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Abstract: Depression is a widespread mental disorder whose impact on an individual’s
health extends far beyond the psychological dimension. As a disease with a significant
burden, the effective treatment of depression has become a major challenge for global
public health. Although several hypotheses have been proposed for the pathogenesis of
depression, its pathophysiological mechanisms remain complex and not yet fully under-
stood. Recent studies suggest that dysfunctional autophagy may play an important role
in the development of depression. Autophagy, as an important intracellular degradation
mechanism, maintains neuronal function and health by removing excess proteins and
damaged organelles. Current evidence suggests that the regulation of autophagic processes
may provide new potential targets for the treatment of depression. In this paper, we review
the pharmacological mechanisms of autophagy by different antidepressant drugs and
the abnormal changes in autophagy in patients with depression and in multiple models.
Importantly, we focus on the role of autophagy in different pathological mechanisms of
depression and discuss current limitations as well as potential directions for future research.
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1. Introduction

Depression is a serious mental illness characterized by persistent low mood, an absence
of pleasure, and a wide range of cognitive and somatic symptoms. Globally, depression
has become a leading cause of disability, with the number of people with depression
worldwide increasing by nearly 50 per cent over the past 30 years, currently affecting
approximately 264 million people [1]. The global burden of mental disorders was further
exacerbated during the COVID-19 pandemic, with the number of people suffering from
depression surging by 53 million, an increase of 27.6% [2]. Depression is not limited to
mental health; it significantly increases the risk of cardiovascular disease, stroke, diabetes,
and obesity, and has become a major public health challenge worldwide [3]. Currently,
depression is classified into various subtypes based on symptom characteristics such as
postpartum depression [4], seasonal depression [5], and psychotic depression [6]. Although
researchers have proposed many hypotheses to explain the mechanism of depression,
including the classical monoamine hypothesis, hypothalamic—pituitary-adrenal (HPA) axis
hypothesis, neuroplasticity hypothesis, immunoinflammatory hypothesis, and neuroge-
nesis hypothesis, the specific pathophysiological mechanisms of depression are still not
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fully understood [7-9]. And the treatments for different depression subtypes are based on
different hypothesized mechanisms and therefore differ in their treatment approaches. For
example, psychotic depression is usually treated with a combination of antidepressants
and antipsychotics because it is accompanied by psychotic symptoms in addition to the
exhibition of depressive symptoms [10]. In contrast, in seasonal depression, bright light
therapy acts on depression by modulating circadian rhythms and affecting melatonin and
serotonin secretion [11]. Currently, most antidepressant drug development is still based on
the monoamine hypothesis, such as selective serotonin reuptake inhibitors (SSRls), tricyclic
antidepressants, serotonin and norepinephrine reuptake inhibitors, and monoamine oxi-
dase inhibitors [12]. However, despite the fact that these medications are effective to some
extent, about one-third to one-half of patients with depression still do not respond to multi-
ple antidepressant medications, and among those in whom the medications are effective,
common side effects such as headache, gastrointestinal distress, sexual dysfunction, and
anxiety seriously affect patients” quality of life [13]. In addition, the difference in the efficacy
of bright light therapy in seasonal and non-seasonal depression still needs to be further
verified [11]. Currently, the diagnosis of depression still lacks objective biomarker sup-
port [14]. Although genome-wide association studies have identified more than 200 genes
associated with depression, these findings have not yet been translated into practically
usable clinical diagnostic tools [15]. Therefore, there is an urgent need to explore new
research directions in order to provide guidance for clinical diagnosis and to improve the
effectiveness of treatment.

Autophagy is the process by which cells use lysosomes to degrade their own proteins
and damaged organelles, and it is essential for maintaining cellular homeostasis and re-
sponding to nutrient deficiencies and stress. Since neurons are highly specialized cells
and do not possess the ability to continue cell division, they are particularly dependent
on the autophagy pathway to remove excess proteins and damaged organelles [16]. Thus,
autophagy plays a key role in both the developmental stages of the brain and in adult-
hood, participating in the development and refinement of neuronal axons, dendrites, and
synapses. In recent years, more and more clinical and preclinical studies have shown that
abnormal autophagy is closely related to the occurrence and development of depression
and that the regulation of autophagy plays an important role in depression [17]. Therefore,
in-depth exploration of the mechanisms of autophagy pathways in depression is important
for the development of novel therapeutic strategies.

In this review, we provide a comprehensive overview of general knowledge of au-
tophagy mechanisms and describe the relationship between depression and aberrant
autophagy in individuals as well as in animal and cellular models. We also focus on the
role of autophagy in different pathomechanisms of depression and summarize the phar-
macological mechanisms of different drugs based on autophagy modulation to improve
depression, providing a scientific basis for autophagy-targeting antidepressants in the clinic
in the future.

2. Overview of Autophagy

Currently, autophagy can be classified into three main types according to how intra-
cellular substances are transported to lysosomes: macroautophagy, chaperone-mediated
autophagy (CMA), and microautophagy (Figure 1). Macroautophagy is the classical form of
autophagy, in which cytoplasmic material is encapsulated by autophagosomes in a double-
membrane structure and transported to the lysosome for degradation by fusion with the
lysosome. CMA is a form of selective autophagy, in which cargo proteins containing
specific pentapeptide motifs are recognized by a molecular chaperone, Heat Shock Cognate
70 (Hsc70), and guided to the lysosome. Microautophagy, on the other hand, directly wraps
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the contents of the cytoplasm for degradation through the invagination of the lysosomal
membrane. With further research on autophagy, it has been found that autophagy can
degrade some special organelles or macromolecules through selective degradation, which
is called selective autophagy, with forms such as mitophagy, ribophagy, pexophagy, and so
on [18]. Among these, mitophagy, as the most widely studied form of selective autophagy,
has been demonstrated to play an important role in maintaining intracellular homeostasis
and preventing cellular damage and the development of related diseases. In this paper, we
will focus on the mechanisms of macroautophagy, CMA, microautophagy, and mitophagy
to discuss their roles in intracellular material degradation and homeostasis maintenance.

A Macroautophagy : B Chaperone-mediated autophagy (CMA)
1

L» @¥ @I Hscm\_‘
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D Selective autophagy-Mitophagy: C Microautophagy

Figure 1. Different types of autophagy and processes. (A) Macroautophagy. The process of macroau-
tophagy includes initiation, autophagosome formation, fusion, and degradation, which is the main
type of autophagy. (B) Chaperone-mediated autophagy (CMA). CMA recognizes KFERQ-like motif
proteins that interact with cytosolic Hsc70 and its chaperones to make them target lysosomes. (C) Mi-
croautophagy. Microautophagy delivers targets to lysosomes through invagination of lysosomal
membranes. (D) Selective autophagy—mitophagy. Mitophagy targets the removal of damaged
mitochondria through the autophagy pathway. ATG, autophagy-related genes; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; AMPK, AMP-activated protein kinase; mTORC1,
mTOR complex 1; ULK1, unc51-like autophagy-activating kinase; FIP200, FAK-family interacting
protein of 200 KD; HSC70, Heat Shock 70 protein; OPTN, Optineurin; PE, phosphatidylethanolamine;
LAMP2A, lysosomal-associated membrane protein 2A; LC3, microtubule-associated protein 1 light
chain 3; NDP52, Nuclear Dot Protein 52; Mfn2, mitofusin 2; PINK1, PTEN-induced putative kinase 1;
TOM20, Translocase of outer mitochondrial membrane 20.

2.1. Macroautophagy

Macroautophagy is the most studied form of the autophagy pathway, hereafter re-
ferred to as “autophagy”. The process of autophagy is finely regulated at multiple levels to
ensure a balance between the synthesis and degradation of intracellular substances and
the use and recycling of resources. This regulatory network involves multiple signaling
pathways to ensure cellular homeostasis under different physiological or pathological
conditions. It has been shown that more than 40 autophagy-associated genes (ATGs) have
been identified in yeast, and the roles of the proteins encoded by these genes in the au-
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tophagy process have been intensively explored, with most of these proteins also having
corresponding homologs found in mammalian cells [19]. The initiation of autophagy is
tightly linked to the mammalian target of rapamycin complex 1 (mTORC 1) and unc 51-like
autophagy-activated kinase 1 (ULK 1) complexes [20]. Upon cellular stress, the intracellular
activation of the ULK1 complex through the inhibition of mMTORC1 subsequently initiates
PI3K complex function, that is, the generation of phosphatidylinositol 3-phosphate (PI3P)
via vesicular protein sorting 34 (VPS34), which is involved in the nucleation of phagocytic
vesicles [21]. In addition, the accumulation of PI3P at the phagocytic vesicle assembly
site leads to the recruitment of autophagy-related genes and promotes the extension and
closure of autophagosomes [22]. Among them, ATG12 binds to ATGS5 via the E1 ubiquitin-
activating enzyme ATG? and the E2 ubiquitin transferase ATG10, and then forms a large
complex with the ATG16L1 composition via non-covalent interactions [19]. In addition,
ATGH4 shears the carboxyl terminus of LC3, one of the mammalian ATG8 homologs, to
produce LC3-1, which is converted to LC3-II bound to the autophagosome membrane to
form mature autophagosomes via ATG7 and ATG3 binding to phosphatidylethanolamine
(PE) [23]. Then, mature autophagosomes fuse with lysosomes to form autophagic lyso-
somes to complete the degradation and recycling of contents.

2.2. Chaperone-Mediated Autophagy (CMA)

CMA achieves its purpose by recognizing the KFERQ-like targeting motif on the
substrate protein, which carries the motif and binds to HSC70 to form a complex. HSC70
not only recognizes and binds the substrate protein but also powers the substrate protein
through its ATPase activity, which directs the complex to the lysosomal membrane to bind
to lysosome-associated membrane protein 2A (LAMP2A) [24]. LAMP?2 is an important
membrane protein on lysosomes, and three protein isoforms, LAMP2A, LAMP2B, and
LAMP2C, exist, of which only LAMP2A is involved in CMA, and it is an essential molecule
for the fusion of autophagosome and lysosome [25]. Upon the binding of HSC70 to
LAMP2A, the LAMP2A monomer assembles into a multimeric structure by recruiting
multiple LAMP2A molecules to form a transport complex that provides substrate proteins
with access to the lysosome [26]. It was found that high-fat diet (HFD)-induced obesity
may lead to depression-like behavior in mice by inhibiting autophagy [27]. Further studies
indicated that HFD alters lysosomal membrane lipid composition, decreases LAMP2A
stability, and inhibits CMA [28]. It can be seen that the expression of LAMP2A is closely
related to the activity of CMA, and its polymerization state and interaction with HSC70
directly affect the transport efficiency of substrate proteins, and alterations in its function
may affect the overall efficiency of CMA and the homeostasis of intracellular proteins. In
addition, the regulatory process of CMA is closely related to multiple signaling pathways.
For example, in the neurodegenerative disease Parkinson’s disease, the p38 MAPK pathway
exacerbates disease progression by promoting microglia activation through inhibiting the
degradation of NLRP3 inflammatory vesicles by CMA [29]. This finding suggests that
CMA is not only involved in intracellular protein quality control but may also play an
important role in neuroinflammatory responses.

2.3. Microautophagy

Compared with macroautophagy and CMA, microautophagy has been relatively un-
derstudied. Microautophagy mainly forms vesicles through localized depressions and
invaginations in the cell membrane, thereby encapsulating and endocytosing extracellular
fluid and solutes into the cell [30]. Unlike macroautophagy and CMA, the process of
microautophagy mainly relies on the direct remodeling of the lysosomal membrane. In this
process, specific membrane proteins present on the lysosomal membrane play a key role,



Cells 2025, 14, 795

50f26

which are not only involved in morphological changes in the membrane but also responsi-
ble for recognizing and targeting cytoplasmic components that need to be degraded [31].
For example, during microautophagy, certain proteins can be labeled by a K63-type ubig-
uitination modification that is recognized by the endosomal sorting complex required for
transport (ESCRT), which in turn facilitates the targeted transport of these proteins to the
lysosome for degradation [32]. Microautophagy can not only target degradation through
the ubiquitination mechanism but also selectively phagocytose specific intracellular lipid
signals by recognizing the component, that is, microliphagy [33]. Additionally, selective
microautophagy can also be performed on a variety of intracellular components such as
mitochondria, the endoplasmic reticulum, and the nucleus [34]. In micromitochondrial
autophagy, damaged mitochondria release mitochondria-derived vesicles (MDVs), which
are rich in oxidized mitochondrial proteins, and MDVs ultimately become multivesicular
vesicles that fuse with lysosomes to complete degradation [35]. Although some progress
has been made in this field in recent years, gradually revealing the important role of
microautophagy in intracellular material degradation and homeostasis maintenance, the
exploration of microautophagy is still very different compared to that of macroautophagy
and CMA.

2.4. Mitophagy

Mitophagy, as a central mechanism for the selective removal of damaged mitochondria,
is essential for mitochondrial quality and quantity control [36]. Mitophagy is usually classi-
fied into two main types: PINK1/Parkin-dependent and non-PINK1/Parkin-dependent.
In PINK1/Parkin-mediated mitophagy, PTEN-inducible kinase 1 (PINK1) is blocked from
entering the inner mitochondrial membrane when the mitochondrial membrane potential
decreases and steadily accumulates in the outer mitochondrial membrane (OMM). PINK1
activates and recruits Parkin, an E3 ubiquitin ligase, to the outer mitochondrial membrane
through autophosphorylation [37]. Activated Parkin then forms ubiquitin chains by ubig-
uitinating mitochondrial outer membrane proteins (e.g., TOM20, Mfn2), thereby labeling
damaged mitochondria and facilitating the recruitment of autophagy junction proteins
such as p62/SQSTM1, OPTN, and NDP52 [38,39]. These receptor proteins bind to LC3 via
their LC3-interacting region (LIR), which initiates the autophagosomal encapsulation and
degradation of damaged mitochondria [40]. In addition to the PINK1/Parkin-dependent
pathway, recent studies have identified multiple non-PINK1/Parkin-dependent pathways
in which specific receptor proteins also recognize and target damaged mitochondpria for
autophagy. Examples include NIX (Nip3-like protein X), BNIP3 (Bcl2-interacting protein 3),
and FUNDC1 (FUN14 structural domain-containing 1) [41]. These receptor proteins di-
rectly interact with LC3 or y-aminobutyric acid receptor-associated protein (GABARAP)
through their LIR motifs to promote autophagic clearance in mitochondria [42]. Among
them, the expression levels of BNIP3 and NIX are tightly regulated under normal cellular
conditions, but in a hypoxic environment, hypoxia-inducible factor 1 (HIF-1«) is able to
transcriptionally up-regulate their expression, which promotes mitochondrial removal and
helps the cells to adapt to the low-oxygen environment [43]. In addition, FUNDC1 tightly
links mitochondrial quality control to the autophagy process by regulating the process
of mitochondrial fission and fusion, ensuring that cells can effectively remove damaged
mitochondria [44].

