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Abstract

Background: Suicidal behavior is a complex and multifactorial phenomenon rooted in both psychological and biological
mechanisms. In recent years, there has been an increasing focus on epigenetic factors, which modulate the influence of environmental
factors on the expression of genes associated with emotional and cognitive regulation.

Review of the literature: This review aims to provide a comprehensive analysis of contemporary scientific data concerning the
epigenetic mechanisms implicated in the pathogenesis of suicidal behavior. It synthesizes and systematizes findings published between
2013 and 2024, emphasizing DNA methylation, histone modifications, and non-coding RNA (microRNA and long non-coding RNA)
regulation as key molecular pathways involved in impaired neuroplasticity, dysregulation of the hypothalamic-pituitary-adrenal (HPA)
axis, and dysfunction of neurotransmitter systems.

Discussion: The review highlights the role of epigenetic regulation in genes associated with the serotonergic system (SLC6A4),
neuroendocrine stress response (FKBPS5), and HPA axis regulation (SKA2, NR3C1, NR3C2), as well as relatively novel candidate
genes such as CACNAIC, SIRTI, and IMPA2. It underscores how stress-induced and trauma-related epigenetic modifications
contribute to suicidal vulnerability and may underlie the biological heterogeneity observed among individuals exhibiting suicidal
behavior. The potential reversibility of epigenetic changes positions them as attractive targets for therapeutic and preventive strategies.

Conclusion: Epigenetic changes induced by environmental stressors, traumatic experiences, or mental disorders possess diagnostic
and prognostic potential. The integration of epigenetic biomarkers into clinical research may enhance the early identification of
individuals at risk, support the development of personalized interventions, and contribute to new approaches in suicide prevention.
Overall, epigenetics offers a promising framework for bridging molecular biology with psychiatry and deepening our understanding of
the biological mechanisms underlying suicidality.
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Suicide constitutes a significant public health issue,
ranking among the leading causes of death globally. Each
year, it results in millions of fatalities and has a profound
impact on public health. According to the World Health
Organization (WHO), more than 700,000 individuals die
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by suicide annually, and this number continues to rise (1).
Despite extensive research investigating the psychiatric,
sociodemographic, and neurobiological factors that con-
tribute to suicidal behavior, the underlying mechanisms
have yet to be fully elucidated (2).

1What is “already known” in this topic:

Suicidal behavior is a multifactorial condition influenced by
psychological, social, and biological factors. Dysregulation of
serotonergic signaling and the hypothalamic—pituitary—adrenal (HPA)
axis has been consistently implicated. However, findings remain
heterogeneous and lack integrative interpretation.

— What this article adds:

This review provides a structured synthesis of evidence on DNA
methylation, histone modifications, and non-coding RNAs in
suicidality. It highlights stress-responsive genes, clarifies gene—
environment interactions. In addition, the review examines the
therapeutic aspects of epigenetic research, including analyses of
existing studies on the use of histone deacetylase (HDAC) inhibitors
and microRNA-based therapies in psychiatric practice.
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Contemporary scientific data underscores the substantial
influence of genetic factors on the development of suicide
risk (3). However, the presence of a genetic predisposition
alone is insufficient as a predictor of suicidal behavior.
Suicidality is a multifaceted phenomenon, with the inter-
action between genes and the environment (GXE) playing
a significant role in its development (4). Additionally,
epigenetic mechanisms that regulate gene expression in
response to external influences further contribute to the
complexity of this issue.

Epigenetics, a domain within molecular biology, inves-
tigates heritable modifications in gene activity that do not
involve alterations to the DNA sequence. The primary
epigenetic mechanisms include DNA methylation, histone
modifications, and the regulation of gene expression by
non-coding RNA (5). Existing research has shown that
stressful events, traumatic experiences during childhood,
mental disorders, and other adverse factors can induce
epigenetic changes, influencing the function of genes in-
volved in neurotransmission, stress response, and inflam-
matory processes (6—8). These changes may contribute to
the emergence of suicidal behavior and predispose indi-
viduals to an increased risk of suicide.

The study of epigenetic changes in suicidal behavior
provides novel insights into the molecular mechanisms
underlying this phenomenon and the potential for develop-
ing preventative strategies. First, epigenetic modifications
can serve as biomarkers for the timely diagnosis and as-
sessment of suicidal risk. The identification of specific
changes in gene methylation (e.g., SLC6A4, BDNF,
HTR2A, SKA2, NR3C1, FKBP5) or microRNA expres-
sion in the brain or peripheral tissues (e.g., blood) may
facilitate the development of more accurate methods for
predicting suicide risk (9). Secondly, a comprehensive
understanding of the epigenetic mechanisms underlying
suicidality presents a significant opportunity for the de-
velopment of novel therapeutic strategies. Some epigenet-
ic modifications may be reversible, rendering them prom-
ising targets for pharmacological correction using inhibi-
tors of DNA methylases, histone deacetylases, and mi-
croRNA modulators.

Consequently, the study of epigenetics in the context of
suicidal behavior enhances our understanding of biologi-
cal mechanisms while simultaneously revealing novel
opportunities for prognosis, diagnosis, and therapeutic
intervention. Further research in this area may facilitate
the development of personalized approaches to the pre-
vention and treatment of suicide risk, which carries signif-
icant clinical and social implications.

This review examines critical epigenetic mechanisms
associated with suicidal behavior, including alterations in
DNA methylation, histone modifications, and the dysregu-
lation of non-coding RNAs. It specifically focuses on the
effects of DNA methylation in various genes and their
implications, the impact of histone acetylation, the role of
environmental factors such as stress and mental disorders
in the development of epigenetic changes, the influence of
non-coding RNAs on suicidality, and the potential for
utilizing epigenetic data in the diagnosis and prevention of
suicidality.
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Methods

Study Design and Objectives

This review is based on a systematic analysis of the sci-
entific literature concerning the epigenetic aspects of sui-
cidal behavior. The objective of this study was to provide
a comprehensive summary and critical analysis of the cur-
rent state of knowledge regarding key epigenetic mecha-
nisms, including DNA methylation, histone post-
translational modifications, the regulatory role of mi-
croRNAs, gene-environment interactions, and the poten-
tial of epigenetic changes as risk biomarkers. The review
encompassed original studies published in peer-reviewed
journals that examined epigenetic alterations (DNA meth-
ylation, histone modifications, microRNA, and long non-
coding RNA expression) in relation to suicidal behavior,
ideation, or mental disorders associated with suicide.
Studies involving both post-mortem brain samples and
peripheral tissues (such as blood and saliva) were includ-
ed.

Literature Search Strategy

A comprehensive search of relevant literature was con-
ducted across major international bibliographic databases,
including PubMed, Scopus, Web of Science, ScienceDi-
rect, Mendeley, PsycINFO, Embase, and Google Scholar.
This extensive search encompassed publications from
2013 to 2024. The following search terms and their com-
binations were utilized: suicidal behavior, suicide at-
tempts, suicidality, epigenetics, DNA methylation, histone
modifications, chromatin remodeling, microRNAs, long
non-coding RNAs (IncRNAs), gene-environment interac-
tion, HPA axis dysregulation, serotonergic system, neuro-
plasticity, stress response, epigenetic biomarkers, epige-
netic therapy, methylation profiling, postmortem brain,
psychiatric disorders, and depression. The review included
a variety of research articles, such as those that underwent
peer review, systematic reviews, meta-analyses, experi-
mental studies, and clinical observational studies. These
articles were selected based on specific criteria, namely
relevance to the subject matter, scientific novelty, and
methodological quality.

The analysis included data from over 150 studies, en-
compassing both postmortem brain samples and peripher-
al biological materials, such as blood and saliva.

Eligibility Criteria

Inclusion criteria

e The original dataset under consideration provides a
comprehensive examination of the relationship between
epigenetic mechanisms and suicidal behavior or risk fac-
tors.

e A study will be conducted that includes a comprehen-
sive description of the sample, methodology, and statisti-
cal analysis.

e Papers published in English between 2013 and 2024.

Exclusion criteria
e reviews, commentaries, letters, and discussion articles
that do not contain empirical data.
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e Studies lacking a control group or those with an inad-
equate sample size (<20 participants in one of the groups)
are considered insufficient.

e Papers that are deemed to possess inadequate statisti-
cal power:

e Papers that do not account for multiple comparisons
are inherently flawed.

e Papers that do not provide a comprehensive descrip-
tion of the employed analysis methods.

Data Extraction and Quality Assessment

To enhance methodological transparency, a critical as-
sessment of the included studies was conducted. The anal-
ysis encompassed parameters such as study design, sam-
ple characteristics and representativeness, the reliability of
methods employed to assess epigenetic changes, the com-
parability of study and control groups by gender, age, and
other variables, as well as the completeness of statistical
data presentation (p-values, confidence intervals, and the
use of multiple comparison corrections, including the
Bonferroni correction). This methodological approach
facilitated an objective evaluation of the reliability of the
authors' results and provided a comprehensive understand-
ing of the problem under investigation.

A total of 950 articles were initially identified for re-
view. After applying the inclusion and exclusion criteria,
250 articles were assessed, with 150 ultimately included in
the final analysis. The methods summary did not provide
detailed information regarding the specific study partici-
pants or groups. However, the studies included various
groups based on the different epigenetic factors associated
with suicidality under investigation.

This approach enabled us to minimize subjectivity and
enhance the reliability of article selection by utilizing a
standard checklist, such as PRISMA, to ensure transpar-
ency. These checklists facilitate the assessment of the
quality of the included studies, identify potential sources
of bias, and evaluate the reliability of the results (Figure
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Figure 1. PRISMA flow chart of the studio selection process

Discussion

The primary mechanisms of epigenetic regulation in-
volve DNA methylation. Epigenetic regulation plays a
pivotal role in modulating gene expression, thereby ensur-
ing genomic plasticity. Epigenetic mechanisms interact
with one another and can be influenced by external fac-
tors, including stress, psychological trauma, and mental
disorders (5). Disruptions in epigenetic regulation are re-
garded as one of the potential mechanisms underlying the
development of suicidal behavior.

