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Abstract: Introduction: Depression is a pervasive global health issue, affecting millions
worldwide and causing significant disability. Despite its prevalence, current diagnostic
and treatment approaches often yield suboptimal outcomes. The complexity of depression,
characterized by diverse causes and symptoms, highlights the urgent need for advanced
diagnostic tools and personalized therapies. Biomarkers, particularly genetic and epi-
genetic depression biomarkers, offer promise in uncovering the biological mechanisms
underlying depression, potentially revolutionizing its management. Aim: Primary aim: To
identify biomarkers associated with depressive disorders, with a focus on genetic and epi-
genetic biomarkers. Secondary aim: To optimize the current classification of biomarkers
associated with different types of depressive disorders, with a focus on genetic and epi-
genetic biomarkers. Methods: We integrated findings with strategic keywords extracted
from relevant studies, conducting a thorough literature review across the Google Scholar,
PubMed, and Web of Science databases. Lastly, final reference inclusion had stringent crite-
ria: recent, diverse peer-reviewed articles in English, all study designs, ensuring up-to-date
coverage of genetic and epigenetic depression biomarker research. Results: The review
reveals the classification of genetic and epigenetic biomarkers in regard to the type of
biomarker, the system of the human body it derives from, and the sampling entity. All
of the findings show promise in diagnosing depression, with the potential of predicting
treatment outcomes and guiding personalized therapeutic approaches. We defined the
significant correlations between genetic and epigenetic biomarker profiles and clinical
parameters such as symptom severity and treatment response, thereby enhancing diagnos-
tic accuracy and guiding treatment strategies tailored to individual patient needs across
diverse depressive subtypes and treatment responses. Conclusion: Identifying biomarkers
associated with depressive disorders, with a focus on genetic and epigenetic biomarkers,
represents a critical step toward improving diagnostic precision and treatment efficacy. By
elucidating the complex biological underpinnings of depression, this study contributes
to the development of targeted therapies that address the diverse needs of individuals
affected by this debilitating group of disorders. Future research should focus on validating
these genetic and epigenetic biomarkers in larger cohorts and clinical trials to facilitate
their clinical implementation and enhance patient outcomes.
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1. Introduction
Here is a light-hearted take on the importance of identifying depression: Why did the

doctor insist on identifying depression in his patients? Because it is important to address
their “down payments” before they accrue interest. The complexity of manifestation of
depression—often intertwined with comorbid conditions such as anxiety or circadian
rhythm changes (sleep and eating disorders)—further underscores the urgent need for
precise biomarkers to aid early diagnosis and treatment [1]. On a more serious note, if the
intensity of human suffering were the sole criterion for prioritizing medical conditions,
depression would demand urgent attention. Affecting over 350 million people globally,
it remains the leading cause of health-related burden worldwide [2], exerting a profound
impact both personally and societally [3]. Its consequences extend far beyond mental
health, impairing daily functioning and contributing to a substantial share of suicides—
approximately two-thirds of suicide victims suffer from depression. Epidemiological data
indicate that 59–87% of suicide victims had major depression, and up to 15% of these
patients eventually die by suicide [4].

Focusing specifically on major depressive disorder (MDD), its prevalence continues to
rise at an alarming rate. Between 2005 and 2018, the number of U.S. adults diagnosed with
MDD increased from 13.7 million to 17.5 million, with the prevalence rate climbing from
6.8% to 7.1% [5,6]. This growth is particularly pronounced in individuals aged 18–34 [6].
The COVID-19 pandemic further exacerbated this trend. Beginning in early 2020, factors
such as health-related fears, job insecurity, and prolonged social isolation led to heightened
psychological distress. Data from the Centers for Disease Control and Prevention (CDC)
show that the prevalence of MDD rose from 7% pre-pandemic to 27% during the pandemic’s
first year. Co-occurring anxiety disorders also increased, from 11% to 38% [7,8].

This prevalent mental disorder often presents with a wide range of debilitating symp-
toms, including severe functional impairment and, in extreme cases, suicidal ideation.
Despite its growing impact, the clinical diagnosis of depression still relies heavily on
subjective methods such as psychological evaluations and structured interviews, which
can sometimes result in misdiagnosis and ineffective treatment strategies. As such, the
identification of high-quality, biologically grounded biomarkers and the development of
reliable, accessible tools for early diagnosis have become critical objectives. This review
provides a comprehensive overview of emerging biomarkers for depression, with the goal
of enhancing diagnostic accuracy and guiding personalized treatment approaches [9].

Despite projections from the World Health Organization that depression will be the
leading global cause of disease burden by 2030 [10], it remains significantly underdiag-
nosed and undertreated. In the U.S., an estimated two-thirds of depression cases go
undiagnosed [11]. Existing treatments yield full remission in only 28% of cases, with re-
duced effectiveness upon repeated interventions [12]. Misconceptions such as the simplistic
“chemical imbalance” theory [13] have historically limited treatment approaches, while
stigma continues to isolate patients and deter them from seeking help [14].

Beyond individual suffering, depression imposes enormous economic costs. Workplace-
related expenses form the largest share of MDD’s growing economic burden, particularly
among working-age adults. While the number of diagnosed cases has risen, per-person
treatment costs have decreased, highlighting increased access without necessarily improved
outcomes. Despite a growing number of individuals receiving care, significant gaps in
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treatment persist. This underscores the urgent need for rapid, reliable diagnostic tools and
more effective interventions. At the forefront of these advancements is the exploration of
genetic and epigenetic biomarkers—biological indicators that offer potential for unraveling
the underlying mechanisms of depression and transforming its clinical management [6].