Autophagy achieves intracellular homeostasis through a multilevel regulatory net-
work, and the diversity of its types and mechanisms reflects the flexible strategies of cells
to cope with stress. A large number of studies have found that the above four types of
autophagy are involved in the pathological process of depression. However, despite great
progress in understanding the mechanisms of autophagy, many questions remain.
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3. Molecular Mechanisms of Autophagy and Its Abnormalities
in Depression

3.1. Autophagy Dysfunction in Depression
3.1.1. Autophagy Dysfunction in Patients with Depression

Autophagy dysfunction has become an important direction of current interest in the
study of depression, especially in terms of changes in autophagy-related proteins and
their regulatory pathways. An analysis of postmortem prefrontal cortex (PFC) tissues
from patients with depression by single-cell sequencing revealed a significant decrease
in the proportion of astrocytes and a close relationship between the inhibition of their
autophagic pathway and the development of depression [45]. In addition, postmortem
human brain microarray analysis showed a significant increase in the transcript levels
of several autophagy-related genes such as ATG5, ATG6, ATG7, and ATG12 [46]. Mean-
while, another study showed that the mRNA and protein levels of p62 were significantly
increased in the blood of patients with depression, and this change was further verified
in an animal model [47]. In addition, a study examined the levels of NIX and LC3 in
the peripheral blood of patients with depression by qPCR and found that the levels of
these two autophagy-related molecules were significantly reduced, further suggesting that
dysfunction in autophagy may be a common feature of depression [48]. These findings
suggest that the abnormal changes in the expression of autophagy-related molecules in
patients with depression are closely related to dysfunction in autophagy, which may pro-
vide new perspectives on biomarkers of depression. Although a large number of studies
have explored these changes in autophagic pathways and molecular markers, there is
still some inconsistency between the results of different studies. This discrepancy may be
related to differences in patients, with them being at different stages of the disease, and the
clinical manifestations and biomarkers of depression may change as the disease progresses.
Therefore, future studies need to further explore, in depth, the role of autophagy and its
mechanisms in different disease stages of depression, with a view to providing a new
theoretical basis for the early diagnosis and treatment of depression.

3.1.2. Autophagy Dysfunction in Models of Depression

In the study of pathological mechanisms of depression, autophagy dysfunction is
believed to play a key role in the onset and development of the disease. A large number of
studies have shown that abnormalities in the autophagic process have a profound impact
on the pathogenic mechanisms of depression. For example, the expression of autophagy-
related proteins LC3-II and Beclin-1 was significantly reduced in brain tissue in a mouse
model of LPS-induced depression [49]. However, another study showed that corticosterone
(CORT) significantly activated cellular autophagy by damaging hippocampal neurons in
newborn neurons, which was accompanied by elevated levels of LC3-II and ATGS5 pro-
teins [8]. Notably, the expression of ULK1, a key regulator in the autophagy process, did
not show significant changes during this process, suggesting that the activation of the
autophagy pathway may have different mechanisms in different depression models [8].
Socio-environmental factors, especially chronic stressful stimuli, are important external
factors in the development and progression of depression. In order to study the effects of
stress on depression, scientists have developed a variety of stress-induced animal mod-
els of depression, such as CUMS, the chronic social defeat stress (CSDS) model, and the
learned helplessness (LH) model [50]. It was shown that in the CUMS-induced mouse
model, there was a significant decrease in LC3 and Beclin-1 expression in brain tissue, along
with increased levels of p62 and mTOR expression [51]. These changes suggest that both
the inhibition of autophagy and the activation of the mTOR signaling pathway may be
involved in the stress-induced depression model. In addition, impaired mitophagy was
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observed in this model, as evidenced by a decrease in the number of autophagosomes in the
hippocampal region and a down-regulation in the expression of autophagy-related proteins
such as LC3-II/1, ATG5, PINK1, and Parkin [52]. Similar results were also seen in the CSDS-
induced mouse model of depression, where the expression of autophagy-related proteins
such as LC3-11/1, Beclin-1, ATG5, and ATG7 was significantly decreased in the hippocam-
pus after 10 days of stress exposure [53]. In the pathogenesis of depression, translocator
protein (TSPO), as an important regulator of mitophagy, has also received extensive atten-
tion. TSPO inhibits PINK1/Parkin-mediated mitophagy via a voltage-dependent anion
channel (VDAC1), thereby limiting the ubiquitination of related proteins [54]. In the LH
mouse model, it was found that the expression of mitophagy-associated proteins such
as TSPO, VDAC1, PINK]1, and Beclin-1 was significantly decreased [55]. In addition, the
expression levels of LC3-1I, PINK1, and Parkin were also significantly decreased in LPS-
and ATP-treated BV2 cells, whereas the expression of proteins such as p62, TOM, and
TIM was increased. Further immunofluorescence colocalization analysis showed that the
colocalization of the mitochondrial fluorescent probes MitoTracker and LC3-1I was reduced,
suggesting that mitophagy function was inhibited [56]. Autophagic flux and mitophagy
were similarly inhibited in LPS-induced rat primary astrocytes, as evidenced by decreased
LC3 levels and increased p62 levels [57]. In CORT-treated HT22 cells, a reduction in the
number of autophagosomes was also observed, as well as a significant decrease in the
mRNA expression levels of PINK1, Parkin, ATG5, and LC3 [52]. The close association of
autophagy with the pathogenesis of depression is further supported.

Overall, these findings suggest that cellular autophagy is commonly impaired in
a variety of depression models. The impairment of cellular autophagy, an important
mechanism of cellular stress response, may lead to the impairment of normal cellular
function, which may have serious implications for overall function. These findings provide
new perspectives for further understanding the pathogenesis of depression and highlight
the potential role of autophagy function in the development of depression. (Detailed
information on autophagy-related changes in different depression models is shown in
Table 1).

Table 1. Changes in autophagy observed in patients with depression and in animal and cellular models.

The Model of

Species Animals or Cells Experimental Design Behavioral Changes Autophagy Changes Significance Ref.
Sy v Lo srcin
e CFO. ° ATG9A, LC3B, ATG4D genes
rom 1 Autophagy /
AL [45]
PB analyzed by RNA-seq Initiation
(n =17-19) and verified by J LC3A mRNA
qPCR (n = 32-33)
H Analysis of postmortem PFC 1T ATG5, ATG6, ATG7, ATG12, + Autoph
uman microarray data in GEO LC3B mRNA inlilti(e)lli:ioilgy [46]
database (1 = 29-56) 1 p62 mRNA
PB detected by RNA-seq | Autophagy
(n=4), gRT-PCR (n = 50), and 1 p62 genes, nRNA and protein degradation [47]

ELISA (n = 44)

Patients with MDD and
healthy volunteers (1 = 10-14), J LC3A, NIXmRNA
detected by qPCR

J NiX-mediated
mitophagy
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Table 1. Cont.
. The Model of . . . P
Species Animals or Cells Experimental Design Behavioral Changes Autophagy Changes Significance Ref.
Male C57BL/6 mice (n=9), 1 Sucrose preference .
LPS mice detected by IF and WB in J Number of +LC3 1mmunqﬂuorescepce + Autophagosome [49]
N X A J LC3-II, Beclin-1 protein formation
the Hip crossings in OFT
1 LC3-II, ATG5 protein
1 Immobility time in 1 p62 protein
Male C57BL/6 mice (1 =12) FST and TST 1 Autophagosome, lysosome
exposed to CORT for 8 weeks, | Open arm time in 1 LC3-NeuN
CORT mice and hippocampal DG EPM, central area immunofluorescence T Autophagy [8]
detected by IF, WB, confocal time in OFT, colocalization
imaging, and TEM exploration time in 1 Adeno-associated virus
NORT mCherry-GFP-LC3 fusion
protein
Male C57BL/6 mice (n = 6), L
CUMS mi CUMS for 6 weeks, brain + Sucrose preference + Beclin-1, LC3 mRNA 1 Autophagy
i mice tissue detected by qPCR T Immobility time and protein degradation (511
Animal v in FST 1 p62, mMTOR mRNA and protein &
and WB
1 Sucrose preference .
Female C57BL/6 mice (1=8), 1 Immobility time in + Pnfgﬁr/’?ﬂﬁé ?nT G5, 1 PINK1 /Parkin-
CUMS mice CUMS for 8 weeks, Hip OFT, TST, FST | Auto hg osome mediated [52]
detected by IF, TEM, and WB 1 Feeding latency utophag mitophagy
- J PINK1 immunofluorescence
in NSFT
| Sucrose preference,
total travel distance J LC3-11/1, Beclin-1, ATGS5,
Male C57BL/6 mice (1 =9), in OFT, social ATGY protein 1
CSDS mice CSDS for 10 days, Hip interaction rate 1 Autophagosome PI3K/AKT/mTOR- [53]
detected by TEM and WB in SIT 1 p62, p-PI3K, p-AKT, mediated autophagy
T Immobility time in p-mTOR protein
TST, FST
Male ICR mice (n=15), LHfor 1 Immobility time in . . .
LH mice 2 weeks, midbrain detected FST, feeding latency +TSPO, TP II)NI?(}I,IBecltmi—i protein + TSP.? -rr}lledlated [55]
by WB in NSET arkin prote mitophagy
Cultured with LPS (1 pg/mL) J LC3-II, PINK1, Parkin protein
BV2 cell exposed to for 24 h and ATP (5 mM) for 1 p62, TOM, TIM protein | Mitophagy [56]
LPSand ATP 30 min, cells detected by IF 1 p62-TOM immunofluorescence degradation o
and WB colocalization
. LC3 protein
. Cultured with LPS (1 pg/mL ! .
Cell Primary astrocytes for 24 h. cells detecie du‘t;gy WB) 1 p62 protein 1 Autophagy [57]
exposed to LPS an d’confocal imagin | Adeno-associated virus degradation g
8ing GFP-mRFP-LC3 fusion protein
. J ATG5 immunofluorescence
HT22 cellexposed  CPtured with CORT (100 uM) 1 PINK1, Parkin, ATGS, .
for 24 h, cells detected by IF, | Mitophagy [52]
to CORT LC3mRNA
qPCR, and TEM
| Autophagosome

Note: SnRNA-seq, single-nucleus RNA sequencing; qPCR, quantitative polymerase chain reaction; GEO, gene
expression omnibus; PB, peripheral blood; RNA-seq, RNA sequencing; Hip, hippocampus; PFC, prefrontal
cortex; qQRT-PCR, quantitative reverse transcription PCR; MDD, major depressive disorder; WB, Western blot;
IF, immunofluorescence; DG, dentate gyrus; CORT, cortistatin; TEM, transmission electron microscope; CUMS,
chronic unpredicted mild stress; CSDS, chronic social defeat stress; LPS, lipopolysaccharide; LH, learned help-
lessness; ATP, adenosine triphosphate; OFT, open-field test; FST, forced swimming test; TST, tail suspension test;
EPM, elevated plus maze; NORT, novel object recognition test; NSFT, novelty suppressed feeding test; SIT, social
interaction test; T, increase; |, decrease.

3.2. Autophagy Regulatory Pathways
3.2.1. mTOR-Dependent Pathways

The mammalian target of rapamycin complex (mTORC1/mTORC2)-dependent path-
way plays a crucial role in the regulation of cellular metabolism, autophagy, and neurologi-
cal function and has been the focus of several studies [58]. Mammalian target of rapamycin
(mTOR) is a serine/threonine kinase that plays a central role in a variety of biological pro-
cesses as a key regulator of intracellular metabolism and autophagy. Specifically, mTORC1
acts at different stages of autophagy by phosphorylating several important molecules in
the process [59,60]. It has been found that the inhibition of mTORC1 activates the AMPK
pathway and thus promotes mitochondrial function, which is essential for neuronal energy
metabolism [61]. In addition, inactivation of mTORC1 is able to impede mitophagy while
hindering mitochondrial function in neurons, thus worsening neuronal survival; this mech-
anism has potential applications in the treatment of neurodegenerative diseases [62]. In the
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nervous system, mTORC1 is not only crucial for neuronal energy metabolism but also plays
a central role in synaptic plasticity and the process of learning and memory. Depression is
closely associated with altered synaptic plasticity, and long-term chronic stress causes stress
hormone disruption, which in turn affects synaptic plasticity, decreasing the number of
synapses in several regions of the brain and leading to hippocampal neuronal atrophy [63].
The role of mTORC1 is particularly prominent in synaptic plasticity, where synaptic plastic-
ity and dendritic spine formation depend on the synthesis of new proteins from scratch.
However, mTORC1 can play a crucial role in the biological processes of learning and
long-term memory by regulating protein synthesis through phosphorylation mediating
the processes involved [64]. Recent studies further reveal that genetic deletion of mTORC1
alleviates the increase in excitatory synaptic transmission due to the loss of the Pten gene
and reduces the overgrowth of neuronal cytosolic dendrites and spines [65]. In addition,
in the Rptor-deficient mouse model, the deletion of the mTORC1 complex resulted in
defects in axonal innervation compartments of dopamine neurons in the midbrain, further
suggesting the importance of mTORCI in neural development [66]. Recently, the poten-
tial of the mTORC1 pathway in the treatment of psychiatric disorders has also attracted
much attention. For example, fluoxetine promotes autophagy and reverses depressive-like
behaviors by targeting mTOR and modulating p-mTOR/mTOR levels in a rat model of
olfactory bulbectomy [67]. These studies not only open up new horizons for the application
of mTORC1 in neuropsychiatric disorders but also provide a theoretical basis for future
drug development.

3.2.2. mTOR-Independent Pathways

In the non-mTOR-dependent autophagy pathway, AMPK and extracellular signal-
regulated kinase (ERK), among others, play important roles in the regulation of autophagy;
AMPXK, as a key energy sensor, is able to respond to the energy status of the cell by
sensing the changes in the intracellular AMP/ATP ratio and thus activate autophagy in
response to cellular stress [68]. Studies have shown that the activity of the AMPK-ULK1-
FUNDC1 signaling pathway is significantly inhibited in the neurotrophic tyrosine kinase
receptor 1 (NTRK1) knockout mouse model and that this inhibition blocks mitophagy
and leads to dysfunctional mitochondria, enhanced oxidative stress, and synaptic damage
in hippocampal neurons, ultimately leading to cognitive deficits [69]. However, it is
worth noting that contrary to the conventional view that AMPK promotes autophagy, the
activation of AMPK in the presence of amino acid deprivation inhibits autophagy [70]. It
was further shown that AMPK could inhibit the initiation of autophagy by phosphorylating
the Ser556 site of ULK1 [71]. This finding reveals that the mechanism by which AMPK acts
on autophagy is more inclined to inhibit than activate autophagy in an amino acid-deficient
environment. ERK1/2, as an important member of the mitogen-activated protein kinase
(MAPK) family, plays a key role in a variety of pathological processes, especially in the
development of diseases such as depression [72]. It has been found that the microbial
metabolite urolithin A can directly bind to ERK1/2 and promote its activation, followed
by the phosphorylation and activation of the autophagy initiation factor ULK1, thereby
initiating the autophagy process [73]. In addition, it has been shown that mitogen-activated
protein kinase phosphatase-1 (MKP-1) activates autophagy in the hippocampal region by
inhibiting the phosphorylation of ERK1/2, which in turn promotes the accumulation of LC3-
IT and the impairment of synaptic plasticity, a process that exacerbates the manifestation of
depressive-like behaviors in the chronic unpredictable stress (CUMS) model of rats [74]. In
addition to AMPK and ERK, Ca2* signaling, reactive oxygen species (ROS), and JNK-Beclin-
1 signaling pathways also play important roles in the regulation of the mTOR-independent
autophagy pathway [75]. These signaling pathways synergistically regulate the onset and
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progression of autophagy by interacting with different molecules related to autophagy,
further revealing the complexity and diversity of autophagy regulation.

