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Abstract

Personalized psychiatry represents an innovative therapeutic approach that integrates
biological, genetic, and clinical data to optimize the treatment of mental disorders. Labora-
tory diagnostics play a fundamental role in this process by providing precise biomarkers
that characterize pathophysiological mechanisms such as neuroinflammatory processes,
oxidative stress, dysfunction of the Hypothalamic-Pituitary—Adrenal (HPA) axis, as well as
disturbances in neuroplasticity and neurodegeneration. This article discusses the use of
advanced analytical techniques, such as immunoenzymatic assays for pro-inflammatory
cytokines (Interleukin-143- IL-13; Interleukin-6-IL-6; Interleukin-18-IL-18; and Tumor Necro-
sis Factor- o - TNF-or). It also emphasizes the role of pharmacogenomic diagnostics in
the individualization of psychotropic therapy. Interdisciplinary collaboration between
laboratory diagnosticians and clinicians supports the potential for multidimensional anal-
ysis of biomarker data in a clinical context, which supports precise patient profiling and
monitoring of treatment responses. Despite progress, there are limitations, such as the lack
of standardization in measurement methods, insufficient biomarker validation, and limited
availability of tests in clinical practice. Development prospects include the integration
of multi-marker panels, the use of point-of-care diagnostics, and the implementation of
artificial intelligence tools for the analysis of multidimensional data. As a result, laboratory
diagnostics are becoming an integral element of personalized psychiatry, enabling a better
understanding of the neurobiology of mental disorders and the implementation of more
effective therapeutic strategies.

Keywords: laboratory diagnostics; neuroinflammatory biomarkers; oxidative stress;
neuroplasticity; personalized psychiatry; precision psychiatry; pro-inflammatory cytokines

1. Introduction

In recent years, a groundbreaking shift has been observed in the approach to diag-
nosing and treating mental disorders—from the traditional model based on describing
clinical symptoms toward the concept of personalized psychiatry, where the identification
of molecular and biological pathophysiological mechanisms plays a central role [1,2]. The
diagnostic classification included in the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5) remains a fundamental clinical tool, but its limitations in capturing
the neurobiological phenotypic diversity of mental disorders are increasingly highlighted
in the scientific literature [3]. Disorders such as Major Depressive disorder (MDD), anxiety,
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Post-Traumatic Stress Disorder (PTSD), or schizophrenia are characterized by multifactorial
etiology and complex pathogenesis, involving interactions among neuroinflammatory,
neuroendocrine, epigenetic, neurotransmitter, and metabolic mechanisms that significantly
exceed the scope of classical diagnostic criteria [4-7]. In response to these challenges, there
is growing interest in identifying the so-called biological endophenotypes—defined not
only by observable clinical symptoms but also by molecular, physiological, and bioinfor-
matic profiles. These endophenotypes form a crucial link between genotype and clinical
phenotype, reflecting, among other things, patterns of cytokine and chemokine expres-
sion, dysregulation of the Hypothalamic-Pituitary—Adrenal (HPA) axis, Deoxyribonucleic
Acid (DNA) methylation changes, and biomarkers of oxidative stress, inflammasome
activation, neurotransmitter disturbances, or neurodegenerative processes [8-10]. Their
identification may significantly improve diagnostic accuracy and sensitivity, allowing for
more precise differentiation of symptom clusters, prediction of treatment response, and
reduction in relapse risks. In this context, diagnostic laboratories are becoming not only the
technological backbone of clinical medicine but also active participants in the diagnostic
process, providing high-resolution molecular data essential for realizing the concept of
precision psychiatry [11,12]. Modern laboratories are equipped with advanced analytical
technologies, such as multiparametric flow cytometry, Liquid Chromatography—tandem
Mass Spectrometry (LC-MS/MS), quantitative Polymerase Chain Reaction (qQPCR), West-
ern blotting, and multiplex immunoenzymatic assays (e.g., ELISA). These tools allow for
precise measurement of a range of neuroinflammatory, oxidative, and neurodegenerative
biomarkers, as well as signaling molecules relevant to understanding the biology of mental
disorders [13-15].

Special attention is given to the role of cytokines and chemokines which act as central
mediators of neuroinflammatory processes in MDD, PTSD, and schizophrenia [16-19].

Persistent inflammation in the central nervous system, linked to microglial activation,
astrocytic dysfunction, and blood-brain barrier impairment, contributes to altered neuro-
transmission and the maintenance of depressive, anxiety, and cognitive symptoms [20,21].
Nevertheless, study findings remain heterogeneous. Variations in cytokine levels may arise
from patient-related factors—such as age, sex, comorbidities, and medication use—as well
as methodological differences, including assay sensitivity and sample type.

Cytokine profiling enables not only the differentiation of inflammatory and non-
inflammatory phenotypes of mental disorders but also the assessment of individual sus-
ceptibility to disorders associated with oxidative stress and mitochondrial dysfunction.
An important supplement to these analyses includes measurements of biomarkers such
as Malondialdehyde (MDA), Ubiquitin Carboxy-Terminal Hydrolase L1 (UCHL1), Small
Ubiquitin-Related Modifier 1 (SUMO1), Caspase-1, and Activating Transcription Factor
6 (ATF6)—indicators of key factors in the oxidative—-inflammatory stress axis, endoplas-
mic reticulum damage, and activation of the Unfolded Protein Response (UPR), whose
dysregulation is significant in the pathophysiology of affective and neurodegenerative
disorders [22-24]. Omics techniques are also developing in parallel, enabling global analy-
sis from the genome level through the transcriptome, proteome, and metabolome to the
epigenome. Genomics provides information about genetic variants related to susceptibility
to mental disorders, for example, within genes associated with neurotransmitter receptor
function, regulators of the HPA axis, cytokine pathway proteins, or glutamate transport.
Transcriptomics allows the analysis of dynamic gene expression changes in response to
psychological stress, while proteomics and metabolomics provide data on the functional
effects of these changes, including enzyme levels, receptors, inflammatory mediators, and
neuroactive metabolites in body fluids such as serum, plasma, or cerebrospinal fluid [25-28].
The integrative “multi-omics” approach is gaining importance in translational psychiatry,
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enabling the correlation of data from various levels of biological organization—from genetic
information to the metabolic phenotype—to map complex pathobiological networks [29,30].
Epigenomics, including research on DNA methylation and histone modifications, offers
new perspectives on understanding the lasting effects of stress. Although the genome
sequence itself is not altered, epigenetic mechanisms can lead to long-term changes in the
expression of genes responsible for mood regulation, neuroplasticity, microglial activity,
and inflammatory responses. Analysis of these phenomena allows the identification of
individuals particularly vulnerable to developing mental disorders and serves as a tool
to assess the effectiveness of pharmacological and psychotherapeutic treatments. The
application of modern molecular technologies in psychiatric research facilitates the detec-
tion of subclinical pathological processes that remain invisible within classical diagnostic
frameworks [31-33]. This approach paves the way for the construction of integrated patho-
biological models, allowing for precise mapping of signaling pathways and molecular
networks disrupted in specific disease entities. Combining these data with neuroimaging
results, microbiome analysis, epigenetic profiles, and clinical data provides a solid founda-
tion for the development of precision psychiatry, which is focused on identifying specific
molecular mechanisms rather than merely treating symptoms. In light of these trends,
the role of laboratory diagnosticians is undergoing a profound transformation [34-36].
They are becoming not only a performer of laboratory assays but also an active member of
an interdisciplinary clinical-research team, integrating molecular data with the patient’s
clinical profile [37]. The following sections of this paper will present the current capabilities
of laboratory diagnostics in personalized psychiatry, including the assessment of the pro-
and anti-inflammatory cytokine balance and oxidative stress markers, the calculation of
relational inflammatory indices (e.g., the Interleukin-6/Interleukin-10 ratio - IL-6/IL-10
ratio), as well as the clinical significance of identifying inflammatory phenotypes among
patients with mental disorders.

The aim of this work is to demonstrate the potential of molecular diagnostics as an in-
tegral element of modern psychiatry—based on biologically justified patient stratification—
allowing for individualized treatment selection and early identification of individuals at
risk of a chronic disease course. Personalized psychiatry, in which laboratory diagnostics
plays an increasingly important role, is a response to contemporary clinical challenges,
setting new directions for the development of neuropsychiatry and precision medicine.

2. Balance of Pro- and Anti-Inflammatory Cytokines as a Pathobiological
Axis in Affective, Anxiety, and Schizophrenic Disorders

Traditional diagnostic methods, which are based mainly on clinical interviews and
symptom observation, are increasingly being supplemented with laboratory tests that
identify biological biomarkers. Among these, special attention is given to the assessment of
the immune system, particularly the balance between pro- and anti-inflammatory cytokines,
which play a significant role in the pathophysiology of many psychiatric disorders [38,39].
Personalized psychiatry assumes that each patient with a mental disorder has a unique
biological profile that determines the course of the illness and the response to treatment. In
clinical practice, this means the need to integrate various types of data, including molecular
and biochemical, which may help identify the disease profile, predict its progression, and
guide pharmacotherapy decisions [40,41]. Laboratory diagnostics support the application
of modern methods to analyze biological markers in blood serum, cerebrospinal fluid, and
genetic material. Contemporary neuropsychiatry increasingly draws on knowledge from
molecular immunology to better characterize the basis of anxiety, MDD, bipolar disorder,
and schizophrenia [42,43]. At the center of these studies are cytokines and chemokines,
which serve as modulators of synaptic plasticity and neurogenesis (Table 1).
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Table 1. Extended table of cytokines, chemokines, and immunological indicators in selected psychi-

atric disorders.

Cytokine/
Chemokine/
Indicator

MDD

Anxiety
Disorders

Bipolar
Disorder

Schizophrenia

Clinical Significance

References

IL-6

Marker of chronic
inflammation, correlates
T with symptom severity,
target for
anti-inflammatory therapy

[15,44-50]

IL-18

Neuroinflammatory
inducer, affects
neurodegeneration and
neuroplasticity

[47,48,50,51]

TNF-x

Key cytokine in
inflammatory response,
associated with
treatment resistance

[16,52-57]

IL-8

Pro-inflammatory
chemokine, marker of
immune cell migration into
central nervous system

[58-62]

IL-10

$/-

/-

4/-

Anti-inflammatory
cytokine, a decrease
indicates impaired
inflammation control

/-

[50,63-65]

TGF-B

/-

4/-

/-

Regulator of immune
3/ responses, influences
neuroregeneration

[17,56,66,67]

CX3CL1
Fractalkine

Regulates neuron-microglia
1 communication, disrupted
in neuroinflammation

[68-72]

IL-18

Strong inflammatory
T mediator, linked to
symptom severity

[73,74]

IDO

Enzyme related to
tryptophan metabolism,
influences neurotoxicity

and depression

[75-78]

IL-2

/1

/1

/1

Modulator of cellular
immune responses,
indicator of
immune activity

/4

[65,79,80]

IFN-y

Th1 cytokine, stimulates

inflammatory responses,

correlates with negative
symptoms of schizophrenia

[19,42,46,57,
81-84]

IL-4

/-

4/-

/-

Th2 cytokine, promotes
humoral responses,
influences the
immune balance

}/-

[49,85,86]
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Table 1. Cont.
Cytokine/ Anxiet Bipolar
Chemokine/ MDD Disor de};s DisI:)r der Schizophrenia Clinical Significance References
Indicator
Anti-inflammatory
} ) ) ) ) cytokine involved in .
IL-13 1 v 1 v uppressing [86-91]
inflammatory responses
Th17 axis involved in
chronic inflammation and
IL-23/IL-17A T 0 T 0 neuroinflammatory [57,83,84]
pathogenesis
Indicator of
Ratio pro-inflammatory
TL-6/TL-10 T T T T dominance over regulation, [74]
aids disease subtype
classification
Assessment of
Ratio pro-inflammatory
TNE-o/TL-4 T T T T dominance relative to [84]
anti-inflammatory
responses
(IL-IET{;)NF- Comprehensive index of
oHIL-1B)/ T T T T the pro- and [84]
IL-10 anti-inflammatory balance
Indicates Th1/Th2 balance,
Ratio important for
IFN-y/IL-4 T T T T immunological [57,85,84]
classification of disorders
Assessment of ability to
Ratio ! i ! i inhibit inflammatory [92]

IL-1ra/IL-1$3

signaling, important for
disease activity

Legend: Extended overview of cytokines, chemokines, and immunological balance indicators measured in
major psychiatric disorders with their observed changes and clinical significance. The markers included reflect
neuroinflammatory pathways, immune regulation, and their potential as targets for personalized therapeutic
approaches. Symbols indicate relative levels compared to healthy controls: 1 increased, | decreased, and - no
significant change.

2.1. Pro-Inflammatory Cytokines in the Pathophysiology of Psychiatric Disorders

Interleukin 6 (IL-6) is a classic example of a pro-inflammatory factor with key im-
portance in regulating the Janus Kinase/Signal Transducer and Activator of Transcription
3 (JAK/STAT3) pathway, inducing acute-phase proteins, and shaping monoaminergic
activity in the central nervous system. Numerous studies show that high serum levels of
IL-6 predict persistent depressive symptoms and poor responses to Selective Serotonin
Reuptake Inhibitors (SSRIs), whereas a decrease in IL-6 correlates with symptom remission,
making this cytokine both a prognostic and pharmacodynamic biomarker [44,45,93].

Moreover, IL-6 also plays a significant role in the pathogenesis of neuropathic pain,
which often accompanies depressive episodes. Through the activation of glial cells and
modulation of the JAK/STAT3 pathway, this cytokine contributes to central sensitization,
leading to the persistence of chronic pain stimuli. Experimental models have shown that
inhibition of the IL-6 receptor reduces neuropathic symptoms, while in patients with
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depression, higher IL-6 levels are associated with increased pain severity and poorer
responses to antidepressant treatment [94]. This suggests that IL-6 may link inflammatory
mechanisms underlying both depressive and pain symptoms. Therefore, it represents
an important biomarker and a potential therapeutic target for interventions addressing
psychiatric as well as neurological disorders [95].

Interleukin 1B (IL-1p) activates the NOD-like Receptor Family and the Pyrin Do-
main containing 3 (NLRP3) inflammasome, increases blood-brain barrier permeability,
and reduces Brain-Derived Neurotrophic Factor (BDNF) expression in the hippocampus.
In bipolar disorder, elevated IL-1f3 levels have been observed during the manic phase,
indicating the neurotoxic effects of glutamate [96]. In schizophrenia, early elevation of
IL-1B correlates with negative symptoms, showing its relevance in the preventive diagnosis
of negative symptoms and associated cognitive deficits, yet further studies are needed to
confirm this association [97].