1.1. Biomarkers in Depression Research

Biomarkers are a rapidly expanding area in psychiatric research, providing critical in-
sights into the diverse biological mechanisms underpinning depression [15]. These markers
span several systems—neurobiological, neuroendocrine, metabolic, and inflammatory—all
implicated in the disorder’s pathophysiology [15]. Previously published evidence em-
phasizes the need for sophisticated, integrative research to understand inflammation’s
role in MDD [16]. Progress in neuroimaging, genetic profiling, and biochemical analysis
has deepened our understanding of depression’s molecular basis [15,17–21], revealing
complex interactions between neurotransmitter dysfunction, neuroendocrine imbalance,
and immune activation [22].

Specific genetic and epigenetic biomarkers have been associated with depression
severity, therapeutic responsiveness, and prognosis [15,23]. For instance, alterations in neu-
rotrophic factors, such as brain-derived neurotrophic factor (BDNF) [24] and inflammatory
cytokines [25], have been consistently linked to depressive symptoms. These biomarkers
not only aid diagnosis but also open avenues for personalized medicine, enabling tailored
treatment plans that optimize efficacy and reduce adverse effects.

Integrating these biomarkers into clinical practice could revolutionize depression care
by supporting early detection, guiding therapy selection, and monitoring progression. How-
ever, translating these discoveries into practice requires extensive validation via large-scale,
longitudinal studies to ensure reliability and reproducibility across diverse populations.

1.2. Identifying and Validating Biomarkers Associated with Depression

Depression remains a major and escalating public health challenge, yet its diagno-
sis relies solely on clinical assessment, with no established biological markers in rou-
tine use. Biomarkers—objectively measurable indicators of physiological or pathological
processes—could provide much-needed clarity in identifying depression earlier and pre-
dicting treatment response, particularly in cases of medication resistance [26]. Identifying
and validating genetic and epigenetic biomarkers represents a pivotal step in enhancing
depression diagnosis and treatment. By decoding the complex biological underpinnings of
this pervasive disorder, researchers aim to develop more accurate diagnostics and targeted
therapies that accommodate individual variability in treatment response.

Molecular biomarkers are emerging as valuable tools for advancing clinical psychiatry,
offering potential to enhance diagnostic accuracy and treatment personalization. In this
context, major depressive disorder (MDD) has become a focal point of biomarker research,
not only due to its rising global prevalence but also its complex, multifactorial pathophysi-
ology. Major depressive disorder is a biologically heterogeneous condition lacking reliable
biomarkers to assess severity, subtypes, or treatment response. A growing body of evidence
indicates that alterations in peripheral growth factors, cytokines, endocrine, and metabolic
markers are implicated in MDD pathophysiology and may inform treatment outcomes.
These findings underscore the urgent need for the development of an integrated biomarker
panel that captures the biological diversity of MDD, enabling more precise diagnosis and
individualized therapeutic strategies [27].

1.3. Aim

Primary aim: To identify biomarkers associated with depressive disorders, with a
focus on genetic and epigenetic biomarkers.
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Secondary aim: To optimize the current classification of biomarkers associated with
different types of depressive disorders, with a focus on genetic and epigenetic biomarkers.

2. Methods
In our research methodology, we strategically selected additional terms extracted

from abstracts of pertinent studies. This approach was pivotal in refining our search
syntax to compile a comprehensive reference list for our review article. During this phase,
particularly effective when finding relevant studies, we used keywords such as “markers
of depression”, “biomarkers”, and “diagnostic tools”. Our systematic literature search
was conducted across reputable databases including Google Scholar, PubMed, and Web of
Science. Integrating these keywords into our search strategy based on abstracts of relevant
studies ensured a thorough synthesis of current knowledge on genetic and epigenetic
depression biomarkers, among other depression-related biomarkers. This synthesis was
instrumental in informing the development of a robust reference list that formed the
scientific foundation of our review article.

To guide and organize our literature search, we employed the PICO framework. The
PICO process (or framework) is a mnemonic used in evidence-based practice, specifically
in evidence-based medicine, to frame and answer clinical or healthcare-related questions.
It is widely used to develop literature search strategies, particularly in systematic reviews.
The PICO acronym stands for:

P—Patient, problem, or population;
I—Investigated condition (e.g., intervention, exposure, risk/prognostic factor, or test result);
C—Comparison condition (e.g., intervention, exposure, risk/prognostic factor, or test result,
respectively);
O—Outcome(s) (e.g., symptom, syndrome, or disease of interest).

In our study, we used the PICO framework to refine the search strategy for biomark-
ers of depression, with a focus on genetic and epigenetic depression biomarkers among
those identified. Specifically, the patient population was individuals with depressive disor-
ders, the investigated condition was biomarkers of depression (with a particular focus on
genetic and epigenetic depression biomarkers), the comparison condition involved exist-
ing biomarkers or diagnostic tools, and the outcome focused on the diagnostic accuracy,
severity correlation, and predictive potential of the biomarkers.

The criteria for final inclusion in our reference list were stringent, focusing on recent
peer-reviewed publications that employed advanced biochemical methodologies, partic-
ularly those related to genetic and epigenetic depression biomarkers. Articles had to be
published in English and encompass diverse study designs, reflecting the dynamic and
evolving nature of research in this field. By adhering to these criteria, we aimed to capture
the latest advancements and insights into genetic and epigenetic depression biomarkers
among the broader array of depression biomarkers.

Throughout our methodology, meticulous attention was paid to ensuring the integrity
and relevance of our findings. This involved not only the systematic search and selection of
literature but also the critical evaluation and synthesis of data to provide a comprehensive
overview. By rigorously following these methodological steps, including the application
of the PICO framework, we aimed to contribute meaningfully to the understanding and
advancement of knowledge regarding genetic and epigenetic depression biomarkers within
the scientific community.