3.3. Autophagy Markers and Depression
3.3.1. p62

As a multifunctional protein, p62 acts as an autophagy receptor that recognizes and
binds ubiquitinated proteins and delivers them to the autophagosome for degradation [76].
Specifically, p62 initiates autophagosome nucleation and elongation through the vesicle
aggregation of ubiquitinated substrates and the recruitment of autophagy-related proteins
and membrane sources [77]. It has been shown that the S-lipoylation modification of p62
significantly enhances its binding affinity to autophagosome membranes by increasing
its hydrophobicity, thereby regulating the recruitment of p62 vesicles to autophagosomes,
forming a dynamic regulatory loop [78]. This process makes the role of p62 in autophagy
more fine-grained and regulatable. In addition, it has been found that lipopolysaccharide
(LPS) or dextran sodium sulfate (DSS) exacerbates depression- and anxiety-like behaviors
induced by prolonged restraint stress in mice and is closely associated with decreased
p62 expression levels [79]. Further studies have shown that p62 overexpression can al-
leviate depression- and anxiety-related behaviors by improving mitochondrial function
in the hippocampus, as evidenced by a reduction in anxiety and a significant increase in
exploratory activity in mice tested in both the open-field and elevated plus maze tests [80].
In contrast, p62 deficiency resulted in anxiety, depression, and a loss of working memory,
accompanied by decreased serum brain-derived neurotrophic factor (BDNF) levels [81].
These results suggest that p62 is involved in the onset and development of mood disorders
through the regulation of autophagy and mitophagy and, in particular, plays a key role in
the modulation of symptoms such as anxiety and depression. However, although studies
have revealed the important role of p62 in autophagy, the specific effects of p62 deletion or
overexpression on mitochondrial autophagic fluxes still need to be further investigated. In
particular, the regulatory mechanisms of p62 may play different roles in different disease
processes, and its potential efficacy in mood disorders is still worth exploring.

3.3.2. Neighbor of BRCA1 Gene 1 (NBR1)

Similarly to p62, NBR1 is an autophagy receptor that was discovered shortly after p62.
NBR1 in animals is an evolutionarily conserved selective autophagy receptor that plays
a key role in the specific selection and recognition of autophagic substrates [82]. NBR1
has similar structural domains to p62, containing a ubiquitin-associated domain structural
domain and two LIR motifs, as well as the Phox and Bem1 (PB1) structural domain and the
727 zinc finger domain, in which the PB1 structural domain binds to p62 [83]. In addition,
NBR1 is able to recruit another autophagy receptor protein, TAX1BP1, to aggregates and
the postural protein FIP200, thereby promoting autophagosome formation [84]. Post-stroke
depression (PSD) is the most common psychiatric complication after stroke, and elevated
mRNA and protein expression of NBR1 in hippocampal tissues, along with elevated ULK1
expression, was found in a rat model of PSD constructs [85]. Furthermore, in the HIF-
1a knockout rat model of PSD, depressive-like behavior was improved; however, NBR1
overexpression reversed this effect [86]. The peroxisome is an important organelle for
maintaining intracellular redox homeostasis, and the level of ROS within it correlates with
the level of oxidative stress in vivo [87]. It is well known that free radicals generated by
oxidative stress can damage cellular structure and function, leading to neuronal damage or
death, thereby increasing the risk of depression. NBR1 expression was found to increase
peroxisome-targeted lysosomes for degradation through the autophagy pathway to control
their quality and quantity [88]. In summary, NBR1 can improve oxidative stress levels and
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depression-like behavior in vivo through autophagy, and it is likely to be a potential target
for the treatment of depression.

3.3.3. Mitophagy-Specific Markers (e.g., PINK1/Parkin)

PINK1 is a serine/threonine kinase that is widely involved in mitochondrial qual-
ity control and plays a crucial role in regulating mitophagy in particular. In the healthy
mitochondrial state, PINK1 is rapidly degraded by the mitochondrial protease PARL,
thereby maintaining normal mitochondrial function [89]. However, the dysregulation of
the PINK1/Parkin signaling pathway is closely associated with the development of a wide
range of diseases, particularly neuropsychiatric disorders. For example, the PINK1/Parkin-
mediated inhibition of mitochondria has been found in Alzheimer’s disease mice and
B-amyloid-induced cellular models of SH-SY5Y cells, along with the exacerbation of neu-
roinflammation and cellular focal death [90]. In a rat model of depression-insomnia co-
morbidity with CUMS combined with sleep deprivation, dysfunction in the PINK1/Parkin
signaling pathway led to impaired mitophagy in the pineal gland, which in turn triggered
a significant reduction in 5-HT levels and an increase in the release of markers of oxidative
stress (ROS, Malondialdehyde). Meanwhile, the activation of NF-«B further promotes the
release of the inflammatory factor IL-1f and ultimately triggers depressive behaviors [91].
In addition, defects in the PINK1/Parkin pathway can lead to the accumulation of damaged
mitochondria, which further exacerbates the dysfunction of the electron transport chain
and defects in ATP synthesis, thus triggering an energetic crisis in neurons and worsening
depressive symptoms [92]. It has been shown that by overexpressing PINK1 or Parkin,
the down-regulation of mitophagy-related proteins can be reversed, the Bax/Bcl-2 ratio
can be improved, and mitochondrial damage can be reduced, which in turn improves
behavioral abnormalities, such as immobility time in the forced swimming test and tail
suspension test [91]. Notably, melatonin analogs contribute to the restoration of mitophagy
and amelioration of behavioral abnormalities associated with cognitive deficits through the
activation of the AMPK/PINK1 signaling pathway, which offers a new potential strategy
for the treatment of depression [93]. Thus, the dysregulation of the PINK1/Parkin signaling
pathway plays a key role in the onset and progression of depression, and the enhancement
of PINK1/Parkin-mediated mitophagy may be a novel means of alleviating depression.

4. Interaction Between Autophagy and Pathological Mechanisms
of Depression

More and more studies have shown that the autophagy signaling pathway plays a
key role in the onset and development of depression. Animal model studies have shown
that dysfunction in autophagy has been widely observed in commonly used depression
induction models such as CSDS [53], LPS [94], and CORT [8]. Through these studies,
it is suggested that the dysregulation of autophagy may be an important component of
the pathology of depression. Through a comprehensive analysis of relevant datasets,
researchers have identified four potential autophagy-associated genes that are considered
diagnostic markers for depression [95]. Further clinical studies have shown that changes
in the levels of the autophagy marker Beclin-1 are strongly associated with the response
to medication for depression and that Beclin-1 may serve as an independent predictor of
the efficacy of medication for depression [96]. These pieces of evidence fully indicate that
the role of autophagy in depression cannot be ignored, and more basic and clinical studies
are urgently needed to further elucidate its specific mechanisms. With the deepening of
research on depression, more and more evidence suggests that autophagy is involved
in multiple pathophysiological pathways of depression, including neuroinflammation,
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neurogenesis, dysbiosis of gut microbiota, and functional abnormalities of the HPA axis

(Figure 2).
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Figure 2. Overview of different pathological mechanisms linking autophagy and depression. Autophagy
affects the development of depression by participating in neuroinflammation, hippocampal neurogen-
esis, the HPA axis, and gut microbiota. HMGB1, high-mobility group box-1 protein; TLR4, Toll-Like
Receptor 4; RAGE, Receptor for Advanced Glycation End-Products; PI3K/AKT, phosphatidylinositol
3kinase/protein kinase B; STAT3, Signal Transducer And Activator Of Transcription 3; NF-«B, Nuclear
factor-kappa B; IL-18, Interleukin-18; IL-6, Interleukin-6; IL-1f3, Interleukin-13; TNF-«, Tumor Necrosis
Factor-o; GSDMD, Gasdermin D; NLRP3, NOD-like receptor protein 3; NSC, neural stem cell; NPC,
neural progenitor cell; CRH, corticotropin-releasing hormone; ACTH, Adrenocorticotropic Hormone;
GR, glucocorticoid receptor; BDNE, brain-derived neurotrophic factor; FKBP51, FK506-binding protein
51; Trp, tryptophan; TpH1, Tryptophan Hydroxylase 1; SCFAs, Short-chain fatty acids; Kyn, kynurenine;
5-HT, 5-Hydroxytryptophan; IDO1, indoleamine 2,3-dioxygenase 1.
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4.1. Autophagy and Neuroinflammation in Depression

Numerous studies have shown that neuroinflammation plays a key role in the de-
velopment of depression [97]. Specifically, research data show that depression is often
accompanied by elevated levels of pro-inflammatory cytokines in the blood and cere-
brospinal fluid of patients with depression [98]. The activation of the NLRP3 inflamma-
some has been observed in several animal models of depression, such as LPS, stress, and
ovariectomy induction models [99-101]. The NLRP3 inflammasome consists of the sensor
molecule NLRP3, apoptosis-associated speck-like protein containing a caspase recruitment
domain ASC, and the effector molecule Caspase-1, which regulates pro-inflammatory
cytokine levels in response to cellular stimulation. Caspase-1 regulates the secretion of
pro-inflammatory cytokines such as IL-1p and IL-18 [102]. The activation of NLRP3 and
the release of IL-1§3 and IL-18 may be involved in the pathogenesis of depression through
multiple mechanisms. For example, activated NLRP3 inflammatory vesicles can promote
depression by prompting microglia to activate indoleamine 2,3-dioxygenase (IDO) and
exacerbate neuroinflammation through kynurenine pathway signaling [103]. It has been
shown that IL-1 and IL-18 released upon the activation of NLRP3 inflammatory vesi-
cles may be key molecules in triggering the immune response in depression and further
exacerbate the pathological process through Gasdermin D (GSDMD)-mediated cellular
pyroptosis response [102]. Notably, the activity of NLRP3 inflammatory vesicles is regu-
lated by autophagy. It has been shown that autophagy induction significantly inhibits the
assembly of the NLRP3-ASC—Caspase-1 complex, thereby reducing the overproduction of
pro-inflammatory cytokines [104]. For example, in a mouse model of DSS-induced ulcera-
tive colitis, NLRP3 inflammatory vesicle levels were significantly elevated, accompanied by
the emergence of depressive-like behavior [105]. Microglia are the most abundant immune
cells in the CNS, and their activation is modulated by inflammatory signals released by
a variety of neurons, which in turn drive enhanced neuroinflammatory responses [106].
In a mouse model of chronic mild stress exposure, immunofluorescence staining revealed
the significant activation of Iba-1-positive microglia in the hippocampus and cortex, as
well as significantly elevated expression levels of pro-inflammatory microglia markers
such as IL-13, TNF-«, and IL-6, suggesting phenotypic shifts in microglia [107]. In ad-
dition, preclinical studies have found that the HMGB1/STAT3/p65 signaling axis plays
an important role in the activation of microglia and the regulation of their autophagy
levels in the prefrontal cortex of depressed mice [108]. In summary, autophagy not only
reduces the overproduction of pro-inflammatory cytokines by inhibiting the assembly of
NLRP3 inflammatory vesicles but also plays a key role in the anti-inflammatory process by
regulating the activity of immune cells.

4.2. Autophagy and Neurogenesis in Depression

Neurogenesis is the process by which neural stem cells (NSCs) or neural progenitor
cells (NPCs) differentiate to produce neurons that migrate to and make synaptic connec-
tions in specific functional regions of the brain to form neural networks and perform neural
functions. Neurogenesis in mammals occurs primarily in two specific regions: the subven-
tricular zone and the subgranular zone of the dentate gyrus of the hippocampus. Neurons
generated in these regions migrate to the olfactory bulb and are involved in the processing
of olfactory information and the functional regulation of other brain regions [109]. In recent
years, a growing body of research has shown that reduced neurogenesis is closely related
to the pathogenesis of depression [110]. When neurogenesis in the hippocampus is im-
paired, the neuroendocrine regulation of stress in the hippocampus will be impaired, which
leads to a lowering of the stress threshold, which in turn exacerbates the emergence of a
depressive-like phenotype [111]. In addition to this phenomenon found in depression, in
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Parkinson’s disease, we have found that neurotrophins are specific to the promotion of neu-
rogenesis in the brain and could have potential in the treatment of Parkinson’s disease as a
complement to cellular replacement therapies [112]. The relationship between autophagic
processes and neurogenesis has also been extensively studied in models of depression. In
mice subjected to CORT to simulate psychological stress, autophagic death of NSCs was
found to be severely compromised as well as the integrity of neurogenesis [113]. Nuclear
Receptor-Binding Factor 2 (NRBF2), an important component of the PI3K complex, plays
an important role in autophagy [114]. It was found that in chronic stress model mice, the
level of NRBF2 in the hippocampal dentate gyrus was significantly decreased, leading to
abnormal autophagy function in the NSCs in this region, which in turn resulted in the
depletion of the NSCs and damage in neurogenesis [114]. In addition, BDNF plays an
important role in neurogenesis and mood regulation. BDNF not only promotes neuronal
survival by regulating apoptosis but also plays a role as an antidepressant by promoting
neurogenesis. In BDNF-administered animal models, researchers have found that BDNF
has a significant antidepressant effect [115]. In a CORT-induced depression model, it was
found that increasing the expression of ATG5 could lead to overactive neuronal autophagy,
which would lead to the significant degradation of BDNF, thus hindering the conversion of
NSCs to mature neurons. Conversely, reducing ATG5 expression in neurons was able to
alleviate this pathology and improve depression-like behavior in mice [8].

