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Abstract: Major Depressive Disorder (MDD) is a highly prevalent psychiatric condition characterized
by complex neurobiological mechanisms, including oxidative stress and neuroinflammation, with
microglial activation playing a key role in its pathophysiology. Conventional antidepressants, though
widely used, often fail to achieve remission due to limited efficacy, adverse effects, and poor patient
adherence. In this context, nanotechnology-based drug delivery systems have emerged as promising
strategies to overcome pharmacological limitations, enhance blood-brain barrier penetration, and
target neuroinflammatory pathways. This narrative review explores the role of microglia as both
mediators of neuroinflammation and potential therapeutic targets in MDD. We examine different
nanocarriers — such as polymeric nanoparticles, solid lipid nanoparticles, nanostructured lipid
carriers, dendrimers, magnetic nanoparticles, and liposomes — and their ability to modulate
microglial activation, promote a shift from a pro-inflammatory (M1) to an anti-inflammatory (M2)
phenotype, and enhance antidepressant efficacy. Preclinical studies have demonstrated that
nanoparticle-based systems not only improve drug bioavailability and brain targeting but also
potentiate neuroprotective effects by reducing oxidative stress, promoting neurogenesis, and
restoring synaptic plasticity. These findings highlight the potential of nanotechnology as a novel
approach to precision neuropsychopharmacology. This review aims to provide an integrative
perspective on how nanocarrier-based strategies targeting microglia could redefine future
therapeutic paradigms for MDD.

Keywords: drugs delivery; neurological diseases; neuroinflammation; immunomodulation

1. Introduction

Depression is one of the leading causes of morbidity worldwide, with a high prevalence and a
profound impact on quality of life. Prolonged stress is a major precipitating factor for severe

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2222.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 July 2025 d0i:10.20944/preprints202507.2222.v1

2 of 33

depression and neurocognitive deficits, while affected individuals frequently develop comorbidities
such as cardiovascular disease, diabetes, cancer, and obesity. Recent studies indicate that increased
metabolic stress and accelerated cellular aging further compromise physical health, with oxidative
stress — a key component of metabolic stress — being strongly implicated in the pathophysiology of
depression [1,2].

Building on this clinical burden, mood disorders are among the most prevalent and severe
psychiatric illnesses, encompassing unipolar depression (characterized by fluctuations between
euthymia and depression) and bipolar disorder (which involves episodes of hypomania, mania,
euthymia, and depression). According to the Diagnostic and Statistical Manual of Mental Disorders
(DSM-5, 2013), major depressive episodes are associated with complex symptoms, including
alterations in sleep, appetite, psychomotor activity, cognition, and mood [3].There are several risk
factors associated with the development of depression, including In addition to their clinical
heterogeneity, depressive disorders arise from a multifactorial interplay between genetic,
environmental, and medical factors. Risk factors include a family history of depression (with
approximately 35% of the risk being hereditary), childhood abuse and neglect, female sex, and recent
exposure to stressors. Moreover, metabolic and autoimmune conditions significantly increase the risk
of developing depressive symptoms [4].

Given this complexity, advances in neurobiology have been crucial in uncovering the underlying
mechanisms of Major Depressive Disorder (MDD). Beyond classical monoaminergic hypotheses,
robust evidence highlights the role of neuroinflammation, particularly microglial activation, as a key
driver of persistent and treatment-resistant depression [5-7]. Microglia, the primary immune cells of
the central nervous system (CNS), maintain brain homeostasis through immune surveillance,
clearance of cellular debris, and modulation of synaptic activity. However, under chronic stress or
systemic inflammation, microglia adopt a prolonged pro-inflammatory (M1) phenotype, releasing
cytokines such as interleukin-1 (IL-1@), tumor necrosis factor-alpha (TNF-a), and interleukin-6 (IL-
6), along with reactive oxygen species (ROS) [8]. These inflammatory mediators lead to
neurochemical and neuroendocrine alterations, including glutamatergic dysfunction, neurotoxicity,
reduced hippocampal neurogenesis, and impaired synaptic plasticity, all of which contribute to the
persistence of treatment-resistant symptoms [9].

Supporting this inflammatory hypothesis, clinical and preclinical studies have consistently
reported elevated levels of inflammatory markers, including C-reactive protein (CRP), IL-6, and TNE-
a, in patients with treatment-resistant depression. This reinforces the urgent need for therapeutic
approaches capable of modulating microglia-mediated neuroinflammation [7,10,11]. In this context,
novel controlled drug delivery systems have emerged as a promising strategy to address the
limitations of conventional antidepressant therapies, which are often associated with suboptimal
efficacy, significant side effects, and poor patient adherence. Controlled and targeted drug delivery
platforms have the potential to enhance therapeutic precision, reduce systemic toxicity, and improve
clinical outcomes [12,13].

Furthermore, advanced delivery systems can be engineered for sustained or pulsatile drug
release, decreasing dosing frequency and promoting better adherence. They also enable the co-
delivery of multiple agents (e.g., antidepressants combined with anti-inflammatory or antioxidant
drugs), supporting multimodal approaches to address the complex pathophysiology of treatment-
resistant depression [14]. Among these innovative approaches, nanocarriers — such as polymeric
nanoparticles, lipid-based systems, dendrimers, and exosomes — have gained attention for their
ability to enhance bioavailability, achieve targeted brain delivery, and modulate the
pharmacokinetics of therapeutic agents. These systems can cross the blood-brain barrier (BBB) via
passive diffusion, carrier-mediated transport, or receptor-mediated transcytosis, and can be
functionalized to respond to pathological cues such as pH changes, oxidative stress, or inflammation
[15]. Importantly, in the context of MDD, nanotechnology-based strategies hold promise not only for
optimizing drug delivery but also for directly modulating microglial activity, a critical element in the
neuroinflammatory pathways of depression [16]. Therefore, this review aims to explore the
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therapeutic potential of targeting microglia via nanotechnology as an innovative strategy to
overcome neuroinflammation and advance the treatment of Major Depressive Disorder.

1.1. Morphofunction Aspects of Microglia

In the central nervous system (CNS), the maintenance of cerebral homeostasis depends on a
complex balance, primarily regulated by glial cells, especially microglia. Among the various
functions attributed to these cells, a key role is their ability to detect changes in the neural
environment and respond to threats to tissue integrity through receptors collectively known as the
microglial sensome [17]. When homeostasis is disrupted, as in cases of infections, injuries, or chronic
stress, glial cells undergo a phenotypic transformation, shifting from a quiescent state to a reactive
profile. This transformation initiates a localized inflammatory response, a phenomenon referred to
as neuroinflammation [18].

Microglial activation is triggered by danger signals such as pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs), which are recognized by
specialized receptors, notably the Toll-like receptors (TLRs). Upon activation, microglia undertake a
range of essential functions, including the clearance of cellular debris, phagocytosis of dysfunctional
synapses, removal of neurotoxic proteins, and active participation in synaptic pruning, a critical
process during neural development and in synaptic remodeling throughout life [19].

Morphological and functional alterations of microglia in key brain regions—such as the
prefrontal cortex (PFC), hippocampus (HIP), anterior cingulate cortex (ACC), and amygdala—have
been consistently associated with the onset and persistence of major depressive disorder (MDD).
Exacerbated microglial activation contributes to sustained states of neuroinflammation [20].
Microglial activation alternates between two functional states: M1 and M2. The M1 state is
characterized by a pro-inflammatory response, whereas the M2 state is associated with anti-
inflammatory and tissue-repair functions [21]. During M1 activation, microglial cells increase in size,
acquire an amoeboid morphology, and release pro-inflammatory cytokines to neutralize potential
threats. This state is typically induced by stimuli such as interferon-gamma (IFN-vy),
lipopolysaccharide (LPS), and beta-amyloid (Af). As a result, there is an elevated secretion of pro-
inflammatory mediators, including tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1f3),
reactive oxygen species (ROS), and nitric oxide (NO). Conversely, the M2 phenotype is activated by
anti-inflammatory cytokines such as interleukin-4 (IL-4), interleukin-10 (IL-10), and interleukin-13
(IL-13). This state is characterized by the release of trophic factors, notably brain-derived
neurotrophic factor (BDNF) and transforming growth factor-beta (TGF-3). The M2 profile is
associated with the resolution of inflammation, tissue repair, and the promotion of neuroplasticity
[22,23] (Figure 1).
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Figure 1. Schematic representation of microglial activation and functional polarization into M1 (pro-

inflammatory) and M2 (anti-inflammatory) phenotypes. Resting microglia are activated by danger signals such
as PAMPs and DAMPs. Classical activation induces the M1 phenotype, associated with pro-inflammatory
cytokine release and neurotoxic functions. Alternative activation promotes the M2 phenotype, characterized by
anti-inflammatory and neuroprotective functions. The plasticity between M1 and M2 states highlights the

complexity of the immune response in the central nervous system. Created by Biorrender (2025).

1.2. Molecular Mechanisms of Neuroinflammation in MDD

Accumulating evidence indicates that Major Depressive Disorder (MDD) is closely linked to the
activation of inflammatory pathways and increased oxidative stress within the central nervous
system. Elevated levels of inflammation are associated with an increased risk of developing recent-
onset depressive episodes; however, the causal directionality between inflammation and depression
remains incompletely understood. Current literature supports a bidirectional relationship whereby
depression may induce an inflammatory state, while systemic inflammatory processes can precipitate
depressive symptoms [24].