DNA methylation is one of the most extensively studied
epigenetic mechanisms that regulate gene expression. It
involves the addition of methyl groups (-CHs) to cytosine
bases in CpG dinucleotides through the action of DNA
methyltransferases (DNMTs). Typically, hypermethyla-
tion of gene promoter regions leads to decreased expres-
sion, while hypomethylation can promote active transcrip-
tion (10). DNA methylation represents a significant area
of research regarding epigenetic changes associated with
depression and elevated suicide risk (11).

Research has demonstrated that individuals exhibiting
suicidal behavior exhibit substantial alterations in DNA
methylation, particularly in genes associated with neuro-
transmission, stress response, and inflammation (12). For
instance, postmortem studies of the brains of suicide vic-
tims revealed hypermethylation of the promoter region of
the BDNF gene, which correlated with reduced expression
of this neurotrophic factor. This neurotrophic factor plays
a crucial role in neuronal plasticity and survival. Addi-
tionally, research has shown reduced BDNF expression in
the prefrontal cortex, parietal cortex, and hippocampus in
patients with schizophrenia (13). This finding aligns with
the hypothesis of impaired neuroplasticity in this condi-
tion. In patients diagnosed with bipolar disorder, de-
creased levels of BDNF have been reported in the frontal
cortex and hippocampus compared to individuals in the
control group (14). A subsequent study identified a corre-
lation between BDNF gene promoter methylation and
suicidal behavior in patients diagnosed with major depres-
sive disorder (15). Higher levels of BDNF gene methyla-
tion have been associated with a history of suicide at-
tempts, more severe suicidal ideation during treatment,
and less favorable treatment outcomes. These findings
suggest that epigenetic modifications of the BDNF gene
may play a significant role in the pathogenesis of suicidal
behavior and may serve as a potential biomarker for iden-
tifying patients at high risk of suicide.

Conversely, the FKBP5 (FK506 Binding Protein 5)
gene encodes the FKBP51 protein, which plays a pivotal
role in regulating glucocorticoid receptor (GR) sensitivity
and, consequently, in the regulation of the hypothalamic-
pituitary-adrenal (HPA) axis (16). Typically, FKBP51
binds to GR in the cytoplasm, thereby inhibiting its activa-
tion. This interaction prevents cortisol binding and subse-
quent translocation of the receptor into the cell nucleus,
where it regulates the transcription of stress-related genes
(17). Numerous studies have demonstrated a correlation
between hypomethylation of the FKBP5 gene and an ele-
vated risk of developing PTSD, major depressive disorder
(MDD), and suicidal ideation (15). In individuals exposed
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to severe stress (e.g., combat veterans, Holocaust survi-
vors), decreased FKBPS5 methylation levels have been
observed, which are associated with chronic HPA axis
dysfunction and increased vulnerability to mental disor-
ders (18,19). Hypomethylation of the FKBP5 promoter
region has been shown to result in increased expression of
the gene, which, in turn, enhances GR inhibition and re-
duces its sensitivity to cortisol. This leads to a weakening
of the HPA axis negative feedback mechanism, resulting
in persistent hyperactivation of the stress response and
elevated circulating cortisol levels (20).

The SKA2 gene (Spindle and Kinetochore Associated
Complex Subunit 2) plays a pivotal role in regulating the
HPA axis and is essential for the normal functioning of
the stress response by modulating GR sensitivity (21).
SKA?2 is integral to the transport of GR into the cell nu-
cleus, a critical step in regulating the transcription of
genes responsible for stress feedback and control. Hyper-
methylation of the SKA2 promoter region has been shown
to reduce SKA2 expression, consequently diminishing the
amount of functional protein. This reduction disrupts the
nuclear translocation of GR, thereby decreasing its effec-
tiveness in suppressing the stress response (22). As a re-
sult, hypercortisolemia exerts a neurotoxic effect on brain
structures such as the hippocampus and prefrontal cortex,
which are involved in emotion regulation, impulsivity
control, and stress processing. Prolonged exposure to ele-
vated cortisol levels has been demonstrated to induce glu-
tamate-mediated neuronal impairment, as evidenced by a
decline in hippocampal volume. This decline results in
impaired inhibitory control over the amygdala, which has
been observed to precipitate anxiety, depression, and an
increased propensity for impulsive decisions (23). Patients
who have attempted suicide have been found to exhibit
significantly increased SKA2 methylation, supporting its
role in suicidal risk through dysregulated stress responses
and impaired cognitive control mechanisms over emotions
(12, 24, 25). Epigenetic changes in the SKA2 gene have
been associated with an increased risk of suicidal behavior
and post-traumatic stress disorder (PTSD) in individuals
who have experienced severe trauma (22). Researchers
have identified a correlation between high methylation
levels of the SKA2 gene and the severity of trauma expe-
rienced. A parallel investigation has identified an associa-
tion between epigenetic alterations in the SKA2 gene,
particularly the methylation of a specific DNA region
(cg13989295), and an elevated risk of internalizing disor-
ders, including depression and suicidal ideation (24).

Consequently, epigenetic alterations in SKA2 have been
shown to contribute to dysfunction of the HPA axis, lead-
ing to persistent hypercortisolemia, emotional dysregula-
tion, and an increased risk of suicidal behavior.

The hypothalamic-pituitary-adrenal (HPA) axis is a cen-
tral mechanism that regulates the body's response to stress
(27). The release of cortisol, a stress hormone and a key
component of this system, is regulated by glucocorticoid
receptors. These receptors are encoded by the genes
NR3C1 (Nuclear receptor subfamily 3 group C member 1)
and NR3C2 (Nuclear receptor subfamily 3 group C mem-
ber 2) (27). They play a crucial role in mediating the phys-
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iological effects of cortisol, including energy mobilization
and inflammation suppression.

A comprehensive review of existing studies reveals an
equivocal yet statistically significant association between
NR3C1 gene methylation and various forms of psycho-
pathology, particularly those related to traumatic experi-
ences (28). Increased methylation of the NR3C1 promoter
region is often linked to reduced gene expression, indicat-
ing a potential mechanism through which trauma may
affect long-term regulation of the stress response. Despite
the substantial body of research, the lack of consistency in
results is likely attributable to the heterogeneity of meth-
odological approaches. Nevertheless, the findings suggest
that NR3C1 methylation holds promise as a biomarker for
assessing the risk of developing severe psychopathologies.

One of the key mechanisms regulating NR3C1 expres-
sion is DNA methylation in the promoter region of the
gene. Increased methylation of CpG dinucleotides, partic-
ularly in the NR3C1 exon 1F region, has been shown to
reduce the availability of transcription factors such as
NGFI-A, leading to decreased gene transcription and a
reduction in glucocorticoid receptors. This results in the
weakening of the negative feedback loop of the HPA axis,
causing the hypothalamus and pituitary gland to lose their
capacity to suppress excess cortisol secretion (29). Con-
versely, elevated cortisol levels have been observed to
trigger the release of glutamate, a process linked to exci-
totoxicity. Excitotoxicity refers to the damage to neurons
in the prefrontal cortex and hippocampus, regions of the
brain that play a pivotal role in regulating emotions and
facilitating decision-making processes (30). Research has
indicated that individuals who have experienced child-
hood abuse exhibit elevated levels of NR3C1 methylation,
a phenomenon associated with an impaired stress response
and an increased risk of developing depressive disorders
and suicidal tendencies (31, 32). A relationship has been
demonstrated between early life experiences, genetic
mechanisms, and the development of mental disorders
(33).

A review of the existing literature reveals a correlation
between the methylation level of the NR3C1 gene in pa-
tients diagnosed with major depressive disorder (MDD)
who have experienced childhood abuse and the type and
severity of the trauma endured (34). These findings sug-
gest that epigenetic mechanisms may play a crucial role in
the long-term consequences of childhood trauma and the
development of mental disorders. Hypermethylation of the
NR3CI1 gene has been associated with the onset of depres-
sive symptoms in individuals with a history of childhood
abuse (35) and with the interaction between childhood
abuse and NR3C1 gene methylation changes in children
(306).

Conversely, the study by Tyrka et al. (2016) revealed an
opposing trend, demonstrating that individuals with a his-
tory of childhood abuse and/or mental disorders exhibited
a decrease in the methylation level of the NR3C1 gene in
the promoter region (37). This finding contradicts the re-
sults of prior studies, which indicated heightened NR3Cl1
methylation in response to traumatic experiences. Con-
sistent findings were obtained in a population-based inves-
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tigation involving 147 adults in Detroit, which demon-
strated that childhood trauma (CT) and major depressive
disorder (MDD) exert opposing effects on NR3C1 meth-
ylation: specifically, CT was associated with an increase
in DNAm in the binding site of the transcription factor
EGR1, while MDD was linked to a decrease in DNAm
downstream of this region (33). A study by Na et al.
(2014) examined the association between methylation of
the NR3C1 promoter region and structural changes in the
hippocampus, including a sample of 45 patients with
MDD and 72 healthy participants. The results indicated
that reduced methylation of the NR3C1 promoter region
was associated with structural changes in the hippocam-
pus, particularly in the CA2-3 subfields and the dentate
gyrus (CA4-DG) (38). These findings suggest that NR3Cl1
methylation may reflect compensatory neuroepigenetic
processes that influence stress regulation and neuroplastic-
ity in depression. It is important to acknowledge that the
aforementioned studies utilized whole blood as the bio-
material instead of brain tissue. This methodological deci-
sion potentially restricts the generalizability of the find-
ings, given the recognized variability in methylation levels
between peripheral tissues and the central nervous system.
Additionally, the use of retrospective self-reports of child-
hood trauma may introduce bias into the impact assess-
ment. The methodological discrepancies, including varia-
tions in tissue type, study design (cross-sectional or post-
mortem), and DNAm quantification methods, may eluci-
date the variability and inconsistency observed in the re-
ported data on NR3C1 methylation in the context of psy-
chiatric disorders.

Additional evidence is provided by a study involving
392 patients with depression and 1,276 controls, which
identified an association between the MAOA gene u-
VNTR polymorphism, NR3C1 methylation, and adverse
childhood factors (39). Women carrying the low-activity
MAOA-L allele who experienced early loss demonstrated
NR3C1 hypermethylation near the NGFI-A binding site (p
=0.005) and exhibited an increased risk of depression (p
=0.006). However, the analysis was conducted using sali-
va samples, which restricts the ability to directly extrapo-
late the results to brain processes.