4.3. Autophagy and Gut Microbiota in Depression

In recent years, a growing body of research has revealed a strong link between gut
microbiota and depression. The gut microbiota is involved in the onset and development of
depression by influencing the function of the central nervous system through the gut-brain
axis (GBA) [116]. Studies have shown significant changes in the composition of the gut
microbiota in patients with depression, commonly characterized by a reduction in the diver-
sity of the gut microbiota and changes in the abundance of certain specific microbiota [117].
For example, some studies have found that the abundance of pro-inflammatory bacteria is
significantly increased in patients with depression, particularly the relative abundance of
taxa such as Ruminococcus, Eggerthella, Enterobacteriaceae, and Proteobacteria, and that
these changes in the bacterial microbiota may act through a number of mechanisms, the
most notable of which is by promoting intestinal and systemic inflammatory responses,
thereby affecting brain function and mood regulation [118]. In addition, GBA interaction
mechanisms involve multiple metabolic pathways. For example, one study found that the
composition of the gut microbiota was significantly altered in a mouse model of CRS, and
the study further observed that bacteria such as Enterorhabdus and Parabacteroides were
negatively correlated with kynurenine (Kyn) levels in the brain [119]. The Kyn metabolic
pathway is one of the major branches of tryptophan (Trp) metabolism, and Trp is a key
pathway for the synthesis of the important neurotransmitter 5-HT. Abnormalities in the
Kyn pathway may lead to decreased levels of 5-HT, which in turn may affect mood regula-
tion and the development of depression [120]. In a mouse model of depression induced
by long-term corticosterone injections, it was found that intestinal dysbiosis led to mito-
chondrial dysfunction and reduced neurogenesis in the hippocampal region of the brain,
which in turn led to depressive behaviors [121]. Further studies have also shown that
the development of depression is closely related to autophagy mechanisms in the GBA.
For example, Zifan et al. showed that gut microbiota metabolites are important factors in
CNS homeostasis, and they found that supplementation of propionic acid from differential
gut microbiota metabolites to Alzheimer’s disease (AD) model mice contributed to the
maintenance of in vivo and in vitro mitochondrial homeostasis through the enhancement
of PINK1/Parkin-mediated mitophagy in the pathophysiology of AD [122]. Furthermore,
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for the CUMS mouse model, supplementation with the probiotic Lactobacillus plantarum
CR12 not only rebuilt the composition of the gut microbiota but also increased the level of
autophagy in the hippocampal region and significantly ameliorated anxiety and obsessive—
compulsive-like behaviors in depressed mice [123]. Thus, it is evident that the interaction of
gut microbiota metabolites with the autophagy pathway plays a key role in regulating brain
function and improving depressive symptoms. By influencing the autophagy mechanism,
the gut microbiota not only helps to maintain the functional homeostasis of the central
nervous system but may also provide new targets for the treatment of depression.

4.4. Autophagy and HPA Axis Dysregulation in Depression

Recent studies have shown a close interaction between cellular autophagy and the
HPA axis in the pathogenesis of depression. The dysfunction of the HPA axis is widely
recognized as an important pathological features of depression, and it plays an impor-
tant role in the onset and progression of depression. The HPA axis regulates the stress
response in vivo through the hypothalamic—pituitary—adrenal pathway, and its overac-
tivity is closely related to symptoms of depression [124]. Multiple stressors in the social
environment can activate the HPA axis and further lead to its dysfunction, ultimately
leading to significantly elevated cortisol levels, which not only induce neuroinflammation
but may also cause long-term damage to the central nervous system [125]. There is a
strong correlation between cortisol signaling and depression, and it has been shown that
chronic glucocorticoid exposure leads to a decrease in the levels of BDNF mRNA and its
proteins, as well as a decrease in the expression of its receptors, which can severely affect
neuronal function [126]. In animal models of chronic stress exposure, HPA axis dysfunction
is characterized by persistently elevated cortisol concentrations and abnormal changes in
associated neuroendocrine factors [127]. Further studies have shown that the HPA axis is
in a hyperactive state in a mouse model of chronic stress exposure and that salt-inducible
kinase 1 (SIK1) plays an important role in this process. Specifically, SIK1 expression levels
are up-regulated in the paraventricular nucleus of the mouse hypothalamus, which in turn
drives the hyperactivation of the HPA axis by positively regulating the synthetic path-
way of corticotropin-releasing hormone (CRH) [128]. Autophagy, as an important cellular
self-protection mechanism, may be involved in the process of depression by regulating
the function of the HPA axis or interacting with its dysregulation. It has been shown that
autophagy levels are decreased in patients with depression, and this decrease is closely
related to the activation state of the HPA axis. In depression, the abnormal activation
of the HPA axis has been found to increase glucocorticoid secretion and, through it, to
produce a link with cellular autophagy [129]. It was further found that aberrant activation
of the HPA axis may exacerbate neuronal damage by reducing neuronal acidic vesicular
organelles, decreasing lysosomal content and attenuating autophagy [130]. FK506-binding
protein 51 (FKBP51) acts as a key regulator of the glucocorticoid receptor (GR), which
forms complexes with molecules such as FKBP51 in the resting state, and when GR is
bound, FKBP51 is released from the complex [131]. It has been shown that FKBP51 binds to
Beclin-1, promotes Beclin-1 phosphorylation, and activates the autophagy pathway [132].
Therefore, the dysfunction of the HPA axis may lead to abnormalities in the autophagy
process, further triggering neuronal damage and death. In addition, recent studies have
revealed bidirectional regulation between autophagy and the HPA axis, and the restoration
of autophagy function may regulate the overactivation of the HPA axis through a negative
feedback mechanism [133]. For example, some experiments have shown that the level
of CRH released by the HPA axis can be restored by attenuating autophagy disorders
in a rat model of post-stroke depression, thereby preventing hippocampal synaptic loss
and attenuating depressive-like behaviors [134]. In addition, autophagy plays a crucial
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role in maintaining neuroplasticity and neuroprotection by removing damaged proteins
and injured mitochondria, which helps to attenuate the neurological damage associated
with HPA axis overactivation [135]. In conclusion, the current study suggests that the
overactivation of the HPA axis and defective autophagy may be important mechanisms in
the pathogenesis of depression. Modulating the autophagy pathway may be a potential
therapeutic strategy to alleviate symptoms associated with depression, while modulating
the function of the HPA axis may also play a key role in autophagy recovery.

5. Autophagy Modulation as a New Strategy for the Treatment
of Depression

5.1. mTOR Pathway Modulators
5.1.1. Rapamycin and Its Analogs

Rapamycin and its analogs are first-generation mTOR inhibitors, and in depression,
aberrant activation of the mTOR pathway may lead to the inhibition of autophagy, mi-
tochondrial dysfunction, and the impairment of synaptic plasticity. Rapamycin forms a
complex by binding to FK506-binding protein 12 (FKBP12), which in turn binds to the FRB
structural domain of mTORC]1, thereby inhibiting mTORC1 activity and deregulating its
negative regulation of autophagy [136]. The classic autophagy inducer rapamycin has been
found to have antidepressant-like effects, emphasizing the role of the mTOR pathway in
this respect [137,138]. It has been shown that rapamycin reduces cellular focal death and
ameliorates behavioral abnormalities in the hippocampus of mice in an animal model of
H. pylori-induced depression [139]. Meanwhile, rapamycin inhibits NLRP1 inflammatory
vesicle activation, ameliorates chronic social failure stress-induced depression-like behav-
ior, and exhibits neuroprotective effects in mice with depression-like symptoms [53]. In
addition, the rapamycin analog tesirolimus reduced depression-related resting time in a
forced swimming test [137]. Meanwhile, in the hippocampus of LPS-induced depressed
mice, rapamycin significantly enhanced the expression of LC3-1I/I and Beclin-1 and sig-
nificantly attenuated the expression of p62, suggesting the activation of autophagy [140].
Furthermore, rapamycin activated autophagy to prevent cognitive dysfunction and neu-
ronal apoptosis in aged rats, and this effect was abolished by the neuroprotective activity
of rapamycin following co-treatment with the autophagy inhibitor 3-methyladenine [141].

5.1.2. Natural Products

Notably, natural products have superior anti-inflammatory properties in depression
with greater efficacy and lower toxicity. Numerous natural products have been found to
improve depression by modulating the mTOR pathway (Table 2). For example, apigenin,
one of the most common flavonoids found in herbs and vegetables, was shown to alleviate
depressive-like behaviors by activating the AMPK/mTOR pathway in CRS-stimulated mice
treated with it, and improved levels of autophagy-associated molecules, such as LC3-11/1,
as well as p62, were also found in the hippocampus [142]. In addition, PI3K/Akt/mTOR is
also an important signaling pathway that regulates cellular autophagy. A modified formula
based on the traditional Chinese medicine Xiaoyao San formula was found to inhibit the
M1 phenotype of microglia in depressed mice by enhancing autophagy, and this effect
was achieved by promoting the PI3K/Akt/mTOR signaling pathway [143]. Resveratrol
is a naturally occurring polyphenol compound that affects a variety of cellular biological
processes and has been shown to have benefits in modulating neurotransmitters and
promoting neuroplasticity in psychiatric disorders such as depression [144]. Resveratrol
supplementation was found to reduce the immobilization time of the FST and TST in CUMS
mice to exert antidepressant effects [145]. In addition, resveratrol increased the expression
of ATG5 and Beclin-1 but decreased the levels of p-Akt and p-mTOR in a model of mice
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with postpartum depression [146]. These findings suggest that the regulation of autophagy
in depression by resveratrol may be related to the Akt/mTOR pathway. These findings
suggest that natural products and traditional herbs may work together to coordinate the
regulation of neural signaling and neuronal cell function as antidepressants with autophagy
modulation by modulating mTOR pathway-mediated autophagy.

5.2. Mechanisms of Autophagy Regulation by Antidepressant Drugs

Antidepressant medication is a common and effective intervention in the management
of depression. SSRIs, tricyclic antidepressants, serotonin and norepinephrine reuptake
inhibitors, and monoamine oxidase inhibitors are widely used antidepressants in clinical
practice. Among them, fluoxetine, the first SSRI, is widely used for its significant clinical
efficacy and good safety [147-149]. It was found that in a model of depression induced by
bilateral olfactory bulbectomy, fluoxetine treatment significantly alleviated abnormalities in
the AMPK and mTOR signaling pathways and repaired the levels of LC3-II, Beclin-1, and
p62 in the hippocampus of rats by promoting autophagy [67]. In addition, in a mouse model
of chronic unpredictable stress (CMS)-induced autophagy, fluoxetine initiated mitophagy
by enhancing the translocation of Parkin from the cytoplasm to the mitochondria, which, in
turn, increased the expression of LC3 and autophagosome formation in the hippocampal
region of mice [150]. Microglia, as resident immune cells in the CNS, have an important
impact on the pathological process of depression in terms of regulating inflammation,
synaptic plasticity, and hippocampal neurogenesis [151,152]. Especially after microglia
activation, the increased inflammatory response can further damage neurons, so efficient
autophagy mechanisms are especially critical for maintaining normal cell function [153].
Fluoxetine can restore autophagy function, inhibiting the levels of inflammatory cytokines
in CUMS mice and CORT-activated microglia and normalizing the expression levels of
Beclin-1, p62, and LC3 [154]. Meanwhile, in primary mouse microglia, fluoxetine also
activated the autophagic pathway, as evidenced by elevated LC3 levels and increased
lysosome formation [155]. Similarly, astrocytes, the most abundant glial cells in the CNS,
have also been found to promote mitophagy in CMS mice and primary astrocytes, where
fluoxetine was found to remove damaged mitochondria from the cells [150]. Sertraline,
another SSRI, induces autophagy by decreasing intracellular ATP levels, thereby activating
the AMPK/mTOR pathway, and this effect significantly inhibits the microtubule-associated
protein tau [156]. A high-throughput screening study showed that sertraline promotes
the accumulation of PINK1 protein, which triggers mitophagy and reduces mitochondrial
membrane potential and ATP production, but its effect on the rate of oxygen consumption
is not significant, which provides a new idea for improvement in symptoms associated
with neurodegenerative diseases [157]. In addition, a variety of antidepressants such
as paroxetine and amitriptyline rely on autophagy mechanisms to modulate metabolic
imbalances and immune responses in patients or cellular models of depression, providing
new insights into the clinical efficacy of depression [158].
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Table 2. Effects of different types of antidepressant drugs on autophagy.
Experimental Design Molecular Mechanism Significance Ref.
Apicenin Male BALB/c mice (n = 10), CSD for 21 days, Hip 1 LC3II/I, AMPK, ULKI1 protein 1 AMPK/ULK1/mTOR-mediated [142]
Pi& detected by WB 1p62, mTOR protein autophagy
1 p62, ATG5 protein
. . Male ICR mice (n = 10), LPS (1 mg/kg) for JULK1, mTOR, PI3K, Akt protein 1 PI3K/Akt/mTOR-mediated
Natural products Modified Xiaoyao San formula 2 weeks, PFC detected by WB and IF 1 LC3B-Iba-1 immunofluorescence autophagy [143]
colocalization
Female C57BL/6 mice (n =9), ovariectomized, 1 LC3II/L, p62, ATGS5, SIRT1 protein
Resveratrol underwent estradiol benzoate treatment, Hip 1p62 protein 1 SIRT1-mediated autophagy [146]
detected by IF and WB 1 SIRT1 immunofluorescence
‘ Male SDrrats (n = 8), bilateral olfactory 1 LC311, Beclin-1, AMPK, protein + AMPK/mTOR-mediated
Fluoxetine bulbectomy, Oral fluoxetine (10 mg/kg) for 30 1p62, mTOR, ULK1 protein autopha [67]
days, Hip detected by WB pos, § P phagy
Male C57BL/6 mice (n = 6), CMS for 5 weeks, oral 1 Parkin protein
fluoxetine (10 mg/kg) for 4 weeks, Hip detected LLC3II/I, p62, TOMM?20 protein
Fluoxetine by TEM and WB; primary astrocytes exposed to T Autophagosome 1 Mitophagy [150]
Antidepressant 1.2 mM CORT, cultured with fluoxetine (10 pM) 1 LC3-MitoTracker immunofluorescence
for 24 h, cells detected by IF and WB colocalization
Primary microglia cells cultured with fluoxetine 4 LC3-II protein
Fluoxetine (7.5 uM) and LPS (100 ng/mL) for 3 h, cells 4 LC3 immun % oscen. 1 Autophagy [155]
detected by IF and WB unotiuorescence
Sertraline treatment of nematode strains 1 PINK1 protein
Sertraline expressing mCherry::LGG-1 and nematode strains T Autophagosome and mitochondrial 1 PINK1-mediated mitophagy [157]
expressing mitochondria-targeted GFP fragmentation

Note: CSD, chronic stress depression; WB, Western blot; IF, immunofluorescence; Hip, hippocampus; PFC, prefrontal cortex; TEM, transmission electron microscope; 1, increase;

J, decrease.
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6. Conclusions and Outlook

Depression, the most common mental disorder, affects the health of millions of people
worldwide. Although the pathogenesis of depression is intricate, extensive research in
recent years has found a strong association with the dysregulation of autophagy in the
development of depression [159]. Cytosolic autophagy is a cellular degradation process
that occurs in eukaryotic organisms and is essential for neuronal survival and function by
removing damaged mitochondria and proteins and maintaining intracellular homeosta-
sis [160]. Altered neuronal autophagy is thought to be involved in the pathogenesis of
Alzheimer’s disease and Parkinson’s disease, which has broad prospects for research into
and the clinical management of depression [161]. In addition, we reviewed the changes in
autophagy observed in depression, suggesting that targeting autophagy may be a promis-
ing therapeutic avenue.