Astrocytes, beyond their traditional role in neural support, have emerged as significant sources
of cytokine and inflammatory mediator production, contributing to the neurochemical and
behavioral dysfunction observed in depression [25]. This exacerbated production can impair synaptic
plasticity and diminish levels of neurotrophic factors, such as brain-derived neurotrophic factor
(BDNF), thereby adversely affecting neurogenesis and neuronal regeneration processes [26].

Alterations in the levels of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1p),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a), have been consistently associated with
Major Depressive Disorder (MDD) [27]. Activation of inflammatory signaling pathways is observed
involving both peripheral immune cells and components of the central nervous system, particularly
astrocytes and microglia. Elevated levels of cytokines such as IL-1f3, IL-6, and TNF-a are consistently
detected in patients with depression, reinforcing the role of an activated immune response as a
biological marker of the disorder [28] (Figure 2).

Despite the presence of endogenous antioxidant mechanisms such as glutathione, glutathione
peroxidase, heme oxygenase-1, and thioredoxin reductase, these systems exhibit limitations when
confronted with sustained oxidative overload. Astrocytes, the primary producers of glutathione in
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the central nervous system via the xc— antiporter system (cystine/glutamate), play a central role in
neuronal protection. Nevertheless, neurons, which rely on this glutathione for redox defense, become
highly vulnerable in contexts of glial dysfunction [29].

Simultaneously, oxidative stress (OS), characterized by the accumulation of reactive oxygen
species (ROS), emerge as a key component in the pathophysiology of Major Depressive Disorder
(MDD). It has been identified as a precipitating factor for the inflammatory response, intensifying
cytokine production and glial activation. The brain, due to its high metabolic rate, elevated oxygen
consumption, and abundance of unsaturated fatty acids, is particularly vulnerable to oxidative
damage. In this context, excessive ROS can induce cellular injury through lipid peroxidation of
proteins and nucleic acids, as well as trigger intracellular inflammatory mechanisms such as
inflammasome activation in microglia, which further amplifies the release of inflammatory cytokines,
including IL-1p3, TNF-a, and IFN-y [30].

In preclinical studies, a widely employed experimental model to investigate this relationship is
the systemic administration of lipopolysaccharide (LPS), which induces a depressive-like phenotype
in animals. LPS promotes astrocyte activation, increasing the expression of inflammatory markers
such as inducible nitric oxide synthase (iNOS), TNF-a, IL-1p, and glial fibrillary acidic protein
(GFAP) in the hippocampus and cerebral cortex regions [31].

Furthermore, neurotrophic factors, particularly brain-derived neurotrophic factor (BDNF), have
emerged as central elements in understanding the pathophysiology of Major Depressive Disorder
(MDD) and in mediating response to antidepressant treatment. BDNF is a key regulator of neuronal
survival, growth, and differentiation, essential for maintaining synaptic plasticity and hippocampal
neurogenesis —processes frequently impaired in individuals with depression [32].

Studies indicate that patients with Major Depressive Disorder (MDD) often exhibit reduced
levels of BDNF and other neurotrophic factors, such as glial cell line-derived neurotrophic factor
(GDNE), particularly in critical brain regions like the hippocampus. The decreased expression of
these factors is associated with impaired adult neurogenesis and synaptic dysfunction, directly
contributing to the cognitive and emotional deficits observed in depression. The BDNF receptor, TrkB
(tropomyosin receptor kinase B), also plays a pivotal role in transducing neuroprotective signals.
Therefore, activation of the BDNF-TrkB pathway is considered a key mechanism underlying the
therapeutic effects of various antidepressants [32].

Although BDNF has traditionally been attributed to neurons, recent studies have confirmed that
astrocytes are also significant sources of this factor. In primary cultures and murine models, astrocytic
overexpression of BDNF in the hippocampus was sufficient to promote neurogenesis and induce
anxiolytic-like behaviors, representing a promising area of research for depression treatment [33].

Furthermore, BDNF released by astrocytes in response to chronic antidepressant treatment
contributes to synaptic plasticity by regulating neurotransmitter release, vesicular coupling, and the
expression of synaptic proteins, thereby promoting enduring changes in neural connectivity [33].

Another relevant growth factor is vascular endothelial growth factor (VEGF), traditionally
recognized for its role in angiogenesis. However, recent findings demonstrate that VEGF also
influences neural cell function, exerting direct effects on hippocampal neurogenesis and
neuroprotection. Activation of tyrosine kinase receptors via VEGF signaling pathways suggests a
potential modulatory role of this factor in stress response and functional restoration of the limbic
circuitry under depressive conditions [34].

Among the most relevant components involved in neurotrophic factors is the activation of the
NLRP3 inflammasome — an intracellular inflammatory platform composed of the proteins NLRP3
(nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing
protein 3), pro-caspase-1, and ASC (apoptosis-associated speck-like protein containing a CARD).

Activation of this inflammasome plays a critical role in mediating neuroinflammation associated
with Major Depressive Disorder (MDD). Evidence suggests that sensitization of the NLRP3
inflammasome is directly linked to the suppression of BDNF synthesis, contributing to neurotrophic
dysfunction and, consequently, to the manifestation of depressive symptoms [35].
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Furthermore, activation of the NLRP3 inflammasome in astrocytes induces a pro-inflammatory
response characterized by increased production of the cytokines IL-1(3 and IL-18, thereby amplifying
the inflammatory cascade and reinforcing the pathological cycle linking neuroinflammation, synaptic
dysfunction, and behavioral alterations. This pathological axis positions astrocytes as key elements
not only in maintaining cerebral homeostasis but also in actively mediating chronic
neuroinflammation and its repercussions on affective behavior [34].
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Figure 2. Schematic representation of microglial activation and its association with neuroinflammation and
major depressive disorder (MDD). Under physiological conditions, microglia remain in a quiescent state,
constantly surveying the neural environment. When cerebral homeostasis is disrupted, danger signals like
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) activate
specialized receptors, particularly Toll-like receptors (TLRs), leading to microglial phenotypic transformation.
This activation contributes to the recruitment and polarization of M0 macrophages into pro-inflammatory M1
macrophages, which release inflammatory cytokines (TNF-a, IFN-y, IL-1f3, IL-6, IL-18) and reactive oxygen
species (ROS), perpetuating a neuroinflammatory state and depressive symptoms. This pro-inflammatory
environment contributes to the activation of the NLRP3 inflammasome and a reduction in neuroprotective
factors such as BDNF and glutathione. The resulting chronic neuroinflammation is implicated in the
pathophysiology of MDD, as illustrated by the association between brain inflammation and depressive

symptoms. Created by Biorrender (2025).

1.3. Conventional Therapeutic Approaches and Their Limitations

Major Depressive Disorder (MDD) is a highly prevalent psychiatric condition associated with
significant morbidity. It is estimated that more than 280 million people worldwide are affected by
this disorder, which is characterized by depressed mood, anhedonia, sleep disturbances, appetite
changes, and impaired ability to perform daily activities. Although not the only treatment modality,
pharmacotherapy plays a central role in managing moderate to severe cases. Over the past 50 years,
significant progress has been made in the development of antidepressants, with advances in both
selectivity and safety profiles [36,37].

Pharmacological treatment of Major Depressive Disorder (MDD) is complex and multifactorial,
requiring clinicians to have a detailed understanding of antidepressants’ mechanisms of action,
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pharmacokinetics, and safety profiles. Drug selection must be individualized, considering
comorbidities, prior treatment response history, and risk of adverse effects. Studies such as those by
Cipriani et al. [38] and Cui et al. [34] which comparatively analyze the efficacy and acceptability of
various antidepressants, remain valuable tools for guiding evidence-based clinical practice.

Antidepressants exhibit a broad pharmacokinetic spectrum, influencing both clinical selection
and dosing regimens. Hepatic metabolism via cytochrome P450 isoenzymes is a critical factor, as it
affects drug interactions and individual therapeutic response. Pharmacogenetics, particularly
involving CYP2D6, has also gained prominence in treatment personalization [39,40].

In this regard, selective serotonin reuptake inhibitors (SSRIs) are considered first-line drugs in
the treatment of Major Depressive Disorder (MDD) due to their efficacy and lower side effect profile
compared to older antidepressants. The most used drugs include fluoxetine, sertraline, paroxetine,
citalopram, and escitalopram. SSRIs selectively block the serotonin transporter (SERT) in the synaptic
cleft, inhibiting reuptake of this neurotransmitter and increasing its postsynaptic availability [41].

Generally, they exhibit good oral absorption, high plasma protein binding, and hepatic
metabolism via the cytochrome P450 family, especially CYP2D6 and CYP3A4. Fluoxetine stands out
due to its long half-life (1 to 3 days for fluoxetine and 7 to 15 days for its active metabolite,
norfluoxetine), which supports once-daily dosing. However, sexual dysfunction, nausea, insomnia,
weight gain, and, in some cases, serotonin syndrome when combined with other serotonergic drugs,
are examples of adverse reactions that may hinder treatment adherence [42].

Another drug class used is serotonin-norepinephrine reuptake inhibitors (SNRIs), with
venlafaxine, duloxetine, and desvenlafaxine being the main representatives. Their efficacy is related
to the simultaneous action on serotonin (SERT) and norepinephrine (NET) transporters, increasing
synaptic levels of both neurotransmitters. Venlafaxine exhibits low protein binding and is primarily
metabolized by hepatic CYP2D6, whereas duloxetine has a half-life of approximately 12 hours and is
metabolized by CYP1A2 and CYP2D6. Adverse reactions observed include dose-dependent
hypertension (mainly with venlafaxine), nausea, dry mouth, sweating, and insomnia. Sexual
dysfunction may also occur [43].

