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Abstract

Suicide represents a critical global public health issue, with the World Health Organization reporting approximately
726,000 deaths annually due to suicide. This highlights the urgency of understanding its underlying causes and
addressing its risk factors. While psychological and social factors are well-documented, emerging evidence underscores
the importance of genetic and biological mechanisms in predisposing individuals to suicidal behavior. This review
explores the genetic basis, molecular mechanisms, and pathophysiological processes linked to suicide, integrating
insights from physiology, neuroanatomy, pharmacology, and psychology.

The hypothalamic-pituitary-adrenal (HPA) axis plays a vital role in stress response, with dysfunction in this system
associated with suicide risk. Genetic variations, such as single nucleotide polymorphisms (SNPs) and epigenetic changes
in genes like NR3C1, FKBP5, and SKA2, disrupt stress regulation and increase vulnerability to suicidal behavior.
Epigenetic modifications, including DNA methylation and histone changes, highlight the dynamic interaction between
environmental stressors and genetic predisposition, contributing to neuroendocrine dysregulation.

Biomarkers such as serotonin metabolites, cytokine profiles, and testosterone levels further elucidate neurochemical
alterations in suicide. Advances in pharmacogenetics reveal polymorphisms in drug-metabolism genes, like CYP450
enzymes, influencing therapeutic responses in individuals with suicidal tendencies or depression.

This review underscores the multifactorial nature of suicide, shaped by interactions between genetic, environmental,
and neurobiological factors. Understanding these mechanisms is essential for developing targeted interventions and
personalized treatments to reduce suicide risk and improve mental health outcomes.
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1. Introduction

Suicide is a public health issue that is considered a global alarm. According to reports from the World Health
Organization (WHO), nearly 726,000 people die by suicide each year, with many more attempting to take their own
lives. In 2020, suicide was the third leading cause of death among young people aged 15 to 29 years worldwide [1]. The
suicide mortality rate has been a subject of discussion in recent years, as the Pan American Health Organization (PAHO)
indicates that North America is the subregion with the highest suicide rate in the Americas, followed by the Caribbean.
Middle-aged adults (40-69 years) account for the largest proportion (38.0%) of suicides in the region, followed by older
adults (70+ years; 32.8%) [2].
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Itis well known that suicide risk is associated with various factors. While psychological and social risk factors have been
widely addressed in many studies, recent research suggests that genetic factors play a fundamental role in the
predisposition to suicidal behavior.

The objective of this review is not to focus on the psychological or social factors of suicide but to offer a specific approach
to the genetics and underlying pathophysiology of such behaviors. Although the primary focus is on analyzing the
molecular mechanisms associated with suicidal behaviors, a wide range of disciplines, including physiology,
neuroanatomy, pharmacology, and psychology, has been drawn upon to provide a comprehensive perspective.

This interdisciplinary approach allows for a deeper exploration of the causes of genetic predisposition and their impact
on the clinical manifestation of suicide risk. To this end, a wide variety of updated and relevant scientific sources have
been consulted to support the analysis of the biological factors involved.

2. Pathophysiology of suicide

Suicidal behaviors are classified into three categories: suicide ideation, suicide plan, and suicide attempt. Most suicides
are conditioned by risk factors, such as the interaction of internal and external stressors.

2.1. Acute Stress

Acute stress is defined as a short-term event that induces a transient stress response in an individual, which dissipates
once the stressor is removed. To evaluate its effects, researchers have utilized experimental models such as exposure
to benzo(a)pyrene or ultraviolet light, restraint tests, heat stress, psychosocial stress, and swim tests.

2.2. Chronic Stress

Chronic stress, on the other hand, is characterized by prolonged exposure to a recurring stressor. In animal models,
commonly used methods to study chronic stress include chronic restraint tests, forced swim tests at varying water
temperatures, chronic water avoidance, exposure to other animals, and prolonged social defeat tests.

