€
biomedicines
g

Review

Advancing Antidepressive Agents: Drug Discovery and
Polymer-Based Drug Delivery Systems for Improved
Treatment Outcome

Yufei Zhang 1'*, Zengyi Song %*, Hongxi Zhang ?, Haijiao Lin 2, Pu Xu 2, Zijia Li %, Qingyun He 2

and Binbin Wei 2*

check for
updates
Academic Editors: Natalia
V. Gulyaeva, Ujendra Kumar and

Masaru Tanaka

Received: 12 March 2025
Revised: 14 April 2025
Accepted: 28 April 2025
Published: 29 April 2025

Citation: Zhang, Y.; Song, Z.; Zhang,
H.; Lin, H.; Xu, P; Li, Z.; He, Q.; Wei,
B. Advancing Antidepressive Agents:
Drug Discovery and Polymer-Based
Drug Delivery Systems for Improved
Treatment Outcome. Biomedicines 2025,
13,1081. https://doi.org/10.3390/
biomedicines13051081

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Pharmacy, Jinqiu Hospital of Liaoning Province, Shenyang 110122, China; 270596955@163.com
2 School of Pharmacy, China Medical University, Shenyang 110122, China; szy1377@163.com (Z.S.);
hoxiil121@gmail.com (H.Z.); 1in13848956946@163.com (H.L.); 18635962182@163.com (P.X.);
zijialee1360@163.com (Z.L.); hqy2839@163.com (Q.H.)

Correspondence: cmubbwei@126.com

These authors contributed equally to this work.

Abstract: Depressive disorder (a subclass of mental disorders) is characterized by per-
sistent affective symptoms. Without timely therapeutic intervention, it leads to clinical
deterioration manifested as reduced quality of life and may increase suicide risk in severe
cases. Given its complex etiology, intertwined with intrinsic factors such as genetics and
environment, and impacted by various issues such as first-pass effect and blood-brain
barrier, the therapeutic efficacy of many antidepressant medications is limited for patients.
Therefore, by delving into the exploration of novel antidepressant drugs and biomaterials,
this review aims to offer fresh perspectives that may facilitate the discovery of innovative
antidepressant medications and enhance their therapeutic outcomes. Notably, the review
highlights polymers’ crucial role in enhancing antidepressants’ pharmacological efficacy
and pharmacokinetic properties by optimizing their parameters, and they will undoubtedly
become powerful tools in improving antidepressive outcomes in future research.
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1. Introduction

Depression is a pervasive and debilitating mental health condition that affects over
300 million individuals worldwide annually [1]. Its symptoms, including fatigue, dimin-
ished motivation, insomnia, and a profound sense of hopelessness, are all too common in
everyday life (Figure 1) [2]. According to the World Health Organization (WHO) in 2023,
an estimated 3.8% of the global population, including 5% of adults, experiences depres-
sion. Among adults, the prevalence is 4% among men and 6% among women, indicating
that depression is approximately 50% more prevalent in women than in men [3]. Among
individuals over the age of 60, the prevalence rises to 5.7% [4]. Overall, approximately
280 million people worldwide suffer from depression. Notably, more than 10% of preg-
nant women and those in the postpartum period are also affected [5]. It is predicted that
depression may soon become the leading cause of the global disease burden [6].

The etiology and mechanisms of depression are complex and multifaceted, involving
genetic, biological, and sociopsychological dimensions. Genetic factors play a significant
role in the onset of depression, with research indicating a certain degree of familial aggre-
gation [7]. Specifically, individuals with a family history of depression may harbor genetic
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variations or susceptibility genes in their genetic material that are associated with the de-
velopment of depression. These genetic factors have the potential to influence the structure
and function of the brain during an individual’s development, as well as in their interaction
with the environment, significantly increasing the risk of developing depression. In addi-
tion, biological factors play a crucial role in the onset of depression, particularly changes in
brain biology and neurochemistry. The imbalance of neurotransmitters in the brain is one of
the important physiological bases for the development of depression. Specifically, serotonin,
as a key neurotransmitter, is widely involved in regulating mood, appetite, sleep, and cog-
nitive function [8]. When serotonin levels decrease or its function is impaired, it may lead to
low mood, appetite disturbances, and sleep disorders, which are core symptoms of depres-
sion. Dopamine is closely related to the reward system, motivation, and emotional control,
and its imbalance may result in a lack of pleasure, decreased motivation, and emotional
instability, thereby triggering or exacerbating depression. Norepinephrine, on the other
hand, affects alertness, stress response, and emotional state, and abnormalities in its levels
or function may also contribute to the emergence of depressive symptoms. Therefore, the
imbalance of neurotransmitters such as serotonin, dopamine, and norepinephrine plays a
pivotal role in the pathogenesis of depression. Furthermore, sociopsychological factors also
play a crucial role in the pathogenesis of depression. Long-term or acute psychosocial stress
can induce or exacerbate depressive symptoms through various pathways. Major negative
life events, such as the loss of a loved one or unemployment, can serve as triggering factors,
activating the individual’s stress response system [9]. This leads to sustained hyperactiv-
ity of the hypothalamic-pituitary-adrenal axis and elevated cortisol levels, which in turn
impair hippocampal neurogenesis and affect prefrontal cortex function. Chronic social
stress and early traumatic experiences may induce negative cognitive patterns, forming a
predisposing psychological state for depression and increasing susceptibility to depression
in adulthood. These factors interact with one another, collectively determining the onset
and progression of the disease.
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Figure 1. The typical symptoms of depression.

To address depression, numerous therapies have been developed, and the efficacy of
antidepressants has been estimated. For instance, tricyclic antidepressants, a classic type
of antidepressant medication, are effective for some patients; however, they are associ-
ated with toxicity to the central nervous system and cardiovascular system [10]. Recent
research has found that complexing these drugs with -cyclodextrin or its derivatives
can significantly enhance their solubility and stability, reduce systemic toxicity, improve
pharmacokinetics, and decrease adverse reactions [11]. Another research has found that the
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combined use of ketamine with aripiprazole can effectively mitigate ketamine’s dissocia-
tive effects without compromising its antidepressant efficacy, thereby enhancing patients’
treatment experience and comfort levels [12]. In a rat model of depression, an intelligent
transdermal drug delivery system based on thermosensitive hydrogel effectively controlled
drug release dosage through electrothermal heating. By employing a liposomal formulation,
this system significantly improved the percutaneous permeability of selegiline, resulting in
notable improvements in depressive symptoms. Furthermore, it reduced the levels of pro-
inflammatory cytokines in the serum and mitigated hippocampal damage [13]. Currently,
considerable research has been conducted on the biomechanisms underlying depression,
leading to the establishment of well-established guidelines for the use of antidepressants.
The primary pharmacological approach to treating depression involves modulating neuro-
transmission [14]. However, two-thirds of patients with major depressive disorder do not
respond to initial treatment options. Furthermore, roughly 30% of patients fail to respond
to at least two standard antidepressants at the prescribed dose and duration of six weeks
or more, a condition known as treatment-resistant depression [15]. This unresponsiveness
is influenced by various factors, including age route of administration, metabolic factors,
pharmacodynamics of the drug and so on. In light of this scenario, there is a pressing
need for the development of new antidepressants or innovative dosage forms to address
treatment resistance in these patients.

In this review, we delve into the pivotal factors that hinder the full efficacy of an-
tidepressants and present novel strategies to overcome these obstacles, including the
discovery of novel antidepressants and the development of advanced dosage forms. We
place particular emphasis on the utilization of polymers in drug delivery systems, an aspect
frequently neglected in current literature. By synthesizing these approaches, we aim to
provide valuable insights and inspire future progress in enhancing the therapeutic potency
of antidepressants.