Tricyclic antidepressants (TCAs), represented by amitriptyline, nortriptyline, and imipramine,
were the first antidepressants developed and, although effective, are currently less used due to their
less favorable safety profile. Their mechanism of action is based on the non-selective inhibition of
serotonin and norepinephrine reuptake, as well as blocking cholinergic, histaminergic, and
adrenergic receptors. Thus, the nonspecific reuptake blockade and interference with cholinergic,
histaminergic, and adrenergic pathways result in more intense adverse reactions. Such reactions
include sedation, orthostatic hypotension, constipation, urinary retention, blurred vision, and an
increased risk of cardiac toxicity in cases of overdose. Regarding pharmacokinetic characteristics,
TCAs have high bioavailability, extensive plasma protein binding, and hepatic metabolism via
CYP2D6. Half-life ranges from 12 to 36 hours depending on the substance [44].

Although less commonly used today, monoamine oxidase inhibitors (MAOIs) are indicated for
treatment-resistant cases, with phenelzine, tranylcypromine, and moclobemide being the main
representatives. These agents act by inhibiting the monoamine oxidase (MAO) enzyme, which is
responsible for the degradation of monoaminergic neurotransmitters (serotonin, norepinephrine, and
dopamine), thereby increasing their synaptic availability. Phenelzine and tranylcypromine have
short half-lives but prolonged therapeutic effects due to irreversible MAO inhibition. Moclobemide,
in contrast, is a reversible MAOI with a lower risk of dietary interactions. Excess neurotransmitter
levels in the synaptic cleft are responsible for common adverse effects, including orthostatic
hypotension, weight gain, insomnia, and the risk of hypertensive crisis when combined with
tyramine-rich foods (the "tyramine effect"), as tyramine is also metabolized by MAO [45].

Despite the broad therapeutic arsenal currently employed for depression treatment, symptom
persistence and failure to achieve remission remain common. Furthermore, antidepressants present
several drawbacks. Modern agents such as selective serotonin reuptake inhibitors (SSRIs) are
associated with side effects such as nausea, headaches, insomnia, dizziness, sexual dysfunction, and
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weight gain. These symptoms frequently contribute to early treatment discontinuation by patients
[46].

Recent studies have questioned the efficacy of antidepressants in mild to moderate depression,
suggesting that the benefits may be limited and not superior to non-pharmacological interventions
such as psychotherapy and lifestyle changes. Additionally, antidepressant discontinuation can be
challenging due to withdrawal symptoms, which include dizziness, flu-like symptoms, sleep
disturbances, and sensory alterations [47].

In addition, studies have shown that individuals with these disorders frequently exhibit elevated
levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a), suggesting a link between systemic inflammation and depressive symptoms. Inflammation,
or the inflammatory response, results from immune system activation and is typically a localized
reaction to irritation, injury, or infection. This response is characterized by heat, redness, swelling,
and pain, and may also cause fever. It is essential for eliminating harmful agents and restoring tissue
homeostasis. Various immune cells and mechanisms are involved in this process; however,
dysregulation of inflammatory responses often contributes to disease development, with increasing
evidence implicating inflammation in psychiatric disorders such as depression [48].

The innate immune system represents the first line of defense and comprises cells such as
macrophages/monocytes, dendritic cells, and innate lymphoid cells, which mount rapid responses.
Receptors on these cells detect damage-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs). DAMPs, also known as alarmins, are endogenous molecules
released by damaged cells (e.g., heat shock proteins), whereas PAMPs are molecular structures
derived from infectious microorganisms. Upon detection, macrophages and dendritic cells become
activated and release pro-inflammatory cytokines, which recruit other immune cells to the site of
injury or infection. As part of the inflammatory response, dendritic cells also initiate the adaptive
immune reaction by presenting antigens to T and B lymphocytes, which is why they are referred to
as antigen-presenting cells (APCs) [49].

Similar to what occurs in peripheral tissues, the brain contains specialized immune cells known
as microglia, which constitute approximately 5%-10% of the total brain cell population and perform
functions analogous to those of macrophages. Recent findings have revealed that microglia are
critically involved in synaptic modulation, including neurogenesis, and are activated in various
neurodegenerative and neuropsychiatric disorders, contributing to the development of pathology by
promoting neuroinflammation [6].

Microglial cells, the resident immune cells of the central nervous system (CNS), are the primary
mediators of neuroinflammation. Under physiological conditions, they play a key role in maintaining
neural homeostasis through the clearance of cellular debris and immune surveillance. However, in
response to pathological stimuli such as neuronal injury or chronic stress, microglia become activated
and release a range of pro-inflammatory cytokines, including TNF-a, IL-13, and IL-6, as well as
signaling molecules such as nitric oxide (NO) and prostaglandins. These inflammatory mediators
induce changes in the neuronal microenvironment, disrupting synaptic function, promoting
neuronal dysfunction, and potentially leading to cell death [50].

Beyond microgliocytes, astrocytes play a crucial role in neuroinflammation. Under chronic
inflammatory conditions, astrocytes may become activated, leading to excessive glutamate release,
which can result in neuronal excitotoxicity. This dysregulated glutamate release increases neuronal
excitability and may induce cell death, particularly in brain regions involved in cognitive and
emotional processing, such as the hippocampus and prefrontal cortex [51].

Another important mechanism related to neuroinflammation is the alteration of neuronal energy
metabolism. Activation of the inflammatory pathway leads to reduced mitochondrial function,
impairing ATP production and contributing to oxidative stress. This stress can trigger a vicious cycle
of inflammation and cell death, which has been associated with diseases such as Alzheimer’s and
Parkinson’s, as well as psychiatric disorders like depression and schizophrenia [51].
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It has been documented that pro-inflammatory cytokines and acute-phase proteins are elevated
in patients with Major Depressive Disorder (MDD), with increased levels of IL-6, IL-10, IL-12, IL-13,
IL-18, TNF, and C-reactive protein (CRP) observed in the blood of depressed individuals compared
to healthy subjects [52,53]. These cytokines may promote a cascade of neurochemical changes, leading
to altered brain connectivity and greater vulnerability to stress. Notably, inflammatory markers have
been found to correlate with symptom severity, suggesting that neuroinflammation may serve both
as a cause and a consequence of these conditions [54].

In depression, the inflammatory process is believed to affect key brain regions such as the
prefrontal cortex, hippocampus, and amygdala. These regions are involved in emotional regulation,
memory, and stress response. Chronic inflammation in these areas has been shown to impair
neuroplasticity, disrupt neurotransmitter systems (such as serotonin, dopamine, and glutamate), and
increase neuronal excitability, all of which are implicated in mood disorders [55].

Given the presence of neuroinflammation, it has been questioned whether successful
conventional treatment should consider reducing the inflammatory process. Although no currently
approved antidepressant treatment was originally designed to modulate the immune response, there
is evidence that conventional antidepressants exert significant anti-inflammatory effects. For
example, selective serotonin reuptake inhibitors (SSRIs) reduce levels of IL-1f3, IL-6, and TNF (Wang
et al., 2019). Conversely, other studies have shown that antidepressants such as serotonin-
norepinephrine reuptake inhibitors (SNRIs) may induce the production of IL-6 and TNF [56-58].

These findings suggest that the effects of conventional antidepressants on cytokine regulation
remain underexplored, although they are generally believed to shift the immune balance toward an
anti-inflammatory profile. On the other hand, elevated levels of pro-inflammatory cytokines—
particularly TNF—have been observed in treatment-resistant depressed patients, suggesting a
negative correlation between therapeutic response and pro-inflammatory cytokine levels [5].

The interaction between neuroinflammation and psychiatric symptoms highlights the
therapeutic potential of targeting inflammation in the treatment of depression. Anti-inflammatory
agents, whether pharmacological interventions or lifestyle-based approaches (e.g., diet and
exercise)—are being explored as adjuncts to conventional antidepressant treatments, aiming to
improve patient outcomes by addressing the underlying inflammatory processes. In this sense,
neuroinflammation represents a promising avenue for understanding the biological basis of
depression. As research continues to elucidate the mechanisms linking inflammation to mood
regulation, there is growing hope for the development of more effective treatments targeting these
pathways, offering relief to individuals affected by these widespread mental health conditions [59].

Considering this evidence, it becomes essential that future treatment strategies for persistent
depression include agents with specific actions on central nervous system inflammatory mechanisms,
particularly those that modulate microglial activity, such as pro-inflammatory cytokine inhibitors
(e.g., anti-TNF-a), antioxidants, and glutamate receptor (NMDA) modulators. This represents a
paradigm shift, integrating neuroimmunology into clinical psychiatry and opening new perspectives
for managing treatment-resistant depressive disorders [9,60].

