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Modulation of neuroimmune cytokine networks by
antidepressants: implications in mood regulation
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Major Depressive Disorder (MDD) is increasingly recognized as a neuroinflammatory condition characterized by dysregulated
cytokine networks. This comprehensive review examines the immunomodulatory effects of antidepressant medications, revealing
their significant impact on Th1/Th2 cytokine balance beyond their classical neurotransmitter actions. Clinical data show that diverse
antidepressant classes consistently demonstrate immunomodulatory properties that extend beyond their classical neurotransmitter
effects. These medications reduce pro-inflammatory markers (IFN-y, TNF-q, IL-6) while enhancing anti-inflammatory cytokines (IL-10,
TGF-B), effects particularly relevant for treatment-resistant cases with elevated baseline inflammation. The therapeutic potential of
these immunoregulatory effects is supported by emerging interventions, including low-dose IL-2 immunotherapy, vagus nerve
stimulation, and microbiota-targeted therapies, which show promise for specific depression subtypes. Importantly, these
approaches appear most effective when guided by inflammatory biomarkers, suggesting a path toward personalized treatment
strategies. By integrating findings from clinical studies and translational research, this work establishes immune modulation as a
fundamental component of antidepressant action. The review provides a framework for developing next-generation treatments
that target neuroimmune pathways in MDD, with particular emphasis on practical applications for treatment-resistant cases. These
insights bridge the gap between neuropharmacology and clinical psychiatry, offering new therapeutic possibilities for patients with

inflammation-associated depression.

Translational Psychiatry (2025)15:314; https://doi.org/10.1038/s41398-025-03532-y

INTRODUCTION
Major depressive disorder (MDD), commonly referred to as clinical
depression, is a mood disorder characterized by a spectrum of
persistent sense of sadness, loss of interest or pleasure in activities,
and a variety of physical and other emotional symptoms [1, 2].
MDD is the second leading cause of years lived with disability
(YLDs) globally [3, 4]. As a severe condition, MDD can profoundly
affect an individual’'s thoughts, feelings, and behavior, often
necessitating professional treatment that may include therapy,
pharmacological interventions [2], and lifestyle modifications [5].
Current models of MDD pathogenesis propose that it is a
multifactorial condition, with at least six interrelated hypotheses
that have been extensively reviewed elsewhere [6]. These include
a) the hypothalamic-pituitary-adrenal (HPA) axis dysregulation
hypothesis, which suggests that MDD is associated with an
overactive HPA axis, leading to cortisol dysregulation; b) the
monoamine hypothesis, which posits that MDD is caused by a

deficiency of neurotransmitters such as serotonin (5-HT), norepi-
nephrine (NE), and dopamine (DA) in the brain; c) the genetic and
epigenetic anomaly hypothesis, which implicates inherited and
acquired changes in gene expression in the development of MDD;
d) the brain circuit hypothesis, which suggests that MDD results
from alterations in brain structure and function, particularly in
areas responsible for mood regulation and cognitive function; e)
the social psychological hypothesis, which considers the role of
personal relationships, social support, and other psychosocial
factors in the onset and course of MDD; and f) the inflammatory
hypothesis, which links chronic inflammation with the pathophy-
siology of MDD [6].

Among these hypotheses, the involvement of the immune
system in the pathogenesis of MDD represents a growing research
field. Increasing evidence suggests that neuroinflammation, driven
by glial cell activation and the release of pro-inflammatory
cytokines, plays a central role in depressive symptomatology [6].
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Fig. 1

Neuroimmunological mechanisms of depression. This figure depicts the interplaybetween the immune system and central nervous

system (CNS) homeostasis. Disruption of the blood-brain barrier (BBB) increases brain access to immune cells and cytokines, activating
microglia and promoting neuroinflammation. Similarly, peripheral inflammation, driven by immune cell activation and the release of
peripheral cytokines (e.g., IL-1p, IL-6, TNF-a, IFN-y) further contribute by altering vascular permeability and crossing or signaling to the brain.
IFN-y also activates IDO, diverting tryptophan from serotonin to neurotoxic kynurenine metabolites (e.g., 3-HK, QA), which are implicated in
depressive symptoms. IDO Indoleamine 2,3-dioxygenase, IFN-y Interferon-gamma, TNF-o Tumor Necrosis Factor-alpha, IL Interleukin, QA

Quinolinic Acid, 3-HK 3-Hydroxykynurenine,

Treg Regulatory T cells,

CREB cAMP

response element-binding protein, Htr1b

5-Hydroxytryptamine Receptor 1B. Created with BioRender (www.BioRender.com).

Elevated levels of cytokines such as IL-1f3, IL-6, and TNF-a have
been consistently observed in individuals with MDD, implicating
immune dysregulation in disease onset and progression [7, 8]
(Fig. 1). Astrocytes and microglia, key regulators of the brain’s
immune response, respond to various stressors by producing
reactive oxygen species (ROS) and inflammatory mediators.
Oxidative stress not only damages neuronal structures but also
serves as a trigger for inflammasome activation, particularly the
NLRP3 inflammasome, which amplifies inflammatory signaling
through caspase-1 activation and subsequent release of IL-1f and
IL-18 [8-12]. These immune-related mechanisms are further linked
to a reduction in neurotrophic support, notably brain-derived
neurotrophic factor (BDNF), which is essential for synaptic
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plasticity and neuronal survival [10, 11]. Experimental models
demonstrate that inhibition of astrocytic or microglial inflamma-
tory responses, or targeting of ROS production, can reverse
depressive-like behaviors, reinforcing the notion that MDD may, in
part, result from or cause chronic neuroinflammation and immune
dysfunction [13-15].