2.3. Early-Life Stress

Stress during early life stages, often referred to in the literature as adverse childhood experiences (ACE), early-life stress
(ELS), or childhood maltreatment (CM), encompasses trauma experienced during the first years of development.
Examples include physical, emotional, or sexual abuse or neglect, domestic violence, or hostile social environments such
as bullying [27]. Research has shown that these traumatic experiences are associated with epigenetic changes that
disrupt brain development programs, increase the risk of psychiatric disorders, and are linked to substance abuse and
suicide. Furthermore, adverse childhood experiences are significantly correlated with negative physical health
outcomes, such as increased risks of metabolic syndromes, chronic pain, and cancer [28].

The stress response involves two main systems: an immediate, short-term response mediated by the noradrenergic
system and a prolonged response mediated by the hypothalamic-pituitary-adrenal (HPA) axis. Activation of the HPA
system results in the release of glucocorticoids (GCs) into the systemic bloodstream, reaching all organs in the body.
GCs exert their effects through two nuclear receptors: the mineralocorticoid receptor (MR) and the glucocorticoid
receptor (GR).

In response to a physiological or psychological stressor, the hypothalamus releases corticotropin-releasing hormone
(CRH) and vasopressin. These hormones reach the anterior pituitary gland, where they stimulate corticotropic cells to
release adrenocorticotropic hormone (ACTH). Once in the bloodstream, ACTH is transported outside the central
nervous system to the adrenal glands, located atop the kidneys, where it stimulates the production of GCs, such as
cortisol. This process represents not only an adaptive response to stress but also regulates multiple functions
throughout the body via the activation of MR and GR receptors, influencing various physiological and psychological
responses (Figure 1) [3].

54



GSC Advanced Research and Reviews, 2024, 21(03), 053-061

Stress (Physiological / Psycological)

Glucocorticoids,
Cortisol Production

‘* Glucocorticoids, Cortisol
B4 Production
Hypothalamus MC2R (Zona fasciculata)
CRH and Vasopresin \
o e HPA AXIS
Pituitary l

ACTH blood-borne

N\

Corticotropical cells —a ACTH released /

Figure 1 HPA axis and stress pathways genes implicated in the suicide behavior

After a stressful experience, cortisol exerts its effects within brain tissue by binding to glucocorticoid receptors (GR),
which are encoded by the NR3C1 gene, or to mineralocorticoid receptors (MR), encoded by the NR3C2 gene. Under basal
conditions, MR receptors are already activated by glucocorticoids, whereas GR receptors gradually activate as cortisol
levels increase in response to stress. Intracellularly, GR associates with the chaperone FKBP5, which functions as a
modulator of GR receptor sensitivity [4]. Several researches suggest that the altered stress response observed in the
HPA axis may be attributed to impaired feedback inhibition of glucocorticoid receptors (GRs) in patients with major
depressive disorder. This dysfunction is potentially linked to dysregulated gene expression or gene malfunction, which
may, in turn, be influenced by single nucleotide polymorphisms (SNPs) or epigenetic modifications. (See “Epigenetics
of Suicidal Behavior” bellow [14].

Although the relationship between cortisol levels and suicidal behavior has not been clearly defined, some studies
indicate the presence of hypercortisolemia in patients with suicidal behaviors, while others report low cortisol levels in
response to stress tests [5]. This finding may mark the beginning of a thorough investigation into the relationship
between cortisol levels and suicidal behaviors in different types of patients.

Table 1 Types of Receptors Associated with the Stress Response and Their Coding Gene

Receptor Coding Gene |Function
Glucocorticoid NR3C1 It encodes GR.
Receptor . . e s
FKBP5 An important functional regulator of GR sensitivity; when it is bound to the

receptor complex, cortisol binds with lower affinity and the nuclear
translocation is less efficient.

SKA2 It encodes subunit 2 of the spindle and kinetochore -associated complex
involved in the transport of GR to the nucleus. Essential for chromosomal
segregation during mitosis.

It impairs the negative feedback of the HPA axis.

Mineralocorticoid NR3C2 It encodes MR.

Receptor

Arginine Vasopressin |AVPR1B ACTH released.