2. Materials and Methods

The present study conducted a comprehensive narrative review of scientific literature sourced
from reputable databases, including Google Scholar, ScienceDirect, and PubMed. The search strategy
employed a combination of relevant keywords such as “Major Depressive Disorder,”
"Neuroinflammation,” "Microglia,” and “Nanotechnology” to ensure a broad yet focused examination of
existing research. This narrative review aimed to explore how nanotechnological approaches can
modulate microglial activity as a means to alleviate neuroinflammation associated with major
depressive disorder (MDD). Selected studies were critically analyzed to identify current advances in
nanocarrier systems—such polymeric nanoparticles, solid lipid nanoparticle, magnetic nanoparticle,
dendrimers, and liposome that demonstrate potential in crossing the blood-brain barrier and
selectively targeting activated microglia. The review further assessed how these nanotechnological
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strategies influence inflammatory signaling pathways. The delivery routes and transport
mechanisms explored include the use of nanocarriers capable of crossing the blood-brain barrier
(BBB) via receptor-mediated transcytosis (RMT), adsorptive-mediated transcytosis (AMT), and
carrier-mediated transport (CMT). Additionally, approaches involving the pharmacological or
genetic modulation of efflux transporters, such as P-glycoprotein (P-gp) and breast cancer resistance
protein (BCRP), were considered to enhance brain bioavailability. Several delivery platforms were
analyzed, including polymeric nanoparticles, solid lipid nanoparticles (SLNs), nanostructured lipid
carriers (NLCs), dendrimers, magnetic nanoparticles, liposomes, exosomes, nanoemulsions, self-
emulsifying drug delivery systems, and thermosensitive hydrogels, some of which are suitable for
intranasal administration. These technologies were evaluated for their ability to overcome the BBB,
modulate inflammatory pathways—such as the NLRP3 inflammasome and Toll-like receptors
(TLRs)—and promote microglial polarization from the pro-inflammatory (M1) to the anti-
inflammatory (M2) phenotype.—highlighting their therapeutic implications in restoring
neuroimmune homeostasis in MDD. Therefore, this study conducted an in-depth analysis of the
mechanisms by which nanoparticle-based delivery systems interact with neuroimmune targets to
reduce microglial-mediated neuroinflammation.

3. Results

3.1. Brain-Targeted Drug Delivery Systems

The delivery of pharmacological agents to the central nervous system (CNS) remains one of the
most critical challenges in the treatment of neuropsychiatric disorders, particularly major depressive
disorder (MDD). Despite the growing understanding of the neuroinflammatory mechanisms
involved in depression, therapeutic interventions are frequently limited by the restricted accessibility
of systemically administered drugs to the brain (Wu et al, 2023). This limitation is primarily
attributed to the properties of the blood-brain barrier (BBB), a highly specialized interface that
regulates molecular exchange between the bloodstream and the brain parenchyma. While the BBB
serves a vital homeostatic and neuroprotective role, it also severely limits the brain bioavailability of
therapeutic compounds, rendering many potentially effective agents clinically ineffective in CNS
disorders, including treatment-resistant depression [61].

Structurally, the BBB is composed of a continuous monolayer of brain microvascular endothelial
cells (BMECs), sealed together by tight junctions formed by transmembrane proteins such as claudin-
5, occludin, and junctional adhesion molecules, supported intracellularly by scaffolding proteins like
ZO-1 [62]. These junctions drastically restrict the paracellular movement of hydrophilic or high-
molecular-weight molecules. In contrast to peripheral endothelial cells, BMECs exhibit minimal
pinocytosis, complete absence of fenestrae, a high density of mitochondria, and a unique expression
pattern of transporters and enzymes, making them uniquely selective [63,64].

The BBB is supported by a complex neurovascular unit composed not only of BMECs but also
pericytes, astrocytic end-feet, microglia, the extracellular matrix, and perivascular macrophages.
Pericytes, which share the basement membrane with endothelial cells, are particularly abundant in
the CNS and play critical roles in microvascular stability, regulation of cerebral blood flow,
angiogenesis, and immune surveillance through phagocytic properties. Astrocytes, the most
abundant glial cells in the brain, cover approximately 99% of the capillary surface with their end-feet,
secreting factors that regulate BBB permeability and participating actively in the control of cerebral
metabolism [65,66]. Perivascular macrophages and resident microglia constitute the primary
immunological defense at the barrier, capable of responding to systemic or local insults by releasing
pro-inflammatory cytokines and reactive oxygen species. In pathological states such as chronic stress
or systemic inflammation, excessive activation of these immune components can degrade tight
junction proteins, increase BBB permeability, and compromise its selective function [67,68].

The selective permeability of the BBB is governed by both physical and biochemical
mechanisms. A major biochemical limitation is the presence of ATP-binding cassette (ABC) efflux
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transporters, including P-glycoprotein (P-gp/ABCB1) and breast cancer resistance protein
(BCRP/ABCG2), which are abundantly expressed on the luminal surface of BMECs. These proteins
actively extrude a broad spectrum of structurally diverse drugs from the endothelial cytoplasm back
into the bloodstream, limiting intracerebral drug accumulation [69]. Structurally, P-gp is composed
of two transmembrane domains and two nucleotide-binding domains that hydrolyze ATP to power
the efflux of substrates—primarily lipophilic, neutral, or weakly cationic molecules [70]. BCRP plays
a complementary role, particularly in conditions where P-gp is inhibited or saturated, and is more
selective for polar and amphiphilic compounds [71].

Importantly, many antidepressants, including fluoxetine, sertraline, citalopram, and
venlafaxine, are substrates of these efflux systems. For instance, venlafaxine’s CNS penetration is
influenced by P-gp activity, and interindividual variability in treatment response has been linked to
genetic polymorphisms in the ABCB1 gene or to drug interactions that modulate transporter
expression [72]. This contributes to the heterogeneous clinical outcomes observed in MDD patients
undergoing conventional pharmacotherapy [73].

In addition to efflux systems, the BBB also functions as a metabolic barrier equipped with a
variety of enzymes that further limit the bioavailability of therapeutics intended for the CNS. Among
these enzymes, cytochrome P450 isoforms (e.g., CYP3A4 and CYP2D6), monoamine oxidases (MAO-
A and MAO-B), esterases, and peptidases are prominently expressed in BMECs [74,75]. These
enzymes catalyze the biotransformation of xenobiotics and endogenous substrates during their
transendothelial passage, often resulting in the premature degradation or inactivation of therapeutic
agents.

The ability of a drug to cross the BBB is also influenced by its physicochemical properties.
Lipophilicity is a major determinant, as lipophilic molecules readily diffuse through the lipid bilayers
of endothelial cell membranes. However, other features—such as molecular weight, charge, and
hydrogen bonding capacity —also play critical roles. According to Lipinski’s Rule of 5, compounds
with high molecular weight (>500 Da), more than five hydrogen bond donors, or more than ten
hydrogen bond acceptors, tend to exhibit poor membrane permeability. While originally devised for
oral bioavailability, this rule has also been applied, with caveats, to BBB permeability [76,77]. Notably,
some antidepressants fit within the favorable physicochemical window (e.g., low molecular weight,
moderate lipophilicity, low hydrogen bonding potential), promoting passive diffusion across the
BBB. In contrast, drugs classified as “beyond the Rule of 5” (bRo5) may require chemical
modifications or carrier-based delivery systems to enhance CNS penetration [78,79]. Carrier-
mediated transport (CMT) also plays a vital role in the supply of essential nutrients to the brain.
Specific membrane-bound proteins facilitate the transport of glucose (via GLUT1), amino acids,
nucleotides, vitamins, and small peptides across BMECs. These transporters operate either by
facilitated diffusion or by active transport, using ATP or ionic gradients to mediate substrate influx
[80].

Critically, BBB function is dynamic and susceptible to pathological modulation. In MDD, chronic
stress, systemic inflammation, and dysregulated cytokine signaling have been implicated in BBB
disruption. Preclinical studies report downregulation of claudin-5, increased paracellular
permeability, and upregulation of endothelial adhesion molecules such as VCAM-1 and ICAM-1,
facilitating peripheral leukocyte infiltration and promoting neuroinflammatory cascades [81,82].
Although this dysfunction may transiently increase drug penetration, it is typically associated with
neuronal damage, microglial overactivation, and worsening of depressive pathology, rendering it
therapeutically undesirable.

These challenges have encouraged the development of innovative strategies designed to bypass
or modulate the BBB. Among these, receptor-mediated transcytosis (RMT) has emerged as a leading
approach, whereby nanocarriers are functionalized with ligands targeting overexpressed endothelial
receptors, triggering endocytosis and enabling transcellular transport of drug-loaded nanoparticles
into the brain parenchyma [83]. Adsorptive-mediated transcytosis (AMT), which leverages
electrostatic interactions between cationic surfaces of nanocarriers and negatively charged
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endothelial membranes, offers a less specific but still viable route of drug delivery [84]. Furthermore,
the pharmacological, genetic, or technological modulation of BBB efflux transporters presents a
promising complementary strategy, enabling the transient and controlled enhancement of CNS drug

delivery (Figure 3).
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Figure 3. Blood-brain barrier and drug delivery strategies to the CNS. (A) Anatomical illustration of the brain
and a schematic view of the blood-brain barrier (BBB), highlighting its selective function that restricts drug entry
into the brain parenchyma. (B) Left panel: Functional BBB structure showing tight junctions composed of
proteins such as occludin, claudin-5, and ZO-1, along with efflux transporters (e.g., P-gp) and selective channels.
Right panel: BBB dysfunction under inflammatory conditions, leading to junctional disruption, increased
paracellular permeability, immune cell infiltration, and compromised barrier selectivity. (C) Drug delivery

strategies using nanocarriers. Created by Biorrender (2025).

