75].

The dopamine transporter (DAT) encoded by the SLC6A3 gene is responsible for
synaptic dopamine reuptake. This gene heavily influences the intracellular dopamine
levels in the brain as well as the intensity and duration of dopamine action [76]. A recent
meta-analysis incriminated the A allele of rs2975226 and TT genotypes of rs464049 and
rs3756450 to be potential risk factors for schizophrenia [77].

The SLC18A1 gene encodes the vesicular monoamine transporter 1 (VMAT1), primar-
ily localized in neuroendocrine cells (such as the adrenal medulla), and is responsible for the
transport of several monoamines into synaptic vesicles (dopamine, serotonin, adrenaline,
noradrenaline, and histamine) [74]. It appears to play a role in frontal dopamine regulation,
but the mechanisms are yet unclear [78]. Thr4Pro [79] and Thr98Ser (in females) [74] have
been shown to be associated with schizophrenia.

VMAT?2, encoded by the SLC18A2 gene, is involved in repackaging intracytoplasmic
dopamine (as well as serotonin, dopamine, and norepinephrine) into vesicles for storage.
Literature is scarce, but the AA genotype of 1s363371 [80] seems to be protective in males,
and rs363285 may influence executive function in patients [65].

Schizophrenia is a highly multifactorial disorder, and while numerous studies have
focused on identifying genetic risk factors through single-gene analyses, this approach is
overly simplistic and has often produced conflicting results, suggesting that it is unlikely
to fully capture the complexity of the disease. However, a genetic basis for schizophrenia is
well-established, as shown by evidence from twin and adoption studies [81], indicating
that genetic vulnerability is likely polygenic [82].

Given the long-recognized association between schizophrenia and dopamine imbal-
ances, we believe that exploring multigenic interactions among genes directly related to
key components of the dopamine system (such as receptors, enzymes, and transporters)
provides a valuable starting point for understanding the genetic basis of the disorder. This
focus does not exclude the potential role of other genes or environmental factors, which
should be further explored.

Research has shown that dopamine-related genes interact in ways that influence
cognitive and behavioral processes relevant to schizophrenia. For example, interactions
between DRD2 and COMT affect intra-network connectivity in the default-mode and
salience networks [83], while DBH and MAOA influence attentional bias toward negative
expressions [84]. Social cooperation has also been linked to interactions between DRD2 and
COMT [85]. Additionally, DRD4 and COMT together impact prefrontal response control,
even though each gene may not have a significant effect individually [86], and variations
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in DRD2 and COMT combinations are associated with differences in working memory
performance [87].

There is also evidence of interactions among DRD2, DRD4, and COMT in the response
to antipsychotic treatment [88]. For instance, the combination of the Met allele of COMT and
the 120-bp allele of DRD4 is associated with better responses to clozapine, but only when
these alleles are present together [89]. Therefore, investigating multigenic interactions is
essential not only for identifying risk factors for schizophrenia but also for gaining a deeper
understanding of the disease. In the context of dopamine-related gene interactions, such
research could provide insights into the dopamine imbalances that underlie schizophrenia.

This systematic review investigated the association between combinations of 14
dopaminergic genes and the risk of schizophrenia. We chose the dopamine DRD1-5
receptors, dopamine metabolizing enzymes (COMT, MAOA, MAOB, and DBH), synthe-
sizing enzymes (TH and DDC), and dopamine transporters (DAT, VMAT1, and VMAT?2).
While only some of these genes have shown promising results, we decided to include all of
them considering the possibility of uncovering interactive effects. Since schizophrenia is a
highly heterogenous disease, we are also interested in potentially identifying combinations
related to specific phenotypes.

2. Methods
2.1. Selection Criteria

As per Huge Reviews guidelines [90], we attempted to formulate criteria to be as
inclusive and sensitive as possible because resources on the subject are scarce. Since SZ is
heavily influenced by environmental factors, we would like to include its potentially latent
forms, and we have decided to include intermediate phenotypes for schizophrenia, as well
as psychotic symptoms in other diseases, such as bipolar [91] or major depressive disorder.
Conversely, dementia with psychotic symptoms is negatively correlated with a genetic risk
for schizophrenia [92]; therefore, we will exclude these results. We have decided to exclude
GWAS, as the results are generally hard to interpret regarding genetic interaction.

Therefore, we surveyed available literature for clinical studies on human populations
that could link the presence of specific combinations of the genes of interest to either risk
of developing schizophrenia or a protective effect against the disease. Eligibility criteria
for inclusion were (1) case—control or correlational studies that evaluated the interaction
between at least 2 of the 14 investigated genes; (2) all variants of the 14 investigated
genes; (3) evaluating risk of schizophrenia, psychosis, psychotic symptoms, schizotypy, or
intermediary phenotypes; (4) any language; (5) any age; (6) both sexes; and (7) any race.

The exclusion criteria were (1) non-human subjects (animal models), (2) reviews and
meta-analysis, (3) conference abstracts, and (4) GWAS.

2.2. Identifying Studies

This systematic review adheres to the PRISMA guidelines: http://www.prisma-
statement.org (accessed on 12 March 2023). A total of 273 individual searches have been
performed until September 2023 in PubMed (5 September), Scopus (12 September), and
Web of Science (5 September). The searches were composed of complex keywords for:

1.  each combination of 2 of the 14 genes under review (totaling 91 different complex
keywords) connected through the operator “AND”; the complex keywords associated
with each gene are as follows:

(DRD1 OR “dopamine receptor D1” OR “dopamine D1 receptor”)
(DRD2 OR “dopamine receptor D2” OR “dopamine D2 receptor”)
(DRD3 OR “dopamine receptor D3” OR “dopamine D3 receptor”)
(DRD4 OR “dopamine receptor D4” OR “dopamine D4 receptor”)
(DRD5 OR “dopamine receptor D5” OR “dopamine D5 receptor”)
(COMT OR Catechol-O-Methyltransferase)

(“MAO-A" OR “monoamine oxidase A” OR “MAO A” OR MAOA)
(“MAO-B” OR “monoamine oxidase B” OR “MAO B” OR MAOB)
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(DBH OR “Dopamine beta-hydroxylase” OR “dopamine beta-monooxygenase”)
(TH OR “tyrosine hydroxylase” OR “tyrosine 3-monooxigenase”)
(DDC OR “dopa decarboxylase” OR “tryptophan decarboxylase” OR “Aromatic
L-amino acid decarboxylase” OR AADC OR AAAD OR “5-hydroxytryptophan
decarboxylase”)
e (DATOR “dopamine transporter” OR “dopamine active transporter” OR SLC6A3
OR “Solute Carrier Family 6 Member 3” OR “DA Transporter”)
e (VMAT1 OR “Vesicular monoamine transporter 1” OR “chromaffin granule amine
transporter” OR CGAT OR “solute carrier family 18 member 1” OR SLC18A1 OR
“VMAT 1” OR “VMAT-1")
(VMAT2 OR “Vesicular monoamine transporter 2” OR “solute carrier family
18 member 2” OR SLC18A2 OR “VMAT 2” OR “VMAT-2")
2. psychosis: “schizo* OR psychosis OR psychotic”,
risk: “vulnerability OR predisposition OR susceptibility OR risk OR proneness”, and
4.  epistatic interaction: “epistasis OR “genexgene” OR “gene-gene” OR interact* OR
epistatic OR GxG”,

Connected with the operator “AND”, without use of database filters, ex., (DRD1
OR “dopamine receptor D1” OR “dopamine D1 receptor”) AND (DRD2 OR “dopamine
receptor D2” OR “dopamine D2 receptor”) AND (schizo* OR psychosis OR psychotic AND
(vulnerability OR predisposition OR susceptibility OR risk OR proneness) AND (epistasis
OR “genexgene” OR “gene-gene” OR interact* OR epistatic OR GXG). A manual search has
also been performed. A total of 881 articles were identified, consisting of 227 individual
studies after removing duplicates. After reviewing the titles and abstracts of those, we
excluded 186 articles that did not mention genetic testing for assessing risk of any psychosis-
related issues. The remaining 41 articles were read in their entirety, and a total of 18 articles
were selected (Figure 1).

@

2.3. Data Collection and Analysis

Studies that were retrieved from database searching were collected in Zotero and then
exported in a data collection form that was initially piloted for a smaller number of studies.
Studies were abstracted by title, authors, year of publication, number of participants by
group and sex, average age, diagnosis, ethnicity, investigated genes and polymorphisms,
method, study design, and results. Regarding results, we abstracted the following infor-
mation: genes and specific variants involved, degree of correlation (we have included
trend-level associations), or the lack of association.

For the risk of bias assessment in case—control studies, we used the Newcastle-Ottawa
scale (NOS) [93], which assesses quality based on three main categories: selection of
study groups, comparability of groups, and ascertainment of exposures. Studies deemed
“good quality” generally had robust sampling methods, clear criteria for genetic testing,
and appropriate adjustment for confounding variables. Studies rated as “good quality”
typically featured well-defined inclusion criteria and adequate control for confounders
(such as age, gender, and socioeconomic status). Most studies were of good quality (13) with
good selection, comparability, and exposure overall; 3 were identified as high-risk of bias
(poor comparability [94-96], with one study having relatively weak selection criteria [96]);
none were considered subject to a very high risk of bias. One correlational study [97] could
not be evaluated using the NOS scale, and its main limitation was the lack of a population
representative of the general public, as the sample primarily consisted of academic staff
and students, particularly from psychology. Additionally, schizotypy was assessed through
a self-report scale, which is less reliable than DSM-based diagnoses. One study had a
small sample size [94], which may lead to less reliable conclusions due to low statistical
power, increasing the risk of false positives or false negatives. Additionally, most studies
focused on a single population, meaning that the findings might only be applicable to
those specific groups, as different genetic backgrounds and environments could influence
gene interactions. Due to the genetic genotyping methods used, all studies received the



Brain Sci. 2024, 14, 1089

7 of 28

maximum score for exposure. It is also important to consider that studies with positive
results are more likely to be published, which could lead to an overestimation of the effects
reported in this review.

Records identified (1 = 881)
PubMed (n = 229)
Web of Science (1 = 371)
Scopus (1 = 268)
Manual search (n = 13)

Duplicates removed (1 = 654)

v

v

_| Records excluded based on
abstract (n = 186)

Records screened (n = 227)

Full-text articles excluded (1 = 23)
v Wrong design (1 = 7)
Full-text articles assessed for Wrong topic (1 = 6)

eligibility (n = 41)

v

Wrong genes (n = 1)
No interaction (1 = 9)
Low quality (1 = 0)

v

Studies included in review (1 = 18)

Figure 1. Flowchart of the study identification process.

3. Results
3.1. Characteristics of Studies

The 18 studies selected (Table 1) were published between 1996 and 2020 and analyzed
a total of 13,025 participants: 5066 patients, age 39.9 (8.3), and 5027 controls, age 40.8
(8.7). The analyses were conducted on Caucasian, Asian, and Indian populations, with a
slight prevalence of male participants (52.09%). The main diagnosis for case groups was
schizophrenia (according to DSM-1V criteria).
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Table 1. Characteristics of studies [94-111].
. SNPs .. Risk of Bias
Title Author Investigated Method Used No. Participants (NOS Score 1) Results
DRD3:
1510934256,
rs1800828,
rs324030, rs6280,
157625282,
1s2134655;
COMT: rs165815, Logistic
1. A network of 1s174696; Re rgession' Multiple
ao aminergic DAT: 152078247, uncgnditionél 2956: 7 associations
paminer ‘ 13756450, ! o between COMT
gene variations Talkowski [98], 5403636 logit model 478 patients; S « DAT. DAT x
implicated as risk 2008 rod 63379’ (case-control), 501 controls; C- DRD3 ’D AT x
factors for rod5 6082/ conditional logit 679 family trios E *** VM ATZ/ DRD3 x
schizophrenia rs464049, rs37022, modell (family VMAT2
156347, trios)
1s12516948;
VMAT2: rs363338,
rs363343,
15929493,
rs4752045,
rs363227
2 Asedatn ,
schizo }}71renia DRD3: rs6280; Logistic Linear 145 patients (75 g %o DRD?3 rs6280 x
P Hwang [99], 2004 DRD4: 12-bp gistic 1 M, 70 F); o DRD4 12 bp
and DRDS, DRDA4, VNTR Regression 242 controls (126 c VNTR
and HTR2A gene E =
: M, 116 F)
polymorphisms
COMT: rs165599,
rs165656,
3. Association is}giggg’
study of an SNP s !
L. rs174694, rs4818, .
combination PESCP (potential
pattern in the rs740603, effective SNP 476:
. . rs933269; L . 7
dopamlner.glc MAOA: combination 83 patients (34 M, g No relevant
pathway in Xu [100], 2004 . pattern), 49 F); - .
. 151801291, rs6323; . C associations
paranoid - PEDE (potential 108 controls; e
. . MAOB: . X . . E
schizophrenia: a +51040399: effective dynamic 95 family trios
noveCI: ()s:;atg;(y for DBH: rs2005663, effects)
disorlziers 1s2007153;
DDC: rs1451373,
151451374, rs6263,
rs921450
4. Common
polymorphisms
in dopamine- 70: 6
rifrfl?ir%:rt\ss Vercammen [94],  DRD2: rs2283265; Correlation 27 patlgr;t; (19 M, S #x* COMT rs4680 x
produce a 2014 COMT: rs4680 (oligogenic score) 43 controls (19 M, EC*:H DRD2 rs2283265
’schizophrenia- 24 F)

like” prefrontal
hypoactivity
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Table 1. Cont.
Title Author Inv:\ltil;te d Method Used No. Participants (11\1{81; gfc(]il:i) Results
5. Dopaminergic
foundations of
schizotypy as
measured by the
German version
of the . .

