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ABSTRACT
Major depressive disorder (MDD) is a common, debilitating psychiatric disorder characterized by
persistent sadness, anhedonia, and functional impairment, affecting millions of individuals world-
wide and constituting a leading cause of disability. This review summarizes conventional ap-
proaches for the prevention and treatment of MDD, encompassing pharmacotherapy with vari-
ous classes of antidepressants and psychotherapeutic interventions such as cognitive-behavioural
therapy (CBT). Although these interventions demonstrate efficacy, their clinical utility is frequently
constrained by delayed onset of action, adverse effects, and partial or absent response in a sub-
stantial proportion of patients. Nanomedicine has emerged as a promising therapeutic avenue
for MDD; it entails the use of neuro-targeted nanoparticles to enhance drug bioavailability. Such
nanosystems may overcome limitations of conventional therapies by enabling spatiotemporally
controlled release of antidepressants within the brain. Nevertheless, before widespread clinical
adoption, the safety profile, long-term sequelae, and complex biocompatibility of these materials
require rigorous elucidation. The review additionally discusses the contribution of animal models,
particularly zebrafish, to neurobiological investigations of depression. Such models are indispens-
able for recapitulating depressive phenotypes, delineating MDD pathophysiology, and assessing
candidate therapeutics, including nanomedicines. In conclusion, although established MDD ther-
apies remain fundamental, nanomedicine offers substantial promise; however, additional research
and optimization are imperative to ensure its safe and efficacious clinical translation.
Key words: Depression, nanomedicine, therapy, drug delivery, mental health, zebrafish, mental
wellness

INTRODUCTION
The term ‘depression’ encompasses multiple con-
cepts: transient low mood is common and of-
ten physiologic, whereas Major Depressive Disor-
der (MDD) denotes a distinct, severe, and clinically
diagnosable illness. MDD affects mood, energy,
sleep, appetite, cognitive function, psychomotor ac-
tivity, and frequently induces pervasive guilt and
worthlessness. The presence of manic or hypomanic
episodes reclassifies the condition as Bipolar Dis-
order, while episodes limited to depression define
Unipolar Depression. Although the DSM-IV (and
DSM-5) provide operational diagnostic criteria for
MDD, the disorder exhibits marked heterogeneity
in symptomatology, trajectory, and treatment re-
sponsiveness; consequently, diagnostic boundaries
remain porous. Debate persists as to whether
MDD represents a discrete disease entity or the ex-
treme end of a continuous mood-regulation spec-
trum 1. In addition to profound personal mor-
bidity, MDD imposes substantial economic costs;
The Lancet Global Health estimates annual pro-
ductivity losses from depression and anxiety at

≈ US$1 trillion, with cumulative costs projected
to reach US$16 trillion by 2030. The absence of
fully effective treatments partly reflects incomplete
elucidation of depressive pathophysiology, which
spans monoaminergic dysregulation, altered neu-
rogenesis, neuroinflammation, stress-axis dysfunc-
tion, and associated neurochemical, immunolog-
ical, and anatomical changes. Key mechanistic
domains include perturbed neurotransmitter lev-
els, structural brain alterations, neuroinflammatory
processes, hypothalamic–pituitary–adrenal (HPA)
axis dysregulation, impaired neurogenesis, and dis-
rupted neuroplasticity 2. Early hypotheses focused
on serotonergic deficiency, but the monoamine
theory was subsequently broadened to implicate
three principal neurotransmitters—serotonin (5-HT),
dopamine (DA), and noradrenaline (NA)—in medi-
ating depressive symptomatology. Beyond neu-
rochemistry, alterations in grey- and white-matter
volumes and other macrostructural brain changes
have been documented. Neuroimaging demon-
strates volumetric and functional abnormalities in
the hippocampus, amygdala, anterior cingulate
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cortex, ventromedial and dorsolateral prefrontal
cortices, lateral orbitofrontal cortex, and ventral
striatum—regions integral to mood and stress reg-
ulation 3. Psychotherapeutic interventions, rang-
ing from classical psychoanalysis to contemporary
modalities, constitute core treatment options, dif-
ferentiated primarily by theoretical orientation and
technique. Psychoanalysis seeks to elucidate un-
conscious conflicts, whereas the umbrella term ‘psy-
chotherapy’ encompasses diverse evidence-based
methods such as cognitive therapy, behavioural
therapy, cognitive-behavioural therapy (CBT), di-
alectical behaviour therapy, psychodynamic ther-
apy, and interpersonal therapy. While psychoanal-
ysis may benefit selected patients, it is frequently
criticised for limited empirical support. Conversely,
many psychotherapies enjoy stronger empirical val-
idation yet face practical barriers. Access can be
constrained by cost and, in some settings, by con-
cerns regarding confidentiality. Ultimately, thera-
peutic outcome depends on patient engagement and
therapist competence4.
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Besides psychotherapy, antidepressant medications
represent an additional therapeutic option for the
treatment of major depressive disorder (MDD). The
predominant theoretical basis for antidepressant de-
velopment is the monoamine hypothesis, which
posits that symptom relief results from inhibition
of neurotransmitter reuptake. Among the various
classes of these agents, selective serotonin reuptake
inhibitors (SSRIs) and serotonin–norepinephrine re-
uptake inhibitors (SNRIs) are generally considered
first-line therapies. Norepinephrine–dopamine re-
uptake inhibitors (NDRIs) are classified as atyp-
ical antidepressants that predominantly affect
dopamine (DA) and norepinephrine (NE) neuro-
transmission in the brain. These agents are em-
ployed to alleviate depressive and anxiety symptoms
and to manage certain attentional disorders. NDRIs
block the reuptake of NE and DA at presynaptic ter-
minals, thereby increasing synaptic concentrations
of these neurotransmitters and enhancing neuro-
transmission, which can elevate mood and improve
cognitive clarity5. Unlike SSRIs and SNRIs, NDRIs
exert minimal influence on serotonin, making them
a valuable alternative for patients who do not re-
spond to, or cannot tolerate, serotonergic drugs.
Nevertheless, NDRIs are associated with adverse ef-
fects; the most common with bupropion are insom-
nia and xerostomia, while high doses may precipi-
tate dose-dependent seizures. Consequently, care-
ful clinical monitoring and dose optimisation are re-
quired. Overall, NDRIs provide an effective fallback

strategy when conventional regimens are ineffec-
tive or poorly tolerated. At present, bupropion is
the only U.S. Food and Drug Administration (FDA)-
approvedNDRI—marketed asWellbutrin for depres-
sion and Zyban for smoking cessation—and is also
prescribed for MDD, seasonal affective disorder, and
as an adjunct in attention-deficit/hyperactivity dis-
order. Its antidepressant efficacy is attributed to its
dual action on NE and DA, neurotransmitters that
modulate mood and motivation. Because bupro-
pion is the sole licensed NDRI, patients request-
ing this class are effectively limited to this agent.
The limited efficacy and safety of conventional an-
tidepressants have stimulated interest in alterna-
tive drug-delivery strategies. Intranasal adminis-
tration is promising because it bypasses the blood-
brain barrier (BBB) and delivers drug directly to the
central nervous system. The BBB, composed of en-
dothelial cells, pericytes, astroglia, and mast cells,
restricts CNS entry of most drugs after oral or in-
travenous administration; additionally, efflux trans-
porters such as P-glycoprotein and multidrug re-
sistance proteins actively extrude antidepressants,
further diminishing their intracerebral concentra-
tions 6.
Novel drug-delivery systems, including liposomes,
microemulsions, mesoporous nanoparticles, and
other lipid-based carriers, have been developed
to enhance the solubility, bioavailability, and ab-
sorption of pharmaceutical agents by circumvent-
ing physiological barriers. Niosomes represent
a nanovesicular platform capable of crossing the
blood–brain barrier (BBB); they can encapsulate
both hydrophilic and lipophilic drugs and enable
controlled release, thereby making them particu-
larly suitable for brain-targeted therapy. Compared
with liposomes, niosomes are more stable and less
expensive because they are assembled from non-
ionic surfactants 7. Owing to their small size and
modifiable surface chemistry, niosomes can pen-
etrate the brain directly, and receptor-mediated
transport may confer improved therapeutic efficacy
with fewer adverse effects. Bilosomes and niosomes
also provide prolonged drug release and can con-
sequently improve patient compliance in neurolog-
ical disorders. Zebrafish, which constitute an im-
portant model of depression because of their ge-
netic and neurochemical homology to humans, are
increasingly employed to evaluate these nanode-
livery systems in vivo. The present review sum-
marizes the limitations of conventional antidepres-
sant therapy, discusses recent nanomedicine ad-
vances for depression, and underscores the value
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of the zebrafish model for developmental neurobiol-
ogy and translational research. Specifically, it pro-
vides a comprehensive overview of nanomedicine
applications for major depressive disorder (MDD),
with emphasis on targeted antidepressant deliv-
ery, safety considerations, and findings obtained
in zebrafish. By integrating preclinical data with
prospective research directions, this work aims to of-
fer a distinct and timely contribution. Drawing on
conventional pharmacology, nanotechnology, and
zebrafish-based neurobehavioral evidence, the re-
view seeks to bridge mechanistic insight and trans-
lational potential.

METHODOLOGY
We conducted this narrative review to system-
atically present and compare nanomedicine-based
therapeutic strategies with current conventional
modalities for major depressive disorder (MDD). We
searched PubMed, Scopus, and Google Scholar us-
ing combinations of the following keywords and
Boolean operators appropriate to each database:
“major depressive disorder,” “conventional therapy,”
“antidepressant,” “nanopsychiatry,” “drug delivery,”
“blood–brain barrier,” and “zebrafish model.” Pub-
lications dated 2014–2024 were prioritised to cap-
ture both foundational data and the most recent
technological advances; one earlier seminal article
was retained for context. Eligible studies included
peer-reviewed originals and reviews addressing pre-
vention, diagnosis, pharmacotherapy, or nanomed-
ical interventions for depression, whereas editori-
als and mechanistically irrelevant articles were ex-
cluded. Relevance was established through sequen-
tial screening of titles, abstracts, and full texts. From
each included study we extracted the nanoparticle
type, the mechanism of blood–brain barrier traver-
sal, zebrafish behavioural paradigms, and reported
advantages over conventional therapy.

CONVENTIONAL APPROACHES
Prevention of MDD: Occurrence and re-
currence
Given the substantial morbidity and global bur-
den associated with major depressive disorder
(MDD), preventive strategies are of considerable
interest. Although depression cannot be com-
pletely prevented, modifications in overall lifestyle
can markedly attenuate its impact8. Lifestyle
medicine—encompassing sleep hygiene, dietary pat-
terns, regular physical activity, reduced seden-
tary behaviour, robust social support, and mood

regulation—is summarised in Figure 1. Evidence in-
dicates that individuals at elevated risk for MDD
may lower their probability of onset and recurrence
by adopting positive behaviours and sustainable
lifestyle practices, underscoring the importance of
proactive, preventive mental-health interventions.

Diet patterns
Dietary interventions are safe, effective, and broadly
applicable means of preventing MDD by attenuat-
ing pathological inflammation. Certain nutrients
possess anti-inflammatory properties, whereas di-
ets rich in refined starches, sugars, and saturated
fats and poor in fibre and omega-3 fatty acids ac-
tivate pathways that maintain the body in a state
of chronic inflammation, thereby increasing the risk
of major depressive disorder. Adoption of a pro-
inflammatory diet enhances depression risk by in-
ducing chronic low-grade inflammation via activa-
tion of innate immune responses. Neuronal ac-
tivity and synaptic plasticity are likewise modu-
lated by such diets and may contribute to the de-
velopment of MDD. Conversely, a healthy, anti-
inflammatory, nutrient-dense diet can markedly re-
duce this risk, underscoring the integral role of
nutrition in both prevention and treatment of the
disorder. More importantly, the gut–microbiota–
brain (GMB) axis has been implicated in MDD, be-
cause alterations in gut bacterial composition, bar-
rier permeability, and immune-inflammatory sig-
nalling influence brain function and mood9. Restor-
ing eubiosis through probiotics and dietary modi-
fication therefore represents a promising therapeu-
tic strategy. For example, a gluten-free diet supple-
mented with probiotics maymodulate the GMB axis
by attenuating immune-inflammatory mechanisms
and alleviating common MDD symptoms10. Kach-
líková et al. hypothesised that a low-carbohydrate,
high-fat regimen such as the ketogenic diet could
promote neuroplasticity by increasing brain-derived
neurotrophic factor (BDNF), whose expression is re-
duced during depression11. Accordingly, targeting
BDNF elevation via carbohydrate restrictionmay of-
fer a rational approach for treatment-resistant de-
pression (TRD). Complementing this, Zhao et al.
demonstrated an inverse association between the
Composite Dietary Antioxidant Index (CDAI) and
depression in overweight and obese U.S. adults12;
however, this relationship plateaued at higher an-
tioxidant intakes. Although the two studies ad-
dress distinct mechanisms—BDNF-mediated neu-
roplasticity versus oxidative-stress reduction—both

8074



Biomedical Research and Therapy 2025, 12(12):8072-8099 

Figure 1: Thefiguredepicts a conceptual overviewofMDD, explainingpredisposing factors, suchasbiological and
environmental, that influence the central pathogenicdomains. Thefigure alsohighlights theprevention strategies
based on lifestyle diagnostic tools and established therapeutic approaches in clinical practice.

highlight the central role of diet in depression patho-
physiology. Collectively, the evidence suggests that
nutritional pathways, including neurotrophic and
antioxidant effects, interact to promote mood reg-
ulation and resilience to depression.

Sleep patterns
Insomnia is a cardinal symptom of major depres-
sive disorder (MDD), and its increased risk and re-
currence are tightly associated with dysregulated
inflammation; consequently, optimizing sleep qual-
ity may constitute a central strategy for depression
prevention. Cognitive behavioural therapy for in-
somnia (CBT-I) effectively targets maladaptive cog-
nitions, sleep hygiene, and circadian timing to im-
prove sleep and mood 13. In addition, circadian
rhythm support (CRS), including morning bright-
light exposure, regular physical activity, and passive
body warming, can further enhance CBT-I effective-
ness 14. Although the causal relationship between
sleep disturbance and MDD has not been fully
elucidated, accumulating evidence indicates that

disrupted sleep alters monoaminergic neurotrans-
mission and activates the hypothalamic–pituitary–
adrenal (HPA) axis, thereby inducing hyperarousal
and a pro-inflammatory state that promotes depres-
sive pathology. Hyper-activation of the HPA axis
and diminished negative feedback sensitivity have
been repeatedly linked to MDD and are considered
maladaptive mechanisms that perpetuate depres-
sive symptoms. A 17-year cohort study of 5,547
older men conducted by Hill-Almeida et al. reported
that sleep difficulties increased depression risk by
67 %, independent of age, education, smoking, or
frailty 15. A subsequent meta-analysis of 14 stud-
ies confirmed this link with a pooled risk ratio of
1.82, emphasizing sleep as a key intervention target
in older adults. Additionally, Didikoglu et al.’s lon-
gitudinal study of 6,375 participants demonstrated
that depression prevalence declines until approxi-
mately 80 years of age and then rises, conferring a
10 % increase in mortality risk16. Shorter sleep du-
ration and early depression signs predicted future
sleep disturbances. Post-mortem studies have fur-
ther revealed reduced synaptic density, especially in
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the frontal lobe, associated with depression. Col-
lectively, these findings highlight the imperative
for early detection and integrated interventions ad-
dressing sleep disruption, depression, and cognitive
decline across the ageing trajectory.

Physical activities and exercises
Physical exercise is a well-established preventive
factor for cardiovascular disease, and emerging ev-
idence also implicates it in the prevention and
treatment of mental disorders, including major de-
pressive disorder (MDD). Accumulating data in-
dicate that exercise exerts antidepressant effects
through complex molecular and cellular mecha-
nisms. For instance, physical activity up-regulates
vascular endothelial growth factor (VEGF), thereby
enhancing angiogenesis, delivery of neurotrophic
factors, oxygen availability, synaptogenesis, and
neurogenesis. These changes ultimately improve
hippocampal function, a brain region critical for
mood regulation and the stress response. Exer-
cise is also associated with reduced concentrations
of pro-inflammatory mediators and increased lev-
els of anti-inflammatory molecules, further con-
tributing to protection against MDD. Observational
studies suggest that engaging in approximately 45
min of vigorous aerobic exercise—or lower-intensity
yoga and stretching—on most days substantially
decreases the risk of developing MDD17. In a
murine study, Su et al. demonstrated that volun-
tary wheel running for two weeks attenuated stress-
induced learned helplessness and completely abol-
ished kynurenine (KYN)-induced depressive-like be-
havior 18. Similarly, Martins et al. established
a reserpine-induced zebrafish model of depression
and showed that both fluoxetine and exercise re-
versed the associated behavioral alterations19.

Avoidance of alcohol and drug usage
Limiting alcohol consumption and avoiding illicit
drug use are crucial for reducing the risk of major
depressive disorder (MDD) and preventing relapse.
Excessive alcohol and drug use markedly increases
the likelihood of developing or worsening depres-
sive symptoms. In a cross-sectional study involv-
ing over 19,000 Hispanic adults, Jetelina et al. re-
ported that individuals with MDD were nearly four
times more likely to meet criteria for alcohol depen-
dence, particularly among Puerto Ricans and Mex-
ican Americans 20. Early onset of alcohol use fur-
ther heightened the risk of MDD, while alcohol de-
pendence was a more robust predictor of depression

than binge drinking or total alcohol consumption.
Pathophysiologically, alcohol disrupts neurotrans-
mitter homeostasis, sleep patterns, and mood reg-
ulation, exacerbating depressive symptoms and po-
tentially reducing treatment efficacy.