2. Causes of Depression

The onset of mental disorders, such as depression, results from a complex interplay
of genetic, biological, psychological, social, and environmental factors, with particular
emphasis on the interaction between genetic factors and the environment [16]. These
factors also play a crucial role in determining the severity and individual variability of
depression.

2.1. Environmental Risk Factors

Environmental factors that influence depression are diverse, ranging from the neigh-
borhood environment, life and academic stress [17-19], disability, poorer life satisfaction,
and medical comorbidities [20] to disease or physiological factors such as human immun-
odeficiency virus (HIV), cancer, post-pregnancy issues, changes in the gut microbiome,
and others [21-24], and so on. In recent years, these two sorts of factors have also been
combined in the analysis. For example, a study revealed the joint effects of ambient air
pollution exposure and genetic susceptibility on depression and anxiety. Subsequently,
genome-wide by environment interaction studies (GWEISs) were conducted to evaluate
the interaction effects of genetic variants and air pollution on the risk of depression and
anxiety [25].

2.2. Hormonal Imbalance Factors

Numerous clinical studies have demonstrated that individuals suffering from en-
docrine disorders and chronic systemic diseases exhibit a significantly elevated risk of
developing depression [26-28], highlighting the crucial contribution of biological imbal-
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ances to the pathogenesis of depression. A cross-sectional study has revealed that women
using hormonal contraceptives exhibit a higher prevalence of depression, and this asso-
ciation is linked to the type of contraceptive used and the duration of its usage [29]. It
is particularly noteworthy that postpartum depressive symptoms are significantly associ-
ated with certain measures of cortisol, while stress is unrelated to any cortisol indicators.
Anxiety and depression may exhibit different and even opposite characteristics of cortisol
dysregulation [30]. Furthermore, a study found that in euthyroid individuals with mild to
moderate depression, there exists a significant positive correlation between sensitivity to
thyroid hormones and sleep duration, with the Thyroid-Stimulating Hormone Index (TSHI)
playing a particularly important role in reflecting this association [31]. Follicle-stimulating
hormone (FSH) is capable of inducing depression-like behaviors in mice, and this induc-
tion is closely associated with neuroinflammation, impairment of synaptic plasticity, and
disruption of the glutamate/gamma-aminobutyric acid (GABA) cycle triggered by FSH,
suggesting that FSH may play a significant role in the pathogenesis of depression [32].

2.3. Genome-Wide Association Studies (GWAS)

Genomic alterations and inheritance significantly increase the risk of depression [33-35].
In recent years, large-scale GWAS have provided significant insights into the genetic
underpinnings of depression. The study identified genetic loci significantly associated with
depression, encompassing known neurotransmitter-related genes, synaptic plasticity genes,
and neuroinflammatory pathway genes. Through polygenic risk score analysis, these loci
collectively accounted for the genetic risk of depression. The research further revealed
significant genetic correlations between depression and anxiety disorders, as well as bipolar
disorder, and identified multiple shared risk loci across these psychiatric disorders. These
findings provide crucial insights into the molecular mechanisms of depression and pave
the way for the development of precise predictive tools [36]. Furthermore, studies have
shown an association between the short allele of the 5-HTTLPR gene and anxiety-related
traits, marking an important step in understanding the relationship between 5-HTTLPR
gene variations and mood disorders, including depression [37]. Moreover, GWAS have
led to the identification of multiple genetic loci that exhibit significant associations with
depression, including the gene regions of OLFM4 and NEGR1 [38]. These findings provide
crucial guidance for personalized antidepressant treatment, aiding doctors in selecting
more suitable medications and treatment plans based on patients’ genetic profiles.

3. Mechanisms of Depression

Mounting evidence supports the underlying mechanisms of depression, which encom-
pass alterations in monoamine neurotransmitters and inflammation, structural changes and
damage to the brain, alterations in the gut microbiota, and oxidative stress. The relationship
between causes and mechanisms is illustrated in Figure 2.

3.1. Monoamine Neurotransmitter Changes

Monoamines, such as serotonin, dopamine, and catecholamines (including adrenaline
and noradrenaline), are thought to play a role in stress-induced physiological responses. It
is postulated that stress initiates a cascade of these events, which may alter the neurodevel-
opmental trajectories of brain structure, function, and connectivity, ultimately contributing
to the onset of psychiatric disorder [39]. In the 1950s, the discovery that other drugs could
modify the bioavailability of catecholamines led to the initial formulation of the monoamine
hypothesis [40].
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Figure 2. The relationship between causes and mechanisms.

3.2. Inflammation

Inflammation, orchestrated by the immune system, is primarily induced by both
external and internal stressors, leading to a multitude of diseases, including psychiatric
conditions. Depression exhibits a strong correlation with inflammation, marked by elevated
levels of oxidative stress and nitric oxide. These factors, through an impaired immune
response, fuel the inflammatory process and intensify the progression of depression [41].
As research delves deeper, the understanding of a cytokine network implicated in the
pathology of depression continues to evolve [42], paving the way for future studies to
substantiate the neuroinflammation hypothesis.

3.3. Neuroplasticity and Critical Periods

Growing evidence implicates impaired neuroplasticity as a core pathological feature
of depression. Central to this process is the downregulation of BDNF/TrkB signaling,
which leads to abnormal synaptic pruning and reduced expression of key synaptic proteins.
These molecular changes correlate with structural and functional alterations in depression,
particularly weakened connectivity between the prefrontal cortex and limbic system, as
observed in neuroimaging studies [43,44].

3.4. Gut-Brain Axis Dysregulation

The gut-brain axis plays a crucial role in depression, with gut microbiota dysbiosis and
microbial metabolites influencing neuroinflammation and behavior. Chronic stress reduces
beneficial bacteria while increasing pro-inflammatory taxa, altering short-chain fatty acid
(SCFA) production. Notably, butyrate levels decline in the brain under stress, correlating
with microglial hyperactivation and impaired neurogenesis. Rifaximin, a gut-targeted
antibiotic, restores microbial balance, elevates brain butyrate, and shifts microglia toward
an anti-inflammatory state, mitigating depressive-like behaviors. These findings highlight
SCFAs as key mediators linking gut microbiota to microglial function and synaptic plasticity
in depression [45].

3.5. Oxidative Stress and Mitochondrial Dysfunction

Gut microbiota dysbiosis exacerbates oxidative stress by reducing SCFAs such as bu-
tyrate. As a histone deacetylase inhibitor, butyrate enhances mitochondrial biogenesis and
reduces ROS production. Its deficiency impairs the function of mitochondrial complexes
I/11L, leading to increased electron leakage from the electron transport chain and accumu-
lation of superoxide anions (O, ™). Concurrently, elevated lipopolysaccharide activates
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NADPH oxidase through the TLR4/NF-«B pathway, further generating reactive oxygen
species and creating a vicious cycle of oxidative stress and mitochondrial damage. This
mechanistic link explains why interventions with probiotics or butyrate supplementation
can simultaneously improve mitochondrial function and oxidative stress markers [46].

4. Factors Influencing the Efficacy of Antidepressants

The limited effectiveness of antidepressants poses a significant challenge in the treat-
ment of depression, as two-thirds of patients with major depressive disorder fail to respond
to first-line treatments, and there is a high rate of recurrence. The degree of insufficient
therapeutic effects is affected by various factors, including drug factors and body factors.