Indeed, although some research progress has been made in the mechanism of au-
tophagy’s role in depression, many questions and challenges remain. Currently, the role
of autophagy in depression is dual, as it may either promote the development of depres-
sion through overactivation or lead to the development of depression through inhibition.
In addition, autophagy involves multiple signaling pathways and may intersect with
depression-related pathological processes. However, current studies mostly focus on the
single pathways of AMPK/mTOR and Akt/mTOR, and systematic analyses of multidi-
mensional regulatory networks are lacking. Future studies should further delve into the
specific mechanisms of autophagy’s role in depression, especially the interactions between
autophagy and the dysregulation of neuroinflammation, neurogenesis, the gut microbiota,
and the HPA axis. In addition, the development of novel antidepressant drugs based on
autophagy modulation is promising. For example, activating autophagy by modulating the
mTOR pathway or using natural products may provide new strategies for the treatment
of depression.

Author Contributions: Q.L. conceived and designed the manuscript. Y.Z. prepared the manuscript
draft. P.R. wrote and revised the manuscript. X.L., Y.C., and Q.Y. searched the literature. J.Z.
supervised, reviewed, and funded the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by grants of the National Natural Science Foundation of China
(grant number: 82360861) and the Natural Science Foundation of Jiangxi Province (grant number:
20232BAB206173).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figures have been created with Adobe Illustrator 2023.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

HPA, hypothalamic—pituitary—adrenal; SSRIs, selective serotonin reuptake inhibitors; CMA,
chaperone-mediated autophagy; Hsc70, Heat Shock Cognate 70; ATG, autophagy-associated gene;
mTORC 1, mammalian target of rapamycin complex 1; ULK 1, unc 51-like autophagy-activated
kinase 1; PI3P, phosphatidylinositol 3-phosphate; VPS34, vesicular protein sorting 34; PE, phos-
phatidylethanolamine; LAMP2A, lysosome-associated membrane protein 2A; HFD, high-fat diet;
ESCRT, endosomal sorting complex required for transport; MDVs, mitochondria-derived vesicles;
PINK1, PTEN-inducible kinase 1; OMM, outer mitochondrial membrane; SQSTM1, sequestosome 1



Cells 2025, 14, 795 20 of 26

also known as p62; OPTN, Optineurin; NDP52, Nuclear Dot Protein 52; LIR, LC3-interacting region;
NIX, Nip3-like protein X; BNIP3, Bcl2-interacting protein 3; FUNDC1, FUN14 structural domain-
containing 1; GABARAP, y-aminobutyric acid receptor-associated protein; HIF-1«, hypoxia-inducible
factor 1a; NTRK1, neurotrophic tyrosine kinase receptor 1;MAPK, mitogen-activated protein kinase;
CUMS, chronic unpredictable stress; ROS, reactive oxygen species; MKP-1, mitogen-activated protein
kinase phosphatase-1; LPS, lipopolysaccharide; DSS, dextran sodium sulfate; BDNEF, brain-derived
neurotrophic factor; NBR1, Neighbor of BRCA1 gene 1; CSDS, chronic social defeat stress; CORT,
corticosterone; LH, learned helplessness; TSPO, translocator protein; VDACI, voltage-dependent
anion channel; NSCs, neural stem cells; NRBF2, Nuclear Receptor-Binding Factor 2; GBA, gut-brain
axis; FKBP51, FK506-binding protein 51; GR, glucocorticoid receptor; SIK1, salt-inducible kinase 1;

CRH, corticotropin-releasing hormone.

References

1. Monroe, S.M.; Harkness, K.L. Major Depression and Its Recurrences: Life Course Matters. Annu. Rev. Clin. Psychol. 2022, 18,
329-357. [CrossRef] [PubMed]

2. COVID-19 Mental Disorders Collaborators. Global Prevalence and Burden of Depressive and Anxiety Disorders in 204 Countries
and Territories in 2020 Due to the COVID-19 Pandemic. Lancet 2021, 398, 1700-1712. [CrossRef] [PubMed]

3. Penninx, B.W.; Milaneschi, Y.; Lamers, F.; Vogelzangs, N. Understanding the Somatic Consequences of Depression: Biological
Mechanisms and the Role of Depression Symptom Profile. BMC Med. 2013, 11, 129. [CrossRef]

4. Richardson, E.; Patterson, R.; Meltzer-Brody, S.; McClure, R.; Tow, A. Transformative Therapies for Depression: Postpartum
Depression, Major Depressive Disorder, and Treatment-Resistant Depression. Annu. Rev. Med. 2025, 76, 81-93. [CrossRef]

5. Virtanen, M.; Tormalehto, S.; Partonen, T.; Elovainio, M.; Ruuhela, R.; Hakulinen, C.; Komulainen, K.; Airaksinen, J.; Vdaidnanen,
A.; Koskinen, A.; et al. Seasonal Patterns of Sickness Absence Due to Diagnosed Mental Disorders: A Nationwide 12-Year Register
Linkage Study. Epidemiol. Psychiatr. Sci. 2023, 32, e64. [CrossRef]

6.  Basso, M.R.; Bornstein, R.A. Neuropsychological Deficits in Psychotic Versus Nonpsychotic Unipolar Depression. Neuropsychology
1999, 13, 69-75. [CrossRef]

7. Li, Q. Gao, Y, Li, H; Liu, H,; Wang, D.; Pan, W.; Liu, S.; Xu, Y. Brain Structure and Synaptic Protein Expression Alterations after
Antidepressant Treatment in a Wistar-Kyoto Rat Model of Depression. J. Affect. Disord. 2022, 314, 293-302. [CrossRef]

8. Zhang, K.; Wang, F; Zhai, M.; He, M,; Hu, Y.; Feng, L.; Li, Y.; Yang, J.; Wu, C. Hyperactive Neuronal Autophagy Depletes Bdnf
and Impairs Adult Hippocampal Neurogenesis in a Corticosterone-Induced Mouse Model of Depression. Theranostics 2023, 13,
1059-1075. [CrossRef]

9. Cui, L.; Li, S;; Wang, S.; Wu, X,; Liu, Y.; Yu, W,; Wang, Y.; Tang, Y.; Xia, M.; Li, B. Major Depressive Disorder: Hypothesis,
Mechanism, Prevention and Treatment. Signal. Transduct. Target. Ther. 2024, 9, 30. [CrossRef]

10. Dubovsky, S.L.; Ghosh, B.M; Serotte, ].C.; Cranwell, V. Psychotic Depression: Diagnosis, Differential Diagnosis, and Treatment.
Psychother. Psychosom. 2021, 90, 160-177. [CrossRef]

11. Do, A,; Li, VW.,; Huang, S.; Michalak, E.E.; Tam, E.M.; Chakrabarty, T.; Yatham, L.N.; Lam, R.W. Blue-Light Therapy for Seasonal
and Non-Seasonal Depression: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Can. J. Psychiatry 2022,
67,745-754. [CrossRef]

12.  McCarron, R.M.; Shapiro, B.; Rawles, J.; Luo, J. Depression. Ann. Intern. Med. 2021, 174, itc65-itc80. [CrossRef]

13.  Marwabha, S.; Palmer, E.; Suppes, T.; Cons, E.; Young, A.H.; Upthegrove, R. Novel and Emerging Treatments for Major Depression.
Lancet 2023, 401, 141-153. [CrossRef]

14. Zonca, V. Preventive Strategies for Adolescent Depression: What Are We Missing? A Focus on Biomarkers. Brain Behav. Immun.
Health 2021, 18, 100385. [CrossRef]

15. Meng, X.; Navoly, G.; Giannakopoulou, O.; Levey, D.F; Koller, D.; Pathak, G.A.; Koen, N.; Lin, K.; Adams, M.].; Renteria,
M.E,; et al. Multi-Ancestry Genome-Wide Association Study of Major Depression Aids Locus Discovery, Fine Mapping, Gene
Prioritization and Causal Inference. Nat. Genet. 2024, 56, 222-233. [CrossRef]

16. Tang, M.; Liu, T Jiang, P.; Dang, R. The Interaction between Autophagy and Neuroinflammation in Major Depressive Disorder:
From Pathophysiology to Therapeutic Implications. Pharmacol. Res. 2021, 168, 105586. [CrossRef]

17.  Pierone, B.C.; Pereira, C.A.; Garcez, M.L.; Kaster, M.P. Stress and Signaling Pathways Regulating Autophagy: From Behavioral
Models to Psychiatric Disorders. Exp. Neurol. 2020, 334, 113485. [CrossRef]

18. Li, W,; He, P; Huang, Y.; Li, Y.F; Lu, J.; Li, M,; Kurihara, H.; Luo, Z.; Meng, T.; Onishi, M.; et al. Selective Autophagy of
Intracellular Organelles: Recent Research Advances. Theranostics 2021, 11, 222-256. [CrossRef]

19. Kim, KH.; Lee, M.S. Autophagy--a Key Player in Cellular and Body Metabolism. Nat. Rev. Endocrinol. 2014, 10, 322-337.

[CrossRef]


https://doi.org/10.1146/annurev-clinpsy-072220-021440
https://www.ncbi.nlm.nih.gov/pubmed/35216520
https://doi.org/10.1016/S0140-6736(21)02143-7
https://www.ncbi.nlm.nih.gov/pubmed/34634250
https://doi.org/10.1186/1741-7015-11-129
https://doi.org/10.1146/annurev-med-050423-095712
https://doi.org/10.1017/S2045796023000768
https://doi.org/10.1037/0894-4105.13.1.69
https://doi.org/10.1016/j.jad.2022.07.037
https://doi.org/10.7150/thno.81067
https://doi.org/10.1038/s41392-024-01738-y
https://doi.org/10.1159/000511348
https://doi.org/10.1177/07067437221097903
https://doi.org/10.7326/AITC202105180
https://doi.org/10.1016/S0140-6736(22)02080-3
https://doi.org/10.1016/j.bbih.2021.100385
https://doi.org/10.1038/s41588-023-01596-4
https://doi.org/10.1016/j.phrs.2021.105586
https://doi.org/10.1016/j.expneurol.2020.113485
https://doi.org/10.7150/thno.49860
https://doi.org/10.1038/nrendo.2014.35

Cells 2025, 14, 795 21 of 26

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Piletic, K.; Alsaleh, G.; Simon, A K. Autophagy Orchestrates the Crosstalk between Cells and Organs. EMBO Rep. 2023, 24, e57289.
[CrossRef]

Mizushima, N.; Komatsu, M. Autophagy: Renovation of Cells and Tissues. Cell 2011, 147, 728-741. [CrossRef] [PubMed]
Romanov, J.; Walczak, M.; Ibiricu, I.; Schiichner, S.; Ogris, E.; Kraft, C.; Martens, S. Mechanism and Functions of Membrane
Binding by the Atg5-Atg12/Atgl6 Complex During Autophagosome Formation. EMBO J. 2012, 31, 4304-4317. [CrossRef]

Ye, Y,; Tyndall, E.R.; Bui, V.,; Bewley, M.C.; Wang, G.; Hong, X.; Shen, Y.; Flanagan, ].M.; Wang, H.G.; Tian, F. Multifaceted
Membrane Interactions of Human Atg3 Promote Lc3-Phosphatidylethanolamine Conjugation During Autophagy. Nat. Commun.
2023, 14, 5503. [CrossRef]

Wang, G.; Mao, Z. Chaperone-Mediated Autophagy: Roles in Neurodegeneration. Transl. Neurodegener. 2014, 3, 20. [CrossRef]
Qiao, L.; Hu, J.; Qiu, X.; Wang, C.; Peng, J.; Zhang, C.; Zhang, M.; Lu, H.; Chen, W. Lamp2a, Lamp2b and Lamp2c: Similar
Structures, Divergent Roles. Autophagy 2023, 19, 2837-2852. [CrossRef]

Arias, E.; Koga, H.; Diaz, A.; Mocholi, E.; Patel, B.; Cuervo, A.M. Lysosomal Mtorc2/Phlpp1/Akt Regulate Chaperone-Mediated
Autophagy. Mol. Cell 2015, 59, 270-284. [CrossRef]

Li, Y,; Cheng, Y.; Zhou, Y.; Du, H.; Zhang, C.; Zhao, Z.; Chen, Y.; Zhou, Z.; Mei, J.; Wu, W,; et al. High Fat Diet-Induced Obesity
Leads to Depressive and Anxiety-Like Behaviors in Mice Via Ampk/Mtor-Mediated Autophagy. Exp. Neurol. 2022, 348, 113949.
[CrossRef]

Rodriguez-Navarro, J.A.; Kaushik, S.; Koga, H.; Dall’Armi, C.; Shui, G.; Wenk, M.R.; Di Paolo, G.; Cuervo, A.M. Inhibitory Effect
of Dietary Lipids on Chaperone-Mediated Autophagy. Proc. Natl. Acad. Sci. USA 2012, 109, E705-E714. [CrossRef]

Liu, Y;; Tan, L.; Tan, M.S. Chaperone-Mediated Autophagy in Neurodegenerative Diseases: Mechanisms and Therapy. Mol. Cell.
Biochem. 2023, 478, 2173-2190. [CrossRef]

Schuck, S. Microautophagy—Distinct Molecular Mechanisms Handle Cargoes of Many Sizes. J. Cell Sci. 2020, 133, jcs246322.
[CrossRef]

Wang, L.; Klionsky, D.].; Shen, HM. The Emerging Mechanisms and Functions of Microautophagy. Nat. Rev. Mol. Cell Biol. 2023,
24,186-203. [CrossRef]

Kuchitsu, Y.; Taguchi, T. Lysosomal Microautophagy: An Emerging Dimension in Mammalian Autophagy. Trends Cell Biol. 2024,
34, 606-616. [CrossRef] [PubMed]

Jarocki, M.; Turek, K.; Saczko, J.; Tarek, M.; Kulbacka, J. Lipids Associated with Autophagy: Mechanisms and Therapeutic Targets.
Cell Death Discov. 2024, 10, 460. [CrossRef] [PubMed]

Xue, S.; Lin, Y,; Chen, H.; Yang, Z.; Zha, ].; Jiang, X.; Han, Z.; Wang, K. Mechanisms of Autophagy and Their Implications in
Dermatological Disorders. Front. Immunol. 2024, 15, 1486627. [CrossRef] [PubMed]

Lemasters, ].J. Variants of Mitochondrial Autophagy: Types 1 and 2 Mitophagy and Micromitophagy (Type 3). Redox Biol. 2014, 2,
749-754. [CrossRef]

Lou, G.; Palikaras, K.; Lautrup, S.; Scheibye-Knudsen, M.; Tavernarakis, N.; Fang, E.F. Mitophagy and Neuroprotection. Trends
Mol. Med. 2020, 26, 8-20. [CrossRef]

Imberechts, D.; Kinnart, I.; Wauters, F; Terbeek, J.; Manders, L.; Wierda, K.; Eggermont, K.; Madeiro, R.E; Sue, C.; Verfaillie, C,;
et al. Dj-1Is an Essential Downstream Mediator in Pink1/Parkin-Dependent Mitophagy. Brain 2022, 145, 4368—-4384. [CrossRef]
Padman, B.S.; Nguyen, T.N.; Uoselis, L.; Skulsuppaisarn, M.; Nguyen, L.K.; Lazarou, M. Lc3/Gabaraps Drive Ubiquitin-
Independent Recruitment of Optineurin and Ndp52 to Amplify Mitophagy. Nat. Commun. 2019, 10, 408. [CrossRef]