Building a strong social support system
The influence of social support—provided by family,
friends, coworkers, and the broader community—
on mental health is critical for the management
and prevention of major depressive disorder (MDD).
Reduced social contact and loneliness exacerbate
depressive symptoms, whereas a strong perceived
support network enhances stress resilience and im-
proves treatment outcomes. In ameta-analysis of 53
studies encompassing 40,929 older adults, Wen et al.
reported that loneliness was directly associatedwith
depression, with social support and resilience act-
ing as mediators 21. The association was stronger in
samples composed of >60 % women. These findings
underscore the need for policies and interventions
that foster social support and resilience to mitigate
depression and promote healthy ageing.

Diagnosis of MDD
Depression can be difficult to diagnose because its
symptoms are heterogeneous and may even be con-
tradictory, ranging from apathy and anhedonia to
irritability as well as changes in eating or sleep-
ing patterns. Accurate diagnosis is important be-
cause depression affects physical, emotional, cog-
nitive, and behavioural domains, with the degree
of impact varying among individuals. A thorough
medical evaluation combined with family history
can help differentiate between major depressive dis-
order (MDD), persistent depressive disorder (dys-
thymia), bipolar disorder, and depressive disorder
not otherwise specified, thereby allowing the treat-
ment approach to be individualized according to the
patient’s clinical context. Assessment of MDD can
be broadly divided into clinical evaluation and lab-
oratory investigation. The clinical evaluation in-
cludes a thorough history of symptoms and comor-
bid medical conditions, along with a physical exami-
nation; additional studies—such as blood tests, neu-
roimaging, or other specialized investigations—may
be conducted to exclude underlying conditions that
can precipitate or mimic depressive symptoms.

Psychological tests and clinical interviews
Diagnosis of depression is a comprehensive process
that must be conducted by a qualified healthcare
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professional, such as a psychiatrist, clinical psychol-
ogist, or primary care physician. Clinicians apply
standardized criteria delineated in the Diagnostic
and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5), to establish the diagnosis. The as-
sessment typically begins with a detailed clinical in-
terview during which the practitioner obtains infor-
mation regarding the patient’s symptoms, medical
and psychiatric history, and current mental status.
In addition to the interview, validated screening in-
struments and questionnaires are routinely admin-
istered to quantify the severity and functional im-
pact of depressive symptoms. Frequently used mea-
sures include the Hamilton Depression Rating Scale
(HDRS), Patient Health Questionnaire-9 (PHQ-9),
Beck Depression Inventory (BDI), Center for Epi-
demiologic Studies Depression Scale (CES-D), Ma-
jor Depression Inventory (MDI), Zung Self-Rating
Depression Scale (SDS), Geriatric Depression Scale
(GDS), and Cornell Scale for Depression in Demen-
tia (CSDD). These instruments assist in detecting
core depressive features. For a diagnosis of major
depressive disorder, symptoms must persist for a
minimum of two weeks and cause clinically signifi-
cant impairment in social, occupational, or other im-
portant areas of functioning 22.

Neuroimaging
Advanced neuroimaging modalities, including
structural magnetic resonance imaging (sMRI),
functional MRI (fMRI), positron emission tomogra-
phy (PET), and magnetic resonance spectroscopy
(MRS), are being employed to delineate the neural
substrates of major depressive disorder (MDD).
By interrogating the neurobiological mechanisms
underlying disease pathogenesis, these approaches
aim to identify biomarkers that refine diagnosis,
monitor illness trajectory, and anticipate ther-
apeutic response 23. sMRI studies consistently
demonstrate region-specific anatomical alterations
in MDD, most prominently within the orbitofrontal
cortex and anterior cingulate cortex—regions inte-
gral to affective processing and decision-making.
In contrast to the diffuse volumetric reductions
characteristic of bipolar disorder, structural
changes in MDD are largely circumscribed, with
robust evidence for hippocampal atrophy and
sporadic alterations in hippocampal morphology.
Findings regarding amygdalar volume remain
heterogeneous, likely reflecting methodological
heterogeneity and sample variability. Although
sMRI furnishes valuable pathophysiological insight,

its stand-alone prognostic utility for treatment
outcomes is limited, underscoring the necessity for
multimodal models that integrate neuroimaging
with clinical, demographic, and genetic variables to
facilitate precision care.
Functional MRI further elucidatesMDD pathophys-
iology by revealing aberrant connectivity within
large-scale networks, most notably the default mode
network (DMN), which subserves self-referential
cognition and emotional regulation 24. Amygdalar
hyper-responsivity observed in untreated patients
frequently normalizes following effective antide-
pressant therapy, providing a putative neural cor-
relate of clinical improvement. PET investiga-
tions demonstrate disturbed cerebral perfusion and
glucose metabolism, particularly within the me-
dial prefrontal cortex; these abnormalities often re-
vert towards baseline after successful pharmaco-
logical or psychotherapeutic intervention. Never-
theless, PET assessments of 5-HT1A receptor bind-
ing have yielded inconsistent findings, highlighting
the neurochemical heterogeneity of MDD. Finally,
MRS offers a non-invasive means of interrogating
brain biochemistry by quantifying hydrogen- and
phosphorus-containing metabolites, thereby expos-
ing neurochemical dysregulation associated with
depression and deepening our understanding of its
molecular underpinnings.

Biomarkers as a diagnostic tool
Biomarkers provide a convenient, cost-effective, and
rapid alternative to classical diagnostic methods,
enabling repeated assessments and faster clinical
decision-making. A promising strategy is to con-
struct a multimarker biomarker panel that inte-
grates proteomic, metabolomic, growth-factor, cy-
tokine, and hormone indicators 25. However, a ma-
jor limitation of current biomarker research is the
incomplete characterization of the relationships be-
tween major depressive disorder (MDD) and other
depressive conditions. Moreover, recent advances
have identified numerous plasma biomarkers capa-
ble of quantifying growth factors, hormones, cy-
tokines, and proteomic markers. Such multimarker
panels may facilitate the modulation of dysregu-
lated cytokine or growth-factor profiles, thereby en-
abling personalized interventions. A study by Xu et
al. measured serum cytokine levels in 59 MDD pa-
tients and 61 healthy controls to identify diagnos-
tic biomarkers and predict the response to antide-
pressant therapy 26. Significant baseline differences
in several cytokines were observed between groups,
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suggesting that specific cytokine signatures may
help discriminate patients with MDD from healthy
subjects.

MicroRNAs (miRNAs) as a potential biomarker

MicroRNAs (miRNAs) are promising biomarkers for
major depressive disorder (MDD). In the brain,
miRNAs play essential roles in neural develop-
ment, including growth, connectivity, experience-
dependent neuronal adaptation, the regulation of
synaptic plasticity, and neurotransmitter release.
Disruption of miRNA function may therefore in-
terfere with these processes and contribute to psy-
chiatric disorders. Both brain function and treat-
ment outcomes for MDD may be influenced by im-
balances in miRNA activity; indeed, research sup-
ports a connection between miRNA and MDD. Liu
et al. systematically investigated the participation
of miRNAs in the pathophysiological mechanisms
underlying MDD as well as their influence on re-
sponse to therapy, thereby highlighting novel di-
agnostic and therapeutic approaches 27. An initial
examination of blood samples from patients diag-
nosed with depression and healthy controls iden-
tified five miRNAs with altered expression in de-
pression. Mendes-Silva et al. performed high-
throughput miRNA sequencing in late-life depres-
sion (LLD) 28. Compared with controls, hsa-miR-
184 was significantly down-regulated in LLD pa-
tients. For functional examination, a Drosophila
melanogaster model was used in which the knock-
out of the hsa-miR-184 orthologue caused reduced
locomotor activity and memory impairments, par-
ticularly in older flies, mirroring depressive-like be-
haviors. These findings indicate that hsa-miR-184
may be involved in the pathophysiology of LLD
and could provide a potential biomarker for diag-
nosing LLD. Fan et al. examined the miRNAs in
PBMC samples as potential diagnostic biomarkers
for MDD. In a sample of 81 patients with MDD,
five miRNAs (miRNA-26b, miRNA-1972, miRNA-
4485, miRNA-4498, andmiRNA-4743) were found to
be significantly up-regulated relative to 46 matched
healthy controls based on Affymetrix microarray
and RT-qPCR analysis 29. Receiver-operating char-
acteristic (ROC) curve analysis revealed a combined
area under the curve of 0.636, demonstrating mod-
erate diagnostic accuracy. Collectively, the findings
suggest that aberrant miRNA expression in PBMCs
represents a unique biomarker for the diagnostic
evaluation of MDD.

Integrated diagnostic tools

A combinational diagnostic approach employing
two or more neuroimaging modalities may improve
diagnostic accuracy. Greicius et al. combined
PET and fMRI to examine default-mode network
(DMN) connectivity in major depressive disorder
(MDD), thereby corroborating earlier PET findings
of increased thalamic and subgenual cingulate ac-
tivity 30. Their analysis further demonstrated that
these seemingly isolated foci of hypermetabolism
belong to a broader disrupted neural network. Ac-
cumulating evidence indicates that patients with
MDD exhibit not only altered functional brain ac-
tivity but also aberrant concentrations of several pe-
ripheral proteins compared with healthy controls.
Consequently, a key question is whether such bi-
ological signals, when integrated with neuroimag-
ing, can yield a precise and reliable diagnostic in-
strument for MDD. Chen et al. addressed this is-
sue by integrating resting-state fMRI with a panel of
serum protein biomarkers31. Using linear discrim-
inant analysis (LDA), they built diagnostic models
showing that the combined multi-protein and neu-
roimaging feature set attained significantly higher
accuracy than any single protein, isolated neu-
roimaging marker, or other one-dimensional com-
bination. These findings underscore the potential
of multidimensional, multimodal strategies to sub-
stantially enhance diagnostic precision in MDD.

Treatment strategies of MDD
Depression is a chronic condition that rarely remits
spontaneously; if left untreated, it may persist for
months or even years, disrupting daily functioning.
Identifying an optimal treatment plan often requires
time and iterative adjustment, yet this process is
critical for successful disease management. Thera-
peutic selection is primarily determined by the sub-
type and severity of the depressive episode. In cases
of mild depression, patient education, lifestyle mod-
ification, and psychotherapy alone may suffice. By
contrast, moderate-to-severe episodes usually ne-
cessitate pharmacological treatment, often in com-
bination with psychotherapy. Overall, therapeutic
approaches are classified into two main categories:
psychotherapy and pharmacotherapy.

Psychotherapy
Major depressive disorder (MDD) responds posi-
tively to several psychotherapies rooted in differ-
ent theoretical models and mechanisms. Robust ev-
idence demonstrates that psychotherapy is effective
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for MDD, and no single approach is significantly
more effective than any other. This observation
has elicited two primary hypotheses to explain why
distinct psychotherapies share common therapeutic
benefits.
Cognitive-behavioral therapy (CBT) assists individ-
uals with MDD in identifying and challenging the
negative thought patterns that perpetuate depres-
sion. Behavioral activation therapy (BAT) is a goal-
oriented intervention that encourages depressed pa-
tients to increase engagement in rewarding activi-
ties, thereby enhancing pleasure and reducing de-
pressive symptoms. BAT also addresses avoidance
by detecting and targeting maladaptive avoidance
patterns, enabling patients to break debilitating cy-
cles and developmore adaptive coping strategies, re-
sulting in improved mood and greater participation
in life roles 32.
Owing to its exploratory nature, psychodynamic
therapy (PyDT) allows patients to clarify links
between past and present experiences and to
recognize how their emotions and thoughts—
often unconsciously—shape current functioning.
Problem-solving therapy (PST) provides a system-
atic framework for confronting challenges, helping
patients to generate novel solutions, identify imple-
mentation barriers, and plan and execute the neces-
sary steps 33.
Interpersonal therapy (IPT) focuses on identifying
interpersonal problems and addressing them with
specific strategies10. IPT is a time-limited, goal-
oriented approach that helps patients recognize re-
lationship and social patterns that may contribute
to psychopathology, including unresolved conflicts,
recent life transitions, and unsatisfying or unstable
connections 34.

Pharmacotherapy
Despite considerable advances, the pharmacologi-
cal management of depression continues to depend
predominantly on agents discovered several decades
ago that target monoaminergic neurotransmitter
systems. These antidepressants increase synaptic
concentrations of one or more monoamines by ei-
ther inhibiting their re-uptake or preventing their
enzymatic degradation. However, this mechanism
represents only a partial explanation of the dis-
order’s pathophysiology. Emerging evidence indi-
cates that antidepressants also enhance neuroplas-
ticity, leading to enduring structural and functional
changes within the brain. Consequently, modula-
tion of monoamines should be viewed merely as an

initial step, underscoring the need for more sophisti-
cated, multimodal therapeutic strategies that align
with the heterogeneous clinical presentation of de-
pression.

Mechanism of action

Monoaminergic neurotransmission constitutes a
complex system encompassing the synthesis, vesic-
ular release, uptake/reuptake, and enzymatic degra-
dation of the monoamines serotonin, dopamine,
and norepinephrine, together with their associated
transporters and receptors (Figure 2). This intri-
cate network remains difficult to dissect when at-
tempting to define its functional architecture and
assess its druggability. Antidepressants that modu-
late monoaminergic tone induce adaptive neuronal
responses, leading to changes in signal-transduction
cascades, gene-expression profiles, synaptic plastic-
ity, and hippocampal neurogenesis. Although the
precisemechanisms underlying these alterations are
not yet fully elucidated, they likely contribute to the
therapeutic effect. The classical monoamine-based
classification of antidepressants, despite its limita-
tions, remains useful for predicting adverse-effect
profiles and for elucidating drug mechanisms.

Classification of antidepressants

Antidepressant medications are widely pre-
scribed and comprise several pharmacological
classes, including tricyclic antidepressants (TCAs),
monoamine oxidase inhibitors (MAOIs), selective
serotonin reuptake inhibitors (SSRIs), serotonin-
norepinephrine reuptake inhibitors (SNRIs),
norepinephrine–dopamine reuptake inhibitors
(NDRIs), atypical antidepressants, and tetracyclic
antidepressants. This classification reflects their
mechanisms of action35 (Figure 2). These agents
primarily act within the central nervous sys-
tem, altering the concentrations of the principal
monoamine neurotransmitters—serotonin (5-HT),
norepinephrine (NE), and dopamine (DA). Although
each class possesses a distinct pharmacodynamic
profile, their shared therapeutic objective is to
restore monoaminergic homeostasis and thereby
mitigate depressive symptomatology.
Monoamine oxidase inhibitors (MAOIs): MAOIs,
once pioneering agents in antidepressant therapy,
exert their effect by irreversibly inhibiting the en-
zyme monoamine oxidase (MAO), thereby increas-
ing synaptic monoamine concentrations. However,
their use is now currently restricted because of po-
tentially severe food- and drug-related interactions,
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Figure 2: Mechanistic and key signaling pathways involved in the action of antidepressants at the synaptic core.
The figure illustrates the influence of different categories of antidepressants on monoamine transmission by tar-
geting various systems, including presynaptic transporters, metabolic enzymes, and postsynaptic receptors.

which generally relegates them to third- or fourth-
line therapy in patients who do not respond to
other antidepressants. Despite this, MAOIs retain
robust efficacy in atypical depression, panic disor-
der, social anxiety disorder, treatment-resistant de-
pression, and bipolar depression, highlighting their
value when other treatments fail36.
Selective serotonin reuptake inhibitors (SSRIs): SS-
RIs are a class of agents routinely used to treat ma-
jor depressive disorder and a range of other psy-
chiatric conditions. They are considered first-line
therapies owing to their well-established safety, ef-
ficacy and favorable tolerability profiles. Accord-
ing to themonoamine hypothesis, increasing synap-
tic serotonin levels may alleviate depressive symp-
toms 37. SSRIs achieve this by selectively inhibit-

ing the serotonin transporter (SERT) on presynap-
tic neurons, thereby preventing serotonin reuptake.
Consequently, serotonergic concentrations in the
synaptic cleft rise, permitting prolonged stimulation
of postsynaptic receptors. Unlike other antidepres-
sant classes, SSRIs exhibit high selectivity for sero-
tonin with negligible direct effects on dopamine or
norepinephrine.
Serotonin-noradrenaline reuptake inhibitors
(SNRIs): Serotonin–norepinephrine reuptake in-
hibitors (SNRIs) block presynaptic serotonin and
norepinephrine transporters, increasing synaptic
concentrations of both neurotransmitters and
enhancing postsynaptic receptor activation. Indi-
vidual agents within the class differ in transporter
affinity; whereas duloxetine, venlafaxine and
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desvenlafaxine exhibit greater serotonergic than
noradrenergic potency, milnacipran and levom-
ilnacipran display the opposite profile, favoring
norepinephrine inhibition. Despite their efficacy,
SNRIs are associated with various adverse ef-
fects. Common reported events include nausea,
xerostomia, dizziness, and headache38.
Norepinephrine-dopamine reuptake inhibitors
(NDRIs): Norepinephrine-dopamine reuptake
inhibitors (NDRIs) are primarily employed for
major depressive disorder (MDD) and as an aid
to smoking cessation. They inhibit presynaptic
reuptake of norepinephrine and dopamine, neuro-
transmitters integral to mood, motivation, attention
and reward pathways. This action elevates synaptic
concentrations of these catecholamines, thereby
enhancing neurotransmission and stabilizing mood.
Bupropion is the prototype of this class and is
approved for MDD and seasonal affective disorder
(SAD). Marketed as Zyban for smoking cessation,
bupropion attenuates nicotine craving and with-
drawal symptoms. Mechanistically, bupropion
preferentially inhibits dopamine reuptake and, to
a lesser extent, norepinephrine, with negligible
serotonergic activity; this pharmacological profile
renders it suitable for patients seeking to avoid
serotonin-mediated adverse effects. NDRIs are gen-
erally well tolerated, although adverse effects may
still arise. Potential reactions include xerostomia,
insomnia, headache and weight loss. Because of its
stimulant-like properties, bupropion may increase
energy and precipitate anxiety or agitation in some
individuals. It can also elevate blood pressure and
heart rate. Conversely, bupropion carries a low risk
of sexual dysfunction, making it a valuable alterna-
tive for patients troubled by SSRI- or SNRI-induced
sexual adverse effects39. Clinicians should avoid
bupropion in individuals with a history of seizures
or eating disorders, as the drug lowers the seizure
threshold. Accordingly, seizure risk increases with
higher doses and in predisposed patients.