4.1. Drug Factors

Oral administration remains the most convenient and widely adopted method for
delivering antidepressants. Tablets and capsules, as two prevalent dosage forms for oral
antidepressant therapy, offer the advantage of easy daily dosage tracking [47]. They are
also recognized as the safest and most well-tolerated options, even for pediatric prescrip-
tions [48-52]. Moreover, capsules have proven to be a vital carrier for herbal antidepres-
sants [53,54]. Nevertheless, efforts are underway to enhance the consistent therapeutic
performance of these dosage forms. For instance, reducing particle size (such as through
micronization and ultramicronization) can enhance solubility and bioavailability. Reducing
the particle size increases the surface area, thereby promoting dissolution and improving
absorption. However, the pharmacokinetic parameters of antidepressants of these two
dosage forms still fall short of ideal levels [55,56], which in turn limits their antidepressant
effects [57]. This can be attributed to factors such as the first-pass effect and the blood-brain
barrier.

Additionally, the lipophilicity of antidepressants, as indicated by the Log P parameter,
influences their absorption and distribution, with first-line antidepressants often exhibiting
significant distribution issues. These issues can be exacerbated by age, particularly in the
elderly [58].

4.2. Body Factors

When considering the pharmacokinetics that influence the effect of antidepressants,
metabolism and distribution are the two primary factors that determine the utilization of
administered antidepressants. The body presents numerous barriers, stemming from both
anatomical features and the physiochemical properties of the antidepressants themselves.
Furthermore, pharmacokinetics serves as the foundation for the intensity of the pharma-
codynamic response, and they can form a feedback network that mutually affects each
other (Figure 3).

The first-pass effect is a prevalent metabolic process that significantly diminishes the
oral dosage of medications, necessitating adjustments to ensure therapeutic levels within
the bloodstream. Numerous orally administered antidepressants, including duloxetine and
ketamine, are known to undergo metabolism that impacts their therapeutic efficacy [59,60].
The metabolism is mainly conducted by cytochrome P450, a highly polymorphic enzyme
family that plays a crucial role in first-pass metabolism, thereby reducing the overall
bioavailability. Notably, CYP2C19 is a vital cytochrome involved in the metabolism of
many antidepressants, such as fluoxetine, venlafaxine, and vortioxetine [61].

The blood-brain barrier (BBB) serves as the primary defense mechanism for the brain,
effectively blocking the entry of pathogens or harmful proteins from the plasma and
maintaining the homeostasis of the brain environment. However, this barrier also poses
a challenge for the delivery of antidepressants to the brain [62]. This is largely due to



Biomedicines 2025, 13, 1081

7 of 27

P-glycoprotein, a prominent type of efflux transporter located in the epithelial cells of brain
blood vessels. P-glycoprotein significantly reduces the bioavailability of antidepressants by
actively expelling them from the cells as they attempt to cross the BBB [63]. It is of much
importance to consider the drug-drug interaction and drug-food interactions.
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Figure 3. The relationship between pharmacokinetics and pharmacodynamics.

Inter-individual genetic variability, sex, age, and diet have been demonstrated to exert
great influences on the pharmacokinetics of antidepressants (Figure 4), as the metabolized
activity of enzymes such as liver drug enzymes and the tight degree of the blood-brain
barrier are closely related to these factors [64,65]. Consequently, the administration of the
same antidepressant can result in substantial differences in efficacy among individuals.
These variations among patients pose a considerable challenge to the development of
effective personalized antidepressant therapies [66].

Genetics

Blood vessel

Diet

Figure 4. Body factors influencing the efficacy of antidepressants. Images from https:/ /freepik.com
and https:/ /vecteezy.com (accessed on 8 February 2025).

4.3. Common Factors Between Drugs and the Body

Genetic polymorphisms in CYP450 enzymes, particularly CYP2D6 and CYP2C19,
significantly influence antidepressant treatment outcomes by altering drug metabolism
kinetics. Clinical evidence demonstrates that CYP2C19 poor metabolizers exhibit 2.6-fold
higher escitalopram plasma concentrations compared to normal metabolizers, substantially
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increasing the risk of adverse effects including QT prolongation, while CYP2D6 ultrarapid
metabolizers show markedly enhanced venlafaxine metabolism that may compromise ther-
apeutic efficacy due to insufficient active metabolite formation. Pharmacogenomic-guided
treatment strategies effectively address these variations: dose reduction (50% for escitalo-
pram in CYP2C19 poor metabolizers) and alternative drug selection (e.g., non-CYP2D6
substrates such as mirtazapine for ultrarapid metabolizers) have been shown to improve
treatment response rates by 30-50% while significantly reducing adverse events [61,67,68].

5. Solutions for Improving Depression

As a consequence of the aforementioned factors, a wide array of solutions has emerged,
highlighting the diversity and effectiveness of antidepressant treatments. Among these,
antidepressant medications hold a significant position. Table 1 presented their acting point,
effects, and representative drugs. Furthermore, the introduction of new dosage forms has
broadened the range of choices for antidepressant therapy.

Table 1. Classification, acting point, effect, and representative drugs of antidepressants.

Classification Acting Point Effect Efficacy Efficacy Rate Side Effects Representative Drugs Refs.
50-60% response rate in . .
Selective serotonin S . . major depressive o, Withdrawal syndrome, Fluoxe;tme, p aroxehpe,
take erotonin T Concentra'tlon of N 50-60% fl sertrallng, fluvoxamine, 69—71
., reup Transport Protein serotonin disorder (MDD) (MDD) such as the flu, escitalopram [69-71]
inhibitors (SSRIs) (HAM-D feeling sleepy d cital 4
reduction > 50%) and citalopram
. . . Withdrawal syndrome, Venlafaxine,
Serotonin- Serotonin 1 Concentration of 55-65% response rate, such as flu-like feelings, desvenlafaxine,
noradrenaline Transport Protein, serotonin . 50-65% - Juloxeti )
tak X . . may work better in sleepiness, and _duloxetine, [72-74]
RN Norepinephrine and noradrenaline severe depression (MDD) granulocytosis milnacipran, and
inhibitors (SNRIs) Transport Protein in a balance (very rare) levomilnacipran
. 1 Concentration of
Serotonin Receptor S . serotonin
Antagonists and Transergrttoglgtein 4 Concentration of 45-55% response rate, 45-55% Drowsiness, priapism Trazodone and [75-77]
Reuptake 5-H1P2 Receptor ’ noradrenaline rapid sedation (MDD) (rare but serious) nefazodone -
Inhibitors (SARIs) | Production of
hydrogen peroxide
Norepinephrine Norepinephrine 1 Concentration of ~ 50-60% response rate, .
and dopamine Transport Protein, - hri . fati 45-55% . L . .
reuptake Dopamine norepinep. rAme may improve fatigue (MDD) Seizure risk, insomnia Bupropion [78-80]
., reup T t Protei and dopamine and cognition
inhibitors (NDRIs) ransport Frotein
1 Concentration of
Melatonin receptor . serotonin o,
agonists and Melatonin 1 Concentration of 4&450 Yo response rate, 40-50% Liver monitoring .
3 Receptor, 5-HT2C dopamine improves sleep (MDD, . Agomelatine [81,82]
5-HT2C receptor Receptor P architecture insomnia) required.
antagonists | Production of
hydrogen peroxide
1 Release of
glutamine, leading 70% rapid response 700,
N]\gzﬁ fﬁ?gtor NMDA Receptor to the activation of (within 24 h) in TRD, 6(911{7]%)/‘ ’ Hypertension Ketamine [83-89]
& subtype glutamate effects last ~1 week
receptors

1 indicates an increase in the concentration or content of a substance, while | indicates a decrease in the concen-
tration or content of a substance.