Geisler, S.; Holmstrom, K.M.; Skujat, D.; Fiesel, EC.; Rothfuss, O.C.; Kahle, PJ.; Springer, W. Pink1/Parkin-Mediated Mitophagy
Is Dependent on Vdacl and P62/Sqstm1. Nat. Cell Biol. 2010, 12, 119-131. [CrossRef]

Wang, Q.; Xue, H.; Yue, Y.; Hao, S.; Huang, S.H.; Zhang, Z. Role of Mitophagy in the Neurodegenerative Diseases and Its
Pharmacological Advances: A Review. Front. Mol. Neurosci. 2022, 15, 1014251. [CrossRef]

Teresak, P; Lapao, A.; Subic, N.; Boya, P; Elazar, Z.; Simonsen, A. Regulation of Prkn-Independent Mitophagy. Autophagy 2022,
18, 24-39. [CrossRef] [PubMed]

Doblado, L.; Lueck, C.; Rey, C.; Samhan-Arias, A.K,; Prieto, I; Stacchiotti, A.; Monsalve, M. Mitophagy in Human Diseases. Int. |.
Mol. Sci. 2021, 22, 3903. [CrossRef] [PubMed]

Sun, Y.; Cao, Y.; Wan, H.; Memetimin, A.; Cao, Y.; Li, L.; Wu, C.; Wang, M.; Chen, S; Li, Q.; et al. A Mitophagy Sensor Pptc7
Controls Bnip3 and Nix Degradation to Regulate Mitochondrial Mass. Mol. Cell 2024, 84, 327-344.€9. [CrossRef]

Chen, M.; Chen, Z.; Wang, Y.; Tan, Z.; Zhu, C,; Li, Y,; Han, Z.; Chen, L.; Gao, R;; Liu, L.; et al. Mitophagy Receptor Fundc1
Regulates Mitochondrial Dynamics and Mitophagy. Autophagy 2016, 12, 689-702. [CrossRef]

He, S; Shi, Y.; Ye, J.; Yin, J; Yang, Y.; Liu, D.; Shen, T.; Zeng, D.; Zhang, M.; Li, S.; et al. Does Decreased Autophagy and
Dysregulation of Lc3a in Astrocytes Play a Role in Major Depressive Disorder? Transl. Psychiatry 2023, 13, 362. [CrossRef]
Sakai, M.; Yu, Z.; Hirayama, R.; Nakasato, M.; Kikuchi, Y.; Ono, C.; Komatsu, H.; Nakanishi, M.; Yoshii, H.; Stellwagen, D.; et al.
Deficient Autophagy in Microglia Aggravates Repeated Social Defeat Stress-Induced Social Avoidance. Neural Plast 2022, 2022,
7503553. [CrossRef]


https://doi.org/10.15252/embr.202357289
https://doi.org/10.1016/j.cell.2011.10.026
https://www.ncbi.nlm.nih.gov/pubmed/22078875
https://doi.org/10.1038/emboj.2012.278
https://doi.org/10.1038/s41467-023-41243-4
https://doi.org/10.1186/2047-9158-3-20
https://doi.org/10.1080/15548627.2023.2235196
https://doi.org/10.1016/j.molcel.2015.05.030
https://doi.org/10.1016/j.expneurol.2021.113949
https://doi.org/10.1073/pnas.1113036109
https://doi.org/10.1007/s11010-022-04640-9
https://doi.org/10.1242/jcs.246322
https://doi.org/10.1038/s41580-022-00529-z
https://doi.org/10.1016/j.tcb.2023.11.005
https://www.ncbi.nlm.nih.gov/pubmed/38104013
https://doi.org/10.1038/s41420-024-02224-8
https://www.ncbi.nlm.nih.gov/pubmed/39477959
https://doi.org/10.3389/fimmu.2024.1486627
https://www.ncbi.nlm.nih.gov/pubmed/39559368
https://doi.org/10.1016/j.redox.2014.06.004
https://doi.org/10.1016/j.molmed.2019.07.002
https://doi.org/10.1093/brain/awac313
https://doi.org/10.1038/s41467-019-08335-6
https://doi.org/10.1038/ncb2012
https://doi.org/10.3389/fnmol.2022.1014251
https://doi.org/10.1080/15548627.2021.1888244
https://www.ncbi.nlm.nih.gov/pubmed/33570005
https://doi.org/10.3390/ijms22083903
https://www.ncbi.nlm.nih.gov/pubmed/33918863
https://doi.org/10.1016/j.molcel.2023.11.038
https://doi.org/10.1080/15548627.2016.1151580
https://doi.org/10.1038/s41398-023-02665-2
https://doi.org/10.1155/2022/7503553

Cells 2025, 14, 795 22 of 26

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

He, J.; Ren, Z.; Xia, W.; Zhou, C.; Bi, B.; Yu, W.; Zuo, L. Identification of Key Genes and Crucial Pathways for Major Depressive
Disorder Using Peripheral Blood Samples and Chronic Unpredictable Mild Stress Rat Models. Peer] 2021, 9, e11694. [CrossRef]
Lu,]J.; Wu, PE; He, ].G,; Li, YK,; Long, L.H.; Yao, X.P; Yang, ].H.; Chen, H.S.; Zhang, X.N.; Hu, Z.L.; et al. Bnip31/Nix-Mediated
Mitophagy Alleviates Passive Stress-Coping Behaviors Induced by Tumor Necrosis Factor-A. Mol. Psychiatry 2023, 28, 5062-5076.
[CrossRef]

Yu, Y,; Li, Y.;; Qi, K.; Xu, W.; Wei, Y. Rosmarinic Acid Relieves Lps-Induced Sickness and Depressive-Like Behaviors in Mice by
Activating the Bdnf/Nrf2 Signaling and Autophagy Pathway. Behav. Brain Res. 2022, 433, 114006. [CrossRef]

Tian, X.; Russo, S.J.; Li, L. Behavioral Animal Models and Neural-Circuit Framework of Depressive Disorder. Neurosci. Bull. 2025,
41, 272-288. [CrossRef]

Zhang, Y.; Wu, H.; Xu, C,; Li, S; Hu, Y;; Zhang, Z.; Wu, G; Liu, Y.; Yang, L.; Huang, Y.; et al. (-)-Epigallocatechin Gallate Alleviates
Chronic Unpredictable Mild Stress-Induced Depressive Symptoms in Mice by Regulating the Mtor Autophagy Pathway and
Inhibiting Nlrp3 Inflammasome Activation. Food Sci. Nutr. 2024, 12, 459-470. [CrossRef] [PubMed]

Su, L.; Lu, H.; Zhang, D.; Zhu, X,; Li, J.; Zong, Y.; Zhao, Y.; He, Z.; Chen, W.; Du, R. Total Paeony Glycoside Relieves
Neuroinflammation to Exert Antidepressant Effect Via the Interplay between Nlrp3 Inflammasome, Pyroptosis and Autophagy.
Phytomedicine 2024, 128, 155519. [CrossRef] [PubMed]

Zhu, YJ.; Huang, J.; Chen, R.; Zhang, Y.; He, X.; Duan, W.X,; Zou, Y.L.; Sun, M.M.; Sun, H.L.; Cheng, S.M.; et al. Autophagy
Dysfunction Contributes to Nlrp1 Inflammasome-Linked Depressive-Like Behaviors in Mice. |. Neuroinflamm. 2024, 21, 6.
[CrossRef] [PubMed]

Shoshan-Barmatz, V.; Pittala, S.; Mizrachi, D. Vdacl and the Tspo: Expression, Interactions, and Associated Functions in Health
and Disease States. Int. |. Mol. Sci. 2019, 20, 3348. [CrossRef]

Li, D.; Zheng, ].; Wang, M.; Feng, L.; Liu, Y.; Yang, N.; Zuo, P. Wuling Powder Prevents the Depression-Like Behavior in Learned
Helplessness Mice Model through Improving the Tspo Mediated-Mitophagy. |. Ethnopharmacol. 2016, 186, 181-188. [CrossRef]
Liu, Y.; Fu, X,; Sun, J.; Cui, R.; Yang, W. Adiporon Exerts an Antidepressant Effect by Inhibiting Nlrp3 Inflammasome Activation
in Microglia Via Promoting Mitophagy. Int. Immunopharmacol. 2024, 141, 113011. [CrossRef]

Yang, L.; Ao, Y.; Li, Y;; Dai, B,; Li, J.; Duan, W.; Gao, W.; Zhao, Z.; Han, Z.; Guo, R. Morinda Officinalis Oligosaccharides
Mitigate Depression-Like Behaviors in Hypertension Rats by Regulating Mfn2-Mediated Mitophagy. ]. Neuroinflamm. 2023, 20, 31.
[CrossRef]

Kim, Y.C.; Guan, K.L. Mtor: A Pharmacologic Target for Autophagy Regulation. J. Clin. Investig. 2015, 125, 25-32. [CrossRef]
Panwar, V,; Singh, A.; Bhatt, M.; Tonk, R.K.; Azizov, S.; Raza, A.S.; Sengupta, S.; Kumar, D.; Garg, M. Multifaceted Role of Mtor
(Mammalian Target of Rapamycin) Signaling Pathway in Human Health and Disease. Signal Transduct. Target. Ther. 2023, 8, 375.
[CrossRef]

Dossou, A.S.; Basu, A. The Emerging Roles of Mtorcl in Macromanaging Autophagy. Cancers 2019, 11, 1422. [CrossRef]

Smiles, W.J.; Ovens, A.]J.; Kemp, B.E; Galic, S.; Petersen, ].; Oakhill, J.5. New Developments in Ampk and Mtorcl Cross-Talk.
Essays Biochem. 2024, 68, 321-336.

El-Emam, M.A ; Sheta, E.; El-Abhar, H.S.; Abdallah, D.M.; El Kerdawy, A.M.; Eldehna, WM.; Gowayed, M.A. Morin Suppresses
Mtorcl/Ire-1a/Jnk and Ip3r-Vdac-1 Pathways: Crucial Mechanisms in Apoptosis and Mitophagy Inhibition in Experimental
Huntington’s Disease, Supported by in Silico Molecular Docking Simulations. Life Sci. 2024, 338, 122362. [CrossRef] [PubMed]
Parekh, PK.; Johnson, S.B.; Liston, C. Synaptic Mechanisms Regulating Mood State Transitions in Depression. Annu. Rev. Neurosci.
2022, 45, 581-601. [CrossRef] [PubMed]

Querfurth, H.; Lee, HK. Mammalian/Mechanistic Target of Rapamycin (Mtor) Complexes in Neurodegeneration. Mol. Neurode-
gener. 2021, 16, 44. [CrossRef] [PubMed]

Tariq, K.; Cullen, E.; Getz, S.A.; Conching, A K.S.; Goyette, A.R.; Prina, M.L.; Wang, W.; Li, M.; Weston, M.C.; Luikart, B.W.
Disruption of Mtorcl Rescues Neuronal Overgrowth and Synapse Function Dysregulated by Pten Loss. Cell Rep. 2022, 41, 111574.
[CrossRef]

Kosillo, P.; Ahmed, K.M.; Aisenberg, E.E.; Karalis, V.; Roberts, B.M.; Cragg, S.J.; Bateup, H.S. Dopamine Neuron Morphology and
Output Are Differentially Controlled by Mtorcl and Mtorc2. Elife 2022, 11, €75398. [CrossRef]

Zhou, Y.; Tao, X.; Wang, Z.; Feng, L.; Wang, L.; Liu, X,; Pan, R;; Liao, Y.; Chang, Q. Hippocampus Metabolic Disturbance and
Autophagy Deficiency in Olfactory Bulbectomized Rats and the Modulatory Effect of Fluoxetine. Int. . Mol. Sci. 2019, 20, 4282.
[CrossRef]

Mihaylova, M.M.; Shaw, R.J. The Ampk Signalling Pathway Coordinates Cell Growth, Autophagy and Metabolism. Nat. Cell Biol.
2011, 13, 1016-1023. [CrossRef]

Yang, K.; Wu, J; Li, S.; Wang, S.; Zhang, J.; Wang, Y.P; Yan, Y.S.; Hu, H.Y.; Xiong, M.E; Bai, C.B.; et al. Ntrkl Knockdown
Induces Mouse Cognitive Impairment and Hippocampal Neuronal Damage through Mitophagy Suppression via Inactivating the
Ampk/Ulkl/Fundcl Pathway. Cell Death Discov. 2023, 9, 404. [CrossRef]


https://doi.org/10.7717/peerj.11694
https://doi.org/10.1038/s41380-023-02008-z
https://doi.org/10.1016/j.bbr.2022.114006
https://doi.org/10.1007/s12264-024-01270-7
https://doi.org/10.1002/fsn3.3761
https://www.ncbi.nlm.nih.gov/pubmed/38268911
https://doi.org/10.1016/j.phymed.2024.155519
https://www.ncbi.nlm.nih.gov/pubmed/38492365
https://doi.org/10.1186/s12974-023-02995-4
https://www.ncbi.nlm.nih.gov/pubmed/38178196
https://doi.org/10.3390/ijms20133348
https://doi.org/10.1016/j.jep.2016.03.065
https://doi.org/10.1016/j.intimp.2024.113011
https://doi.org/10.1186/s12974-023-02715-y
https://doi.org/10.1172/JCI73939
https://doi.org/10.1038/s41392-023-01608-z
https://doi.org/10.3390/cancers11101422
https://doi.org/10.1016/j.lfs.2023.122362
https://www.ncbi.nlm.nih.gov/pubmed/38141855
https://doi.org/10.1146/annurev-neuro-110920-040422
https://www.ncbi.nlm.nih.gov/pubmed/35508195
https://doi.org/10.1186/s13024-021-00428-5
https://www.ncbi.nlm.nih.gov/pubmed/34215308
https://doi.org/10.1016/j.celrep.2022.111574
https://doi.org/10.7554/eLife.75398
https://doi.org/10.3390/ijms20174282
https://doi.org/10.1038/ncb2329
https://doi.org/10.1038/s41420-023-01685-7

Cells 2025, 14, 795 23 of 26

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

Kazyken, D.; Dame, S5.G.; Wang, C.; Wadley, M.; Fingar, D.C. Unexpected Roles for Ampk in the Suppression of Autophagy and
the Reactivation of Mtorcl Signaling During Prolonged Amino Acid Deprivation. Autophagy 2024, 20, 2017-2040. [CrossRef]
Park, ].M.; Lee, D.H.; Kim, D.H. Redefining the Role of Ampk in Autophagy and the Energy Stress Response. Nat. Commun. 2023,
14,2994. [CrossRef]

Wang, J.Q.; Mao, L. The Erk Pathway: Molecular Mechanisms and Treatment of Depression. Mol. Neurobiol. 2019, 56, 6197-6205.
[CrossRef] [PubMed]