DNA methylation is a tissue-specific process that occurs
during cellular differentiation and reflects the functional
specialization of tissues. The activity of DNMT and TET
enzymes, which interact with tissue-specific transcription
factors and histone modifications, determines the activa-
tion or repression of specific genes in a given cell type.
Consequently, the level and direction of methylation of
the same gene can vary significantly between brain, blood,
and salivary tissues. This variability must be considered
when interpreting data (40). Therefore, caution is required
in data interpretation, as comparing results obtained from
different tissue types can lead to apparent contradictions.
Furthermore, most of the aforementioned studies em-
ployed the Bonferroni correction, which enhances statisti-
cal rigor but may also result in the loss of weak yet bio-
logically significant associations. These methodological
considerations must be taken into account when interpret-
ing results and planning future studies. Given these fac-

tors, variability in NR3C1 results does not invalidate the
hypothesis; rather, it underscores the multilevel nature of
stress response regulation and the importance of the con-
text in which epigenetic changes occur. Collectively, these
data confirm that NR3C1 remains one of the most promis-
ing epigenetic biomarkers of stress vulnerability and de-
pression. Further research is necessary, considering tissue
specificity and longitudinal observations.

Other studies have demonstrated increased methylation
of the SLC6A4 gene, which encodes the serotonin trans-
porter. This gene may be associated with dysfunction of
the serotonin system in individuals at risk of suicide. The
SLC6A4 gene, also known as SERT, encodes a sodium-
dependent transmembrane transporter and reuptake pro-
tein for the neurotransmitter serotonin. This transporter
facilitates the reuptake of serotonin from the synaptic cleft
back into presynaptic neurons (41). A study by Schwartz
et al. (2017) found an association between adolescent so-
cioeconomic status, epigenetic changes in the SLC6A4
gene, and the development of depressive symptoms (42).
Participants with lower socioeconomic status exhibited
elevated methylation levels in the SLC6A4 promoter re-
gion, which were associated with more severe depressive
symptoms and heightened amygdala reactivity to threaten-
ing stimuli. These findings suggest that adverse social
conditions during adolescence may have long-term effects
on mental health mediated by epigenetic mechanisms.
However, Booij et al. (2015) found no significant differ-
ences in overall SLC6A4 methylation levels in patients
with major depressive disorder (MDD) compared to
healthy controls (43). These results imply that epigenetic
alterations in SLC6A4 may be specific to particular types
of stress exposure and may contribute to the development
of depressive disorders in individuals who have experi-
enced childhood trauma. A study of patients with bipolar
disorder who had attempted suicide identified specific
epigenetic changes in genes involved in regulating in-
flammatory, neurotransmitter, and signaling pathways
(44). Specific DNA regions (CpG sites) demonstrating
differential methylation between the two groups were
identified.

DNA methylation analysis revealed significant differ-
ences in the methylation of the MIF and CACNAI1C genes
in patients exhibiting suicidal behavior.

The MIF gene encodes MIF, a protein that regulates the
innate immune response and modulates inflammation by
activating MAPK- and NF-kB-dependent pathways (Fig-
ure 2) (45). Increased methylation of the MIF promoter
region can lead to decreased expression, disrupting the
balance of cytokines such as IL-6 and TNF-a. Inflamma-
tory processes in the brain, particularly in the hippocam-
pus and prefrontal cortex, result in altered synaptic plastic-
ity, elevated glutamate levels, and an imbalance of mono-
amine neurotransmitters. These changes can diminish
adaptive mechanisms to stress and heighten the risk of
developing mental disorders (46). Consequently, these
processes weaken stress-adaptive mechanisms and con-
tribute to the onset of depression and suicidal behavior.

In parallel with inflammatory activation via MIF, im-
paired calcium signaling plays a significant role (Figure
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Figure 2. Epigenetic methylation of the MIF gene and its role
in the development of neuroinflammation and the predisposi-
tion to suicidal behavior.
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3). The CACNAI1C gene, which encodes the o1C subunit
of L-type calcium channels, regulates this function. These
channels are critical for neuronal depolarization, synaptic
plasticity, neurotransmitter release, and the regulation of
gene expression (47). They are modulated by signalling
pathways involving PKA (protein kinase A) and CaMKII
(calmodulin-dependent protein kinase II), which are asso-
ciated with memory, learning, and emotional regulation.
Hypermethylation of the CACNAIC gene decreases its
expression, leading to reduced calcium entry into cells,
impaired neurotransmission, and disruption of key brain
structures, such as the prefrontal cortex and amygdala.

Dysfunction of the SIRT1, IMPA2, and INPP1 genes
exacerbates these processes (44). The SIRTI1 gene en-
codes a sirtuin that functions as an NAD*-dependent
deacetylase, playing a crucial role in regulating cellular
stress responses, metabolism, inflammation, and aging
(48). SIRT1 exerts neuroprotective effects by modulating
gene expression through the deacetylation of transcription
factors, including p53, NF-kB, and FOXO. Hypermethyla-
tion of SIRT1 can diminish its expression (Figure 3), re-
sulting in increased inflammation, reduced cell survival,
and impaired neurotrophic support. This phenomenon has
been observed in cases of depression and suicidal behav-
ior (49).

Figure 3 illustrates the bidirectional regulatory relation-
ship between MIF (macrophage migration inhibitory fac-
tor) and SIRT1 (Sirtuin 1), referred to as "mutual en-
hancement." Hypermethylation of both genes promotes
NF-«kB activation and increases the production of proin-
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flammatory cytokines (IL-6 and TNF-a), leading to chron-
ic neuroinflammatory activation in the hippocampus and
prefrontal cortex. MIF enhances the expression of NF-«xB-
dependent genes, while SIRT1 downregulation attenuates
NF-kB deacetylation, thereby enhancing the transcription
of inflammatory mediators. This reciprocal activation re-
flects a broader pathophysiological context in which in-
flammatory processes play a key role in mood regulation
and the development of the depressive phenotype. Patients
with major depressive disorder exhibit dysregulation of
both innate and adaptive immune responses, complicating
remission and reducing the effectiveness of antidepressant
therapy (50). Inflammation is considered a significant
modifier of the pathological process, increasing suscepti-
bility to depression regardless of its primary cause, wheth-
er stress, early trauma, microbiome changes, or genetic
predisposition. Thus, MIF and SIRT1 act synergistically
to form a positive feedback loop of the inflammatory cas-
cade, contributing to stress vulnerability, depressive
symptoms, and consequently, an increased risk of suicidal
behavior.

Figure 3 illustrates the "Ca?'-dependent regulation"
from CACNAI1C to IMPA2/INPP, reflecting the influence
of calcium signaling on the phosphoinositide pathway.
The decreased expression of the a1C subunit of the calci-
um channel, resulting from CACNA1C hypermethylation,
reduces Ca*" influx into neurons. This reduction weakens
the activation of CaMKII and PKC, which are essential
for regenerating phosphatidylinositols (PIP2) and regulat-
ing IMPA2/INPP1 activity (51). Disruption of this calci-
um-dependent control leads to decreased signaling effi-
ciency through G-protein-coupled receptors (5-HT>, D-).
Consequently, this results in emotional instability, impul-
sivity, and dysfunction of monoaminergic systems, there-
by increasing the risk of suicidal behavior (52).

The regulation of neurotransmitter systems is closely
linked to inositol phosphate metabolism, which is gov-
erned by the IMPA2 (inositol monophosphatase 2) and
INPP1 (inositol polyphosphate 1-phosphatase) genes
(Figure 3). IMPA2 plays a pivotal role in this process by
facilitating the conversion of inositol-1-phosphate into
free inositol, which is essential for the synthesis of phos-
phatidylinositols (PIPs). These molecules are critical for
signaling through G-protein-coupled receptors, including
the 5-HT: serotonin receptor and the D: dopamine recep-
tor. Polymorphisms and epigenetic changes in IMPA2 can
disrupt the inositol phosphate cascade, thereby affecting
the function of neurotransmitter systems, particularly the
serotonergic and dopaminergic systems. Such disruptions
may contribute to emotional imbalances, impulsivity, and
the development of bipolar disorder (54). The INPP1 gene
encodes the phosphatase enzyme INPP1, which regulates
phosphatidylinositol levels by influencing the phospho-
inositide signaling pathway. This pathway is crucial for
signaling through neurotransmitter receptors, such as
those for glutamate and serotonin, as well as for regulating
calcium signaling. Disturbances in INPP1 can alter intra-
cellular signaling, thereby reducing the efficiency of sero-
tonergic and glutamatergic transmission. This reduction is
associated with depression and suicidal behavior (56).
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Figure 3. Epigenetic and signaling mechanisms involved in the pathogenesis of depression and suicidal behavior

The MADIL1 (mitotic arrest deficient 1-like 1) gene
encodes a protein that regulates the mitotic spindle, which
is crucial for cell cycle control and genomic stability. Re-
search conducted by Sokolov et al. (2023) demonstrated
that hypomethylation of specific MADIL1 regions
(cg02825527, cg18302629, and cg19624444) is associated
with an elevated risk of depression and suicidal behavior.
This finding suggests that reduced MADI1L1 methylation
may lead to its overexpression, potentially destabilizing
cellular processes, particularly in neurons. Furthermore, it
was observed that the impact of MADI1L1 methylation is
tissue-specific; methylation levels in blood and brain tis-
sue may vary, reflecting the intricate mechanisms of epi-
genetic regulation across different biological systems (57).
A study involving a Chinese population indicated that the
rs12666575 polymorphism in the MADIL1 gene may
decrease the risk of developing schizophrenia and associ-
ated psychopathological symptoms, including thought
disorders (58). These findings underscore the potential
involvement of MADIL1 in neuropsychiatric disorders.
The strengths of the study include its representative sam-
ple and robust genotyping methods; however, limitations
encompass the absence of functional analysis and the need
for confirmation of results in diverse ethnic groups.