Oxford-Liverpool 5 i197) 2013 COMT: rs4680; (C;I(;I’I\I/:zrg?lalg;sgi 288: C((ﬁggt;%rtlal i&%&?{?@ﬁ
Inventory of ! MAOA: uVNTR g del 91 M, 197 F licabl trend-level
Feelings and model) applicable) (trend-level)
Experiences
(O-LIFE)—a

suitable
endophenotype
of schizophrenia
DRD1: rs4532,
1s5330, rs5331,
1513306309, rs686;
DRD2: rs1799732,
151079597,
151801028,
1rs2234689,
1r51800497;
DRD4: rs4646984,
6. Dopaminergic r5180319\151§k4%8—bp
p}z)all;}rlr‘:(r)?éﬁizrrlr?s COMT: 52075507, Backwards Binary 430: 6
and genetic Srivastava [95], r;ﬁgg&rggg;& Logistic 215{?232’[;)(,112 S *x* COMT rs362204
susceptibility to 2010 M AO/ A:30-b ! Regression 215 co,ntrols (’130 C- x TH rs6356
schizophren;a VN.TR' P Analysis M, 86 F) E =
among nort ¢ !
Indgians MAOB:
rs1799836;
DBH: rs1611115,
rs1108580, rs5320,
rs4531, rs129882;
TH: rs6356,
1rs28934579;
DDC: rs3829897,
156593010,
rs11575542,
rs11575553
7. Genetic
polymorphisms
in the
dopamine-2

receptor (DRD2), Logistic 707: 7
dopamine-3 DRD2: rs1799732; Regression 286 patients (172 g % DRD3 rs6280 x

receptor (DRD3), Saiz [101], 2010 DRD3: rs6280; (multivariate), M, 114 F); C. DAT uVNTR

and dopamine DAT: uVNTR Wald statistic for 421 controls (216 | o
transporter significance M, 205 F)
(SLC6A3) genes
in schizophrenia:
Data from an
association study
8. Genetic risks of 2544
schizophrenia DRD2: rs1800497; . .. 1272 patients (574 8 COMT rs4680 x
identified in a Oishi [102], 2021 COMT: rs4680; Multiple Logistic M, 698 F); S *xx DRD2 rs1800497,
matched 18t ! TH: ‘I8 / Regression ! ! C** DRD2 rs1800497
: 1510770141 1272 controls (603
case-control M, 669 F) E *#** x TH rs10770141

study
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Title Author Investigated Method Used No. Participants (NOS Score 1) Results

DRD2: rs1799732,
154274224,
9. Genetic rs12808482, DRD2 rs6275 X
s COMT rs4680;
susceptibility to rs11608185, 422: 7 DRD2 rs6275 x
schizophrenia: 152075652, MDR (multifactor 243 patients (147 g w DRD2 rs4274224

role of Gupta [103], 2009  rs1801028, rs6275, dimensionality M, 96 F);

] . . C** x COMT rs4680
dopaminergic 1s6277; reduction) 179 controls (115 E we « COMT
pathway gene COMT: rs3788319, M, 64 F)

i rs3788319
polymorphisms rs737865, rs6269, (trend-level)
154633, rs4818,
rs4680, rs165599
DRD2: rs1800499, DRD2 rs2734839
152734839, 156277, x COMT rs4680
10. Interaction of DRD3: rs1800828, X DAT rs6347 x
r'nul tiple eene rs324035; 460: 8 DDC rs1966839
Variantfang i COMT: rs165774,  po o ... 235 patients (165 g ees (delusional
foote on Cheah [104], 2016  rs4646316, rs4680; Ro iessﬁm M, 70 F); o symptom cluster);
schizophrenia DDC: rs1966839, & 225 controls (104 | ot DDC rs2329371 x
hen(}:t o5 1s2329371; M, 121 F) DDC rs1966839 x
phenotyp DAT: rs11133767, DAT rs11133767
rs40184, x COMT
154975646, rs6347 rs4646316
11. Lack of
association
between 532:
schizophrenia MAOA: 156323, \ R (multifactor 242 patients (132 7 DAT 52975226
Alvarez [105], 30-bp VNTR; . . . S
and dimensionality M, 110 F); MAOA uVNTR
. 2010 DAT: rs2975226, . Cc*
polymorphisms 40-bo VNTR reduction) 290 controls (111 | oo (trend-level)
in dopamine P M, 179 F)
metabolism and
transport genes
12. No
association
between SLC6A2, . . 2068:
SLC6A3, DRD2 DRD2: 152234689, MDR (multifactor 3, oienys (588 5
. . 157131056; dimensionality S** -
polymorphisms Bi [9¢6], 2017 . . M, 446 F); No association
DAT: rs3863145, reduction), Line C-
and 2550956 R ! 1034 controls (625 E o
schizophrenia in s cgression M, 409 F)
the Han Chinese
population
Pol mlf' hism: DRD2: rs1801028; 274: 8
‘(’) bf doo fm;;e S DRD3: rs6280; Chi- 153 patients (77 g ers
“op Ohara [106], 1996 DRD4: 12-bp square/Fisher’s M, 76 F); " No association
D2-like (D2, D3, C
and D4) receptors VNTR, 48-bp Exact Test 121 controls (51 | o
\nd %) recepto VNTR M, 70 F)
in schizophrenia
DRD2: rs1801028,
14. Potential rs1800496; 192: 8
genetic variants DRD3: rs6280; Bavesian 103 patients (64 G No relevant
in schizophrenia: Hall [107], 2007 MAOA: statis tiZal models M, 39 F); C* associations
a Bayesian 151800466; 89 controls (60 M, E o
analysis DBH: 29°F)

SNP000007898
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Table 1. Cont.
. SNPs .. Risk of Bias
Title Author Investigated Method Used No. Participants (NOS Score 1) Results
15. Preliminary
evidence for
association
between 405:
schizophrenia DRDL: 184532, GpNECOUNTING 192 patients (192 7
and Lochman [108], rs265981; 1 . S xxx No relevant
. (Likelihood-ratio M); . .
polymorphisms 2013 DRD3: rs6280; test) 213 controls (213 C associations
in the regulatory DBH: rs2519152 M) E
regions of the
ADRA2A, DRD3
and SNAP-25
genes
16. Schizophrenia
and functional 486:
polymorphisms COMT: rs4680, L 8
inthe MAOAand  Norton [109], 152075507; Chissatiare 248 pat;j?ts (248 g ik No association
COMT genes: No 2002 MAOA: 30-bp ! 238 contrc;ls (238 C**
evidence for VNTR, rs6323 M) E ***
association or
epistasis
17. Sexually DRD1:
;ir:tr:r(:c};h; ﬁﬂ;iggié’ 337 at71211:ts (226 6 COMT rs4680 x
Hoenicka [110], ! Stepwise Logistic P S ** DRD1 rs11746641,
between the 2010 rs251937, Reoression M, 111 F); C- COMT rs4680 x
DRDI1 and COMT 112518222, CBressio 364 controls (171 s DRDI rslsl7 10676
genes in 154867798; M, 193 F)
schizophrenia COMT: rs4680
18. The role of
_ Intergenic DRD2: 151800497,
interactions of
neurotrophic and rs6275; 606: 7
neurotransmitter Gareeva [111], DRDS: rs6280; MDR (mgltlfaF tor 257 patients (137 S ** COMT rs4680 x
. DRD4: rs747302, dimensionality .
system genes in 2020 B . M, 120 F); C DRD2 rs1800497
12-bp VNTR; reduction)
the development 349 controls E ***
- COMT: rs4680,
of susceptibility
. 154818
to paranoid
schizophrenia

! The Newcastle-Ottawa scale scores have been summarized by selection quality (S, rated out of a maximum of
four stars), comparability quality (C, rated out of a maximum of two stars), and exposure quality (E, rated out of a
maximum of three stars).

A total of 106 variants in 12 genes have been studied (Table 2), and the most-used
methods were logistic regression, multifactor dimensionality reduction (MDR), and Chi-
square test. Very few studies conducted separate analyses stratified by sex.

Out of the 14 genes surveyed, significant epistatic interactions frequently impli-
cated COMT, SLC6A3 (DAT1), DRD2, and DRD3 (Figure 2); furthermore, rs4680, rs6347,
rs1800497, and rs6280 were involved in more than one interaction. While the total number
of possible combinations would be 91, only 15 appear potentially of interest, out of which
only COMT-DRD2, COMT-DAT, COMT-TH, and DRD3-DAT have significant interactions
in more than one study (Figure 3).
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Table 2. Genes investigated and significant SNPs.

Gene Interaction Gene Variant
DRD1 COMT rs11749676, rs11746641
rs1800497, rs6275, rs2734839,
DRD2 COMT, DDC, DAT, TH 2283265
DRD3 DRD4, DAT, VMAT?2 rs6280, rs1800828, rs10934256
DRD4 DRD3 12 bp VNTR (D4E1)
DRD5 - -
rs4680, rs362204, rs4646316,
COMT DRD1, DRD2, MAOA, TH, DDC, DAT 15165815, rs174696
MAOA COMT, DAT 30 bp VNTR (promoter)
MAOB - -
DBH - -
TH DRD2, COMT rs10770141, rs6356
DDC DRD2, COMT, DAT rs1966839, rs2329371
rs6347, 40 bp VNTR,
rs11133767, rs463379,
DAT DRD2, DRD3, COMT, MAOA, DDC, VMAT?2 1512516948, 15456082,
15464049, rs456082
VMAT1 - -
VMAT2 DRD3, DAT 1s363227, 1363338, rs929493
DRD1

MAOB

Figure 2. Polar bar chart of dopaminergic genes identified to participate in epistatic interactions.
COMT, DAT, DRD2, and DRD3 emerged as the most influential in these interactive models. In
contrast, no studies have identified significant epistatic associations involving DRD5, MAOB, DBH,
or VMAT1. An interaction score is visually represented for each gene, where trend-level associations
are given a lower weight but are still included in the overall aggregation.
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DRD1

RD4

RD5

MAOB

Figure 3. The observed genetic interactions within the dopaminergic system associated with
schizophrenia risk are illustrated; the strength of these interactions is visually denoted by line
weight, where trend-level associations and findings from lower-quality studies are given less empha-
sis, as indicated by thinner lines. The interaction between COMT and DRD2 is the most frequently
reported finding among the included studies. These are aggregated scores considering all SNPs
associated with a gene.

3.2. Synthesis—Receptor—Transporter—Metabolism Gene Complex Interaction

An interaction cluster mainly composed of dopaminergic elements appears to predis-
pose patients to a schizophrenia phenotype characterized by the predominance of delu-
sional ideation [104]. Three main phenotypical clusters were identified in an Australian
population, mainly characterized as follows: speech disorder and affective symptoms
cluster, hallucinations cluster, and delusions cluster.

The speech disorder/affective cluster includes speech incoherence, thought disorder
(thought echoing and thought withdrawal), agitation, blunted affect, late insomnia, nihilis-
tic delusions, and delusions of poverty. The second cluster mainly consists of hallucinations
(abusive and commentative), as well as perceptual and bizarre delusions, thought disor-
der (insertion and broadcast), modified appetite, excessive sleep, and initial and middle
insomnia.

The third cluster is predominantly defined by delusions and is represented by symp-
toms such as delusions of influence, grandiose and persecutory delusions, suicidal ideation,
and also dysphoria, anhedonia, lack of energy, and poor concentration. While delusions are
mainly classified in the third cluster, nihilistic/poverty and bizarre/perceptual delusions
have been integrated into the first and second cluster, respectively.

A linear regression model identified an SNP combination pattern that can be linked
to the presence of delusional symptomatology, mostly composed of genes involved in the
dopaminergic system (in order of influence): COMT gene rs4680, SLC6A3 (DAT1) gene
rs6347, DDC gene rs1966839, and DRD2 gene rs2734839 (Figure 4).
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DA Gene Complex associated with SZ Phenotype

COMT | teree prefrontal Main symptoms of potential
DA-related phenotype
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e lack of energy
e poor concentration
e suicide

altere:
synthesis

Figure 4. While the functional mechanisms are unclear, a DA gene complex may be associated with
certain SZ symptoms, hinting at the idea that DA-associated SZ may represent one out of many
different phenotypes. The complex consists of COMT (mainly expressed in the prefrontal cortex),
DRD2 (mainly expressed in the striatum, olfactory tubercle, and nucleus accumbens), DAT (substantia
nigra, ventral tegmental area, striatum, and nucleus accumbens), and DDC (hypothalamus, striatum,
and locus coeruleus) [112].

Other genes identified as part of this complex are the GRM3 gene, NOS1AP gene, and
HTR2A gene, implying the minor involvement of glutamate, nitric oxide, and serotonin in
this complex interaction. This study suggests that dopaminergic dysfunction is related to
a specific phenotype of schizophrenia, one majorly defined by the presence of delusions.
Gender-specific effects are not accounted for, which is unfortunate given the involvement
of the COMT gene in the result, especially since the cluster of interest is mainly composed
of males (71%).