Currently, the primary pharmacological treatments for depres-
sion target synaptic neurotransmitter levels [16]. These treatments
include tricyclic antidepressants (TCAs), selective serotonin reup-
take inhibitors (SSRIs), serotonin-noradrenaline reuptake inhibitors
(SNRIs), as well as mood stabilizers and anticonvulsants like
lamotrigine and valproic acid. Antipsychotics such as quetiapine,
olanzapine, and amisulpride [16], which bind to neuronal

Translational Psychiatry (2025)15:314
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Fig. 2 Mechanisms of action of antidepressant classes and overview of neurotransmitter receptor groups and immune cells. This figure
illustrates the mechanisms by which different classes of antidepressants modulate neurotransmitter activity, as well as an overview of relevant
neurotransmitter receptor groups and immune cell interactions. Monoamine Oxidase Inhibitors (MAOIs) inhibit the breakdown of
neurotransmitters at nerve terminals, increasing the storage and subsequent release of norepinephrine (NE) and serotonin (5-HT), thereby
enhancing their synaptic activity. Tricyclic Antidepressants (TCAs) prevent the reuptake of NE and 5-HT at the post-synaptic receptors,
prolonging their effects. Selective Serotonin Reuptake Inhibitors (SSRIs) specifically inhibit the serotonin transporter (SERT), increasing
serotonin levels while sparing norepinephrine transporters and minimizing interaction with peripheral receptors. Serotonin and
Norepinephrine Reuptake Inhibitors (SNRIs) target both SERT and norepinephrine transporters (NET), increasing the availability of both
neurotransmitters in the synapse, with minimal action on peripheral receptors. Created with BioRender.com.

receptors, are also used (Fig. 2). However, in addition to their well-
recognized mechanisms of action on neurotransmitter transpor-
ters [6, 17] and on pre- and postsynaptic receptors (e.g.
serotonergic, dopaminergic, and adrenergic receptors) [17, 18],
there is emerging evidence suggesting that these drugs also exert
neuroimmunomodulatory effects [19-21], biding to neuronal
receptors expressed by several immune cells [6, 17-22] (Fig. 3).

In this context, this article reviews the neuroimmunological
aspects of MDD, focusing on the impact of antidepressants on
cytokines, contributing to a better understanding of the interplay
between these drugs and the immune system [23-25]. By
synthesizing interdisciplinary knowledge from psychiatry, immu-
nology, and neuroscience, this review aims to map key trends and
gaps in the field, offering insights into the role of antidepressants
in regulating T Helper 1 and 2 (Th1/Th2) cytokines and their
broader implications for neuroimmune modulation.

Cytokines, neuroendocrinoimmunology, and depression

The first cytokine discovered was interferon, identified in 1957 by
Alick Isaacs and Jean Lindenmann [26, 27]. Following the
discovery of interferons, other cytokines were identified, including
several interleukins, tumor necrosis factor (TNF), and growth
factors. These cytokines play essential roles in immune response
and cell signaling [28]. However, cytokines are now recognized to
have broader roles beyond immune regulation. For instance, they
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can shape the nervous system’s function and control the
manifestation of host behavior [29]. Various cell types, including
those in the CNS, such as astrocytes, microglia, and even neurons,
which typically communicate through neurotransmitters and
neuropeptides, can also produce cytokines [24, 30, 31] (Fig. 4).

In turn, immune cells primarily communicate through cytokine
signaling via cytokine receptors, but they can also secrete and
respond to molecules commonly used by the CNS, such as
neurotransmitters and neuropeptides [32]. Thus, the intricate
interplay between the CNS and the immune system exemplifies
the bidirectional communication essential for maintaining home-
ostasis and responding to physiological challenges. Extended
exposure to environmental stress activates molecular pathways,
enhancing cytokine secretion and signaling [33], resulting in
dysregulated inflammation within the CNS.

This theory of depression implicates both the innate and
adaptive arms of the immune network [34]. IL-1 [35] and IL-6 [36]
stimulate the release of corticotropin-releasing hormone (CRH)
from the hypothalamus, which in turn promotes the secretion of
adrenocorticotropic hormone (ACTH) from the pituitary gland,
leading to cortisol release from the adrenal glands [37]. These
cytokines act as key mediators of the immune response to stress
and inflammation, and their activation of the HPA axis illustrates
the intricate crosstalk between immune and endocrine systems
under such conditions [38].

SPRINGER NATURE
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Fig. 3 Neurotransmitter receptor groups on immune cells and their interactions with antidepressants. Schematic representation of
neurotransmitter receptors expressed on immune cells, including serotonin (5-HT), dopamine (DA), norepinephrine (NE), gamma-
aminobutyric acid (GABA), acetylcholine (ACh), and histamine (H1). Different classes of antidepressants interact with these receptors,
modulating immune function: SARIs (mast cells, B-cells), SSRIs (natural killer cells, dendritic cells, eosinophils), SNRIs (macrophages, dendritic
cells), and NASSAs (monocytes). These interactions contribute to neuroimmune regulation, influencing inflammatory pathways and immune
cell activity. SARIs serotonin antagonist and reuptake inhibitors, SSRIs selective serotonin reuptake inhibitors, SNRIs serotonin-norepinephrine
reuptake inhibitors, NASSAs noradrenergic and specific serotonergic antidepressants, GABA(A)R/GABA(B)R gamma-aminobutyric acid
receptors type A and B, AChR acetylcholine receptor. Created with BioRender.com.

The HPA axis consists of intricate loops of stimulation and
inhibition involving the hypothalamus, brain, pituitary gland, and
adrenal glands, which play a role in controlling the production of
glucocorticoids [39]. Cortisol, released by the adrenal glands, binds
to mineralocorticoid receptors (MRs) and glucocorticoid receptors
(GRs) in the brain and immune cells [40, 41]. Exposure to stress
also stimulates a series of afferent neural pathways that induce the
release of CRH and arginine vasopressin (AVP) from parvocellular
neurons of the paraventricular nucleus (PVN) of the hypothalamus
[42].

CRH and AVP reach the pituitary gland, where they bind to their
specific receptors and stimulate the release of ACTH from
corticotropin cells. ACTH stimulates the adrenal gland to produce
and secrete glucocorticoid hormones into general circulation.
Glucocorticoids operate on their target tissues, including the brain,
by binding primarily to the GR and MR, thereby increasing or
reducing neuroendocrine secretion throughout the axis [43].