Interleukin-18 (IL-18), a member of the interleukin-1 (IL-1) family, activates the
Myeloid Differentiation primary response 88/Nuclear Factor kappa-light-chain-enhancer
of activated B cells (MyD88/NEF-«kB) pathway, enhancing Interferon- y (IFN-y) production
and amplifying the inflammatory response. In PTSD, elevated IL-18 levels correlate with
hippocampal atrophy and intensified intrusive symptoms, indicating its role in neuroin-
flammatory pathogenesis. In MDD, IL-18 contributes to chronic inflammation, inhibiting
neurogenesis and neuroplasticity, which are associated with symptom severity and treat-
ment resistance. In bipolar disorder, increased IL-18 is linked to intensified neuroinflamma-
tory processes and cognitive dysfunction. In schizophrenia, elevated IL-18 correlates with
progressive neurodegeneration and the worsening of negative and cognitive symptoms,
confirming its involvement in neuroinflammatory dysregulation. IL-18 is thus an important
pathophysiological factor and biomarker across a broad spectrum of neuropsychiatric
disorders [73].

IFN-y is a cytokine mainly produced by T helper type 1 (Th1) lymphocytes, Natural
Killer cells (NK cells), and cytotoxic Cluster of Differentiation 8-Positive T Lymphocytes
(CD8+) T cells, playing a central role in cell-mediated immune responses. IFN-y induces the
expression of Major Histocompatibility Complex (MHC) class I and II molecules, activates
macrophages, and stimulates the production of chemokines such as CXCL9, CXCL10,
and CXCL11, which drive effector cell migration to sites of inflammation. A dominance
of IFN-y signaling over Interleukin-4 (IL-4) (a high IFN-y/IL-4 ratio) indicates a Thl-
dominant immune response and serves as a marker of pro-inflammatory polarization. In
schizophrenia, there is a shift in immune balance toward Thl pathway dominance, as
reflected by elevated IFN-y levels, which correlate with increased negative symptomes,
social anergy, and cognitive deficits [98].

These findings support the notion that Th1 axis hyperactivity contributes to the patho-
physiology of treatment-resistant schizophrenia subtypes and highlight the potential of o7
nicotinic receptor (7 nAChR) agonists as a therapeutic strategy, given their ability to mod-
ulate IFN-y expression and restore the neuroimmune balance through anti-inflammatory
effects [99]. In MDD, increased IFN-vy activity is associated with resistance to serotoner-
gic treatment and exacerbation of somatic symptoms, anhedonia, and dysphoria. IFN-y
may also influence the Indoleamine 2,3-dioxygenase (IDO)-kynurenine pathway, promot-
ing neurotoxic metabolites (e.g., quinolinic acid) and further disrupting glutamatergic
neurotransmission. In bipolar disorder, elevated IFN-y levels are observed during de-
pressive and mixed episodes, correlating with circadian rhythm disturbances, psychotic
symptoms, and a high suicide risk [46]. In patients with bipolar disorder, IFN-y may
also affect responses to mood stabilizers, particularly lithium, which partially suppresses
the Th1 response [46]. In anxiety disorders (including generalized anxiety and PTSD),
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high IFN-y levels indicate immune activation and correlate with hypercortisolemia, sleep
disturbances, and intensified somatic symptoms. IFN-y may modulate neuronal plasticity
and neurogenesis in the hippocampus, contributing to the persistence of anxiety symptoms
and emotional disturbances [100]. Interferon gamma constitutes a significant common
element in the immunopathology of MDD, bipolar disorder, schizophrenia, and anxiety
disorders. Its role as a biomarker of inflammatory responses and a potential therapeu-
tic target (e.g., via «7nAChR, modulation of the kynurenine pathway or anti-cytokine
antibodies) warrants further research. IFN-vy is a pro-inflammatory cytokine produced
primarily by Th1 cells, NK cells, and cytotoxic CD8+ T lymphocytes, playing a central
role in the cell-mediated immune response. IFN-y induces the expression of MHC class
I and II molecules, enhances antigen presentation, activates macrophages, and promotes
the production of CXCL family chemokines (particularly CXCL9, CXCL10, and CXCL11),
which mediate T lymphocyte recruitment to inflammation sites. A high IFN-y-to-IL-4
ratio indicates a Thl-type response associated with chronic immune activation [47]. In
schizophrenia, excessive Thl axis activity and elevated IFN-y levels correlate with the
severity of negative symptoms such as social withdrawal [101]. This may result from
chronic neuroinflammatory microglial activation induced by Th1 cytokines, leading to
damage in frontolimbic pathways and disrupted synaptic plasticity. In this context, &7
nAChR agonists—by modulating pro-inflammatory cytokine release and exerting neuro-
protective effects—represent a promising therapeutic strategy, pending further validation.
In MDD, especially with an inflammatory profile, IFN-y plays a significant role by activat-
ing the IDO pathway, leading to the conversion of tryptophan into neurotoxic kynurenine
metabolites, such as quinolinic acid. This mechanism reduces serotonin availability and
disrupts N-methyl-D-aspartate (NMDA)-glutamatergic signaling, contributing to anhedo-
nia, sleep disturbances, and somatic symptoms. Increased IFN-y expression contributes to
resistance to standard antidepressants and underscores the potential need to investigate
immunomodulatory therapies [48].

In bipolar disorder, IFN-y levels are particularly elevated during depressive and
mixed phases, and this increase may correlate with affective symptom severity, circadian
rhythm disturbances, and relapse susceptibility [102]. IFN-y may also influence neurogene-
sis and cognitive function stability, particularly via interactions with the kynurenine and
neuroendocrine systems. In anxiety disorders, including Generalized Anxiety Disorder
(GAD) and PTSD, IEN-y is elevated in some patients and is associated with GABAergic
system dysfunction. Its activity can disrupt neuroimmune homeostasis, leading to per-
sistent anxiety symptoms and sleep disturbances. In PTSD, IFN-y levels also correlate
with the intensity of flashbacks and disturbances in emotional memory integration [51].
In summary, IFN-y plays a role in the pathophysiology of many psychiatric disorders
with an inflammatory component—including MDD, Bipolar Disorder (BD), schizophrenia,
and anxiety disorders—both as an effector factor of the Thl response and as a mediator
of neurotoxic metabolic pathways. Its level may serve as an inflammatory biomarker, a
predictor of therapeutic responses, and a potential target for pharmacological intervention
in immunomodulatory treatment strategies.

Tumor Necrosis Factor alpha (TNF-«) is a pro-inflammatory cytokine that plays a
central role in the pathogenesis of various neuropsychiatric disorders, including MDD,
schizophrenia, and bipolar disorder [103]. Through interactions with Tumor Necrosis
Factor Receptor 1 (TNFR1) and Tumor Necrosis Factor Receptor 2 (TNFR2), TNF-« initiates
signaling cascades with diverse effects—from neuronal apoptosis (TNFR1 pathway) to
neuroprotective and regenerative processes (TNFR2 pathway). In affective disorders, par-
ticularly treatment-resistant MDD, TNFR1 pathway dominance leads to caspase activation
(including caspase-8 and -3), resulting in synaptic degeneration, impaired neuroplastic-
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ity, and atrophy of the hippocampus and prefrontal cortex [104]. TNF-« also affects
glutamatergic neurotransmission through modulation of x-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors. Increased Glutamate Receptor 1 subunit
AMPA-type (GluA1l AMPA receptor) expression induced by TNF-a enhances postsynaptic
excitation and contributes to excitotoxicity. This imbalance within the cortico-limbic axis
may lead to dysfunction in networks regulating mood, motivation, and cognitive functions,
which are especially relevant in the pathophysiology of treatment-resistant MDD, where
chronic TNF-« activation correlates with a poor antidepressant response and reduced neuro-
genesis [105]. In schizophrenia, TNF-« also plays an important role. Elevated TNF-« levels
in plasma and cerebrospinal fluid are observed particularly in patients with prominent
negative symptoms and cognitive impairments [81]. TNF-a modulates synaptic plasticity
and glutamatergic neurotransmission, as well as affects astrocyte and microglial function,
disrupting the neurochemical balance in mesolimbic and frontal-cortical pathways [52]. Ad-
ditionally, TNF-« can influence intracellular gene expression changes involved in NMDA
receptor function [106]. In BD, the effects of TNF-« vary depending on the illness phase. In
the depressive phase, increased serum levels and activation of pro-inflammatory signaling
pathways are observed, while in the manic phase, neuroprotective mechanisms associated
with TNFR2 may dominate [53]. TNF-« impacts intracellular signaling pathways such
as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and Mitogen-
Activated Protein Kinase (MAPK), and its expression correlates with circadian rhythm
disturbances and the severity of depressive symptoms. It contributes to disrupted synaptic
homeostasis, changes in glutamatergic signaling, and neuroplasticity deficits [54]. More-
over, TNF-« is a potential therapeutic target, either through direct inhibition (e.g., TNF-oc
blockers) or indirect modulation of inflammatory responses (e.g., targeting microglia or
caspase and NF-kB signaling pathways) [55].

Interleukin-8, also widely known as C-X-C motif chemokine ligand-8 (IL-8, CXCLS),
stimulates microglial migration and activation and influences the dynamics of neuroin-
flammatory neuron—glia interactions. In first-episode psychosis, elevated peripheral IL-8
levels correlate with an unfavorable clinical course and an increased risk of progression to
treatment-resistant schizophrenia, indicating that IL-8 may serve as a predictive biomarker
and supporting its early monitoring in the differential diagnosis of psychotic disorders [58].
In bipolar disorder, altered IL-8 expression is observed in both the depressive and manic
phases, with heightened inflammatory axis activation associated with intensified affective
symptoms and impaired regulation of mood and cognition [59]. IL-8 may affect synaptic
plasticity and the blood-brain barrier, contributing to the consequences of chronic microglial
activation and potentially contributing to neuro-degenerative mechanisms in BD [60]. In
major depressive disorder, especially in treatment-resistant subtypes, significantly elevated
IL-8 levels are found in serum and cerebrospinal fluid. Increased IL-8 levels are associated
with more severe depressive symptoms, sleep disturbances, anhedonia, and resistance to
pharmacological treatments. The neurotoxic cytokine profile involving IL-8 may lead to
persistent impairment of hippocampal neurogenesis and dysregulation of the HPA axis,
further worsening emotional disturbances [61]. From a transdiagnostic perspective, IL-8
emerges as a shared pathophysiological factor across psychiatric disorders with an inflam-
matory component, with its expression profile potentially distinguishing the disease course
and prognosis in schizophrenia, bipolar disorder, and major depressive disorder [62]. Early
identification of elevated IL-8 levels may therefore support clinical prognoses and provide
a rationale for considering targeted immunomodulatory interventions [82].

Pro-inflammatory cytokines such as IL-6, IL-13, TNF-&, and IL-8 contribute to neu-
roinflammation, synaptic dysfunction, and impaired neuroplasticity, thereby playing a key
role in the onset and progression of psychiatric disorders.



Int. J. Mol. Sci. 2025, 26, 9654

9 of 27

2.2. Anti-Inflammatory and Immunoregulatory Cytokines in Neuropsychiatry

Interleukin 10 has anti-inflammatory properties and can suppress the expression of
pro-inflammatory cytokines (including IL-1p, IL-6, and TNF-«), chemokines, and cell
adhesion molecules. It acts mainly through activation of the Janus Kinase 1/Signal Trans-
ducer and Activator of Transcription 3 (JAK1/STAT3) signaling pathway and indirectly by
promoting the differentiation of microglia toward the M2 phenotype—a neuroprotective
type associated with tissue repair, neurogenesis, and restoration of synaptic homeostasis.
The action of IL-10 is based primarily on inducing the JAK1/STAT3 signaling pathway,
leading to modulation of gene expression involved in the anti-inflammatory response.
This results in activation of M2 phenotype microglia, which perform neuroprotective func-
tions, facilitate neural tissue repair, promote neurogenesis, and help restore and maintain
synaptic homeostasis. In MDD, particularly with sleep disturbances, studies have shown
significantly reduced IL-10 levels in both plasma and cerebrospinal fluid, which show
intensified neurotoxic activity of M1-type microglia. Low IL-10 activity correlates with
reduced expression of neurotrophic factors (e.g., BDNF), increased susceptibility to anhedo-
nia, circadian rhythm disruptions, and resistance to pharmacological treatments. For this
reason, interventions aimed at increasing IL-10 levels—such as the use of omega-3 fatty
acids or anti-inflammatory diets—are gaining interest in translational psychiatry. In anxiety
disorders, including generalized anxiety disorder and PTSD, reduced IL-10 expression is
associated with persistent low-grade inflammation, which may lead to dysregulation of
the limbic system (especially the amygdala and anterior cingulate cortex) and emotional
disturbances [63]. IL-10 may also indirectly influence the activity of the HPA axis by mod-
ulating glucocorticoid receptor sensitivity and reducing stress susceptibility. In bipolar
disorder, the IL-10 profile depends on the illness phase [107]. During the manic phase,
relatively higher IL-10 levels are observed compared to the depressive phase, which may
indicate a temporary regulatory mechanism suppressing excessive inflammatory activation.
However, long-term IL-10 deficiencies in BD patients are associated with chronic illness
progression, more severe cognitive deficits, and a poorer response to mood stabilizers, indi-
cating involvement of this cytokine in neurodegenerative mechanisms and glutamatergic
neurotransmission disturbances [108]. In schizophrenia, data indicate reduced IL-10 levels
in serum and cerebrospinal fluid, especially in cases with dominant negative symptoms
and treatment resistance [109]. Weakened anti-inflammatory responses promote sustained
activation of M1-type pro-inflammatory microglia, resulting in disrupted development of
connections between the cortex and subcortical structures and impaired synaptic pruning
during brain maturation [110]. IL-10 also plays an important role by influencing dopamin-
ergic and GABAergic neurotransmission. It modulates the activity of these neurochemical
systems, which are essential for regulating cognitive functions and controlling psychotic
symptoms. As a result, changes in IL-10 levels may affect the severity of psychotic symp-
toms, such as delusions or hallucinations, as well as cognitive deficits often observed in
psychiatric disorders, including schizophrenia and affective disorders. Due to this complex
role, IL-10 is gaining significance as a potential biomarker for monitoring both clinical status
and the effectiveness of immunomodulatory therapies [64]. Such therapies include the
use of minocycline, low-dose aspirin, or dietary interventions based on anti-inflammatory
substances (e.g., omega-3 fatty acids) and aim to modulate the immune system and reduce
the neuroinflammatory component of psychiatric disorder pathogenesis. Monitoring IL-10
levels may therefore provide valuable insights into the effectiveness of these therapies and
support a more personalized therapeutic approach [111].

Transforming growth factor 3 (TGF-f3) plays a key role in regulating immunomodula-
tion and neurobiological homeostasis, primarily through the induction of Forkhead Box
P3 (FOXP3) expression and promotion of the regulatory T lymphocyte (Treg) phenotype.
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In anxiety disorders, reduced TGF-§3 levels correlate with amygdala hyperactivity and
deficits in cortico-limbic regulation, while normalization of its levels after exposure therapy
is associated with improved emotional functioning. In MDD, decreased TGF-f3 activity
contributes to a chronic neuroinflammatory state, limiting hippocampal neurogenesis and
neuroplasticity, which correlate with symptom severity and treatment resistance [56]. In
bipolar disorder, TGF-f3 dysregulation affects mood variability by modulating neuroin-
flammatory and neuroplastic pathways in the prefrontal cortex and hippocampus [66].
In schizophrenia, TGF-f3 deficiency is linked to increased cognitive dysfunction and neg-
ative symptoms, serving as a marker of a chronic neuroinflammatory phenotype and
reduced neuroprotection [68]. Thus, modulation of TGF-{3 signaling represents a promising
direction in the treatment of neuropsychiatric disorders, aiming to restore the immuno-
neurobiological balance and improve brain function.