Genome-wide association studies (GWAS) and their
subsequent replications have revealed that the MADIL1
gene harbors genetic variants associated with schizophre-
nia (59-62), bipolar disorder (59, 63—66), and depression
(67-71). GWAS are among the most powerful tools in
modern genetics, as they facilitate the identification of
links between genetic variants and complex phenotypes
without necessitating preliminary hypotheses. This meth-
odology has led to the discovery of new loci involved in
the pathogenesis of psychiatric disorders, including schiz-
ophrenia, depression, and bipolar disorder. Moreover, the
high reproducibility of GWAS and their capacity to repli-
cate results in independent samples render them a reliable
method for confirming genetic associations. These studies
significantly enhance our understanding of the biological
pathways underlying psychopathological processes, poten-
tially paving the way for personalized approaches to diag-
nosis and therapy.

Despite its notable achievements, this method has sev-
eral limitations. First, most identified associations exhibit
extremely small effect sizes, necessitating large sample
sizes to achieve statistical significance. Second, many
identified SNPs are non-markers and do not directly indi-
cate a causative gene or molecular mechanism. Addition-
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ally, GWAS results may vary based on the ethnicity of the
sample, which limits their generalizability and reproduci-
bility across diverse populations. Therefore, interpreting
GWAS data requires supplementary functional studies to
establish the biological significance of the identified ge-
netic variants.

Researchers focused on the CYP2D6 (Cytochrome P450
Family 2 Subfamily D Member 6) gene and found that
individuals with a history of serious suicide attempts ex-
hibited lower levels of DNA methylation at a specific lo-
cation (cg07016288) near the gene. The CYP2D6 gene
encodes the cytochrome P450 2D6 enzyme, which plays a
role in neurotransmitter metabolism and the biotransfor-
mation of psychotropic drugs. It catalyzes the oxidation of
dopamine, serotonin, and norepinephrine and is involved
in metabolizing antidepressants and antipsychotics. In-
creased CYP2D6 activity due to methylation may lead to
the accelerated metabolism of monoamines, potentially
contributing to a decrease in their concentration in the
synaptic cleft. This reduction could impair neurotransmis-
sion in the serotonergic and dopaminergic systems, which
are essential for regulating mood, impulsivity, and cogni-
tive control (74). Furthermore, the accelerated metabolism
of antidepressants and antipsychotics in patients with hy-
pomethylated CYP2D6 may diminish the effectiveness of
pharmacotherapy, rendering patients less responsive to
treatment for depression and anxiety disorders (75). Con-
versely, an analysis of data from a large sample of psychi-
atric patients (n = 4,264) revealed that the ultra-rapid me-
tabolizer (UM) phenotype of the CYP2D6 gene is not
associated with an increased risk of suicidal behavior (76).
Among the examined patients, 57% had a history of sui-
cide attempts; however, no significant differences were
revealed by any of the statistical approaches. The study's
strengths include its large sample size and the use of mul-
tivariate analysis, which enhance the reliability of the con-
clusions. Nevertheless, the study is limited by the lack of
information on drug therapy and other genetic or epigenet-
ic interactions, as well as by its cross-sectional design,
which does not allow for the establishment of causal rela-
tionships. These results challenge the assumption that
CYP2D6 directly affects suicide risk. Polymorphisms of
the CYP2C19 and CYP2D6 genes influence the metabo-
lism of not only psychotropic drugs but also the endoge-
nous neurochemical processes that regulate mood, cogni-
tive function, and suicidal behavior (77).

Changes in the activity of these enzymes can lead to
variations in brain function among individuals and an in-
creased predisposition to mental disorders, including de-
pression and suicide. Hilario Blasco-Fontecilla et al.
(2014) demonstrated that CYP2D6 gene polymorphism
may be associated not only with suicidal behavior but also
with personality disorders related to it (78). Among 342
suicide attempt survivors, individuals with two or more
active CYP2D6 alleles were more likely to have at least
one personality disorder compared to those with one or no
active gene. Peflas-Lledo et al. (2014) sought to assess
whether the combination of high metabolic activity of
CYP2D6 and CYP2C19 influences the severity of suicidal
intent (79). The study included 587 suicide attempt survi-
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vors (86.8% women), who underwent genotyping for
CYP2C19 and CYP2D6 variants, as well as assessment
using the Beck Suicide Intent Scale (SIS). Individuals
with high metabolic activity of both genes were found to
be at an elevated risk for severe suicide attempts (p <
0.05), particularly in the absence of a family history of
suicide. A strength of this study is its large sample size
and multivariate statistical correction, which enhanced the
robustness of the results. However, limitations include the
cross-sectional design and the lack of data on specific
prescribed psychotropic medications, making it challeng-
ing to definitively determine whether the observed associ-
ation is related to drug metabolism or endogenous behav-
ioral mechanisms. Another study involving 407 individu-
als did not reveal statistically significant differences in the
frequency of CYP2D6 ultra-rapid metabolizers (URMs)
between patients who had attempted meth and those who
had not (p = 0.27) (80).

While most psychiatric studies rely on DNA methyla-
tion analysis of whole blood, it is important to note that
methylation levels are highly specific to tissue and cell
type (81). Furthermore, the correlation between methyla-
tion patterns in blood and brain tissue is generally low (82,
83).

Together, these genes form an interconnected network
(Figure 3) in which inflammation (MIF), epigenetic regu-
lation (SIRT1), calcium and phosphoinositide signaling
(CACNAIC, IMPA2, and INPP1), cell cycle control
(MADI1L1), and neurotransmitter metabolism (CYP2D6)
constitute the molecular basis for stress-induced dysfunc-
tion that contributes to the development of depression and
suicidal behavior.

Global DNA methylation

Global DNA methylation (GDNA) refers to the overall
level of cytosine-guanine dinucleotide (CpG) methylation
throughout the entire genome. It plays a crucial role in
regulating gene expression and maintaining cellular stabil-
ity. Disruptions in this process can lead to the dysregula-
tion of critical signalling pathways, as observed in certain
psychiatric disorders, including depression and suicidal
behavior. APLP2, BDNF, HTR1A, NUAK1, PHACTR3,
MSMP, SLC6A4, SYN2, and SYNE2 are among the con-
firmed candidate genes implicated in the pathophysiology
of suicide, with replication in independent genetic associa-
tion, methylation, and brain expression studies (84). Glob-
al DNA methylation in the brains of suicide completers
was found to be 0.25 percentage points lower than that of
the control group, suggesting a potential global demethyl-
ation of their genome (85). However, 97% of the 1,000
most differentially methylated regions (DMRs) were hy-
permethylated, exceeding the control level by 0.6 percent-
age points. This indicates that localized methylation
changes affect specific genes. These findings align with a
multifactorial disease model, wherein small epigenetic
changes in various genes interact with environmental fac-
tors, resulting in an increased risk of suicidal behavior
(86). Analysis of annotated DMRs revealed an enrichment
of differentially methylated promoters in functional cate-
gories associated with transcriptional regulation and ex-
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pression in the brain, suggesting altered activity of multi-
ple genes that are critical for neurophysiological processes
87).

Ali Bani-Fatemi et al. (2021) conducted a study among
patients with schizophrenia to analyze the association be-
tween global DNA methylation levels and suicidal pheno-
types, including suicidal ideation and attempts (88). The
authors found no significant differences in methylation
levels between patients with and without suicidal ideation
or attempts. This lack of significant findings may be at-
tributed to the small sample size and short follow-up peri-
od. Despite the absence of statistically significant results,
the study possesses an important methodological ad-
vantage; its longitudinal design facilitates the assessment
of epigenetic change dynamics over time.

Stefania Policicchio et al. (2023) conducted a genome-
wide meta-analysis of DNA methylation, examining epi-
genetic changes in the brains of individuals who complet-
ed suicide compared to controls (89). Methylation profil-
ing in the prefrontal cortex (PFC, n = 211) and cerebellum
(CER, n = 114) revealed differentially methylated posi-
tions associated with suicide. These positions were en-
riched in pathways that regulate neural development, neu-
roplasticity, and long-term synaptic depression. Of partic-
ular interest was the differentially methylated PSORS1C3
DMR region in the PFC. Methylation changes in this re-
gion were associated with decreased luciferase activity, an
enzyme that catalyzes biochemical reactions accompanied
by light emission (bioluminescence). However, these
changes did not affect the expression of the nearby
PSORSI1C3 and POUSF1 (OCT4) genes, indicating the
existence of complex mechanisms of transcriptional regu-
lation. Strengths of the study include the use of a large
postmortem sample, a meta-analysis of independent co-
horts, and functional assays confirming the biological sig-
nificance of the identified regions. Limitations include the
inability to fully account for suicide methods and medica-
tions used, as well as a lack of data on clinical characteris-
tics and gene expression levels in suicides.

Katarina Kouter et al. (2022) conducted a study utilizing
next-generation sequencing (NGS) to analyze brain sam-
ples from men who committed suicide by hanging, com-
paring them to a control group of 90 individuals. The
study focused on two regions, Brodmann area 9 and the
hippocampus, where substantial variations in DNA meth-
ylation levels were observed (A >25%, q <0.01). Func-
tional annotation revealed the involvement of genes that
regulate cellular structural integrity and neural activity.
Furthermore, changes in the expression of the ZNF714
and NRIP3 genes suggest a potential role for these loci in
mechanisms associated with suicidal behavior. NGS tech-
nology provided a high-resolution analysis, enabling the
identification of subtle epigenetic differences in postmor-
tem samples from functionally significant brain regions.
However, the small sample size and cellular heterogeneity
of the studied tissues limit the generalizability of the re-
sults.

A study involving 91 patients with schizophrenia exam-
ined the relationship between global DNA methylation
levels and suicidal ideation. ELISA testing of 5-

methylcytosine (SmC) revealed no significant differences
in levels between patients with and without suicidal idea-
tion (P = 0.176) or between those who experienced sui-
cidal ideation within three months and those who did not
(P = 0.121). Although the results did not substantiate the
prognostic role of global methylation in schizophrenia, the
study is methodologically valuable due to its longitudinal
design and its attempt to link epigenetic changes with clin-
ical manifestations. The primary limitations include the
small sample size and the use of peripheral blood, which
may not accurately reflect the epigenetic processes occur-
ring in the brain. Such methylation changes may mecha-
nistically arise as a consequence of chronic stress and ex-
posure to adverse environmental factors, leading to persis-
tent epigenetic modifications that influence neuroplastici-
ty, hypothalamic-pituitary-adrenal axis function, and sero-
tonin neurotransmission (7).