The development of MDD involves an imbalance or malfunction
of MR and/or GR within the HPA axis [39]. The excessive release of
glucocorticoids and pro-inflammatory cytokines (e.g., IFNs) dis-
rupts noradrenergic and serotonergic neurotransmission in the
brain, contributing to depression and fatigue [30, 33, 44-46] This
disruption resembles the sickness syndrome observed in humans
and animals [47, 48], which is characterized by changes in sleep,
appetite, activity, mood, energy, and sociability [49].

Cytokines and brain function: direct and indirect mechanisms
Cytokines can influence brain function through two complemen-
tary mechanisms. Peripherally produced cytokines may enter the
brain by crossing the blood-brain barrier (BBB), either via passive
diffusion (for lipophilic molecules) or through active transport

SPRINGER NATURE

systems [50]. Concurrently, locally produced cytokines within the
CNS play a direct role in modulating neural activity. During
neuroinflammatory states, increased cytokine production, whether
peripheral or central, disrupts the balance between excitatory and
inhibitory signaling, impairs synaptic plasticity, and contributes to
synapse loss and network dysfunction [51].

Peripheral cytokines can cross the BBB through passive diffusion
(if lipophilic) or active transport mechanisms, acting on neurons
and supporting cells such as astrocytes and microglia. Addition-
ally, cytokines can modulate brain function through peripheral
immune signaling pathways, such as afferent vagus nerve
activation, which triggers neuroinflammatory responses within
the central nervous system [52].

There are four primary mechanisms by which cytokines can
influence brain activity: 1) passive transport at circumventricular
sites where the BBB is absent, 2) binding to cerebral vascular
endothelial cells, generating secondary messengers such as
prostaglandins and nitric oxide, 3) carrier-mediated transport
across the BBB, and 4) activation of peripheral nerve terminals at
the site of cytokine release [53]. Furthermore, cytokines are also
synthesized and released within the CNS, primarily by astrocytes
and microglia, with some evidence suggesting that neurons may
produce them under specific conditions [54]. Once in the brain,
cytokines have various effects, including immunological, neuro-
chemical, neuroendocrine, and behavioral changes [55].

Inflammation and the systemic neuroimmunological
interactions in MDD

As systemic inflammation intensifies in severity and during
systemic infections, the BBB permeability to solutes escalates,
accompanied by increased serum levels of cytokines, heightened

Translational Psychiatry (2025)15:314
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leukocyte trafficking, and infiltration of immune cells in the brain,
all contributing to neuroinflammation [56]. Aggressive immu-
notherapies, such as checkpoint inhibitor treatments and T-cell
therapies, can exacerbate these processes, leading to cytokine
release syndrome (CRS) and immune effector cell-associated
neurotoxicity syndrome (ICANS) [57].

Injection of lipopolysaccharide (LPS) induces depression-like
behavior in animals. This inflammatory response is associated with
increased production of pro-inflammatory cytokines, such as IL-14,
IL-6, and TNF-a, which result in behavioral alterations, including
anhedonia and reduced locomotor activity [58]. Additionally, LPS
administration has been shown to cause splenomegaly, reflecting
peripheral immune activation and further contributing to neuroin-
flammation, a process mediated by the activation of indoleamine
2,3-dioxygenase (IDO) [59]. IDO reduces the availability of
tryptophan, a precursor of serotonin, leading to decreased
serotonin levels and contributing to depressive symptoms [59].
This process is also induced by pro-inflammatory cytokines, such
as IFN-y [60], which explains why clinical treatments with IFNs,
used for viral infections such as chronic hepatitis B and C, often
have depression as a side effect [61].

Additionally, conditions like COVID-19 can cause severe
pneumonia and neurological complications, including stroke,
neurovascular damage, blood-brain barrier disruption, and ele-
vated intracranial pro-inflammatory cytokines, which contribute to
endothelial cell damage in the brain [62]. Studies suggest that
COVID-19-induced microbiome dysbiosis can disrupt mucosal
immune responses, increase intestinal permeability, and lead to
secondary bloodstream infections, with potentially severe

Translational Psychiatry (2025)15:314

consequences [63]. Furthermore, persistent dysbiosis of the gut
microbiome following SARS-CoV-2 infection has been linked to
impaired signaling along the microbiota-gut-brain (MGB) axis,
which may contribute to chronic neuroinflammation and cogni-
tive impairments seen in postacute sequelae of COVID-19 (PASC)
[64-66]. This altered communication between the gut and the
brain, exacerbated by reduced levels of beneficial butyrate-
producing bacteria and increased pro-inflammatory taxa, can lead
to activation of microglia and elevation of cytokines like CCL11,
impairing neurogenesis and contributing to the development of
symptoms such as brain fog and memory deficits [67-69]. These
findings support the hypothesis that gut dysbiosis and subse-
quent MGB axis disruption represent a potential mechanistic link
between gastrointestinal pathology and COVID-19-related neu-
ropsychiatric manifestations.

Th cell differentiation and its relationship with depression
The differentiation of T helper (Th) cells is influenced by cytokines,
and their chronic production in patients with MDD may affect the
fate of these cells [70]. Evidence suggests that depressed patients
have elevated levels of Th1 and Th2 cytokines [71] and an
increased Th1/Th2 (IFN-y/IL-4) ratio [72], which can be reduced by
antidepressants [73].

Th1 cytokines are primarily pro-inflammatory and include IFN-y,
TNF-q, IL-2, IL-1(3, and IL-6 [74]. Elevated levels of Th1 cytokines are
associated with depression [75]. Chronic inflammation can alter
neurotransmitter metabolism, neuroendocrine function, and
synaptic plasticity, contributing to the development of depressive
symptoms [52]. TNF-a [76] and IFN-y [77] can induce neurotoxic

SPRINGER NATURE
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effects, contributing to neuronal damage and dysfunction [31].
This event can negatively impact brain regions involved in mood
regulation, such as the hippocampus and prefrontal cortex [78].
Additionally, Th1 cytokines can stimulate the HPA axis, resulting in
increased cortisol production, further immune dysregulation, and
mood disturbances [79].

Th2 cytokines are primarily anti-inflammatory and include IL-4,
IL-10, and IL-13 [80]. They counteract the effects of Th1 cytokines,
reducing inflammation. Adequate levels of anti-inflammatory
cytokines may help protect against depression by mitigating the
harmful effects of chronic inflammation and maintaining a healthy
brain environment conducive to normal mood regulation [75]. IL-
10, for example, has neuroprotective properties that can help
preserve neuronal function and integrity [81].