C-X3-C motif chemokine ligand 1 (CX3CL1, fractalkine) is a chemokine that plays an
important role in neuron—-microglia communication via its specific binding to the C-X3-C
Motif Chemokine Receptor 1 (CX3CR1) receptor present on the surface of microglia. In the
pathophysiology of neuropsychiatric disorders, reduced CX3CL1 expression reflects im-
paired neuron—-microglia interactions, resulting in intensified inflammation and disrupted
neuroplasticity [69]. In schizophrenia, decreased CX3CL1 levels correlate with heightened
expression of negative symptoms such as apathy, anhedonia, and cognitive deficits, reflect-
ing weakened neuroprotective microglial function [70]. Interestingly, increased CX3CL1
levels following clozapine treatment show that fractalkine may serve as a biomarker of
response to atypical antipsychotics, associated with restored neuroinflammatory balance
and synaptic function. In MDD, CX3CL1 plays a role in modulating neuroinflammatory
processes and neurogenesis, particularly in the hippocampus and prefrontal cortex. A
reduction in this chemokine contributes to chronic M1-type microglial activation and inhibi-
tion of repair processes, correlating with increased depressive symptoms such as anhedonia
and reduced motivation [112]. In bipolar disorder, dysregulation of the CX3CL1-CX3CR1
axis is linked to mood variability and both manic and depressive episodes. Abnormal
fractalkine signaling may disrupt neuroinflammatory balance and synaptic plasticity, af-
fecting affective stability [71]. In anxiety disorders, CX3CL1 influences emotional reactivity
by modulating microglial activity. Reduced fractalkine levels are associated with increased
stress sensitivity and heightened anxiety symptoms [72].

IDO is an enzyme initiating tryptophan catabolism along the kynurenine pathway,
converting tryptophan into kynurenine. Increased IDO activity reduces tryptophan avail-
ability for serotonin synthesis, leading to lower levels of this neurotransmitter in the central
nervous system. Simultaneously, elevated levels of neurotoxic kynurenine pathway metabo-
lites contribute to glutamatergic homeostasis disruption, worsening neurodegeneration
and synaptic dysfunction.

The kynurenine/tryptophan (KYN/TRP) ratio, measured in serum or plasma us-
ing chromatographic methods (High Performance Liquid Chromatography-HPLC or LC-
MS/MS), serves as a sensitive indicator of this process. Elevated KYN/TRP values are
associated with more severe depressive symptoms, resistance to serotonergic treatment,
and impaired cognitive function. In turn, meta-analyses, including Bartoli et al. [75], sup-
port its potential as a biomarker for differentiating inflammatory depression phenotypes
and monitoring the effects of pharmacological therapy.

In MDD, an imbalance between neurotoxic and neuroprotective metabolites (e.g.,
kynurenine, kynurenine 3-monooxygenase) is closely associated with intensified inflam-
matory responses and decreased hippocampal neuroplasticity. Increased IDO activity
and a higher kynurenine/tryptophan ratio correlate with greater symptom severity, par-
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ticularly in patients with immune-driven MDD and resistance to standard serotonergic
treatment [76].

The meta-analyses by Bartoli et al. [75] reveal that alterations in the kynurenine pathway
may vary across psychiatric disorders. In MDD, reduced tryptophan levels are most consis-
tently observed, which may limit serotonin synthesis and contribute to symptom severity.
In bipolar disorder, lower levels of tryptophan, kynurenine, and kynurenic acid shift the
pathway toward neurotoxic metabolites. In schizophrenia, there is some evidence of reduced
tryptophan and kynurenic acid, although findings on the KYN/TRP ratio—which reflects
IDO activity—are less consistent and may depend on the illness phase or treatment status.
The authors propose that markers such as KYN/TRP and KA /KYN could serve as potential
biomarkers for distinguishing inflammatory from non-inflammatory phenotypes and for
monitoring responses to anti-inflammatory or glutamatergic-modulating therapies.

In bipolar disorder, activation of the kynurenine pathway and elevated IDO expression
are associated with episodes of exacerbation, increased cognitive deficits, and heightened
neuroinflammation, highlighting the relevance of tryptophan metabolism in the pathophysiol-
ogy of the disorder and its potential therapeutic targets through immune modulation [77]. In
anxiety disorders, increased IDO activity may exacerbate anxiety symptoms by disturbing
the balance between neuroprotective and neurotoxic kynurenine metabolites, leading to dys-
regulation of serotonergic and glutamatergic systems [78]. In schizophrenia, increased IDO
activity and the shift in tryptophan metabolism toward neurotoxic metabolites are linked to
more severe negative symptoms, cognitive deficits, and progressive neurodegeneration.

Interleukin 2 (IL-2), a cytokine that stimulates proliferation of Cluster of Differentia-
tion 4-Positive T Lymphocytes (CD4+) and CD-8-positive T lymphocytes (CD8+), plays an
essential role in maintaining immune homeostasis and balancing effector and regulatory
immune responses. In neuropsychiatric disorders, IL-2 dysregulation reflects immune
system activation or insufficiency [65]. In schizophrenia, reduced IL-2 levels reflect T
lymphocyte dysfunction, correlating with increased negative symptoms and cognitive
deficits, and may serve as a marker of chronicity and treatment resistance [79]. In MDD, an
increase in IL-2 after ketamine administration indicate a restoration of immune balance and
potential involvement of this cytokine in rapid therapeutic responses, especially in patients
with an inflammatory phenotype [80]. In bipolar disorder, IL-2 level fluctuations accom-
pany different illness phases, and its reduction may be associated with impaired immune
regulation and inflammatory neurotoxicity [113]. In anxiety disorders, IL-2 deficiency
may contribute to sustained hyperactivity of the HPA axis and chronic stress reactivity,
supporting the concept of low IL-2 as a marker of neuroimmune dysregulation [114]. IL-2 is
thus a potential biomarker of clinical status and response to immune-modulating therapies,
with diagnostic and prognostic significance in MDD, bipolar disorder, schizophrenia, and
anxiety disorders.

Interleukin-4 is a cytokine characteristic of the Th2-type immune response, playing a
role in regulating anti-inflammatory processes. Mainly produced by Th2 lymphocytes, mast
cells, and basophils, IL-4 induces the expression of the transcription factor GATA-binding
protein 3 (GATA3) and stimulates B lymphocyte proliferation and class switching towards
Immunoglobulin E (IgE) and Immunoglobulin G subclass 4 (IgG4) antibodies. At the same
time, it inhibits Th1 lymphocyte differentiation and the production of pro-inflammatory
cytokines such as IFN-y and interleukin-12 (IL-12), making it a key factor in balancing
the inflammatory response and limiting toxic activity in the central nervous system. In
MDD, a significant reduction in IL-4 levels is observed in both plasma and cerebrospinal
fluid, showing a dominance of the Th1/M1 axis. IL-4 deficiency has been associated with
increased symptoms of chronic fatigue, somatic pain, and sleep disturbances [49].
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Additionally, reduced IL-4 expression may impair neurogenesis in the hippocampus
and promote microglial dysfunction, leading to sustained neuroinflammatory modula-
tion of mood. Immunomodulatory interventions—including vitamin D supplementation,
known for its immunoregulatory properties—have been shown to raise IL-4 levels, corre-
lating with shorter time to remission of depressive symptoms and decreased inflammation
markers (e.g., C-Reactive Protein (CRP) and IL-6). In BD, IL-4 levels vary depending on the
phase of illness—decreases are especially observed during the depressive and mixed phases,
contributing to disease relapse [115]. In anxiety disorders such as GAD, social phobia, or
PTSD, IL-4 exhibits anxiolytic effects, including suppression of amygdala hyperactivity
and a reduction in oxidative stress in limbic structures [116]. Decreased IL-4 levels in these
disorders are associated with chronic microglial activation and elevated pro-inflammatory
cytokines, contributing to persistent stress and anxiety reactivity. Interventions aimed
at increasing IL-4 expression (e.g., physical activity and omega-3-rich diets) may help
restore the Th1-Th2 balance. In schizophrenia, IL-4 deficiency is linked to the severity of
negative symptoms, such as apathy, anhedonia, and social withdrawal, as well as cognitive
decline. Reduced IL-4 may lead to uncontrolled microglial activation and an increased
risk of neurodegeneration. IL-4 plays a key role in suppressing the pro-inflammatory axis
and maintaining neuroimmune homeostasis [85]. Its low level is a pathophysiological
factor in many neuropsychiatric disorders, and restoring it—via pharmacological or non-
pharmacological interventions—may be an effective strategy to support treatment of MDD,
BD, anxiety, and schizophrenia [117].

Beyond pharmacological treatment, a growing body of research suggests that non-
pharmacological interventions play a role in modulating biological pathways in psychiatric
disorders such as major depression, bipolar disorder, and schizophrenia. Notably, Elec-
troconvulsive Therapy (ECT) may normalize inflammatory and neurotrophic markers,
which could contribute to reductions in affective and psychotic symptoms in patients
with treatment-resistant depression [118]. ECT can also influence the neuroendocrine
system; Oglodek et al. [119] emphasize that it may not only improve the clinical condition
of patients but also help regulate thyroid hormone balance, possibly through effects on
the neuroendocrine axis and inflammatory processes [120]. Similarly, transcranial mag-
netic stimulation (TMS) modulates cytokine expression, neurotrophic factors, and synaptic
plasticity, suggesting that its therapeutic effects could involve the regulation of the neu-
roimmune response [50]. Collectively, these findings indicate that non-pharmacological
interventions such as ECT and TMS may contribute to shaping biomarker profiles and
restoring the immuno-neuroendocrine balance in individuals with psychiatric disorders.

Interleukin-13 (IL-13) plays a significant role in immunoregulation, particularly in
the Th2 response. Produced mainly by Th2 lymphocytes, IL-13 acts via the Interleukin-13
alpha-1 (IL-13R«1) receptor, activating the Janus Kinase/Signal Transducer and Activator
of Transcription 6 (JAK-STAT6) pathway and resulting in the expression of genes involved
in anti-inflammatory and neuroprotective responses. In the central nervous system (CNS),
IL-13 induces the expression of Arginase 1 (Argl) in microglia, promoting its alternative
activation (M2 phenotype), which is associated with resolution of inflammation, neuronal
protection, and neuroregeneration. In BD, IL-13 levels show dynamic changes depending
on the illness phase. During depressive phases, IL-13 levels are relatively reduced, which
reflects insufficient compensation of inflammation and contributes to increased somatic
symptoms, anhedonia, and sleep disturbances [50].

In manic episodes, IL-13 levels often rise and are interpreted as an attempt to regulate
excessive immune activation [121]. IL-13 concentration variability correlates with mood
cycle profiles and is used in biomarker-based predictive algorithms to forecast relapses and
guide preventive treatment. In unipolar depression, reduced IL-13 indicate a deficiency
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in Th2 pathway activation and a diminished capacity to suppress M1-type inflammatory
responses. This results in a prolonged inflammatory state. Studies indicate that IL-13
expression can be modifiable through anti-inflammatory interventions such as omega-3
supplementation or treatment with cannabinoid receptor agonists, improving depressive
symptoms in patients with an inflammatory profile [87].

In anxiety disorders such as GAD or PTSD, IL-13 plays a role in modulating mi-
croglial reactivity and limiting excessive pro-inflammatory cytokine signaling (IL-6 and
TNE-o) [88]. Decreased IL-13 expression sustains limbic structure hyperactivity (e.g., amyg-
dala), contributing to persistent anxiety symptoms. In schizophrenia, IL-13 levels are
reduced, especially in patients with dominant negative symptoms and cognitive deficits.
This deficiency is associated with impaired microglial activation, chronic cortical inflam-
mation, and disrupted neuroplasticity. Reduced IL-13 expression also correlates with Th1
axis overactivity and a pro-inflammatory cytokine profile, as evidenced by elevated IFN-y
and IL-12 levels in these patients. Some studies suggest that antipsychotic treatment—
particularly with clozapine—may restore immune balance by increasing IL-13 levels, which
correlates with clinical improvement. IL-13 contributes to maintaining homeostasis by pro-
moting the M2 microglial phenotype, dampening inflammatory responses, and supporting
neuroprotection. Its fluctuations in affective, anxiety, and psychotic disorders reflect not
only the clinical phase but also the state of the neuroinflammatory microenvironment. I1L-13
can therefore be considered a phase and therapeutic biomarker in biological psychiatry.
IL-13, which is part of the Th2-type cytokine family, plays a crucial role in regulating
anti-inflammatory responses and in microglial differentiation and activation toward the
M2 phenotype. Through JAK-STAT6 pathway activation and Argl expression induction in
microglial cells, IL-13 participates in resolving inflammation, promoting neuroprotection,
and limiting M1-type microglial toxicity. In MDD, reduced IL-13 expression is interpreted
as a marker of impaired anti-inflammatory and neuroprotective mechanisms. Low IL-13
levels correlate with greater somatic symptoms and sleep disturbances. Anti-inflammatory
interventions, such as vitamin D and omega-3 supplementation or Peroxisome Proliferator-
Activated Receptor gamma (PPAR-y receptor) agonists, may increase IL-13 levels and lead
to clinical improvement. IL-13 variability is increasingly included in biomarker-based pre-
dictive models for relapse forecasting and personalized treatment, particularly with mood
stabilizers or immunomodulatory drugs [86]. In anxiety disorders such as GAD, social
phobia, or PTSD, low IL-13 levels are linked to persistent M1-type microglial activation
and chronic inflammation in limbic structures such as the amygdala and hippocampus.
This immune profile can sustain anxiety symptoms and limit the brain’s ability to adapt
and extinguish stress responses. Preclinical studies suggest that increased IL-13 expression
following anxiolytic treatment correlate with improved cognitive and emotional function
and modulation of microglial activity [89]. In schizophrenia, IL-13 helps counteract the
neuroinflammatory components of the disease’s pathophysiology [90]. Decreased IL-13
levels observed in patients with prominent negative symptoms and cognitive deficits
indicate a lack of neuroprotective Th2 pathway influence and inadequate regulation of
microglial activation [91]. In this context, an imbalance between Th1 cytokines (e.g., IFN-
v) and Th2 cytokines (IL-4 and IL-13) promotes the persistence of the pro-inflammatory
cytokine-microglia—neuron axis, contributing to synaptic degeneration and dysfunction
of cortico-subcortical circuits. Reports suggest that certain atypical antipsychotics, such
as clozapine or olanzapine, modulate IL-13 levels, correlating with improvement in neg-
ative symptoms and social functioning [91]. In summary, IL-13 is a key component of
the anti-inflammatory neuroimmune axis, and its variability during the course of MDD,
BD, anxiety, and schizophrenia represents a potential indicator of inflammation and neu-
roplasticity. Monitoring IL-13 levels can have prognostic and therapeutic significance,
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particularly in the context of personalized treatment and identifying patients with an
inflammatory phenotype.