Despite consistent findings of decreased GDNA in sui-
cidal behavior, caution is warranted when interpreting
these results. First, most available studies rely on postmor-
tem brain samples, which limits the ability to establish
causal relationships between hypomethylation and suicidal
tendencies. Second, global epigenetic changes may reflect
a general response to chronic stress, inflammation, or psy-
chopharmacological medications rather than a specific
predisposition to suicide. Furthermore, the methods em-
ployed to assess methylation (e.g., LINE-1, Alu repeats, 5-
mC ELISA) vary in sensitivity and do not consistently
differentiate between cell types. Therefore, future studies
should account for tissue specificity and the influences of
age, gender, medication use, and environmental factors.
They should also utilize high-resolution methods, such as
whole-genome bisulfite sequencing (WGBS), to validate
the identified associations.

In conclusion, DNA methylation represents a promising
biomarker for assessing the risk of suicidal behavior and
elucidating its neurobiological mechanisms. However,
larger studies employing modern high-throughput tech-
nologies are necessary to obtain a more comprehensive
understanding. Investigating epigenetic mechanisms may
aid in the development of novel strategies for the preven-
tion and treatment of suicidal behavior.

Histone Modifications

Histones are proteins that form nucleosomes and regu-
late the packaging of DNA into chromatin. Post-
translational modifications of histones, including acetyla-
tion, methylation, phosphorylation, and ubiquitination,
significantly influence the accessibility of DNA to tran-
scription factors and gene expression. Histone acetylation,
catalyzed by histone acetyltransferases (HATS), is gener-
ally associated with active gene transcription. In contrast,
deacetylation, catalyzed by histone deacetylases
(HDAC:S), results in chromatin compaction and repression
of gene expression (93).

Studies indicate that individuals with depression and a
high risk of suicide exhibit an imbalance in these process-
es. For instance, Ar¢an, Salamon, et al. (2024) identified
significant changes in epigenetic gene regulation in indi-
viduals who committed suicide (94). Specifically, they
http://mjiri.iums.ac.ir
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observed a decrease in histone H3 acetylation at lysine 14
(H3K14ac) in the hippocampus. The acetylation of lysine
14 on histone H3 (H3K14ac) weakens histone-DNA inter-
actions, rendering chromatin more open and accessible to
transcription factors. This alteration, in turn, activates
genes involved in neurotransmission, synaptic plasticity,
and stress regulation. The reduction in H3K 14ac levels in
the hippocampus of individuals who committed suicide
suggests a global decrease in the activity of genes associ-
ated with stress adaptation and mood regulation.

Changes in expression were observed in the ADO-
RA2A, BAGALT2, and MMP14 genes in individuals who
committed suicide. A decrease in H3K14ac suggests a
reduction in the activity of genes regulated by this modifi-
cation, leading to the disruption of neural circuits associ-
ated with mood and behavior. The ADORA2A gene en-
codes the adenosine A2A receptor, which plays a central
role in modulating dopaminergic, serotonergic, and GA-
BAergic neurotransmission (95). Acetylation of H3K 14 in
the promoter region of the ADORA2A gene promotes
transcriptional activation, thereby increasing the number
of A2A receptors on neuronal membranes. Decreased
H3K14ac results in reduced ADORA2A expression, di-
minishing neuronal sensitivity to the modulatory effects of
adenosine and contributing to adenosine deficiency. Ac-
cording to the literature, adenosine deficiency can lead to
an imbalance in dopamine and serotonergic neurotrans-
mission, which is associated with increased anxiety, de-
pressive states, and suicidal behavior (96). The BAGALT2
gene encodes B-1,4-galactosyltransferase 2, an enzyme
involved in glycoconjugate biosynthesis, including glyco-
proteins and glycolipids. These glycoconjugates play a
crucial role in intercellular interactions and nerve cell
function (97). Glycosylation is essential for intercellular
communication and nervous system function. Under nor-
mal conditions, acetylation of H3K14 in the B4GALT2
promoter region promotes active transcription, ensuring
normal glycosylation levels of neuronal proteins. Howev-
er, a decrease in H3K14ac leads to the suppression of
B4GALT?2 expression, disrupting the formation of glyco-
sylated proteins involved in intercellular communication.
Dysfunction of this mechanism is associated with depres-
sive disorders and impaired cognitive flexibility, which
increases the risk of suicidal behavior (97). MMP14 en-
codes a matrix metalloproteinase involved in extracellular
matrix remodeling (98). In the brain, it may affect synap-
tic plasticity and neuronal connections. H3K 14 acetylation
in the MMP14 promoter region maintains expression lev-
els required for normal extracellular matrix function and
neuroinflammatory regulation. However, a decrease in
H3K14ac results in the suppression of MMP14 expres-
sion, which may contribute to the accumulation of dam-
aged extracellular components and a decrease in neuronal
plasticity. Furthermore, decreased MMP14 expression is
associated with impaired microglial function, leading to
chronic inflammation in the brain. This inflammation is a
factor linked to the development of depression and an
increased risk of suicidal behavior (99). Additionally, al-
tered expression or mutations of various MMPs have been
associated with learning deficits and psychiatric disorders,
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such as schizophrenia, addiction, and the stress response
(100). Research has demonstrated MMP-9's central role in
regulating synaptic plasticity and neurodegenerative pro-
cesses. External factors, such as stress and inflammation,
can trigger the hyper- or hypoactivation of MMP-9, lead-
ing to an imbalance in excitatory and inhibitory neuro-
transmission, cognitive impairment, and the development
of mental disorders. A thorough understanding of MMP-9
mechanisms offers the potential to develop new therapeu-
tic strategies; however, significant challenges remain re-
garding their practical application (98, 101).

Misztak et al. (2020) identified significant alterations in
epigenetic markers and BDNF protein levels in the brains
of suicide victims compared to controls (102). Specifical-
ly, they reported a decrease in histone H3K9/14ac acetyla-
tion, which results in chromatin compaction and the sup-
pression of transcriptional activity in genes associated
with neuroplasticity, such as BDNF. Concurrently, there
was an increase in H3K27 dimethylation (H3K27me2)
and HDAC3 activity, which further suppresses gene ex-
pression involved in stress adaptation. The key protein
complex implicated in this process is MeCP2. When
methylated, MeCP2 binds to the promoter regions of
genes and represses their transcription (103). However,
phosphorylation of MeCP2 at Serd21 (p-S421-MeCP2)
diminishes its binding affinity to DNA, thereby facilitat-
ing BDNF transcription (104). Disruption of this mecha-
nism, linked to altered HDAC3 activity and Sin3a protein
complex activity, results in decreased BDNF levels, which
in turn impairs neuroplasticity and synaptic adaptation.

Despite the compelling evidence supporting the role of
histone modifications in regulating the transcription of
genes associated with stress responses and neuroplasticity,
research on their involvement in suicidal behavior remains
fragmented and ambiguous. Most studies indicate in-
creased acetylation and decreased histone methylation in
the promoter regions of genes involved in the hypothalam-
ic—pituitary—adrenal axis (e.g., NR3Cl and FKBPY),
which correlates with elevated expression of stress-
responsive transcripts and impaired negative feedback to
stress (31, 105).

A key issue is the limited data regarding the relationship
between specific histone modifications and their function-
al consequences on gene expression and neuronal plastici-
ty. For instance, H3K9me3 and H3K27me3 marks, which
are associated with transcriptional repression, may exhibit
different functions depending on the context of neuronal
activity and chronic stress exposure. Furthermore, existing
studies rarely consider how histone modifications interact
with other epigenetic mechanisms, such as DNA methyla-
tion and the action of non-coding RNAs. Collectively,
these mechanisms determine the transcriptional landscape
of cells.

Thus, despite data implicating histone modifications in
the pathogenesis of suicidal behavior, a comprehensive
model of epigenetic dysregulation remains elusive. Sys-
tematic studies that integrate multimodal approaches, in-
cluding chromatin and transcriptomic profiling, functional
neuroimaging, and the analysis of protein post-
translational modifications, are essential to establish caus-
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al relationships between histone marks, neuronal activity,
and suicidal phenotypes.

Non-Coding RNAs (MicroRNAs and Long Non-Coding
RNAs)

Non-coding RNAs (ncRNAs) represent a significant
class of molecules that regulate gene expression at the
post-transcriptional level (106). MicroRNAs (miRNAs)
and long non-coding RNAs (IncRNAs) are especially per-
tinent in the context of suicidal behavior.

MicroRNAs (miRNAs) are short non-coding RNA mol-
ecules that regulate post-transcriptional gene expression
by interacting with complementary sequences of target
messenger RNAs (mRNAs), leading to either translational
inhibition or mRNA degradation (107). Altered miRNA
expression has been identified in individuals with depres-
sion and suicidal behavior, suggesting a possible role in
the pathophysiology of these conditions. For instance,
Paska et al. (2022) found that two miRNAs, hsa-mir-4516
and hsa-mir-381-3p, exhibited a trend toward significance
(P <0.1) (108). The highest-ranked miRNA, according to
the selection algorithm, was hsa-mir-4516, which is
strongly associated with the SLC6A4 gene (encoding the
serotonin transporter). This finding supports the sero-
tonergic dysfunction hypothesis of affective disorders,
positing that decreased serotonin levels in the synaptic
cleft are associated with an increased risk of depression
and suicidality (109). Thus, hsa-mir-4516 could serve as a
therapeutic target aimed at restoring normal serotonergic
function. Furthermore, hsa-mir-4516 has been linked to
psychiatric disorders, with elevated levels observed in
peripheral blood exosomes from patients with bipolar dis-
order (110-112). Paska et al. (2022) also identified hsa-
mir-381-3p as the second miRNA demonstrating a trend
toward significance. Dysregulation of hsa-mir-381-3p
may contribute to neuroinflammation, potentially affect-
ing neuroplasticity and the stress response. This miRNA
can modulate the expression of genes associated with pro-
inflammatory cytokines and components of innate im-
mune signaling pathways, including TNF-a, IL-6, and NF-
«B, which play a crucial role in activating inflammatory
cascades in the central nervous system (113). Although
not previously linked to suicidality, a study has demon-
strated its potential involvement in inflammatory process-
es and brain-related conditions (114).