Additionally, MDD patients show elevated levels of Th17 cells in
the blood [82], with the highest levels observed in individuals at
high risk of suicide [83]. In vitro activation of CD4+ cells from
patients with generalized anxiety disorder also induces a Th17
phenotype [84, 85], and autoimmune diseases associated with
increased Th17 cells frequently coexist with depression [86, 87].
The interleukin IL-17A, characteristic of Th17 cells, has been found
elevated in some studies of depressed patients [88], although this
finding has not been consistently replicated across other studies
[89-91]. Furthermore, IL-17A may predict the response to certain
antidepressants [92]. Animal model studies further support the
link between Th17/IL-17A and depression, demonstrating that IL-
17A administration induces depressive-like behaviors [93], while
stress increases its levels [94, 95] and promotes the accumulation
of Th17 cells in the brain [96] and spleen after social stress [97].

ANTIDEPRESSANTS

Selective serotonin reuptake inhibitors (SSRIs)

SSRIs selectively block the 5-hydroxytryptamine (5-HT or seroto-
nin) transporter [98], progressively increasing extracellular 5-HT
levels, also in circulation, and influencing the immune response in
a dose-dependent manner [99]. Evidence indicates that the
enhancement of 5-HT activity mediated by SSRIs has immuno-
modulatory effects on blood cytokine levels [100]. A clinical study
showed that treatment with SSRIs (Fluoxetine 20 mg/day,
Paroxetine 20 mg/day, Sertraline 100 mg/day, or Escitalopram
10 mg/day) reduced IFN-y levels in MDD patients. In turn, IL-4
levels, undetectable in healthy individuals, increased in MDD
patients. Although SSRI treatment reduced the levels of this
cytokine, some pro-inflammatory cytokines remained elevated in
MDD patients [99]. Consistently, Sutcigil and coauthors [101]
found that MDD patients exhibited increased levels of pro-
inflammatory cytokines (IL-2, IL-12, and TNF-a) and monocyte
chemoattractant protein-1 (MCP-1) compared to healthy controls,
along with reduced levels of IL-4 and TGF-1 [101].

SSRIs have anti-inflammatory effects not only through cyto-
kines. SSRIs (e.g., fluvoxamine) also exhibit the capacity to
modulate endothelial cell expression of vascular cell adhesion
molecule (VCAM-1) and intracellular adhesion molecule (ICAM-1),
typically upregulated during inflammatory events [102]. Further-
more, SSRIs have downregulated the expression of inflammatory
mediators, including cyclo-oxygenase 2 (COX-2) and inducible
nitric oxide synthase (iNOS) [102]. SSRIs also diminish polymorpho-
nuclear chemotaxis and T cell proliferation [103].

Sigma-1 receptors (Sig-1R) have emerged as important reg-
ulators in the pathophysiology of MDD, bridging neuroinflamma-
tion, synaptic plasticity, and antidepressant efficacy. Chronic stress
and depression are associated with elevated pro-inflammatory
cytokines (e.g., IL-6, TNF-a), which disrupt the excitatory/inhibitory
(E/I) balance in the prefrontal cortex (PFC) by impairing GABAergic
transmission and enhancing glutamatergic signaling [104, 105].
Sig-1R agonists, such as fluvoxamine and cutamesine (SA-4503),
counteract these effects by suppressing neuroinflammation (via
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NF-kB/NLRP3 inhibition) and restoring GABA/glutamate home-
ostasis [106]. For instance, fluvoxamine reduces IL-6 levels by 40%
in depressed patients, correlating with improved mood [107],
while Sig-1R activation enhances GABA uptake and modulates
5-HT1A receptor signaling, which is critical for maintaining E/I
balance [108]. Additionally, Sig-1R agonists promote neurosteroid
synthesis and BDNF release, further mitigating cytokine-induced
synaptic damage [109]. Despite mixed clinical trial outcomes (e.g.,
igmesine’s phase Il failure), recent evidence underscores Sig-1R's
role in rapid serotonergic modulation [110] and microglial
regulation, positioning it as a promising target for inflammation-
resistant depression. Future therapies may combine Sig-1R ligands
(e.g., YL-0919) with cytokine inhibitors to address both mono-
aminergic deficits and neuroimmune dysfunction [111].

Serotonin and norepinephrine reuptake inhibitors (SNRIs)
Venlafaxine, a serotonin and norepinephrine reuptake inhibitor
(SNRI), has an intricate pharmacodynamics. At lower doses
(75 mg), venlafaxine’s effects on neurotransmission and receptor
expression mirror those of selective SSRIs [112]. However, at
higher doses (375mg), it functions as a true SNRI, equally
inhibiting the reuptake of serotonin and norepinephrine (NE)
[113].

Venlafaxine has demonstrated the ability to decrease IFN-y
production in whole-blood cells from patients with treatment-
resistant depression while increasing anti-inflammatory cytokines
like IL-10 [73]. Moreover, venlafaxine also demonstrated anti-
inflammatory effects in an astroglia-microglia co-culture model of
neuroinflammation [114]. Key findings include the reversal of
inflammation-induced depolarization of astrocytic membrane
resting potential, increased release of the anti-inflammatory
cytokine TGF-beta, and reduced levels of pro-inflammatory
cytokines IL-6 and IFN-gamma. Likewise, Vollmar et al. [115]
reported venlafaxine’s effects on IFN-y and IL-12 p40, with an
overall reduction in cytokine secretion by 50% [115]. Venlafaxine
also decreased the expression levels of CCL5, IL-6, and TNF-a in a
dose-dependent manner. Peritoneal macrophages released fewer
pro-inflammatory cytokines IL-6 and TNF-a when treated with
venlafaxine [115] compared to untreated cells.