Anti-inflammatory cytokines including IL-10, TGF-3, CX3CL1, IL-18, IL-2, IFN-y,
IL-4, and IL-13 regulate immune balance, support neuroprotection, and represent potential
biomarkers and therapeutic targets for psychiatric disorders.

3. Immunological Balance Indicators in Personalized Psychiatry

The last decade has seen a rapid increase in publications linking immune system
dysregulation to the pathophysiology of major psychiatric disorders. The concept of
immunopsychiatry assumes that a patient’s cytokine “signature”—a set of pro- and anti-
inflammatory mediators, soluble receptors, acute phase proteins, and metabolites of the
kynurenine pathway—can determine the clinical phenotype, shape the treatment response,
and modulate the relapse risk. In clinical practice, however, individual biomarker concen-
trations prove to be variable, sensitive to environmental factors, and subject to significant
inter-individual heterogeneity. Therefore, increasing importance is being attributed to
immunological balance indicators (IBIs), calculated as ratios or normalized z-scores of
different cytokines and proteins, which better reflect the overall polarization of the immune
response than raw absolute values [88].

3.1. Principles of Constructing Cytokine Indicators

Immunological balance indicators are defined by juxtaposing immune mediators with
opposing biological functions. Classically, this means comparing concentrations of pro-
inflammatory cytokines such as IL-1f3, IL-6, TNF-«, and IFN-y with anti-inflammatory
cytokines such as IL-4, IL-10, transforming growth factor beta (TGF-f3), and IL-13. In
addition to the axis of pro- vs. anti-inflammatory cytokines, IBI construction may also
include proportions of lymphocyte effector pathways, e.g., Th1/Th2 (IFN-y/IL-4) or T
Helper Cell Type 17 (Th17)/Treg (IL-17/IL-10); molecular relationships between activa-
tion and tolerogenic pathways, e.g., the NLRP3 inflammasome (IL-1f3, caspase-1, and
ASC) vs. the IDO-kynurenine pathway (kynurenine, IDO-1, and AhR); acute phase re-
sponse indicators (e.g., CRP, and ESR, SAA) juxtaposed with suppressive cytokines; ox-
idative stress biomarkers (e.g., MDA and 8-OHdG); and neuroprotective cytokines (e.g.,
IL-10, and TGF-$1) to capture inflammatory-oxidative stress. Depending on the research
questions, immunological balance indicators can be analyzed in various ways. The sim-
plest methods involve calculating ratios between cytokine pairs with opposing functions,
such as the ratio of IFN-y to IL-4, which allows for assessing the dominance of a pro- or
anti-inflammatory response.

Cytokine ratios, such as IL-6/IL-10 and TNF-«/IL-10, reflect the balance between
pro- and anti-inflammatory processes. Higher ratios indicate a predominance of pro-
inflammatory activity and can be associated with depression and a poorer treatment
response, whereas lower ratios are linked to a better prognosis. An elevated IL-6/IL-10
ratio corresponds to more severe depressive symptoms, and the TNF-o/IL-10 ratio could
help predict antidepressant treatment efficacy. In PTSD, disrupted cytokine balance is
related to impaired emotion regulation and heightened amygdala activity [74].

More complex approaches include constructing composite scales that integrate stan-
dardized (z-score) values of several markers, e.g., the mean z-score of IL-6, CRP, and
TNF-« minus the z-score of IL-4 and IL-10, which may help capture the overall pro-/anti-
inflammatory balance in a single indicator [121].

Advanced statistical and computational methods such as latent modeling—for exam-
ple, cytokine factor analysis—and machine learning techniques, including random forest
or LASSO algorithms, allow for the identification of hidden patterns and generation of
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prognostic indicators with high accuracy. A crucial aspect of these analyses is the standard-
ization of measurement units (pg/mL, ng/L) and the application of data transformations
(e.g., logarithmic), which ensure the comparability of results and model stability. Moreover,
it is essential to account for and control confounding variables such as age, sex, body mass
index (BMI), medications, substance use (e.g., smoking), as well as diurnal and seasonal
variations, which can significantly influence cytokine levels and other immune markers.
Only through a precise approach to analysis and control of these variables is it possible to
obtain reliable and reproducible immunological indicators that can be used in personalized
psychiatry and research [122,123].

Depending on the research questions and the specific clinical population studied, IBI
can be constructed using various analytical methods. The simplest approaches are based
on calculating ratios between key cytokines, such as the IFN-y-to-IL-4 ratio, which reflects
the balance between pro- and anti-inflammatory responses. More complex constructions
involve composite scales where the mean standardized values (z-scores) of several pro-
inflammatory mediators, such as IL-6, CRP, and TNF-«, are calculated; then the mean
z-score of anti-inflammatory mediators, such as IL-4 and IL-10, is subtracted. These ap-
proaches allow the creation of a single indicator that reflects the body’s immunological
balance. Latent modeling methods, such as cytokine factor analysis, and machine learning
algorithms like the random forest and LASSO are increasingly used to identify immunolog-
ical patterns with diagnostic and prognostic relevance. These advanced tools facilitate the
generation of indicators with a high predictive value, allowing them to be used to optimize
therapy and individualize treatment. In this context, standardization of measurements is
extremely important, including unification of concentration units (e.g., pg/mL, ng/L) and
the application of logarithmic transformations to reduce data distribution asymmetry and
increase statistical precision. At the same time, it is necessary to account for numerous
confounding factors that may affect measurement outcomes. These include demographic
and physiological variables such as age, sex, and body mass index (BMI), as well as envi-
ronmental and behavioral factors, including medications, tobacco use, and even the time of
day or season. Ignoring these variables may lead to misinterpretation of cytokine levels
and distortion of immunological balance assessments [124].

3.2. Prospects and Challenges in the Use of Immunological Indicators in Psychiatry

The implementation of immunological indicators in clinical psychiatry is one of the
most innovative approaches for precisely monitoring inflammation and immune responses
in patients with various mental disorders. Immunological balance indicators, referred to as
IBIs, are designed by comparing mediators with opposing biological functions, allowing
for the assessment of complex relationships between pro- and anti-inflammatory processes.
Among pro-inflammatory mediators, IL-13, IL-6, TNF-«, and IFN-y are most commonly
included, as they play a key role in initiating and maintaining the inflammatory response.
In contrast, anti-inflammatory mediators include IL-4, IL-10, transforming growth factor
beta (TGF-f3), and IL-13, which are essential for controlling inflammation and maintaining
immunological homeostasis. Furthermore, IBIs may include signaling molecules indicating
the activation of specific lymphocyte subpopulations, such as the polarization of type 1
(Th1) T helper cells relative to type 2 (Th2) cells, or markers of activity in specific effector
pathways, such as the NLRP3 inflammasome or the IDO-kynurenine pathway. This latter
pathway, catalyzed by the enzyme indoleamine 2,3-dioxygenase (IDO-1), leads to the
conversion of tryptophan into kynurenine metabolites, which have immunoregulatory and
tolerogenic effects [114].

The Interleukin-23/Interleukin-17A (IL-23/IL-17A) complex represents the Th17 axis;
numerous studies indicate that Th17 overactivity is associated with anhedonia and dys-
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function of the anterior cingulate cortex, and IL-17A inhibitors reduce the depresso-
genic effect of lipopolysaccharide (LPS) in subjects. The IL-6/IL-10 ratio, a key index
of pro-/anti-inflammatory balance, allows for distinguishing inflammation-related MDD
(IL-6/IL-10 > 3) from metabolic MDD. A TNF-a/IL-4 ratio above two suggests a domi-
nance of the Th1l-type immune response, which may be linked to reduced treatment efficacy.
The Interleukin-1receptor antagonist (IL-1ra)-to- IL-1§3 ratio reflects the body’s capacity
for self-regulation of inflammasome activity; a reduced value indicates chronic activation
of the IL-1 pathway and is associated with a 124-127-fold increase in the risk of suicidal
thoughts (Table 2). The interpretation of the indices in Table 2 suggests that the use of
immunological ratiometrics in laboratory diagnostics may provide a more complex as-
sessment than individual markers and may allow for real-time monitoring of the balance
between Thl, Th2, and Th17 responses.

Table 2. Immunological balance indicators used in personalized psychiatry.

Immunological Indicator

Examples of

Cytokines in Ratio References

Clinical Significance

IL-6/IL-10

TNEF-o/IL-4

TNF-o/IL-10

(IL-6 + TNF-o + IL-1B)/
IL-10

IL-23/IL-17A
IFN-y/IL-4

IL-1ra/IL-1$3

Assessment of pro-inflammatory
dominance over IL-6, IL-10 [57,83,84,92,124,125]
anti-inflammatory regulation
Assessment of pro-inflammatory
axis dominance relative to TNEF-«, IL-4 [125]

anti-inflammatory response
Assessment of balance between

pro- and anti-inflammatory TNF-e, IL-10 [124]

mechanisms

Comprehensive pro- and IL-6, TNF-c, IL-1B,

ant1—1nﬂammatory IL-10 [125]
balance index
Assessment qf Th17 axis activity IL-23, IL-17A [67,125-127]
and chronic inflammation
Assessment of Th1/Th2 IFN-y, IL-4 [67,125-127]
response balance
Assessment of ability to inhibit IL-1ra, IL-1B [125,128]

inflammatory signaling

Legend: This table lists important immunological balance indicators (ratios of pro- and anti-inflammatory
cytokines) used in personalized psychiatry to assess the immune system’s functional status in psychiatric disorders.
These ratios provide insights into the balance between inflammatory and regulatory processes, which can influence
symptom severity, treatment responses, and disease progression.

The IL-6/IL-10 ratio serves as a rapid parameter for evaluating the effectiveness of
anti-inflammatory therapy—its reduction after 7 days of infliximab treatment correlates
with mood improvement, preceding changes observed on the Montgomery-Asberg Depres-
sion Rating Scale (MADRS). The TNF-/IL-4 ratio allows for the identification of patients
with intensified oxidative stress who could benefit from supplemental glutathione. The
(IL-6 + TNF-o + IL-13)/IL-10 index, which includes three key inflammatory pathways,
adapts the concept of a ‘cytokine storm’ from general immunology to psychiatry, which
may help in the early identification of patients at risk for developing a neurotoxic
inflammatory process.

The IL-23/IL-17A ratio can help identify a subgroup of patients with dominant Th17
pathway activity, providing a rationale for considering treatment with selective IL-17A
inhibitors (e.g., secukinumab) in treatment-resistant MDD.
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The IFN-y-to-IL-4 ratio reflects Thl-type response dominance and can support deci-
sions to use JAK inhibitors, which reduce the activity of IFN-induced genes in the prefrontal
cortex [57,83,84].

The IL-1ra-to-IL-1§3 ratio, which shows the balance between an inhibiting (antag-
onist) and activating (agonist) inflammatory factor, serves as a measure of the body’s
anti-inflammatory reserves. An increase in this index following cognitive behavioral ther-
apy indicates that psychotherapy can effectively modulate inflammatory profiles at the
molecular level [92]. In personalized psychiatry, laboratory diagnostics play a key role by
providing quantitative and reproducible measurements of immune system activity, which
enrich and complement standard clinical assessments. Modern measurement technologies,
such as Luminex multiplex systems, Ella, or Olink, allow for the rapid, accurate, and
simultaneous measurement of numerous cytokines from small blood volumes, signifi-
cantly improving the usability and efficiency of immunological diagnostics in everyday
clinical practice.

Flow cytometry using barcoding makes it possible to simultaneously determine IFN-y
and IL-4 levels in individual CD4+ cells and helps create an immunophenotype reflecting
specific transcriptional profiles.

The simultaneous use of liquid coupled with chromatography mass spectrometry
allows for the precise determination of kynurenine and tryptophan levels in blood.

This may allow for the assessment of the activity of IDO and Kynurenine 3-
Monooxygenase (KMO) enzymes, which play important roles in the metabolism of
these compounds.

The results of such studies correlate with the rapid therapeutic effect of ketamine,
helping to better understand the drug’s mechanism of action and monitor its effectiveness
in patients [125,126].

Laboratory algorithms combine test results with clinical data, allowing for improved
diagnosis and therapy selection. For example, a test panel including cytokines and the
IL-6-to-IL-10 ratio has shown promising potential in differentiating patients with treatment-
resistant MDD and can serve as a supportive tool in clinical decision-making. Analysis of
the Th17 panel with the IL-23/IL-17A ratio and C-reactive protein levels can help in the
more precise identification of patients who could benefit from IL-17A antagonist therapy.

The implementation of electronic records facilitates concurrent monitoring of biomarker-
level changes along with results from clinical tests such as the Clinician-Administered
PTSD Scale for DSM-5 (CAPS 5), the Montgomery—-Asberg Depression Rating Scale, or the
Positive and Negative Syndrome Scale (PANSS).

This supports joint analysis of data, and advanced deep learning models use changes
in IL-6, TNF-o, IFN-y, and IL-10 levels to predict the risk of disease relapse within the next
6 months. Immunological analysis also helps tailor pharmacological treatment. In patients
with moderate depression and elevated IL-6 and TNF-« levels, administration of minocy-
cline or celecoxib results in a reduction in the (IL-6 + TNF-« + IL-13) /IL-10 index by more
than 40%. Such a reduction is associated with a faster improvement in patient condition, as
measured by the Hamilton Depression Rating Scale (HAM-D scale). In bipolar spectrum
disorders, treatment with lithium has been observed to increase the levels of IL-13 cytokine
and TGF-f3 factor. These substances play important roles in regulating the immune system
by calming excessive inflammatory responses, i.e., inducing immune tolerance. Through
this mechanism, lithium treatment can help reduce the number of relapses and improve
long-term mood stabilization in patients [67]. In schizophrenia, patients with a low IL-1ra-
to-IL-1p ratio—indicating reduced capacity to suppress inflammation—may benefit from
adjunctive treatment with N-acetylcysteine (NAC). NAC has anti-inflammatory properties
and supports the natural balance between these two cytokines by increasing IL-1ra levels,
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which function as antagonists inhibiting IL-1(3 activity. As a result, such supplementation
helps reduce chronic inflammation while improving executive brain functions such as
planning, concentration, and decision-making, which translates into better every day func-
tioning. NAC is used experimentally as an adjunct therapy in schizophrenia, particularly to
improve negative symptoms and cognitive functions, though it is not a standard treatment
or first-line drug [127]. The emerging field of “pharmaco-immunomixis” (a concept combin-
ing pharmacology, immunology, and microbiomics to better understand and personalize
therapy) indicates that genetic changes (polymorphisms) in regions controlling the IL-6
gene (174G /C) and the TNF-o receptor (308G /A) influence the strength of the immune
response, which in turn may affect treatment efficacy; therefore, laboratory diagnostics
increasingly include genetic tests of immune system-related panels [128]. The future of re-
search lies in integrating various biological analyses, such as proteomics and metabolomics;
for example, combining IL-6 and IL-10 cytokine levels with the lipid profile (e.g., ceramide
C16:0) may predict the occurrence of anergia (lack of energy) in MDD, while comparing
CX3CL1 with the neuropeptide galanin allows for better differentiation of schizophrenia
subtypes with hippocampal volume loss from those without such atrophy [129]. With the
increasing importance of immunomodulatory drugs such as JAK-STAT inhibitors or IL-17A
antibodies, the laboratory plays a key role in therapeutic decision-making: before starting
treatment, the baseline level of inflammation is measured; during treatment, a drop in IL-6
and IL-10 levels below a set threshold is monitored; and after treatment, any increase (reac-
tivation) of cytokines is assessed. Current standard follow-up tests also include measuring
toll-like receptor 4 (TLR4) levels on monocytes, which indicates how sensitive the body is
to endotoxins and helps assess the expected strength of the neuroinflammatory response.