5.1. New Antidepressants
5.1.1. Selective Serotonin Reuptake Inhibitors (SSRIs)

Fluoxetine, commonly referred to as Prozac, exhibits anti-inflammatory and neuropro-
tective properties in addition to its serotonergic effects [90]. When combined with low-dose
clonazepam, it can expedite the treatment process for patients suffering from depression
while also minimizing side effects [91]. The efficacy and tolerability of citalopram are
influenced by variations in CYP2C19 activity [92,93]. Furthermore, the concomitant use of
these medications with aspirin may elevate the risk of bleeding complications [94]. In a
randomized clinical trial, escitalopram was found to significantly reduce the depression
scores of patients with mild to moderate depression following coronary artery bypass
grafting surgery. After eight weeks of treatment, it also markedly improved the patients’
quality of life. Notably, no significant difference in drug side effects was observed between

escitalopram and the placebo group [95].
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5.1.2. Serotonin and Norepinephrine Reuptake Inhibitors (SNRIs)

In a meta-analysis, venlafaxine was demonstrated to be an effective monotherapy
option for patients with depression, significantly alleviating both anxiety and depressive
symptoms [96]. However, its use is associated with certain side effects, including sexual
dysfunction and overactive bladder [97]. Recent studies have suggested that combining
venlafaxine with mirtazapine can enhance its antidepressant efficacy while mitigating ad-
verse effects on sexual function [98]. Duloxetine, another SNRI has been shown to not only
improve depressive symptoms but also reduce serum concentrations of pro-inflammatory
cytokines such as IL-8, IL-12, and IFN-y, highlighting its potential anti-inflammatory prop-
erties [99]. In a clinical trial involving 2598 patients, levomilnacipran ER demonstrated
significant improvements in noradrenergic and anxiety symptoms compared to placebo,
enhancing response rates and exhibiting notable enhancement in the total Sheehan Dis-
ability Scale score. These improvements were primarily mediated by the alleviation of
noradrenergic symptoms. This finding contributes to our understanding of the mecha-
nism of action of levomilnacipran ER in the treatment of MDD and provides a valuable
reference for clinical practice [100]. In a 10-month open-label extension study, evaluated
using the 17-item Hamilton Depression Rating Scale, the results indicated that among
subjects who did not respond to double-blind placebo, venlafaxine ER, and desvenlafaxine,
48% to 67% of patients, respectively, responded to open-label desvenlafaxine. For those
who responded to the double-blind treatments, over 80% maintained their response to
open-label desvenlafaxine. Additionally, desvenlafaxine was found to be well-tolerated.
Overall, desvenlafaxine demonstrated favorable efficacy and tolerability in patients with
major depressive disorder [101].

5.1.3. Serotonin Receptor Antagonists and Reuptake Inhibitors (SARIs)

In the personalized treatment of depression, trazodone has been shown to enhance
sleep quality and alleviate depressive symptoms, proving particularly effective for patients
suffering from insomnia [102]. The combination of trazodone with hypothalamic phospho-
lipids not only ameliorates symptoms associated with severe depression but also mitigates
side effects such as increased heart rate linked to trazodone, thereby enhancing overall
safety [103]. Nefazodone represents another novel agent within the class of SARIs. Re-
search indicates that the co-administration of nefazodone and trazodone operates through
traditional mechanisms involving monoamine reuptake inhibition while also influencing
serotonin transporter function via allosteric regulation and pharmacological synergism.
This dual action offers a promising new therapeutic strategy for managing depression [104].

5.1.4. Norepinephrine and Dopamine Reuptake Inhibitors (NDRIs)

Unlike other antidepressants, bupropion lacks serotonergic activity [80]. When com-
bined with dextromethorphan, it has been proven to rapidly improve the quality of life
for patients with depression [105]. Furthermore, combination therapy using bupropion
alongside SSRIs or SNRIs has demonstrated greater efficacy and tolerability in managing
depressive symptoms compared to monotherapy [106]. Additionally, bupropion has been
found to possess anti-inflammatory properties [107].

5.1.5. Melatonin Receptor Agonists and 5-HT2C Receptor Antagonists

Agomelatine modulates the sleep-wake cycle by activating MT1 and MT2 receptors
while antagonizing 5-HT2C receptors. This mechanism enhances the release of dopamine
and norepinephrine in the prefrontal cortex, thereby improving mood and sleep quality.
Clinical studies have demonstrated that agomelatine is both effective and well-tolerated in
patients experiencing depression accompanied by anxiety symptoms [108]. Furthermore,



Biomedicines 2025, 13, 1081

10 of 27

combined treatment with SSRIs, such as sertraline, may contribute to alleviating depres-
sive symptoms and enhancing cognitive function in individuals, all within a high safety
profile [47].

5.1.6. Others

Ketamine was first synthesized in the US, and its antidepressant effect was discovered
after various studies [83]. It is classified as a non-competitive antagonist of the N-methyl-
D-aspartate receptor (NMDAR), which regulates calcium influx [84]. This mechanism
underlies its analgesic and anesthetic properties [85,86]. Ketamine disrupts glutamater-
gic neurotransmission by inhibiting the NMDAR through downstream o2 adrenergic
receptors and gamma-aminobutyric acid B (GABAB) receptors [109]. Additionally, it
enhances the release of glutamine, leading to the activation of subtype glutamate re-
ceptors located in the postsynaptic membrane of the medial prefrontal cortex, thereby
alleviating depressive symptoms in mice [110]. Research has also shown that differ-
ent enantiomers of ketamine exhibit varying antidepressive potencies, with the order
of (R)-ketamine > (R, S)-ketamine > (S)-ketamine [111]. However, prolonged use or abuse
of ketamine can lead to addiction [89]. The euphoria and pleasure induced by ketamine
may lead users to develop psychological dependency, ultimately resulting in addictive
behavior. Abuse of ketamine can cause an imbalance of neurotransmitters in the brain,
particularly affecting neurotransmitters such as glutamate and y-aminobutyric acid. This
imbalance may further exacerbate addictive behaviors, leading to cognitive impairments,
liver and kidney dysfunction, and even schizophrenia-like symptoms in users. In severe
cases, it can be life-threatening.

Probiotics are microorganisms that have been proven to stimulate and regulate the
proliferation of gastrointestinal microorganisms, benefiting human health [112]. The repre-
sentative probiotics used in medical applications include Lactobacillus and Bifidobacterium.
Research has shown that commensal bacteria can influence the levels of neurotransmitters
in the brain, such as serotonin and dopamine, which play pivotal roles in regulating emo-
tions and behavior. Furthermore, by modulating the composition of the gut microbiota,
particularly by increasing the number and diversity of commensal bacteria, it is possible
to alleviate mental health issues such as anxiety and depression [113]. In multiple clinical
trials included in the analysis, the scores on depression scales for the probiotic group were
generally lower than those for the placebo group. This improvement was observed across
patients of different ages, genders, and depression severity levels, indicating that probi-
otics contribute to alleviating depressive symptoms. While the overall results support the
positive effects of probiotics on depression, there was significant heterogeneity among the
studies. This may be related to factors such as the type of probiotics, dosage, intervention
duration, and individual differences among the study subjects [114].

Vortioxetine, as a multimodal antidepressant, has shown remarkable improvement in
depressive symptoms among patients in the results of a meta-analysis, with statistically
significant differences compared to the placebo group. Similarly, based on testing with the
Digit Symbol Substitution Test, an assessment tool for cognitive function, the vortioxetine-
treated group outperformed the placebo group, indicating that vortioxetine can enhance
cognitive function in patients with MDD. These findings provide robust evidence for the
use of vortioxetine in the treatment of MDD [115].