3.2. Controlled Release Systems

In the pursuit of improving therapeutic outcomes for central nervous system (CNS) disorders
such as major depressive disorder (MDD), controlled release systems have emerged as
transformative tools in neuropharmacology. Unlike conventional formulations that often suffer from
rapid clearance, erratic absorption, and non-specific biodistribution, controlled release systems are
engineered to deliver therapeutic agents at a predetermined rate, location, and duration [85]. This
pharmacokinetic control is particularly relevant in the context of CNS drug delivery, where crossing
the blood-brain barrier (BBB) is a fundamental obstacle and where fluctuations in drug levels can
exacerbate neurotoxicity or diminish efficacy [86].

Among the most promising technologies in this domain are nanocarriers—engineered systems
typically ranging from 1 to 1000 nm—that can be tailored in terms of size, surface properties,
composition, and degradation kinetics to optimize delivery to the CNS. Nanoparticles, particularly
those based on polymeric and lipidic materials, have shown considerable potential in this regard [87].
Controlled release from these systems is often achieved through diffusion, degradation, swelling, or
environmental responsiveness to stimuli such as pH, redox potential, or enzymatic activity. This
versatility allows for synchronization of drug release with pathological cues within the CNS
microenvironment [88].
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In addition to size, nanoparticle morphology plays a crucial role. Rod-shaped nanoparticles
demonstrate enhanced adhesion to endothelial surfaces and increased circulation time compared to
spherical particles. Particles with sizes ranging between 50 and 100 nm have shown superior ability
to cross the BBB [89]. Surface charge is also critical moderately or highly negative charges (from -1 to
-45 mV) are commonly associated with successful BBB permeation, whereas strongly positive
nanoparticles may induce BBB toxicity. However, in some cases, cationic surfaces facilitate transport
due to electrostatic interactions with the negatively charged glycoproteins present on the BBB [89].

The advantages of controlled release in brain-targeted therapies lie not only in the protection of
drugs by encapsulation but also in the capacity of these systems to maintain therapeutic
concentrations within the brain over extended periods while minimizing peripheral exposure [85].
This sustained presence is essential not only for drugs with short half-lives or narrow therapeutic
indices but also for modulating chronic neuroinflammatory pathways, which are increasingly
recognized as contributors to the pathogenesis of MDD [61]. By modulating release kinetics,
nanosystems can reduce dosing frequency, enhance patient adherence, and allow for precise spatial-
temporal drug targeting. Furthermore, many of these platforms are adaptable to surface
functionalization, enabling integration with brain-targeting ligands that exploit receptor-mediated
transcytosis [90].

Several ligands have been explored to enhance targeting efficiency, including glycoproteins
(e.g., transferrin, lactoferrin), peptides (e.g., glutathione, Angiopeps, cell-penetrating peptides),
vitamins (e.g., folate, thiamine), and carbohydrates (e.g., mannose) [91,92]. Surface modification with
such ligands not only enhances BBB penetration but also promotes drug accumulation at the target
site, reducing off-target toxicity, minimizing dosing, and limiting the development of drug resistance
[93].

Among the most widely investigated nanosystems for controlled drug release are polymeric
nanoparticles, lipid-based systems, and dendrimers. Each platform possesses unique structural and
functional properties that can be strategically exploited to optimize brain-targeted therapy. Polymeric
nanoparticles, for instance, are colloidal systems typically ranging from 100 to 500 nm, composed of
natural or synthetic biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA) and
chitosan [94]. PLGA is FDA-approved, highly biocompatible, and degrades hydrolytically into lactic
and glycolic acid, which are naturally metabolized in the Krebs cycle. Its degradation rate—and
therefore drug release profile—can be precisely tuned by altering the polymer’s molecular weight
and the lactic-to-glycolic acid ratio [95]. This tunability makes PLGA nanoparticles particularly
attractive for sustained CNS drug delivery, enabling controlled drug exposure over hours to weeks,
depending on formulation parameters.

Chitosan, on the other hand, is a natural polysaccharide derived from chitin. It is mucoadhesive,
positively charged under physiological conditions, and biodegradable. Chitosan-based nanoparticles
are especially useful for intranasal delivery routes targeting the brain, as they can adhere to mucosal
surfaces, prolong residence time, and facilitate transport via the olfactory or trigeminal nerves [96].
Furthermore, their amine-rich surface can be easily functionalized with targeting ligands or
polyethylene glycol (PEG) to enhance BBB penetration and systemic circulation stability [97].

Lipid-based nanocarriers cover a broad category, but solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs) have garnered particular attention for brain-targeted controlled
release. SLNs consist of a solid lipid core stabilized by surfactants, in which the drug is either
dispersed or embedded, while NLCs represent a second-generation advancement over SLNs, being
composed of a mixture of solid and liquid lipids, creating a less ordered lipid matrix that improves
drug loading capacity and reduces drug expulsion during storage [98]. NLCs exhibit superior control
over release kinetics due to their semi-crystalline structure and can be optimized to avoid burst
release (Gravan et al., 2023). These lipid particles are particularly suitable for brain delivery because
they can be administered via parenteral or intranasal routes, and their lipid composition favors
interaction with cell membranes and potential uptake via endocytosis mechanisms [99].
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Dendrimers are nanoscale, highly branched polymers with a globular, tree-like structure. They
consist of a central core, an internal branching architecture (called generations), and numerous
surface functional groups. These surface termini can be modified with hydrophilic polymers (such as
PEG), targeting moieties, or drugs themselves. Internally, dendrimers can encapsulate hydrophobic
drugs within their void spaces via hydrophobic or electrostatic interactions, while simultaneously
carrying hydrophilic drugs or ligands on their surface. This dual-loading capacity allows for
multifunctional drug delivery, combining therapeutic, targeting, and imaging functions in a single
system [100].

One of the most studied dendrimer types is poly(amidoamine) (PAMAM) dendrimers, which
have well-defined molecular weights and surface chemistries. They offer predictable
pharmacokinetics and controlled release based on their generation size and surface modifications
[101]. In brain delivery, dendrimers can be designed to cross the BBB through surface conjugation
with ligands that exploit receptor-mediated transport pathways. Once in the brain, release is often
governed by hydrolysis of cleavable bonds (e.g., ester or disulfide linkages) or by passive diffusion
from the dendrimer core [101,102].

In preclinical models, the theoretical advantages of controlled release systems have translated
into significant improvements in brain bioavailability and behavioral outcomes. For example,
Dadkhah et al. (2024) demonstrated that fluoxetine-loaded PEGylated chitosan nanoparticles
enhanced cognitive performance, increased hippocampal brain-derived neurotrophic factor levels,
and reduced demyelination in a rat model of hippocampal injury, outperforming conventional
fluoxetine therapy [103]. Similarly, Neves et al. (2021) developed transferrin-functionalized solid
lipid nanoparticles and nanostructured lipid carriers loaded with curcumin, which significantly
enhanced its permeability across an in vitro human BBB model [104]. The functionalized systems
demonstrated 1.5-fold higher brain endothelial transport compared to non-functionalized
nanoparticles and free curcumin, highlighting their potential for targeted and controlled
neuroprotective delivery.

Likewise, Eldeeb et al. (2024) reported that co-administration of chitosan and curcumin
nanoparticles not only reversed hydroxyapatite-induced neurotoxicity in rats but also elevated
neurotransmitter and antioxidant levels beyond control values: dopamine by 13% and
norepinephrine by 24% [105]. While inflammatory markers remained slightly elevated,
mitochondrial biogenesis genes were upregulated up to 27% over control, and histological analysis
confirmed substantial neuroprotection, underscoring the synergistic potential of these nanosystems
in neuroinflammatory conditions.

In summary, controlled-release nanosystems offer a multifaceted solution to the challenges of
CNS drug delivery by simultaneously addressing BBB permeability, pharmacokinetic stability, and
site-specific release. Depending on the nanocarrier design, these systems can be tailored to overcome
key physiological barriers and achieve effective brain targeting. With advancing research and
continued clinical validation, the integration of these nanoparticles into therapeutic protocols for
MDD and other neurological disorders may substantially improve efficacy and safety profiles
compared to conventional drug formulations.
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Figure 4. Mechanisms of Transport and Delivery of Nanoparticles Across the BBB. Created by Biorrender
(2025).

3.3. Drug Delivery Strategies for Microglial Modulation

Microglia are important targets for therapeutic interventions; however, their use as targets

presents challenges, such as effectively regulating their states to achieve the desired therapeutic
effect. Drug delivery systems can deliver specific modulators to microglia, improving the precision
and efficacy of interventions [16]. Different nanocarriers show potential for targeted drug delivery
for microglial modulation in the treatment of depression, such as polymeric nanoparticles, solid lipid
nanoparticles, magnetic nanoparticles, nanostructured lipid carriers, hydrogels, self-emulsifying
drug delivery system, nanoemulsion. Table 1 presents a summary of the information found in the
literature about the nanosystems used in the modulation of microglia in the treatment of MDD.

Table 1. Nanosystems used for modulation of microglia in the treatment of MDD.