Recetpor1B Associated with severe depression.
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3. Epigenetics of suicidal behaviour

Epigenetics is the study of modifications that affect gene expression without changes to the DNA sequence. The concept
of epigenetics, as defined by Berger, refers to a "stable hereditary phenotype resulting from changes in chromosomes
without alterations in the DNA sequence"[15]. One form of epigenetic change is DNA methylation, which involves the
addition of methyl groups to DNA segments, leading to reduced gene expression in different regions and preventing the
binding of transcriptional activators [5]. This modification is indeed involved in the development of suicidal behavior.
Studies have shown that some individuals with suicidal behaviors present low cortisol and NR3C1 levels, which are
linked to the methylation of this gene. On the other hand, hypomethylation of the FKBP5 gene has been found in war
veterans with post-traumatic stress disorder (PTSD). Similarly, patients with major depressive disorder (MDD) and
suicidal ideation showed FKBP5 hypomethylation compared to other MDD patients who did not present this
modification [5]. Key epigenetic modifications include DNA methylation, the action of non-coding RNAs such as
microRNAs, and histone modifications through processes such as methylation, acetylation, ubiquitination,
phosphorylation, and sumoylation. DNA methylation, in particular, is mediated by enzymes known as DNA
methyltransferases, which transfer methyl groups to specific cytosine-guanine dinucleotide (CpG) regions in the DNA
[16]. These epigenetic changes are highly influenced by external factors, including stress, diet, lifestyle, and
environmental conditions [21,22]. The impact of stress on the immune system has been widely documented in the
scientific literature [23]. Various forms of stress, referred to as stress epigenators, include acute stress, chronic stress,
early-life stress, traumatic stress, and suicide.

Thus far, we have discussed key aspects of the physiology of the hypothalamic-pituitary-adrenal (HPA) axis and the role
of specific genes involved in stress response pathways. As previously noted, chronic exposure to stressful situations has
the potential to alter these hormonal pathways within the nervous system, which in numerous patients may lead to the
development of suicidal behaviors. This neuroendocrine dysfunction process suggests a possible interaction between
genetic and environmental factors that, by modifying the regulation of the HPA axis, could increase vulnerability to
suicide.

4. Pharmacogenetics

Genomic implications in drug metabolism and its implication in suicidal behavior.

The cytochrome P450 superfamily (CYP450) is a large and diverse group of enzymes that form the major system for
metabolizing or detoxifying lipids, hormones, toxins, and drugs. The CYP450 genes are often very polymorphic and can
result in reduced, absent, or increased enzyme activity.

CYP2D6 is involved in the hepatic metabolism of many commonly prescribed drugs, including antidepressants,
antipsychotics, analgesics, and beta-blockers. The CYP2D6 gene on chromosome 22q13.2 is highly polymorphic.

Most individuals, around 70-80%, are classified as “normal metabolizers” (also referred to as “extensive metabolizers”).
They either have 2 normal function alleles (e.g., *1/*1) or one normal and one decreased function allele (e.g., *1/*41).
Individuals who have more than 2 normal function copies of the CYP2D6 gene are classified as “ultrarapid metabolizers,”
which accounts for 1 to 10% of individuals [6].

CYP2D6 is the best-characterized P450 enzyme that exhibits polymorphism in humans, and many antidepressants are
metabolized primarily by CYP2D6. Three phenotypes have been identified to date: slow/poor metabolizers,
rapid/extensive metabolizers, and ultrarapid metabolizers. Individuals with a homozygous poor-metabolizer genotype
who receive sertraline experience adverse effects (dizziness and nausea), which may be due to toxic accumulation of
the drug due to the elimination rate being too slow. Thus, individual dose adjustment may be necessary for poor
metabolizers to achieve the optimal therapeutic effect and avoid adverse effects.

The brain 5-HT transporter (5-HTT) is the principal site of action of many antidepressants. This transporter takes up 5-
HT into the presynaptic neuron, thus terminating synaptic actions, and recycles it into the neurotransmitter pool. A

functional polymorphism (5-HTTLPR) within the promoter of the 5-HTT gene has been identified.