3. Results
The major step in our analytic approach involved article reviewing. Our results via

article reviewing indicate firstly the diversity in the types of biomarkers (Table 1 [28]). In
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parallel to this, we discovered a growing interest in the biomarkers in psychiatry that repre-
sent information for the improvement of diagnosis, treatment by monitoring the volume
of gray matter of the hippocampus [29], prefrontal cortex [30], basal ganglia through neu-
roimaging [31], presentation of HPA axis hyperactivity [32], thyroid gland dysfunction [33],
monitoring of dopamine [34], noradrenaline [35], 5-HIAA [36], glutamate levels [37], moni-
toring of superoxide dismutase (SOD) activity [38] and lipid peroxidation [39], monitoring
of adenosine levels of 3′,5′-monophosphate [40], activity of protein kinases [41], monitoring
of pro-inflammatory cytokine levels [42], changes in tryptophan [43], kynurenine [44],
insulin [45], and determination of gene polymorphisms [46]. Further, we found a cluster of
studies that identified biomarkers that reflect the activity with potential to predict depres-
sion through the scope of inflammatory, neurotransmitter, neurotrophic, neuroendocrine,
and metabolic systems origin (Table 2 [15]). They were identified to have the greatest
potential in improving the diagnosis, treatment, and prevention of mental and physical
health outcomes in individuals suffering from depression (Table 2 [15]).

Table 1. Comprehensive overview of diverse biomarker types: type of biomarker, its purpose,
examples, and how it is applied in clinical practice.

Type of Biomarkers Purpose/Use Examples Clinical Application

Diagnostic Biomarkers Confirm the presence or
absence of disease

Genetic mutations,
specific proteins

Early detection of diseases like
cancer, infectious diseases

Markers of Therapy Help choose the optimal
therapy for the patient

Tumor markers,
genetic profiling

Personalizing treatment in
oncology, choosing
targeted therapies

Therapy Mediator Monitor the response
to therapy

Blood levels of drugs,
specific biomarkers

Monitoring therapy
effectiveness, adjusting

dosages in chronic diseases

Prognostic Markers Predict the course or
progression of the disease

Gene expression profiles,
protein levels

Prognosis of cancer,
cardiovascular diseases, or

chronic illnesses

Predictive Markers Predict the likelihood of
disease development

Genetic risk factors,
biomarkers of
predisposition

Predicting risk of developing
diseases like diabetes,

Alzheimer’s

Trait Markers
Identify individuals with a

higher risk due to
genetic factors

SNPs, familial risk factors
Identifying genetic

predispositions to hereditary
conditions

Status Markers Reflect the current clinical
status of the patient

Inflammatory markers,
viral load

Assessing disease activity,
infection status, or

inflammation levels
Source: Lopresti, A. L., Maker, G. L., Hood, S. D., & Drummond, P. D. (2014). A review of peripheral biomark-
ers in major depression: the potential of inflammatory and oxidative stress biomarkers. Progress in neuro-
psychopharmacology & biological psychiatry, 48, 102–111. https://doi.org/10.1016/j.pnpbp.2013.09.017 [28].

Table 2. Comprehensive insights into diverse origins of depression biomarkers: classification across
systems of inflammation, neuroendocrine, growth factors, and neurotransmitters.

Biomarker System Key Findings Effect/Impact Therapeutic Relevance

Inflammation
Biomarkers

Higher levels of pro-inflammatory
markers in patients with depression

compared to controls.
Antidepressants reduce

inflammation levels.

Inflammation is higher in
depression, indicating an

immune system imbalance.

Anti-inflammatory therapy
leads to improvements in

depressive symptoms.

https://doi.org/10.1016/j.pnpbp.2013.09.017
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Table 2. Cont.

Biomarker System Key Findings Effect/Impact Therapeutic Relevance

Neuroendocrine
Biomarkers

HPA axis hyperactivity in
depressed patients, resulting in
hypercortisolism. High cortisol

levels correlate with poor response
to therapy.

Elevated cortisol indicates
stress and poor treatment

response.

Targeting HPA axis
dysregulation may

improve therapeutic
outcomes.

Growth Factor
Biomarkers

Lower neurotrophic factor levels
(e.g., BDNF, NGF) in depressed
patients compared to controls.

These factors increase with therapy,
regardless of symptom

improvement.

Decreased neurotrophic
factors may contribute

to depression.

Monitoring neurotrophic
factor levels may provide
insights into therapeutic

progress.

Neurotransmitter
Biomarkers

Increased binding to 5-HT1A
receptors in depressed individuals.

Monoamine interaction affects
cognitive function and

stress response.

Serotonin receptor activity
influences mood and
cognitive resources.

Targeting serotonin
receptors can optimize
treatment response and

manage therapeutic
resistance.

Metabolic
Biomarkers

Depression linked with altered
metabolic profiles. BMI and disease

severity influence these factors.
Atypical depression forms often

show metabolic disorders.

Metabolic imbalances
complicate depression

and therapy.

Metabolic profile
assessment can guide

treatment, particularly for
atypical depression forms.

Source: Strawbridge, R., Young, A. H., & Cleare, A. J. (2017). Biomarkers for depression: recent insights, current
challenges and future prospects. Neuropsychiatric disease and treatment, 13, 1245–1262. https://doi.org/10.214
7/NDT.S114542 [15].