Dysregulation of hsa-mir-381-3p may contribute to the
persistence of a chronic neuroinflammatory state. This
condition could exacerbate the neurotoxic effects of in-
flammatory mediators, impair neuroplasticity mecha-
nisms, and elevate the risk of affective disorders and sui-
cidal behavior.

MiR-135a and miR-16 have been shown to regulate the
expression of serotonin receptors and transporters, with
decreased levels being associated with depressive disor-
ders and suicidality (115). MicroRNAs have been impli-
cated in the response to antidepressants, suggesting that
quantifying their levels in peripheral samples is a valid
approach for informing treatment decisions. MicroRNAs
may serve as biomarkers for assessing suicide risk; for
instance, miR-124, one of the most abundantly expressed

microRNAs in the central nervous system, is involved in
neuronal differentiation and the modulation of synaptic
plasticity (116). Roy et al. (2017) demonstrated that miR-
124-3p, a neuron-specific microRNA, plays a pivotal role
in the pathogenesis of major depressive disorder (MDD)
by regulating the stress response and neuroplasticity
(117). As posited by Macarena S. Aloi et al. (2023), mi-
croRNA-124-3p (miRNA-124-3p) has been shown to in-
fluence the pathogenesis of borderline personality disorder
(BPD) by affecting gene expression in the globus pallidus
(GP). The anterior cingulate cortex (ACC) is a brain re-
gion involved in the regulation of emotions and impulsive
behavior (118). Decreased SB volume has been identified
in patients with BPD and is associated with more severe
suicidal ideation and poorer recovery. It is plausible that
miR-124-3p exerts its regulatory influence on the expres-
sion of genes that modulate neuroplasticity within the SB.
This suppression may contribute to emotional instability
and suicidal behavior in patients with BPD.

MiR-132 has been identified as a regulator of neu-
rotrophic factors, including brain-derived neurotrophic
factor (BDNF). BDNF has been demonstrated to play a
significant role in the maintenance of neuroplasticity and
adaptation to stress. Decreased levels of miR-132 have
been associated with the dysregulation of BDNF-
dependent signaling pathways, which may adversely af-
fect neuronal plasticity and potentially contribute to the
development of depressive disorders and suicidal behavior
(119). In depressed patients, a decline in serum BDNF
levels was observed, concurrent with elevated levels of
miR-132 and miR-182 (120). In vitro experiments con-
firmed that these microRNAs suppress BDNF expression.
Correlation analysis yielded two notable findings: firstly,
a negative correlation was identified between BDNF lev-
els and depression severity; secondly, a positive correla-
tion was identified between miR-132 and symptom severi-
ty. This finding further supports the notion that mi-
croRNAs (miRs) such as miR-132 and miR-182 play a
pivotal role in the pathophysiology of depression by mod-
ulating BDNF. This underscores the potential of these
miRs as valuable biomarkers and therapeutic targets for
depression.

The study demonstrated that patients with major depres-
sive disorder (MDD) and acute risk of suicide (MDD/SI)
exhibit significantly elevated serum levels of microRNA-
30a, microRNA-30e, and microRNA-200a compared to
patients without suicidal risk (121). In individuals hospi-
talized following a suicide attempt, levels of microRNA-
30e and microRNA-200a were significantly elevated,
while microRNA-30a showed a tendency towards in-
creased levels in comparison to patients who were at acute
risk but had not recently attempted suicide. These mi-
croRNAs have the potential to serve as peripheral bi-
omarkers, facilitating the identification of individuals at
high risk of suicide. Furthermore, these biomarkers could
inform the development of targeted therapeutic strategies.

MicroRNA-135 (miR-135) plays a pivotal role in regu-
lating the serotonergic system, influencing serotonin (5-
HT) levels and the response to antidepressants (122). Spe-
cifically, a decrease in miR-135a levels in the brain and
http://mjiri.ilums.ac.ir
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blood of depressed patients compared to healthy controls
has been observed, suggesting its involvement in the path-
ophysiology of affective disorders. Furthermore, the ad-
ministration of antidepressants has been shown to increase
levels of microRNA-135a, which may reflect its role in
the adaptive processes associated with pharmacotherapy.
MiR-135a has been identified as a regulator of genes
linked to serotonin receptors and the serotonin transporter
(SLC6A4). Its downregulation has been linked to dys-
function of serotonergic transmission, which is associated
with depression and an increased risk of suicidal behavior
(122). Consequently, microRNA-135a is considered a
promising biomarker for depression and a target for novel
therapeutic strategies.

MicroRNA-26a-2 (miR-26a-2) plays a critical role in
regulating the serotonergic system by suppressing the ex-
pression of the 5-HT1A serotonin autoreceptor (HTR1A)
in serotonergic neurons. HTR1A has been identified as a
key player in the regulatory processes of serotonin activi-
ty, with its suppression leading to enhanced 5-HT neuro-
transmission. This aspect is crucial for adaptation to stress
and response to antidepressant treatment. Research has
demonstrated that the expression of microRNA-26a-2 in
the dorsal raphe nucleus escalates following antidepres-
sant therapy, exhibiting a positive correlation with in-
creased stress resilience (123). The dysregulation of mi-
croRNA-26a-2 has been implicated in the pathophysiolo-
gy of depression and the development of suicidal behav-
ior. Mechanistically, this dysregulation disrupts sero-
tonergic transmission, making it a promising target for
novel therapeutic strategies in the treatment of depression
and suicide prevention.

MicroRNA miR-16 plays a pivotal role in regulating the
serotonergic system by modulating the expression of the
SLC6A4 gene, which is responsible for the reuptake of 5-
hydroxytryptamine (5-HT) from the synaptic cleft (124).
Furthermore, a significant decrease in cerebrospinal fluid
miR-16 levels has been observed in patients diagnosed
with major depressive disorder compared to individuals
classified as healthy. This finding suggests a potential role
for miR-16 in the etiopathogenesis of depression (125).
This parameter exhibits a negative correlation with the
severity of depression and a positive correlation with the
level of serotonin in the CSF, thereby confirming its role
in modulating the serotonergic system (126). Mechanisti-
cally, microRNA-16 (miRNA-16) regulates the expression
of the serotonin transporter (5-HTT/SERT) through its
interaction with the 3'-untranslated region (3' UTR), which
affects the reuptake of serotonin and, consequently, its
bioactivity in the synaptic cleft (127). Furthermore, mi-
croRNA-16, similar to fluoxetine (a selective serotonin
reuptake inhibitor, SSRI), activates the PI3K/Akt/mTOR
signaling pathways, which play a critical role in the sur-
vival and proliferation of neurons (127).

In addition to the serotonergic system, glutamatergic
neurotransmission has been shown to play a significant
role in the pathogenesis of depression and suicidal behav-
ior. MiR-1202, a microRNA unique to humans, regulates
the expression of metabotropic glutamate receptor 4
(GRM4), which subsequently affects glutamatergic trans-
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mission and synaptic plasticity. Research has indicated
that levels of microRNA-1202 are markedly diminished in
the prefrontal cortex of individuals who have committed
suicide, suggesting a potential association with impaired
function of the glutamatergic system and disrupted synap-
tic plasticity mechanisms that regulate mood and cognitive
performance (128). These findings underscore the pivotal
role of microRNAs (miRs) such as miR-16 and miR-1202
in modulating neurotransmission and their potential in-
volvement in the pathophysiology of depression and sui-
cidal behavior, highlighting their promise as biomarkers
and therapeutic targets. The significance of the present
study lies in its demonstration of the diagnostic potential
of a combination of microRNAs (miR-342, miR-146a,
miR-155) for detecting depression (129). Receiver Operat-
ing Characteristic (ROC) analysis revealed high sensitivi-
ty and specificity, suggesting the potential use of these
microRNAs as biomarkers for depression. Consequently,
the dysregulation of inflammatory microRNAs has been
associated with the pathogenesis of depression and has the
potential to serve as a diagnostic tool and a catalyst for the
development of novel therapeutic strategies.

The results of the study conducted by Jingjing Xu et al.
(2019) demonstrate that chronic stress during adolescence
induces persistent depression-like changes, memory im-
pairment, and neuroendocrine dysregulation, which are
associated with the suppression of glucocorticoid receptor
(GR) expression and increased levels of FKBPS5, miR-
124a, and miR-18a in the prefrontal cortex and hippocam-
pus (130). Consequently, the suppression of GR, activa-
tion of FKBPS5, and altered expression of miRNAs lead to
long-term structural and functional alterations in the brain,
which may contribute to the development of depressive
disorders.

The role of non-coding RNAs (ncRNAs) in regulating
the expression of genes associated with stress responses
and suicidal behavior is becoming increasingly evident;
however, the available data remain fragmented and often
contradictory. The most extensively studied microRNAs
(miRNAs) have been shown to regulate the expression of
genes involved in the serotonergic system, neurotrophic
factors, and components of the hypothalamic-pituitary-
adrenal axis. The function of long non-coding RNAs
(IncRNAs) has yet to be fully elucidated, although their
regulatory role in stress-associated genes appears to be
equally significant. According to the findings of several
studies, IncRNAs have the capacity to modulate epigenet-
ic activity by recruiting chromatin-modifying complexes.
This, in turn, has the potential to influence the transcrip-
tion of genes involved in stress response and depression
(131). Nevertheless, the causal relationships between the
expression of IncRNAs and behavioral phenotypes remain
to be elucidated.

The existing evidence indicates that microRNAs (miR-
NAs) and long non-coding RNAs (IncRNAs) do not func-
tion in isolation; rather, they form a complex regulatory
network that interacts with each other and with other epi-
genetic mechanisms, including DNA methylation and
histone modifications. This interaction determines the
degree of stability or reversibility of stress-induced tran-
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scriptional changes. However, the majority of current
studies are descriptive in nature and are limited to compar-
isons of expression levels. Functional studies are exceed-
ingly rare. Consequently, a more profound understanding
of the role of ncRNAs in the etiology of suicidal behavior
necessitates a transition from correlational observations to
integrative multilevel approaches that encompass the con-
current examination of transcriptomic, epigenomic, and
behavioral data. This will facilitate the determination of
whether changes in ncRNA expression are primary regula-
tory events or secondary markers of stress dysregulation.