In contrast, duloxetine, another SNRI, has a greater affinity for
the NE transporter than venlafaxine, blocking the reuptake of both
NE and 5-HT [116]. Fornaro and coauthors [117] reported that
MDD patients who responded to 60 mg/day duloxetine over six
weeks had lower baseline levels of IL-6, potentially predicting a
favorable treatment response. This suggests that lower IL-6 levels
might be associated with hypo-noradrenergic activity, benefiting
from duloxetine’s pro-norepinephrinergic action, which nor-
malizes IL-6 levels through a Th2 shift mediated by norepinephr-
ine [117]. Thus, although distinct classes of antidepressants
modulate cytokine levels, the mechanisms underlying these
effects remain to be elucidated.

Serotonin modulators: serotonin receptor antagonists with
serotonin reuptake inhibitor (SARI)

The serotonin modulators known as serotonin receptor antago-
nists with serotonin reuptake inhibitor (SARI) exhibit the
pharmacological characteristic of moderate to strong serotonin
receptor antagonism along with weak inhibition of the serotonin
reuptake transporter (SERT). Their primary pharmacodynamic
effects and mechanisms of action are not solely due to SERT
inhibition [118]. In the case of trazodone (TDZ), its structure
contains a triazole moiety believed to contribute to its anti-
depressant effects. Its primary metabolite, m-chlorophenyl piper-
azine (m-cpp), acts as a potent 5-HT2 antagonist [119].

Daniele and coauthors [120] findings suggest that TDZ can
mitigate inflammation and promote neuroprotection by modulat-
ing critical inflammatory and signaling pathways in neuronal-like
cells. The authors investigated the impact of TDZ on neuronal-like
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cells in an in vitro model of inflammation induced by LPS and TNF-
a. TDZ enhances the expression of BDNF and cAMP response
element-binding protein (CREB) while reducing the production of
the pro-inflammatory cytokine IFN-y. Under inflammatory condi-
tions, the expression of BDNF and CREB decreased, while NF-kB
and pro-inflammatory cytokines such as IL-6 and IFN-y increased.
Pre-treatment with TDZ reversed these effects, restoring normal
BDNF and CREB levels, inhibiting the release of inflammatory
mediators, and returning IL-10 production to control levels.
Further analysis revealed that TDZ activated extracellular signal-
regulated kinase (ERK) signaling and inhibited p38 and c-Jun
N-terminal kinase (JNK) activation, suggesting its neuroprotective
action is attributed to the modulation of these pathways [120].

Tricyclic antidepressants (TCAs)

Despite the general mechanism of tricyclics involving the
blockade of NE and, to a lesser extent, 5-HT reuptake, the
individual molecules within this class exhibit heterogeneity [121].
They enhance noradrenergic and serotonergic transmission across
different spectrums, and each molecule blocks M1, al, and H1
receptors with varying affinities, potentially influencing immuno-
modulation. This complexity makes it challenging to distinguish
the effects of individual neurotransmitter systems on cytokine
production within this class of drugs [121].

Notably, desipramine, a potent TCA, has been shown to inhibit
TNF-a production and increase the release of IL-10, favoring a Th2
response [121]. Studies on TCAs (imipramine, clomipramine)
indicate that this class of molecules inhibits the secretion of pro-
inflammatory cytokines such as IL-1B, IL-2, TNF-a, and IFNy
[122, 123]. Likewise, Obuchowicz et al. [124] demonstrated
that amitriptyline and nortriptyline similarly reduced the release
of IL-1 and TNF-a by rat glial cells when stimulated in vitro by LPS
[124, 125].

However, the effects on IL-6 seem to vary, with one clinical study
reporting an increase in IL-6 following TCA administration [125], while
other preclinical studies show reductions [126, 127], and others
indicating no change [128, 129]. On the other hand, TCAs stimulate
the production of the anti-inflammatory cytokine IL-10 [125].

Monoamine oxidase inhibitors (MAOIs)

Monoamine Oxidase Inhibitors (MAOIs) constitute a class of
antidepressants that hinder the activity of one or both mono-
amine oxidase enzymes, specifically monoamine oxidase A (MAO-
A) and monoamine oxidase B (MAO-B). With a longstanding
history of use, physicians prescribe MAOIs for the treatment of
depression [130].

Whole blood stimulated with LPS and phytohemagglutinin, in
the presence of moclobemide, a reversible MAO-A inhibitor,
exhibits immunoregulatory effects. Specifically, moclobemide
markedly reduces the basal production of pro-inflammatory
cytokines such as TNF-a and IL-8, while simultaneously enhancing
the inducible production of IL-10, a key anti-inflammatory
cytokine. However, the production of IL-6, IL-1RA, and IFN-y
remains unaffected under both unstimulated and stimulated
conditions. These findings suggest that moclobemide exerts
negative immunoregulatory effects by modulating the inflamma-
tory response system [131].

Similarly, additional data indicate that MAO-A and MAO-B
inhibition shifts the immune response towards a Th2 profile by
enhancing catecholamine release [121]. For instance, phenelzine,
an irreversible inhibitor of MAO-A and MAO-B, decreased TNF-a
production [132]. Meanwhile, selegiline, a reversible inhibitor of
MAO-B, reduced the production of TNF-a and stimulated the
biosynthesis of IL-6 and IL-1p [132].

Selective norepinephrine reuptake inhibitors (NRlIs)

Currently, no clinical studies examine the interaction between the
selective norepinephrine reuptake inhibitors (NRIs) reboxetine and
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atomoxetine and cytokine production. However, preclinical
investigations indicate that reboxetine treatment enhances the
production of IL-10 and IL-1B in the cortex of rats [133]. Another
study observed that pre-treatment with reboxetine inhibited the
increase of IL-6 induced by IFN-y in murine cells [134]. Similarly,
atomoxetine treatment reduced the gene expression of IL-1 and
TNF-a in the cortex of rats [59]. While the available data is limited,
it suggests that this class of molecules may potentially shift the
immune response towards a Th2 profile.