Evaluation of these systems through an omics approach revealed a wide range of
biomarkers with translational potential. It also confirmed and reinforced the view that
examining single, isolated factors is unlikely to provide data of clinical significance. A
previously cited study proposed panels of biomarkers based on clinical and preclinical
evidence. Based on the study’s proposed suggestions, we made Table 2 to illustrate these
systems with input and overall dynamics, taking into account the source of biomarker
potential sampling, the system of origin, and the level of human organism activity within
which the biomarker functions. In other words, we illustrate the bidirectional causation
between the functioning of diverse biological levels, including inflammatory markers, neu-
rotransmitters, neuroendocrine factors, and growth factors, in relation to various modalities
across systems in the human body detectable via presented biological samples and imaging
(Figure 1 [15]).

After compiling and analyzing a diverse array of biomarkers—including diagnostic,
therapeutic, prognostic, predictive, trait, and status markers—the results reveal compelling
insights into their respective roles and implications. Each category offers unique perspec-
tives on disease detection, treatment efficacy, patient prognosis, and more, shedding light
on their potential applications in clinical practice. As we delve into these findings, the
discussion will further explore their significance, limitations, and implications for future
research and clinical applications.

https://doi.org/10.2147/NDT.S114542
https://doi.org/10.2147/NDT.S114542


Genes 2025, 16, 487 7 of 20Genes 2025, 16, x FOR PEER REVIEW 7 of 21 
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markers, neurotransmitters, neuroendocrine factors, and growth factors, linked with various bio-
logical samples and imaging modalities across systems. Legend: genomic—refers to all genetic ma-
terial in a human organism. Epigenomic or epigenome—refers to all changes to genetic material. 
Transcriptome—refers to all RNA transcripts from genetics. Proteoma—refers to all proteins ex-
pressed in a human organism. Metabolomic—refers to all small-molecule chemicals in a human 
organism. Microbiome—refers to all genes of microbes in an organism. Abrogation: CSF—cerebro-
spinal fluid. Source: Strawbridge, R., Young, A. H., & Cleare, A. J. (2017). Biomarkers for depression: 
recent insights, current challenges and future prospects. Neuropsychiatric disease and treatment, 
13, 1245–1262. https://doi.org/10.2147/NDT.S114542 [15]. 
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Figure 1. Potential biomarkers for depression: diverse biological levels including inflammatory
markers, neurotransmitters, neuroendocrine factors, and growth factors, linked with various bi-
ological samples and imaging modalities across systems. Legend: genomic—refers to all genetic
material in a human organism. Epigenomic or epigenome—refers to all changes to genetic mate-
rial. Transcriptome—refers to all RNA transcripts from genetics. Proteoma—refers to all proteins
expressed in a human organism. Metabolomic—refers to all small-molecule chemicals in a human or-
ganism. Microbiome—refers to all genes of microbes in an organism. Abrogation: CSF—cerebrospinal
fluid. Source: Strawbridge, R., Young, A. H., & Cleare, A. J. (2017). Biomarkers for depression: re-
cent insights, current challenges and future prospects. Neuropsychiatric disease and treatment, 13,
1245–1262. https://doi.org/10.2147/NDT.S114542 [15].

4. Discussion
Molecular biomarkers hold significant promise for routine application in clinical psy-

chiatry. Among psychiatric conditions, major depressive disorder (MDD) has garnered
particular interest due to its rising prevalence and substantial impact on morbidity [47].
MDD is a biologically heterogeneous condition lacking reliable biomarkers to assess sever-
ity, subtypes, or treatment response. A growing body of evidence shows that alterations
in peripheral growth factors, cytokines, endocrine, and metabolic markers not only reflect
MDD pathophysiology but may also predict therapeutic outcomes—underscoring the need
for a comprehensive biomarker panel to support diagnosis and personalized treatment
approaches [48]. Depression is a multifactorial disorder arising from the interaction of ge-

https://doi.org/10.2147/NDT.S114542


Genes 2025, 16, 487 8 of 20

netic predisposition (nature) and environmental influences (nurture), both of which shape
biomarker expression. Environmental factors such as stress, diet, trauma, and lifestyle can
induce epigenetic changes—like DNA methylation, histone modification, and shifts in non-
coding RNA expression—that affect gene activity without altering DNA sequences. Genetic
factors, meanwhile, establish a baseline vulnerability, influencing brain function, neuro-
transmitter systems, and stress responses. Biomarkers often reflect the interplay between
these genetic and epigenetic components: genetic variations predispose individuals to
depression, while environmental factors modify gene expression and trigger disease onset.
Understanding this interaction is key to advancing diagnostic and therapeutic strategies.

4.1. Inflammatory Biomarkers

In depression, inflammatory responses are consistently altered, even after adjusting
for confounders such as BMI and age. Elevated inflammatory markers contribute to the
onset and persistence of depressive episodes [49]. Stress, smoking, and obesity further
elevate these markers, reinforcing their role as risk factors [50–52].

Most studies, including our initial findings (Table 1), confirm elevated CRP and IL-6
levels in depression. CRP levels correlate with treatment outcomes: patients with elevated
CRP often do not respond to psychological therapies but respond better to pharmacolog-
ical treatments like nortriptyline or fluoxetine, though not to escitalopram. Those with
high CRP and treatment resistance show improved outcomes with infliximab (a TNFα
antagonist) [53–55]. Elevated CRP is a reliable inflammatory marker linked to poor therapy
response and increased risk of MDD onset and hospitalization [56]. IL-8 is also elevated in
major depression [57], while IL-10 and interferon gamma levels vary between early respon-
ders and those with treatment resistance [57]. Remission is associated with reductions in
IL-4 [58] and IL-2 [59]. Successful treatment generally lowers CRP, IL-6, IL-10, and IL-1β
levels. TNFα decreases only in patients who respond well to therapy [59].