Also, it is of note that the genetic combination pattern solely associated with SZ disease
risk is composed of 10 SNPs, out of which only 4 are directly related to the dopaminergic
system: DDC (rs2329371, rs1966839), SLC6A3 (DAT1) (rs11133767), and COMT (rs4646316),
hinting at the probable multi-neurotransmitter imbalance pathogenesis of schizophrenia.

3.3. Receptor-Metabolism Gene—Gene Interaction

The COMT Val158Met polymorphism stands out, being involved in almost all identi-
fied gene—gene interactions, and two of the studies included incriminated the combination
of DRD2 Tag1A (rs1800497) and COMT Val158Met (rs4680), functionally translated by low
DRD2 density and rapid prefrontal dopamine degradation.

The Val/Val genotype of Val158Met in carriers of the Al variant of Tag1A was associated
with double (OR 2.01) SZ risk in a Japanese population [102]. The functional behavior
of the Val/Val genotype is well known, and this allele results in an important enzymatic
activity increase in the COMT enzyme, the main dopamine metabolizer in the prefrontal
cortex. It is suspected that this may lead to increased dopamine release in the nucleus
accumbens. Individuals with the minor A1 allele of the Tug1A polymorphism have 12%
less striatal DRD2 availability, potentially linked to increased dopamine synthesis due
to decreased presynaptic autoreceptor function (Figure 5). While this combination is
almost twice as common in patients than controls, it only accounts for 30% of SZ patients,
supporting the involvement of multiple genetic patterns and environmental influence in
disease development. No associations have been found between this combination and the
different clinical subtypes of SZ (paranoid, disorganized, etc.). Gender-specific analysis has
not been performed.
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TaqlA x Val158Met: Observed Interactions
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Figure 5. This review highlights two potential interactive effects of the COMTxDRD2 gene combina-
tion. The Japanese population (illustrated on the right) appears vulnerable to high COMT activity in
the prefrontal brain (associated with the Val/Val genotype), combined with lower DRD2 receptor
availability (associated with the A1l variant). This is functionally translated by lower prefrontal
dopamine levels and higher striatal DA activity. The opposite effect may appear in Russians, how-
ever (left side), where lower COMT activity and higher DRD2 autoreceptor function led to higher
prefrontal DA and lower striatal DA levels, and appear to represent a risk pattern [112].

Interestingly, an MDR analysis in a Russian population in Central Asia incriminated
the opposite genotypes of TuglA and Val158Met, specifically A2/ A2 and Met/Met [111]. The
functional result of the A2/A2 and Met/Met combination is higher dopamine autoreceptor
function and impaired dopamine degradation (Figure 5). With an OR of 3.25, this finding
implies that the genetic conformation of Russians confers sensitivity to slower dopamine
turnover and higher autoreceptor density. The A1 allele and Val/ Val genotype are protective
in this population as A2/A2, and Val/Met also has a rather high OR of 2.27. These results
are not replicated in the Tatar group [111], possibly due to different environmental and
cultural factors or competing genetic interactions.

No epistatic effects between TaqlA and Val158Met have been observed in Indian [95]
and Australian [104] studies that have investigated multiple interactions. TaqlA Val/Met
interactions may not have been investigated in Indian populations because the criteria for
selecting interactions were not clearly stated; thus, it is possible that only SNPs significant
for single-gene testing were included for further interaction analysis. In Australian popu-
lations, the large number of genes analyzed under linear regression may have led to the
exclusion of TaqlA Val/Met interactions, as any potential associations could have been
overshadowed by larger combinations of genes (5 SNPs or more).

Another DRD2 and COMT gene-gene interaction was identified by an MDR analysis
in a Southern Indian group [103]. Out of 16 analyzed polymorphisms of DRD2, COMT,
and BDNEF, the model selected DRD2 rs6275 x COMT rs4680 as the best. Rs4680 (GG) and
rs6275 (TT) are incriminated as risk genotypes, while heterozygotes have relatively lower
risks. It is of note, however, that the highest risk combination (OR 4.5) consists of risk
rs6275 TT and protective genotype rs4680 AA. A more complex model identified (albeit
only of trend significance) is DRD2 rs6275 x DRD2 rs4274224 x COMT rs4633 x COMT
rs3788319. No interactive effects of rs6275 x rs4680 have been observed in a Russian/Tatar
population [111].

COMT rs4680 polymorphism also appears to interact with DRD2 rs2283265 in influenc-
ing the risk of hypofrontality (an endophenotype often associated with schizophrenia), as



Brain Sci. 2024, 14, 1089

16 of 28

observed in an Australian study [94]. A higher load of risk alleles (rs4680 G, and rs2283265
T) is associated with poorer prefrontal activation in healthy controls, as measured on fMRI
on prefrontal activation tasks. This effect is not apparent in medicated patients, which
have scored much lower regardless of allelic load. It is unclear if this interaction is only
associated with hypofrontality in healthy subjects, or if the variability can be negated by
treatment.

An association study on Spanish participants uncovered a potential epistatic interac-
tion between DRD1 (rs11746641 and rs11749676) and COMT (rs4680); interestingly, this
was only in the male cohort [110]. It appears that in the case of Val homozygotes (of
rs4680), the presence of the G allele of rs11746641 is associated with an increased risk of
developing schizophrenia. A similar effect is also valid in the case of rs11749676, as the GG
genotype appears to interact with (rs4680) Val homozygosity, leading to a higher SZ risk.
The functionality of rs11749676 may be related to its strong linkage disequilibrium with
other DRD1 variants that have been heavily investigated in psychiatric genetic studies. For
example, the rs11749676 protective minor allele (A) is linked to the rs686 allele associated
with lower DRD1 expression [110]. Therefore, it is possible that, in males, the combination
of higher DRD1 expression and higher dopamine turnover in the prefrontal cortex may be
a risk factor for schizophrenia.

3.4. Receptor-Transporter Gene—Gene Interaction

A Spanish team has explored the interactive effects of DRD3 Ser9Gly (rs6280) and
SLC6A3 (DAT1) uVNTR, revealing no direct independent association with SZ of either
but a significant interactive effect [101]. Specifically, the presence of a nine-repeat SLC6A3
(DAT1) gene variant (associated with lower DA transporter expression), either strongly
protects or increases the risk of SZ depending on the DRD3 variant (Ser/Ser, and Gly/Gly,
respectively). In this case, the risk combination would be defined by higher DA availability
combined with the lower DA affinity of Gly-carriers.

DRD?3 Ser9Gly also appears to interact with SLC6A3 (DAT1) rs12516948 in influencing
SZ risk in Americans and Bulgarians; another combination found is of the less-investigated
variants DRD3 rs10934256 x SLC6A3 (DAT1) rs463379 [98]. DRD3 rs1800828 displays
interactive effects with VMAT?2 rs363227 and (on a trend-level) with VMAT?2 rs929493 in
American and Bulgarian populations [98].

3.5. Receptor-Synthesis Gene—Gene Interaction

The presence of both the Al allele of the DRD2 Taug1A polymorphism and T allele of
the TH gene rs10770141 (C-824T) was associated with almost double the risk for SZ in a
Japanese analysis [102]. The functional result of this combination would be higher DA
synthesis, contrasted by lower receptor binding.

3.6. Transporter-Metabolism Gene—Gene Interaction

The less-studied COMT rs174696 and SLC6A3 (DAT1) rs464049 appear to interactively
influence the risk of schizophrenia, but their functionality is yet unknown [98]. Other
trend-level interactions in both American and Bulgarian groups worth mentioning are
between COMT rs174696 and two other SLC6A3 (DAT1) variants (rs463379 and rs456082),
as well as SLC6A3 (DAT1) rs464049 x COMT rs165815.

There may be some synergistic interaction between the three-repeat variant of MAOA
uVNTR and SLC6A3 (DAT1) 67A/T, but the results are not statistically significant [105].

3.7. Synthesis-Metabolism Gene—Gene Interaction

An Indian team investigated 31 SNPs of nine DA genes, out of which only one potential
epistasis was identified, namely between TH rs6356 and COMT rs362204 [95]. This result
may indicate another interaction related to the overall DA quantity, as TH is effectively a
rate-limiting enzyme, while COMT metabolizes and eliminates dopamine. However, while
the GG variant of rs6356 appears protective, the enzyme variants do not have any major
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differences, suggesting a potential linkage disequilibrium phenomenon. The functionality
of COMT rs362204 is currently unknown.

There is a trend-level interaction between TH gene rs10770141 (C-824T) and COMT
rs4680 (Vall58Met) in a Japanese population, with the T+ allele and Val/Val genotype
conferring moderate risk (OR 1.43) [102].

3.8. Transporters Gene—Gene Interaction

A potential epistasis of the dopamine transporter and vesicular transporter VMAT2
may have been uncovered in an American/Bulgarian sample [98]. Specifically, rs6347
(DAT1) may interact with rs363338 (SLC18A2) in influencing SZ risk.

3.9. Receptor Gene—Gene Interaction

A potential interaction between dopamine receptors has been observed in a Korean
population, more specifically between DRD3 Ser9Gly, DRD4 12 bp-repeat, and HTR2A
Ser34 = (2A serotonin receptor gene), suggesting a larger dopamine-serotonin pattern [99].
No association was found between DRD3 Ser9Gly and the DRD4 12 bp-repeat when
analyzed individually in a Japanese cohort [106]. This absence of an association might be
due to differences between Korean and Japanese populations; however, it is also possible
that the interaction between DRD3 and DRD4 in relation to schizophrenia risk is influenced
by the serotonergic system, making it less significant when considered in isolation.

3.10. Metabolism Gene—Gene Interaction

The interaction of MAOA and COMT genes may follow an interesting pattern where
concurrent effects (either high or low metabolizers of both) may lead to higher levels
of schizotypy (as measured by the O-LIFE questionnaire in a German population) [97].
Individually, Val/Val homozygotes appear to have higher scores for unusual experiences
(while heterozygotes overall have the lowest scores), and the low-functioning variant of
the MAOA uVNTR is correlated in males with cognitive disorganization and introversive
anhedonia. However, while not statistically significant, the interactive model posits that the
concomitant presence of both risk genotypes is potentially somewhat protective, likely due
to their opposite effects on dopamine levels. This effect is also present in the Met/Met and
high-functioning uVNTR sample. Conversely, the combination of Val/Val and the high-
activity uVNTR variant functionally leads to overall higher dopamine turnover and the
potential build-up of neurotoxic metabolites, while Met/Met and low-activity uVNTR may
result in higher dopamine availability due to blunted metabolism. These two “extreme”
conformations appear to have higher scores in the “Unusual Experiences” subscale.

While the interaction between COMT Val158Met and MAOA uVNTR may be linked
to schizotypy, this association has not been found to correlate with the development of
schizophrenia in Indian [95] and English [109] populations. The MAOA gene is located
on the X chromosome—of which males possess only one copy—and it is challenging to
determine which MAOA copy is activated in females; furthermore, COMT transcription is
inhibited by estrogen. Therefore, studies that do not control for gender and heterozygosity
in females are likely to be limited in their findings. The German study that identified
an interaction related to schizotypy scores excluded heterozygotes, enhancing sensitivity
to female participants. In contrast, the English study, which found no association, was
conducted exclusively on males, evaluating the risk of schizophrenia, suggesting that the
COMT x MAOA interaction may not be correlated with risk but rather with schizotypy
alone, or it may not be significant in males. It remains unclear whether the Indian study
specifically tested this interaction, which could indicate a false negative. Further research
on this topic could provide valuable insights.

4. Discussion

Schizophrenia is a highly heterogeneous disease, and dopamine is still considered
the most important neurotransmitter involved in the development of the disease. There
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is reason to suspect that different dopaminergic imbalances may be linked to certain
disease phenotypes or symptoms, in addition to disease vulnerability. There is evidence
suggesting potential differences influenced by gender. Moreover, these patterns are believed
to interact with other neurotransmitter genes (i.e., 5SHTR2A), indicating that schizophrenia
is unlikely to solely result from dopamine dysregulation in all cases. Even though very few
combinations have been investigated in more than one study, most observed associations
(Figure 6) consist of a dopamine receptor and either a metabolizing enzyme or a transporter.

Map of interactions between implicated DA genes
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Figure 6. The graph depicts all of the observed interactions between pairs of gene variants within the
dopaminergic system. Each gene’s relevant SNPs are shown, with lines representing the interactions
between specific SNP pairs that have been discussed in this review. It is important to note that the
COMT x DRD2 x DAT x DDC complex is not included in this illustration, see Figure 4 [112].

The most extensively investigated gene remains COMT, particularly the Val158Met
polymorphism, which is functionally represented by different rates of frontal dopamine
degradation. The risk allele G (Val), in conjunction with the DRD2 Tag1A Al allele, correlates
with reduced autoreceptor function and potentially higher striatal dopamine concentra-
tions, yet high dopamine turnover in the frontal brain region, and represents a risk pattern.
Notably, this combination exhibits a unique protective effect in Russian populations, war-
ranting further investigation.