Modern measurement platforms such as Luminex multiplex systems, Ella, or Olink
allow for the fast, precise, and simultaneous measurement of many cytokines from small
blood samples, greatly improving the efficiency and availability of immunological diag-
nostics in clinical practice. A key criterion for assessing clinical utility of indices is the
establishment of decision thresholds based on receiver operating characteristic (ROC) curve
analysis, where the area under the curve (AUC) should be at least 0.75 for the indicator to
be considered sufficiently sensitive and specific in detecting inflammatory pathology or
clinical risk.

In daily outpatient psychiatric practice, the immunological biomarker panel usually
includes the measurement of 6-10 key cytokines and other inflammatory mediators. The
obtained values are then processed using automated calculators integrated with electronic
medical records (EMRs), which generate an immunological index result. This result allows
the physician to assess the degree of inflammatory process activation in the patient and per-
form risk stratification, which is key for individualizing therapy. For example, identifying a
high-risk inflammatory profile may lead to a recommendation to add immunomodulatory
substances to the standard treatment. Such interventions aim to modulate inflamma-
tory mechanisms, which translates into improved therapeutic responses and symptom
reduction [130].

Clinical trial results such as the Prediction and Early Detection of Course of Illness and
Treatment Response in Bipolar Disorder (PREDECT-BD) and BIOmarkers in DEPression
(BIODEP) confirm the clinical efficacy of using immunological indices in the treatment of
affective disorders. The introduction of the Individual Burden of Illness Index (IBI) into
sequential treatment algorithms significantly reduced the number of unsuccessful pharma-
cotherapy attempts and shortened the time to remission by an average of approximately
8 weeks compared to standard therapeutic procedures. This means that immunological in-
dices not only provide better understanding of the pathophysiology of psychiatric disorders
but also directly improve clinical outcomes and patient well-being.
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Despite promising prospects, implementation of IBI indices in routine clinical practice
faces numerous challenges. Major barriers include the high cost of modern multiplex
testing, limiting access to immunological diagnostics in many centers. Additionally, fur-
ther validation studies are needed to standardize decision thresholds and confirm their
usefulness across different patient populations and psychiatric disorders and their phases.
Integration of immunological indices with other biomarker types, such as neuroimaging, ge-
netic profiling, or metabolomic analysis, is also important, allowing for a holistic assessment
of the patient’s health and better therapy customization. Furthermore, the heterogeneity of
psychiatric disorders and the co-occurrence of somatic diseases pose a significant challenge
for interpreting immunological test results. Differences in cytokine expression and other
mediators can result not only from the pathogenesis of the primary disease but also from
comorbid conditions such as infections or autoimmune diseases. Therefore, interpret-
ing IBI indices requires interdisciplinary collaboration among specialists in psychiatry,
immunology, and clinical biochemistry to avoid diagnostic and therapeutic errors [113].

In conclusion, immunological indices such as the IBI represent a promising diagnostic
and prognostic tool that, by simplifying complex cytokine networks into more interpretable
values, can help clinicians in more precisely assessing the patient’s immunological balance
and adjusting psychiatric treatment.

In practice, multiparameter Luminex panels measuring about 30 cytokines from small
serum volumes are used, along with ultrasensitive ELISA tests that detect very low IL-6
concentrations, which is particularly important when monitoring patients in remission
with persistent inflammation. The development of ultrasensitive measurement methods,
integration of results with Al algorithms, and international standardization of laboratory
diagnostics make it a key element in the future of neuropsychiatry. Despite technical,
financial, and interpretive challenges, introducing immunological indices into daily clinical
practice opens new opportunities in personalized medicine, increasing therapy effectiveness
and improving the quality of life for people with mental disorders.

Despite promising findings, it is important to recognize the limitations of biomarker re-
search in psychiatry. Cytokine levels may vary considerably between individuals and could
be influenced by factors such as age, sex, BMI, comorbidities, medications, and lifestyle
(e.g., smoking), as well as circadian rhythms and seasonal variations. Another challenge
is the potential lack of reproducibility across laboratories, possibly due to differences in
techniques and assay sensitivity. This does not necessarily indicate that individual studies
are flawed, but rather that they may reflect the complex pathophysiology of psychiatric
disorders. Such variability may suggest the existence of distinct inflammatory phenotypes
in MDD and PTSD, which could help explain clinical heterogeneity and support the devel-
opment of personalized treatments. Standardized frameworks may be required, including
harmonization of laboratory methods and establishment of reference values and clinical
thresholds. Large cohort studies conducted according to unified protocols, along with
international initiatives that develop guidelines for biomarker panels and data analysis,
may improve reproducibility and accelerate the potential clinical application of biomarkers.

4. Conclusions

Cytokines not only serve as biomarkers but also actively influence the course of af-
fective and anxiety disorders, forming the foundation for the development of biologically
based psychiatry. Modern laboratory diagnostics, utilizing multiparametric technologies
and immunological balance indices, is of great help in precise profiling of inflammatory
status and personalization of therapy. Integrating cytokine analyses into routine psychiatric
practice becomes essential for improving prognoses and patients” quality of life. In this
context, the role of the laboratory diagnostician goes far beyond traditional testing. The
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diagnostician becomes an integral partner of the clinical team, who not only provides re-
sults but also helps interpret complex biomarker profiles and immunological indices. With
expertise in advanced measurement techniques and bioinformatic analyses, the laboratory
diagnostician supports precise therapeutic decisions, aiding in selecting the most appropri-
ate personalized treatment for the patient. The diagnostician participates in monitoring
treatment effectiveness and early detection of disease relapse, enabling prompt responses
and therapy adjustment. Moreover, the introduction of advanced technologies such as
multi-marker panels Point-Of-Care (POC) diagnostics (testing performed directly at the
patient’s bedside or care location instead of a central laboratory), and artificial intelligence
algorithms demands continuous upskilling and close collaboration with clinicians. Thus,
laboratory diagnostics transforms into a modern center of knowledge and support, bridg-
ing the molecular world with clinical psychiatric practice. The laboratory diagnostician
becomes a key link in the therapeutic chain, helping to understand the mechanisms of
mental disorders and translate them into effective, individualized treatment strategies.
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IL-13Ra1—Interleukin-13 Alpha-1 Receptor

JAK-STAT6—TJanus Kinase-Signal Transducer and Activator of Transcription 6 Path-way
Argl—Arginase 1

IL—Interleukin

Th17—T Helper Cell Type 17

O-1—Indoleamine 2,3-dioxygenase 1LPS-Lipopolysaccharide

CAPS 5—Clinician-Administered PTSD Scale for DSM-5
MADRS—Montgomery-Asberg Depression Rating Scale

PANSS—Positive and Negative Syndrome Scale

KMO—Kynurenine 3-Monooxygenase



Int. J. Mol. Sci. 2025, 26, 9654 22 of 27

HAM-D—Hamilton Depression Rating Scale
NAC—N-acetylcysteine

References

1.  Bajbouj, M. Transformation towards precision psychiatry. Exp. Neurol. 2022, 349, 113955. [CrossRef] [PubMed]

2. Venegas, C.F.,; Espinoza, L.EV,; Matta, C.R.; Cafias, B.B.; Maldonado, M.A.; Ofate, A.S. New Developments in Psychiatric
Classification: A Transdiagnostic Approach. Cureus 2025, 17, e84580. [CrossRef] [PubMed]

3.  Berk, M,; Corrales, A ; Trisno, R.; Dodd, S.; Yatham, L.N.; Vieta, E.; McIntyre, R.S.; Suppes, T.; Agustini, B. Bipolar II disorder: A
state-of-the-art review. World Psychiatry 2025, 24, 175-189. [CrossRef] [PubMed]

4. Lack, C.W. Anxiety Disorders: Diagnoses, Clinical Features, and Epidemiology. Psychiatr. Clin. N. Am. 2024, 47, 613-622.
[CrossRef]

5. Tirpack, A.K,; Buttar, D.G.; Kaur, M. Advancement in utilization of magnetic resonance imaging and biomarkers in the under-
standing of schizophrenia. World . Clin. Cases 2025, 13, 96578. [CrossRef]

6. Hsu, JW,; Lin, W.C,; Bai, YM,; Tsai, S.J.; Chen, M.H. Appetite Hormone Regulation Biotypes of Major Affective Disorders in
Proinflammatory Cytokines and Executive Function. J. Clin. Psychiatry 2025, 86, 24m15561. [CrossRef]

7. Liu, C.; Gershon, E.S. Endophenotype 2.0: Updated definitions and criteria for endophenotypes of psychiatric disorders,
incorporating new technologies and findings. Transl. Psychiatry 2024, 14, 502. [CrossRef]

8.  Ostojic, D.; Lalousis, P.A.; Donohoe, G.; Morris, D.W. The challenges of using machine learning models in psychiatric research
and clinical practice. Eur. Neuropsychopharmacol. 2024, 88, 53-65. [CrossRef]

9.  Bhattacharyya, U.; John, J.; Lencz, T.; Lam, M. Dissecting Schizophrenia Biology Using Pleiotropy with Cognitive Genomics. Biol.
Psychiatry 2025, 98, 670-678. [CrossRef]

10. Kolobaric, A.; Andreescu, C.; Jasarevi¢, E.; Hong, C.H.; Roh, HW.; Cheong, ].Y,; Kim, Y.K,; Shin, T.S.; Kang, C.S.; Kwon, C.O.; et al.
Gut microbiome predicts cognitive function and depressive symptoms in late life. Mol. Psychiatry 2024, 29, 3064-3075. [CrossRef]

11.  Lugenbiihl, ].F; Viho, EM.G.; Binder, E.B.; Daskalakis, N.P. Stress Molecular Signaling in Interaction with Cognition. Biol.
Psychiatry 2025, 97, 349-358. [CrossRef] [PubMed]

12.  Isik, C.M.; Bayyurt, E.B.T.; Sahin, N.O. The MNK-SYNGAP1 axis in specific learning disorder: Gene expression pattern and new
perspectives. Eur. |. Pediatr. 2025, 184, 260. [CrossRef] [PubMed]

13. Luo, ], Li, L.; Niu, M.; Kong, D.; Jiang, Y.; Poudel, S.; Shieh, A.W.; Cheng, L.; Giase, G.; Grennan, K,; et al. Genetic regulation
of human brain proteome reveals proteins implicated in psychiatric disorders. Mol. Psychiatry 2024, 29, 3330-3343. [CrossRef]
[PubMed]

14. Krivinko, ].M.; Fan, P,; Sui, Z.; Happe, C.; Hensler, C.; Gilardi, J.; Ikonomovic, M.D.; McKinney, B.C.; Newman, J.; Ding, Y.; et al.
Age-related loss of large dendritic spines in the precuneus is statistically mediated by proteins which are predicted targets of
existing drugs. Mol. Psychiatry 2025, 30, 2059-2067. [CrossRef]

15. Chen, X.M.; Zhang, S.; Gao, S.Q.; Xu, M. Interleukin-6 in epilepsy and its neuropsychiatric comorbidities: How to bridge the gap.
World J. Psychiatry 2025, 15, 100297. [CrossRef]

16. Nagy, T.; Baksa, D.; Petschner, P.; Gonda, X.; Gal, Z.; Juhasz, G.; Bagdy, G. Investigating the Role of TNF-Alpha through
Blood-Brain Barrier Integrity in Stress-Induced Depression. Neuropsychopharmacol. Hung. 2024, 26, 197-203.

17.  Karampas, A.; Leontaritis, G.; Markozannes, G.; Asimakopoulos, A.; Archimandriti, D.T.; Spyrou, P.; Georgiou, G.; Plakoutsis, M.;
Kotsis, K.; Voulgari, P.V,; et al. Adiponectin, resistin, interleukin-4 and TGF-beta2 levels in treatment resistant schizophrenia
patients. Prog. Neuropsychopharmacol. Biol. Psychiatry 2025, 136, 111221. [CrossRef]

18. Wen, W.; Zhou, J.; Zhan, C.; Wang, J. Microglia as a Game Changer in Epilepsy Comorbid Depression. Mol. Neurobiol. 2024, 61,
4021-4037. [CrossRef]

19. Perry, B.I; Upthegrove, R.; Kappelmann, N.; Jones, P.B.; Burgess, S.; Khandaker, G.M. Associations of immunological pro-
teins/traits with schizophrenia, major depression and bipolar disorder: A bi-directional two-sample mendelian randomization
study. Brain Behav. Immun. 2021, 97, 176-185. [CrossRef]

20. Goodman, E.J.; Biltz, R.G.; Packer, ].M.; DiSabato, D.].; Swanson, S.P,; Oliver, B.; Quan, N.; Sheridan, J.E.; Godbout, J.P. Enhanced
fear memory after social defeat in mice is dependent on interleukin-1 receptor signaling in glutamatergic neurons. Mol. Psychiatry.
2024, 29, 2321-2334. [CrossRef]

21. Tyrtyshnaia, A.; Manzhulo, I.; Egoraeva, A.; Ivashkevich, D. Cognitive and affective dysregulation in neuropathic pain: Associated
hippocampal remodeling and microglial activation. Int. . Mol. Sci. 2025, 26, 6460. [CrossRef]

22. Zanella, C.A ; Marques, N.; Junqueira, S.; Prediger, R.D.; Tasca, C.I.; Cimarosti, H.I. Guanosine increases global SUMO1-ylation

in the hippocampus of young and aged mice and improves the short-term memory of young mice. J. Neurochem. 2024, 168,
1503-1513. [CrossRef]


https://doi.org/10.1016/j.expneurol.2021.113955
https://www.ncbi.nlm.nih.gov/pubmed/34933833
https://doi.org/10.7759/cureus.84580
https://www.ncbi.nlm.nih.gov/pubmed/40546608
https://doi.org/10.1002/wps.21300
https://www.ncbi.nlm.nih.gov/pubmed/40371769
https://doi.org/10.1016/j.psc.2024.04.008
https://doi.org/10.12998/wjcc.v13.i1.96578
https://doi.org/10.4088/JCP.24m15561
https://doi.org/10.1038/s41398-024-03195-1
https://doi.org/10.1016/j.euroneuro.2024.08.005
https://doi.org/10.1016/j.biopsych.2025.02.890
https://doi.org/10.1038/s41380-024-02551-3
https://doi.org/10.1016/j.biopsych.2024.09.023
https://www.ncbi.nlm.nih.gov/pubmed/39368530
https://doi.org/10.1007/s00431-025-06089-6
https://www.ncbi.nlm.nih.gov/pubmed/40108041
https://doi.org/10.1038/s41380-024-02576-8
https://www.ncbi.nlm.nih.gov/pubmed/38724566
https://doi.org/10.1038/s41380-024-02817-w
https://doi.org/10.5498/wjp.v15.i1.100297
https://doi.org/10.1016/j.pnpbp.2024.111221
https://doi.org/10.1007/s12035-023-03810-0
https://doi.org/10.1016/j.bbi.2021.07.009
https://doi.org/10.1038/s41380-024-02456-1
https://doi.org/10.3390/ijms26136460
https://doi.org/10.1111/jnc.15920