Chronic inflammation also promotes oxidative and nitrosative stress. This is marked by
reduced levels of tryptophan, tyrosine, albumin, zinc, and HDL-cholesterol [60]. Oxidative
stress biomarkers are detectable in blood, erythrocytes, mononuclear cells, urine, CSF, and
brain tissue of depressed patients [61]. For example, uric acid levels drop in depression
and increase with treatment, as do albumin, zinc, CoQ, and vitamin C [61].

4.2. Growth Factor–Neurogenic Biomarkers

Growth factors regulate neuronal development and survival. Though not inherently
genetic or epigenetic, their expression is shaped by both, especially through environmental
stressors. Therefore, changes in growth factor levels can signal underlying gene expression
shifts relevant to depression.

BDNF (brain-derived neurotrophic factor) is the most studied neurogenic biomarker.
Serum BDNF mirrors brain levels and is typically reduced in depressed patients, partic-
ularly in severe cases [62]. Treatment gradually increases BDNF, even in the absence of
clinical improvement [63]. Conversely, pro-BDNF levels are elevated in depression but
decline with treatment [63]. BDNF is also reduced in conditions like diabetes and smoking,
both independent depression risk factors [63,64].

NGF (nerve growth factor) is consistently reduced in depression, correlating with
symptom severity and remaining unchanged by treatment [65]. The same pattern applies to
glial-derived neurotrophic factors. VEGF (vascular endothelial growth factor) is elevated in
depressed patients, especially in treatment-resistant cases, likely due to inflammation and
increased blood–brain barrier permeability [66]. IGF-1 and FGF-2 levels are also elevated
and tend to decrease with treatment, though this contrasts with our findings [67,68].
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4.3. Metabolic Biomarkers: Insights from AI

Metabolic biomarkers, such as glucose and lipid profiles, are influenced by epige-
netic changes triggered by environmental factors, particularly through inflammatory and
metabolic pathways. Metabolomic studies—now enhanced by AI—suggest that specific
metabolite patterns in glucose-lipid signaling have strong predictive value for depression
diagnosis [15].

In depressed individuals, metabolic alterations often occur regardless of comorbidities.
Hyperglycemia, insulin resistance, and hypoalbuminemia are common, while leptin and
ghrelin levels are typically low [69]. These levels generally normalize with treatment
and remission.

4.4. Neurotransmitters as Biomarkers

Neurotransmitters, key regulators of mood and behavior, are influenced by both
genetic and epigenetic factors. DNA methylation and histone modification can alter the
expression of genes involved in neurotransmitter production, making these chemicals
potential biomarkers for depression.

The monoamine theory, foundational to modern psychopharmacology, posits that
depression stems from depleted serotonin, norepinephrine, and/or dopamine levels [70].
However, no neurotransmitter-based biomarker has proven clinically reliable for guiding
treatment, largely because brain levels cannot be measured directly. Peripheral or urinary
levels of metabolites are used as proxies, though they may not accurately reflect central
concentrations. CSF provides more reliable measurements, and urine samples—especially
when acidified—preserve molecule stability for liquid chromatography analysis [71].

Urinary noradrenaline (NA) correlates with depression and anxiety symptoms [72].
Low urinary 3-methoxy-4-hydroxyphenylglycol predicts positive response to NA-selective
antidepressants like imipramine. As symptoms improve, levels of noradrenaline and
dopamine metabolites (including 3-methoxy-4-hydroxyphenylglycol and homovanillic
acid) typically rise. Interestingly, patients who respond well to SSRIs often exhibit lower
levels of these metabolites [73].

Serotonin, often dubbed the “happiness hormone”, is assessed via 5-HIAA in CSF and
urine. Decreased levels are more closely linked to impulsivity, aggression, and suicidality
than to depression itself [74]. Serotonin’s effects are mediated primarily through 5-HT1A
receptors, which regulate neuronal activity both pre- and post-synaptically [75]. An exag-
gerated autoimmune response to serotonin is linked to recurrent depressive episodes, while
increased density of 5-HT2A receptors on platelets has been associated with suicidality and
may serve as a risk marker [76,77].

Dopamine activity is also diminished in untreated or early-stage depression [34].
Glutamatergic dysfunction in depression is marked by elevated glutamate and GABA
levels, often in conjunction with reduced 5-HT and NA levels [78,79].

4.5. Neuroendocrine Biomarkers of the HPA Axis

The neuroendocrine system, particularly the hypothalamic–pituitary–adrenal (HPA)
axis, plays a central role in stress response. While primarily regulated genetically, its sensi-
tivity and reactivity can be shaped by epigenetic modifications, especially under chronic
stress. As such, HPA axis biomarkers reflect both genetic vulnerability and environmen-
tal influence.

Depression is commonly linked to HPA axis dysregulation, typically presenting with
elevated basal cortisol, impaired suppression in the dexamethasone suppression test, and
sustained elevation of corticotropin-releasing hormone. Glucocorticoids, the primary stress



Genes 2025, 16, 487 10 of 20

hormones, impact hippocampal neurogenesis. Thyroid and sex hormones (e.g., estrogen,
testosterone) have also been implicated [80].

Cortisol is the most studied HPA axis biomarker, measurable in blood, urine, saliva,
and hair. Hypercortisolemia is consistently observed in depression and aligns with findings
from the first stage of our research. Hair cortisol reflects chronic stress exposure and
helps differentiate depression from other psychiatric disorders [81]. Salivary cortisol levels,
particularly after waking, have shown diagnostic value in adolescents [82].