Another seemingly paradoxical effect arises from its interaction with DRD2 rs6275,
where the Met/Met genotype is protective in conjunction with rs6275 CC and CT genotypes
but poses a fourfold risk in the presence of the risk TT genotype (associated with affected
DRD2 transcription [113]). In the presence of T allele(s) of DRD2 rs2283265, which result
in an alternative DRD2 splicing and lower presynaptic short isoform expression [114],
Val may contribute to developing the hypofrontality associated with SZ. The Val/Val
genotype may also confer a degree of vulnerability in carriers of the T allele in the TH gene
rs10770141 (which is associated with 30-40% higher TH expression), as a higher quantity of
DA metabolized at a higher rate may potentially result in a build-up of neurotoxic waste-
products. There is some evidence that both Val/Val and Met/Met may be associated with
high levels of schizotypy and “unusual experiences”, depending on the variant of MAOA
uVNTR, both being enzymes responsible for dopamine degradation. The combination of
either high-activity (Val/Val, four-repeat) or low-activity (Met/Met, three-repeat) variants
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may both lead to developing schizotypal traits, yet these are functionally completely the
opposite, being associated with lower (respectively, higher) overall available DA.

The above findings suggest that the relevance of the Val158Met polymorphism (rs4680)
lies in the complex interactivity of the dopaminergic system. As per our review, the higher
prefrontal dopamine turnover of the G (Val) allele is associated with disease vulnerability
in conjunction with either decreased DRD2 autoreceptor function (Taq1A Al, rs2283265 T
allele), higher TH expression (C-824T, T allele), higher DRD1 expression (rs11749676 G/ GG),
or high MAOA activity (uWWNTR 4-repeat). Similarly, Met may be a risk factor in the presence
of increased DRD2 autoreceptor function (TaglA A2), dysfunctional DRD2 transcription
(rs6277 TT), or low MAOA activity (uVNTR three-repeat). Often, heterozygosity appears at
least mildly protective.

The interaction between Val158Met and TaqlA is particularly noteworthy, as numerous
studies have explored their combined effects on various cognitive processes, including
attention, memory, and decision-making thresholds—key elements in the development of
psychotic experiences. Our review highlights two specific risk patterns (Val/Val x Al+
and Met/Met x A2/A2), both of which are associated with a tendency to be distracted by
novel stimuli yet exhibit greater accuracy in processing distracting information [115]. In
contrast, individuals with non-risk patterns demonstrate a quicker but more error-prone
response to new stimuli.

Additionally, the Val/Val Al+ and Met/Met A2/ A2 patterns appear to interact in be-
havioral timing, leading to earlier start times on tasks when larger rewards are at stake [116].
Both risk variants tend to have poorer working memory performance compared to the
Val/Met x Al+ combination [87]. Interestingly, while the Met/Met A2/A2 pattern is
linked to strong memory manipulation skills, this advantage diminishes in tasks that
require cognitive flexibility [117].

Though interpreting these findings on cognitive processes should be conducted cau-
tiously, as they would rely on some degree of speculative extrapolation, these risk patterns
influence certain cognitive functions in similar ways. The link between these risk patterns
and greater accuracy in processing novel auditory or visual stimuli might appear counterin-
tuitive; however, it is possible that frequent positive reinforcement for correct interpretation
of uncommon perceptions could foster overconfidence, even when these interpretations
are incorrect. This tendency could, in turn, be loosely associated with the development of
strong convictions in false beliefs or perceptual anomalies. Moreover, these patterns are
associated with a heightened focus on novel and unexpected stimuli, quicker responses in
high-reward situations, and relatively poorer working memory performance, all of which
are cognitive traits that may contribute to the development of psychosis. For instance,
they could translate to misinterpretations of environmental cues under high emotional
stress, with a hindered ability to distinguish between relevant and irrelevant information,
potentially fostering the cognitive distortions seen in psychotic episodes. More research
into the exact mechanisms of interaction between cognitive processes and the development
of psychosis would be of relevance for these two genetic patterns.

A complex dopaminergic gene pattern COMT x DRD2 x DDC x DAT suggests
that dopaminergic epistasis might be related not only to disease risk, but perhaps more
specifically to its delusional aspect.

There are insufficient data on specific SNPs to draw clear interpretations, particu-
larly as the risk alleles were not stated. While no relevant studies have focused on the
interactions between these specific SNPs, it is known that COMT and DRD2 significantly
interact in cognitive processes. Furthermore, COMT and DAT also seem to interact in
modulating working memory [118] and cognitive function [119], as well as in influenc-
ing cortisol response magnitude to stress and stress recovery [120]. Additionally, DRD2
and DAT interact to regulate prefrontal activity and affect the grey matter volume of the
striatum [121]. In vivo, the interaction between the proteins they encode may contribute to
dopamine neurotoxicity [122], and these gene interactions could be influenced by variations
in dopamine synthesis, as indicated by DDC.
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There appear to be numerous connections between these genes and cognitive functions,
particularly in working memory and prefrontal activity, as well as in overreactivity to stress
and neurotoxicity. This suggests that certain cognitive disturbances may contribute to
delusional symptomatology, possibly stemming from inadequate cognitive responses to
stress, as well as dopamine neurotoxicity. While altered levels of dopamine synthesis may
influence this relationship, the specific mechanisms remain unclear. The three other genes
within this complex are associated with serotonin, glutamate, and nitric oxide, indicating
that, although this is a predominantly DA-related association, there may also be interactions
with other neurotransmitter systems.

Another potential variant of interest might be DRD3 Ser9Gly, where the Gly is linked
to increased dopamine binding affinity and is rather inconsistently associated with SZ risk.
One of the studies under review also observed no independent association between this
variant and SZ, yet it appears to have a significant interactive effect in carriers of uVNTR
nine-repeat of the SLC6A3 (DAT1) gene. In the presence of reduced DAT expression (linked
to the shorter nine-repeat variant), the Ser9Gly homozygotes have striking differences: Ser/Ser
have a strongly reduced SZ risk, while Gly/Gly have a much higher vulnerability. It is generally
considered that the Gly results in susceptibility to hyperdopaminergic response to negative
experiences [123]. However, in conjunction with reduced transporter function and implicitly
reduced DA reuptake, we hypothesize that the increased dopaminergic tone (which notably
spares the prefrontal cortex, where both genes have reduced expression [124,125]) might
predispose patients to developing SZ, particularly during periods of acute or prolonged
stress. Ser9Gly appears to also interact with the functionally uncertain rs12516948 as well
as potentially the DRD4 VNTR in Exon 1; however, the latter interaction might be wiser to
be investigated in a larger serotonin-dopamine context.

While a notable amount of variant interactions cannot be functionally interpreted,
we do notice some patterns, such as most interactions implicating a receptor dysfunction
(particularly DRD2, followed by DRD3), two different classes of proteins (notably re-
ceptor-metabolism centered around DRD2-COMT, followed by receptor-transporter mainly
consisting of DRD3-SLC6A3). Even though COMT x SLC6A3 (DAT1) has only been
investigated by two different studies, the discovery of multiple interactive variants (most
of which are functionally uncertain) implies the need for further research.

The recurring functional patterns are combinations with concurrent hyperdopaminer-
gic effects in limbic/striatally expressed genes, or high striatal DA tone and low prefrontal
dopamine. Due to the relatively small number of studies, no clear rule can be extracted.

Although there are currently insufficient data to make definitive conclusions, explor-
ing these combinations could lead to the identification of future diagnostic markers and
inform treatment strategies. Notably, some of the risk patterns identified are linked to
dopamine imbalances—either too low or too high—while only a subset is associated with
hyperdopaminergic activity. Given that most commonly used antipsychotics primarily
reduce dopamine levels, this may contribute to the chronicity of the disorder and the treat-
ment resistance many patients experience, thus impacting the choice between dopamine
antagonists and partial agonists.

Understanding various risk patterns may be crucial for disease prevention and for-
mulating new treatment strategies. For instance, individuals with the Val/Val genotype
(rs4680) who also possess additional risk factors—such as the TaqlA A1/A1 genotype,
genotypes associated with higher TH expression, etc.—could benefit from the inclusion of a
COMT inhibitor in their treatment plans. This is particularly important, as Val/Val patients
often exhibit poorer responses to antipsychotic medications [126,127] and experience more
cognitive side effects [128]. While COMT inhibitors do reverse the cognitive differences
between the two genotypes [129], they have not yet been investigated in SZ treatment in
conjunction with the Val158Met genotype. Reversely, the combination of Met/Met and
potential genetic risk factors (such TaqlA A2/A2 or dysfunctional DRD2 transcription)
would indicate conventional antipsychotic treatment.



Brain Sci. 2024, 14, 1089

21 of 28

To further address the COMT/DRD?2 risk patterns, research towards implementing
screening tests comprised of working memory testing, auditory-visual distraction, and
decision-making tasks could could be useful for identifying at-risk populations and initiat-
ing preventive strategies. An example of a possible early intervention would be developing
targeted cognitive therapies that focus on enhancing working memory and error-tolerability
training, as well as resilience to stress.

Furthermore, carriers of both the short SLC6A3 (DAT1) variant and the Ser9Gly
Gly/Gly genotype may need to adopt a more proactive approach to manage stress and
maintain proper mental hygiene. In Gly/Gly individuals, substances that act as dopamine
reuptake inhibitors (DRIs) should be avoided—such as methylphenidate—and substance
abuse disorders must be imperatively addressed, as these compounds can effectively
mimic a potential risk genotype. It would be intriguing to investigate whether there is a
link between the Gly/Gly genotype and the onset of substance-induced psychosis or its
progression to schizophrenia, particularly in the context of DRI abuse.

Conversely, Gly/Gly patients show good response to antidopaminergic treatments.
While the hyperdopaminergic Gly allele is associated with worse symptomatology (such
as executive dysfunction and disorganization), it does respond better to antipsychotic
treatment [130]. However, the difference does not hold true for aripiprazole, a partial
agonist [131] or clozapine—antipsychotic with minimal DA binding [132]—which is note-
worthy. Although no studies have yet explored the treatment response in patients with both
the Gly/Gly genotype and the short (nine-repeat) DAT uVNTR variant, future research
could examine the effectiveness of antipsychotics with strong antidopaminergic effects in
comparison to partial dopamine agonists or those with minimal dopamine binding, such
as clozapine.

As genetic testing continues to advance, becoming more affordable and accessible,
we strongly advocate for further research into these genetic interactions. With enough
accumulated data, meta-analyses could be conducted, enabling the consideration of these
markers for use in screening. Additionally, a deeper understanding of their functional
implications could pave the way for the development of new, targeted treatment strategies.

Earlier studies, including various meta-analyses, have often focused on single-gene as-
sociations with schizophrenia, leading to inconsistent and sometimes contradictory results.
There is evidence to suggest that this inconsistency may be explained by epistatic interac-
tions, suggesting that future research concerning genetic vulnerability to schizophrenia
may be better approached from an interaction-focused standpoint. Furthermore, expanding
the scope of genetic studies to include other neurotransmitter-related genes could provide
a broader understanding of how multiple neurobiological pathways contribute to the
disorder. Additionally, gene—gene interactions could be explored not only in relation to
schizophrenia susceptibility but also in terms of treatment responses and side effects, which
could help identify gene complexes that predict therapeutic outcomes or adverse reactions,
allowing for more personalized approaches to treatment and prevention.

While current GWAS studies have insignificant results concerning dopamine-related
genes, we believe the dopamine theory of schizophrenia should not yet be put to rest.
Future large-scale studies may benefit from investigating dopaminergic interactions, while
taking into account sex, neuropsychiatric comorbidities, and PANSS subscores in addition
to the presence of a schizophrenia diagnosis. Seeking to uncover unique associations
between genetic and phenotypic profiles, rather than a simplistic risk analysis, could be a
more suitable approach to neuropsychiatric-related GWAS studies in general, as has been
observed in the case of bipolar disorder in a GWAS association analysis [133].

5. Conclusions

This review expands on the dopaminergic theory of schizophrenia, suggesting the
existence of multiple genetic patterns of vulnerability and highlighting the need for addi-
tional targeted research. In many cases, the protective status of certain individual alleles
or genotypes is preserved in epistatic effects; however, this is not a rule. Some specific
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combinations that consist of generally considered “protective” alleles have been found
to be associated with a higher risk instead, which could potentially explain the relatively
inconsistent results in previous genetic studies. Simply investigating individual alleles may
not be sufficient, due to the heterozygous effect, which has also been observed in some
of the studies investigated. The review also suggests the need for an epistatic approach
to genetic vulnerability in schizophrenia, as certain genes may not exhibit associations
independently, but only in interaction with others. Moreover, conducting sex-dependent
analyses appears to be of relevance in this domain.

Regarding future association studies, this review would propose investigating in-
teractions between DRD2, DRD3, COMT, and SLC6A3 (DAT1), in particular the rs4680
(Val158Met), rs1800497 (TaqlA), rs6275 (His313His), rs6280 (Ser9Gly), rs6347, and DAT
uVNTR polymorphisms. Elucidation of specific allele functionality, and consideration
of interactions with other neurotransmitters, is also warranted. To further narrow down
patterns, future studies could consider examining the genetic associations with specific
symptom clusters and disease subtypes also. It is very likely that some genetic vulnerability
patterns are only triggered in the presence of certain environmental factors (such as chronic
stress, drug abuse [134], etc.), so controlling for non-genetic risk factors might also be
necessary.

Schizophrenia may be better viewed not as a monolithic disease but rather as a
collection of different phenotypes. Unique responses to different treatment and prevention
approaches may be predicated on the effects of these phenotypes.