Desipramine belongs to the class of tricyclic antidepressants, and a recent study has
indicated that chronic desipramine treatment can reverse deficits in cell activity, nore-
pinephrine innervation, and anxiety-depression phenotypes in a fluoxetine-resistant cFlko
mouse model. This reveals the potential efficacy of chronic desipramine treatment in
fluoxetine-resistant depression, providing new insights and directions for the treatment
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of depression [116]. Nortriptyline is another tricyclic antidepressant (TCA). Research has
revealed that, in a six-month, double-blind, randomized clinical trial, the average depres-
sion scores before treatment were comparable between the nortriptyline group and the
fluoxetine group, with scores of 32.85 & 6.23 and 33.12 £ 6.50, respectively. Following treat-
ment, the score change in the nortriptyline group was 13.4 & 4.68, whereas in the fluoxetine
group, it was 16.96 £ 4.96. The results indicated that both nortriptyline and fluoxetine were
effective in treating major depressive disorder; however, fluoxetine demonstrated superior
efficacy [117].

Vilazodone is a selective serotonin reuptake inhibitor and a partial 5-HT1A receptor
agonist. In a randomized, double-blind, placebo-controlled trial, it was found that pa-
tients in the vilazodone treatment group showed significant improvement in depressive
symptoms, as measured by changes in standardized depression rating scales such as the
Hamilton Depression Rating Scale, with statistically significant differences compared to
the placebo group. Furthermore, vilazodone demonstrated a favorable safety profile in the
trial, with most adverse reactions being mild to moderate in severity and well-tolerated by
patients [118].

Recent studies have established TrkB as a critical mediator of antidepressant effects
through BDNF signaling. Rapid-acting agents such as ketamine directly bind TrkB recep-
tors as molecular wedges, stabilizing their active conformation and rapidly enhancing
synaptic plasticity independent of BDNF synthesis [85,119]. In contrast, conventional SS-
RIs/SNRIs require chronic administration to upregulate BDNF-TrkB signaling and promote
neuroplastic changes [120,121]. The clinical relevance of this pathway is highlighted by
the BDNF Val66Met polymorphism, which impairs TrkB activation and predicts poorer
treatment response [122]. These findings suggest TrkB-targeted compounds may represent
a promising new antidepressant class [123].

The application of artificial intelligence (Al) is becoming increasingly widespread in
the field of drug discovery. Research indicates that by employing Al technologies such as
deep learning and machine learning, it is possible to analyze vast amounts of biological
data more efficiently and identify potential biomarkers and therapeutic targets associated
with MDD, thereby expediting the development process of novel antidepressant medica-
tions and enabling personalized precision medicine [124]. In another study, Al approaches
were utilized to examine metabolite data derived from the plasma and urine samples of
295 participants, aiming to unravel the metabolic connections between depression and
chronic fatigue syndrome. The research uncovered several shared metabolic biomark-
ers at the metabolic level between these two disorders, which may potentially serve as
novel biomarkers for the future development of antidepressant drugs [125]. However,
its application also confronts numerous challenges. Firstly, data quality and accessibility
serve as critical constraints. Privacy restrictions surrounding pharmaceutical development
data have led to a scarcity of high-quality datasets, making it imperative to establish a
unified mechanism for open data sharing to enrich the repositories available for drug
research and development. Moreover, the multi-scale validation of Al-driven predictions is
cost-intensive. From virtual screening to clinical trials, Al predictions necessitate iterative
validation, with high experimental failure rates driving up R&D costs. Strategies such
as ensemble learning can be leveraged in conjunction with multi-source data to enhance
predictive accuracy.

5.2. New Dosage Form of Antidepressants

The development of appropriate dosage forms plays a pivotal role not only in facilitat-
ing the administration of medications but also in optimizing their pharmacokinetic profiles
and dosing characteristics [126]. This principle equally applies to antidepressants, where
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the design of dosage forms can significantly enhance their therapeutic efficacy and patient
compliance [127,128].

5.2.1. Injection

Injection represents a highly crucial dosage form for the administration of antidepres-
sants, primarily due to its capacity to enhance the bioavailability of the active ingredient
significantly. As an illustration, a study conducted in China demonstrated that injectable
levosulpiride achieved a quicker attainment of steady state and exhibited substantially
superior bioavailability [129]. The administration of ketamine via injection has been proven
to exhibit a swift therapeutic effect while being well-tolerated. To evaluate the synergistic
effects of various substances in the treatment of depression, numerous compounds are
injected into animal models. For example, experimental studies have shown that the com-
bination of imipramine and citicoline in mice demonstrates an enhanced antidepressant
effect [130]. Similarly, the pairing of geniposide with eleutheroside B has also been proven
to yield beneficial outcomes in terms of alleviating depressive symptoms [131].

5.2.2. Patch

The patch facilitates direct absorption of the drug into the bloodstream, enabling swift
distribution throughout the body’s tissues and effective penetration of the BBB to target
the central nervous system. This method circumvents the liver’s first-pass effect, conse-
quently enhancing the drug’s bioavailability. For patients suffering from severe depression,
transdermal administration of selegiline has proven efficacious while maintaining excellent
tolerability and safety profiles [132,133]. Furthermore, contemporary research has revealed
that selegiline microneedle array patches formulated with nanostructured lipid carriers
exhibit an extended half-life and augmented brain bioavailability, marking a significant
advancement in treatment options [134].

5.2.3. Extended-Release/Controlled-Release Formulations

Sustained-release and controlled-release formulations play a crucial role in the treat-
ment of depression. These preparations regulate the rate of drug release within the body;,
allowing for prolonged therapeutic effects that effectively alleviate symptoms of depression.
Sustained-release ketamine tablets have been shown to enhance the rate of drug absorption,
mitigate side effects such as elevated blood pressure and heart rate, and improve both
the tolerance and safety profile of the medication. For example, R-107 exhibits prolonged
therapeutic effects, with clinical trials reporting a 6.1-point reduction in MADRS scores
versus placebo at 13 weeks and a relapse rate of 42.9%. However, their slower onset
(>4 weeks to peak efficacy) may limit utility in acute settings [135]. Sustained-release
trazodone maintains a consistent concentration level of the drug in the body by steadily
releasing it over time, thereby providing a prolonged and stable antidepressant effect [136].
Furthermore, controlled-release paroxetine has effectively alleviated clinical symptoms in
patients with depression while reducing the incidence of adverse events [137].