Ma, S.; Wu, Q.; Wu, W,; Tian, Y.; Zhang, J.; Chen, C.; Sheng, X.; Zhao, F,; Ding, L.; Wang, T.; et al. Urolithin a Hijacks Erk1/2-Ulk1
Cascade to Improve Cd8(+) T Cell Fitness for Antitumor Immunity. Adv. Sci. 2024, 11, €2310065. [CrossRef] [PubMed]

Feng, L.; Wang, H.; Chen, C.; Fu, J.; Zhao, L.; Zhao, X.; Geng, M.; Ren, M,; Tong, L.; Li, Y.; et al. Mkp1 May Be Involved in the
Occurrence of Depression by Regulating Hippocampal Autophagy in Rats. Behav. Brain Res. 2024, 465, 114962. [CrossRef]
Al-Bari, M.A.A.; Xu, P. Molecular Regulation of Autophagy Machinery by Mtor-Dependent and -Independent Pathways. Ann. N.
Y. Acad. Sci. 2020, 1467, 3-20. [CrossRef]

Kumar, A.V,; Mills, J.; Lapierre, L.R. Selective Autophagy Receptor P62/Sqstm1, a Pivotal Player in Stress and Aging. Front. Cell
Dev. Biol. 2022, 10, 793328. [CrossRef]

Feng, X.; Sun, D.; Li, Y;; Zhang, J.; Liu, S.; Zhang, D.; Zheng, J.; Xi, Q.; Liang, H.; Zhao, W.; et al. Local Membrane Source Gathering
by P62 Body Drives Autophagosome Formation. Nat. Commun. 2023, 14, 7338. [CrossRef]

Huang, X.; Yao, J.; Liu, L.; Chen, J.; Mei, L.; Huangfu, J.; Luo, D.; Wang, X.; Lin, C.; Chen, X,; et al. S-Acylation of P62 Promotes
P62 Droplet Recruitment into Autophagosomes in Mammalian Autophagy. Mol. Cell 2023, 83, 3485-3501.e11. [CrossRef]

Ye, X.;; Zhu, M.; Che, X.; Wang, H.; Liang, X.J.; Wu, C.; Xue, X.; Yang, J. Lipopolysaccharide Induces Neuroinflammation in
Microglia by Activating the Mtor Pathway and Downregulating Vps34 to Inhibit Autophagosome Formation. J. Neuroinflamm.
2020, 17, 18. [CrossRef]

Seibenhener, M.L.; Zhao, T.; Du, Y.; Calderilla-Barbosa, L.; Yan, J.; Jiang, J.; Wooten, M.W.; Wooten, M.C. Behavioral Effects of
Sqstm1/P62 Overexpression in Mice: Support for a Mitochondrial Role in Depression and Anxiety. Behav. Brain Res. 2013, 248,
94-103. [CrossRef]

Ramesh Babu, ].; Lamar Seibenhener, M.; Peng, J.; Strom, A.L.; Kemppainen, R.; Cox, N.; Zhu, H.; Wooten, M.C.; Diaz-Meco, M.T,;
Moscat, J.; et al. Genetic Inactivation of P62 Leads to Accumulation of Hyperphosphorylated Tau and Neurodegeneration. .
Neurochem. 2008, 106, 107-120. [CrossRef] [PubMed]

Yan, H.; Qi, A.; Lu, Z; You, Z.; Wang, Z.; Tang, H.; Li, X.; Xu, Q.; Weng, X.; Du, X,; et al. Dual Roles of Atnbr1l in Regulating
Selective Autophagy Via Liquid-Liquid Phase Separation and Recognition of Non-Ubiquitinated Substrates in Arabidopsis.
Autophagy 2024, 20, 2804-2815. [CrossRef] [PubMed]

Rasmussen, N.L.; Kournoutis, A.; Lamark, T.; Johansen, T. Nbrl: The Archetypal Selective Autophagy Receptor. J. Cell Biol. 2022,
221, €202208092. [CrossRef] [PubMed]

White, J.; Suklabaidya, S.; Vo, M.T.; Choi, Y.B.; Harhaj, E.W. Multifaceted Roles of Tax1bp1 in Autophagy. Autophagy 2023, 19,
44-53. [CrossRef]

Fan, Q.; Wang, B.; Hu, L.; Shi, P; Xie, L.; Yang, L.; Yang, Q. Mir-129-5p Targets Fez1/Scoc/Ulkl/Nbrl Complex to Restore
Neuronal Function in Mice with Post-Stroke Depression. Bioengineered 2022, 13, 9708-9728.

Yu, Y,; Tan, Y.; Liao, X,; Yu, L.; Lai, H.; Li, X.; Wang, C.; Wu, S.; Feng, D.; Liu, C. Hif-1a Regulates Cognitive Deficits of Post-Stroke
Depressive Rats. Behav. Brain Res. 2024, 458, 114685. [CrossRef]

Jo, D.S.; Cho, D.H. Peroxisomal Dysfunction in Neurodegenerative Diseases. Arch. Pharm. Res. 2019, 42, 393-406. [CrossRef]
Deosaran, E.; Larsen, K.B.; Hua, R.; Sargent, G.; Wang, Y.; Kim, S.; Lamark, T.; Jauregui, M.; Law, K.; Lippincott-Schwartz, J.; et al.
Nbr1l Acts as an Autophagy Receptor for Peroxisomes. J. Cell Sci. 2013, 126 Pt 4, 939-952. [CrossRef]

Narendra, D.P; Jin, S.M.; Tanaka, A.; Suen, D.F.; Gautier, C.A.; Shen, J.; Cookson, M.R.; Youle, R.J. Pink1 Is Selectively Stabilized
on Impaired Mitochondria to Activate Parkin. PLoS Biol. 2010, 8, e1000298. [CrossRef]

Qi, Y.;; Zhang, J.; Zhang, Y.; Zhu, H.; Wang, J.; Xu, X,; Jin, S.; Wang, C.; Zhang, F.; Zhao, M.; et al. Curcuma Wenyujin Extract
Alleviates Cognitive Deficits and Restrains Pyroptosis through Pink1/Parkin Mediated Autophagy in Alzheimer’s Disease.
Phytomedicine 2025, 139, 156482. [CrossRef]

Li, Z,; Shu, Y,; Liu, D.; Xie, S.; Xian, L.; Luo, J.; Huang, X,; Jiang, H. Pink1/Parkin Signaling Mediates Pineal Mitochondrial
Autophagy Dysfunction and Its Biological Role in a Comorbid Rat Model of Depression and Insomnia. Brain Res. Bull. 2025, 220,
111141. [CrossRef] [PubMed]

Bader, V.; Winklhofer, K.F. Pinkl and Parkin: Team Players in Stress-Induced Mitophagy. Biol. Chem. 2020, 401, 891-899.
[CrossRef] [PubMed]

Nguyen, T.N.; Sawa-Makarska, J.; Khuu, G.; Lam, WK.; Adriaenssens, E.; Fracchiolla, D.; Shoebridge, S.; Bernklau, D.; Padman,
B.S.; Skulsuppaisarn, M.; et al. Unconventional Initiation of Pinkl/Parkin Mitophagy by Optineurin. Mol. Cell 2023, 83,
1693-1709.€9. [CrossRef]


https://doi.org/10.1080/15548627.2024.2355074
https://doi.org/10.1038/s41467-023-38401-z
https://doi.org/10.1007/s12035-019-1524-3
https://www.ncbi.nlm.nih.gov/pubmed/30737641
https://doi.org/10.1002/advs.202310065
https://www.ncbi.nlm.nih.gov/pubmed/38447147
https://doi.org/10.1016/j.bbr.2024.114962
https://doi.org/10.1111/nyas.14305
https://doi.org/10.3389/fcell.2022.793328
https://doi.org/10.1038/s41467-023-42829-8
https://doi.org/10.1016/j.molcel.2023.09.004
https://doi.org/10.1186/s12974-019-1644-8
https://doi.org/10.1016/j.bbr.2013.04.006
https://doi.org/10.1111/j.1471-4159.2008.05340.x
https://www.ncbi.nlm.nih.gov/pubmed/18346206
https://doi.org/10.1080/15548627.2024.2391725
https://www.ncbi.nlm.nih.gov/pubmed/39162855
https://doi.org/10.1083/jcb.202208092
https://www.ncbi.nlm.nih.gov/pubmed/36255390
https://doi.org/10.1080/15548627.2022.2070331
https://doi.org/10.1016/j.bbr.2023.114685
https://doi.org/10.1007/s12272-019-01131-2
https://doi.org/10.1242/jcs.114819
https://doi.org/10.1371/journal.pbio.1000298
https://doi.org/10.1016/j.phymed.2025.156482
https://doi.org/10.1016/j.brainresbull.2024.111141
https://www.ncbi.nlm.nih.gov/pubmed/39638099
https://doi.org/10.1515/hsz-2020-0135
https://www.ncbi.nlm.nih.gov/pubmed/32297878
https://doi.org/10.1016/j.molcel.2023.04.021

Cells 2025, 14, 795 24 of 26

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Tao, X.; Zhou, Y.; Wang, Z.; Wang, L.; Xia, T.; Yan, M.; Chang, Q. Cajaninstilbene Acid Ameliorates Depression-Like Behaviors in
Mice by Suppressing Tlr4/Nf-Kb Mediated Neuroinflammation and Promoting Autophagy. Behav. Brain Res. 2024, 471, 115142.
[CrossRef]

He, S.; Deng, Z.; Li, Z.; Gao, W.; Zeng, D.; Shi, Y.; Zhao, N.; Xu, F; Li, T; Li, H.; et al. Signatures of 4 Autophagy-Related Genes as
Diagnostic Markers of Mdd and Their Correlation with Immune Infiltration. J. Affect. Disord. 2021, 295, 11-20. [CrossRef]

He, S.; Zeng, D.; Xu, F,; Zhang, J.; Zhao, N.; Wang, Q.; Shi, ].; Lin, Z.; Yu, W.; Li, H. Baseline Serum Levels of Beclin-1, but Not
Inflammatory Factors, May Predict Antidepressant Treatment Response in Chinese Han Patients with Mdd: A Preliminary Study.
Front. Psychiatry 2019, 10, 378. [CrossRef]

Wu, A.; Zhang, J. Neuroinflammation, Memory, and Depression: New Approaches to Hippocampal Neurogenesis. J. Neuroinflamm.
2023, 20, 283. [CrossRef]

Behl, T.; Rana, T.; Alotaibi, G.H.; Shamsuzzaman, M.; Naqvi, M.; Sehgal, A.; Singh, S.; Sharma, N.; Almoshari, Y.; Abdellatif,
A.A.H.; et al. Polyphenols Inhibiting Mapk Signalling Pathway Mediated Oxidative Stress and Inflammation in Depression.
Biomed. Pharmacother. 2022, 146, 112545. [CrossRef]

Wang, Y.; Xu, Y,; Sheng, H.; Ni, X,; Lu, J. Exercise Amelioration of Depression-Like Behavior in Ovx Mice Is Associated with
Suppression of Nlrp3 Inflammasome Activation in Hippocampus. Behav. Brain Res. 2016, 307, 18-24. [CrossRef]

Feng, X.; Zhao, Y.; Yang, T.; Song, M.; Wang, C.; Yao, Y.; Fan, H. Glucocorticoid-Driven Nlrp3 Inflammasome Activation in
Hippocampal Microglia Mediates Chronic Stress-Induced Depressive-Like Behaviors. Front. Mol. Neurosci. 2019, 12, 210.
[CrossRef]

Shen, E; Xie, P; Li, C.; Bian, Z.; Wang, X.; Peng, D.; Zhu, G. Polysaccharides from Polygonatum Cyrtonema Hua Reduce
Depression-Like Behavior in Mice by Inhibiting Oxidative Stress-Calpain-1-Nlrp3 Signaling Axis. Oxidative Med. Cell. Longev.
2022, 2022, 2566917. [CrossRef] [PubMed]

Xia, C.Y;; Guo, Y.X,; Lian, WW.,; Yan, Y,; Ma, B.Z.; Cheng, Y.C; Xu, ].K.; He, J.; Zhang, WK. The Nlrp3 Inflammasome in
Depression: Potential Mechanisms and Therapies. Pharmacol. Res. 2023, 187, 106625. [CrossRef] [PubMed]

Kaufmann, EN.; Costa, A.P; Ghisleni, G.; Diaz, A.P; Rodrigues, A.L.S.; Peluffo, H.; Kaster, M.P. NIrp3 Inflammasome-Driven
Pathways in Depression: Clinical and Preclinical Findings. Brain Behav. Immun. 2017, 64, 367-383. [CrossRef] [PubMed]

Gan, H.; Ma, Q.; Hao, W.; Yang, N.; Chen, Z.S.; Deng, L.; Chen, J. Targeting Autophagy to Counteract Neuroinflammation: A
Novel Antidepressant Strategy. Pharmacol. Res. 2024, 202, 107112. [CrossRef]

Takahashi, K.; Kurokawa, K.; Hong, L.; Miyagawa, K.; Mochida-Saito, A.; Takeda, H.; Tsuji, M. Hippocampal and Gut Ampk
Activation Attenuates Enterocolitis-Like Symptoms and Co-Occurring Depressive-Like Behavior in Ulcerative Colitis Model
Mice: Involvement of Brain-Gut Autophagy. Exp. Neurol. 2024, 373, 114671. [CrossRef]

Park, J.; Lee, C.; Kim, Y.T. Effects of Natural Product-Derived Compounds on Inflammatory Pain Via Regulation of Microglial
Activation. Pharmaceuticals 2023, 16, 941. [CrossRef]

Zhang, L.; Tang, M.; Xie, X.; Zhao, Q.; Hu, N.; He, H; Liu, G.; Huang, S.; Peng, C.; Xiao, Y.; et al. Ginsenoside Rb1 Induces a
Pro-Neurogenic Microglial Phenotype Via Ppary Activation in Male Mice Exposed to Chronic Mild Stress. |. Neuroinflamm. 2021,
18, 171. [CrossRef]

Xu, K,; Wang, M.; Wang, H.; Zhao, S.; Tu, D.; Gong, X.; Li, W,; Liu, X.; Zhong, L.; Chen, J.; et al. Hmgb1/Stat3/P65 Axis Drives
Microglial Activation and Autophagy Exert a Crucial Role in Chronic Stress-Induced Major Depressive Disorder. J. Adv. Res.
2024, 59, 79-96. [CrossRef]

Niklison-Chirou, M.V.; Agostini, M.; Amelio, I.; Melino, G. Regulation of Adult Neurogenesis in Mammalian Brain. Int. ]. Mol.
Sci. 2020, 21, 4869. [CrossRef]

Ma, Y.; Qiao, Y.; Gao, X. Potential Role of Hippocampal Neurogenesis in Spinal Cord Injury Induced Post-Trauma Depression.
Neural Regen. Res. 2024, 19, 2144-2156. [CrossRef]