Author Contributions: Conceptualization, A.B. and N.I.A.; methodology, N.I. A.; formal analysis,
A.B.; investigation, A.B. and N.L.A_; resources, A.B., N.I.A. and S.S.F; data curation, A.B. and R.A.-K,;
writing—original draft preparation, A.B., L.B., O.N.-S. and R.A -K,; writing—review and editing, A.B.,
N.LA. and V.-R.E,; visualization, A.B.; supervision, N..A., V.-R.E. and S.S.F; project administration,
N.LLA. All authors have read and agreed to the published version of the manuscript.

Funding: We would like to acknowledge “Victor Babes” University of Medicine and Pharmacy
Timisoara for their support in covering the costs of publication for this research paper.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable.

Acknowledgments: The authors would like to thank Alan L. Parmenter for his support in editing
and visualization.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Hany, M.; Rehman, B.; Azhar, Y.; Chapman, J. Schizophrenia; StatPearls Publishing: Treasure Island, FL, USA, 2024. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK539864/ (accessed on 15 November 2023).

2. Popovic, D.; Schmitt, A.; Kaurani, L.; Senner, F,; Papiol, S.; Malchow, B.; Fischer, A.; Schulze, T.G.; Koutsouleris, N.; Falkai, P.
Childhood Trauma in Schizophrenia: Current Findings and Research Perspectives. Front. Neurosci. 2019, 13, 274.

3. Corcoran, C.; Mujica-Parodi, L.; Yale, S.; Leitman, D.; Malaspina, D. Could Stress Cause Psychosis in Individuals Vulnerable to
Schizophrenia? CNS Spectr. 2002, 7, 33—42. [CrossRef] [PubMed]

4. Brisch, R,; Saniotis, A.; Wolf, R.; Bielau, H.; Bernstein, H.-G.; Steiner, |.; Bogerts, B.; Braun, K.; Jankowski, Z.; Kumaratilake, J.; et al.
The Role of Dopamine in Schizophrenia from a Neurobiological and Evolutionary Perspective: Old Fashioned, but Still in Vogue.
Front. Psychiatry 2014, 5, 47.

5. Shen, L.H,; Liao, M.H.; Tseng, Y.C. Recent Advances in Imaging of Dopaminergic Neurons for Evaluation of Neuropsychiatric
Disorders. . Biomed. Biotechnol. 2012, 2012, 259349. [CrossRef]

6.  Johnson, E.C; Border, R.; Melroy-Greif, W.E.; de Leeuw, C.; Ehringer, M.A; Keller, M.C. No evidence that schizophrenia candidate
genes are more associated with schizophrenia than non-candidate genes. Biol. Psychiatry 2017, 82, 702-708. [CrossRef]

7. Bertolucci-D’Angio, M.; Serrano, A.; Scatton, B. Mesocorticolimbic dopaminergic systems and emotional states. |. Neurosci.
Methods 1990, 34, 135-142. [CrossRef]

8.  Kapur, S. Psychosis as a State of Aberrant Salience: A Framework Linking Biology, Phenomenology, and Pharmacology in

Schizophrenia. Am. J. Psychiatry 2003, 160, 13-23. [CrossRef]


https://www.ncbi.nlm.nih.gov/books/NBK539864/
https://doi.org/10.1017/S1092852900022240
https://www.ncbi.nlm.nih.gov/pubmed/15254447
https://doi.org/10.1155/2012/259349
https://doi.org/10.1016/j.biopsych.2017.06.033
https://doi.org/10.1016/0165-0270(90)90051-G
https://doi.org/10.1176/appi.ajp.160.1.13

Brain Sci. 2024, 14, 1089 23 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tzschentke, T.M. Pharmacology and behavioral pharmacology of the mesocortical dopamine system. Prog. Neurobiol. 2001, 63,
241-320.

Missale, C.; Nash, S.R.; Robinson, S.W.; Jaber, M.; Caron, M.G. Dopamine Receptors: From Structure to Function. Physiol. Rev.
1998, 78, 189-225.

Seamans, ] K.; Yang, C.R. The principal features and mechanisms of dopamine modulation in the prefrontal cortex. Prog. Neurobiol.
2004, 74, 1-58.

Jones-Tabah, J.; Mohammad, H.; Paulus, E.G.; Clarke, P.B.S.; Hébert, T.E. The Signaling and Pharmacology of the Dopamine D1
Receptor. Front. Cell Neurosci. 2022, 15, 806618. [CrossRef] [PubMed]

Takahashi, H.; Kato, M.; Takano, H.; Arakawa, R.; Okumura, M.; Otsuka, T.; Kodaka, F.; Hayashi, M.; Okubo, Y.; Ito, H.; et al.
Differential Contributions of Prefrontal and Hippocampal Dopamine D1 and D2 Receptors in Human Cognitive Functions. J.
Neurosci. 2008, 28, 12032-12038. [CrossRef] [PubMed]

Sawaguchi, T.; Goldman-Rakic, P.S. D1 Dopamine Receptors in Prefrontal Cortex: Involvement in Working Memory. Science 1991,
251, 947-950. [CrossRef]

Bhatia, A.; Lenchner, ].R.; Saadabadi, A. Biochemistry, Dopamine Receptors; StatPearls Publishing: Treasure Island, FL, USA, 2024.
Available online: https://www.ncbinlm.nih.gov/books/NBK538242/ (accessed on 16 November 2023).

Rybakowski, ] K.; Borkowska, A.; Czerski, PM.; Kapelski, P.; Dmitrzak-Weglarz, M.; Hauser, J. An association study of dopamine
receptors polymorphisms and the Wisconsin Card Sorting Test in schizophrenia. J. Neural Transm. 2005, 112, 1575-1582. [CrossRef]
Pan, Y.; Yao, J.; Wang, B. Association of dopamine D1 receptor gene polymorphism with schizophrenia: A meta-analysis.
Neuropsychiatr. Dis. Treat. 2014, 10, 1133-1139.

Lee, K.Y;; Joo, EJ.; Ji, Y.I; Kim, D.-H.; Park, J.; Chung, I.-W.; Lee, S.I; Joo, YH.; Ahn, YM.; Song, ].Y.; et al. Associations between
DRDs and schizophrenia in a Korean population: Multi-stage association analyses. Exp. Mol. Med. 2011, 43, 44-52. [CrossRef]
Zhu, E; Yan, C.X.; Wang, Q.; Zhu, Y.-S.; Zhao, Y.; Huang, J.; Zhang, H.-B.; Gao, C.-G.; Li, S.-B. An association study between
dopamine D1 receptor gene polymorphisms and the risk of schizophrenia. Brain Res. 2011, 1420, 106-113. [CrossRef]

Lai, I.C.; Mo, G.H.; Chen, M.L.; Chen, ].-Y;; Liao, D.-L.; Bai, Y.-M.; Lin, C.-C.; Chen, T.-T. Analysis of genetic variations in the
dopamine D1 receptor (DRD1) gene and antipsychotics-induced tardive dyskinesia in schizophrenia. Eur. ]. Clin. Pharmacol. 2011,
67,383-388. [CrossRef]

Novak, G.; LeBlanc, M.; Zai, C.; Shaikh, S.; Renou, J.; DeLuca, V.; Bulgin, N.; Kennedy, J.L.; Le Foll, B. Association of polymor-
phisms in the BDNF, DRD1 and DRD3 genes with tobacco smoking in schizophrenia. Ann. Hum. Genet. 2010, 74, 291-298.
[CrossRef]

Grandy, D.K,; Litt, M.; Allen, L.; Bunzow, J.R.; Marchionni, M.; Makam, H.; Reed, L.; Magenis, R.E.; Civelli, O. The human
dopamine D2 receptor gene is located on chromosome 11 at q22—q23 and identifies a Taql RFLP. Am. J. Hum. Genet. 1989, 45,
778-785.

Mishra, A.; Singh, S.; Shukla, S. Physiological and Functional Basis of Dopamine Receptors and Their Role in Neurogenesis:
Possible Implication for Parkinson’s disease. J. Exp. Neurosci. 2018, 12, 1179069518779829. [CrossRef] [PubMed]

Zakzanis, K.K.; Hansen, K.T. Dopamine D2 densities and the schizophrenic brain. Schizophr. Res. 1998, 32, 201-206. [CrossRef]
[PubMed]

Pantelis, C.; Papadimitriou, G.N.; Papiol, S.; Parkhomenko, E.; Pato, M.T.; Paunio, T.; O’'Donovan, M.C. Biological insights from
108 schizophrenia-associated genetic loci. Nature 2014, 511, 421-427.

Serretti, A.; Macciardi, F.; Smeraldi, E. Dopamine receptor D2 Ser/Cys311 variant associated with disorganized symptomatology
of schizophrenia. Schizophr. Res. 1998, 34, 207-210. [CrossRef]

Serretti, A.; Lattuada, E.; Lorenzi, C.; Lilli, R.; Smeraldi, E. Dopamine receptor D2 Ser/Cys 311 variant is associated with delusion
and disorganization symptomatology in major psychoses. Mol. Psychiatry 2000, 5, 270-274. [CrossRef]

Habibzadeh, P.; Nemati, A.; Dastsooz, H.; Taghipour-Sheshdeh, A.; Paul, PM.; Sahraian, A.; Faghihi, M. A. Investigating the
association between common DRD2/ANKKT1 genetic polymorphisms and schizophrenia: A meta-analysis. J. Genet. 2021, 100, 59.
[CrossRef]

Glatt, S.J.; Faraone, S.V.; Tsuang, M.T. Meta-analysis identifies an association between the dopamine D2 receptor gene and
schizophrenia. Mol. Psychiatry 2003, 8, 911-915. [CrossRef]

Sokoloff, P.; Giros, B.; Martres, M.P,; Bouthenet, M.L.; Schwartz, ].C. Molecular cloning and characterization of a novel dopamine
receptor (D3) as a target for neuroleptics. Nature 1990, 347, 146-151. [CrossRef]

Zapata, A.; Shippenberg, T.S. D3 receptor ligands modulate extracellular dopamine clearance in the nucleus accumbens. ].
Neurochem. 2002, 81, 1035-1042. [CrossRef]

Jonsson, E.G.; Kaiser, R.; Brockméller, J.; Nimgaonkar, V.L.; Crocq, M.A. Meta-analysis of the dopamine D3 receptor gene (DRD3)
Ser9Gly variant and schizophrenia. Psychiatr. Genet. 2004, 14, 9-12. [CrossRef]

Lundstrom, K.; Turpin, M.P. Proposed schizophrenia-related gene polymorphism: Expression of the Ser9Gly mutant human
dopamine D3 receptor with the Semliki Forest virus system. Biochem. Biophys. Res. Commun. 1996, 225, 1068-1072. [CrossRef]
[PubMed]

Bombin, I.; Arango, C.; Mayoral, M.; Castro-Fornieles, J.; Gonzalez-Pinto, A.; Gonzalez-Gomez, C.; Moreno, M.; Parellada, M.;
Baeza, I.; Graell, M,; et al. DRD3, but not COMT or DRD2, genotype affects executive functions in healthy and first-episode
psychosis adolescents. Am. J. Med. Genet. Part. B Neuropsychiatr. Genet. 2008, 147B, 873-879. [CrossRef] [PubMed]


https://doi.org/10.3389/fncel.2021.806618
https://www.ncbi.nlm.nih.gov/pubmed/35110997
https://doi.org/10.1523/JNEUROSCI.3446-08.2008
https://www.ncbi.nlm.nih.gov/pubmed/19005068
https://doi.org/10.1126/science.1825731
https://www.ncbi.nlm.nih.gov/books/NBK538242/
https://doi.org/10.1007/s00702-005-0292-6
https://doi.org/10.3858/emm.2011.43.1.005
https://doi.org/10.1016/j.brainres.2011.08.069
https://doi.org/10.1007/s00228-010-0967-2
https://doi.org/10.1111/j.1469-1809.2010.00578.x
https://doi.org/10.1177/1179069518779829
https://www.ncbi.nlm.nih.gov/pubmed/29899667
https://doi.org/10.1016/S0920-9964(98)00041-3
https://www.ncbi.nlm.nih.gov/pubmed/9720125
https://doi.org/10.1016/S0920-9964(98)00093-0
https://doi.org/10.1038/sj.mp.4000726
https://doi.org/10.1007/s12041-021-01306-1
https://doi.org/10.1038/sj.mp.4001321
https://doi.org/10.1038/347146a0
https://doi.org/10.1046/j.1471-4159.2002.00893.x
https://doi.org/10.1097/00041444-200403000-00002
https://doi.org/10.1006/bbrc.1996.1296
https://www.ncbi.nlm.nih.gov/pubmed/8780735
https://doi.org/10.1002/ajmg.b.30710
https://www.ncbi.nlm.nih.gov/pubmed/18351593

Brain Sci. 2024, 14, 1089 24 of 28

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Xu, EL.; Wu, X.; Zhang, ].].; Wang, B.J.; Yao, J. A meta-analysis of data associating DRD4 gene polymorphisms with schizophrenia.
Neuropsychiatr. Dis. Treat. 2018, 14, 153-164. [CrossRef] [PubMed]