Concerns in Pharmacotherapy: The Role of Antide-
pressants

The array of antidepressants available today is
extensive; however, their clinical use is fraught
with challenges. Notably, most antidepressants re-
quire prolonged administration to achieve therapeu-
tic effects, with intranasal esketamine represent-
ing a noteworthy exception. Furthermore, their
use is often accompanied by adverse effects, in-
cluding weight gain, sexual dysfunction, dizziness,

headache, anxiety, psychosis, and cognitive impair-
ment 40. Patients with comorbidities face signif-
icant challenges when using antidepressants due
to substantial contraindications related to poten-
tial drug–drug interactions. Co-prescription of an-
tidepressants with other medications can be haz-
ardous, particularly in complex polypharmacy regi-
mens and during extended treatment periods41. Re-
search highlights the concerns surrounding drug–
drug interactions, emphasizing the need for cau-
tious prescribing practices and thorough monitor-
ing. The concurrent use of antidepressants and car-
diac medications poses significant pharmacokinetic
risks due to shared hepatic cytochrome P450 path-
ways 42.
Despite the availability of these therapies, limita-
tions and challenges persist with current depression
treatments, highlighting the need for novel, more ef-
fective options 43. Physiological barriers constitute
another obstacle for drug delivery. The blood–brain
barrier (BBB) is a key interface between the blood-
stream and the brain, yet it presents a major hur-
dle for pharmacotherapy in neurological diseases.
Comprised of tightly arranged endothelial cells, as-
trocytes, and pericytes, the BBB regulates molec-
ular transit by size, charge, and lipophilicity. Nu-
merous neurotherapeutic agents fail to traverse this
barrier, thereby narrowing their therapeutic win-
dow. Molecular size, lipophilicity, and electrostatic
charge, together with efflux transporters such as
P-glycoprotein, are primary impediments. Specif-
ically, tight junctions hinder the passage of large
molecules, the lipid bilayer restricts hydrophilic
drugs, and the negatively charged endothelial sur-
face repels cationic compounds, collectively imped-
ing effective drug delivery to the brain.

POTENTIAL ROLE OF
NANOMEDICINE
Nanotechnology has evolved over the past few
decades from a primarily theoretical concept into a
mature, wide-ranging discipline, with nanomedicine
emerging as one of its most pivotal applications. A
multidisciplinary strategy facilitates the rational de-
sign of optimized therapeutics and diagnostic tools,
thereby reshaping the healthcare landscape44. At
the nanoscale, materials exhibit physicochemical
characteristics that differ markedly from their bulk
counterparts; these properties can be finely tuned
by modulating particle size and morphology. Con-
sequently, nanoparticles can be engineered into di-
verse architectures—including nanoflowers, nanos-
tars, nanoboxes, nanospheres, nanochains, and
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Figure 3: Comparative schematic representation highlighting the conventional vs. the nanoparticle drug delivery
system for CNS delivery. The figure depicts the limitations of the conventional delivery systems, including poor
bio-distribution and severe side effects. It alsohighlights the advantagesof nano-baseddelivery systems, focusing
on enhanced BBB penetration.

nanorods—to suit specific biomedical purposes45, 46.
Broadly, the field encompasses both nanoparticles
and nanodevices, the latter comprising specialized
particles capable of interacting with cells and tis-
sues in the circulation to monitor drug kinetics,
modulate biological pathways, and serve as imaging
contrast agents47. By comparison, nanorobotics—
encompassing the design, fabrication, program-
ming, and control of autonomous nanoscale robots—
remains largely conceptual because of unresolved
safety and regulatory issues. Nonetheless, re-
search momentum has increased substantially, and
three principal nanorobot configurations (helices,
nanorods, and DNA-based robots) are presently be-
ing investigated in vitro for targeted payload de-
livery 48. The incorporation of nanotechnology has
revolutionized pharmacology, oncology, tissue en-
gineering, and biosensing, and has opened novel av-
enues for interrogating the central nervous system
(CNS) (Figure 3). In CNS applications, nanopar-
ticles can traverse biological barriers such as the
blood–brain barrier, deliver drugs with high spa-
tial precision, and reduce off-target toxicity by low-
ering the required dose. Accordingly, nanotech-
nology is poised to enhance the diagnosis and
management of psychiatric disorders and to ad-
vance the broader paradigm of precision medicine.
Figure 3 schematically contrasts conventional and
nano-enabled drug-delivery systems, summarizes

the advantages of nanoscale carriers, catalogues
representative nanoparticle vehicles, and outlines
themechanisms bywhich they penetrate the blood–
brain barrier.

Advantages of nanomedicine in drug de-
livery
Nanostructured delivery carriers confer two prin-
cipal advantages related to drug stability. First,
nanoparticles protect encapsulated agents from
in-vivo degradation, thereby preserving their po-
tency and therapeutic efficacy. Drug entrapment
within nanocarriers prevents premature enzymatic
or physicochemical breakdown. Second, these sys-
tems can bypass the first-pass effect—a rapid hep-
atic metabolism that markedly reduces the bioavail-
ability of especially water-insoluble compounds. By
avoiding this barrier, nanocarriers facilitate suffi-
cient delivery of the active substance to the intended
tissues 49. In addition, the release kinetics of the
payload can be precisely modulated by tailoring the
carrier composition, a feature that mitigates untar-
geted, premature off-site release and consequently
diminishes systemic toxicity while enhancing ther-
apeutic outcomes.
The primary advantage of nanoscale drug-delivery
systems is their capacity for precise targeting, en-
abling site-specific drug deposition. Such smart de-
livery is made possible by nanoparticles due to their
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diminutive size, amenability to surface functional-
ization, and high drug-loading capability. Through
the enhanced permeability and retention (EPR) ef-
fect, nanoparticles preferentially accumulate within
tumours or inflamed tissues. In addition, con-
jugated surface ligands mediate receptor-specific
recognition of target cells, while stimuli-responsive
matrices trigger cargo release in defined microen-
vironments (e.g., pH, enzymatic activity, temper-
ature). Collectively, these features increase ther-
apeutic efficacy and minimize systemic exposure
and off-target toxicity50, 51, 52. By concentrating
the pharmacological payload at the site of action,
nanomaterial-based delivery both augments thera-
peutic outcomes and diminishes adverse events, an
approach that continues to attract intense inves-
tigative and clinical interest. For accurate cellu-
lar targeting, researchers engineer surface modifica-
tions with high-affinity ligands that promote selec-
tive accumulation and uptake by diseased cells. This
“active targeting” strategy entails decorating the
nanovehicle with moieties capable of binding spe-
cific receptors overexpressed on pathological cells,
thereby ensuring localized drug distribution and op-
timal therapeutic benefit53. Furthermore, particle
size reduction to the nanoscale dramatically en-
hances apparent solubility owing to the increased
surface-area-to-volume ratio. The expanded inter-
facial area facilitates greater solvent access, accel-
erating dissolution kinetics and, consequently, im-
proving bioavailability.
The biocompatibility of nanoparticles is a crucial
advantage in drug delivery, ensuring minimal tox-
icity and adverse reactions, thereby enhancing pa-
tient safety, and improving the efficacy of thera-
peutic agents. Biocompatible nanoparticles inter-
act favorably with biological systems, do not trig-
ger inflammatory responses, and maintain struc-
tural integrity in biological environments, facilitat-
ing targeted drug delivery and enabling repeated
administration without adverse effects. Key fac-
tors influencing nanoparticle biocompatibility in-
clude material composition, surface chemistry, size,
shape, charge, hydrophobicity, and the degree of
functionalization or surface modification54. Their
nanoscale dimensions enable nanoparticles to evade
the reticuloendothelial system (RES), which filters
foreign substances from the bloodstream. This eva-
sion allows nanoparticles to remain in circulation
for extended periods, thereby increasing drug ex-
posure and potentially improving therapeutic effi-
cacy. Appropriate surface modifications further en-
hance stealth properties, prolong circulation time,

and facilitate targeted delivery. By dodging im-
mune detection, nanoparticles maintain bioavail-
ability, ensuring that therapeutic agents reach the
intended tissues. Rationally designed nanoparticles
with optimized surface properties can revolution-
ize drug delivery, offering improved treatment out-
comes and patient benefit. This strategic design en-
ables nanoparticles to outsmart the body’s defense
mechanisms, maximizing therapeutic potential. As
noted above, nanoparticles enable precise target-
ing of specific cells or tissues, delivering drugs di-
rectly to their intended sites of action; this approach
minimizes exposure to healthy tissues and organs,
thereby reducing the risk of harm. As a result, lower
doses are often required, leading to fewer side ef-
fects and improved patient outcomes. By combining
targeted delivery, improved bioavailability, and re-
duced dosing, nanoparticles significantly minimize
systemic toxicity. This synergistic effect enhances
the safety and efficacy of drug delivery, revolution-
izing treatment outcomes.
A study by Haque et al. formulated and evaluated
venlafaxine-loaded alginate nanoparticles (VLF-AG-
NPs) for intranasal brain delivery in the treatment
of depression. The nanoparticles were characterized
with respect to their physicochemical properties55.
Pharmacodynamic effects were assessed in albino
Wistar rats via the forced-swim test (FST) and lo-
comotor activity assay. Intranasal administration
of VLF-AG-NPs significantly improved behavioral
outcomes—increased swimming and climbing and
reduced immobility—compared with free VLF solu-
tion and oral VLF tablets; locomotor performance
was likewise enhanced. Direct brain targeting was
confirmed by confocal laser-scanning microscopy
of Rhodamine-123-loaded alginate nanoparticles55.
These experiments demonstrated efficient nanopar-
ticle distribution to the brain after intranasal dos-
ing. Pharmacokinetic analysis showed that brain-
to-blood VLF ratios were markedly higher after in-
tranasal VLF-AG-NPs than after intranasal or in-
travenous VLF solution, particularly at the 30-min
time point, indicating augmented direct brain trans-
port. Overall, intranasal VLF-AG-NPs achieved
greater cerebral uptake, superior pharmacodynamic
activity, and improved targeting efficiency, suggest-
ing alginate-based nanoformulation as a promising
strategy for depression therapy55.
In a separate investigation, Gao et al. developed
docetaxel-loaded solid lipid nanoparticles (DSNs)
and rigorously assessed their preclinical safety56.
DSNs produced no hypersensitivity or vascular ir-
ritation at clinically relevant concentrations. In
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acute toxicity studies, the maximum tolerated dose
in mice reached 400 mg kg−1, markedly exceed-
ing the lethal dose of Taxotere (LD50 = 149.3 mg
kg−1). In a 28-day repeated-dose study in beagle
dogs, Taxotere (1 mg kg−1) induced flushing, vocal-
ization, and salivation, whereas DSNs at four-fold
higher doses elicited no abnormal responses. At
equivalent dosing, DSNs caused only minor reduc-
tions in weight gain and significantly less hemato-
toxicity, cardiotoxicity, hepatotoxicity, and myelo-
suppression than Taxotere56, underscoring their su-
perior safety and handling profile.
Cayero-Otero et al. fabricated venlafaxine-loaded
poly(lactic-co-glycolic acid) nanoparticles via a
double-emulsion solvent-evaporation method57.
The formulation achieved 55–65 % entrapment
efficiency, 190–210 nm particle diameter, a polydis-
persity index < 0.2, and a zeta potential of ≈ –20
mV. In vitro exposure of human olfactory neu-
roepithelial cells preserved > 90 % viability across
all concentrations, exhibited no cytotoxicity, and
demonstrated clear nanoparticle internalization.
In vivo, seven-day intranasal delivery ameliorated
depressive-like behavior in rodents, as shown by
open-field, sucrose-preference, and tail-suspension
tests, with significantly stronger antidepressant-
like effects than free venlafaxine57. These findings
indicate that this nanoparticle platform is a safe
and effective vehicle for nose-to-brain venlafaxine
delivery.

Nano-mediated approaches for depression
Nano-mediated approaches exploit nanoparticles to
create innovative therapeutics, diagnostic modali-
ties, and drug-delivery platforms for neurological
and psychiatric disorders, thereby conferring dis-
tinct advantages. Because of their diminutive di-
mensions, nanoparticles can traverse biological bar-
riers such as the blood-brain barrier (BBB), ren-
dering them well-suited for targeted CNS deliv-
ery. Their high surface-to-volume ratio further fa-
cilitates efficient drug loading and transport. Con-
ventional antipsychotic and antidepressant agents
frequently encounter the BBB, which limits central
penetration, diminishes efficacy, and increases sys-
temic adverse effects58. The nanoscale dimensions
of these carriers permit circumvention of such bar-
riers, potentially transforming psychiatric pharma-
cotherapy. This integration has given rise to the
field of “nanopsychiatry,” underscoring its emerg-
ing clinical relevance. Nanomaterials already play a
crucial role in experimental neurophysiology, allow-
ing precise interrogation of normal and pathological

neural circuits. In addition, drug-loaded nanocarri-
ers can be engineered to modulate specific signaling
pathways as agonists or antagonists, while simulta-
neously enabling real-time monitoring of associated
physiological processes. Currently approved antide-
pressants are hampered by limited BBB penetra-
tion, dose-related toxicity, and suboptimal bioavail-
ability. Consequently, nearly one-third of patients
with major depressive disorder (MDD) exhibit in-
adequate therapeutic response. Several compounds
are also vulnerable to gastrointestinal enzymatic
degradation, further curtailing their efficacy. Nano-
enabled delivery systems offer a feasible strategy
to overcome these limitations. Diverse nanocarriers
are under investigation for BBB translocation, cap-
italising on their physicochemical attributes. Such
platforms enhance solubility and stability, provide
stimulus-responsive or sustained release, and de-
crease dosing frequency as well as off-target toxicity.
Moreover, nanocarriers shield encapsulated agents
from enzymatic degradation, thereby augmenting
antidepressant efficacy. A recent triple-blind ran-
domised controlled trial by Noormohammadi et al.
evaluated nano-selenium supplementation as an ad-
junct therapy for MDD. The investigators examined
effects on the JAK/STAT pathway; participants re-
ceived nano-selenium 55 µg day−1 or placebo in
conjunction with standard antidepressants. Nano-
selenium produced a numerically greater down-
regulation of JAK2 and STAT3 expression, although
inter-group differences did not reach statistical sig-
nificance. This trial constitutes one of the earliest
first-in-human evaluations of a nanoparticle-based
intervention for depression, yielding preliminary ev-
idence of safety and biological activity59.

Nano-based drug delivery carriers to de-
liver across the BBB
Nanotechnology-based drug-delivery carriers are
synthetic constructs characterized by unique
physicochemical attributes that revolutionize phar-
macotherapy by improving bioavailability, shielding
therapeutic agents from enzymatic degradation,
and facilitating sustained systemic circulation
(Figure 4). By fine-tuning their composition and
architecture, these platforms enhance drug stability
and allow controlled release kinetics, thereby pro-
longing the antidepressant effect and decreasing
dosing frequency. Moreover, nanocarriers can
be engineered for site-specific delivery through
the incorporation of target-directing surface
ligands, enabling the preferential accumulation

8084



Biomedical Research and Therapy 2025, 12(12):8072-8099 

of antidepressants in pathological brain regions,
maximizing therapeutic efficacy while limiting
off-target toxicities.

Types of nanocarriers for antidepressants
A wide variety of nanoparticles are under active in-
vestigation as nanocarriers for drug delivery, par-
ticularly for crossing the blood–brain barrier (BBB).
These platforms encompass lipid-based nanopar-
ticles, polymeric nanoparticles, metallic nanopar-
ticles, ceramic nanoparticles, quantum dots, den-
drimers, nanocapsules and nanoemulsions, each
possessing distinct physicochemical properties that
can be leveraged for targeted brain delivery. Al-
thoughmost nanoparticles do not readily breach the
BBB, carriers fabricated from biodegradable poly-
mers display superior permeability owing to their
colloidal stability. These polymers can evade the
reticuloendothelial system (RES), thereby extend-
ing systemic circulation and allowing the encapsu-
lated drug to reach its site of action. Furthermore,
biodegradable polymer-based nanocarriers exhibit
minimal toxicity, making them a promising plat-
form for the development of safe and effective drug-
delivery systems. Table 1 summarizes representative
studies that have designed and evaluated nanocar-
riers for antidepressant delivery. Because this arti-
cle is a narrative review, formal inclusion and exclu-
sion criteria were not applied. The studies discussed
were selected to provide a concise overview aligned
with the objectives of the present manuscript.