Norepinephrine-dopamine reuptake inhibitor (NDRI)
Norepinephrine Dopamine Reuptake Inhibitors (NDRIs), such as
bupropion, inhibit the reuptake of the neurotransmitters DA and
NE, with a slightly greater potency at the DA transporter [135]. This
inhibition leads to increased concentrations of DA and NE in the
prefrontal cortex and elevated DA concentrations in the nucleus
accumbens. Notably, the impact on 5-HT reuptake is minimal
[136]. Bupropion and its metabolites do not exhibit significant
affinity for various postsynaptic receptors, including histamine,
a- or B-adrenergic, 5-HT, or DA receptors [136]. Recent evidence
suggests that bupropion behaves as a non-competitive antagonist
of several nicotinic acetylcholine (ACh) receptors [137, 138].

Huang et al. [139] demonstrated that four weeks of bupropion
treatment (150 mg/d) in patients with MDD significantly increased
the levels of pro-inflammatory cytokines (IL-14, IL-7, IL-8) and anti-
inflammatory cytokines (IL-4, IL-5) [139]. Notably, the percentage
change in most cytokines, including anti-inflammatory factors like
IL-4, IL-5, IL-10, and IL-13, was significantly elevated post-
treatment [140]. These findings suggest that the therapeutic
efficacy of bupropion in MDD may involve a delicate balance
between pro- and anti-inflammatory responses, with a potential
shift towards predominance of anti-inflammatory cytokines. This
shift could contribute to the observed clinical improvements in
patients receiving bupropion. Furthermore, additional studies
indicate that bupropion decreases blood levels of inflammatory
cytokines, including TNF-g, IFN-y, and IL-1(3, while increasing levels
of anti-inflammatory cytokines such as IL-10 [135, 141].

N-Methyl-D-Aspartate-Glutamatergic ionoreceptor
antagonist/inverse agonist/partial agonist
Ketamine is a racemic mixture composed of two enantiomers:
S-(+)-ketamine (esketamine) and R-(-)-ketamine (arketamine), each
displaying distinct pharmacological profiles. Preclinical studies
suggest that R-ketamine produces longer-lasting antidepressant-like
effects compared to S-ketamine, despite being a less potent NMDAR
antagonist [142-145]. Several preclinical and clinical studies indicate
that ketamine can decrease levels of pro-inflammatory cytokines,
highlighting its anti-inflammatory properties [146-148]. This anti-
inflammatory action particularly relevant given the established link
between inflammation and depressive symptoms [70, 149].
Ketamine treatment in depressed patients has been shown to
modulate kynurenine pathway metabolites, frequently reducing
kynurenine levels [150, 151]. Therefore, ketamine’s anti-
inflammatory effects may inhibit activation of the kynurenine
pathway, providing neuroprotection and supporting neurogenesis.
In peripheral blood mononuclear cells (PBMCs) from healthy
males, ketamine suppresses the differentiation of Th1/Th2 cells.
However, these antagonists can also increase the Th1/Th2 ratio
following stimulation with phorbol 12-myristate 13-acetate (PMA)
and ionomycin. This dual effect may result from the ability of
NMDA antagonists to regulate the activities of T-bet and GATA3,
which are transcription factors that play crucial roles in Th1 and
Th2 cell differentiation, respectively [152].

Mood stabilizers

Mood stabilizers, including lithium, valproate, and lamotrigine,
have intricate mechanisms of action, all influencing neurotrans-
mission in the brain [153, 154]. A meta-analysis has revealed
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elevated levels of pro-inflammatory and anti-inflammatory cyto-
kines, including TNF-q, IL-1B, IL-6, IL-4, and IL-10 in patients with
bipolar disorder compared to controls at baseline [155]. Studies
indicate that lithium and lamotrigine decreased the levels of IL-6,
IL-10, IFN-y, and IL-1B, as well as C-reactive protein (CRP)
[156-158]. In cultures of human microglia, lithium reduced IFN-y
and diminished signaling through the STAT1/STAT3 pathways
[159]. Valproic acid exhibited similar effects on cytokines as
lithium, also reducing the differentiation of Th17 and dendritic
cells, chemotaxis migration of dendritic cells, lymphocyte pro-
liferation, NF-kB activation, and nuclear levels of IFN regulatory
factors [160, 161].

CHALLENGES AND THERAPEUTIC OPPORTUNITIES

The interplay between depression and inflammation presents
both challenges and therapeutic opportunities in treating MDD.
Growing evidence highlights the complex relationship between
mood disorders and immune dysregulation, particularly in the
context of autoimmune conditions. As inflammation becomes
increasingly recognized as a contributing factor to depression,
understanding this bidirectional relationship opens the door for
new treatment strategies. Addressing systemic inflammation,
particularly in patients who do not respond to conventional
antidepressants, holds promise for improving mental health
outcomes. This section explores the intersection of depression
with autoimmune disorders and the potential of anti-
inflammatory therapies as innovative treatment options.

Bidirectional relationship between depression and
autoimmune disorders

The connection between immune dysregulation and depression
has increasingly been recognized in neurologic disorders,
particularly in neurologic autoimmune diseases [162]. Studies
have shown that immune activation and the production of
inflammatory cytokines, such as IL-1 and IL-6, contribute to the
development of depressive symptoms by triggering cell-mediated
immunity and promoting the release of these pro-inflammatory
cytokines [163, 164].

Some immunomodulatory drugs, such as IFN-beta and corti-
costeroids, have also been linked to the development of
depression. IFN-beta, commonly used in multiple sclerosis (MS)
to reduce relapse rates and delay disability progression, has been
associated with depression in several cases [165]. A study by
Patten et al. showed that the incidence of depression was
significantly higher in MS patients who used IFN-beta compared
to those who received a placebo, with depression rates in the
treatment group being twice as high [166].

Corticosteroids, especially oral corticosteroids, have also been
implicated in the development of depression in patients with
myasthenia gravis (MG). A study by Suzuki et al. [167] found that
corticosteroid dosage was a significant factor in the emergence of
depressive symptoms in MG patients, with higher doses correlat-
ing with more severe depressive symptoms [167, 168]. Exogenous
corticosteroids have also been associated with depression in the
general population, although the exact nature of this relationship
remains unclear [169].