Elevated cortisol predicts poor response to both psychological and pharmacological
therapies [83]. In contrast, patients with a history of childhood trauma may exhibit blunted
cortisol reactivity. Atypical depression is associated with reduced cortisol levels, which may
aid in distinguishing it from melancholic depression and explain heightened sensitivity to
reward and rejection.

4.6. Biomarkers in Predicting Treatment Response

The dexamethasone suppression test has historically been the most investigated tool
for predicting treatment outcomes, especially in melancholic depression [84]. Lack of
cortisol suppression indicates reduced likelihood of remission, though its clinical utility
remains limited due to inadequate sensitivity and specificity. A shift from non-suppression
to suppression during treatment suggests therapeutic effectiveness, while an increased
cortisol response post-treatment may predict relapse risk [84].

Other hormones, including corticotropin-releasing hormone, adrenocorticotropin,
and vasopressin, are elevated in depression, though findings are inconsistent. Notably,
corticotropin-releasing hormone and its mRNA are elevated in the brains of suicide victims
with depression [85]. Conversely, dehydroepiandrosterone (DHEA) levels are typically
reduced [86], and the cortisol-to-DHEA ratio is elevated in treatment-resistant depression,
even during remission [87].

4.7. Trait Biomarkers

Trait biomarkers identify individuals predisposed to depression [28] (Table 2). For
example, abnormal TSH levels, seen in trending or established hypothyroidism, may con-
tribute to depressive disorders, as supported by our initial research findings (Table 1) [88].
Treating depression may concurrently improve thyroid function.

Depressed individuals often have reduced nocturnal melatonin and a delayed daytime
peak. Evidence suggests hormone replacement therapy enhances antidepressant efficacy,
as thyroid hormones appear to support recovery during treatment [89].

4.8. Signaling Pathways Modified by Antidepressants

Signaling pathways such as glycogen synthase kinase-3 (GSK-3), mitogen-activated
protein kinase (MAPK), and phosphoinositide 3-kinase (PI3K) are believed to play a key
role in treatment mechanisms. These pathways are potential biomarkers for therapeutic
response [90], though further research is needed to validate their clinical relevance.

4.9. Genetic and Epigenetic Factors in Depression

Both genetic and epigenetic factors contribute significantly to depression. Genetic pre-
dispositions involve inherited DNA variations that affect neurotransmission, inflammation,
and stress regulation. Epigenetic modifications—such as DNA methylation and histone
alteration—are shaped by environmental exposures and life experiences, influencing gene
expression without altering the DNA sequence.

Key gene–environment interactions, including those involving serotonin transporter
(SLC6A4) and inflammatory genes (e.g., TNF-α, IL-6), have been implicated in depression.
Epigenetic modifications of these genes can influence their activity and increase susceptibil-
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ity [91]. Early life stress can cause enduring epigenetic changes, increasing the long-term
risk for depression and illustrating how the environment modulates genetic risk.

4.10. Biomarkers Linking Genetics, Epigenetics, and Treatment Response

Currently, major depressive disorder (MDD) is diagnosed through clinical evalua-
tion and self-reported symptoms, with no objective or non-invasive tests available. The
identification of biomarkers—such as inflammatory markers, neurotrophic factors, hor-
mones, genetic and epigenetic profiles, and neuroimaging findings—holds promise for
improving diagnosis, guiding treatment selection, and predicting therapeutic response.
While research is still evolving, biomarkers like BDNF, HPA axis activity, cytokines, and
emerging epigenetic insights show particular potential in advancing personalized care for
MDD [92]. Biomarkers that integrate genetic and epigenetic factors hold promise for pre-
dicting treatment outcomes. Genetic polymorphisms in drug-metabolizing enzymes, such
as cytochrome P450 variants, help forecast antidepressant efficacy and side effects. Similarly,
epigenetic markers—like methylation patterns in stress-related genes (e.g., FKBP5)—may
signal treatment resistance or susceptibility [93].

These tools support personalized medicine by allowing treatment plans tailored to an
individual’s genetic and epigenetic profile. For example, patients with certain 5-HTT gene
variants may respond better to SSRIs, while others might benefit more from psychotherapy
or neuromodulation techniques like deep brain stimulation [94].

Moreover, therapies targeting epigenetic reprogramming are gaining attention. Agents
like ketamine can rapidly induce epigenetic changes in brain regions responsible for mood
regulation, enhancing synaptic plasticity and stress resilience. Understanding the dynamic
between genetic predisposition and epigenetic modulation is key to developing more
effective, individualized treatments.

4.11. Summary of Depression Biomarkers—Limitations of Current Research

Numerous biomarkers are associated with depression, though their roles vary—some
predict treatment response, others guide therapy selection, and many change during
treatment independent of outcome. However, current evidence is insufficient to form a
cohesive, clinically applicable model.

Some biomarkers are epiphenomenal or relevant only in specific subgroups. Genetic
and epigenetic markers are gaining prominence, with genetic variants like 5-HTTLPR
reflecting inherited vulnerability, and epigenetic changes (e.g., DNA methylation, histone
modifications) showing how environmental factors modulate gene expression.

Research challenges include inter-individual variability and lack of standardization.
While proteomic biomarkers show potential, genomic and epigenetic factors are more
difficult to study due to environmental influences. For example, early life stress can
epigenetically alter FKBP5 expression, potentially affecting subsequent generations despite
unchanged DNA sequences.

4.12. Clinical Implications—Strengths of Current Research

Genetic and epigenetic biomarkers could transform depression treatment through
personalized medicine. Identifying specific genetic variants may enable clinicians to
match patients with the most effective antidepressants, reducing the need for trial-and-
error prescribing.