Lipid-based nanocarrier systems
Lipid-based nanocarrier systems have emerged as
a promising platform for delivering therapeutic
agents to the central nervous system (CNS) by
circumventing the restrictive blood–brain barrier
(BBB). By optimizing the physicochemical compo-
sition and surface properties of these nanocarri-
ers, investigators have successfully enhanced trans-
BBB permeability, thereby enabling efficient deliv-
ery to brain parenchyma. This advancement has
important implications for the treatment of numer-
ous neurological disorders, including major depres-
sive disorder (MDD), Alzheimer’s disease, Parkin-
son’s disease, and multiple sclerosis. Collectively,
lipid-based nanocarriers may provide a viable solu-
tion to the challenges inherent in CNS drug delivery,
thereby paving the way for more effective therapies
and improved patient outcomes.
Liposomes: Liposomes are versatile, spherical
vesicular carriers typically composed of phospho-
lipid bilayers 68. Their bilayer, with hydrophilic

headgroups oriented toward the inner and outer
aqueous phases and hydrophobic acyl chains se-
questered within the membrane, permits the en-
capsulation of hydrophilic drugs within the aque-
ous core as well as the incorporation of lipophilic
molecules into the lipid bilayer. This structural flexi-
bility enables liposomes to deliver a broad spectrum
of therapeutic agents effectively69. Consequently,
liposomes have been employed in the treatment of
a variety of diseases, including malaria and several
cancers, by virtue of their capacity for targeted de-
livery, controlled release, reduced systemic toxicity,
and enhanced in-vivo stability.
Khute and Jangde, using an in-silico approach, de-
signed a venlafaxine-loaded liposomal formulation
that exhibited high entrapment efficiency (90 %)
and a mean particle diameter of approximately
190 nm 70. In vitro release studies demonstrated
superior drug release kinetics relative to the free
drug. These data suggest that liposomal venlafax-
ine constitutes a promising nose-to-brain delivery
platform capable of improving pharmaceutical per-
formance, therapeutic efficacy, and bioavailability
in the management of depression. Furthermore,
the intranasal administration route appeared robust
and may translate into enhanced clinical outcomes.
Chawla formulated and characterized sertraline
hydrochloride-loaded liposomes via the thin-film
hydration method 71. The resultant vesicles ex-
hibited controlled drug release and enhanced
antidepressant-like activity. In a stress-induced rat
model, liposomal sertraline significantly improved
behavioral parameters—increasing swimming and
decreasing immobility and struggling durations—
relative to a commercial sertraline preparation.
These observations indicate that liposomal sertra-
line represents a promising strategy for the treat-
ment of depression.
Solid lipid nanoparticles (SLNs): SLNs are unil-
amellar, discoidal-to-spherical particles composed
of solid lipids stabilized by surfactants. Drugs can
be embedded within the lipid core or adsorbed onto
the particle surface, thereby enabling targeted de-
livery and improved tissue penetration. SLNs af-
ford several benefits, including enhanced pharma-
cological efficacy, reduced hepatic clearance, and
straightforward encapsulation of amphiphilic drugs.
They have been extensively investigated as carri-
ers in vaccines, anticancer therapy, antimicrobial
treatment, and gene delivery, confirming their po-
tential as an effective and efficient drug-delivery
system. Rana et al. evaluated duloxetine-loaded
SLNs with the aim of maximizing antidepressant
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Figure 4: It presents the key physicochemical and functional advantages of nanoparticle-based drug delivery
systems. This summarizes general properties of nano-based systems such as controlled drug release, biocompat-
ibility, biodegradability, and scalability.

activity in a lipopolysaccharide-induced rat model
of depression 66. Particles were produced via nano-
template engineering. Behavioral assays (forced-
swim and tail-suspension tests) demonstrated su-
perior antidepressant effects, while ELISA indicated
increased brain-derived neurotrophic factor (BDNF)
concentrations in brain and plasma. Immunohis-
tochemistry further revealed attenuated inflamma-
tion, supporting SLNs as promising carriers for
brain-targeted delivery of antidepressant drugs.
Nanostructured lipid carriers (NLCs): To over-
come these limitations, second-generation NLCs
were developed. NLCs incorporate a mixture of
solid and liquid lipids, offering greater drug loading
and improved in vitro performance. Compared with
SLNs, NLCs provide superior stability, more precise
release kinetics, and higher drug loads, thereby de-
livering an attractive system for various therapeu-
tic purposes. Gul et al. formulated agomelatine-
loaded NLCs to enhance the drug’s therapeutic ef-
fectiveness72. The formulation exhibited favorable
physicochemical properties, sustained in vitro re-
lease, and superior in vivo antidepressant efficacy in
mice. These findings confirm that NLCs represent a
potential nanocarrier for effective brain delivery of
antidepressants.

Polymer-based nanocarriers
Continuous efforts are under way to combine psy-
chiatric drugs with polymeric nanoparticles to over-
come major barriers in antipsychotic therapy73, 74.
The primary goals include enhancing bioavailabil-
ity, increasing therapeutic efficacy, and diminish-
ing adverse effects associated with long-term an-
tipsychotic use, particularly extrapyramidal symp-

toms. Ultimately, researchers aim to exploit poly-
meric nanoparticles to create more effective psy-
chiatric formulations that minimize side-effects and
improve patients’ quality of life.
Polymeric micelles are self-assembled nanostruc-
tures formed by amphiphilic block copolymers when
their concentration exceeds the critical micellar con-
centration, yielding thermodynamically stable par-
ticles. They possess a hydrophobic core and hy-
drophilic shell, enabling controlled release of poorly
soluble drugs and enhanced bioavailability. Their
small diameter (10–200 nm), structural stability, and
low toxicity render them well-suited for drug de-
livery. The hydrophobic core sequesters the drug,
acting as a sustained-release reservoir, whereas the
hydrophilic shell mitigates serum protein adsorp-
tion and complement activation, thereby limiting
premature drug loss. Hydrophilic moieties such as
polyethylene glycol (PEG) are commonly incorpo-
rated to evade the reticuloendothelial system, pro-
long circulation, and improve stability. Inherent
to PEG is its capacity to penetrate mucus, facili-
tating trans-mucosal transport and further justify-
ing its inclusion in micellar designs75. El-Helaly et
al. encapsulated mirtazapine within polymeric mi-
celles, resulting in improved solubility and enhanced
bioavailability 76. The formulation exhibited satis-
factory stability, indicating that polymeric micelles
can serve as an efficient carrier system.
Dendrimers: Dendritic macromolecules, charac-
terized by their unique spherical, highly branched
architecture and numerous active sites, offer a ver-
satile platform for drug delivery. These hyper-
branched structures can encapsulate drugs within
their interior or attach them to their surface through
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Table 1: Compilation of nanocarriers used to encapsulate the commercial antidepressants

Nanocarrier Synthesis
method

Cargo Test model Key outcomes Size/PDI/
Charge

in
vivo
dosage

Ref.

Nano-
transethosome

Hot method Agome-
latine

Swiss albino
mice

Higher skin
permeation,

prolonged release,
and improved

behavior

156.8 nm -
60

Liposomes Thin lipid
film

hydration
method

Vor-
tioxe-
tine

hydro-
bro-
mide

Mice model Stability, no acute
toxicity, and
improved

antidepressant
effect

176.74
nm ± 2.43

2.5
mg/kg
to 10
mg/kg

61

Polymer-
Poly-lactic-co-
glycolic acid-

Nanoprecip-
itation
method

Agome-
latine

Ex vivo study-
goat nasal

mucosa and in
vivo- Rats

Sustained release,
high permeability,
no nasal toxicity

<200 nm/
-22.7 mV

-
62

Bio-nano gels-
biopolymer

- Esci-
talo-
pram

Ex vivo study-
goat skin

Higher stability - -
63

Nanocapsules
with a

biodegradable
polymeric shell

Nanoprecip-
itation

technique

Tra-
zodone
hy-

drochlo-
ride

Mice model Controlled release
and enhanced
antidepressant

efficacy

172.4 ± 2.2 nm/
PDI-
<0.3/

± 20 mV

5 mg/kg
64

Solid Lipid
Nanoparticles

Hot homog-
enization
method

Sertra-
line
hy-

drochlo-
ride

Rat model Reduced
immobility
duration

- 20 and
50

mg/kg

65

Solid lipid
nanoparticles

Nano-
template

engineering
technology

Duloxe-
tine

In vivo study Reduced depressive
behavior,

suppressed the
inflammatory

markers

114.5
nm/PDI-
0.29/-18.2

mV

-
66

Nanostruc-
tured lipid
carriers

Melt
Emulsification-
Ultrasonication

process

Ven-
lafaxine

Ex vivo- sheep
nasal mucosa

Prolonged release
with higher
permeability.

155 and
293 nm/
213±4.3/
-35 mV

-
67

Note: PDI, polydispersity index; Ref., reference.

hydrophobic interactions or covalent bonding, de-
pending on the physicochemical stability of the pay-
load. The unique structure and functional sur-
face groups of dendrimers provide several key bene-
fits, including improved biocompatibility, prolonged
systemic circulation, and precise targeting, making
them promising tools for advanced therapeutic de-
livery. Consequently, efficient and controlled drug
release can be achieved, minimizing potential side
effects and improving therapeutic efficacy. Fard
et al. synthesized polyester dendrimers function-

alized with graphene oxide and loaded with ven-
lafaxine 77. The formulation displayed a sustained-
release profile and showed enhanced biocompati-
bility after conjugation with 3,4-dihydroxybenzoic
acid. In cytotoxicity assays, the system maintained
high cell viability. Overall, dendrimers represent
biocompatible and biodegradable nanocarriers ca-
pable of transporting antidepressants.
Chitosan: Chitosan, a naturally derived biopoly-
mer, exhibits exceptional biocompatibility and
biodegradability, rendering it suitable for biomedi-
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cal applications, particularly within the central ner-
vous system (CNS). Its degradation products are
non-toxic, non-accumulating, and non-antigenic,
ensuring safe elimination from the body. These fa-
vorable properties enhance chitosan’s ability to tra-
verse the blood–brain barrier (BBB), facilitating tar-
geted delivery of therapeutic agents to the CNS. Ac-
cordingly, chitosan has emerged as a promising vec-
tor for CNS-oriented drug-delivery systems. Saeedi
et al. developed Tween 80-coated chitosan nanopar-
ticles to enhance the brain distribution of venlafax-
ine 78. The nanoparticles were non-toxic and demon-
strated improved biodistribution inmice. Relative to
uncoated nanoparticles or an aqueous venlafaxine
solution, Tween 80-coated nanoparticles increased
venlafaxine concentrations in brain tissue within 1
h after administration, indicating enhanced cere-
bral uptake. These findings suggest that surface-
modified, venlafaxine-loaded chitosan nanoparti-
cles may improve brain delivery and therapeutic ef-
ficacy, offering a promising strategy for the man-
agement of generalized anxiety disorder. Additional
nanocarrier systems that efficiently encapsulate ac-
tive agents and yield improved outcomes are sum-
marized in Table 2.

Surfactants based nanocarriers
Nanoparticles possess an exceptionally high
surface-to-volume ratio that confers distinct physic-
ochemical advantages relative to bulk materials.
The functional performance of these nanostructures
can be further optimized through the adsorption of
surfactants—amphiphilic molecules that lower in-
terfacial tension—thereby improving their colloidal
stability and drug-loading capacity. Consequently,
surfactant-modified nanoparticles constitute
the foundation of next-generation drug-delivery
platforms, providing improved pharmacokinetics,
targeting accuracy, and bioavailability.
Niosomes are non-ionic surfactant-based vesicles
that have gained attention as carriers for central
nervous system (CNS) therapeutics. Their closed
bilayer architecture allows simultaneous entrap-
ment of hydrophilic solutes in the aqueous core
and lipophilic compounds within the bilayer, safe-
guarding the payload from enzymatic degradation
and enhancing systemic bioavailability. Reported
advantages include increased permeability across
the blood–brain barrier (BBB), site-specific delivery
within the CNS, superior drug solubility and physic-
ochemical stability, diminished off-target toxicity,
and sustained release kinetics89.

Bilosomes—vesicular systems composed of bile salts
and phospholipids—also demonstrate promise for
CNS drug delivery. The incorporation of bile salts
confers membrane fluidity and resistance to intesti-
nal bile-salt-induced lysis, enabling efficient trans-
BBB transport of both hydrophilic and lipophilic
drugs. In preclinical studies, bilosomes improved
drug solubility, stability, and bioavailability while
minimizing systemic adverse effects. Post-synthetic
surface functionalization with targeting ligands fur-
ther facilitates region-specific delivery within the
CNS 90. Bilosomes have been investigated for the
transport of neuroprotective agents, chemother-
apeutics, and antivirals aimed at major depres-
sive disorder, Alzheimer’s disease, Parkinson’s dis-
ease, brain tumours, and other neurological patholo-
gies. Owing to their intrinsic biocompatibility
and biodegradability, bilosomes represent a ver-
satile platform for CNS-directed nanotherapeutics.
A comparative summary of recent vesicle-based
nanocarriers (bilosomes and niosomes) and their re-
spective advantages is provided in Table 3.

Metallic nanocarriers
Metallic nanoparticles enhance the therapeutic effi-
cacy of drugs by facilitating targeted delivery and
mitigating multidrug resistance. They are widely
employed as vehicles for delivering various thera-
peutic agents, including antibodies, nucleic acids,
and chemotherapeutic drugs. Metallic nanocarri-
ers, such as gold, silver, iron oxide, and zinc ox-
ide nanoparticles, have emerged as versatile plat-
forms for enhancing drug delivery. By increas-
ing solubility, prolonging systemic circulation, and
reducing renal clearance, these nanocarriers pro-
vide a promising approach to optimizing pharma-
cological efficacy. Although the nanocarrier sys-
tems discussed—including solid lipid nanoparticles
(SLNs), nanostructured lipid carriers (NLCs), nio-
somes, and polymeric formulations—have demon-
strated considerable promise for antidepressant de-
livery, identifying a universally superior vehicle re-
mains challenging. The performance of each system
depends primarily on the physicochemical prop-
erties of the encapsulated drug, which govern its
encapsulation efficiency, stability, and release ki-
netics. In general, lipid-based carriers afford pro-
longed release and enhance bioavailability, whereas
polymeric systems offer greater tunability for tar-
geted delivery. Nevertheless, these advantages
are context-dependent, and the optimal nanocarrier
must ultimately be selected empirically through it-
erative optimization tailored to the specific drug and
therapeutic objective.
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Table 2: Potential nanocarriers used to encapsulate the active agents that act as an antidepressant

Nanocarrier Synthesis
method

Cargo Surface
Functional-
ization

Test model Key outcomes Ref.

Lipid-based,
polymer-
based, and

polymer/lipid
hybrid

- Curcumin - Sprague-
Dawley
male rats

increased weight,
improved sucrose

consumption, and restored
normal behavior

79

Nanogels Reverse mi-
croemulsion
method

Icariin NGSTH- for
thermosensi-

tivity

Mice model Increased weight,
improved sucrose
consumption, and

normalized testosterone
levels

80

Quercetin-
based alginate

nanogels

- BDNF Poloxamer-
for ther-

mosensitivity

Sprague-
Dawley rats

Improved bioavailability
with slow and sustained
release, and reversed
depressive behavior

81

Cyclic RGD
liposomes

- Edaravone - Rat model Improved behavioral
activity and normalized

cytokine levels

82

Liposomes - Oxytocin N-Acetyl
Pro-Gly-Pro

(PGP)
peptides

Rat model Increased neutrophil
levels, bioavailability, and

improved behavioral
measurements.

83

Liposomes - Amphotericin
B

- Mice model Reversed depression
behavior and increased
sucrose preference test

scores

84

Liposome - Nimodipine - Mice model Decreased MAOB activity
and reduced immobility 85

Chitosan
nanoparticles

Ionic gelation
method

Tramadol
HCl

Pluronic and
HPMC-based
mucoadhesive

thermo-
reversible gel

In vitro
study

Increased locomotor
activity, body weight, and

showed significant
alterations in biochemical

parameters.

86

Nanostructured
lipid carriers

Nanotemplate
engineering
technique

Curcumin Poloxamer
188, Tween 80,
and Span 80-
as stabilizers

Rat model Exhibited biphasic release,
with an initial burst
followed by sustained
release, demonstrated a
neuroprotective effect.

73

Hydroxylpropyl-
β-cyclodextrin
(HP-β-CD)

- Berberine Poloxamer- as
thermosensi-

tivizer

Rat model High therapeutic
efficiency at a low dose

and restored
mitochondrial dysfunction

74

Solid lipid
nanoparticles

- Curcumin - Mice model Higher permeability with
improved bioavailability 87

Solid lipid
nanoparticles

Dexanabinol
and
Cur-
cumin

Increased mRNA and
protein expression with
enhanced locomotion

profile

88

Abbreviations: BDNF, brain-derived neurotrophic factor; HPMC, hydroxypropyl methylcellulose; PBMCs, peripheral
blood mononuclear cells.
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Table 3: Development of Niosomal and Bilosomal nanocarriers for encapsulating antidepressants

Nanocarrier Synthesis Reactants Function-
alization

Antidepress-
ants

Test
model

Key outcomes Ref.