Int. J. Mol. Sci. 2025, 26, 9654 23 of 27

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Suliman, M.; Schmidtke, M.W.; Greenberg, M.L. The role of the UPR pathway in the pathophysiology and treatment of bipolar
disorder. Front. Cell. Neurosci. 2021, 15, 735622. [CrossRef]

Yuan, M.; Yuan, B. Antidepressant-like effects of Rehmannioside A on rats induced by chronic unpredictable mild stress through
inhibition of endoplasmic reticulum stress and apoptosis of hippocampus. J. Chem. Neuroanat. 2022, 125, 102157. [CrossRef]
[PubMed]

Nestler, E.J.; Russo, S.J. Neurobiological basis of stress resilience. Neuron 2024, 112, 1911-1929. [CrossRef] [PubMed]
Daskalakis, N.P,; Iatrou, A.; Chatzinakos, C.; Jajoo, A.; Snijders, C.; Wylie, D.; DiPietro, C.P; Tsatsani, I.; Chen, C.Y,;
Pernia, C.D.; et al. Systems biology dissection of PTSD and MDD across brain regions, cell types, and blood. Science 2024,
384, eadh3707. [CrossRef]

Zhao, M.; Ren, Z.; Zhao, A.; Tang, Y.; Kuang, J.; Li, M.; Chen, T.; Wang, S.; Wang, J.; Zhang, H.; et al. Gut bacteria-driven
homovanillic acid alleviates depression by modulating synaptic integrity. Cell Metab. 2024, 36, 1000-1012.e6. [CrossRef] [PubMed]
Ma, S.; Xie, X.; Deng, Z.; Wang, W.; Xiang, D.; Yao, L.; Kang, L.; Xu, S.; Wang, H.; Wang, G.; et al. A machine learning analysis of
big metabolomics data for classifying depression: Model development and validation. Biol. Psychiatry 2024, 96, 44-56. [CrossRef]
Worheide, M.A.; Krumsiek, J.; Kastenmiiller, G.; Arnold, M. Multi-omics integration in biomedical research—A metabolomics-
centric review. Anal. Chim. Acta. 2021, 1141, 144-162. [CrossRef]

Li, Z,; Lai, J.; Zhang, P; Ding, J.; Jiang, J.; Liu, C.; Huang, H.; Zhen, H.; Xi, C.; Sun, Y.; et al. Multi-omics analyses of serum
metabolome, gut microbiome and brain function reveal dysregulated microbiota-gut-brain axis in bipolar depression. Mol.
Psychiatry 2022, 27, 4123-4135. [CrossRef]

Qureshi, I.A.; Mehler, M.E. Frontiers in neuroepigenetics. Neurobiol. Dis. 2021, 153, 105333. [CrossRef]

Koromina, M.; Ravi, A.; Panagiotaropoulou, G.; Schilder, B.M.; Humphrey, J.; Braun, A.; Bidgeli, T.; Chatzinakos, C.; Coombes,
B.J.; Kim, J.; et al. Fine-mapping genomic loci refines bipolar disorder risk genes. Nat. Neurosci. 2025, 28, 1393-1403. [CrossRef]
Dhieb, D.; Bastaki, K. Pharmaco-Multiomics: A New Frontier in Precision Psychiatry. Int. ]. Mol. Sci. 2025, 26, 1082. [CrossRef]
Wu, H,; Liu, Y,; Han, Y; Liu, B.; Chen, S.; Ye, Z.; Li, J.; Xie, L.; Wu, X. Integrated Analysis of Gut Microbiome, Inflammation, and
Neuroimaging Features Supports the Role of Microbiome-Gut-Brain Crosstalk in Schizophrenia. Schizophr. Bull. Open 2024, 5,
sgae026. [CrossRef]

Jia, Y; Yang, B.; Xin, H.; Qi, Q.; Wang, Y,; Lin, L.; Xie, Y,; Huang, C.; Lu, J.; Qin, W.; et al. Volumetric Integrated Classification Index:
An Integrated Voxel-Based Morphometry and Machine Learning Interpretable Biomarker for Post-Traumatic Stress Disorder.
J. Imaging. Inform. Med. 2025, 38, 1924-1934. [CrossRef] [PubMed]

Ye, Z.; Gao, Y.; Yuan, J.; Chen, F; Xu, P; Liu, W. The Role of Gut Microbiota in Modulating Brain Structure and Psychiatric
Disorders: A Mendelian Randomization Study. Neuroimage 2025, 315, 121292. [CrossRef] [PubMed]

Singh Solorzano, C.; Festari, C.; Mirabelli, P.; Mombelli, E.; Coppola, L.; Luongo, D.; Naviglio, D.; Soricelli, A.; Quattrini, G.;
Salvatore, M.; et al. Association Between Cognitive Functioning and Microbiota-Gut-Brain Axis Mediators in a Memory Clinic
Population. Front. Cell. Neurosci. 2025, 19, 1550333. [CrossRef] [PubMed]

Ruiz-Sastre, P.; Gémez-Sanchez-Lafuente, C.; Martin-Martin, J.; Herrera-Imbroda, J.; Mayoral-Cleries, F; Santos-Amaya, I.; de
Fonseca, ER.; Guzman-Parra, J.; Rivera, P; Sudrez, ]. Pharmacotherapeutic value of inflammatory and neurotrophic biomarkers
in bipolar disorder: A systematic review. Prog. Neuro-Psychopharmacol. 2024, 134, 111056. [CrossRef]

Cheng, Y.; Zhu, Z.; Yang, Z.; Liu, X.; Qian, X.; Zhu, J.; Hu, X; Jiang, P.; Cui, T.; Wang, Y.; et al. Alterations in fecal microbiota
composition and cytokine expression profiles in adolescents with depression: A case-control study. Sci. Rep. 2025, 15, 12177.
[CrossRef]

Malau, I.A; Chang, J.P; Lin, YW.; Chang, C.C.; Chiu, W.C.; Su, K.P. Omega-3 Fatty Acids and Neuroinflammation in Depression:
Targeting Damage-Associated Molecular Patterns and Neural Biomarkers. Cells 2024, 13, 1791. [CrossRef]

Séalcudean, A.; Bodo, C.R.; Popovici, R.A.; Cozma, M.M.; Pacurar, M.; Craciun, R.E.; Crisan, A.IL; Enatescu, V.R.; Marinescu, I;
Cimpian, D.M.; et al. Neuroinflammation—A Crucial Factor in the Pathophysiology of Depression—A Comprehensive Review.
Biomolecules 2025, 15, 502. [CrossRef]

Guo, X.; Kong, L.; Wen, Y.; Chen, L.; Hu, S. Impact of second-generation antipsychotics monotherapy or combined therapy in
cytokine, lymphocyte subtype, and thyroid antibodies for schizophrenia: A retrospective study. BMC Psychiatry 2024, 24, 695.
[CrossRef]

Gopalakrishnan, R.; Wang, Y.; Kapczinski, F.; Frey, B.N.; Wollenhaupt-Aguiar, B. Peripheral protein inflammatory biomarkers in
bipolar disorder and major depressive disorder: A systematic review and meta-analysis. J. Affect. Disord. 2025, 376, 149-168.
[CrossRef]

Yuan, X,; Yang, Q.; Yao, Y.; Song, S.; Zhou, X.; Liu, H.; Zhang, K. Role of HOMA-IR and IL-6 as screening markers for the metabolic
syndrome in patients with chronic schizophrenia: A psychiatric hospital-based cross-sectional study. Eur. Arch. Psychiatry Clin.
Neurosci. 2024, 274, 1063-1070. [CrossRef]

Yin, M.; Zhou, H; Li, J.; Wang, L.; Zhu, M.; Wang, N.; Yang, P; Yang, Z. The change of inflammatory cytokines after antidepressant
treatment and correlation with depressive symptoms. J. Psychiatr. Res. 2025, 184, 418-423. [CrossRef]


https://doi.org/10.3389/fncel.2021.735622
https://doi.org/10.1016/j.jchemneu.2022.102157
https://www.ncbi.nlm.nih.gov/pubmed/36067970
https://doi.org/10.1016/j.neuron.2024.05.001
https://www.ncbi.nlm.nih.gov/pubmed/38795707
https://doi.org/10.1126/science.adh3707
https://doi.org/10.1016/j.cmet.2024.03.010
https://www.ncbi.nlm.nih.gov/pubmed/38582087
https://doi.org/10.1016/j.biopsych.2023.12.015
https://doi.org/10.1016/j.aca.2020.10.038
https://doi.org/10.1038/s41380-022-01569-9
https://doi.org/10.1016/j.nbd.2021.105333
https://doi.org/10.1038/s41593-025-01998-z
https://doi.org/10.3390/ijms26031082
https://doi.org/10.1093/schizbullopen/sgae026
https://doi.org/10.1007/s10278-024-01313-5
https://www.ncbi.nlm.nih.gov/pubmed/39497016
https://doi.org/10.1016/j.neuroimage.2025.121292
https://www.ncbi.nlm.nih.gov/pubmed/40425098
https://doi.org/10.3389/fncel.2025.1550333
https://www.ncbi.nlm.nih.gov/pubmed/40144018
https://doi.org/10.1016/j.pnpbp.2024.111056
https://doi.org/10.1038/s41598-025-97369-6
https://doi.org/10.3390/cells13211791
https://doi.org/10.3390/biom15040502
https://doi.org/10.1186/s12888-024-06141-z
https://doi.org/10.1016/j.jad.2025.01.150
https://doi.org/10.1007/s00406-023-01618-6
https://doi.org/10.1016/j.jpsychires.2025.02.062

Int. J. Mol. Sci. 2025, 26, 9654 24 of 27

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kathuria, A.; Lopez-Lengowski, K.; Roffman, ].L.; Karmacharya, R. Distinct effects of interleukin-6 and interferon-y on differenti-
ating human cortical neurons. Brain Behav. Immun. 2022, 103, 97-108. [CrossRef]

Gao, W,; Gao, Y,; Xu, Y,; Liang, J.; Sun, Y.; Zhang, Y.; Shan, E; Ge, J.; Xia, Q. Effect of duloxetine on changes in serum
proinflammatory cytokine levels in patients with major depressive disorder. BMC Psychiatry 2024, 24, 449. [CrossRef]

Bravi, B.; Melloni, EM.T.; Paolini, M.; Palladini, M.; Calesella, F; Servidio, L.; Agnoletto, E.; Poletti, S.; Lorenzi, C,;
Colombo, C.; et al. Choroid plexus volume is increased in mood disorders and associates with circulating inflammatory cytokines.
Brain Behav. Immun. 2024, 116, 52-61. [CrossRef] [PubMed]

Lu, L.; Hu, X; Jin, X. IL-4 as a potential biomarker for differentiating major depressive disorder from bipolar depression. Medicine
2023, 102, €33439. [CrossRef] [PubMed]

Xu, Y; Liang, J.; Sun, Y.; Zhang, Y.; Shan, F; Ge, ].; Xia, Q. Serum cytokines-based biomarkers in the diagnosis and monitoring of
therapeutic response in patients with major depressive disorder. Int. Immunopharmacol. 2023, 118, 110108. [CrossRef] [PubMed]
Yang, J.J.; Jiang, W. Inmune biomarkers alterations in post-traumatic stress disorder: A systematic review and meta-analysis. J.
Affect. Disord. 2020, 268, 39-46. [CrossRef] [PubMed]

Gao, M,; Song, Y,; Liu, Y,; Miao, Y.; Guo, Y.; Chai, H. TNF-alpha/TNFR1 activated astrocytes exacerbate depression-like behavior
in CUMS mice. Cell Death Discov. 2024, 10, 220. [CrossRef] [PubMed]

Zazula, R.; Dodd, S.; Dean, O.M.; Berk, M.; Bortolasci, C.C.; Verri, W.A,, Jr.; Vargas, H.O.; Nunes, S.0.V. Cognition-immune
interactions between executive function and working memory, tumour necrosis factor-alpha (TNF-«) and soluble TNF receptors
(sTNFR1 and sTNFR?2) in bipolar disorder. World J. Biol. Psychiatry 2022, 23, 67-77. [CrossRef]

Raffaele, S.; Lombardi, M.; Verderio, C.; Fumagalli, M. TNF production and release from microglia via extracellular vesicles:
Impact on brain functions. Cells 2020, 9, 2145. [CrossRef]

Heir, R.; Abbasi, Z.; Komal, P.,; Altimimi, H.F; Franquin, M.; Moschou, D.; Chambon, J.; Stellwagen, D. Astrocytes are the source
of TNF mediating homeostatic synaptic plasticity. J. Neurosci. 2024, 44, e2278222024. [CrossRef]

Pantovic-Stefanovic, M.; Velimirovic, M.; Jurisic, V.; Puric, M.; Gostiljac, M.; Dodic, S.; Minic, I.; Nesic, M.; Nikolic, T.;
Petronijevic, N.; et al. Exploring the role of TNF-alpha, TGF-beta, and IL-6 serum levels in categorical and non-categorical
models of mood and psychosis. Sci. Rep. 2024, 14, 23117. [CrossRef]

Gray-Gaillard, E.F.; Shah, A.A.; Bingham, C.O,, III; Elisseeff, ].H.; Murray, ].; Brahmer, J.; Forde, P.; Anagnostou, V.; Mammen, J.;
Cappelli, L.C. Higher levels of VEGF-A and TNF« in patients with immune checkpoint inhibitor-induced inflammatory arthritis.
Arthritis Res. Ther. 2025, 27, 74. [CrossRef]

Kuzior, H.; Fiebich, B.L.; Yousif, N.M.; Saliba, S.W.; Ziegler, C.; Nickel, K.; Maier, S.J.; Sti3, P.; Runge, K.; Matysik, M.; et al.
Increased IL-8 concentrations in the cerebrospinal fluid of patients with unipolar depression. Compr. Psychiatry 2020, 102, 152196.
[CrossRef]

Sitaru, S.; Budke, A.; Bertini, R.; Sperandio, M. Therapeutic inhibition of CXCR1/2: Where do we stand? Intern. Emerg. Med. 2023,
18, 1647-1664. [CrossRef]

Brisch, R.; Wojtylak, S.; Saniotis, A.; Steiner, J.; Gos, T.; Kumaratilake, J.; Henneberg, M.; Wolf, R. The role of microglia in
neuropsychiatric disorders and suicide. Eur. Arch. Psychiatry Clin. Neurosci. 2022, 272, 929-945. [CrossRef]