McGeary, J. The DRD4 exon 3 VNTR polymorphism and addiction-related phenotypes: A review. Pharmacol. Biochem. Behav.
2009, 93, 222-229. [CrossRef]

Ferré, S.; Belcher, A.M.; Bonaventura, J.; Quiroz, C.; Sanchez-Soto, M.; Casadé-Anguera, V.; Cai, N.-S.; Moreno, E.; Boateng,
C.A,; Keck, T.M.; et al. Functional and pharmacological role of the dopamine D4 receptor and its polymorphic variants. Front.
Endocrinol. 2022, 13, 1014678. [CrossRef]

Lung, EW.; Shu, B.C.; Kao, W.T,; Chen, C.N.; Ku, Y.C; Tzeng, D.S. Association of DRD4 uVNTR and TP53 codon 72 polymor-
phisms with schizophrenia: A case-control study. BMC Med. Genet. 2009, 10, 147. [CrossRef]

Rinetti, G.; Camarena, B.; Cruz, C.; Apiquian, R.; Fresdn, A.; Paez, F; Nicolini, H. Dopamine D4 receptor (DRD4) gene
polymorphism in the first psychotic episode. Arch. Med. Res. 2001, 32, 35-38. [CrossRef]

Carr, G.V,; Maltese, F,; Sibley, D.R.; Weinberger, D.R.; Papaleo, F. The Dopamine D5 Receptor Is Involved in Working Memory.
Front. Pharmacol. 2017, 8, 666. [CrossRef]

Pal, P; Mihanovi¢, M.; Molnar, S.; Xi, H.; Sun, G.; Guha, S.; Jeran, N.; Tomljenovi¢, A.; Malnar, A.; Missoni, S.; et al. Association of
Tagging Single Nucleotide Polymorphisms on 8 Candidate Genes in Dopaminergic Pathway with Schizophrenia in Croatian
Population. Croat. Med. ]. 2009, 50, 361-369. [CrossRef]

Zhao, Y,; Ding, M.; Pang, H.; Xu, X.M.; Wang, B.]. Relationship between genetic polymorphisms in the DRD5 gene and paranoid
schizophrenia in northern Han Chinese. Genet. Mol. Res. 2014, 13, 1609-1618. [CrossRef]

Muir, W.J.; Thomson, M.L.; McKeon, P.; Mynett-Johnson, L.; Whitton, C.; Evans, K.L.; Porteous, D.J.; Blackwood, D.H.R. Markers
close to the dopamine D5 receptor gene (DRD5) show significant association with schizophrenia but not bipolar disorder. Am. J.
Med. Genet. 2001, 105, 152-158. [PubMed ]

Opmeer, E.M.; Kortekaas, R.; Aleman, A. Depression and the role of genes involved in dopamine metabolism and signalling.
Prog. Neurobiol. 2010, 92, 112-133. [PubMed]

Kéenméki, M.; Tammiméki, A.; Myohéanen, T.; Pakarinen, K.; Amberg, C.; Karayiorgou, M.; Gogos, ].A.; Méannisto, P.T. Quanti-
tative role of COMT in dopamine clearance in the prefrontal cortex of freely moving mice. J. Neurochem. 2010, 114, 1745-1755.
[CrossRef] [PubMed]

Tunbridge, E.M.; Farrell, S.M.; Harrison, P.J.; Mackay, C.E. Catechol-O-methyltransferase (COMT) influences the connectivity of
the prefrontal cortex at rest. Neurolmage 2013, 68, 49-54. [PubMed]

White, T.P,; Loth, E.; Rubia, K.; Krabbendam, L.; Whelan, R.; Banaschewski, T.; Barker, G.].; Bokde, A.L.W.; Biichel, C.; Conrod, P,;
et al. Sex differences in COMT polymorphism effects on prefrontal inhibitory control in adolescence. Neuropsychopharmacology
2014, 39, 2560-2569.

Correlation of the COMT Vall58Met Polymorphism with Latitude and a Hunter-Gather Lifestyle Suggests Culture-Gene
Coevolution and Selective Pressure on Cognition Genes due to Climate. Available online: https:/ /www.jstage.jst.go.jp/article/
ase/121/3/121_130731/_html/-char/en (accessed on 16 November 2023).

Wang, Y.; Fang, Y,; Shen, Y.; Xu, Q. Analysis of association between the catechol-O-methyltransferase (COMT) gene and negative
symptoms in chronic schizophrenia. Psychiatry Res. 2010, 179, 147-150. [CrossRef]

Madzarac, Z.; Tudor, L.; Sagud, M.; Nedic Erjavec, G.; Mihaljevic Peles, A.; Pivac, N. The Associations between COMT and
MAO-B Genetic Variants with Negative Symptoms in Patients with Schizophrenia. Curr. Issues Mol. Biol. 2021, 43, 618-636.
[CrossRef]

Assary, E.; Vincent, ].P.; Keers, R.; Pluess, M. Gene-environment interaction and psychiatric disorders: Review and future
directions. Semin. Cell Dev. Biol. 2018, 77, 133-143.

Schliiter, T.; Winz, O.; Henkel, K.; Eggermann, T.; Mohammadkhani-Shali, S.; Dietrich, C.; Heinzel, A.; Decker, M.; Cumming, P;
Zerres, K.; et al. MAOA-VNTR polymorphism modulates context-dependent dopamine release and aggressive behavior in males.
Neurolmage 2016, 125, 378-385.

Kim, S.K,; Park, H.J.; Seok, H.; Jeon, H.S.; Chung, ].-H.; Kang, W.S.; Kim, ].W.; Yu, G.I.; Shin, D.H. Association study between
monoamine oxidase A (MAOA) gene polymorphisms and schizophrenia: Lack of association with schizophrenia and possible
association with affective disturbances of schizophrenia. Mol. Biol. Rep. 2014, 41, 3457-3464.

Qiu, H.T.; Meng, H.Q.; Song, C.; Xiu, M.H.; Chen, D.C.; Zhu, EY.; Wu, G.Y.; Kosten, T.A.; Kosten, T.R.; Zhang, X.Y. Association
between monoamine oxidase (MAO)-A gene variants and schizophrenia in a Chinese population. Brain Res. 2009, 1287, 67-73.
[CrossRef] [PubMed]

Culej, J.; Gabaj, N.N; Stefanovié, M.; Karlovi¢, D. Prediction of schizophrenia using MAOA-uVNTR polymorphism: A case-
control study. Indian. J. Psychiatry 2020, 62, 80-86. [CrossRef] [PubMed]

Leko, M.B.; Perkovi¢, M.N.; Erjavec, G.N.; Klepac, N.; Strac, D.; Borovedki, F; Pivac, N.; Hof, PR.; Simi¢, G. Association of the
MAOB rs1799836 Single Nucleotide Polymorphism and APOE ¢4 Allele in Alzheimer’s Disease. Curr. Alzheimer Res. 2021, 18,
585-594.

An, H.; Heo, ].Y.; Lee, C.J.; Nam, M.H. The Pathological Role of Astrocytic MAOB in Parkinsonism Revealed by Genetic Ablation
and Over-expression of MAOB. Exp. Neurobiol. 2021, 30, 113-119. [CrossRef]

Wei, Y.L.; Li, CX,; Li, S.B.; Liu, Y.; Hu, L. Association study of monoamine oxidase A /B genes and schizophrenia in Han Chinese.
Behav. Brain Funct. 2011, 7, 42. [CrossRef]


https://doi.org/10.2147/NDT.S156479
https://www.ncbi.nlm.nih.gov/pubmed/29379288
https://doi.org/10.1016/j.pbb.2009.03.010
https://doi.org/10.3389/fendo.2022.1014678
https://doi.org/10.1186/1471-2350-10-147
https://doi.org/10.1016/S0188-4409(00)00257-5
https://doi.org/10.3389/fphar.2017.00666
https://doi.org/10.3325/cmj.2009.50.361
https://doi.org/10.4238/2014.March.12.13
https://www.ncbi.nlm.nih.gov/pubmed/11304828
https://www.ncbi.nlm.nih.gov/pubmed/20558238
https://doi.org/10.1111/j.1471-4159.2010.06889.x
https://www.ncbi.nlm.nih.gov/pubmed/20626558
https://www.ncbi.nlm.nih.gov/pubmed/23228511
https://www.jstage.jst.go.jp/article/ase/121/3/121_130731/_html/-char/en
https://www.jstage.jst.go.jp/article/ase/121/3/121_130731/_html/-char/en
https://doi.org/10.1016/j.psychres.2009.03.029
https://doi.org/10.3390/cimb43020045
https://doi.org/10.1016/j.brainres.2009.06.072
https://www.ncbi.nlm.nih.gov/pubmed/19573521
https://doi.org/10.4103/psychiatry.IndianJPsychiatry_54_19
https://www.ncbi.nlm.nih.gov/pubmed/32001935
https://doi.org/10.5607/en21007
https://doi.org/10.1186/1744-9081-7-42

Brain Sci. 2024, 14, 1089 25 of 28

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sun, J.; Jayathilake, K.; Zhao, Z.; Meltzer, H.Y. Investigating association of four gene regions (GABRB3, MAOB, PAH, and SLC6A4)
with five symptoms in schizophrenia. Psychiatry Res. 2012, 198, 202-206. [CrossRef]

Yang, B.Z.; Balodis, LM.; Lacadie, C.M.; Xu, J.; Potenza, M.N. A Preliminary Study of DBH (Encoding Dopamine Beta-Hydroxylase)
Genetic Variation and Neural Correlates of Emotional and Motivational Processing in Individuals with and Without Pathological
Gambling. J. Behav. Addict. 2016, 5, 282-292. [CrossRef]

Randesi, M.; van den Brink, W.; Levran, O.; Yuferov, V.; Blanken, P.; van Ree, ].M.; Ott, ]J.; Kreek, M.]. Dopamine gene variants
in opioid addiction: Comparison of dependent patients, nondependent users and healthy controls. Pharmacogenomics 2018, 19,
95-104. [CrossRef]

Zhou, N.; Yu, Q.; Li, X;; Yu, Y;; Kou, C,; Li, W,; Xu, H.; Luo, X.; Zuo, L.; Kosten, T.R.; et al. Association of the dopamine
B-hydroxylase 19 bp insertion/deletion polymorphism with positive symptoms but not tardive dyskinesia in schizophrenia.
Hum. Psychopharmacol. 2013, 28, 230-237. [CrossRef]

Dai, D.; Wang, Y,; Yuan, J.; Zhou, X,; Jiang, D.; Li, J.; Zhang, Y.; Yin, H.; Duan, S. Meta-analyses of 10 polymorphisms associated
with the risk of schizophrenia. Biomed. Rep. 2014, 2, 729-736. [CrossRef]

Sun, Z.; Ma, Y.; Li, W,; He, J.; Li, J.; Yang, X.; Mao, P,; Cubells, ].F.; Tang, Y.-L. Associations between the DBH gene, plasma
dopamine -hydroxylase activity and cognitive measures in Han Chinese patients with schizophrenia. Schizophr. Res. 2018, 193,
58-63. [CrossRef] [PubMed]

Kukshal, P.; Chowdari, K.V,; Srivastava, V.; Wood, J.; McClain, L.; Bhatia, T.; Bhagwat, A.; Deshpande, S.N.; Nimgaonkar, V.L.;
Thelma, B. Dopaminergic gene polymorphisms and cognitive function in a north Indian schizophrenia cohort. J. Psychiatr. Res.
2013, 47, 1615-1622. [CrossRef]

Hui, L.; Zhang, X;; Yu, Y.Q.; Han, M.; Huang, X.F,; Chen, D.C.; Wang, Z.R.; Du, W.L.; Kou, C.G.; Yu, Q.; et al. Association between
DBH 19 bp insertion/deletion polymorphism and cognition in first-episode schizophrenic patients. Schizophr. Res. 2013, 147,
236-240. [CrossRef]

Pae, C.-U.; Kim, J.-J.; Serretti, A.; Lee, C.-U,; Lee, S.-].; Lee, C.; Paik, I.-H. VNTR polymorphism of tyrosine hydroxylase gene and
schizophrenia in the Korean population. Neuropsychobiology 2003, 47, 131-136. [CrossRef]

Horiguchi, M.; Ohi, K.; Hashimoto, R.; Hao, Q.; Yasuda, Y.; Yamamori, H.; Fujimoto, M.; Umeda-Yano, S.; Takeda, M.; Ichinose, H.
Functional polymorphism (C-824T) of the tyrosine hydroxylase gene affects IQ in schizophrenia. Psychiatry Clin. Neurosci. 2014,
68, 456-462. [CrossRef]

Hu, J.; Chan, L.F,; Souza, R.P.,; Tampakeras, M.; Kennedy, J.L.; Zai, C.; De Luca, V. The role of tyrosine hydroxylase gene variants
in suicide attempt in schizophrenia. Neurosci. Lett. 2014, 559, 39-43. [CrossRef]

Ishiguro, H.; Arinami, T.; Saito, T.; Akazawa, S.; Enomoto, M.; Mitushio, H.; Fujishiro, H.; Tada, K.; Akimoto, Y.; Mifune, H.; et al.
Systematic search for variations in the tyrosine hydroxylase gene and their associations with schizophrenia, affective disorders,
and alcoholism. Am. |. Med. Genet. 1998, 81, 388-396. [CrossRef]