Niosomes Ether
injection
method

Span 40, span
60, span 80

- Setraline hy-
drochloride

In vitro Promising
transdermal
delivery

91

Thin film
hydration

Span 60 - Desvenlafaxine
succinate

In vitro High stability
92

Ether
injection
method

Span 80 - Venlafaxine
hydrochlo-

ride

- High
bioavailability
and sustained

release

93

Bilosomes Thin film
hydration

Span 60,
sodium

deoxycholate

- Sertraline hy-
drochloride

In vivo High oral
bioavailability
and reduced
gastric upset.

94

Thin film
hydration

Span 60, and
sodium

deoxycholate

- Desvenlafaxine
succinate

In vivo Increasing
bioavailability

and effectiveness

95

Thin film
hydration

Sodium
deoxycholate

Hyaluronic
acid

Venlafaxine In vitro High
bioavailability 96

Ethanol
injection
technique

Sodium
deoxycholate,

sodium
cholate,
sodium

taurocholate

Hyaluronic
acid

Agomelatine In vivo Higher elasticity,
improved ocular
delivery, and
bioavailability

97

Abbreviations: Ref., reference.

Route of nanocarrier administration
Several administration routes have been system-
atically explored for the deployment of nanocar-
riers in depression management, and the selected
route profoundly influences absorption, distribu-
tion, metabolism, and elimination (ADME). Oral de-
livery remains the predominant option because it is
non-invasive, convenient, and cost-effective; how-
ever, extensive pre-systemic metabolism in the gas-
trointestinal mucosa and liver markedly diminishes
bioavailability and therapeutic efficacy. In addition,
the blood–brain barrier (BBB) poses a formidable
obstacle to central nervous system (CNS) exposure.
To address these limitations, researchers have en-
gineered next-generation oral nanocarriers that im-
prove stability, enhance intestinal uptake, and in-
crease neuroavailability, thereby potentially aug-
menting clinical outcomes.
Parenteral administration bypasses first-pass
metabolism and enables rapid systemic exposure.
Intravenous (IV) injection provides immediate
access to the circulation and an accelerated onset
of action, whereas intramuscular (IM) injection
supports slower, sustained absorption98. Although

both routes permit subsequent BBB penetration,
distribution remains largely non-selective and may
precipitate peripheral adverse effects; current inves-
tigations are focusing on surface functionalization
and ligand-mediated targeting to optimize CNS
delivery.
Intranasal administration offers a minimally inva-
sive alternative that combines rapid systemic ab-
sorption with direct nose-to-brain transport via
the olfactory and trigeminal pathways. This
strategy circumvents gastrointestinal and hepatic
metabolism as well as the BBB, leading to a faster
pharmacodynamic response, higher brain bioavail-
ability, and fewer systemic interactions99.

ANIMAL MODEL FOR
NEUROLOGICAL STUDIES
Animal models remain indispensable tools in con-
temporary neurological research, furnishing criti-
cal insights into the pathophysiology, diagnosis,
and treatment of a wide spectrum of nervous-
system disorders. By recreating complex biolog-
ical processes under controlled laboratory condi-
tions, investigators can dissect disease mechanisms,
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evaluate candidate interventions, and identify con-
tributory genetic determinants. Genetically en-
gineered animals reproduce discrete human phe-
notypes, thereby enabling detailed exploration of
gene–environment interactions. Moreover, animal
models permit systematic assessment of toxins,
lifestyle factors, and additional environmental ex-
posures on cerebral integrity. The knowledge gener-
ated with these systems informs the development of
more effective therapeutics and ultimately improves
clinical outcomes.
A diverse repertoire of animal models is avail-
able, each conferring distinct advantages; the most
commonly used include rodents, non-human pri-
mates, zebrafish (ZF), and invertebrates. Rodents—
particularly mice and rats—are favoured because
of their well-characterised genomes and the exten-
sive catalogue of transgenic and knock-out lines.
These models faithfully recapitulate key features of
Alzheimer’s disease, Parkinson’s disease, epilepsy,
and other conditions, thereby facilitating studies of
pathogenesis, therapeutic screening, and longitudi-
nal disease tracking. Non-human primates, such
as macaques, are employed for higher-order cog-
nitive investigations, as their neuroanatomy and
neurophysiology closely parallel those of humans,
yielding invaluable data on memory, learning, and
decision-making.
Despite their utility, extant animal models of de-
pression possess notable limitations. Most cannot
reproduce core affective and cognitive symptoms—
sadness, guilt, or suicidal ideation—and several in-
duction paradigms raise ethical concerns100. Con-
sequently, researchers are actively pursuing comple-
mentary or replacement approaches that enhance
translational validity while minimising animal use.
Invertebrates, including Drosophila melanogaster
and Caenorhabditis elegans, are well suited to large-
scale genetic screens owing to their simple ner-
vous systems, short life cycles, and tractable ge-
netics 101. Nevertheless, observations derived from
these species frequently require subsequent valida-
tion in vertebrate models. Zebrafish have emerged
as a valuable complementary vertebrate system
for neurodevelopmental and neuropsychiatric re-
search. Their transparent embryos allow real-
time visualisation of neural development, and ap-
proximately 70 % of human genes possess ortho-
logues in zebrafish, conferring substantial transla-
tional relevance. Zebrafish-based paradigms are
now regarded as some of the most informative high-
throughput assays for depression, as detailed in the
following section.

Zebrafish as a depression model
In recent years, the zebrafish (Danio rerio) has
emerged as a promising model organism for pre-
clinical research, as evidenced by a surge in pub-
lications featuring this species. Zebrafish have
been successfully employed in studies of CNS dis-
eases, including mood disorders, particularly de-
pression 102. Zebrafish, a small, transparent fresh-
water teleost, have become a valuable model or-
ganism in neurological research owing to their re-
markable genetic and biological similarities with
humans. Sharing a substantial portion of their
genome with humans—including genes governing
neurological function and disorders—zebrafish pro-
vide a unique platform for investigating the ge-
netic underpinnings of neurological conditions. This
genetic overlap enables researchers to systemati-
cally study the impact of specific genes on neu-
rological diseases, leveraging the simplicity, cost-
effectiveness, and rapid development of zebrafish
to advance our understanding of human neurolog-
ical disorders. The transparency of zebrafish em-
bryos and larvae allows for real-time observation
and non-invasive imaging of nervous-system devel-
opment. Their rapid development—forming a cen-
tral nervous system within a few days—makes them
ideal for studying early neuro-developmental pro-
cesses and the effects of genetic mutations or en-
vironmental factors.
High-throughput experiments can be readily per-
formed, as they have short generation times, high
fecundity, and enable large-scale genetic and drug-
screening studies. Zebrafish are easily amenable
to genetic-manipulation methodologies, including
gene knockout, over-expression, and CRISPR/Cas9
genomic-editing techniques for targeted studies of
genes of interest. Furthermore, they display a broad
repertoire of complex behaviours in controlled lab-
oratory settings; therefore, they can be used as
model organisms to study normal and pathologi-
cal neurological phenotypes. These features make
zebrafish particularly well-suited for investigating
specific genetic mutations in the context of neu-
rological disease, neural development, and patho-
logical processes, as well as high-throughput drug
screening and genetic analysis. Furthermore, their
complex behavioural responses provide a platform
for exploring how neurological disorders impact be-
haviour 103. Typically, preliminary investigations in
zebrafish employ behavioural assays. The changes
in their locomotion profile are assessed and com-
pared with those of healthy controls to find signif-
icant differences. There are several tank setups de-
signed on the basis of their behaviour. Each tank
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setup is unique in dimensions and is used to assess
behavioural alterations by studying various factors,
including swimming speed, freezing time, prefer-
ence for colour, preference for light conditions, pref-
erence for social interaction, memory performance,
and time spent at specific points within the tanks.

Superiority of Zebrafish over other rodent
models
Although rodent and zebrafish models share many
behavioral and neurochemical endpoints, their pre-
dictive and quantitative metrics vary considerably.
Similar to rodent models, zebrafish also exhibit
decreased exploratory activity, cortisol dysregula-
tion, reduced shoaling, and altered monoaminer-
gic neurotransmission104. Pharmacologically, ze-
brafish respond to psychotropic agents in a man-
ner comparable to rodents. Wong et al. exam-
ined behavioral outcomes and whole-brain tran-
scriptomic alterations in both species following flu-
oxetine administration and found concordant anxi-
olytic effects 105. Research by Duque et al. demon-
strated that, in both mice and zebrafish, stress-
hormone exposure produces similar behavioral out-
comes. Chronic glucocorticoid treatment in mice in-
creased passivity in depression-related assays such
as the forced-swim and tail-suspension tests, while
prolonged hydrocortisone exposure in larval ze-
brafish likewise heightens futility-induced passiv-
ity. Notably, in both species, these effects were
reversed by ketamine, highlighting a shared sen-
sitivity of stress-hormone-induced passivity to an-
tidepressant treatment and implying conserved un-
derlying cellular mechanisms106. In another study,
Monica et al. compared zebrafish and mice to as-
sess the effects of the natural metabolite xantho-
toxin on anxiety. Anxiety was measured using thig-
motaxis in zebrafish and the elevated-plus-maze in
mice. Xanthotoxin produced an inverted U-shaped
dose–response curve in both models, demonstrat-
ing its pharmacological activity and supporting ze-
brafish as a predictive model for behavioral research
on natural compounds 107.

Strategies to induce depression in ze-
brafish
Prior to the study, depression is externally induced
in zebrafish (ZF) to evaluate the ability of candidate
formulations to reverse this state. Two validated
models are commonly used.
Unpredictable ChronicMild Stress (UCMS)-induced
depression: TheUCMSparadigm, awell-established

model of depression in rodents, has been adapted
for zebrafish research. This paradigm induces
depression-like behavior in ZF through random, se-
quential exposure to mild stressors such as tem-
perature fluctuations, social isolation, crowding, re-
duced water levels, and tank changes. Studies have
shown that after 7–14 days of UCMS exposure, ze-
brafish exhibit significant behavioral and physiolog-
ical alterations, including anxiety-like behavior, ele-
vated cortisol and corticotropin-releasing factor lev-
els, and decreased glucocorticoid receptor expres-
sion. UCMS elicits marked behavioral changes in
zebrafish, such as decreased locomotor activity, re-
duced social interaction, and increased anxiety-like
behaviors 108. These changes resemble those ob-
served in depressed patients and provide a valu-
able platform for investigating the neurobiologi-
cal mechanisms underlying depression. Addition-
ally, UCMS-induced depression in zebrafish can be
exploited to screen potential antidepressant com-
pounds, thereby accelerating the development of
novel therapeutics for this debilitating condition.
Reserpine-induced depression: Reserpine is an anti-
hypertensive alkaloid with antipsychotic and anx-
iolytic properties that is routinely used in pre-
clinical studies to induce depression-like behav-
ior in laboratory animals. It works by irre-
versibly blocking VMAT1 and VMAT2, the trans-
porters responsible for sequestering norepinephrine,
dopamine, serotonin, and histamine in synaptic
vesicles. Normally, VMAT2 loads these neuro-
transmitters into vesicles for release during synap-
tic transmission. By blocking this process, reser-
pine depletes monoamine stores, leading to atten-
uated synaptic signalling and reduced brain activ-
ity. The unprotected neurotransmitters are subse-
quently metabolised by monoamine oxidase (MAO)
and catechol-O-methyltransferase (COMT), further
curtailing their effects. Because VMAT2 resynthe-
sis requires several days to weeks, reserpine’s im-
pact is prolonged, contributing to both its thera-
peutic actions and its capacity to elicit depression-
like symptoms in experimental models109. Con-
sequently, reserpine treatment is associated with
a significant side effect—the development of de-
pressive behaviour. Traditionally employed in ro-
dent studies, reserpine has recently been applied
to zebrafish research. Following administration, ze-
brafish display characteristic depression-like pheno-
types, including hypolocomotion, social withdrawal,
and elevated cortisol levels. These behavioral and
physiological alterations mimic human depressive
symptoms, rendering reserpine-induced depression

8092



Biomedical Research and Therapy 2025, 12(12):8072-8099 

a valuable complementarymodel formechanistic in-
vestigations and the rapid screening of candidate
antidepressants.

FUTURE PERSPECTIVES
HIGHLIGHTING
NANOTOXICITY
Nanoparticles have had a profound impact across
numerous medical applications, including diagnos-
tic imaging, site-specific drug-conjugate delivery,
vaccine delivery, photothermal and photodynamic
therapies. Additionally, nanomaterial-based tech-
nologies applied to central nervous system (CNS)
disorders—such as brain tumors, epilepsy, Parkin-
son’s disease, and Alzheimer’s disease—have gar-
nered increasing attention. Nanocarriers may be
administered via the nasal, intramuscular, trans-
dermal, and, most commonly, oral routes. How-
ever, while oral nanoformulations typically enhance
drug bioavailability, they may concurrently pro-
voke immune stimulation, likely because the intes-
tine is central to immune homeostasis and host de-
fense. The study by Teleanu et al. demonstrated
that nanoparticles rapidly reach the brain by pene-
trating the blood–brain barrier (BBB) and infiltrat-
ing neuronal cells, where they can exert toxic ef-
fects on the nervous system110. Such toxicity dis-
rupts normal neuronal function and architecture,
ultimately compromising BBB integrity. Conse-
quently, thorough preclinical evaluation of side ef-
fects, metabolism, and related parameters is imper-
ative before treatment. Systematic consideration
of these factors is essential for the development of
safe and effective nanotherapeutics for neurologi-
cal diseases. The toxicity of nanoparticles is investi-
gated primarily through in vitro and in vivo assays.
In vitro methods employ fluorescent probes, MTT,
ELISA, and Trypan blue exclusion to evaluate cy-
totoxicity, immunotoxicity, carcinogenicity, hepato-
toxicity, genotoxicity, and reactive oxygen species
production. Animal studies serve as surrogates for
human responses and are pivotal for determining
clinical safety. Nanoparticle toxicity is influenced
by administration route, dose, surface functional-
ization, size, shape, and polydispersity index. De-
spite extensive preclinical evidence, the impact of
nanoparticles in humans remains largely unknown.
Nanoparticles can traverse the BBB and enter neu-
ral tissue; however, their long-term fate within the
CNS is still unclear. Several preclinical studies sug-
gest that certain nanoparticles cross the BBB and
are internalized by astrocytes and microglia, acti-
vating neuroinflammation and precipitating brain

injury, which could be relevant to chronic psy-
chiatric treatments111. These findings underscore
the need for long-term monitoring and rigorous
safety evaluation during nanomedicine-based ther-
apies for depression 112. Successful translation of
nanoparticles from bench to bedside requires an in-
depth understanding of their interactions with tis-
sue cells and blood components under both healthy
and pathological conditions. Accordingly, strin-
gent and systematic protocols encompassing syn-
thesis, characterization, and drug-loading efficiency
are required. Furthermore, clinical implementation
of nanomedicine remains challenging and demands
careful consideration of intellectual property, gov-
ernmental standardization, and market regulation
by both industry and regulatory authorities.

CONCLUSION
The development of nanomedicine provides a
promising strategy to overcome several limitations
of conventional therapies. Nanomedicine, which in-
volves the use of nanoparticles for targeted drug de-
livery and enhanced bioavailability, represents an
exciting frontier in the treatment of major depres-
sive disorder (MDD). The ability to directly deliver
antidepressants to the brain and target specific re-
gions involved in the pathophysiology of depression
could lead to faster, more effective, and personalized
therapeutic regimens. However, as with any new
technology, there are significant challenges. Safety
concerns, potential toxicities, long-term effects, and
the complex behavior of nanoparticles in biological
systems aremajor obstacles to thewidespread adop-
tion of nanomedicine for depression treatment. Ad-
ditionally, regulatory and ethical considerations re-
garding the clinical use of nanotechnology need to
be thoroughly addressed. Animal models remain
indispensable for advancing this field, yet their in-
herent limitations and ethical implications require
careful consideration. These models enable inves-
tigators to dissect the neurobiological mechanisms
underpinning MDD and to identify novel therapeu-
tic targets. Despite its promise, nanomedicine still
demands rigorous investigation and refinement to
ensure safe and efficacious application inMDD. Per-
sonalized medicine strategies that integrate genetic,
epigenetic, and environmental determinants may
further optimize treatment efficacy. Ultimately,
progress will rely on a multidisciplinary collabora-
tion spanning nanotechnology, neuroscience, and
psychiatry to generate innovative interventions for
MDD. By confronting the multifactorial nature of
MDD and harnessing nanomedicine, clinicians and
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researchers can work toward improved outcomes
and enhanced quality of life for affected individuals.
The convergence of nanomedicine with zebrafish
models constitutes an especially promising avenue
for the discovery of more effective antidepressant
modalities. To close existing knowledge gaps, forth-
coming studies should conduct head-to-head com-
parisons of lipidic versus polymeric nanocarriers for
brain-directed antidepressant delivery in zebrafish,
facilitating robust structure–activity correlations.
Moreover, universally accepted protocols for eval-
uating long-term biodistribution, pharmacokinet-
ics, and neurotoxicity of nanocarriers are urgently
needed. Because the present narrative review did
not employ systematic search procedures, selection
bias may have been introduced. Consequently, cer-
tain pertinent studies could have been inadvertently
excluded. Future reviews should adopt standardized
search strategies with predefined inclusion and ex-
clusion criteria. Addressing these issues will accel-
erate translation from preclinical zebrafish data to
clinically viable nanomedicine-based therapies for
MDD.