5.2.4. Nasal Spray

The BBB tightly regulates the transport of various molecules, thereby preventing
antidepressants from accessing the central nervous system [62]. Nasal administration
offers a unique advantage in bypassing both the BBB and first-pass metabolism, leading
to improved bioavailability [138]. The intranasal delivery of esketamine demonstrates a
pharmacokinetic advantage over oral administration, with absolute bioavailability reaching
48% (versus 8% for oral esketamine) and a significantly reduced time to peak plasma
concentration (Tmax = 0.5-1 h vs. 5-6 h for oral tablets) [139,140]. Furthermore, antidepres-
sants formulated as nanosized particles, emulsions, or even liposomes can be effectively
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delivered through intranasal delivery systems, enhancing their potential for therapeutic
application [141]. When desvenlafaxine is delivered via the nose-to-brain route using
mucoadhesive PLGA-chitosan nanoparticles, the intranasally administered optimized
desvenlafaxine-loaded nanoparticles significantly alleviate depressive symptoms, elevate
monoamine levels in the brain, and enhance the pharmacokinetic profile of the drug in
the brains of rodents compared to oral administration [142]. Delivery of selegiline hy-
drochloride via the intranasal route using thiolated chitosan nanoparticles (TCNs) exhibits
significantly higher concentrations of selegiline hydrochloride in the brain compared to
oral administration, resulting in more effective alleviation of depressive symptoms. This
underscores the potential application of TCNs in the treatment of depression [143]. How-
ever, clinical experience has shown that prolonged use can lead to tolerability issues,
ranging from mild nasal irritation to more severe epithelial damage. The withdrawal of
zinc-containing nasal sprays due to anosmia serves as a stark reminder of the fragility of
olfactory tissues. Even with newer formulations such as esketamine, where rigorous clinical
trials have confirmed the preservation of olfactory function, transient symptoms such as
nasal congestion and postnasal drip are still frequently reported by patients. These find-
ings highlight the importance of meticulous formulation design that balances therapeutic
efficacy with local tissue compatibility [141,144].

5.2.5. Orally Disintegrating Tablets

Orally dissolving tablets, also known as orally disintegrating tablets, allow patients to
take their medication without the need for water, as they rapidly dissolve in the mouth.
This formulation is especially advantageous for individuals who have difficulty swallowing
or are resistant to taking conventional tablet forms. Mirtazapine oral disintegrating tablets
offer convenience, which enhances adherence among patients with depression, and they are
well-tolerated and preferred by patients as a treatment option. While orally disintegrating
tablets offer practical advantages, their pharmacokinetic parameters (e.g., bioavailability,
Tmax) remain comparable to conventional oral formulations, as confirmed in bioavailability
studies [52,145].

5.2.6. Nanoparticle-Based Formulations

Liposomes, composed of phospholipids, represent a relatively uncommon dosage
form for antidepressants in clinical practice. However, they have demonstrated the capa-
bility to enhance drug potency and improve bioavailability by increasing the solubility
of the drug [146,147]. Liposomes facilitate the delivery of antidepressants across the BBB
to reach active sites in the brain [148]. Additionally, liposomes exhibit reduced toxicity
and low immunogenicity, which can prolong retention time and optimize drug release
characteristics [149,150]. In the early 1980s, researchers observed that liposomes enhanced
the antidepressant effects in mice, reducing depression-like behaviors [151]. More recently,
a 2020 study described liposome-based nanocarriers of eugenol, which exhibited superior
antianxiety effects through better blockade of the neurokinin-1 (NK-1) receptor, which
also regulates depressive processes. This experiment suggests the potential for increased
antidepressant efficacy when delivered via liposomes [152]. Furthermore, liposomes can
detoxify overdosed antidepressants by transferring their ingredients from the cardiovas-
cular system to fat, muscle, and skin [153]. However, the rapid elimination of liposomes
by the reticuloendothelial system limits their clinical use in antidepressant therapy, neces-
sitating appropriate modifications [154]. Despite these challenges, liposomes continue to
hold promise as a delivery system for antidepressants due to their unique advantages in
enhancing drug delivery and efficacy.
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Polymers have proven to be exceptionally effective in enhancing bioavailability when
incorporated into drug delivery systems. They exhibit exceptional efficiency in modifying
pharmacokinetic properties, allowing for the adjustment of pharmacokinetic parameters
to achieve desired therapeutic outcomes. By combining these polymers with existing
dosage forms, significant improvements in pharmaceutical effects can be achieved. For
example, polymers can prolong drug release time and mitigate potentially high transient
plasma concentrations, effectively reducing Cmax. This indicates their potential for use in
future finished drug products. Notably, polymers exhibit high compatibility and can be
seamlessly integrated with a wide range of dosage forms, from conventional tablets to
advanced liposomes, as outlined in Table 2. Given their versatility and effectiveness, the use
of polymers in the market as a delivery vehicle for antidepressants is highly recommended
for the future. Their ability to tailor pharmacokinetic properties and enhance bioavailability
makes them a valuable addition to the pharmaceutical toolkit.

Furthermore, polymer-mediated antidepressant therapy has demonstrated promising
avenues for enhancing therapeutic efficacy through various formulation strategies. Re-
searchers have loaded hypericin (HYP) onto black phosphorus nanosheets (BP) modified
with the neural cell-targeting peptide RVG29, synthesizing a nanoplatform named BP-
RVG29@HYP (BRH). BRH can effectively traverse an in vitro BBB model and significantly
alleviate depressive-like behaviors and oxidative stress in mice. Furthermore, BRH ex-
hibits excellent safety with minimal side effects [155]. The latest research has developed an
inflammation-targeting, microglia-biomimetic nanodelivery system (PDA-Mem@M), which
leverages the homotypic affinity of microglial cell membranes to achieve targeted delivery
to inflammatory cells. Through the synergistic effects of polydopamine and memantine, this
system demonstrates better therapeutic efficacy and biosafety for depression [156]. Another
study has found that transferrin-modified carboxymethyl chitosan-chitosan nanoparticles
can specifically bind to transferrin receptors on the BBB, enabling efficient transmigration
across the BBB through receptor-mediated transcytosis. In the neuroinflammatory and
neuronal injury environments associated with depression, the permeability of the BBB
increases, further enhancing the BBB targeting efficiency of these nanoparticles. Addition-
ally, the nanoparticles exhibit good safety and biocompatibility in both in vitro and in vivo
experiments, providing new strategies and hope for the treatment of depression [157].
The H@EFCP, another type of self-healing hydrogel dressing, is composed of components
such as carboxymethyl chitosan, polyvinyl alcohol, and Prussian blue nanoparticles. This
dressing facilitates the healing of burn wounds by modulating the inflammatory microen-
vironment. Furthermore, it mitigates the intensification of central inflammation triggered
by peripheral oxidative stress, consequently lowering the incidence of depression linked
to central inflammation [158]. When employing chitosan spray-dried microcapsules as
a controlled-release delivery system for venlafaxine hydrochloride, optimized ratios of
chitosan to sodium tripolyphosphate can achieve controlled release of venlafaxine, enhanc-
ing the effectiveness of the treatment and improving patient compliance [159]. Using the
O/W emulsion solvent evaporation method, long-acting injectable microspheres loaded
with agomelatine were prepared. Pharmacokinetic studies have demonstrated that these
microspheres can release the drug at a stable plasma concentration for up to 30 days in vivo,
making them a promising carrier for the treatment of major depressive disorder [160].
These advancements address key challenges in depression treatment while potentially
reducing the latency period for therapeutic effects.
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Table 2. Application of polymers in delivery.
Polymers Forms Loaded Drug Functions Results Ref.
Polylactic acid Coating of nanospheres Venlafaxine Controlled release An obvious delay of release m mtest}nal f.lmd’ witha [161]
prevention of burst in gastric fluid.

. . . . . The release rate was very close to zero order, and
Poly(lactic-co- Microparticles Mirtazapine Controlled release ded rel hieved [162]
glycolic acid) Intranasally delivered extended release was achieved.