There is evidence indicating a higher occurrence of depressive
symptoms among individuals diagnosed with other autoimmune
disorders, including type 1 diabetes, rheumatoid arthritis, ankylos-
ing spondylitis, Crohn’s disease, psoriasis, primary sclerosing
cholangitis, chronic inflammatory bowel disease, and autoimmune
thyroiditis [170]. Furthermore, there is a possible bidirectional
association between depression and systemic inflammation [171],
which is a crucial component in the pathophysiology of
autoimmune disorders [172].

Epidemiological data from a nationwide cohort study con-
ducted in Denmark indicate that approximately 32% of individuals
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diagnosed with mood disorders had a prior hospital contact for
infections, and about 5% had been hospitalized for autoimmune
diseases before receiving a psychiatric diagnosis [173]. These
findings suggest that at least one-third of mood disorder cases
may be associated with detectable immune alterations, reinfor-
cing the existence of a subgroup of patients in whom immune
activation may play a relevant role in the pathophysiology of and
onset of depression [173-175].

Notably, randomized controlled trials involving 2370 partici-
pants demonstrated that anti-cytokine therapies, especially anti-
TNF drugs like adalimumab, etanercept, and infliximab, reduced
depressive symptoms compared to placebo. These findings
suggest that targeting cytokines could be a promising approach
for treating depression, particularly in patients with high levels of
inflammation [176].

The study conducted by Poletti et al. [177] explores immune-
inflammatory mechanisms as promising targets in antidepressant
pharmacology. The researchers investigated the use of low-dose
IL-2 to potentiate the antidepressant response in patients with
mood disorders, such as MDD and bipolar disorder (BD). IL-2, a
T-cell growth factor with anti-inflammatory properties, has proven
effective in autoimmune conditions (Type 1 Diabetes, Systemic
Lupus Erythematosus, Rheumatoid Arthritis, Multiple Sclerosis)
and may correct defects observed in T cells of patients with these
disorders. In a randomized, double-blind, placebo-controlled
clinical trial with 36 patients, a significant improvement in
antidepressant response was observed, with expansion of
regulatory T cells, T helper 2 cells, and an increase in naive
CD4 +/CD8+T cells, with changes in cell frequencies detected
within the first five days of treatment. This study provides
important evidence that strengthening the T-cell system may
correct immune-inflammatory abnormalities associated with
mood disorders and improve the response to antidepressant
treatment [177].

Depression, quality of life, physical comorbidities, and
autoimmunity

The detrimental impact of MDD on Quality of Life (Qol) is
exacerbated in autoimmune diseases of the nervous system
(ADNS), where neuroinflammation and cytokine dysregulation
(e.g., elevated TNF-a, IL-6) may underlie both psychiatric
symptoms and disease progression [178, 179]. In conditions like
MS, neuromyelitis optica (NMO), and myasthenia gravis (MG),
depression correlates with worse Health-Related Quality of Life
(HRQL), fatigue, and cognitive dysfunction, creating a vicious cycle
that amplifies disability [180-182]. Notably, psychosocial symp-
toms (e.g., hopelessness, guilt) and somatic manifestations (e.g.,
sleep disturbances) further impair the physical and mental
domains of QoL [183], mirroring the bidirectional relationship
between depression and metabolic comorbidities like diabetes
and cardiovascular disease [179].

Antidepressants, particularly SSRIs, may mitigate these effects
by modulating inflammatory pathways [178], though their efficacy
in ADNS remains understudied. Lifestyle interventions (e.g.
exercise, diet) could complement pharmacotherapy by reducing
systemic inflammation and improving HRQL, as seen in general
MDD populations [184, 185]. However, treatment challenges
persist in ADNS due to overlapping symptoms (e.g., fatigue,
cognitive deficits) and the need for integrated care models [162].
Collaborative approaches that combine immunomodulatory
therapies, antidepressants, and psychosocial interventions are
critical to addressing the dual burden of autoimmunity and
depression [186].

Non-pharmacological therapies

Physical exercise also stands out for its anti-inflammatory proper-
ties and its ability to enhance the effects of antidepressants [70]. A
meta-analysis demonstrated that moderate-intensity exercise
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performed three times a week for approximately nine weeks
significantly reduced depressive symptoms [187]. These therapeu-
tic effects span different age groups and are comparable to
traditional pharmacological treatments, whether used as mono-
therapy, adjunctive therapy, or in combination [188]. One
proposed mechanism underlying these benefits is the anti-
inflammation induced by chronic physical exercise, which has
been demonstrated to involve a differential cytokine response,
characterized by increased circulating IL-6 levels followed by a rise
in IL-1ra and IL-10 levels and a suppression of TNF production,
contributing to its mood-enhancing properties [189, 190].

Evidence indicates that combining physical activity with
cognitive-behavioral therapy can increase plasma levels of the
anti-inflammatory cytokine IL-10 while decreasing CRP concentra-
tions in individuals at heightened cardiovascular risk [191].
Additionally, a study among college students found that
moderate-intensity exercise was more effective than high-
intensity interval training in reducing stress, depressive symptoms,
and systemic TNF-a levels [192]. However, it is important to
recognize that high-intensity exercise may trigger acute stress
responses, highlighting the need for personalized and well-
structured exercise regimens [193].

Non-pharmacological therapies, such as psychotherapy, tran-
scranial magnetic stimulation, and electroconvulsive therapy, may
also influence inflammation and immune function, opening new
treatment possibilities [70]. Additionally, identifying immune
biomarkers may enable personalized treatments by using algo-
rithms that combine multiple parameters, such as cytokines and
microbiota composition, to predict the risk of depression and
treatment response [70].

Psychedelics

The growing understanding of the interaction between classical
psychedelics and the immune system points to a potential
antidepressant effect mediated by immune modulation. These
compounds can significantly interfere with the cytokine profiles
produced by immune cells, leading to suppression of antigen
presentation, reduction in inflammatory cytokine and chemokine
secretion, and an increase in anti-inflammatory cytokines in the
tissue microenvironment [194]. Psychedelics (such as ayahuasca
and psilocybin) primarily act on serotonergic receptors 5-HT1A,
5-HT2A, 5-HT2B, and 5-HT2C, whose activation regulates the
production of cytokines such as IL-1B3, TNF-q, IL-10, and TGF-(3,
promoting an immune profile that may attenuate inflammatory
processes associated with depression [195, 196].