Li, J.; Meltzer, H.Y. A genetic locus in 7p12.2 associated with treatment resistant schizophrenia. Schizophr. Res. 2014, 159, 333-339.
[CrossRef]

Zazueta, A.; Castillo, T.; Cavieres, A.; Gonzalez, R.; Abarca, M.; Nieto, R.R.; Deneken, J.; Araneda, C.; Moya, P.R.; Bustamante,
M.L. Polymorphisms in Schizophrenia-Related Genes Are Potential Predictors of Antipsychotic Treatment Resistance and
Refractoriness. Int. . Neuropsychopharmacol. 2022, 25, 701-708. [CrossRef]

Borglum, A.D.; Hampson, M.; Kjeldsen, T.E.; Muir, W.; Murray, V.; Ewald, H.; Mors, O.; Blackwood, D.; Kruse, T.A. Dopa
decarboxylase genotypes may influence age at onset of schizophrenia. Mol. Psychiatry 2001, 6, 712-717. [CrossRef]

Richards, M,; lijima, Y.; Kondo, H.; Shizuno, T.; Hori, H.; Arima, K.; Saitoh, O.; Kunugi, H. Association study of the vesicular
monoamine transporter 1 (VMAT1) gene with schizophrenia in a Japanese population. Behav. Brain Funct. BBF. 2006, 2, 39.
[CrossRef] [PubMed]

Riddle, E.L.; Fleckenstein, A.E.; Hanson, G.R. Role of monoamine transporters in mediating psychostimulant effects. AAPS ].
2005, 7, E847-E851. [CrossRef] [PubMed]

Sotnikova, T.D.; Beaulieu, J.M.; Gainetdinov, R.R.; Caron, M.G. Molecular biology, pharmacology and functional role of the
plasma membrane dopamine transporter. CNS Neurol. Disord. Drug Targets 2006, 5, 45-56. [PubMed]

Xu, EL.; Ding, M.; Wu, X,; Liu, Y.-P; Xia, X.; Yao, J.; Wang, B.-]. A Meta-analysis of the Association Between SLC6A3 Gene
Polymorphisms and Schizophrenia. J. Mol. Neurosci. 2020, 70, 155-166. [CrossRef]

Lohoff, EW.; Carr, G.V.; Brookshire, B.; Ferraro, T.N.; Lucki, I. Deletion of the vesicular monoamine transporter 1 (vmatl/slc18al)
gene affects dopamine signaling. Brain Res. 2019, 1712, 151-157. [CrossRef]

Lohoff, EW.; Weller, A.E.; Bloch, PJ.; Buono, R.J.; Doyle, G.A.; Ferraro, T.N.; Berrettini, W.H. Association between polymorphisms
in the vesicular monoamine transporter 1 gene (VMAT1/SLC18A1) on chromosome 8p and schizophrenia. Neuropsychobiology
2008, 57, 55-60. [CrossRef]

Han, H.; Xia, X.; Zheng, H.; Zhao, C.; Xu, Y.; Tao, J.; Wang, X. The Gene Polymorphism of VMAT2 Is Associated with Risk of
Schizophrenia in Male Han Chinese. Psychiatry Investig. 2020, 17, 1073-1078. [CrossRef]

Gejman, P.V,; Sanders, A.R.; Duan, J. The role of genetics in the etiology of schizophrenia. Psychiatr. Clin. North. Am. 2010, 33,
35-66. [CrossRef]

Escudero, L; Johnstone, M. Genetics of schizophrenia. Curr. Psychiatry Rep. 2014, 16, 502. [CrossRef]


https://doi.org/10.1016/j.psychres.2011.12.035
https://doi.org/10.1556/2006.5.2016.026
https://doi.org/10.2217/pgs-2017-0134
https://doi.org/10.1002/hup.2311
https://doi.org/10.3892/br.2014.308
https://doi.org/10.1016/j.schres.2017.06.028
https://www.ncbi.nlm.nih.gov/pubmed/28647493
https://doi.org/10.1016/j.jpsychires.2013.07.007
https://doi.org/10.1016/j.schres.2013.04.035
https://doi.org/10.1159/000070581
https://doi.org/10.1111/pcn.12157
https://doi.org/10.1016/j.neulet.2013.11.025
https://doi.org/10.1002/(SICI)1096-8628(19980907)81:5%3C388::AID-AJMG7%3E3.0.CO;2-P
https://doi.org/10.1016/j.schres.2014.08.018
https://doi.org/10.1093/ijnp/pyac025
https://doi.org/10.1038/sj.mp.4000902
https://doi.org/10.1186/1744-9081-2-39
https://www.ncbi.nlm.nih.gov/pubmed/17134514
https://doi.org/10.1208/aapsj070481
https://www.ncbi.nlm.nih.gov/pubmed/16594636
https://www.ncbi.nlm.nih.gov/pubmed/16613553
https://doi.org/10.1007/s12031-019-01399-5
https://doi.org/10.1016/j.brainres.2019.01.029
https://doi.org/10.1159/000129668
https://doi.org/10.30773/pi.2020.0023
https://doi.org/10.1016/j.psc.2009.12.003
https://doi.org/10.1007/s11920-014-0502-8

Brain Sci. 2024, 14, 1089 26 of 28

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Zhao, F; Zhang, X.; Qin, W.; Liu, F;; Wang, Q.; Xu, Q.; Wang, J.; Yu, C. Network-Dependent Modulation of COMT and DRD2
Polymorphisms in Healthy Young Adults. Sci. Rep. 2015, 5, 17996. [CrossRef]

Gong, P; Xi, S.; Shen, G.; Li, S.; Zhang, P.; Cao, G.; Zhang, F;; Shen, Y.; Feng, T.; Ma, H. The effects of DBH, MAOA, and MAOB on
attentional biases for facial expressions. J. Mol. Neurosci. 2013, 49, 606-613. [PubMed]

Walter, N.T.; Markett, S.A.; Montag, C.; Reuter, M. A genetic contribution to cooperation: Dopamine-relevant genes are associated
with social facilitation. Soc. Neurosci. 2011, 6, 289-301. [PubMed]

Heinzel, S.; Dresler, T.; Baehne, C.G.; Heine, M.; Boreatti-Hiimmer, A.; Jacob, C.P.; Renner, T.].; Reif, A.; Lesch, K.-P; Fallgatter, A .].;
et al. COMT x DRD4 epistasis impacts prefrontal cortex function underlying response control. Cereb. Cortex 2013, 23, 1453-1462.
[PubMed]

Gosso, M.E; de Geus, E.J.; Polderman, T.J.; Boomsma, D.I.; Heutink, P.; Posthuma, D. Catechol O-methyl transferase and
dopamine D2 receptor gene polymorphisms: Evidence of positive heterosis and gene-gene interaction on working memory
functioning. Eur. ]. Hum. Genet. 2008, 16, 1075-1082. [PubMed]

Taheri, N.; Pirboveiri, R.; Sayyah, M.; Bijanzadeh, M.; Ghandil, P. Association of DRD2, DRD4 and COMT genes variants and
their gene-gene interactions with antipsychotic treatment response in patients with schizophrenia. BMC Psychiatry 2023, 23, 781.
Rajagopal, V.M.; Rajkumar, A.P,; Jacob, K.S.; Jacob, M. Gene-gene interaction between DRD4 and COMT modulates clinical
response to clozapine in treatment-resistant schizophrenia. Pharmacogenet Genom. 2018, 28, 31-35.

The HuGENetTM HuGE Review Handbook, Version 1.0. Guidelines for Systematic Review and Meta-Analysis of Gene
Disease Association Studies. EQUATOR Network. Available online: https:/ /www.equator-network.org/reporting-guidelines /
the-hugenet-huge-review-handbook-version-1-0-guidelines-for-systematic-review-and-meta-analysis-of-gene-disease-
association-studies/ (accessed on 12 April 2024).

Lichtenstein, P; Yip, B.H.; Bjork, C.; Pawitan, Y.; Cannon, T.D.; Sullivan, PE; Hultman, C.M. Common genetic influences for
schizophrenia and bipolar disorder: A population-based study of 2 million nuclear families. Lancet 2009, 373, 234-239. [CrossRef]
DeMichele-Sweet, M.A.A.; Weamer, E.A; Klei, L.; Vrana, D.T.; Hollingshead, D.J.; Seltman, H.J.; Sims, R.; Foroud, T.; Hernandez,
I.; Moreno-Grau, S.; et al. Genetic risk for schizophrenia and psychosis in Alzheimer disease. Mol. Psychiatry 2018, 23, 963-972.
Ottawa Hospital Research Institute. Available online: https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
(accessed on 12 April 2024).

Vercammen, A.; Weickert, C.S.; Skilleter, A.].; Lenroot, R.; Schofield, P.R.; Weickert, T.W. Common polymorphisms in dopamine-
related genes combine to produce a ‘schizophrenia-like” prefrontal hypoactivity. Transl. Psychiatry 2014, 4, e356.

Srivastava, V.; Deshpande, S.N.; Thelma, B.K. Dopaminergic Pathway Gene Polymorphisms and Genetic Susceptibility to
Schizophrenia among North Indians. Neuropsychobiology 2010, 61, 64-70.

Bi, Y,; Huang, X.N.; Chen, S.; Wu, X,; Cao, Y.; Zhang, R.; Yang, F.; Wang, L.; Li, W.; Xu, Y.; et al. No association between SLC6A2,
SLC6A3, DRD2 polymorphisms and schizophrenia in the Han Chinese population. Psychiatry Res. 2017, 253, 398-400. [CrossRef]
[PubMed]

Grant, P; Kuepper, Y.; Mueller, E.A.; Wielpuetz, C.; Mason, O.; Hennig, J. Dopaminergic foundations of schizotypy as measured
by the German version of the Oxford-Liverpool Inventory of Feelings and Experiences (O-LIFE)—A suitable endophenotype of
schizophrenia. Front. Hum. Neurosci. 2013, 7, 1. [CrossRef] [PubMed]

Talkowski, M.E.; Kirov, G.; Bamne, M.; Georgieva, L.; Torres, G.; Mansour, H.; Chowdari, K.V.; Milanova, V.; Wood, ].; McClain,
L.; et al. A network of dopaminergic gene variations implicated as risk factors for schizophrenia. Hum. Mol. Genet. 2008, 17,
747-758. [CrossRef]

Hwang, N.Y.; Yun, KW.,; Joo, YH.; Kim, C.Y.; Jung, S.H.; Kim, B.; Shin, E.S.; Oh, S.Y.; Oh, H.B. Association between Schizophrenia
and the Genetic Polymorphism of DRD3, DRD4 and HTR2A. Ann. Lab. Med. 2004, 24, 446-451.

Xu, Q.; Jia, Y.B.; Zhang, B.Y.; Zou, K ; Tao, Y.-B.; Wang, Y.-P; Qiang, B.-Q.; Wu, G.-Y,; Ji, H.-K.; Huang, Y.; et al. Association study
of an SNP combination pattern in the dopaminergic pathway in paranoid schizophrenia: A novel strategy for complex disorders.
Mol. Psychiatry 2004, 9, 510-521. [CrossRef]

Séiz, P.A.; Garcia-Portilla, M.P.; Arango, C.; Morales, B.; Arias, B.; Corcoran, P.; Fernandez, ].M.; Alvarez, V.; Coto, E.; Bascaran,
M.-T,; et al. Genetic polymorphisms in the dopamine-2 receptor (DRD2), dopamine-3 receptor (DRD3), and dopamine transporter
(SLC6A3) genes in schizophrenia: Data from an association study. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34, 26-31.
[CrossRef]

Oishi, K.; Niitsu, T.; Kanahara, N.; Sato, Y.; Iwayama, Y.; Toyota, T.; Hashimoto, T.; Sasaki, T.; Takase, M.; Shiina, A.; et al.
Genetic risks of schizophrenia identified in a matched case—control study. Eur. Arch. Psychiatry Clin. Neurosci. 2021, 271, 775-781.
[CrossRef]

Gupta, M.; Chauhan, C.; Bhatnagar, P; Gupta, S.; Grover, S.; Singh, P.K.; Purushottam, M.; Mukherjee, O.; Jain, S.; Brahmachari,
S.K.; et al. Genetic susceptibility to schizophrenia: Role of dopaminergic pathway gene polymorphisms. Pharmacogenomics 2009,
10, 277-291. [CrossRef]

Cheah, S.Y.; Lurie, ].K.; Lawford, B.R.; Young, RM.D.; Morris, C.P; Voisey, J. Interaction of multiple gene variants and their effects
on schizophrenia phenotypes. Compr. Psychiatry 2016, 71, 63-70. [CrossRef]