Several studies have examined the relevance of 5-HTT polymorphisms to therapeutic efficacies in depressive patients

[7].

56



GSC Advanced Research and Reviews, 2024, 21(03), 053-061

Individuals who do not have any fully functional alleles are either intermediate metabolizers (one decreased function
and one no function allele (e.g., *4/*41) or poor metabolizers (2 no function alleles, e.g., *4/*4) [8].

The cytochrome P450 (CYP) enzymes are the major enzymes responsible for Phase I reactions in the metabolism of
several substances, including antidepressant medications. Thus, it has been hypothesized that variants in the CYP
network may influence antidepressant efficacy and safety [9].

The failure caused by the polymorphism in the genes for CYP2D6 explains why psychiatric treatment fails, as it clearly
decreases the effectiveness of the drug needed to treat psychological disorders that lead someone to commit suicide.

4.1. Associated antidepressants

So far, the most of compelling evidence in pharmacogenetics of antidepressants is for an effect of CYP2D6
polymorphisms on antidepressant drug plasma levels and of a serotonin transporter promoter polymorphism on
clinical response to selective serotonin reuptake inhibitors [10].

Antidepressants affected due to CYP2D6 polymorphism: Aripiprazole, risperidone, duloxetine, tedatoxietine,
amitriptyline, nortriptyline.

Tricyclic antidepressants (TCAs) (amitriptyline, nortriptyline) are mixed serotonin and norepinephrine reuptake
inhibitors used to treat several disease states including depression, obsessive-compulsive disorder, and neuropathic
pain in addition to migraine prophylaxis [11].

5. Biomarkers

Among the main relevant organic changes that patients with indications of suicidal behaviors and thoughts usually
suffer are the neurological processes in the serotonin system, the concentrations of serotonin metabolite 5-
hydroxyindoleacetic acid (5-HIAA) in the cerebrospinal fluid (CSF) of suicide attempters who had used violent methods
and suicide completer [16].

Among the discoveries that continue to mark a broad line of research are that they have been found in postmortem
analyses, elevated levels of corticotropin-releasing hormone (CRH) in the locus coeruleus, frontopolar, dorsolateral
prefrontal and prefrontal ventromedial cortices and reduced levels of CHR in the dorsovagal system in suicidal
behaviors [16,18]

Also, among other possible factors contributing to the presence of a marked depressive trend, there is the endocrine
level, specifically concerning the hormone testosterone. In this case, it has been found that patients at risk of suicidal
behavior have decreased levels of this hormone. It is suggested that a dynamic reactivity of the hypothalamic-pituitary-
gonadal axis in response to competition may promote aggression, motivating individuals to take risks in pursuit of
personal benefits within a framework of independent self. In contrast, stable and resting levels of testosterone may
reduce aggression in a context of interdependent self. Thus, in men with independent self-concepts, the tendency to
take risks seems to be influenced by testosterone, especially after achieving success in a status competition [17].

Other factors that are also a reason for importance are those that mediate inflammatory processes, the Scale of
Presumed Stressful Life Events and the Scale of Daily Discomfort and Elevations, predicts suicidal risks in patients who
were detected with higher levels of interleukin 6 and TNF-«, and lower levels of interleukin 2 compared to those
depressed patients who did not think about suicide [19].

6. Genetics

The genetic basis of suicidal behavior, suicide attempts, and major depressive disorder (MDD) has been the subject of
extensive research; however, current research is insufficient to draw firm conclusions about its exact role. However, it
is clear that genetic factors have a significant influence on the development of these disorders as well as changes in DNA
expression that may play a key role in their pathophysiology.