Epigenetic markers can also reveal how life experiences affect gene expression, guiding
early intervention strategies. Epigenetic therapies may help reverse or mitigate stress-
related biological changes, offering novel treatment approaches beyond symptom relief.
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Because epigenetic changes are modifiable, they are especially valuable for tailoring
treatment. If a patient’s epigenetic profile predicts poor response to a medication, alternative
therapies can be pursued earlier, improving recovery prospects.

4.13. Future Research Directions

As research advances, genetic and epigenetic markers will play a growing role in under-
standing and treating depression. Future studies should focus on how gene–environment
interactions shape epigenetic profiles and contribute to depression risk. Although some
genetic loci related to serotonin and dopamine have been identified, their individual effects
are small and likely require complementary epigenetic changes for expression. Epige-
netic mechanisms—such as DNA methylation, histone modification, and non-coding RNA
activity—are essential in mediating gene–environment interactions. Stress, especially dur-
ing critical developmental periods, can cause long-lasting epigenetic modifications that
alter HPA axis functioning and mood regulation, increasing depression risk. Integrating
genomic and epigenomic analyses will be vital in identifying novel biomarkers. Longitu-
dinal studies tracking these changes over time are necessary for translating findings into
clinical practice. Additionally, epigenetic therapies, including drugs targeting methylation
or non-coding RNAs, could provide innovative treatment options for depression. Got
it! Here is a refined version that clearly states that while the area has been well-studied,
the evidence so far has not been robust or conclusive, and highlights the direction future
research should take [95]. Previous studies identified that abnormalities in brain-derived
neurotrophic factor (BDNF) levels, elevated endocrine markers such as cortisol, thyroid-
stimulating hormone (TSH), and prolactin, as well as structural brain changes observed
through neuroimaging—including reduced hippocampal volume and cortical thinning—
are consistently associated with major depressive disorder (MDD). These biomarkers reflect
underlying neurobiological alterations linked to the disorder, offering valuable insight into
its pathophysiology. Their clinical relevance lies in the potential to improve diagnostic
precision and support the development of more individualized and effective treatment
strategies for those affected by MDD [96].

Although major depressive disorder (MDD) has been extensively studied through the
lens of various biological theories—including neuroimaging, immune function, hormone
dysregulation, neurotransmission, and oxidative stress—the existing body of prospective
research has not yielded consistently robust or conclusive biomarkers. Despite considerable
investigation, most findings across these domains have been either statistically insignificant
or too heterogeneous to synthesize meaningfully. Cortisol has shown some potential as
a predictive marker, but its reliability is compromised by confounding factors such as
pre-existing clinical conditions. These outcomes highlight a clear gap between theoretical
models and empirical validation, underscoring the need for future research to prioritize
standardized methodologies, larger sample sizes, and more rigorous longitudinal designs
in order to establish reliable biomarkers for the onset, recurrence, and treatment response
of MDD.

4.14. Challenges in Translating Biomarkers into Clinical Practice

This section elaborates on the limitations and hurdles that currently hinder the routine
clinical implementation of biomarkers, despite the growing body of promising evidence.
Specifically, we explore the variability in laboratory methods, the lack of standardized
protocols across studies, and the absence of consensus on clinically relevant thresholds
for many biomarkers. We also discuss the financial and infrastructural barriers faced by
many healthcare systems, particularly in resource-limited settings, which make widespread
biomarker testing impractical at this stage.
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Additionally, we address the issue of biomarker accessibility and equity. Many of the
advanced tests, especially those involving genomic or epigenomic profiling, remain largely
restricted to specialized research centers and are not yet integrated into primary care or
routine psychiatric assessment. This creates a gap between research advancements and
everyday clinical practice.

By incorporating this critical discussion, we aim to present a more balanced and
realistic view of the current state of biomarker research in depression. We thank the reviewer
for helping to highlight this essential dimension, and we believe that the revised manuscript
now offers a more complete and practically relevant analysis of this evolving field.

We are grateful to the reviewer for highlighting the need for a more critical and analyti-
cal evaluation of the current biomarker literature. This is an especially important observation,
as much of the existing research—while rich in promise—is also marked by methodological
inconsistencies, heterogeneous findings, and limited translational applicability.

4.15. Critical Appraisal of Biomarker Literature in the Current Review: Contradictions,
Limitations, and Interpretative Challenges

While biomarker research in depression holds considerable potential, the literature is
marked by inconsistencies, contradictions, and methodological limitations that complicate
translation into clinical practice. A nuanced appraisal of these challenges is essential for a
realistic understanding of the field’s current state.

In the domain of inflammatory biomarkers, markers such as CRP and IL-6 have
shown consistent elevation in depressed patients [49–55]. However, cytokines like IL-
10 and interferon gamma yield inconsistent patterns across studies [57], suggesting that
inflammation in depression may vary significantly between subtypes or individuals. This
variability challenges the idea of a universal inflammatory signature in depression.

Similarly, while BDNF is widely reported to be reduced in depression and increased
with treatment [62], recent findings indicate BDNF may rise independently of clinical
response [63], questioning its utility as a dynamic marker of therapeutic progress. Further
complexity arises with neurotrophins like NGF and glial-derived factors, which appear
unaffected by treatment [65], underlining the need for subtype-specific biomarker models.

The monoamine hypothesis—central to early antidepressant development—remains
controversial. Peripheral measurements of neurotransmitter metabolites (e.g., in urine or
CSF) do correlate with symptom changes and treatment response [72,73], yet their indirect
nature limits the ability to draw firm conclusions about central nervous system activity [71].
For example, while serotonin receptor alterations are linked to suicidality [75–77], their
specificity for depression diagnosis remains unclear.