Drug
Compoun Physico-chemical In vitro
delivery In vitro activity In vivo activity Reference
d used properties release
systems
Decrease in iNOS and CD86;
Celastrol
increase in Arg-1 and CD206. Lvetal
Polymeric and Size: 132 nm
- - Enhanced antidepressant activities | (2024) [106]
nanoparticle | minocycli PZ:355 mV
and functional capacity. Alleviated
ne
brain inflammation in rats.
Size: 194,3+14,8 nm
CUR-NP: decreased immobility
PZ:19,5+2,6 mV 83,78 +7,43 a
Polymeric (FST/TST), effective at 5 mg/kg, Yusuf (2016)
Curcumin PDI: 0,359+0,014 95,56 + 4,67% -
nanoparticle increased bioavailability (1.6x), [107]
EE: 63,9+7,2% em 144h
increased SOD/catalase activity
Polydopamine
Dopamine Size: 244 nm PDI: nanoparticles (NPs)
Polymeric Zhang
hydrochlo 0,119 - eliminated >90% of -
nanoparticle (2023) [108]
ride PZ:-48 mV DPPH radicals at 20
pg/mL (no
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significant
difference compared
to ascorbic acid) and
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reduced intracellular

Memantin

Size: 163.5+ 1.5 nm;

ROS levels in LPS-
treated PC12 cells
Biodistribution and Efficacy:
Safety: No Showed higher accumulation in
significant the brain and hippocampus (1.3x >

cytotoxicity (over
80% viability) in
human
neuroblastoma and
mouse brain cells at
high concentrations.
Anti-inflammatory

Action: Significantly

PDA), confirming improved
targeting. Outperformed

Memantine monotherapy with
lower, less frequent doses and
greater efficacy.

Safety: Demonstrated minimal

observed toxicity.

Inflammatory Modulation:

Reduced hippocampal ROS and

Jiang et al.,

promoted M2 (anti-

Polymeric
reduced intracellular
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ROS and polarized pro-inflammatory cytokines (IL-
microglia from M1 1B, IL-2); increased anti-
(pro-inflammatory) inflammatory cytokines (IL-10).
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inflammatory) Neuroprotection: Stimulated
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decreasing CD86, neuroprotective effects, and
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Microglial
Antidepressant Behavior: The
Modulation: CMC-
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inflammatory)
rats.
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Microglial Modulation:
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Therapeutic
Potential: Showed
superior anti-
inflammatory
therapeutic potential
compared to other
nanoformulations
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NLC C reversed the effects of
Aﬁzsfas (T6633% 1mmob111ty in
Solid lipid 291 a 312 nm Fidelis et al.,
Curcumin - - TST/EST), normalized SOD/CAT
nanoparticle PZ:22-36 mV (2019) [110]
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Solid lipid and EE:19,12% +1,43% e mRNA expression of CB1, p- He et al 2017
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nanoparticle | dexanabin 0,81% +0,04% MEKT1, and p-ERK1/2 in the [111]
cellular apoptosis
ol hippocampus and striatum
Increased expression
Solid lipid HU-211
of CB1, p-MEK1, He et al 2016
nanoparticle and PZ:-21,7 £ 0,4 mV 77% in 7 days Increased dopamine levels
and p-ERK1/2; [112]
s curcumin
cellular uptake: 99%
Increase in Na*, K*-ATPase
activity and elevated levels of
Magnetic 15+ 3 nm Khadrawy et
monoamine neurotransmitters.
nanoparticle | Curcumin PZ:-25 mV - - al., 2021
Prevention of excitotoxicity
s [113]
mediated by NMDA receptor
overactivation.
Decrease in malondialdehyde
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Magnetic
PDI: 1 glutathione (GSH) and catalase Fahmy et al.
nanoparticle | Curcumin - -
PZ:-25,6 +4,61 mV (CAT) levels, and elevated (2023) [114]
s
concentrations of serotonin (5-HT)
and norepinephrine (NE)
147,8 £ 10,4 nm; PDI: ~54% and
Nanostructu
0,27 +0,02; PZ: - 32,8 + ~73% at 12 h Suppression of p-NF-kB, TNF-a, Rubab et al.
red lipid Curcumin -
1,4 mV; EE: 91,0 + and 24 h, and COX-2 expression (2021) [115]
carriers
4,6% respectively
Indirect Microglial
Nanostructu
147.8 +10.4 nm; Neuroprotection: CUR-NLCs Zeb et al.,
red lipid Curcumin - -
PZ:-328+14mV markedly attenuated LPS-induced 2020 [116]
carriers
neurodegenerative damage and
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restored tissue architecture and
cellular integrity.

Anti-inflammatory Action: The
nanoparticles suppressed the

expression of pro-inflammatory
markers (p-NF-«B, TNF-a, and
COX-2) induced by LPS in the

brain, reducing

neuroinflammation.

Nanostructu
red lipid

carriers

Agomelati

ne

99.8 £ 2.6 nm;
PZ:232+1.2mV

Enhanced Anti-inflammatory
Effect: AGM-NLCs effectively
suppressed LPS-induced
neuroinflammation, reducing both
the expression and concentrations
of TNF-a and COX-2 in the brain.
Indirect Microglial Action:
Encapsulated agomelatine exerts
an indirect effect on microglia by
reducing inflammation,
contributing to neuronal defense

and integrity maintenance.

Gul et al.,

2022 [117]

Hydrogel

Resveratro

Porous structure
characterized by dense
and irregularly sized

voids

Res ~35% and
Res-THS ~59%

in 10 hours

Immobility time in the FST (~180 s
— ~95s);
Corticosterone (CORT) levels
(~160 — ~100 ng/mL);
5-HT, DA, and NA levels in the

brain.

Zhou et al.

(2022) [118]

Hydrogel

Curcumin

Viscosity at 15-25 °C.

Thermosensiti
ve GCS
hydrogel
containing
12.75%
curcumin and
curcumin/HP-
[-CD complex
achieved
55.54% release

in 10 hours.

Significant reduction in
immobility time in the forced
swim test (FST) and tail
suspension test (TST); reversal of
ptosis and hypothermia (except
for hydrogel at 58.4 ug/kg);
increased levels of 5-HT, NE, and
DA in the brain; effect comparable

to fluoxetine

Qietal.,

2020 [119]

Liposome

Amphoter

icin B

Antidepressant Efficacy: In mice
with Chronic Unpredictable Stress
(CUS)-induced depression, AmB
liposomal (at 1 and 3 mg/kg doses)
markedly reversed depressive

behaviors in a dose-dependent

Gao etal.,

2019 [120]
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manner. This effect was not
observed with isolated
Ampbhotericin B.
Microglial Mechanism of Action:
Microglial activation is essential
for the antidepressant effect of
AmB liposomal. Pre-treatment
with minocycline (a microglial
inhibitor) inhibited the
antidepressant effect and reduced
IL-1p and IL-6. PLX3397 (a
microglial depletor) abolished
both the antidepressant effect and
the pro-inflammatory and

depressive effects.

TUR-NE increased sucrose

preference (77.5% vs. 54.0% in

extensive in cerebral
slices from rabbits

with Cerebral Palsy
(CP) compared to

healthy controls. It

conjugated with N-acetylcysteine

(NACQ), this accumulation led to a

dramatic improvement in motor
function and attenuated

neuroinflammation.

TUR-NE TUR exhibited the CUMS), decreased immobility
showed 36.51 highest antioxidant time in the forced swim test (FST)
116,0 + 0,305 nm +3.24% activity (ABTSe*), (P <0.01), reduced latency to feed
Nanoemulsi PDI: 0,121 + 0,007 release in HCl | followed by CU and | in the novelty-suppressed feeding | Sheng etal.
Curcumin
on PZ:-11,6 +1,23 mV and 44.90 + Vitamin C, with ICsg test (NSFT), and elevated plasma (2023) [121]
EE: 98,45 + 0,31% 2.47% release values of 17.9, 29.1, serotonin levels (21.7 vs. 16.3
in PBS over 48 and 57 ug/mL, ng/mL) as well as brain serotonin
hours respectively levels (46.9 vs. 44.0 ng/mL); MAO
activity showed no significant
changes.
7.4+0.2 mL (sucrose) | 103.4+5.8 s Suchiwa
Self- 100% release
(FST) | 247 3.1 g (weight) |
emulsifying | Curcumin 150 nm within 5 Pan etal
Partial neuroprotective and
system minutes
hepatoprotective effects (2023) [122]
Increased Microglial | Selective Accumulation: PAMAM
Uptake: Uptake of dendrimers selectively
PAMAM accumulated in activated
dendrimers by microglia within the brains of
Polyamido microglial cells was newborn rabbits. Zhang et al.,
Dendrimers 4nm - faster and more Therapeutic Outcome: When
amine 2016 [123]
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was 1.6 times higher
after 4 hours of
treatment, with 80%
of cells containing
dendrimers in CP

slices.

Legend: DA stands for dopamine; 5-HT, serotonin; PDI, polydispersity index; PZ, zeta potential; EE,
encapsulation efficiency; NMDA, N-methyl-D-aspartate; Res, resveratrol; THS, thermosensitive hydrogel
system; MDA, malondialdehyde (an oxidative stress marker); GSH, reduced glutathione (a cellular antioxidant);
NLC C, curcumin-loaded lipid nanocapsules; Ap,s-35, beta-amyloid peptide 25-35; TCA, open field test; TUR,
curcuma extract; NE, nanoemulsion; Cso, half maximal inhibitory concentration; ABTSe*, ABTS cation radical;

and CU, curcumin.