Taken together, DNA methylation, histone modifica-
tions, and regulation by non-coding RNAs represent an
interconnected multilevel system through which psycho-
social stress, traumatic experiences, and depressive disor-
ders can alter the expression of key genes involved in the
regulation of the stress axis, serotonergic transmission,
and neuroplasticity. These mechanisms constitute the mo-
lecular basis of individual vulnerability to suicidal behav-
ior, underscoring the necessity for their comprehensive
analysis within the framework of integrative models of
psychobiological regulation.

The relationship between inflammation and epigenetic
regulation in suicidal behavior.

As indicated by the study conducted by Qingzhong
Wang et al. (2018), there was a significant increase in
TNF-a (Tumor Necrosis Factor Alpha) expression in the
dorsolateral prefrontal cortex of the brains of individuals
who died by suicide, irrespective of a diagnosis of depres-
sion (132). Furthermore, an increase in miR-19a-3p ex-
pression was observed in individuals who committed sui-
cide. However, despite its in vitro capacity to suppress
TNF-a, it did not exert an inhibitory effect in the brain.
HuR (Hu protein R) was found to stabilize the TNF-a
transcript, preventing its degradation by miR-19a-3p, and
a decrease in TRBP (TAR RNA-binding protein) indicates
a disruption in the interaction between microRNA and its
target. Moreover, hypomethylation of the TNF-o promoter
was associated with increased expression of the gene,
while no genetic changes explaining this phenomenon
were identified (132). The microRNA-19a-3p, a molecule
capable of suppressing TNF-a expression in vitro, fails to
execute this function in vivo in the brains of individuals
who have committed suicide. This phenomenon may be
attributed to the multifaceted role of HuR, a protein that
stabilizes TNF-a by binding to its 3'-untranslated region
(3'-UTR), thereby preventing mRNA degradation. Under
typical circumstances, microRNA-19a-3p has the capacity
to decrease TNF-o levels; however, in cases of suicidal
behavior, HuR accumulates TNF-a mRNA, thereby im-
peding this regulatory process. Furthermore, the reduced
expression of TRBP, which is involved in microRNA pro-
cessing, indicates a disruption of the RNA interference
system, which also weakens the regulatory activity of
miR-19a-3p (132).

Conversely, in individuals with depression who died by
suicide, a significant increase in mRNA and protein levels
of the proinflammatory cytokines IL-1f, IL-6, TNF-a, and
lymphotoxin A was observed in the prefrontal cortex. In
contrast, levels of the anti-inflammatory cytokines IL-10

and IL-1 receptor antagonist (IL-1RA) were significantly
reduced compared to controls (133). However, the mRNA
and protein levels of IL-8 and IL-13 in the PFC did not
differ from the control values.

The results of the study conducted by Jodo Paulo Bras et
al. (2023) indicate that patients diagnosed with depression
exhibit a significant inflammatory profile, characterized
by elevated levels of tumor necrosis factor-alpha and C-C
motif ligand 2 in plasma, as well as altered expression of
proinflammatory and anti-inflammatory microRNAs in
peripheral blood mononuclear cells (PBMCs) (129). This
study corroborates the established correlation between
inflammatory processes and the pathogenesis of suicidal
behavior, elucidating the multilevel regulation of TNF-a.
This regulation encompasses interactions among mi-
croRNAs, mRNA stabilization proteins, and epigenetic
modifications. These findings underscore the necessity for
further research on inflammatory biomarkers in the con-
text of suicide risk and the potential for developing novel
therapeutic approaches aimed at modulating proinflamma-
tory factors.

Long non-coding RNAs (IncRNAs) have been shown to
play a role in various cellular processes, including tran-
scriptional regulation, chromatin remodeling, and interac-
tions with microRNAs (106). Research has demonstrated
that individuals who have committed suicide exhibit alter-
ations in the expression of several IncRNAs, including
nuclear enriched abundant transcript 1 (NEAT1) and me-
tastasis-associated lung adenocarcinoma transcript 1
(MALATT1). These alterations are implicated in the regu-
lation of the stress response, inflammatory processes, and
synaptic plasticity (134). NEATI is a structural compo-
nent of paraspeckles, which are nuclear organelles in-
volved in pre-mRNA processing and the regulation of
alternative splicing (135). NEAT1 has been shown to
modulate the activity of transcription factors, including
NF-xB, which may contribute to the induction of proin-
flammatory cytokines (IL-6, TNF-a) and the perpetuation
of a persistent inflammatory response within the central
nervous system (136). This is particularly significant, as
neuroinflammation has been closely associated with the
development of depressive disorders and an elevated risk
of suicidal behavior.

Furthermore, MALAT]1 has been shown to play a regu-
latory role in gene expression, particularly in the context
of stress resilience. Additionally, MALAT1 has been ob-
served to interact with protein complexes that modulate
histone acetylation levels and chromatin structure (137).
Research has demonstrated that an imbalance in MALAT1
can lead to altered expression of genes involved in the
hypothalamic-pituitary-adrenal (HPA) axis, as well as
reduced levels of neurotrophic factors, including BDNF
(138). This phenomenon has been shown to exert a detri-
mental influence on stress adaptation mechanisms, poten-
tially contributing to the development of depression and
anxiety disorders. Consequently, this can increase an indi-
vidual's vulnerability to suicidal tendencies.

Consequently, the dysregulation of NEAT1 and MA-
LATI1 may contribute to heightened inflammatory pro-
cesses, reduced neuroplasticity, and impaired stress adap-
http://mjiri.ilums.ac.ir
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tation, thereby establishing neurobiological preconditions
for the development of affective disorders and an in-
creased risk of suicide.

The identification of neurobiological indicators of sui-
cidal behavior represents a critical area of research in un-
derstanding the pathophysiological mechanisms underly-
ing suicidality (139, 140). The exploration of peripheral
biomarkers, including epigenetic modifications such as
DNA methylation, regulatory noncoding RNAs, and his-
tone modifications, holds particular significance. These
molecular alterations in genes associated with the regula-
tion of the stress response, serotonergic transmission, and
the hypothalamic-pituitary-adrenal axis (e.g., SLC6A4,
BDNF, HTR2A, FKBP5, SKA2, NR3C1) may serve as
potential markers for risk assessment, prognosis, and pos-
sibly the prevention of suicidal behavior.

The utilization of epigenetic biomarkers in psychiatric
practice presents a series of ethical challenges. A signifi-
cant challenge involves ensuring the confidentiality of
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genetic and epigenetic data, particularly in contexts relat-
ed to assessing the risk of suicidal behavior. Furthermore,
it is crucial to avoid stigmatization and discrimination
against individuals with identified biomarkers of vulnera-
bility. Research in the field of epigenetics must be con-
ducted in accordance with bioethical principles and clini-
cal responsibility. This includes obtaining informed con-
sent, appropriately interpreting results, and preventing the
misuse of findings outside the context of scientifically
valid purposes. Given the reversibility of epigenetic
changes, such data should be viewed as potentially dy-
namic indicators requiring careful clinical application.
Consequently, the findings of numerous studies have
demonstrated that epigenetic mechanisms play a pivotal
role in the pathogenesis of suicidal behavior, mediating
the relationship between exposure to stressors and the
dysregulation of critical neurobiological systems. A com-
prehensive review of the existing literature yielded a gen-
eralized diagram (Figure 4) that illustrates the relationship

Figure 4. Conceptual model of epigenetic regulation of suicidal behavior
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between the primary types of epigenetic modifications—
DNA methylation, histone modifications, and regulation
of non-coding RNAs—and their impact on the hypotha-
lamic-pituitary-adrenal axis, serotonergic transmission,
and neuroplasticity.

The conceptual framework presented herein (Figure 4)
illustrates the interconnected molecular and cellular
mechanisms that underlie the development of suicidal
behavior through the epigenetic regulation of key neuro-
biological processes. Central to this model is the influence
of adverse environmental factors, including chronic stress,
traumatic events, and depressive states. These factors
serve as triggers, initiating a complex cascade of epigenet-
ic changes, which encompass DNA methylation, histone
modifications, and the regulation of gene expression by
non-coding RNAs. Importantly, these mechanisms do not
alter the primary structure of the genome; instead, they
significantly impact the transcriptional activity of genes
that regulate the stress response, neuroplasticity, and neu-
rotransmission.

In response to prolonged stress, evidence indicates hy-
permethylation of the promoter regions of the NR3C1 and
FKBP5 genes. These genes encode proteins that regulate
the hypothalamic-pituitary-adrenal (HPA) axis (32). This
methylation has been shown to reduce their expression,
thereby disrupting the negative feedback loop of cortisol
and consequently hyperactivating the HPA axis. Chroni-
cally elevated cortisol levels have been demonstrated to
enhance the effects of stressful stimuli on the central
nervous system, creating a neuroendocrine imbalance that
contributes to the development of depression and suicidal
tendencies (141, 142).

Concurrently, alterations in post-translational histone
modifications, including H3Kl14ac deacetylation and
H3K27me2 hypermethylation, occur, contributing to
chromatin compaction and reduced DNA accessibility for
transcription factors (94). This phenomenon is associated
with a decline in the expression of genes crucial for neu-
roplasticity, including BDNF, which has been implicated
in the disruption of synaptic adaptation, learning, and
emotional regulation (120). Consequently, a deficiency in
trophic support for neurons, arising from the epigenetic
suppression of neurotrophic factor expression, constitutes
the biological basis for chronic stress and emotional insta-
bility. Non-coding RNAs, particularly microRNAs (miR-
NAs) and long non-coding RNAs (IncRNAs), also play a
significant role in this context. Post-transcriptional regula-
tion of gene expression is executed with a high degree of
efficacy. Increased levels of miR-19a-3p, miR-132, and
miR-30a, which have been identified in individuals with
suicidal tendencies, have been shown to result in de-
creased expression of the BDNF, SLC6A4, and TPH2
genes. These genes are involved in serotonergic transmis-
sion (110, 115, 117, 126, 129, 143, 144). This contributes
to the disruption of the serotonin system, which plays a
central role in regulating mood, impulsivity, and aggres-
sive behavior. An imbalance in serotonergic neurotrans-
mission has been demonstrated to exacerbate symptoms of
depression and anxiety and to increase the risk of suicidal
behavior. An additional link in epigenetic dysregulation is

represented by long non-coding RNAs (IncRNAs), such as
NEAT1 and MALATI1, which have been shown to be in-
volved in the control of inflammatory processes, chroma-
tin remodeling, and stress response regulation (136, 138).
Their overexpression has been demonstrated to promote
the activation of proinflammatory cytokines, including
TNF-a and IL-6, via the NF-«B signaling pathway, there-
by maintaining a state of chronic neuroinflammation
(145-148). This, in conjunction with hyperactivation of
the HPA axis and impaired serotonergic transmission,
engenders a vicious cycle in which inflammation, stress,
and epigenetic modifications mutually reinforce each oth-
er.