Kruse, ].L.; Olmstead, R.; Hellemann, G.; Breen, E.C.; Tye, S.J.; Brooks, J.O., 3rd; Wade, B.; Congdon, E.; Espinoza, R.; Narr, K.L.;
et al. Interleukin-8 and lower severity of depression in females, but not males, with treatment-resistant depression. J. Psychiatr.
Res. 2021, 140, 350-356. [CrossRef]

Tsai, S.J. Role of interleukin 8 in depression and other psychiatric disorders. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2021,
106, 110173. [CrossRef] [PubMed]

Ding, R.; Tang, Y.; Cao, G.; Mai, Y.; Fu, Y,; Ren, Z; Li, W,; Hou, J.; Sun, S.; Chen, B; et al. Lateral habenula IL-10 controls GABA(A)
receptor trafficking and modulates depression susceptibility after maternal separation. Brain Behav. Immun. 2024, 122, 122-136.
[CrossRef] [PubMed]

Campanari, D.D.; Cipriano, U.G.; Fraga-Silva, T.E.C.; Ramalho, L.N.Z.; Ovidio, P.P; JordaoJtnior, A.A.; Bonato, V.L.D.; Ferriolli, E.
Effect of dietary supplementation with omega-3 fatty acid on the generation of regulatory T lymphocytes and on antioxidant
parameters and markers of oxidative stress in the liver tissue of IL-10 knockout mice. Nutrients 2024, 16, 634. [CrossRef] [PubMed]
Poletti, S.; Zanardi, R.; Mandelli, A.; Aggio, V.; Finardi, A.; Lorenzi, C.; Borsellino, G.; Carminati, M.; Manfredi, E.; Tomasi, E.; et al.
Low-dose interleukin 2 antidepressant potentiation in unipolar and bipolar depression: Safety, efficacy, and immunological
biomarkers. Brain Behav. Immun. 2024, 118, 52—68. [CrossRef]

Ren, Z; Li, T.; Liu, X.; Zhang, Z.; Chen, X.; Chen, W,; Li, K; Sheng, J. Transforming growth factor-beta 1 enhances discharge
activity of cortical neurons. Neural Regen. Res. 2025, 20, 548-556. [CrossRef]

Damri, O.; Agam, G. Lithium, inflammation and neuroinflammation with emphasis on bipolar disorder—A narrative review. Int.
J. Mol. Sci. 2024, 25, 13277. [CrossRef]


https://doi.org/10.1016/j.bbi.2022.04.007
https://doi.org/10.1186/s12888-024-05910-0
https://doi.org/10.1016/j.bbi.2023.11.036
https://www.ncbi.nlm.nih.gov/pubmed/38030049
https://doi.org/10.1097/MD.0000000000033439
https://www.ncbi.nlm.nih.gov/pubmed/37058046
https://doi.org/10.1016/j.intimp.2023.110108
https://www.ncbi.nlm.nih.gov/pubmed/37004349
https://doi.org/10.1016/j.jad.2020.02.044
https://www.ncbi.nlm.nih.gov/pubmed/32158005
https://doi.org/10.1038/s41420-024-01987-4
https://www.ncbi.nlm.nih.gov/pubmed/38710713
https://doi.org/10.1080/15622975.2021.1925152
https://doi.org/10.3390/cells9102145
https://doi.org/10.1523/JNEUROSCI.2278-22.2024
https://doi.org/10.1038/s41598-024-73937-0
https://doi.org/10.1186/s13075-025-03546-3
https://doi.org/10.1016/j.comppsych.2020.152196
https://doi.org/10.1007/s11739-023-03309-5
https://doi.org/10.1007/s00406-021-01334-z
https://doi.org/10.1016/j.jpsychires.2021.06.009
https://doi.org/10.1016/j.pnpbp.2020.110173
https://www.ncbi.nlm.nih.gov/pubmed/33186640
https://doi.org/10.1016/j.bbi.2024.08.009
https://www.ncbi.nlm.nih.gov/pubmed/39128573
https://doi.org/10.3390/nu16050634
https://www.ncbi.nlm.nih.gov/pubmed/38474762
https://doi.org/10.1016/j.bbi.2024.02.019
https://doi.org/10.4103/NRR.NRR-D-23-00756
https://doi.org/10.3390/ijms252413277

Int. J. Mol. Sci. 2025, 26, 9654 25 of 27

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Marciante, A.B.; Tadjalli, A.; Nikodemova, M.; Burrowes, K.A.; Oberto, J.; Luca, E.K.; Seven, Y.B.; Watters, ].].; Baker, T.L.; Mitchell,
G.S. Microglia regulate motor neuron plasticity via reciprocal fractalkine and adenosine signaling. Nat. Commun. 2024, 15, 10349.
[CrossRef]

Ermakov, E.A.; Mednova, I.A.; Boiko, A.S.; Buneva, V.N.; Ivanova, S.A. Chemokine dysregulation and neuroinflammation in
schizophrenia: A systematic review. Int. . Mol. Sci. 2023, 24, 2215. [CrossRef]

Cadenhead, K.S.; Mirzakhanian, H.; Achim, C.; Reyes-Madrigal, F.; de la Fuente-Sandoval, C. Peripheral and central biomarkers
associated with inflammation in antipsychotic naive first episode psychosis: Pilot studies. Schizophr. Res. 2024, 264, 39—48.
[CrossRef]

Miranda, D.O.; Anatriello, E.; Azevedo, L.R.; Santos, J.C.; Cordeiro, J.F.C.; Peria, EM.; Fléria-Santos, M.; Pereira-Da-Silva, G.
Fractalkine (C-X3-C motif chemokine ligand 1) as a potential biomarker for depression and anxiety in colorectal cancer patients.
Biomed. Rep. 2017, 7, 188-192. [CrossRef]

Lee, M.; Lee, Y.; Song, J.; Lee, J.; Chang, S.Y. Tissue-specific role of CX3CR1 expressing immune cells and their relationships with
human disease. Immune Netw. 2018, 18, e5. [CrossRef] [PubMed]

Oglodek, E. The role of PON-1, GR, IL-18, and OxLDL in depression with and without post-traumatic stress disorder. Pharmacol.
Rep. 2017, 69, 837-845. [CrossRef] [PubMed]

Michopoulos, V.; Powers, A ; Gillespie, C.E; Ressler, K.J.; Jovanovic, T. Inflammation in Fear- and Anxiety-Based Disorders: PTSD,
GAD, and Beyond. Neuropsychopharmacology 2017, 42, 254-270. [CrossRef] [PubMed]

Bartoli, F.; Cioni, R.M.; Callovini, T.; Cavaleri, D.; Crocamo, C.; Carra, G. The kynurenine pathway in schizophrenia and other
mental disorders: Insight from meta-analyses on the peripheral blood levels of tryptophan and related metabolites. Schizophr. Res.
2021, 232, 61-62. [CrossRef]

Fellendorf, ET.; Gostner, ].M.; Lenger, M.; Platzer, M.; Birner, A.; Maget, A.; Queissner, R.; Tmava-Berisha, A.; Pater, C.A,;
Ratzenhofer, M.; et al. Tryptophan Metabolism in Bipolar Disorder in a Longitudinal Setting. Antioxidants 2021, 10, 1795.
[CrossRef]

Chen, L.M.; Bao, C.H.; Wu, Y,; Liang, S.H.; Wang, D.; Wu, L.Y,; Huang, Y.; Liu, H.R.; Wu, H.G. Tryptophan-kynurenine metabolism:
A link between the gut and brain for depression in inflammatory bowel disease. J. Neuroinflammation 2021, 18, 135. [CrossRef]
Sipahi, H.; Mat, A.F; Ozhan, Y.; Aydin, A. The Interrelation between Oxidative Stress, Depression and Inflammation through the
Kynurenine Pathway. Curr. Top. Med. Chem. 2023, 23, 415-425. [CrossRef]

Suhee, FI; Shahriar, M.; Islam, S.M.A.; Bhuiyan, M.A.; Islam, M.R. Elevated Serum IL-2 Levels are Associated with Major
Depressive Disorder: A Case-Control Study. Clin. Pathol. 2023, 16, 2632010X231180797. [CrossRef]

Buspavanich, P; Adli, M.; Himmerich, H.; Berger, M.; Busche, M.; Schlattmann, P.; Bopp, S.; Bschor, T.; Richter, C,;
Steinacher, B.; et al. Faster speed of onset of the depressive episode is associated with lower cytokine serum levels (IL-2, -4, -6,
-10, TNF-alpha and IFN-gamma) in patients with major depression. J. Psychiatr. Res. 2021, 141, 287-292. [CrossRef]

Miyano, T.; Hirouchi, M.; Yoshimura, N.; Hattori, K.; Mikkaichi, T.; Kiyosawa, N. Plasma microRNAs associate positive, negative,
and cognitive symptoms with inflammation in schizophrenia. Int. . Mol. Sci. 2024, 25, 13522. [CrossRef] [PubMed]
Hoprekstad, G.E.; Kjelby, E.; Gjestad, R.; Fathian, F; Larsen, TK.; Reitan, S.K.; Rettenbacher, M.; Torsvik, A.; Skrede, S.;
Johnsen, E.; et al. Depression trajectories and cytokines in schizophrenia spectrum disorders—A longitudinal observational study.
Schizophr. Res. 2023, 252, 77-87. [CrossRef] [PubMed]

Massip, E.; Delaunay, E.; Trauet, J.; Dendooven, A.; Esnault, S.; Staumont-Sallé, D.; Lefevre, G.; Dezoteux, F. Refining cytokine-
based diagnostics in DRESS: A two-color IFN-gamma /IL-4 ELISpot approach. World Allergy Organ |. 2025, 18, 101049. [CrossRef]
[PubMed]

Yu, Y.; Li, Z;; Hu, Z,; Peng, T.; Niu, R,; Sun, P.; Wang, X.; Zhang, ]. OM85 ameliorates bleomycin-induced pulmonary fibrosis in
mice by inhibiting Notch expression and modulating the IFN-gamma /IL-4 ratio. Sci. Rep. 2025, 15, 5436. [CrossRef]
Hanuscheck, N.; Thalman, C.; Domingues, M.; Schmaul, S.; Muthuraman, M.; Hetsch, E; Ecker, M.; Endle, H.; Oshaghi, M.;
Martino, G.; et al. Interleukin-4 receptor signaling modulates neuronal network activity. J. Exp. Med. 2022, 219, €20211887.
[CrossRef]

Bernstein, Z.J.; Shenoy, A.; Chen, A.; Heller, N.M.; Spangler, ].B. Engineering the IL-4/IL-13 axis for targeted immune modulation.
Immunol. Rev. 2023, 320, 29-57. [CrossRef]

Margiani, G.; Castelli, M.P,; Pintori, N.; Frau, R.; Ennas, M.G.; Zottola, A.C.P; Orru, V,; Serra, V.; Fiorillo, E.; Fadda, P; et al.
Adolescent self-administration of the synthetic cannabinoid receptor agonist JWH-018 induces neurobiological and behavioral
alterations in adult male mice. Psychopharmacology 2022, 239, 3083-3102. [CrossRef]

Jeong, ].Y,; Wi, R.; Chung, Y.C.; Jin, B.K. Interleukin-13 Propagates Prothrombin Kringle-2-Induced Neurotoxicity in Hippocampi
In Vivo via Oxidative Stress. Int. |. Mol. Sci. 2021, 22, 3486. [CrossRef]

Mori, S.; Sugama, S.; Nguyen, W.; Michel, T.; Sanna, M.G.; Sanchez-Alavez, M.; Cintron-Colon, R.; Moroncini, G.; Kakinuma, Y.;
Mabher, P; et al. Lack of interleukin-13 receptor alphal delays the loss of dopaminergic neurons during chronic stress.
J. Neuroinflammation 2017, 14, 88. [CrossRef]


https://doi.org/10.1038/s41467-024-54619-x
https://doi.org/10.3390/ijms24032215
https://doi.org/10.1016/j.schres.2023.11.012
https://doi.org/10.3892/br.2017.937
https://doi.org/10.4110/in.2018.18.e5
https://www.ncbi.nlm.nih.gov/pubmed/29503738
https://doi.org/10.1016/j.pharep.2017.03.015
https://www.ncbi.nlm.nih.gov/pubmed/28623707
https://doi.org/10.1038/npp.2016.146
https://www.ncbi.nlm.nih.gov/pubmed/27510423
https://doi.org/10.1016/j.schres.2021.04.008
https://doi.org/10.3390/antiox10111795
https://doi.org/10.1186/s12974-021-02175-2
https://doi.org/10.2174/1568026623666221223111309
https://doi.org/10.1177/2632010X231180797
https://doi.org/10.1016/j.jpsychires.2021.06.033
https://doi.org/10.3390/ijms252413522
https://www.ncbi.nlm.nih.gov/pubmed/39769285
https://doi.org/10.1016/j.schres.2022.12.049
https://www.ncbi.nlm.nih.gov/pubmed/36634451
https://doi.org/10.1016/j.waojou.2025.101049
https://www.ncbi.nlm.nih.gov/pubmed/40242324
https://doi.org/10.1038/s41598-025-89874-5
https://doi.org/10.1084/jem.20211887
https://doi.org/10.1111/imr.13230
https://doi.org/10.1007/s00213-022-06191-9
https://doi.org/10.3390/ijms22073486
https://doi.org/10.1186/s12974-017-0862-1

Int. J. Mol. Sci. 2025, 26, 9654 26 of 27

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Mao, R.; Zhang, C.; Chen, J.; Zhao, G.; Zhou, R.; Wang, F; Xu, J.; Yang, T,; Su, Y,; Huang, J.; et al. Different levels of pro- and
anti-inflammatory cytokines in patients with unipolar and bipolar depression. J. Affect. Disord. 2018, 237, 65-72. [CrossRef]
Sager, R.E.H.; Walker, A K.; Middleton, F.A.; Robinson, K.; Webster, M.].; Gentile, K.; Wong, M.L.; Weickert, C.S. Changes in
cytokine and cytokine receptor levels during postnatal development of the human dorsolateral prefrontal cortex. Brain Behav.
Immun. 2023, 111, 186-201. [CrossRef]

Yang, Z.; Chen, S.; Tang, X.; Wang, J.; Liu, L.; Hu, W,; Huang, Y,; Hu, J.; Xing, X.; Zhang, Y.; et al. Development and validation of
machine learning-based prediction model for severe pneumonia: A multicenter cohort study. Heliyon 2024, 10, e37367. [CrossRef]
Young, A.H.; Juruena, M.E. The Neurobiology of Bipolar Disorder. Curr. Top. Behav. Neurosci. 2021, 48, 1-20. [CrossRef]

Zhao, Y.T.; Deng, J.; Liu, HM.; Wei, ].Y,; Fan, H.T.; Liu, M.; Xu, T.; Chen, T.E; He, J.Y.,; Sun, W.M_; et al. Adaptation of prelimbic
cortex mediated by IL-6/STAT3/Acp5 pathway contributes to the comorbidity of neuropathic pain and depression in rats.
J. Neuroinflammation 2022, 19, 144. [CrossRef]