ABBREVIATIONS
5-HT: serotonin; ADME: absorption, distribution,
metabolism, and elimination; BDI: Beck Depression
Inventory; BDNF: brain-derived neurotrophic fac-
tor; BBB: blood–brain barrier; BAT: Behavioral Ac-
tivation Therapy; CBT: cognitive-behavioural ther-
apy; CBT-I: Cognitive Behavioural Therapy for In-
somnia; CDAI: Composite Dietary Antioxidant In-
dex; CES-D: Center for Epidemiologic Studies De-
pression Scale; CNS: central nervous system; CRS:
circadian rhythm support; CSDD: Cornell Scale for
Depression in Dementia; DA: dopamine; DMN:
default mode network; DSM: Diagnostic and Sta-
tistical Manual of Mental Disorders; EPR: en-
hanced permeability and retention; fMRI: func-
tional magnetic resonance imaging; GDS: Geri-
atric Depression Scale; GMB: gut–microbiota–
brain; HDRS: Hamilton Depression Rating Scale;
HPA: hypothalamic–pituitary–adrenal; IM: intra-
muscular; IPT: Interpersonal Therapy; IV: intra-
venous; KYN: kynurenine; LDA: linear discrimi-
nant analysis; MAOIs: Monoamine Oxidase In-
hibitors; MDD: Major Depressive Disorder; MDI:
Major Depression Inventory; miRNAs: microR-
NAs; MRS: magnetic resonance spectroscopy; NA:
noradrenaline; NDRIs: Norepinephrine–Dopamine
Reuptake Inhibitors; NE: norepinephrine; NLCs:
Nanostructured Lipid Carriers; PBMCs: periph-
eral blood mononuclear cells; PDI: polydispersity

index; PEG: polyethylene glycol; PET: positron
emission tomography; PHQ-9: Patient Health
Questionnaire-9; PST: Problem-Solving Therapy;
PyDT: Psychodynamic Therapy; RES: reticuloen-
dothelial system; ROC: receiver-operating charac-
teristic; SDS: Zung Self-Rating Depression Scale;
SERT: serotonin transporter; SLNs: Solid Lipid
Nanoparticles; sMRI: structural magnetic reso-
nance imaging; SNRIs: Serotonin–Norepinephrine
Reuptake Inhibitors; SSRIs: Selective Serotonin Re-
uptake Inhibitors; TCAs: Tricyclic Antidepressants;
TRD: treatment-resistant depression; UCMS: Un-
predictable Chronic Mild Stress; VEGF: vascular en-
dothelial growth factor; ZF: zebrafish.

ACKNOWLEDGMENTS
The authors acknowledge CARE for infrastructural
and financial support.

AUTHOR’S CONTRIBUTIONS
KH collected literature, analyzed, and prepared the
initial draft. PD and KG added additional data, and
AG was involved in the final manuscript’s concep-
tion, design, analysis, and preparation. All the listed
authors approved the final draft.

FUNDING
None.

AVAILABILITY OF DATA AND
MATERIALS
All data are included in the manuscript.

ETHICS APPROVAL AND
CONSENT TO PARTICIPATE
Not applicable.

CONSENT FOR PUBLICATION
Not applicable.

DECLARATION OF GENERATIVE
AI AND AI-ASSISTED
TECHNOLOGIES IN THE
WRITING PROCESS
The authors declare that they have not used gener-
ative AI (a type of artificial intelligence technology
that can produce various types of content including
text, imagery, audio and synthetic data. Examples
include ChatGPT, NovelAI, Jasper AI, Rytr AI, DALL-
E, etc) and AI-assisted technologies in the writing
process before submission.

8094



Biomedical Research and Therapy 2025, 12(12):8072-8099 

COMPETING INTERESTS
The authors declare that they have no competing in-

terests.

REFERENCES
1. Lohoff FW. Overview of the genetics of major depressive dis-

order. Current Psychiatry Reports. 2010 Dec;12(6):539–546.
PMID: 20848240. Available from: 10.1007/s11920-010-0150-6.

2. Woody CA, Ferrari AJ, Siskind DJ, Whiteford HA, Harris MG.
A systematic review and meta-regression of the prevalence
and incidence of perinatal depression. Journal of Affective
Disorders. 2017 Sep;219:86–92. PMID: 28531848. Available
from: 10.1016/j.jad.2017.05.003.

3. Krishnan V, Nestler EJ. Themolecular neurobiology of depres-
sion. Nature. 2008 Oct;455(7215):894–902. PMID: 18923511.
Available from: 10.1038/nature07455.

4. Pace TW, Hu F, Miller AH. Cytokine-effects on glucocorti-
coid receptor function: relevance to glucocorticoid resistance
and the pathophysiology and treatment of major depression.
Brain, Behavior, and Immunity. 2007 Jan;21(1):9–19. PMID:
17070667. Available from: 10.1016/j.bbi.2006.08.009.

5. Maletic V, Robinson M, Oakes T, Iyengar S, Ball SG, Rus-
sell J. Neurobiology of depression: an integrated view of
key findings. International Journal of Clinical Practice. 2007
Dec;61(12):2030–2040. PMID: 17944926. Available from: 10.
1111/j.1742-1241.2007.01602.x.

6. LeMoult J, Gotlib IH. Depression: A cognitive perspec-
tive. Clinical Psychology Review. 2019 Apr;69:51–66. PMID:
29961601. Available from: 10.1016/j.cpr.2018.06.008.

7. Rogers D, Pies R. General medical with depression drugs as-
sociated. Psychiatry (Edgmont). 2008 Dec;5(12):28–41. PMID:
19724774.

8. Verduijn J, Verhoeven JE, Milaneschi Y, Schoevers RA, van
Hemert AM, Beekman AT, et al. Reconsidering the prog-
nosis of major depressive disorder across diagnostic bound-
aries: full recovery is the exception rather than the rule. BMC
Medicine. 2017 Dec;15(1):215. PMID: 29228943. Available
from: 10.1186/s12916-017-0972-8.

9. Bosma-den Boer MM, van Wetten ML, Pruimboom L.
Chronic inflammatory diseases are stimulated by current
lifestyle: how diet, stress levels and medication prevent our
body from recovering. Nutrition & Metabolism (London).
2012 Apr;9(1):32. PMID: 22510431. Available from: 10.1186/
1743-7075-9-32.

10. Ljungberg T, Bondza E, Lethin C. Evidence of the Importance
of Dietary Habits Regarding Depressive Symptoms and De-
pression. International Journal of Environmental Research
and Public Health. 2020 Mar;17(5):1616. PMID: 32131552.
Available from: 10.3390/ijerph17051616.

11. Walaszek M, Kachlik Z, Cubała WJ. Low-carbohydrate diet
as a nutritional intervention in a major depression disorder:
focus on relapse prevention. Nutritional Neuroscience. 2024
Oct;27(10):1185–1198. PMID: 38245881. Available from: 10.
1080/1028415X.2024.2303218.

12. Zhao L, Zhang X, Guo S, Han K, Sun Y, Li X, et al. Rela-
tionship between composite dietary antioxidant index and
depression among overweight and obese adults. Journal of
Affective Disorders. 2023 Nov;341:358–365. PMID: 37673289.
Available from: 10.1016/j.jad.2023.08.140.

13. Walker J,Muench A, PerlisML, Vargas I. Cognitive Behavioral
Therapy for Insomnia (CBT-I): A Primer. Klinicheskaia Spet-
sial’naia Psikhologiia. 2022;11(2):123–137. PMID: 36908717.
Available from: 10.17759/cpse.2022110208.

14. Sun SY, Chen GH. Treatment of Circadian Rhythm
Sleep-Wake Disorders. Current Neuropharmacology.
2022;20(6):1022–1034. PMID: 34493186. Available from:
10.2174/1570159X19666210907122933.

15. Hill Almeida LM, Flicker L, Hankey GJ, Golledge J, Yeap BB,
Almeida OP. Disrupted sleep and risk of depression in later

life: A prospective cohort study with extended follow up and
a systematic review and meta-analysis. Journal of Affective
Disorders. 2022 Jul;309:314–323. PMID: 35490880. Available
from: 10.1016/j.jad.2022.04.133.

16. Didikoglu A, Guler ES, Turk HK, Can K, Erim AN, Payton A,
et al. Depression in older adults and its associations with
sleep and synaptic density. Journal of Affective Disorders.
2024 Dec;366:379–385. PMID: 39216641. Available from: 10.
1016/j.jad.2024.08.186.

17. Smith PJ, Merwin RM. The Role of Exercise in Management
of Mental Health Disorders: An Integrative Review. Annual
Review of Medicine. 2021 Jan;72(1):45–62. PMID: 33256493.
Available from: 10.1146/annurev-med-060619-022943.

18. Su CH, Chuang HC, Hong CJ. Physical exercise prevents mice
from L-Kynurenine-induced depression-like behavior. Asian
Journal of Psychiatry. 2020 Feb;48:101894. PMID: 31918308.
Available from: 10.1016/j.ajp.2019.101894.

19. de Melo Martins GM, Petersen BD, RübensamG, da Silva JM,
Gaspary KV,WiprichMT, et al. Physical exercise prevents be-
havioral alterations in a reserpine-treated zebrafish: A puta-
tive depression model. Pharmacology Biochemistry and Be-
havior. 2022 Oct;220:173455. PMID: 36063969. Available from:
10.1016/j.pbb.2022.173455.

20. Jetelina KK, Reingle Gonzalez JM, Vaeth PA, Mills BA, Cae-
tano R. An investigation of the relationship between alco-
hol use and major depressive disorder across Hispanic na-
tional groups. Alcoholism: Clinical and Experimental Re-
search. 2016 Mar;40(3):536–542. PMID: 26887675. Available
from: 10.1111/acer.12979.

21. Wen Z, Wang H, Liang Q, Liu L, Zhang W, Zhang X. Medi-
ating effect of social support and resilience between loneli-
ness and depression in older adults: A systematic review and
meta-analytic structural equation modeling. Journal of Affec-
tive Disorders. 2024 Nov;365:246–257. PMID: 39147150. Avail-
able from: 10.1016/j.jad.2024.08.062.

22. Atri A, Dickerson BC, Clevenger C, Karlawish J, Knopman D,
Lin PJ, et al. The Alzheimer’s Association clinical practice
guideline for the diagnostic evaluation, testing, counseling,
and disclosure of suspected Alzheimer’s disease and related
disorders (DETeCD-ADRD): validated clinical assessment in-
struments. Alzheimer’s & Dementia. 2025 Jan;21(1):e14335.
PMID: 39713939. Available from: 10.1002/alz.14335.

23. Castanheira L, Silva C, Cheniaux E, Telles-Correia D. Neu-
roimaging Correlates of Depression-Implications to Clinical
Practice. Frontiers in Psychiatry. 2019 Oct;10:703. PMID:
31632306. Available from: 10.3389/fpsyt.2019.00703.

24. Hu R, Du W, Tan F, Wu Y, Yang C, Wang W, et al. Dynamic
alterations in spontaneous neural activity in patients with
attention-deficit/hyperactivity disorder: A resting-state fMRI
study. Brain Research Bulletin. 2025 Mar;222:111230. PMID:
39892580. Available from: 10.1016/j.brainresbull.2025.111230.

25. Kennis M, Gerritsen L, van Dalen M, Williams A, Cuijpers P,
Bockting C. Prospective biomarkers of major depressive dis-
order: a systematic review andmeta-analysis. Molecular Psy-
chiatry. 2020 Feb;25(2):321–338. PMID: 31745238. Available
from: 10.1038/s41380-019-0585-z.

26. Xu Y, Liang J, Sun Y, Zhang Y, Shan F, Ge J, et al. Serum
cytokines-based biomarkers in the diagnosis and monitor-
ing of therapeutic response in patients with major depres-
sive disorder. International Immunopharmacology. 2023
May;118:110108. PMID: 37004349. Available from: 10.1016/
j.intimp.2023.110108.

27. Liu W, Zhang F, Zheng Y, He S, Zhang T, Guo Q, et al.
The role of circulating blood microRNA-374 and microRNA-
10 levels in the pathogenesis and therapeutic mechanisms
of major depressive disorder. Neuroscience Letters. 2021
Oct;763:136184. PMID: 34418506. Available from: 10.1016/
j.neulet.2021.136184.

28. Mendes-Silva AP, Fujimura PT, Silva JR, Teixeira AL, Vieira
EM,Guedes PH, et al. Brain-enrichedMicroRNA-184 is down-
regulated in older adults with major depressive disorder: A

8095

https://www.ncbi.nlm.nih.gov/pubmed/20848240
10.1007/s11920-010-0150-6
https://www.ncbi.nlm.nih.gov/pubmed/28531848
10.1016/j.jad.2017.05.003
https://www.ncbi.nlm.nih.gov/pubmed/18923511
10.1038/nature07455
https://www.ncbi.nlm.nih.gov/pubmed/17070667
10.1016/j.bbi.2006.08.009
https://www.ncbi.nlm.nih.gov/pubmed/17944926
10.1111/j.1742-1241.2007.01602.x
10.1111/j.1742-1241.2007.01602.x
https://www.ncbi.nlm.nih.gov/pubmed/29961601
10.1016/j.cpr.2018.06.008
https://www.ncbi.nlm.nih.gov/pubmed/19724774
https://www.ncbi.nlm.nih.gov/pubmed/29228943
10.1186/s12916-017-0972-8
https://www.ncbi.nlm.nih.gov/pubmed/22510431
10.1186/1743-7075-9-32
10.1186/1743-7075-9-32
https://www.ncbi.nlm.nih.gov/pubmed/32131552
10.3390/ijerph17051616
https://www.ncbi.nlm.nih.gov/pubmed/38245881
10.1080/1028415X.2024.2303218
10.1080/1028415X.2024.2303218
https://www.ncbi.nlm.nih.gov/pubmed/37673289
10.1016/j.jad.2023.08.140
https://www.ncbi.nlm.nih.gov/pubmed/36908717
10.17759/cpse.2022110208
https://www.ncbi.nlm.nih.gov/pubmed/34493186
10.2174/1570159X19666210907122933
https://www.ncbi.nlm.nih.gov/pubmed/35490880
10.1016/j.jad.2022.04.133
https://www.ncbi.nlm.nih.gov/pubmed/39216641
10.1016/j.jad.2024.08.186
10.1016/j.jad.2024.08.186
https://www.ncbi.nlm.nih.gov/pubmed/33256493
10.1146/annurev-med-060619-022943
https://www.ncbi.nlm.nih.gov/pubmed/31918308
10.1016/j.ajp.2019.101894
https://www.ncbi.nlm.nih.gov/pubmed/36063969
10.1016/j.pbb.2022.173455
https://www.ncbi.nlm.nih.gov/pubmed/26887675
10.1111/acer.12979
https://www.ncbi.nlm.nih.gov/pubmed/39147150
10.1016/j.jad.2024.08.062
https://www.ncbi.nlm.nih.gov/pubmed/39713939
10.1002/alz.14335
https://www.ncbi.nlm.nih.gov/pubmed/31632306
10.3389/fpsyt.2019.00703
https://www.ncbi.nlm.nih.gov/pubmed/39892580
10.1016/j.brainresbull.2025.111230
https://www.ncbi.nlm.nih.gov/pubmed/31745238
10.1038/s41380-019-0585-z
https://www.ncbi.nlm.nih.gov/pubmed/37004349
10.1016/j.intimp.2023.110108
10.1016/j.intimp.2023.110108
https://www.ncbi.nlm.nih.gov/pubmed/34418506
10.1016/j.neulet.2021.136184
10.1016/j.neulet.2021.136184


Biomedical Research and Therapy 2025, 12(12):8072-8099 

translational study. Journal of Psychiatric Research. 2019
Apr;111:110–120. PMID: 30716647. Available from: 10.1016/j.
jpsychires.2019.01.019.

29. Fan HM, Sun XY, Guo W, Zhong AF, Niu W, Zhao L,
et al. Differential expression of microRNA in peripheral blood
mononuclear cells as specific biomarker for major depres-
sive disorder patients. Journal of Psychiatric Research. 2014
Dec;59:45–52. PMID: 25201637. Available from: 10.1016/j.
jpsychires.2014.08.007.

30. Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB,
Kenna H, et al. Resting-state functional connectivity in ma-
jor depression: abnormally increased contributions from sub-
genual cingulate cortex and thalamus. Biological Psychia-
try. 2007 Sep;62(5):429–437. PMID: 17210143. Available from:
10.1016/j.biopsych.2006.09.020.

31. Chen S, Yin Y, Yue Y, Li Y, Zhang Y, JiangW, et al. Integrating
functional neuroimaging and serum proteins improves the
diagnosis of major depressive disorder. Journal of Affective
Disorders. 2023 Mar;325:421–428. PMID: 36642308. Available
from: 10.1016/j.jad.2023.01.034.

32. May D, Litvin B, Allegrante J. Behavioral Activation, Depres-
sion, and Promotion of Health Behaviors: A Scoping Review.
Health Education & Behavior. 2024 Apr;51(2):321–331. PMID:
35484949. Available from: 10.1177/10901981221090157.

33. Baek JY. Problem Solving Therapy for Depressed Patients.
JKD. 2021;22(2):147–152.

34. Mohr DC, Hart SL, Howard I, Julian L, Vella L, Catledge
C, et al. Barriers to psychotherapy among depressed and
nondepressed primary care patients. Annals of Behavioral
Medicine. 2006 Dec;32(3):254–258. PMID: 17107299. Available
from: 10.1207/s15324796abm3203_12.