The proposed model illustrates that epigenetic mecha-
nisms serve as a crucial mediator between the effects of
adverse psychosocial factors and molecular alterations
that lead to disrupted neural communication, diminished
plasticity, and the development of persistent dysfunctional
behavioral patterns. The hypothesis suggests that the bio-
logical underpinnings of suicidal behavior arise from the
epigenetic dysregulation of genes associated with the HPA
axis, the serotonergic system, and the regulation of neuro-
plasticity. This integration of genetic predisposition, envi-
ronmental influences, and individual experiences is com-
plex and multifaceted.

Epigenetic Mechanisms as the Basis for New Thera-
peutic Approaches

The investigation of the epigenetic mechanisms that
regulate genes associated with stress reactivity, neuroplas-
ticity, and neuroinflammation may yield new opportuni-
ties for the development of therapeutic strategies targeting
mental disorders, including depression and suicidal behav-
ior. Histone deacetylase (HDAC) inhibitors and strategies
based on microRNA regulation have garnered significant
attention.

HDAC Inhibitors

Histone deacetylases play a pivotal role in chromatin
condensation and transcriptional repression. Their hyper-
activation has been linked to impaired expression of genes
regulating neuroplasticity, particularly those encoding
brain-derived neurotrophic factor (BDNF) and cAMP-
response element-binding protein (CREB) (92). A sub-
stantial body of experimental evidence suggests that the
administration of HDAC inhibitors, including valproic
acid, suberoylanilide hydroxamic acid (SAHA, an oncolo-
gy drug), and trichostatin A, results in increased BDNF
expression, enhanced synaptic plasticity, and a reduction
in depressive-like behavior in animal models (149, 150).
Research has demonstrated the critical function of histone
deacetylases (HDACSs) in the context of post-traumatic
stress disorder (PTSD). These studies reveal that these
enzymes play a pivotal role in the establishment and ex-
tinction of fear memory. Animal models indicate that
HDAC inhibitors contribute to the attenuation of patho-
logical fear responses and improve memory extinction
processes, highlighting their potential therapeutic value.
The involvement of HDACsS in regulating stress responses
and memory in humans is also supported by small clinical
http://mjiri.ilums.ac.ir
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studies, rendering them promising targets for treating
stress-related disorders, including PTSD (151). Recent
findings indicate that HDAC inhibitors possess a multi-
faceted impact on cellular processes, exerting their regula-
tory influence not only on gene expression but also on
signaling pathways through interactions with non-histone
proteins. These compounds have demonstrated both anti-
inflammatory and immunomodulatory properties, making
them promising therapeutic candidates for a wide range of
conditions, including not only cancer but also psychiatric
and neuroinflammatory disorders. Their capacity to influ-
ence both the immune system and epigenetic regulation
creates opportunities for developing combined therapeutic
strategies aimed at correcting stress-induced and affective
disorders (152).

Clinically, sodium valproate is the most extensively
studied HDAC inhibitor, demonstrating established mood-
stabilizing and neuroprotective effects, and is utilized in
the treatment of bipolar disorder (153). However, most
novel HDAC inhibitors are presently in the early phases of
clinical trials, necessitating further research to determine
their selectivity, safety, and tissue specificity.

MicroRNA-Based Therapy

MicroRNAs have been shown to play a crucial role in
the post-transcriptional regulation of genes involved in the
stress response (e.g., miR-124, miR-19a-3p, miR-135a,
and miR-16) and serotonergic transmission (e.g.,
SLC6A4, TPH2, and HTR1A). The dysregulation of these
microRNAs has been associated with suicidal behavior
and depression, indicating their potential as therapeutic
targets.

Current approaches include the use of antagomirs (in-
hibitors of endogenous microRNAs) and microRNA mim-
ics, which have been shown to normalize the pathological
expression of target genes (126, 154, 155). The results of
the study demonstrate that microRNA-124 plays a pivotal
role in the pathogenesis of depression by directly sup-
pressing the expression of the glucocorticoid receptor
(GR). Inhibition of microRNA-124 (miR-124) using an
antagomir has been shown to restore normal behavior in
an animal model of depression. This restoration of normal
behavior is accompanied by the activation of the brain-
derived neurotrophic factor (BDNF)-TrkB-ERK-CREB
signaling pathway and increased neurogenesis in the hip-
pocampus. These findings substantiate the notion that
miR-124 can be regarded as a promising epigenetic bi-
omarker and therapeutic target for the treatment of depres-
sion (156). Concurrent studies have demonstrated that
chronic social stress in mice leads to a substantial increase
in miR-124 levels within the hippocampus, a phenomenon
that contributes to the emergence of depressive-like be-
haviors. Genetic inhibition of microRNA-124 (miR-124)
induces pronounced antidepressant-like effects, accompa-
nied by the activation of the BDNF—tropomyosin receptor
kinase B (TrkB) signaling pathway and an increase in
corticosterone levels. These findings substantiate the piv-
otal role of hippocampal miR-124 in the pathophysiology
of depression and underscore its promise as a therapeutic
target for the development of novel antidepressant medi-
cations (143).
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The study conducted by Shen He et al. (2016) demon-
strated that patients diagnosed with major depressive dis-
order (MDD) exhibited significantly higher levels of mi-
croRNA-124 expression in peripheral blood mononuclear
cells compared to the control group. After eight weeks of
antidepressant therapy, a substantial decrease in mi-
croRNA-124 expression was observed. ROC analysis con-
firmed the diagnostic value of this marker (AUC = 0.762;
sensitivity = 83.33%; specificity = 66.67%). These find-
ings suggest a potential role for microRNA-124 (miRNA-
124) in the pathogenesis of MDD and its involvement in
the mechanisms underlying antidepressant action (157).

The experiment revealed that mice exposed to chronic
unpredictable mild stress (CUMS) exhibited decreased
microRNA-124 (miRNA-124) expression in the hippo-
campus. The increase in miRNA-124 levels resulted in a
reduction of depressive-like behavior and a decrease in
microglial activation (158). It has been established that
miRNA-124 directly regulates the expression of the signal
transducer and activator of transcription 3 (STAT3) gene,
and its activation suppresses the production of nitric oxide
and proinflammatory cytokines, including interleukin-6
(IL-6), IL-1p, tumor necrosis factor-a (TNF-a), and mon-
ocyte chemoattractant protein-1 (MCP-1) in BV2 cells
stimulated with lipopolysaccharide (LPS). Consequently,
the dysregulation of miRNA-124 may play a pivotal role
in the pathogenesis of depression by activating microglial
inflammatory pathways. These results underscore the sig-
nificance of miRNA-124 as a promising therapeutic target
for regulating neuroinflammatory processes in depressive
disorders. The modulation of miRNA-124 expression has
emerged as a promising approach for developing new
treatment strategies focused on the regulation of inflam-
matory and neurotrophic signaling cascades.

Despite its significant therapeutic potential, the clinical
implementation of microRNA therapy is still limited by
challenges associated with delivery, stability in biological
fluids, and the risk of off-target effects. However, ad-
vancements in nanocarrier systems and viral vectors offer
promising opportunities for the safe application of these
technologies in psychiatry.

Consequently, HDAC inhibitors and microRNA therapy
are regarded as promising avenues for epigenetically tar-
geted pharmacotherapy in the treatment of mental disor-
ders. To further advance this field, it is essential to inte-
grate molecular, clinical, and neuroimaging data. Addi-
tionally, careful consideration of the ethical implications
associated with disrupting the epigenetic regulation of the
brain is imperative.

Conclusion

The investigation of epigenetic mechanisms in relation
to suicidal behavior is essential for elucidating the biolog-
ical foundations of this complex phenomenon and for the
development of innovative prevention and treatment strat-
egies. Research in this area not only facilitates a deeper
understanding of the molecular predictors of suicide risk
but also identifies promising biomarkers that can be em-
ployed for the early diagnosis of suicidality. Assessing the
levels of specific microRNAs, the methylation patterns of
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key genes, and the alterations in histone profiles in pe-
ripheral blood presents opportunities for establishing ob-
jective biological methods for evaluating suicide risk. This
is particularly significant in the field of psychiatry, where
conventional diagnostic approaches predominantly depend
on subjective data.

Despite the considerable progress made in understand-
ing epigenetic mechanisms, several limitations necessitate
further research. First, epigenetic changes can be tissue-
specific, and their peripheral markers do not always accu-
rately reflect the processes occurring in the brain. Second,
environmental influences, chronic stress, and other factors
complicate the interpretation of epigenetic data. Further-
more, the majority of existing studies are associational in
nature, making the implementation of longitudinal studies
imperative to confirm causal relationships between epige-
netic modifications and the development of suicidal be-
havior.

It is important to acknowledge that the majority of
available data are derived from association studies, which
identify statistical correlations between epigenetic changes
and suicidal behavior. However, these studies do not es-
tablish causal relationships, thereby impeding the capacity
to interpret epigenetic markers as direct determinants of
suicidality. Consequently, longitudinal and functional
studies are necessary to monitor the dynamics of epigenet-
ic changes over time, their reversibility under the influ-
ence of therapy, and their direct impact on gene expres-
sion and behavior. This approach will facilitate a transi-
tion from a descriptive level of analysis to one that identi-
fies causal mechanisms and develops personalized suicide
prevention strategies.

In the future, it will be essential to broaden research ef-
forts to encompass more diverse population samples and
to conduct experimental and interventional studies aimed
at evaluating the efficacy of potential epigenetic targets in
the treatment of suicidality. The integration of epigenetic
profiling with neuroimaging, artificial intelligence, and
multimodal biomarkers will facilitate the development of
personalized models for predicting suicide risk.
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