Lin, D.; Zhong, C.; Jiang, Q.; Huang, A.; Liu, Y. Serum interleukin-6 levels are increased in post-herpetic neuralgia: A single-center
retrospective study. Ann. Bras. Dermatol. 2023, 98, 202-207. [CrossRef] [PubMed]

Juruena, M.E;; Jelen, L.A.; Young, A.H.; Cleare, A.]. New Pharmacological Interventions in Bipolar Disorder. Curr. Top. Behav.
Neurosci. 2021, 48, 303-324. [CrossRef] [PubMed]

Sempach, L.; Doll, J.PK, Limbach, V.; Marzetta, F; Schaub, A.C.; Schneider, E.; Kettelhack, C.,; Mihlmann, L,
Schweinfurth-Keck, N.; Ibberson, M.; et al. Examining immune-inflammatory mechanisms of probiotic supplementation
in depression: Secondary findings from a randomized clinical trial. Transl. Psychiatry 2024, 14, 305. [CrossRef] [PubMed]

Zhao, H.; Li, W.; Xu, Q.; Chen, P.; Wang, X. Early Th1-Th2 cytokine imbalance as a predictor for post-stroke depression at 3
months. J. Affect. Disord. 2025, 389, 119650. [CrossRef]

Yang, Y.; Gu, K;; Meng, C; Li, J.; Lu, Q.; Zhou, X;; Yan, D.; Li, D.; Pei, C.; Lu, Y,; et al. Relationship between sleep and serum
inflammatory factors in patients with major depressive disorder. Psychiatry Res. 2023, 329, 115528. [CrossRef]

Mariani, N.; Everson, J.; Pariante, C.M.; Borsini, A. Modulation of microglial activation by antidepressants. |. Psychopharmacol.
2022, 36, 131-150. [CrossRef]

Companys-Alemany, J.; Turcu, A.L.; Vazquez, S.; Pallas, M.; Grifidn-Ferré, C. Glial cell reactivity and oxidative stress prevention
in Alzheimer’s disease mice model by an optimized NMDA receptor antagonist. Sci. Rep. 2022, 12, 17908. [CrossRef]

Shanazz, K.; Nalloor, R.; Lucas, R.; Vazdarjanova, A. Neuroinflammation is a susceptibility factor in developing a PTSD-like
phenotype. Front. Behav. Neurosci. 2023, 17, 1112837. [CrossRef]

Wang, B.; He, T.; Qiu, G; Li, C.; Xue, S.; Zheng, Y.; Wang, T.; Xia, Y; Yao, L.; Yan, J.; et al. Altered synaptic homeostasis: A key
factor in the pathophysiology of depression. Cell Biosci. 2025, 15, 29. [CrossRef] [PubMed]

Rojas-Rivera, D.; Beltran, S.; Mufioz-Carvajal, F.; Ahumada-Montalva, P; Abarzta, L.; Gomez, L.; Hernandez, F,; Bergmann, C.A,;
Labrador, L.; Calegaro-Nassif, M.; et al. The autophagy protein RUBCNL/PACER represses RIPK1 kinase-dependent apoptosis
and necroptosis. Autophagy 2024, 20, 2444-2459. [CrossRef] [PubMed]

Mancuso, E.; Sampogna, G.; Boiano, A.; Della Rocca, B.; Di Vincenzo, M.; Lapadula, M.V.; Martinelli, F.; Lucci, F.; Luciano, M.
Biological correlates of treatment resistant depression: A review of peripheral biomarkers. Front. Psychiatry 2023, 14, 1291176.
[CrossRef] [PubMed]

Lyubashina, O.A.; Sivachenko, I.B.; Panteleev, S.S. Supraspinal mechanisms of intestinal hypersensitivity. Cell. Mol. Neurobiol.
2022, 42,389-417. [CrossRef]

Almeida, H.S.; Mitjans, M.; Arias, B.; Vieta, E.; Rios, J.; Benabarre, A. Genetic differences between bipolar disorder subtypes: A
systematic review focused in bipolar disorder type II. Neurosci. Biobehav. Rev. 2020, 118, 623-630. [CrossRef]

Guo, Z.; Xiao, S.; Chen, G.; Zhong, S.; Zhong, H.; Sun, S.; Chen, P; Tang, X.; Yang, H.; Jia, Y.; et al. Disruption of the gut
microbiota-inflammation-brain axis in unmedicated bipolar disorder II depression. Transl. Psychiatry 2024, 14, 495. [CrossRef]
Malashenkova, 1.K.; Ushakov, V.L.; Zakharova, N.V.; Krynskiy, S.A.; Ogurtsov, D.P; Hailov, N.A.; Chekulaeva, E.I;
Ratushnyy, A.Y.; Kartashov, S.I.; Kostyuk, G.P,; et al. Neuro-Immune Aspects of Schizophrenia with Severe Negative Symptoms:
New Diagnostic Markers of Disease Phenotype. Sovrem. Tekhnol. Med. 2021, 13, 24-33. [CrossRef]

Wang, J.; Chen, H.S,; Li, HH.; Wang, H.].; Zou, R.S,; Lu, X.J.; Wang, J.; Nie, B.B.; Wu, J.F; Li, S.; et al. Microglia-dependent
excessive synaptic pruning leads to cortical underconnectivity and behavioral abnormality following chronic social defeat stress
in mice. Brain Behav. Immun. 2023, 109, 23-36. [CrossRef]

Kim, J.M.; Kang, H.J.; Lee, ].Y.; Kim, ].W,; Kim, H.; Jhon, M.; Kim, S.W,; Shin, LS. Differentiating subtypes of major depressive
disorder using serum biomarkers. J. Clin. Psychiatry 2025, 86, 25m15828. [CrossRef]

Tsai, S5.Y.; Sajatovic, M.; Hsu, J.L.; Chung, K.H.; Chen, P.H.; Huang, Y.J. Peripheral inflammatory markers associated with brain
volume reduction in patients with bipolar I disorder. Acta Neuropsychiatr. 2022, 34, 191-200. [CrossRef]

Elsayed, O.H.; Ercis, M.; Pahwa, M.; Singh, B. Treatment-Resistant Bipolar Depression: Therapeutic Trends, Challenges and
Future Directions. Neuropsychiatr. Dis. Treat. 2022, 18, 2927-2943. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jad.2018.04.115
https://doi.org/10.1016/j.bbi.2023.03.015
https://doi.org/10.1016/j.heliyon.2024.e37367
https://doi.org/10.1007/7854_2020_179
https://doi.org/10.1186/s12974-022-02503-0
https://doi.org/10.1016/j.abd.2022.03.007
https://www.ncbi.nlm.nih.gov/pubmed/36669977
https://doi.org/10.1007/7854_2020_181
https://www.ncbi.nlm.nih.gov/pubmed/33547595
https://doi.org/10.1038/s41398-024-03030-7
https://www.ncbi.nlm.nih.gov/pubmed/39048549
https://doi.org/10.1016/j.jad.2025.119650
https://doi.org/10.1016/j.psychres.2023.115528
https://doi.org/10.1177/02698811211069110
https://doi.org/10.1038/s41598-022-22963-x
https://doi.org/10.3389/fnbeh.2023.1112837
https://doi.org/10.1186/s13578-025-01369-y
https://www.ncbi.nlm.nih.gov/pubmed/40001206
https://doi.org/10.1080/15548627.2024.2367923
https://www.ncbi.nlm.nih.gov/pubmed/38873940
https://doi.org/10.3389/fpsyt.2023.1291176
https://www.ncbi.nlm.nih.gov/pubmed/37941970
https://doi.org/10.1007/s10571-020-00967-3
https://doi.org/10.1016/j.neubiorev.2020.07.033
https://doi.org/10.1038/s41398-024-03207-0
https://doi.org/10.17691/stm2021.13.6.03
https://doi.org/10.1016/j.bbi.2022.12.019
https://doi.org/10.4088/JCP.25m15828
https://doi.org/10.1017/neu.2021.39
https://doi.org/10.2147/NDT.S273503
https://www.ncbi.nlm.nih.gov/pubmed/36561896

Int. J. Mol. Sci. 2025, 26, 9654 27 of 27

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Keenan, E.L.; Granstein, R.D. Proinflammatory cytokines and neuropeptides in psoriasis, depression, and anxiety. Acta Physiol.
2025, 241, €70019. [CrossRef] [PubMed]

Wang, W.Y,; Liu, N.; Qi, X.X.; Han, B.; Sun, ].N.; Chen, Z.L.; Wang, M.W.; Wang, Y.Y. Predictive effect of lipopolysaccharide-
stimulated inflammatory cytokines on symptoms of generalized anxiety disorder. World ]. Psychiatry 2024, 14, 1308-1318.
[CrossRef] [PubMed]

Wang, Y.L.; Han, Q.Q.; Gong, W.Q.; Pan, D.H.; Wang, L.Z.; Hu, W.; Yang, M.; Li, B.; Yu, ].; Liu, Q. Microglial activation mediates
chronic mild stress-induced depressive- and anxiety-like behavior in adult rats. |. Neuroinflammation 2018, 15, 21. [CrossRef]
Oliveira, L.C.; Wirowski, N.; Souza, P.B.; Lobato, A.S.; Jansen, K.; de Azevedo Cardoso, T.; Mondin, T.C.; Oses, J.P.; Kapczinski, F,;
Souza, L.D.M,; et al. Childhood trauma, inflammatory biomarkers and the presence of a current depressive episode: Is there a
relationship in subjects from a population study? J. Psychiatr. Res. 2023, 158, 255-260. [CrossRef]

Cavaleri, D.; Bartoli, F. Biomolecular Research on Electroconvulsive Therapy for Mental Disorders: State of the Art and Future
Directions. Alpha Psychiatry 2022, 23, 57-58. [CrossRef]

Oglodek, E.; Szota, A.; Araszkiewicz, A. Electroconvulsive therapy in a patient with drug-resistant depression and thyroid
hormone imbalance. Aust. N. Z. |. Psychiatry 2014, 48, 96-97. [CrossRef]

Pedraz-Petrozzi, B.; Insan, S.; Spangemacher, M.; Reinwald, J.; Lamadé, E.K.; Gilles, M.; Deuschle, M.; Sartorius, A. Association
between rTMS-induced changes in inflammatory markers and improvement in psychiatric diseases: A systematic review. Ann.
Gen. Psychiatry 2024, 23, 31. [CrossRef]

Xiang, S.; Xu, D.; Jin, Y.; Wang, R.; Wen, C.; Ding, X. The role of inflammatory biomarkers in the association between rheumatoid
arthritis and depression: A Mendelian randomization study. Inflammopharmacology 2023, 31, 1839-1848. [CrossRef] [PubMed]
Comai, S.; Manchia, M.; Bosia, M.; Miola, A.; Poletti, S.; Benedetti, F; Nasini, S.; Ferri, R.; Rujescu, D.; Leboyer, M.; et al. Moving
toward precision and personalized treatment strategies in psychiatry. Int. . Neuropsychopharmacol. 2025, 28, pyaf025. [CrossRef]
[PubMed]

Williams, L.M.; Whitfield-Gabrieli, S. Neuroimaging for precision medicine in psychiatry. Neuropsychopharmacology 2024, 50,
246-257. [CrossRef]

Linley, H.; Ogden, A.; Jaigirdar, S.; Buckingham, L.; Cox, J.; Priestley, M.; Saunders, A. CD200R1 promotes interleukin-17
production by group 3 innate lymphoid cells by enhancing signal transducer and activator of transcription 3 activation. Mucosal
Immunol. 2023, 16, 167-179. [CrossRef]

Rajan, S.; Schwarz, E. Network-based artificial intelligence approaches for advancing personalized psychiatry. Am. . Med. Genet.
B Neuropsychiatr. Genet. 2024, 195, €32997. [CrossRef]

Imperio, C.G.; Levin, FER.; Martinez, D. The neurocircuitry of substance use disorder, treatment, and change: A resource for
clinical psychiatrists. Am. J. Psychiatry 2024, 181, 958-972. [CrossRef]

Kishi, T.; Miyake, N.; Okuya, M.; Sakuma, K.; Iwata, N. N-acetylcysteine as an adjunctive treatment for bipolar depression
and major depressive disorder: A systematic review and meta-analysis of double-blind, randomized placebo-controlled trials.
Psychopharmacology 2020, 237, 3481-3487. [CrossRef]

Gauld, C.; D'Incau, E.; Espi, P,; Fourneret, P.; McGonigal, A.; Micoulaud-Franchi, J.A. Accepting multiple conditions in psychiatry:
From comorbidity to multimorbidity. Encephale 2025, 51, 212-215. [CrossRef]

Wang, G.; Cao, L.; Li, S.; Zhang, M.; Li, Y.; Duan, J.; Li, Y.,; Hu, Z.; Wu, J.; Ni, J.; et al. Gut microbiota dysbiosis-mediated ceramides
elevation contributes to corticosterone-induced depression by impairing mitochondrial function. npj Biofilms Microbiomes 2024, 10,
111. [CrossRef]

Demeter, D.V.; Greene, D.]. The promise of precision functional mapping for neuroimaging in psychiatry. Neuropsychopharmacology
2024, 50, 16-28. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/apha.70019
https://www.ncbi.nlm.nih.gov/pubmed/39960105
https://doi.org/10.5498/wjp.v14.i9.1308
https://www.ncbi.nlm.nih.gov/pubmed/39319223
https://doi.org/10.1186/s12974-018-1054-3
https://doi.org/10.1016/j.jpsychires.2022.12.047
https://doi.org/10.5152/alphapsychiatry.2022.0003
https://doi.org/10.1177/0004867413495468
https://doi.org/10.1186/s12991-024-00514-0
https://doi.org/10.1007/s10787-023-01241-w
https://www.ncbi.nlm.nih.gov/pubmed/37148383
https://doi.org/10.1093/ijnp/pyaf025
https://www.ncbi.nlm.nih.gov/pubmed/40255203
https://doi.org/10.1038/s41386-024-01917-z
https://doi.org/10.1016/j.mucimm.2023.01.001
https://doi.org/10.1002/ajmg.b.32997
https://doi.org/10.1176/appi.ajp.20231023
https://doi.org/10.1007/s00213-020-05629-2
https://doi.org/10.1016/j.encep.2024.05.004
https://doi.org/10.1038/s41522-024-00582-w
https://doi.org/10.1038/s41386-024-01941-z

	Introduction 
	Balance of Pro- and Anti-Inflammatory Cytokines as a Pathobiological Axis in Affective, Anxiety, and Schizophrenic Disorders 
	Pro-Inflammatory Cytokines in the Pathophysiology of Psychiatric Disorders 
	Anti-Inflammatory and Immunoregulatory Cytokines in Neuropsychiatry 

	Immunological Balance Indicators in Personalized Psychiatry 
	Principles of Constructing Cytokine Indicators 
	Prospects and Challenges in the Use of Immunological Indicators in Psychiatry 

	Conclusions 
	References