The study by Palhano-Fontes et al. [197] investigated the
antidepressant effects of ayahuasca in patients with treatment-
resistant depression. The results showed a significant reduction in
the severity of depression after a single dose of ayahuasca, with
greater improvements compared to the placebo. Clinical response
was observed as early as the first day and persisted until day
seven, with the response rate significantly higher in the ayahuasca
group. The study suggests that ayahuasca may have fast-acting
antidepressant properties in treatment-resistant patients, similar
to ketamine, but with a different temporal response profile [197].

Microbiota-targeted interventions

Serotonin (5-HT) serves as a critical neurotransmitter and
hormonal signaling molecule, with dual roles in both the central
(CNS) and peripheral nervous systems (PNS). While 95% of the
body’s serotonin resides in the gastrointestinal tract, primarily
produced by enterochromaffin cells (ECs, 90%) and enteric
neurons (10%), research has predominantly focused on its CNS
functions in mood and anxiety regulation [198]. This historical
emphasis is now being reconsidered as emerging evidence
reveals the gut 5-HT system'’s significant contribution to SSRI
therapeutic mechanisms through microbiota-gut-brain axis
signaling.
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Recent findings by lJiang et al. [199] demonstrate that SSRI
treatment response in MDD patients correlates strongly with
specific gut microbial profiles. Their comprehensive metabolomic
analysis revealed distinct microbial signatures in treatment non-
responders versus responders, suggesting microbiota-derived
metabolites may modulate serotonergic pathways to influence
SSRI efficacy [199].

Gut-brain communication appears to be mediated through
multiple interconnected pathways. First, gut microbiota metabo-
lites play a crucial regulatory role in cytokine networks implicated
in depression pathophysiology. Microbial tryptophan metabolites
like tryptophol have been shown to suppress TNF-a responses
[200, 201], while palmitoleic acid, whose levels are modulated by
gut microbiota, selectively inhibits monocyte-derived cytokines
(TNF-g, IL-1B, IL-6) without affecting lymphocyte cytokines (IFN-y,
IL-17, IL-22) [202]. Importantly, depression-associated dysbiosis,
characterized by reductions in beneficial bacteria like Coprococcus
comes, may disrupt these regulatory mechanisms, leading to
elevated pro-inflammatory cytokines (IL-1f, IL-6) and subsequent
neuroinflammation [203].

Vagus nerve stimulation

In addition, the vagus nerve serves as a crucial bidirectional
communication pathway between the gut and the brain, offering
additional therapeutic opportunities. Through the cholinergic anti-
inflammatory pathway, vagal activation suppresses macrophage
cytokine production via a7nAChR receptors, effectively dampen-
ing systemic inflammation [204, 205]. Recent studies demonstrate
that vagus nerve stimulation (VNS) not only reduces pro-
inflammatory cytokines but also enhances inflammation resolu-
tion through increased production of specialized pro-resolving
mediators (SPMs) and improved efferocytosis [206]. These
mechanisms may explain VNS's efficacy in treatment-resistant
depression, particularly in patients with elevated inflammatory
markers [207, 208].

While further research is needed to fully elucidate the relation-
ship between VNS, immune modulation, and depression, current
evidence supports its potential as an adjunctive therapy for
inflammatory subtypes of the disorder [209].

Adjuvant anti-inflammatory therapy

The adjunctive use of anti-inflammatory agents has gained
increasing attention as a promising therapeutic strategy. These
treatments aim to directly target inflammatory pathways that may
not be fully addressed by traditional antidepressants. Several
compounds have demonstrated antidepressant potential through
their anti-inflammatory or immunoregulatory properties. For
example, NSAIDs reduce prostaglandin E2 (PGE2) synthesis,
thereby suppressing IDO activation and limiting tryptophan
degradation to kynurenine, a pathway associated with depressive
symptoms [210].

Additional agents, including omega-3 fatty acids [211], piogli-
tazone [212], statins [213], and monoclonal antibodies [214], have
shown efficacy in reducing cytokine-induced neuroinflammation
and neuronal damage. Moreover, minocycline inhibits microglial
activation [215], and N-acetylcysteine enhances antioxidant
capacity, modulates glutamate, and supports neurogenesis
[216-218]. These findings support the potential of targeting
inflammation directly targeting inflammation, particularly in
patients with inflammatory biomarkers or poor responses to
standard treatment, as a valuable step toward personalized
approaches in MDD therapy.

CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, antidepressants have a broader impact beyond
neurotransmitter modulation, significantly influencing immune
system function by regulating Th1 and Th2 cytokines. This
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indicates that antidepressants may not only alleviate mood
symptoms in MDD but also help correct the underlying immune
dysregulation commonly associated with the condition. By
reducing pro-inflammatory cytokines such as IFN-y and TNF-a
while increasing anti-inflammatory cytokines like IL-4 and IL-10,
these medications assist in restoring a more balanced immune
response. Understanding this dual action of antidepressants paves
the away for developing holistic and personalized treatment
strategies for MDD. Further research is needed to explore how
these immune-modulating properties influence long-term treat-
ment outcomes and to better understand the intricate interplay
between neurotransmitters, immune function, and neuroimmu-
nological dysregulation.

Although many antidepressants exert immunomodulatory
effects and can partially restore immune balance, their efficacy
remains limited in a subset of patients, particularly those with
elevated baseline inflammation [193]. This suggests that, in these
individuals, conventional antidepressants may be insufficient to
counteract persistent immune dysregulation or may act too late in
the inflammatory cascade to reverse its full impact on neurobiol-
ogy. Given that MDD is a multifactorial condition involving
complex interactions among psychological, environmental,
genetic, and immunological factors [2, 219], immune dysfunction
likely plays a central role in treatment resistance for some patients.

Additionally, a broad spectrum of factors should be incorpo-
rated into the treatment of MDD to achieve optimal mental well-
being. These factors include therapies that promote physical
health, foster healthy social connections [220], encourage self-
awareness [221], build self-esteem [222], and embrace spirituality
[223], generosity [224], and connection to nature. Addressing how
these factors influence neuroimmunological dysregulation will be
essential for improving MDD treatments.
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