Vi . . . .
(PLGA) nanoparticles Agomelatine Enhancement of effects The antidepressant effect was improved, obviously. [163]
Modification of ; ; ; ;
Microsphere Mirtazapine pharmacokinetic Clear imp rovements in PK parameters, including [164]
properties AUC, half-life, and reduced clearance, were shown.
Through comparison, the concentration of venlafaxine
. delivered by nanoparticles was much higher in the
Intranasally delivered Venlafaxi T ine deli brai ially the eff hei ¢ 165
nanoparticles enlataxine argeting delivery .ram, especm' y the effect on the 1ncrea§g (¢ [165]
brain/blood ratios and drug transport efficiency,
showing its high efficiency.
Nanoparticles - . .
. e . . . . The modified nanoparticles showed a better efficiency
. (with ]Iﬂrvl\;:;c'lsﬁlg%hon of Minocycline Targeting delivery for target transporting and higher safety. [166]
Chitosan 'ilanog'afgtlclg N ¢ Gallic acid Enhancement of effects, Decreases in activity in monoamine oxidase and [167]
(with modification o targeting delivery malondialdehyde levels were in expectation.
Tween 80)
I . The in vitro, in vivo, and histopathological
nterpenetrating A 1l sh d dd £ d
olyelectrolyte ) Controlled release examinations a s_ owe‘ good drug effects an great
P Citalopram extended properties, with the most extended gained [168]
nanocomplexes (IPNC) (extended) . .
. . when the complex is made of chitosan
(with pectin) A R .
and pectin in a 3:1 ratio.
Intranasally delivered . R .
thermoreversible biogel Doxepin Targeting delivery The bioavailability was cleafly improved, and [169]
. prolonged release was achieved as expected.
(with glycerophosphate)
polf):/?)r;}]?ei{llfﬁgrr:eo(f%) ] ] Improve'n:nept on CNS The stab?lity gf GLP-? pep was increased, and the CNS
Nasal spray particles GLP-2 peptide transitivity and migration profile was good, as well as the [170]
lauryl ether and
. pharmacodynamic effect antidepressant effect.
B-cyclodextrin
polyethylene oxide hydrophilic-hydrophobic Protriptyline Controlled release As the content of polyethylene oxide changes, the [71]
and polysiloxane copolymer networks Pty release rate of the drug can be controlled.
Outer coating networks . X
. As the coatings were added, the drug release profile ’
Polyethylcellulose (NE30]ZC) Of;wtri?ga)mother Venlafaxine Controlled release was satisfactory, and stability was good. (1721
Seml—lnterpgnetraFlng The release rate is largely slowed by the addition of
hydrogels (with anionic . Controlled release . ) .
) . Venlafaxine dendrimers, while the hydrogel behavior was affected [173]
polyamidoamine (extended) by certain content of PEG
dendrimers) y .
Self-assembled Th . The release rate had a satisfactory zero-order kinetic
thermosensitive hydrogel Icariin ermosensitive, property, and low doses had a fast and good [174]
. controlled release .
(P407, P188, and alginate) antidepressant effect.
Pol The bioavailability in the brain was largely increased,
oloxamer Intranasally delivered Agomelatine Targeting delivery and the pharmacodynamic effects of agomelatine were [175]
thermoresponsive in situ _ increased largely. )
gel (P407, P188) Berberine Enhancement of effects A better antidepressant effect was achieved, and a [176]
lower dose could be used.
Intranasally delivered Higher bioavailability was approved, as a lower dose
Alginate nanogel-based Albiflorin Enhancement of effects can have better antidepressant effects, and prolonged [177]
thermosensitive hydrogel release was achieved.
Modification of . . . .
PLGA and PC . o The brain concentration of duloxetine was increased
combination Nanospheres Duloxetine pharmacokinetic three times compared with the oral solution. 159
properties
A controlled release rate was achieved no matter what
Poly(e-caprolactone) Nar‘}\(;i}})ll}?rg dcapsules Trazodone Controlled release kind of oil core it was, and the antidepressant effect [178]
(With lipid core) was increased obviously.
Ethylene Vinyl . : Enhanced solubility and Improved solubility and stability of curcumin in EVA
Acetate Films Cureumin stability films for potential pharmaceutical applications. 07l
Poly(vinyl alcohol) Nanocapsules Paclitaxel Targeted delivery and Targeted delivery of paclitaxel to cancer cells with [180]
controlled release controlled release properties.
Poly(lactic acid)-PEG Micelles Doxorubicin Targeted dellve:‘ry and Effective targeting of cancer cglls with reduced toxicity [181]
copolymer reduced toxicity to normal tissues.
Chitosan-Alginate Microcapsules Probiotics Enhanced Sf?blllty and Improved stability of probiotics and enhanced delivery [182]
composite gut delivery to the gut.
Poly(3-amino ester) Nanoparticles Vaccine antigen Enhal{‘necselgdoigernune Improved immune response and antigen presentation. [183]
Poly(styrene-co- Biocompatible, controlled
y(styren Nanofibers Growth factors release, tissue engineering Promoted tissue regeneration and healing. [184]
maleic acid) support
Poly(ethylene oxide) Micelles Gene therapeutics Enhayced gene Improved gene therAapy outcomes with minimal [185]
transfection efficiency side effects
Poly(N- - . ;
isopropylacrylamide) Thegmdorsgn:llstlve Prg;elgz and Tempera;:lx‘:a—zisponswe Controlled release blTsed ton:emperature changes, [186]
(PNIPAM) ydrog; P cell protection.
Poly(glycolic acid) Microspheres Anti—inDﬂraungl;natory Controlled release Reduced inflammation and improved tissue healing. [187]
Polyurethane Films Antibiotics Antimicrobial activity, Reduced infection risk and accelerated wound healing. [188]

wound healing support
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6. Discussion

Depression, a pervasive mental health issue on a global scale, exerts profound impacts
on individuals, families, and society alike. It is far more than just a “temporary low
mood” or “bad day”; it is a chronic and severe mental condition that can rob patients of
their interests, cause anhedonia, reduce energy levels, and even trigger suicidal thoughts.
According to statistics from the World Health Organization, depression has emerged as a
primary cause of disability worldwide, posing a significant challenge to public health. With
the acceleration of life’s pace and the intensification of social pressures, the incidence of
depression has been steadily rising year by year, and there is a noticeable trend of younger
individuals being affected. This underscores the paramount importance of prevention and
treatment efforts targeting depression.

In this review, we delve into the causes and mechanisms of depression and the factors
influencing the efficacy of antidepressant medications and propose solutions for improving
depression. Depression, as a complex mental illness, exhibits a diverse range of causes,
pathogenic mechanisms, and factors impacting treatment outcomes, necessitating a multi-
faceted understanding and response.

Firstly, the causes and mechanisms of depression encompass biological, psycholog-
ical, and social dimensions. From a biological perspective, neurotransmitter imbalance,
particularly involving serotonin, dopamine, and norepinephrine, is widely recognized
as one of the core biological mechanisms underlying the onset of depression. These neu-
rotransmitters play pivotal roles in regulating mood, cognition, and behavior, and their
imbalance can directly lead to mood dysregulation. Additionally, systemic inflammation as
well as localized inflammatory responses in the brain are considered closely linked to the
initiation and progression of depression. Meanwhile, structural changes and damage to the
brain, such as reductions in hippocampal volume, constitute an essential component of the
biological mechanisms of depression. In recent years, with the deepening of research on the
gut microbiota, there has been a growing recognition that dysbiosis of the gut microbiota
may also influence brain function and emotional states through the “gut-brain axis,” thus
emerging as a novel biological factor in the pathogenesis of depression. Psychologically,
early life experiences exert profound influences on an individual’s mental health. Further-
more, an individual’s coping strategies and personality traits are also deemed significant
psychological factors influencing the development of depression. Socially, high levels of
life stress, interpersonal relationship problems, and insufficient social support are equally
non-negligible factors in the onset of depression.