Metabolic and HPA axis biomarkers, including cortisol, show robust associations
with depression [80–83], but are influenced by numerous external factors such as obesity,
circadian rhythm, and early life stress, leading to conflicting findings—especially in atypical
depression, where cortisol levels may be paradoxically low.

Methodologically, many studies suffer from small sample sizes, inadequate controls,
and non-standardized protocols. Cross-sectional designs predominate, limiting the ability
to infer causality or assess longitudinal changes. The use of peripheral biomarkers to
infer central changes is another major limitation. Genetic and epigenetic research, while
advancing, is still hampered by replication challenges and population-specific effects. For
instance, findings related to the FKBP5 gene and 5-HTTLPR polymorphism [91,93,94] are
often dependent on specific environmental interactions, such as early life trauma, and may
not generalize broadly.

Altogether, the current body of literature reflects a field in transition—scientifically
rich, yet methodologically fragmented. For biomarkers to achieve clinical relevance, future
studies must adopt larger, longitudinal, and multi-site designs, incorporate standardized
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assays, and stratify subjects by depression subtype and comorbidities. Only through
such rigorous frameworks can the field move beyond correlation and toward actionable,
individualized psychiatry.

5. Conclusions
Identifying biomarkers associated with depressive disorders, particularly those rooted

in genetic and epigenetic factors, represents a critical step toward improving both diagnos-
tic precision and treatment efficacy. As depression manifests differently across individuals,
the ability to pinpoint specific genetic variations and epigenetic modifications that underlie
these diverse presentations is essential for developing personalized therapeutic approaches.
By understanding the complex biological underpinnings of depression, this study con-
tributes to the ongoing efforts to create targeted treatments that address the unique needs
of individuals affected by this debilitating group of disorders.

Current research has revealed that genetic predispositions—such as mutations or
polymorphisms in genes related to neurotransmitter systems—are key contributors to an
individual’s risk of developing depression. However, epigenetic modifications, which
can alter gene expression in response to environmental factors like stress, trauma, or
lifestyle, add an additional layer of complexity. These epigenetic markers may explain why
depression can affect individuals differently, even those with similar genetic backgrounds.
Furthermore, understanding how epigenetic changes can be modulated by therapeutic
interventions offers exciting possibilities for new treatment modalities that go beyond
traditional antidepressants.

To fully realize the potential of genetic and epigenetic biomarkers in clinical settings,
future research must prioritize validating these markers across larger, more diverse cohorts.
Longitudinal studies are crucial for understanding how these biomarkers evolve over time
and in response to treatments. Large-scale clinical trials will be essential for establishing the
clinical relevance of genetic and epigenetic biomarkers and for determining their predictive
value in terms of treatment response, relapse, and long-term recovery.

The promise of genetic and epigenetic biomarkers extends beyond diagnostics and
treatment. These biomarkers may also contribute to the earlier detection of depression,
enabling clinicians to intervene before the condition progresses to more severe stages.
Moreover, they can help predict individual responses to various therapies, guiding clini-
cians in selecting the most effective treatment strategies tailored to each patient’s unique
biological profile. Ultimately, the integration of genetic and epigenetic biomarkers into
clinical practice will lead to improved patient outcomes, providing a more personalized
and effective approach to managing depression.

In conclusion, while much work remains to be done, the future of depression treatment
lies in a deeper understanding of the genetic and epigenetic factors that contribute to the dis-
order. By validating and integrating these biomarkers into clinical practice, researchers and
clinicians can begin to address the complex biological landscape of depression in a way that
allows for more accurate diagnoses and more effective, personalized treatment strategies.
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Abbreviations

CRP C-reactive protein
TNFα Tumor Necrosis Factor α
IL-l b Interleukin 1 β

IL-2 Interleukin 2
IL-4 Interleukin 4
IL-10 Interleukin 10
IFNγ Interferon γ or type II interferon
IL-8 Interleukin 8
MCP4 Human monocyte chemoattractant protein
IL-1a Interleukin-1 α

IFNα Interferon α

IL-5 Interleukin 8
IL-7 Interleukin 7
IL-12 Interleukin 12
IL-12p70 Interleukin-12p70
IL-13 Interleukin 13
IL-15 Interleukin 15
IL-16 Interleukin 16
IL-17 Interleukin 17
TNFβ Tumor necrosis factor β
Mipla Methylisopropyllysergamide a
Miplb Methylisopropyllysergamide b
SAA Serum Amyloid A
sICAMI Soluble intercellular adhesion molecule-1
sVCAMI Soluble vascular cell adhesion molecule-1
TARC Thymus and activation-regulated chemokine
IP-10 Interferon γ-induced protein 10
GM-CSF Granulocyte Macrophage Colony-Stimulating Factor
BDNF Brain-Derived Neurotrophic Factor
VEGF Vascular endothelial growth factor
NGF Nerve growth factor
GDNF Glial cell line-derived neurotrophic factor
IGF-l Expression of Insulin-Like Growth Factor-I
bFGF Basic Fibroblast Growth Factor
Tie2 Tyrosine kinases receptor 2
PIGF Phosphatidylinositol Glycan Anchor Biosynthesis Class F
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VEGFC Vascular endothelial growth factor C
VEGFD Vascular endothelial growth factor D
proBDNF Precursor of Brain-Derived Neurotrophic Factor
5-HT 5-hydroxytryptamine receptors, or serotonin receptors
NA Noradrenalin
DA Dopamine
GABA γ-Aminobutyric Acid
MHPG 3-Methoxy-4-hydroxyphenylglycol
HVA Homovanillic acid
ACTH Adrenokortikotropni hormone
CRH Corticotropin-releasing hormone
DHEA Dehydroepiandrosterone
TSH Thyroid stimulating hormone
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