A related study examined the expression of genes associated with suicidal behavior. This review analyzed brain tissue
from people who died by suicide and those diagnosed with major depression and found reduced methylation of key
enzymes involved in the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis is an important component of stress
regulation and normal brain function. These findings suggest that changes in DNA methylation disrupt normal brain
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function and are observed not only in people who exhibit suicidal behavior but also in people with depression and a
history of childhood trauma. Separately, another study compared results from brain tissue from men and women
diagnosed with major depressive disorder (MDD), a disorder that is strongly associated with suicidal behavior. This
study confirms the results of a previous study, and highlighting sex differences in gene expression patterns. Research
suggests that the etiological basis of MDD may differ by gender. In men, this condition is associated with damage to deep
excitatory neurons, whereas in women, microglia and parvalbumin (PV) interneurons appear to have a more
pronounced contribution to the pathology of MDD. These findings highlight the complexity of MDD, suggesting that it
may manifest differently in men and women, with different genetic and cellular mechanisms involved in each case
[12,13].

The most thoroughly studied genes in the first study include:

e FKBP51 (cis-trans prolyl isomerase) - This protein is involved in the regulation of glucocorticoid receptor
signaling and has been associated with post-traumatic stress disorder, bipolar disorder, suicide attempts and
depression, especially in people with HIV infection.

e NR3C1 - This gene encodes a cortisol receptor that mediates the effects of glucocorticoids. Studies have found
that it is more methylated in people with suicidal ideation and depression, as well as in children with a history
of trauma.

e SKA2 - This gene encodes a protein required to maintain the metaphase plate and inhibit the spindle
checkpoint during mitosis. Reduced SKA2 expression was observed in the prefrontal cortex of individuals who
committed suicide [13].

In addition, alterations in several other genes have also been observed in cases of suicidal ideation associated with
major depression. Namely, NR3C1, BDNF, FKBP5, CRHBP, and CRHR1 showed hypermethylation in these individuals.
Additionally, the NR2E1 gene, involved in hippocampal nicotinic and acetylcholinergic receptors, is hypermethylated
and has reduced expression in the brains of suicide victims. These changes suggest that people with suicidality and
depression have significant disruptions in normal brain chemistry, particularly in corticolimbic circuits, possibly
affecting the expression of receptors such as GRM7 and CHRNB2. It's also important to note that changes in DNA
methylation (hypermethylation and hypomethylation) are not the only differences between the brains of people who
exhibit suicidal behavior or depression and those of healthy people. Expression quantitative trait loci (eQTL) associated
with single nucleotide polymorphisms (SNPs) also play a key role. Genes such as SOX9 and NCAN have been implicated
in the regulation of brain function, according to powerful large genome-wide association studies (GWAS). Changes in
these sites may lead to significant disturbances in brain activity, which may help explain behavioral changes observed
in people with suicidal ideation and depression [34,35,36,37]..

In addition, Sherlock’s analysis of RNA sequences associated with eQTLs for MDD and suicide attempts revealed that 39
cases were associated with MDD and 56 with suicide attempts. These results further emphasize the important
contribution of genetics to the pathophysiology of these conditions [37].

7. Conclusion

Suicide is a complex multifactorial phenomenon involving a dynamic interplay between genetic, epigenetic,
neurobiological, and environmental factors. Through this review, key mechanisms underlying suicidal behavior have
been identified, highlighting the relevance of molecular and physiological processes such as hypothalamic-pituitary-
adrenal (HPA) axis dysfunction, epigenetic modifications, and neurochemical biomarkers.

Evidence suggests that alterations in genes such as NR3C1, FKBP5, and SKA2, along with DNA methylation processes
and histone modifications, significantly influence stress regulation and suicide risk. Furthermore, pharmacogenetics
emphasizes how polymorphisms in enzymes like CYP2D6 affect antidepressant responses, underscoring the
importance of a personalized approach to treatment.

In this context, biomarkers such as serotonin metabolites, cytokine profiles, and hormonal levels like cortisol and
testosterone offer promising tools for suicide risk assessment. However, the variability observed across studies reflects
the need to deepen the analysis of these interactions and to establish more precise clinical protocols based on this
evidence.

The integration of knowledge from disciplines such as genetics, pharmacology, psychology, and neuroscience is
essential to developing more effective interventions. These findings not only enhance understanding of the biological
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risk factors but also open new avenues for prevention strategies and individualized treatments aimed at reducing the
impact of suicide as a global public health issue.
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