3.4. Polymeric Nanoparticles

A variety of nanosystems have been reported to modulate microglial activity. Recent studies
have demonstrated that polymeric nanoparticles (NPs) can both inhibit and reprogram the
phenotype of these cells, depending on their composition, making them applicable to a range of
neurodegenerative diseases, central nervous system injuries, and major depressive disorder
[124].Polymeric nanoparticles (PNs) are solid colloidal particles ranging in size from 1 to 1000 nm,
obtained from natural, synthetic or semi-synthetic polymers that can be biodegradable or non-
biodegradable. They can be classified as nanosphere or nanocapsule. Nanospheres are matrix
particles in which the active pharmaceutical ingredient (API) is adsorbed on the particle surface or
dispersed in the particle. On the other hand, nanocapsules are vesicular systems in which the APl is
confined to a water/oil liquid core surrounded by a polymeric membrane [125-127]. Polymeric
nanoparticles can provide controlled and targeted drug release, enhanced drug bioavailability and
increased therapeutic index [128] (Figure 5).

oil Water

Drug dispersed
in the particle

Drug adsorbed
on the particle
surface

Nanocapsule

Drug dispersed
in the particle

Polymeric
nanoparticle

Drug adsorbed
on the particle
surface

Nanosphere

Figure 5. Structure and drug loading approaches in polymeric nanoparticles. Schematic representation of the
main types of polymeric nanoparticles used in controlled drug delivery systems: nanocapsules and nanospheres.

Nanocapsules consist of an oily or aqueous core surrounded by a polymeric shell, allowing the drug to be either
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encapsulated within the core or adsorbed onto the particle surface. Nanospheres are solid matrix systems in
which the drug can be homogeneously dispersed throughout the polymeric matrix or adsorbed externally.
Created by Biorrender (2025).

Jiang et al. (2025) designed memantine-loaded nanoparticles incorporating polydopamine, a
self-adhesive biomimetic polymer, coated with BV2 microglial cell membranes (PDA-Mem@M) [109].
Memantine is an NMDA receptor antagonist that reduces brain excitotoxicity, potentially modulating
microglial activity. The PDA-Mem@M formulation exhibited a size of 163.5 + 1.5 nm and a zeta
potential of -54.3 + 2.2 mV, with rapid memantine release under acidic conditions (48% release within
30 min at pH 6.8), relevant to the inflammatory brain microenvironment. In vitro assays showed no
significant cytotoxicity in SH-SY5Y (human neuroblastoma) and bEnd.3 (murine brain endothelial)
cells, maintaining over 80% cell viability at high concentrations (200 pug/mL). Additionally, PDA-
Mem@M significantly reduced intracellular ROS levels in LPS-induced cellular models and polarized
microglia from a pro-inflammatory M1 phenotype (reduction in CD86, TNF-a, and IL-2) to an anti-
inflammatory M2 phenotype (increase in CD206, TGF-f3, and IL-10) in BV2 cells.

In vivo studies over 21 days in mice subjected to a chronic unpredictable stress (CUS) model
demonstrated that PDA-Mem@M exhibited enhanced brain and hippocampal targeting (1.3-fold
higher fluorescence than PDA) after 4 hours post-injection. PDA-Mem@M outperformed memantine
monotherapy at lower and less frequent doses, indicating a faster onset of action and greater efficacy,
with minimal observed toxicity. Furthermore, the nanoformulation reduced hippocampal ROS and
pro-inflammatory cytokines (IL-1p and IL-2), while increasing anti-inflammatory cytokines (IL-10),
stimulating neurogenesis, and exerting neuroprotective effects by reducing neuroinflammation and
restoring synaptic plasticity [109].

Beyond synthetic polymeric systems, endogenous carriers like exosomes offer another
promising approach to targeted microglial modulation due to their inherent biocompatibility and
natural ability to cross the BBB. They have been employed in nanoformulations to deliver molecules
like celastrol and minocycline (anti-inflammatory and neuroprotective agents) across the BBB to
resident brain cells [129]. Lv et al. (2024) developed PLGA nanoparticles loaded with exosomes,
celastrol, and minocycline (CMC-EXPL), exhibiting a size of 132 nm and a zeta potential of -35.5 mV
[106]. In BV2 microglial cells, the nanoformulation achieved 65.8% uptake within 270 minutes.
Cocultures of SH-SY5Y neurons and LPS-stimulated BV2 microglia (induced to an M1 phenotype)
revealed that CMC-EXPL significantly suppressed M1 polarization (reduction in CD80 and iNOS)
and promoted M2 polarization (increase in CD206 and Argl), showing superior anti-inflammatory
therapeutic potential compared to other tested formulations.

The animal model of post-stroke depression (POSD), induced by middle cerebral artery
occlusion (MCAO) followed by chronic unpredictable mild stress (CUMS), was used for CMC-EXPL
administration. The nanoformulation significantly attenuated weight loss and reversed depressive-
like behaviors. M1 microglial markers (iNOS and CD86) were elevated in MCAO and POSD groups,
while M2 markers (Arg-1 and CD206) were reduced. Treatment with CMC-EXPL significantly
downregulated M1 markers and upregulated M2 markers, indicating enhanced microglial
polarization toward the M2 phenotype in POSD rats, contributing to its antidepressant efficacy [106].
This strategy not only enhanced brain delivery but also effectively reprogramed microglia in complex
models, suggesting broader applicability to comorbid neuropsychiatric conditions.

In the study by Nagpal, Singh, and Mishra (2013), the safety and efficacy of chitosan-based
polymeric nanoparticles encapsulating minocycline (MHPNs) were evaluated. In vivo results
demonstrated that MHNPs exhibited antidepressant effects and were safe, with no observed
toxicological effects on the brain, heart, spleen, liver, or kidneys [130].

Similarly, Yusuf et al. (2016) incorporated curcumin into polymeric nanoparticles (CUR-NPs),
which showed enhanced antidepressant activity in the Forced Swim Test (FST) and Tail Suspension
Test (TST), even at a low dose (5 mg/kg) [107]. CUR-PNs increased brain bioavailability by 1.6 times
compared to free curcumin. The in vitro release profile was biphasic, with an initial release of
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69.43 +£6.56% at 24 hours and sustained release reaching 95.56 +4.67% at 144 hours, following the
Higuchi model (r? = 0.95). CUR-PNs also significantly increased the activity of antioxidant enzymes
SOD and catalase, and exhibited strong interaction with MAO-B (AG = -7.79 kcal/mol), suggesting
an antidepressant effect through multiple mechanisms. These findings highlight the potential of
CUR-NPs for controlled release, improved brain penetration, and enhanced therapeutic efficacy.

Yang et al. (2022) investigated the effects of selenium nanoparticles (SePNs) in alleviating
depression-like behavior induced by fluoride (F) exposure in mice, focusing on the JAK2-STAT3
signaling pathway [95]. In vivo results showed that SePNs restored dopamine and norepinephrine
levels in the cortex, reduced microglial activation and interleukin-1p secretion, inhibited the nuclear
translocation of p-STAT3, increased the number of surviving neurons, and reduced cortical
vacuolization. These outcomes indicate that SeNPs mitigated fluoride-induced neurotoxicity and
depressive-like behaviors, possibly by inhibiting the JAK2-STAT3 pathway.

Zhu et al. (2023) evaluated the antidepressant effects of polydopamine nanoparticles (PDA-PNs,
2.5 mg/kg) in C57BL/6 mice with LPS-induced depression (1 mg/kg, i.p.). PDA-NPs reversed
depressive and anxious behaviors, reducing immobility in the TST from 170.8 +10.6 s to 95.2+11.6 s
and increasing center time in the open field test from 38.7+4.3 s to 68.7+6.2 s . Additionally, PDA-
PNs significantly lowered TNF-a levels from 235.8+20.4 to 136.5+9.4pg/mg and IL-1f from
143.2+£17.3 to 83.9 5.9 pg/mg. The PN also reduced splenomegaly, inhibited microglial activation
(Ibal), downregulated IL-13 and iNOS expression, upregulated Arg-1, crossed the blood-brain
barrier, and reduced brain oxidative stress, thereby demonstrating a neuroprotective effect [131].

3.5. Solid Lipid Nanoparticle

Solid lipid nanoparticles (SLN) are particles with a size of <1000 nm, which have a solid
hydrophobic core of biocompatible and biodegradable lipids such as triglycerides, partial glycerides,
waxes, steroids, and fatty acids that are solid at normal room temperature. These lipids are stabilized
by different biocompatible surfactants that can be ionic or nonionic. SLN offers a viable method for
incorporation of hydrophilic or lipophilic drugs and peptides, enhanced drug targeting and
bioavailability, controlled drug release, enhanced drug stability, and increased drug payload [132].

Similarly, lipid-based nanosystems such as NLCs have been widely studied for brain delivery
due to their favorable size, biocompatibility, and ability to traverse biological membranes [116]. Thus,
NLCs loaded with curcumin (CUR-NLCs) were investigated for their neuroprotective effects in a rat
model of LPS-induced depression and anxiety. CUR-NLCs exhibited a particle size of 147.8 + 10.4
nm, surface charge of -32.8 + 1.4 mV, and an encapsulation efficiency of 91.0 + 4.6%. In vivo studies
indicated an indirect microglial effect, as CUR-NLCs markedly attenuated LPS-induced
neurodegeneration, restored tissue architecture and cellular integrity, and increased neuronal
survival. Additionally, CUR-NLCs suppressed brain expression of pro-inflammatory markers such
as p-NF-xB, TNF-a, and COX-2, thus reducing neuroinflammation [115]. Although the microglial
effects were indirect, these results underscore the anti-inflammatory potential of natural compounds
like curcumin when properly encapsulated for CNS delivery.