Alvarez, S.; Mas, S.; Gass6, P; Bernardo, M.; Parellada, E.; Lafuente, A. Lack of association between schizophrenia and
polymorphisms in dopamine metabolism and transport genes. Fundam. Clin. Pharmacol. 2010, 24, 741-747. [CrossRef]


https://doi.org/10.1038/srep17996
https://www.ncbi.nlm.nih.gov/pubmed/23054588
https://www.ncbi.nlm.nih.gov/pubmed/21061227
https://www.ncbi.nlm.nih.gov/pubmed/22617852
https://www.ncbi.nlm.nih.gov/pubmed/18382477
https://www.equator-network.org/reporting-guidelines/the-hugenet-huge-review-handbook-version-1-0-guidelines-for-systematic-review-and-meta-analysis-of-gene-disease-association-studies/
https://www.equator-network.org/reporting-guidelines/the-hugenet-huge-review-handbook-version-1-0-guidelines-for-systematic-review-and-meta-analysis-of-gene-disease-association-studies/
https://www.equator-network.org/reporting-guidelines/the-hugenet-huge-review-handbook-version-1-0-guidelines-for-systematic-review-and-meta-analysis-of-gene-disease-association-studies/
https://doi.org/10.1016/S0140-6736(09)60072-6
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org/10.1016/j.psychres.2017.02.051
https://www.ncbi.nlm.nih.gov/pubmed/28454051
https://doi.org/10.3389/fnhum.2013.00001
https://www.ncbi.nlm.nih.gov/pubmed/23355817
https://doi.org/10.1093/hmg/ddm347
https://doi.org/10.1038/sj.mp.4001472
https://doi.org/10.1016/j.pnpbp.2009.09.008
https://doi.org/10.1007/s00406-020-01158-3
https://doi.org/10.2217/14622416.10.2.277
https://doi.org/10.1016/j.comppsych.2016.08.015
https://doi.org/10.1111/j.1472-8206.2009.00807.x

Brain Sci. 2024, 14, 1089 27 of 28

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ohara, K.; Nakamura, Y.; Xie, D.W.; Ishigaki, T.; Deng, Z.-L.; Tani, K.; Zhang, H.-Y.; Kondo, N.; Liu, J.-C.; Miyasato, K.; et al.
Polymorphisms of dopamine D2-like (D2, D3, and D4) receptors in schizophrenia. Biol. Psychiatry 1996, 40, 1209-1217. [CrossRef]
[PubMed]

Hall, H.; Lawyer, G.; Sillén, A.; Jonsson, E.G.; Agartz, I; Terenius, L.; Arnborg, S. Potential genetic variants in schizophrenia: A
Bayesian analysis. World ]. Biol. Psychiatry 2007, 8, 12-22. [CrossRef] [PubMed]

Lochman, J.; Balcar, V.J.; ét’astny, E; gery, O. Preliminary evidence for association between schizophrenia and polymorphisms in
the regulatory Regions of the ADRA2A, DRD3 and SNAP-25 Genes. Psychiatry Res. 2013, 205, 7-12. [CrossRef] [PubMed]
Norton, N.; Kirov, G.; Zammit, S.; Jones, G.; Jones, S.; Owen, R.; Krawczak, M.; Williams, N.M.; O’'Donovan, M.C.; Owen, M.].
Schizophrenia and functional polymorphisms in the MAOA and COMT genes: No evidence for association or epistasis. Am. J.
Med. Genet. 2002, 114, 491-496. [CrossRef]

Hoenicka, J.; Garrido, E.; Ponce, G.; Rodriguez-Jiménez, R.; Martinez, I.; Rubio, G.; Jiménez-Arriero, M.; Palomo, T. Sexually
dimorphic interaction between the DRD1 and COMT genes in schizophrenia. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2010,
153B, 948-954. [CrossRef]

Gareeva, A.E.; Khusnutdinova, E.K. The Role of Intergenic Interactions of Neurotrophic and Neurotransmitter System Genes in
the Development of Susceptibility to Paranoid Schizophrenia. Russ. J. Genet. 2020, 56, 79-87. [CrossRef]

Created with BioRender. Available online: https://www.biorender.com/ (accessed on 25 October 2024).

Fedosova, A.; Titova, N.; Kokaeva, Z.; Shipilova, N.; Katunina, E.; Klimov, E. Genetic Markers as Risk Factors for the Development
of Impulsive-Compulsive Behaviors in Patients with Parkinson’s Disease Receiving Dopaminergic Therapy. J. Pers. Med. 2021, 11,
1321. [CrossRef]

Soderqvist, S.; Matsson, H.; Peyrard-Janvid, M.; Kere, J.; Klingberg, T. Polymorphisms in the Dopamine Receptor 2 Gene Region
Influence Improvements during Working Memory Training in Children and Adolescents. J. Cogn. Neurosci. 2014, 26, 54-62.
[CrossRef]

Garcia-Garcia, M.; Via, M.; Zarnowiec, K.; SanMiguel, I.; Escera, C.; Clemente, .C. COMT and DRD2/ANKK-1 gene-gene
interaction account for resetting of gamma neural oscillations to auditory stimulus-driven attention. PLoS ONE 2017, 12, e0172362.
Balcy, F; Wiener, M.; Cavdaroglu, B.; Branch Coslett, H. Epistasis effects of dopamine genes on interval timing and reward
magnitude in humans. Neuropsychologia 2013, 51, 293-308.

Stelzel, C.; Basten, U.; Montag, C.; Reuter, M.; Fiebach, C.J. Effects of dopamine-related gene-gene interactions on working
memory component processes. Eur. J. Neurosci. 2009, 29, 1056-1063. [CrossRef] [PubMed]

Bertolino, A.; Di Giorgio, A.; Blasi, G.; Sambataro, F.; Caforio, G.; Sinibaldi, L.; Latorre, V.; Rampino, A.; Taurisano, P.; Fazio, L.;
et al. Epistasis between dopamine regulating genes identifies a nonlinear response of the human hippocampus during memory
tasks. Biol. Psychiatry 2008, 64, 226-234. [CrossRef] [PubMed]

Prata, D.P.; Mechelli, A.; Fu, C.H.; Picchioni, M.; Toulopoulou, T.; Bramon, E.; Walshe, M.; Murray, R.M.; Collier, D.A.; McGuire, P.
Epistasis between the DAT 3’ UTR VNTR and the COMT Val158Met SNP on cortical function in healthy subjects and patients
with schizophrenia. Proc. Natl. Acad. Sci. USA 2009, 106, 13600-13605. [CrossRef]

Alexander, N.; Osinsky, R.; Mueller, E.; Schmitz, A.; Guenthert, S.; Kuepper, Y.; Hennig, J. Genetic variants within the dopaminergic
system interact to modulate endocrine stress reactivity and recovery. Behav. Brain Res. 2011, 216, 53-58. [CrossRef]

Bertolino, A.; Fazio, L.; Di Giorgio, A.; Blasi, G.; Romano, R.; Taurisano, P.; Caforio, G.; Sinibaldi, L.; Ursini, G.; Popolizio, T.; et al.
Genetically determined interaction between the dopamine transporter and the D2 receptor on prefronto-striatal activity and
volume in humans. J. Neurosci. 2009, 29, 1224-1234. [CrossRef]

Su, P; Liu, E. A peptide disrupting the D2R-DAT interaction protects against dopamine neurotoxicity. Exp. Neurol. 2017, 295,
176-183. [CrossRef]

Savitz, J.; Hodgkinson, C.A.; Martin-Soelch, C.; Shen, P-H.; Szczepanik, J.; Nugent, A.; Herscovitch, P.; Grace, A.A.; Goldman, D.;
Drevets, W.C. The functional DRD3 Ser9Gly polymorphism (rs6280) is pleiotropic, affecting reward as well as movement. PLoS
ONE 2013, 8, €54108. [CrossRef]

Stehouwer, J.S.; Chopra, A. N-((E)-4-[18F]Fluorobut-2-en-1-yl)-23-carbomethoxy-33-(4'-fluorophenyl)nortropane. In Molecular
Imaging and Contrast Agent Database (MICAD); National Center for Biotechnology Information (US): Bethesda, MD, USA, 2011.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK53694/ (accessed on 18 April 2024).

Li, Y.; Kuzhikandathil, E.V. Molecular characterization of individual D3 dopamine receptor-expressing cells isolated from multiple
brain regions of a novel mouse model. Brain Struct. Funct. 2012, 217, 809-833. [CrossRef]

Zhuo, C.; Cheng, L.; Li, G.; Xu, Y,; Jing, R.; Li, S.; Zhang, L.; Lin, X. COMT-Val158Met polymorphism modulates antipsy-
chotic effects on auditory verbal hallucinations and temporal lobe gray matter volumes in healthy individuals-symptom relief
accompanied by worrisome volume reductions. Brain Imaging Behav. 2020, 14, 1373-1381. [CrossRef]

Ma, J.; Zhao, M.; Zhou, W.; Li, M.; Huai, C.; Shen, L.; Wang, T.; Wu, H.; Zhang, N.; Zhang, Z.; et al. Association Between the
COMT Val158Met Polymorphism and Antipsychotic Efficacy in Schizophrenia: An Updated Meta-Analysis. Curr. Neuropharmacol.
2021, 19, 1780-1790. [CrossRef]

Schacht, ].P. COMT val158met moderation of dopaminergic drug effects on cognitive function: A critical review. Pharmacogenomics
J. 2016, 16, 430—438. [CrossRef] [PubMed]

Farrell, S.M.; Tunbridge, E.M.; Braeutigam, S.; Harrison, P.J. COMT Val(158)Met genotype determines the direction of cognitive
effects produced by catechol-O-methyltransferase inhibition. Biol. Psychiatry 2012, 71, 538-544. [CrossRef]


https://doi.org/10.1016/0006-3223(95)00673-7
https://www.ncbi.nlm.nih.gov/pubmed/8959285
https://doi.org/10.1080/15622970600892004
https://www.ncbi.nlm.nih.gov/pubmed/17366345
https://doi.org/10.1016/j.psychres.2012.08.003
https://www.ncbi.nlm.nih.gov/pubmed/22940547
https://doi.org/10.1002/ajmg.10517
https://doi.org/10.1002/ajmg.b.31065
https://doi.org/10.1134/S1022795420010056
https://www.biorender.com/
https://doi.org/10.3390/jpm11121321
https://doi.org/10.1162/jocn_a_00478
https://doi.org/10.1111/j.1460-9568.2009.06647.x
https://www.ncbi.nlm.nih.gov/pubmed/19291230
https://doi.org/10.1016/j.biopsych.2008.02.001
https://www.ncbi.nlm.nih.gov/pubmed/18374902
https://doi.org/10.1073/pnas.0903007106
https://doi.org/10.1016/j.bbr.2010.07.003
https://doi.org/10.1523/JNEUROSCI.4858-08.2009
https://doi.org/10.1016/j.expneurol.2017.05.010
https://doi.org/10.1371/journal.pone.0054108
https://www.ncbi.nlm.nih.gov/books/NBK53694/
https://doi.org/10.1007/s00429-012-0383-8
https://doi.org/10.1007/s11682-019-00043-5
https://doi.org/10.2174/1570159X18666201023154049
https://doi.org/10.1038/tpj.2016.43
https://www.ncbi.nlm.nih.gov/pubmed/27241058
https://doi.org/10.1016/j.biopsych.2011.12.023

Brain Sci. 2024, 14, 1089 28 of 28

130.

131.

132.

133.

134.

Liu, C.; Xu, X; Liu, X.; Zhang, T,; Li, Y.; Yan, P. DRD3 Ser9Gly polymorphism and treatment response to antipsychotics in
schizophrenia: A meta-analysis. Neurosci. Lett. 2022, 786, 136788. [CrossRef] [PubMed]

Chen, S.F; Shen, Y.C.; Chen, C.H. Effects of the DRD3 Ser9Gly polymorphism on aripiprazole efficacy in schizophrenic patients
as modified by clinical factors. Prog. Neuropsychopharmacol. Biol. Psychiatry 2009, 33, 470-474. [CrossRef]

Samanaite, R.; Gillespie, A.; Sendt, K.V.; McQueen, G.; MacCabe, ].H.; Egerton, A. Biological Predictors of Clozapine Response: A
Systematic Review. Front. Psychiatry 2018, 9, 327.

Breuer, R.; Mattheisen, M.; Frank, J.; Krumm, B.; Treutlein, J.; Kassem, L.; Strohmaier, J.; Herms, S.; Miihleisen, T.W.; Degenhardt,
F,; et al. Detecting significant genotype-phenotype association rules in bipolar disorder: Market research meets complex genetics.
Int. J. Bipolar Disord. 2018, 6, 24. [CrossRef]

Murrie, B.; Lappin, J.; Large, M.; Sara, G. Transition of Substance-Induced, Brief, and Atypical Psychoses to Schizophrenia: A
Systematic Review and Meta-analysis. Schizophr. Bull. 2020, 46, 505-516. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neulet.2022.136788
https://www.ncbi.nlm.nih.gov/pubmed/35835396
https://doi.org/10.1016/j.pnpbp.2009.01.007
https://doi.org/10.1186/s40345-018-0132-x
https://doi.org/10.1093/schbul/sbz102

	Introduction 
	Dopamine Receptors 
	Metabolizing Enzymes Genes 
	Synthesizing Enzymes 
	Dopamine Transporters 

	Methods 
	Selection Criteria 
	Identifying Studies 
	Data Collection and Analysis 

	Results 
	Characteristics of Studies 
	Synthesis–Receptor–Transporter–Metabolism Gene Complex Interaction 
	Receptor-Metabolism Gene–Gene Interaction 
	Receptor–Transporter Gene–Gene Interaction 
	Receptor-Synthesis Gene–Gene Interaction 
	Transporter-Metabolism Gene–Gene Interaction 
	Synthesis-Metabolism Gene–Gene Interaction 
	Transporters Gene–Gene Interaction 
	Receptor Gene–Gene Interaction 
	Metabolism Gene–Gene Interaction 

	Discussion 
	Conclusions 
	References