35. Alvano SA, Zieher LM. An updated classification of an-
tidepressants: A proposal to simplify treatment. Personal-
ized Medicine in Psychiatry. 2020;19:100042. Available from:
10.1016/j.pmip.2019.04.002.

36. Chamberlain SR, BaldwinDS. MonoamineOxidase Inhibitors
(MAOIs) in Psychiatric Practice: How to Use them Safely
and Effectively. CNS Drugs. 2021 Jul;35(7):703–716. PMID:
34240393. Available from: 10.1007/s40263-021-00832-x.

37. Ferreira CS, Soares SC, Kille P, Oliveira M. Identifying knowl-
edge gaps in understanding the effects of selective serotonin
reuptake inhibitors (SSRIs) on fish behaviour. Chemosphere.
2023 Sep;335:139124. PMID: 37285976. Available from: 10.
1016/j.chemosphere.2023.139124.

38. Ahmadimanesh M, Balarastaghi S, Rashedinia M, Yazdian-
Robati R. A systematic review on the genotoxic ef-
fect of serotonin and norepinephrine reuptake inhibitors
(SNRIs) antidepressants. Psychopharmacology (Berlin). 2020
Jul;237(7):1909–1915. PMID: 32529266. Available from: 10.
1007/s00213-020-05550-8.

39. Wang P, Yan F, Dong J, Wang S, Shi Y, Zhu M, et al. A
multiple-step screening protocol to identify norepinephrine
and dopamine reuptake inhibitors for depression. Physi-
cal Chemistry Chemical Physics. 2023 Mar;25(12):8341–8354.
PMID: 36880666. Available from: 10.1039/D2CP05676C.

40. van Poelgeest EP, Pronk AC, Rhebergen D, van der Velde
N. Depression, antidepressants and fall risk: therapeutic
dilemmas-a clinical review. European Geriatric Medicine.
2021 Jun;12(3):585–596. PMID: 33721264. Available from:
10.1007/s41999-021-00475-7.

41. Carvalho AF, Sharma MS, Brunoni AR, Vieta E, Fava GA.
The Safety, Tolerability and Risks Associated with the Use
of Newer Generation Antidepressant Drugs: A Critical Re-
view of the Literature. Psychotherapy and Psychosomat-
ics. 2016;85(5):270–288. PMID: 27508501. Available from:
10.1159/000447034.

42. Read J, Williams J. Adverse Effects of Antidepressants Re-
ported by a Large International Cohort: Emotional Blunting,
Suicidality, and Withdrawal Effects. Current Drug Safety.
2018;13(3):176–186. PMID: 29866014. Available from: 10.2174/
1574886313666180605095130.

43. Wang SM, Han C, Bahk WM, Lee SJ, Patkar AA, Masand
PS, et al. Addressing the Side Effects of Contemporary
Antidepressant Drugs: A Comprehensive Review. CMJ.
2018;54(2):101–112.

44. Prabakaran L, Sathyaraj WV, Yesudhason BV, Subbaraj
GK, Atchudan R. Green Synthesis of Multifunctional
Silver Nanoparticles Using Plectranthus amboinicus for
Sensitive Detection of Triethylamine, with Potential In
Vitro Antibacterial and Anticancer Activities. Chemosen-
sors (Basel). 2023;11(7):373. Available from: 10.3390/
chemosensors11070373.

45. Akhtar N, Metkar SK, Girigoswami A, Girigoswami K.
ZnO nanoflower based sensitive nano-biosensor for amy-
loid detection. Materials Science and Engineering C. 2017
Sep;78:960–968. PMID: 28576073. Available from: 10.1016/
j.msec.2017.04.118.

46. Bhoopathy J, Vedakumari Sathyaraj W, Yesudhason BV, Ra-
jendran S, Dharmalingam S, Seetharaman J, et al. Haemo-
static potency of sodium alginate/aloe vera/sericin compos-
ite scaffolds - preparation, characterisation, and evalua-
tion. Artificial Cells, Nanomedicine, and Biotechnology. 2024
Dec;52(1):35–45. PMID: 38112317. Available from: 10.1080/
21691401.2023.2293784.

47. Shwetha M, Girigoswami A, Deepika B, Gopikrishna A,
Girigoswami K. Versatile Applications of Nanotechnology-
based Electronic Nose. Nanosci Nanotechnol Asia.
2022;12(5):33–43.

48. Girigoswami A, Yassine W, Sharmiladevi P, Haribabu V,
Girigoswami K. Camouflaged Nanosilver with Excitation
Wavelength Dependent High Quantum Yield for Targeted
Theranostic. Scientific Reports. 2018 Nov;8(1):16459. PMID:
30405190. Available from: 10.1038/s41598-018-34843-4.

49. Janani G, Girigoswami A, Deepika B, Udayakumar S,
Girigoswami K. Unveiling the Role of Nano-Formulated
Red Algae Extract in Cancer Management. Molecules. 2024
Apr;29(9):2077. PMID: 38731568. Available from: 10.3390/
molecules29092077.

50. Yang L, Yin T, Liu Y, Sun J, Zhou Y, Liu J. Gold nanoparticle-
capped mesoporous silica-based H2O2-responsive controlled
release system for Alzheimer’s disease treatment. Acta Bio-
materialia. 2016 Dec;46:177–190. PMID: 27619837. Available
from: 10.1016/j.actbio.2016.09.010.

51. Harini K, Pallavi P, Gowtham P, Girigoswami K, Girigoswami
A. Smart Polymer-Based Reduction Responsive Therapeu-
tic Delivery to Cancer Cells. Current Pharmacology Reports.
2022;8(3):1–7. Available from: 10.1007/s40495-022-00282-z.

52. Thirumalai A, Girigoswami K, Harini K, Kiran V, Dur-
gadevi P, Girigoswami A. Natural polymer derivative-based
pH-responsive nanoformulations with entrapped diketo-
tautomers of 5-fluorouracil for enhanced cancer therapy. AD-
MET&DMPK. 2025 Jan;13(1):2554. PMID: 40161888. Available
from: 10.5599/admet.2554.

53. Mercy DJ, Harini K, Madhumitha S, Anitha C, Iswariya J,
Girigoswami K, et al. pH-responsive polymeric nanostruc-
tures for cancer theranostics. Journal ofMetals, Materials and
Minerals. 2023;33(2):1–15. Available from: 10.55713/jmmm.
v33i2.1609.

54. Girigoswami K, Pallavi P, Girigoswami A. Intricate subcellu-
lar journey of nanoparticles to the enigmatic domains of en-
doplasmic reticulum. Drug Delivery. 2023 Dec;30(1):2284684.
PMID: 37990530. Available from: 10.1080/10717544.2023.
2284684.

55. Haque S, Md S, Sahni JK, Ali J, Baboota S. Development and
evaluation of brain targeted intranasal alginate nanoparticles
for treatment of depression. Journal of Psychiatric Research.
2014 Jan;48(1):1–12. PMID: 24231512. Available from: 10.1016/
j.jpsychires.2013.10.011.

56. Gao Y, Yang R, Zhang Z, Chen L, Sun Z, Li Y. Solid lipid
nanoparticles reduce systemic toxicity of docetaxel: perfor-
mance and mechanism in animal. Nanotoxicology. 2011
Dec;5(4):636–649. PMID: 21306192. Available from: 10.3109/

8096

https://www.ncbi.nlm.nih.gov/pubmed/30716647
10.1016/j.jpsychires.2019.01.019
10.1016/j.jpsychires.2019.01.019
https://www.ncbi.nlm.nih.gov/pubmed/25201637
10.1016/j.jpsychires.2014.08.007
10.1016/j.jpsychires.2014.08.007
https://www.ncbi.nlm.nih.gov/pubmed/17210143
10.1016/j.biopsych.2006.09.020
https://www.ncbi.nlm.nih.gov/pubmed/36642308
10.1016/j.jad.2023.01.034
https://www.ncbi.nlm.nih.gov/pubmed/35484949
10.1177/10901981221090157
https://www.ncbi.nlm.nih.gov/pubmed/17107299
10.1207/s15324796abm3203_12
10.1016/j.pmip.2019.04.002
https://www.ncbi.nlm.nih.gov/pubmed/34240393
10.1007/s40263-021-00832-x
https://www.ncbi.nlm.nih.gov/pubmed/37285976
10.1016/j.chemosphere.2023.139124
10.1016/j.chemosphere.2023.139124
https://www.ncbi.nlm.nih.gov/pubmed/32529266
10.1007/s00213-020-05550-8
10.1007/s00213-020-05550-8
https://www.ncbi.nlm.nih.gov/pubmed/36880666
10.1039/D2CP05676C
https://www.ncbi.nlm.nih.gov/pubmed/33721264
10.1007/s41999-021-00475-7
https://www.ncbi.nlm.nih.gov/pubmed/27508501
10.1159/000447034
https://www.ncbi.nlm.nih.gov/pubmed/29866014
10.2174/1574886313666180605095130
10.2174/1574886313666180605095130
10.3390/chemosensors11070373
10.3390/chemosensors11070373
https://www.ncbi.nlm.nih.gov/pubmed/28576073
10.1016/j.msec.2017.04.118
10.1016/j.msec.2017.04.118
https://www.ncbi.nlm.nih.gov/pubmed/38112317
10.1080/21691401.2023.2293784
10.1080/21691401.2023.2293784
https://www.ncbi.nlm.nih.gov/pubmed/30405190
10.1038/s41598-018-34843-4
https://www.ncbi.nlm.nih.gov/pubmed/38731568
10.3390/molecules29092077
10.3390/molecules29092077
https://www.ncbi.nlm.nih.gov/pubmed/27619837
10.1016/j.actbio.2016.09.010
10.1007/s40495-022-00282-z
https://www.ncbi.nlm.nih.gov/pubmed/40161888
10.5599/admet.2554
10.55713/jmmm.v33i2.1609
10.55713/jmmm.v33i2.1609
https://www.ncbi.nlm.nih.gov/pubmed/37990530
10.1080/10717544.2023.2284684
10.1080/10717544.2023.2284684
https://www.ncbi.nlm.nih.gov/pubmed/24231512
10.1016/j.jpsychires.2013.10.011
10.1016/j.jpsychires.2013.10.011
https://www.ncbi.nlm.nih.gov/pubmed/21306192
10.3109/17435390.2010.551427


Biomedical Research and Therapy 2025, 12(12):8072-8099 

17435390.2010.551427.
57. Cayero-Otero MD, Perez-Caballero L, Suarez-Pereira I,

Hidalgo-Figueroa M, Delgado-Sequera A, Montesinos JM,
et al. Venlafaxine-PLGA nanoparticles provide a fast onset
of action in an animal model of depression via nose-to-brain.
International Journal of Pharmaceutics. 2025 Jun;678:125692.
PMID: 40339630. Available from: 10.1016/j.ijpharm.2025.
125692.

58. Pinheiro RG, Coutinho AJ, Pinheiro M, Neves AR. Nanopar-
ticles for Targeted Brain Drug Delivery: What Do We
Know? International Journal of Molecular Sciences. 2021
Oct;22(21):11654. PMID: 34769082. Available from: 10.3390/
ijms222111654.

59. Noormohammadi M, Etesam F, Amini A, Dehkordi PK, Mo-
hammadzadeh M, Shidfar F. Impact of Nano-Selenium sup-
plementation on the JAK/STAT signaling pathway in major
depressive disorder: a Triple-Blind, randomized controlled
trial. BMC Psychiatry. 2025 Aug;25(1):785. PMID: 40796838.
Available from: 10.1186/s12888-025-07213-4.

60. Ansari MD, Ahmed S, Imam SS, Khan I, Singhal S, Sharma
M, et al. CCD based development and characterization of
nano-transethosome to augment the antidepressant effect of
agomelatine on Swiss albino mice. Journal of Drug Delivery
Science and Technology. 2019;54:101234. Available from: 10.
1016/j.jddst.2019.101234.

61. Nodari CH, De Quadros ND, Chiarentin R, Da Silva FP,
Morisso FD, Charão MF, et al. Vortioxetine liposomes as a
novel alternative to improve drug stability under stress con-
ditions: toxicity studies and evaluation of antidepressant-
like effect. Pharmacological Reports. 2022 Oct;74(5):969–981.
PMID: 36076124. Available from: 10.1007/s43440-022-00412-
w.

62. Jani P, Vanza J, Pandya N, Tandel H. Formulation of poly-
meric nanoparticles of antidepressant drug for intranasal de-
livery. Therapeutic Delivery. 2019 Nov;10(11):683–696. PMID:
31744396. Available from: 10.4155/tde-2019-0060.

63. Goyal R, Raina D, Jaiswal V. Formulation and evaluation of
antidepressants loaded with biopolymer for brain specificity.
Materials Today: Proceedings. 2023;Available from: 10.1016/
j.matpr.2023.02.250.

64. Elhesaisy N, Swidan S. Trazodone Loaded Lipid Core Poly (ε-
caprolactone) Nanocapsules: Development, Characterization
and in Vivo Antidepressant Effect Evaluation. Scientific Re-
ports. 2020 Feb;10(1):1964. PMID: 32029776. Available from:
10.1038/s41598-020-58803-z.

65. Hangargekar SR, Mohanty PK, Rai JP. Preclinical
Screening of Antidepressant Activity of Formulated Ser-
traline Hydrochloride-Loaded Solid Lipid Nanoparticles in
Rats. Journal of Pharmaceutical Research International.
2021;33(45A):134–138. Available from: 10.9734/jpri/2021/
v33i45A32725.

66. Rana I, Khan N, Ansari MM, Shah FA, Din FU, Sarwar S,
et al. Solid lipid nanoparticles-mediated enhanced antide-
pressant activity of duloxetine in lipopolysaccharide-induced
depressive model. Colloids and Surfaces B: Biointerfaces.
2020 Oct;194:111209. PMID: 32599505. Available from: 10.
1016/j.colsurfb.2020.111209.

67. Pimpalshende PM, Gupta RN. Formulation and in-vitro
drug released mechanism of CNS acting venlafaxine nanos-
tructured lipid carrier for major depressive disorder. In-
dian Journal of Pharmaceutical Education and Research.
2018;52(2):230–240.

68. Pandian A, Sivalingam AM. Is long-term administration
of PLD-pegylated liposomal doxorubicin able to induce oral
cancer? Apoptosis. 2024 Dec;29(11-12):1856–1857. PMID:
39242475. Available from: 10.1007/s10495-024-02017-5.

69. Deepika B, Gowtham P, Raghavan V, Isaac JB, Devi S, Kiran
V, et al. Harmony in nature’s elixir: a comprehensive explo-
ration of ethanol and nano-formulated extracts from Passi-
flora incarnata leaves: unveiling in vitro cytotoxicity, acute
and sub-acute toxicity profiles in Swiss albino mice. Jour-

nal of Molecular Histology. 2024 Oct;55(5):977–994. PMID:
39158796. Available from: 10.1007/s10735-024-10245-x.

70. Khute S, Jangde RK. In silico exploration of venlafaxine, a
potential non-tricyclic antidepressant in a liposomal formu-
lation for nose-to-brain drug delivery. Drug Development and
Industrial Pharmacy. 2024 Jan;50(1):55–67. PMID: 38112520.
Available from: 10.1080/03639045.2023.2297238.

71. Chawla R. Formulation and Evaluation of Negatively
Charged Liposomes of Sertraline Hydrochloride for Antide-
pressant Activity. Asian Journal of Pharmacy. 2020;14(2).

72. Gul M, Shah FA, Sahar NU, Malik I, Din FU, Khan SA,
et al. Formulation optimization, in vitro and in vivo evalu-
ation of agomelatine-loaded nanostructured lipid carriers for
augmented antidepressant effects. Colloids and Surfaces B:
Biointerfaces. 2022 Aug;216:112537. PMID: 35561634. Avail-
able from: 10.1016/j.colsurfb.2022.112537.

73. Rubab S, Naeem K, Rana I, Khan N, Afridi M, Ul-
lah I, et al. Enhanced neuroprotective and antidepres-
sant activity of curcumin-loaded nanostructured lipid car-
riers in lipopolysaccharide-induced depression and anxiety
rat model. International Journal of Pharmaceutics. 2021
Jun;603:120670. PMID: 33964337. Available from: 10.1016/j.
ijpharm.2021.120670.

74. Wang QS, Li K, Gao LN, Zhang Y, Lin KM, Cui YL. Intranasal
delivery of berberine via in situ thermoresponsive hydrogels
with non-invasive therapy exhibits better antidepressant-
like effects. Biomaterials Science. 2020 May;8(10):2853–2865.
PMID: 32270794. Available from: 10.1039/C9BM02006C.

75. Karayianni M, Chroni A, Chrysostomou V, Giaouzi D, Kafetzi
M, Selianitis D, et al. Polymeric micelles for therapeutics and
diagnosis. In: Advanced Nanoformulations. Elsevier; 2023. p.
97–157.

76. El-Helaly SN, Rashad AA. Mirtazapine loaded polymeric mi-
celles for rapid release tablet: A novel formulation-In vitro
and in vivo studies. Drug Delivery and Translational Re-
search. 2024 Sep;14(9):2488–2498. PMID: 38353837. Available
from: 10.1007/s13346-024-01525-w.