Building on these findings, other antidepressants such as agomelatine have also been
encapsulated into NLCs to enhance therapeutic response through inflammatory pathway
modulation. For instance, Gul et al. (2022) developed agomelatine-loaded NLCs (AGM-NLCs) with
an average size of 99.8 + 2.6 nm and a charge of 23.2 + 1.2 mV to enhance in vivo antidepressant
potential. Agomelatine supports neuronal integrity and exerts an indirect effect on microglia by
reducing inflammation. AGM-NLCs effectively suppressed LPS-induced neuroinflammation,
reducing both expression and concentration of TNF-a and COX-2 in the brain. [117]

Rubab et al. (2021) produced curcumin encapsulated nanostructured lipid carriers (CUR-NLCs)
with particle size of 147.8 + 10.4 nm, PDI of 0.27 + 0.02, zeta potential of -32.8 + 1.4 mV, and
incorporation efficiency of 91.0 + 4.6%. In vitro release study demonstrated ~27% drug release within
2 h followed by sustained release with ~54% and ~73% curcumin release within 12 h and 24 h,
respectively. The results of in vivo studies in rats subjected to a lipopolysaccharide-induced model
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of depression and anxiety revealed a significant increase in fighting time (95.3 £5.1 s) and a reduction
in immobility time (87.9 + 4.3 s) in the forced swimming and tail suspension tests. In addition, there
was a substantial increase in the time spent (65.0 + 2.7 s) and in the number of entries into the
illuminated and open compartments (14.7 + 0.7 s) in the light-dark box and elevated plus maze tests,
indicating antidepressant and anxiolytic effects. Histological and immunohistochemical analyses
revealed a reduction in brain inflammation with suppression of the expression of inflammatory
markers such as p-NFkB, TNF-a and COX-2 in brain tissue [115].

3.6. Magnetic Nanoparticle

Magnetic nanoparticles (MNPs) are nanometer-sized materials that respond to external
magnetic fields. They are typically composed of iron oxides such as magnetite (Fe;O4) or maghemite
(y-Fe20s), pure metals like Fe, Co, or Ni, or a combination of metals and polymers. These particles
may be coated with polymers, lipids, or silica to enhance their stability, biocompatibility, and
functionalization. The magnetic behavior of these materials can be tuned not only by external
magnetic fields but also by their size, shape, and morphology [133].

Khadrawy et al. (2021) developed iron oxide nanoparticles coated with curcumin (Cur-IONPs)
with an average size of 15+3nm and a zeta potential of —25.4 mV, indicating good stability. In a
reserpine-induced rat model of depression, treatment with Cur-IONPs (5mg/kg for 14 days)
significantly reduced immobility time in the forced swim test, restoring active swimming time to
near-control levels, suggesting behavioral improvement. Markers of oxidative stress, which were
elevated in the cortex (MDA +48.9%, NO +55%, GST +61%, GSH -29%) and hippocampus (MDA
+36.1%, NO +233%, GST +29.8%, GSH -16.9%), were normalized after treatment, indicating an
antioxidant effect. Enzymatic activities altered in the cortex (AchE +144.7%, Na*/K*-ATPase +18.2%,
MAO +56.6%) and hippocampus (AchE +52.1%, Na*/K*-ATPase +24.2%, MAO +92.5%) were also
restored to values close to those of the control group, suggesting improved neuronal function and
neurotransmitter regulation. Regarding neurotransmitter levels, reductions observed in the cortex (5-
HT -37.8%, NE -65.9%, DA -49.6%) and hippocampus (5-HT -46.6%, NE —40.7%, DA -32%) were
partially reversed, with noradrenaline and dopamine levels restored in the cortex and serotonin in
the hippocampus, corroborating the antidepressant effects of the treatment [113].

In the reserpine-induced depression model studied by Fahmy et al. (2023), there was a significant
reduction in behaviors such as square crossing frequency (-100%), rearing (-100%), and grooming
(-84.75%), along with a 663.3% increase in immobility time and a 91% reduction in struggle time.
Treatment with Zn(cur)O and ZnO nanoparticles, as well as free curcumin, attenuated these effects.
Grooming behavior increased by up to 90.25% with curcumin and 59.73% with ZnO PNs; immobility
time was reduced to 228.9% (Zn(cur)O NPs) and 50% (ZnO PNs). MDA levels were restored to control
values, and GSH levels in the cortex, hippocampus, and striatum significantly increased (up to
384.7% with Zn(cur)O NPs). Levels of the neurotransmitters 5-HT and NE were significantly
elevated, with hippocampal 5-HT increasing by 146.17% following treatment with Zn(cur)O PNs,
indicating a strong antidepressant effect of these compounds [114].

Fahmy et al. (2023) further investigated the antidepressant activity of zinc oxide nanoparticles
conjugated with curcumin (ZnO PNs) in adult male Wistar rats with reserpine-induced depression.
The nanoparticles had a particle size of 342 £ 22.3 nm and a zeta potential of -25.6 £4.61 mV. In vivo
results showed improved motor activity and reduced immobility time. Additionally, a decrease in
malondialdehyde (MDA) levels and an increase in reduced glutathione (GSH) and catalase (CAT)
levels were observed, along with elevated concentrations of serotonin (5-HT) and norepinephrine
(NE) [114].

3.7. Dendrimers

Dendrimers are hyperbranched, radially symmetric macromolecules with a precisely tailored
architecture composed of surface functional groups. These surface functional groups can be modified
to alter their physicochemical and biological properties [134]. In another study, poly(amidoamine)
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(PAMAM) dendrimers labeled with Cyanine5 (D-Cy5) were used to investigate microglial migration
dynamics and dendrimer interactions in the presence of neuroinflammation. Using organotypic
whole-hemisphere brain slice cultures from newborn rabbits, PAMAM uptake (4 nm in size) by
microglia was faster and more pronounced in slices from rabbits with cerebral palsy (CP) than in
healthy controls (1.6-fold increase after 4 hours, with 80% of microglia containing dendrimers). In
vivo studies demonstrated selective accumulation of PAMAM dendrimers in activated microglia in
the brains of newborn rabbits. When conjugated with N-acetylcysteine (NAC), the formulation
significantly improved motor function and attenuated neuroinflammation. These findings suggest
that increased dendrimer uptake by impaired microglia can be exploited for targeted drug delivery
and functional modulation (Zhang et al., 2016) [123].

3.8. Liposome

Liposomes are spherical lipid bilayer vesicles composed primarily of phospholipids. Their
structures result from the self-assembly of amphiphiles in an aqueous medium forming single or
multiple concentric bilayers, where the polar head groups are in contact with the aqueous medium
and the fatty acids form the hydrophobic core of the bilayers that are protected from water. They
present several advantages, such as biocompatibility, biodegradability, low toxicity, non-
immunogenicity, improved drug solubility, the possibility of co-encapsulation and surface
modifications for targeted, controlled and sustained release of payload materials [127,135].

Interestingly, even existing drugs not originally developed for depression have shown
antidepressant effects when incorporated in nanocarrier systems, particularly via microglial
activation. For example, Gao et al. (2019) investigated the antidepressant potential of commercially
available liposomal amphotericin B (L-AmB), an antifungal. Male mice (6-8 weeks old) subjected to
CUS or LPS-induced depression were treated with either free AmB (1, 3, or 5 mg/kg, i.p.) or liposomal
AmB (0.5, 1, or 3 mg/kg, i.p.). In CUS-exposed mice, L-AmB (1 and 3 mg/kg) dose-dependently
reversed depressive-like behaviors—decreased immobility in the Tail Suspension Test (TST) and
Forced Swim Test (FST), increased sucrose consumption in the Sucrose Preference Test (SPT), and
increased center time in the Open Field Test (OFT)—effects not observed with free AmB. Regarding
microglial activation, pretreatment with minocycline (a microglial inhibitor) suppressed the
antidepressant effect of L-AmB in CUS-stressed mice, with reduced IL-1{3 and IL-6 levels. Similarly,
PLX3397, a microglial depletor, abolished both the antidepressant and pro-inflammatory effects of L-
AmB in treated groups. These findings confirm that modulating microglial activation, rather than
simply suppressing it, may be essential to the antidepressant action of certain compounds [120].

4. Conclusions

MDD remains a major global health challenge, largely due to the multifactorial nature of its
pathophysiology and the limited efficacy of current pharmacological treatments. Emerging evidence
strongly supports the role of microglial activation and neuroinflammation as key drivers of treatment
resistance, highlighting the need for therapeutic strategies that go beyond monoaminergic
modulation. Nanotechnology offers a unique opportunity to address these challenges by enabling
targeted drug delivery, controlled release, and co-delivery of multimodal agents capable of
modulating microglial function and inflammatory signaling pathways. Preclinical studies have
shown that nanocarriers can improve antidepressant bioavailability, enhance brain penetration, and
promote neuroprotective effects through antioxidant and anti-inflammatory actions. While clinical
translation remains in its early stages, the integration of nanotechnology with precision medicine
approaches holds promise for the development of next-generation therapies for depression.
Targeting microglia via nanotechnology emerges as a cutting-edge strategy with the potential to
transform the therapeutic landscape of MDD, offering more effective and personalized interventions.
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