The factors influencing the efficacy of antidepressant drugs are also highly complex
and diverse. From the perspective of drug metabolism, the metabolic process of antidepres-
sants in the human body is not straightforward but is primarily mediated by the CYP450
enzyme family. The CYP450 enzyme family is a group of mixed-function oxidase systems
widely present in the liver and other tissues. They play a crucial role in drug metabolism
by catalyzing the oxidation reactions of various drugs, thereby altering their chemical
structures and pharmacological activities. Within this enzyme family, the CYP2C19 en-
zyme is of particular importance for the metabolism of antidepressants. CYP2C19 can
specifically recognize and bind to antidepressant drug molecules, and through a series of
biochemical reactions, convert the drugs into metabolites that are more easily excreted from
the body. However, the polymorphism of the CYP2C19 enzyme can lead to variations in
drug metabolism, which in turn affects the drug’s bioavailability and efficacy. In addition,
individual differences among patients can also impact the efficacy of antidepressants. For
example, patients of different age groups have variations in bodily functions and metabolic
capacities. Men and women differ in hormone levels, body composition, and physiological
functions. Other factors such as genetic background, comorbid conditions, and concomitant
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medications also come into play. Therefore, in clinical practice, these factors must be taken
into account to optimize antidepressant treatment regimens.

In terms of solutions for improving depression, antidepressant medications occupy
a prominent position. Different types of antidepressants possess distinct mechanisms of
action and efficacy profiles and have demonstrated significant advantages in alleviating
depressive symptoms. However, the resistance and effectiveness of antidepressants pose
a significant challenge in therapy. A report points out that one-third of patients had no
response to conventional antidepressants and still had the risks of self-harm, even for onset
patients, some of whom were not observed to have a relief of symptoms of MDD in a short
period [189]. Another clinical trial points out that antidepressants only had a 54% response
rate, meaning a considerable number of patients cannot achieve full recovery through
medication [190]. Furthermore, most antidepressants require continuous administration for
weeks or even months before their therapeutic effects gradually become apparent, which
can be a challenge for patients with acute depression. During the waiting period for the
medication to take effect, patients may experience prolonged pain and discomfort. This,
in turn, can lead to poor patient adherence and may even cause patients to discontinue
treatment. The first-pass effect and blood-brain barrier present major obstacles in reducing
the bioavailability of antidepressants and slowing down the onset. Moreover, the integrity
of the BBB and the regulation of related proteins are crucial components in understanding
the pathogenesis of depression, providing a theoretical basis for the development of new
therapeutic approaches [191,192].

Therefore, research on antidepressants targeting bypassing the first-pass effect and
the blood-brain barrier holds great promise for the future. To date, the outcomes of these
experiments have been promising, with the emergence of novel pharmacological targets for
rapid-acting antidepressants such as ketamine [189] and the use of ultrasound to open the
BBB, enhancing hippocampal neurogenesis and improving the efficacy of antidepressants.
Furthermore, the exploration of pharmaceutical compounds that can penetrate the BBB
barrier remains a focal point of research [193,194]. The relationship between depression
and other diseases may also offer a new way of thinking antidepressant design, which
may target the crossing receptor of two diseases [195]. The anatomical and microcosmic
structures of the brain and their changes are also significant references for antidepressant
design [196,197].

It is noteworthy that in recent years, the application of polymers in antidepressant
delivery systems has garnered considerable attention. By devising appropriate polymer
carriers, targeted drug delivery and controlled release can be achieved, thus boosting the ef-
ficacy of antidepressants and minimizing side effects. For instance, polymers such as PLGA
(poly(lactic-co-glycolic acid)) and chitosan have been widely employed in the fabrication of
nanoparticles, microspheres, liposomes, and other delivery systems for the administration
of antidepressants. These delivery systems not only improve the brain-targeting efficacy of
the drugs but also prolong their duration of action through controlled-release mechanisms,
ultimately enhancing patient compliance. These advancements provide a vast platform for
the application of novel dosage forms in the industrial production of antidepressants in the
future [198]. In addition, the long-term safety of the polymer is very important. This can be
achieved through molecular design strategies—such as incorporating hydrolytic/oxidative-
resistant functional groups—and the addition of anti-aging agents (e.g., UV absorbers,
antioxidants), in conjunction with accelerated aging experiments, to predict performance
degradation under specific environmental conditions (e.g., elevated temperatures, humid-
ity). Simultaneously, the development of degradable polymers and the establishment
of closed-loop recycling systems can mitigate the risk of microplastic accumulation. A
pivotal approach involves optimizing material selection via life cycle assessment (LCA) to
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ensure compliance with FDA standards in medical applications, ultimately achieving a
harmonious balance between safety and sustainability.

On the ethical front, personalized medicine utilizes genetic data and clinical informa-
tion to tailor treatment plans for individuals, a process that must strictly adhere to data
protection and privacy regulations to ensure the security of patient information. Meanwhile,
before receiving personalized medical treatment and novel therapies, patients should be
fully informed of relevant details, including potential risks and benefits, so as to make
autonomous decisions. For the ethical evaluation of novel therapies, in addition to focusing
on their scientific efficacy and safety, factors such as economic burden, social equity, and
accessibility must also be taken into account. For instance, exorbitant treatment costs may
prevent some patients from accessing necessary care, thereby sparking ethical controversies.

7. Conclusions

This review delves into the etiology and pathogenesis of depression and the challenges
faced in its treatment, with a particular focus on the innovative applications of polymers in
antidepressant drug delivery systems. Depression is a complex disorder with multifactorial
origins, where treatment response is intricately influenced by a web of genetic, environmen-
tal, physiological, and pharmacological factors. Key factors contributing to the suboptimal
efficacy of antidepressant therapies include metabolic enzyme polymorphisms, drug inter-
actions, and the permeability of the BBB. The development of novel antidepressant drugs
has offered new avenues for the treatment of depression. Concurrently, polymers, as a vital
component of drug delivery systems, have demonstrated immense potential in enhancing
drug efficacy and improving targeting specificity. Future research should further concen-
trate on optimizing the design of polymeric delivery systems and formulating personalized
treatment strategies based on individual differences. Meanwhile, while promoting the
development of personalized medicine and novel therapies, it is imperative to establish
a robust ethical review mechanism to ensure that medical innovations conform to ethical
standards and safeguard the rights and safety of patients.
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Abbreviations

The following abbreviations are used in this manuscript:

HIV Human immunodeficiency virus

GWEIS Genome-wide by environment interaction studies

SSRIs Selective serotonin reuptake inhibitors

SNRIs Serotonin-noradrenaline reuptake inhibitors

SARIs Serotonin Receptor Antagonists and Reuptake Inhibitors

NDRIs Norepinephrine and dopamine reuptake inhibitors
NMDAR  N-methyl-D-aspartate receptor
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GABAB Gamma-aminobutyric acid B
MDD Major depressive disorder

GWAS Genome-Wide Association Studies
BBB Blood-brain barrier

NK-1 Neurokinin-1

PLGA Polylactic-co-glycolic acid

IPNC Interpenetrating polyelectrolyte nano-complexes
SJW St John’s Wort
FSH Follicle-stimulating hormone

TSHI Thyroid-Stimulating Hormone Index
GABA Glutamate/gamma-aminobutyric acid

FMNs Fluorescein-loaded magnetic nanoparticles
Tf Transferrin

HYP Hypericin

BP Black phosphorus

BRH BP-RVG29@HYP
SCFA Short-chain fatty acid
TCNs Thiolated chitosan nanoparticles

TCA Tricyclic antidepressant
Al Artificial intelligence
LCA Life cycle assessment
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