77. Fard NT, Tadayon F, Panahi HA, Moniri E. The synthesis of
functionalized graphene oxide by polyester dendrimer as a
pH-sensitive nanocarrier for targeted delivery of venlafaxine
hydrochloride: central composite design optimization. Jour-
nal of Molecular Liquids. 2022;349:118149. Available from:
10.1016/j.molliq.2021.118149.

78. Saeedi M, Morteza-Semnani K, Siahposht-Khachaki A, Ak-
bari J, ValizadehM, Sanaee A, et al. Passive TargetedDrugDe-
livery of Venlafaxine HCl to the Brain by Modified Chitosan
Nanoparticles: Characterization, Cellular Safety Assessment,
and In Vivo Evaluation. Journal of Pharmaceutical Innova-
tion. 2023;18(3):1441–1453. Available from: 10.1007/s12247-
023-09733-6.

79. Pan-On S, Nudmamud-Thanoi S, Phoungpetchara I,
Tiyaboonchai W. Comparison of curcumin-based nano-
formulations for antidepressant effects in an animal
model. Journal of Drug Delivery Science and Technology.
2023;88:104901. Available from: 10.1016/j.jddst.2023.104901.

80. Xu D, Lu YR, Kou N, Hu MJ, Wang QS, Cui YL. Intranasal
delivery of icariin via a nanogel-thermoresponsive hydrogel
compound system to improve its antidepressant-like activity.
International Journal of Pharmaceutics. 2020 Aug;586:119550.
PMID: 32554031. Available from: 10.1016/j.ijpharm.2020.
119550.

81. Xu D, Gao LN, Song XJ, Dong QW, Chen YB, Cui YL, et al.
Enhanced antidepressant effects of BDNF-quercetin alginate
nanogels for depression therapy. Journal of Nanobiotechnol-
ogy. 2023 Oct;21(1):379. PMID: 37848975. Available from:
10.1186/s12951-023-02150-4.

82. Qin J, Zhang RX, Li JL, Wang JX, Hou J, Yang X, et al. cRGD
mediated liposomes enhanced antidepressant-like effects of
edaravone in rats. European Journal of Pharmaceutical Sci-
ences. 2014 Jul;58:63–71. PMID: 24704101. Available from:
10.1016/j.ejps.2014.03.006.

8097

10.3109/17435390.2010.551427
https://www.ncbi.nlm.nih.gov/pubmed/40339630
10.1016/j.ijpharm.2025.125692
10.1016/j.ijpharm.2025.125692
https://www.ncbi.nlm.nih.gov/pubmed/34769082
10.3390/ijms222111654
10.3390/ijms222111654
https://www.ncbi.nlm.nih.gov/pubmed/40796838
10.1186/s12888-025-07213-4
10.1016/j.jddst.2019.101234
10.1016/j.jddst.2019.101234
https://www.ncbi.nlm.nih.gov/pubmed/36076124
10.1007/s43440-022-00412-w
10.1007/s43440-022-00412-w
https://www.ncbi.nlm.nih.gov/pubmed/31744396
10.4155/tde-2019-0060
10.1016/j.matpr.2023.02.250
10.1016/j.matpr.2023.02.250
https://www.ncbi.nlm.nih.gov/pubmed/32029776
10.1038/s41598-020-58803-z
10.9734/jpri/2021/v33i45A32725
10.9734/jpri/2021/v33i45A32725
https://www.ncbi.nlm.nih.gov/pubmed/32599505
10.1016/j.colsurfb.2020.111209
10.1016/j.colsurfb.2020.111209
https://www.ncbi.nlm.nih.gov/pubmed/39242475
10.1007/s10495-024-02017-5
https://www.ncbi.nlm.nih.gov/pubmed/39158796
10.1007/s10735-024-10245-x
https://www.ncbi.nlm.nih.gov/pubmed/38112520
10.1080/03639045.2023.2297238
https://www.ncbi.nlm.nih.gov/pubmed/35561634
10.1016/j.colsurfb.2022.112537
https://www.ncbi.nlm.nih.gov/pubmed/33964337
10.1016/j.ijpharm.2021.120670
10.1016/j.ijpharm.2021.120670
https://www.ncbi.nlm.nih.gov/pubmed/32270794
10.1039/C9BM02006C
https://www.ncbi.nlm.nih.gov/pubmed/38353837
10.1007/s13346-024-01525-w
10.1016/j.molliq.2021.118149
10.1007/s12247-023-09733-6
10.1007/s12247-023-09733-6
10.1016/j.jddst.2023.104901
https://www.ncbi.nlm.nih.gov/pubmed/32554031
10.1016/j.ijpharm.2020.119550
10.1016/j.ijpharm.2020.119550
https://www.ncbi.nlm.nih.gov/pubmed/37848975
10.1186/s12951-023-02150-4
https://www.ncbi.nlm.nih.gov/pubmed/24704101
10.1016/j.ejps.2014.03.006


Biomedical Research and Therapy 2025, 12(12):8072-8099 

83. Zhou L, Wu X, Qin S, Shi J, Yu C, Xu Z, et al. Cell-liposome
delivery system based on neuroinflammation to target the
amygdala for ameliorating depressive-like behaviors. Interna-
tional Journal of Pharmaceutics. 2023 Apr;637:122724. PMID:
36958607. Available from: 10.1016/j.ijpharm.2023.122724.

84. Gao M, Hu P, Cai Z, Wu Y, Wang D, Hu W, et al. Iden-
tification of a microglial activation-dependent antidepres-
sant effect of amphotericin B liposome. Neuropharmacol-
ogy. 2019 Jun;151:33–44. PMID: 30954529. Available from:
10.1016/j.neuropharm.2019.04.005.

85. Moreno LC, Rolim HM, Freitas RM, Santos-Magalhães NS.
Antidepressant-like activity of liposomal formulation con-
taining nimodipine treatment in the tail suspension test,
forced swim test and MAOB activity in mice. Brain Re-
search. 2016 Sep;1646:235–240. PMID: 27270234. Available
from: 10.1016/j.brainres.2016.06.004.

86. Kaur P, Garg T, Vaidya B, Prakash A, Rath G, Goyal AK.
Brain delivery of intranasal in situ gel of nanoparticulated
polymeric carriers containing antidepressant drug: behav-
ioral and biochemical assessment. Journal of Drug Target-
ing. 2015 Apr;23(3):275–286. PMID: 25539073. Available from:
10.3109/1061186X.2014.994097.

87. Kakkar V, Kaur IP. Antidepressant activity of curcumin loaded
solid lipid nanoparticles (C-SLNs) in mice. American Journal
of Pharmaceutical Research. 2012;2(3):729–736.

88. He XL, Yang L,Wang ZJ, Huang RQ, Zhu RR, Cheng LM. Solid
lipid nanoparticles loading with curcumin and dexanabinol
to treat major depressive disorder. Neural Regeneration Re-
search. 2021 Mar;16(3):537–542. PMID: 32985484. Available
from: 10.4103/1673-5374.293155.

89. Gharbavi M, Parvanian S, Leilan MP, Tavangar S, Parchian-
louM, Sharafi A. Niosomes-Based Drug Delivery in Targeting
the Brain Tumors Via Nasal Delivery. In: Nasal Drug Deliv-
ery: Formulations, Developments, Challenges, and Solutions.
Springer International Publishing; 2023. p. 279–324.

90. Thirumalai A, Harini K, Pallavi P, Gowtham P, Girigoswami
K, Girigoswami A. Bile salt-mediated surface-engineered
bilosome-nanocarriers for delivering therapeutics.
Nanomedicine Journal. 2024;11(1):1–12.

91. Rajendran V. Effect of niosomes in the transdermal delivery of
antidepressant sertraline hydrochloride. Journal of Scientific
and Innovative Research. 2016;5(4):138–148. Available from:
10.31254/jsir.2016.5408.

92. Dwivedi RK, Kushwaha SK, Rai AK, Kushwaha N, Dwivedi D,
Srivastava S. Development of novel formulation for intranasal
delivery containing antidepressant agent. Saudi Journal of
Medical and Pharmaceutical Sciences. 2021;7(8):358–367.

93. Jagtap SV, Kshirsagar PK, Kore VU, Deshmukh MT, Shete
RV. Formulation and Evaluation of Venlafaxine Hydrochlo-
ride Niosomes. Journal of Current Pharma Research.
2018;8(3):2393–2402. Available from: 10.33786/JCPR.2018.
v08i03.002.

94. Ismail A, Teiama M, Magdy B, Sakran W. Development of a
Novel Bilosomal System for Improved Oral Bioavailability of
Sertraline Hydrochloride: Formulation Design, In Vitro Char-
acterization, and Ex Vivo and In Vivo Studies. AAPS Pharm-
SciTech. 2022 Jul;23(6):188. PMID: 35799076. Available from:
10.1208/s12249-022-02339-0.

95. El-Nawawy TM, Adel YA, Teaima M, Nassar NN, Nemr AA,
Al-Samadi I, et al. Intranasal bilosomes in thermosensitive
hydrogel: advancing desvenlafaxine succinate delivery for
depression management. Pharmaceutical Development and
Technology. 2024 Sep;29(7):663–674. PMID: 38965754. Avail-
able from: 10.1080/10837450.2024.2376067.

96. Alsaidan OA, Elkomy MH, Zaki RM, Tulbah AS, Yusif RM,
Eid HM. Brain targeting of venlafaxine via intranasal trans-
bilosomes thermogel for improved management of depres-
sive disorder. Journal of Pharmaceutical Sciences. 2024
Nov;113(11):3304–3314. PMID: 39216538. Available from:
10.1016/j.xphs.2024.08.026.

97. Nemr AA, El-Mahrouk GM, Badie HA. Hyaluronic acid-

enriched bilosomes: an approach to enhance ocular delivery
of agomelatine via D-optimal design: formulation, in vitro
characterization, and in vivo pharmacodynamic evaluation
in rabbits. Drug Delivery. 2022 Dec;29(1):2343–2356. PMID:
35869684. Available from: 10.1080/10717544.2022.2100513.

98. GernertM, FejaM. Bypassing the Blood-Brain Barrier: Direct
Intracranial Drug Delivery in Epilepsies. Pharmaceutics. 2020
Nov;12(12):1134. PMID: 33255396. Available from: 10.3390/
pharmaceutics12121134.

99. Lee D, Minko T. Nanotherapeutics for nose-to-brain drug de-
livery: an approach to bypass the blood brain barrier. Phar-
maceutics. 2021 Nov;13(12):2049. PMID: 34959331. Available
from: 10.3390/pharmaceutics13122049.

100. Pollak DD, Rey CE, Monje FJ. Rodent models in depression
research: classical strategies and new directions. Annals of
Medicine. 2010May;42(4):252–264. PMID: 20367120. Available
from: 10.3109/07853891003769957.

101. Shukla AK, Wodrich AP, Sharma A, Giniger E. Invertebrate
models in translational research: lessons from Caenorhabdi-
tis elegans and Drosophila melanogaster. In: Biotechnology
in Healthcare. Elsevier; 2022. p. 31–48.

102. Lachowicz J, Niedziałek K, Rostkowska E, Szopa A, Świąder
K, Szponar J, et al. Zebrafish as an Animal Model for Test-
ing Agents with Antidepressant Potential. Life (Basel). 2021
Aug;11(8):792. PMID: 34440536. Available from: 10.3390/
life11080792.

103. Fonseka TM,Wen XY, Foster JA, Kennedy SH. Zebrafishmod-
els of major depressive disorders. Journal of Neuroscience Re-
search. 2016 Jan;94(1):3–14. PMID: 26452974. Available from:
10.1002/jnr.23639.

104. Khan KM, Collier AD, Meshalkina DA, Kysil EV, Khatsko SL,
Kolesnikova T, et al. Zebrafish models in neuropsychophar-
macology and CNS drug discovery. British Journal of Phar-
macology. 2017 Jul;174(13):1925–1944. PMID: 28217866. Avail-
able from: 10.1111/bph.13754.

105. Wong RY, Oxendine SE, Godwin J. Behavioral and neuroge-
nomic transcriptome changes in wild-derived zebrafish with
fluoxetine treatment. BMC Genomics. 2013 May;14(1):348.
PMID: 23706039. Available from: 10.1186/1471-2164-14-348.

106. Duque M, Chen AB, Hsu E, Narayan S, Rymbek A, Begum
S, et al. Ketamine induces plasticity in a norepinephrine-
astroglial circuit to promote behavioral perseverance. Neu-
ron. 2025 Feb;113(3):426–443. PMID: 39694033. Available from:
10.1016/j.neuron.2024.11.011.

107. Maciąg M, Michalak A, Skalicka-Woźniak K, Zykubek M,
Ciszewski A, Budzyńska B. Zebrafish and mouse models
for anxiety evaluation - A comparative study with xantho-
toxin as a model compound. Brain Research Bulletin. 2020
Dec;165:139–145. PMID: 33049351. Available from: 10.1016/j.
brainresbull.2020.09.024.

108. Fulcher N, Tran S, Shams S, Chatterjee D, Gerlai R. Neuro-
chemical and Behavioral Responses to Unpredictable Chronic
Mild Stress Following Developmental Isolation: The Ze-
brafish as a Model for Major Depression. Zebrafish. 2017
Feb;14(1):23–34. PMID: 27454937. Available from: 10.1089/
zeb.2016.1295.

109. Wang S, Duan M, Guan K, Zhou X, Zheng M, Shi X, et al. De-
velopmental neurotoxicity of reserpine exposure in zebrafish
larvae (Danio rerio). Comparative Biochemistry and Physi-
ology C: Toxicology & Pharmacology. 2019 Sep;223:115–123.
PMID: 31128281. Available from: 10.1016/j.cbpc.2019.05.008.

110. Teleanu DM, Chircov C, Grumezescu AM, Volceanov A,
Teleanu RI. Impact of Nanoparticles on Brain Health: An
Up to Date Overview. Journal of Clinical Medicine. 2018
Nov;7(12):490. PMID: 30486404. Available from: 10.3390/
jcm7120490.

111. Gao L, Wang J, Bi Y. Nanotechnology for Neurodegen-
erative Diseases: Recent Progress in Brain-Targeted Deliv-
ery, Stimuli-Responsive Platforms, and Organelle-Specific
Therapeutics. International Journal of Nanomedicine. 2025
Sep;20:11015–11044. PMID: 40949612. Available from: 10.

8098

https://www.ncbi.nlm.nih.gov/pubmed/36958607
10.1016/j.ijpharm.2023.122724
https://www.ncbi.nlm.nih.gov/pubmed/30954529
10.1016/j.neuropharm.2019.04.005
https://www.ncbi.nlm.nih.gov/pubmed/27270234
10.1016/j.brainres.2016.06.004
https://www.ncbi.nlm.nih.gov/pubmed/25539073
10.3109/1061186X.2014.994097
https://www.ncbi.nlm.nih.gov/pubmed/32985484
10.4103/1673-5374.293155
10.31254/jsir.2016.5408
10.33786/JCPR.2018.v08i03.002
10.33786/JCPR.2018.v08i03.002
https://www.ncbi.nlm.nih.gov/pubmed/35799076
10.1208/s12249-022-02339-0
https://www.ncbi.nlm.nih.gov/pubmed/38965754
10.1080/10837450.2024.2376067
https://www.ncbi.nlm.nih.gov/pubmed/39216538
10.1016/j.xphs.2024.08.026
https://www.ncbi.nlm.nih.gov/pubmed/35869684
10.1080/10717544.2022.2100513
https://www.ncbi.nlm.nih.gov/pubmed/33255396
10.3390/pharmaceutics12121134
10.3390/pharmaceutics12121134
https://www.ncbi.nlm.nih.gov/pubmed/34959331
10.3390/pharmaceutics13122049
https://www.ncbi.nlm.nih.gov/pubmed/20367120
10.3109/07853891003769957
https://www.ncbi.nlm.nih.gov/pubmed/34440536
10.3390/life11080792
10.3390/life11080792
https://www.ncbi.nlm.nih.gov/pubmed/26452974
10.1002/jnr.23639
https://www.ncbi.nlm.nih.gov/pubmed/28217866
10.1111/bph.13754
https://www.ncbi.nlm.nih.gov/pubmed/23706039
10.1186/1471-2164-14-348
https://www.ncbi.nlm.nih.gov/pubmed/39694033
10.1016/j.neuron.2024.11.011
https://www.ncbi.nlm.nih.gov/pubmed/33049351
10.1016/j.brainresbull.2020.09.024
10.1016/j.brainresbull.2020.09.024
https://www.ncbi.nlm.nih.gov/pubmed/27454937
10.1089/zeb.2016.1295
10.1089/zeb.2016.1295
https://www.ncbi.nlm.nih.gov/pubmed/31128281
10.1016/j.cbpc.2019.05.008
https://www.ncbi.nlm.nih.gov/pubmed/30486404
10.3390/jcm7120490
10.3390/jcm7120490
https://www.ncbi.nlm.nih.gov/pubmed/40949612
10.2147/IJN.S549893


Biomedical Research and Therapy 2025, 12(12):8072-8099 

2147/IJN.S549893.
112. Liu M, Wang H, Yang Y, Wang J, Sun Z, Zhao S, et al. Thera-

peutic potential of plant-derived exosome-like nanoparticles

for CNS diseases: advancements in preparation and charac-
terization. Annals ofMedicine. 2025Dec;57(1):2537345. PMID:
40721664. Available from: 10.1080/07853890.2025.2537345.

8099

10.2147/IJN.S549893
https://www.ncbi.nlm.nih.gov/pubmed/40721664
10.1080/07853890.2025.2537345