Surget, A.; Belzung, C. Adult Hippocampal Neurogenesis Shapes Adaptation and Improves Stress Response: A Mechanistic and
Integrative Perspective. Mol. Psychiatry 2022, 27, 403—421. [CrossRef] [PubMed]

Mourtzi, T.; Antoniou, N.; Dimitriou, C.; Gkaravelas, P.; Athanasopoulou, G.; Kostantzo, PN.; Stathi, O.; Theodorou, E.; Anesti,
M.; Matsas, R.; et al. Enhancement of Endogenous Midbrain Neurogenesis by Microneurotrophin Bnn-20 after Neural Progenitor
Grafting in a Mouse Model of Nigral Degeneration. Neural Regen. Res. 2024, 19, 1318-1324. [CrossRef] [PubMed]

Jung, S.; Choe, S.; Woo, H.; Jeong, H.; An, HK.; Moon, H.; Ryu, H.Y.; Yeo, B.K,; Lee, YW.; Choi, H.; et al. Autophagic Death
of Neural Stem Cells Mediates Chronic Stress-Induced Decline of Adult Hippocampal Neurogenesis and Cognitive Deficits.
Autophagy 2020, 16, 512-530. [CrossRef]

Zhang, 5.Q.; Deng, Q.; Zhu, Q.; Hu, Z.L.; Long, L.H.; Wu, PF; He, ].G.; Chen, H.S,; Yue, Z; Lu, ].H.; et al. Cell Type-Specific Nrbf2
Orchestrates Autophagic Flux and Adult Hippocampal Neurogenesis in Chronic Stress-Induced Depression. Cell Discov. 2023, 9,
90. [CrossRef]

Hanson, N.D.; Owens, M.].; Nemeroff, C.B. Depression, Antidepressants, and Neurogenesis: A Critical Reappraisal. Neuropsy-
chopharmacology 2011, 36, 2589-2602. [CrossRef]


https://doi.org/10.1016/j.bbr.2024.115142
https://doi.org/10.1016/j.jad.2021.08.005
https://doi.org/10.3389/fpsyt.2019.00378
https://doi.org/10.1186/s12974-023-02964-x
https://doi.org/10.1016/j.biopha.2021.112545
https://doi.org/10.1016/j.bbr.2016.03.044
https://doi.org/10.3389/fnmol.2019.00210
https://doi.org/10.1155/2022/2566917
https://www.ncbi.nlm.nih.gov/pubmed/35498131
https://doi.org/10.1016/j.phrs.2022.106625
https://www.ncbi.nlm.nih.gov/pubmed/36563870
https://doi.org/10.1016/j.bbi.2017.03.002
https://www.ncbi.nlm.nih.gov/pubmed/28263786
https://doi.org/10.1016/j.phrs.2024.107112
https://doi.org/10.1016/j.expneurol.2023.114671
https://doi.org/10.3390/ph16070941
https://doi.org/10.1186/s12974-021-02185-0
https://doi.org/10.1016/j.jare.2023.06.003
https://doi.org/10.3390/ijms21144869
https://doi.org/10.4103/1673-5374.392855
https://doi.org/10.1038/s41380-021-01136-8
https://www.ncbi.nlm.nih.gov/pubmed/33990771
https://doi.org/10.4103/1673-5374.385314
https://www.ncbi.nlm.nih.gov/pubmed/37905881
https://doi.org/10.1080/15548627.2019.1630222
https://doi.org/10.1038/s41421-023-00583-7
https://doi.org/10.1038/npp.2011.220

Cells 2025, 14, 795 25 of 26

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

Liu, L.; Wang, H.; Chen, X.; Zhang, Y.; Zhang, H.; Xie, P. Gut Microbiota and Its Metabolites in Depression: From Pathogenesis to
Treatment. EBioMedicine 2023, 90, 104527. [CrossRef]

Qin, Y,; Havulinna, A.S; Liu, Y.; Jousilahti, P.; Ritchie, S.C.; Tokolyi, A.; Sanders, J.G.; Valsta, L.; Brozyriska, M.; Zhu, Q.; et al.
Combined Effects of Host Genetics and Diet on Human Gut Microbiota and Incident Disease in a Single Population Cohort. Nat.
Genet. 2022, 54, 134-142. [CrossRef]

Guo, Z.; Xiao, S.; Chen, G.; Zhong, S.; Zhong, H.; Sun, S.; Chen, P,; Tang, X.; Yang, H.; Jia, Y.; et al. Disruption of the Gut
Microbiota-Inflammation-Brain Axis in Unmedicated Bipolar Disorder Ii Depression. Transl. Psychiatry 2024, 14, 495. [CrossRef]
Deng, Y.; Zhou, M.; Wang, J.; Yao, J.; Yu, J.; Liu, W.; Wu, L.; Wang, J.; Gao, R. Involvement of the Microbiota-Gut-Brain Axis in
Chronic Restraint Stress: Disturbances of the Kynurenine Metabolic Pathway in Both the Gut and Brain. Gut Microbes 2021, 13,
1869501. [CrossRef]

Wigner, P.; Czarny, P.; Galecki, P.; Su, K.P,; Sliwinski, T. The Molecular Aspects of Oxidative & Nitrosative Stress and the
Tryptophan Catabolites Pathway (Trycats) as Potential Causes of Depression. Psychiatry Res. 2018, 262, 566-574.

Wang, G.; Cao, L, Li, S.; Zhang, M.; Li, Y.; Duan, J.; Li, Y.; Hu, Z.; Wu, J.; Ni, J.; et al. Gut Microbiota Dysbiosis-Mediated
Ceramides Elevation Contributes to Corticosterone-Induced Depression by Impairing Mitochondrial Function. NPJ Biofilms
Microbiomes 2024, 10, 111. [CrossRef] [PubMed]

Wang, Z.; Wang, C.; Yuan, B.; Liu, L.; Zhang, H.; Zhu, M.; Chai, H.; Peng, J.; Huang, Y.; Zhou, S.; et al. Akkermansia Muciniphila
and Its Metabolite Propionic Acid Maintains Neuronal Mitochondrial Division and Autophagy Homeostasis During Alzheimer’s
Disease Pathologic Process Via Gpr41 and Gpr43. Microbiome 2025, 13, 16. [CrossRef] [PubMed]

Ma, ].X.; Chen, Y.X.; Wang, Z.X.; Wang, R.; Dong, Y.L. Lactiplantibacillus Plantarum Cr12 Attenuates Chronic Unforeseeable Mild
Stress Induced Anxiety and Depression-Like Behaviors by Modulating the Gut Microbiota-Brain Axis. J. Funct. Foods 2023, 107,
105710. [CrossRef]

Miller, W.L. The Hypothalamic-Pituitary-Adrenal Axis: A Brief History. Horm. Res. Paediatr. 2018, 89, 212-223. [CrossRef]
Knezevic, E.; Nenic, K.; Milanovic, V.; Knezevic, N.N. The Role of Cortisol in Chronic Stress, Neurodegenerative Diseases, and
Psychological Disorders. Cells 2023, 12, 2726. [CrossRef]

Fries, G.R.; Saldana, V.A.; Finnstein, J.; Rein, T. Molecular Pathways of Major Depressive Disorder Converge on the Synapse. Mol.
Psychiatry 2023, 28, 284-297. [CrossRef]

Zheng, J.; Han, J.; Wang, Y.; Xu, Y; Yu, J.; Han, B.; Tian, Z. Antidepressant and Anxiolytic Effects of Wuling Capsule in Csds Mice:
Alleviating Hpa Axis Hyperactivity Via the Nesfatin-1/Nf-Kb Signaling Pathway. |. Ethnopharmacol. 2025, 338 Pt 3, 119111. [CrossRef]
Wang, Y.; Liu, L.; Gu, J.H.; Wang, C.N.; Guan, W,; Liu, Y,; Tang, W.Q.; Ji, C.H.; Chen, Y.M.; Huang, J.; et al. Salt-Inducible Kinase
1-Creb-Regulated Transcription Coactivator 1 Signalling in the Paraventricular Nucleus of the Hypothalamus Plays a Role in
Depression by Regulating the Hypothalamic-Pituitary-Adrenal Axis. Mol. Psychiatry 2024, 29, 1660-1670. [CrossRef]

Sbardella, D.; Tundo, G.R.; Coletta, M.; Manni, G.; Oddone, F. Dexamethasone Downregulates Autophagy through Accelerated
Turn-over of the Ulk-1 Complex in a Trabecular Meshwork Cells Strain: Insights on Steroid-Induced Glaucoma Pathogenesis. Int.
J. Mol. Sci. 2021, 22,5891. [CrossRef]

Luft, C.; Haute, G.V.; Wearick-Silva, L.E.; Antunes, K.H.; da Costa, M.S.; de Oliveira, J.R.; Donadio, M.V.E. Prenatal Stress and
Kcl-Induced Depolarization Modulate Cell Death, Hypothalamic-Pituitary-Adrenal Axis Genes, Oxidative and Inflammatory
Response in Primary Cortical Neurons. Neurochem. Int. 2021, 147, 105053. [CrossRef]

Liu, B.; Zhang, T.N.; Knight, ].K.; Goodwin, ].E. The Glucocorticoid Receptor in Cardiovascular Health and Disease. Cells 2019, 8§,
1227. [CrossRef] [PubMed]

Gassen, N.C.; Hartmann, J.; Zschocke, J.; Stepan, J.; Hafner, K.; Zellner, A.; Kirmeier, T.; Kollmannsberger, L.; Wagner, K.V.; Dedic,
N.; et al. Association of Fkbp51 with Priming of Autophagy Pathways and Mediation of Antidepressant Treatment Response:
Evidence in Cells, Mice, and Humans. PLoS Med. 2014, 11, e1001755. [CrossRef] [PubMed]

Chen, W.; Mehlkop, O.; Scharn, A.; Nolte, H.; Klemm, P.; Henschke, S.; Steuernagel, L.; Sotelo-Hitschfeld, T.; Kaya, E.; Wunderlich,
C.M.,; et al. Nutrient-Sensing Agrp Neurons Relay Control of Liver Autophagy During Energy Deprivation. Cell Metab. 2023, 35,
786-806.€13. [CrossRef]

Liu, H,; Zhang, Y.; Hou, X.; Zhu, C.; Yang, Q.; Li, K; Fan, L.; Zhang, X,; Jiang, X; Jin, X,; et al. Crhrl Antagonist Alleviated
Depression-Like Behavior by Downregulating P62 in a Rat Model of Post-Stroke Depression. Exp. Neurol. 2024, 378, 114822. [CrossRef]
Li, Y.Y;; Qin, Z.H.; Sheng, R. The Multiple Roles of Autophagy in Neural Function and Diseases. Neurosci. Bull. 2024, 40, 363-382.
[CrossRef]

Chen, Y.; Zhou, X. Research Progress of Mtor Inhibitors. Eur. J. Med. Chem. 2020, 208, 112820. [CrossRef]

Kara, N.Z; Flaisher-Grinberg, S.; Anderson, G.W.; Agam, G.; Einat, H. Mood-Stabilizing Effects of Rapamycin and Its Analog
Temsirolimus: Relevance to Autophagy. Behav. Pharmacol. 2018, 29, 379-384. [CrossRef]

Ryskalin, L.; Limanagqi, F.; Frati, A.; Busceti, C.L.; Fornai, F. Mtor-Related Brain Dysfunctions in Neuropsychiatric Disorders. Int. ].
Mol. Sci. 2018, 19, 2226. [CrossRef]


https://doi.org/10.1016/j.ebiom.2023.104527
https://doi.org/10.1038/s41588-021-00991-z
https://doi.org/10.1038/s41398-024-03207-0
https://doi.org/10.1080/19490976.2020.1869501
https://doi.org/10.1038/s41522-024-00582-w
https://www.ncbi.nlm.nih.gov/pubmed/39468065
https://doi.org/10.1186/s40168-024-02001-w
https://www.ncbi.nlm.nih.gov/pubmed/39833898
https://doi.org/10.1016/j.jff.2023.105710
https://doi.org/10.1159/000487755
https://doi.org/10.3390/cells12232726
https://doi.org/10.1038/s41380-022-01806-1
https://doi.org/10.1016/j.jep.2024.119111
https://doi.org/10.1038/s41380-022-01881-4
https://doi.org/10.3390/ijms22115891
https://doi.org/10.1016/j.neuint.2021.105053
https://doi.org/10.3390/cells8101227
https://www.ncbi.nlm.nih.gov/pubmed/31601045
https://doi.org/10.1371/journal.pmed.1001755
https://www.ncbi.nlm.nih.gov/pubmed/25386878
https://doi.org/10.1016/j.cmet.2023.03.019
https://doi.org/10.1016/j.expneurol.2024.114822
https://doi.org/10.1007/s12264-023-01120-y
https://doi.org/10.1016/j.ejmech.2020.112820
https://doi.org/10.1097/FBP.0000000000000334
https://doi.org/10.3390/ijms19082226

Cells 2025, 14, 795 26 of 26

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

Tian, J.; Wang, Z.; Ren, Y,; Jiang, Y.; Zhao, Y.; Li, M.; Zhang, Z. Rapamycin Attenuates Anxiety and Depressive Behavior Induced
by Helicobacter Pylori in Association with Reduced Circulating Levels of Ghrelin. Neural Plast 2022, 2022, 2847672. [CrossRef]
Li, C; Zhu, Y;; Wu, Y,; Fu, M; Wu, Y.; Wu, Y;; Qiu, Y.; Zhang, H.; Ding, M. Oridonin Alleviates Lps-Induced Depression by
Inhibiting Nlrp3 Inflammasome Via Activation of Autophagy. Front. Med. 2021, 8, 813047. [CrossRef]

Li, Y; Liu, L.; Tian, Y.; Zhang, J. Rapamycin Improves Sevoflurane-Induced Cognitive Dysfunction in Aged Rats by Mediating
Autophagy through the Tlr4/Myd88/Nf-Kb Signaling Pathway. Mol. Med. Rep. 2019, 20, 3085-3094. [CrossRef] [PubMed]
Zhang, X.; Bu, H.; Jiang, Y.; Sun, G,; Jiang, R.; Huang, X.; Duan, H.; Huang, Z.; Wu, Q. The Antidepressant Effects of Apigenin
Are Associated with The promotion of Autophagy Via the Mtor/ Ampk/Ulkl Pathway. Mol. Med. Rep. 2019, 20, 2867-2874.
[CrossRef] [PubMed]

Su, P; Wu, M,; Yin, X,; Li, M.; Li, Y.; Bai, M.; Wang, B.; Xu, E. Modified Xiaoyao San Reverses Lipopolysaccharide-Induced
Depression-Like Behavior through Suppressing Microglia M1 Polarization Via Enhancing Autophagy Involved in Pi3k/Akt/Mtor
Pathway in Mice. J. Ethnopharmacol. 2023, 315, 116659. [CrossRef]

Menegas, S.; Keller, G.S.; Possamai-Della, T.; Aguiar-Geraldo, ].M.; Quevedo, J.; Valvassori, S.S. Potential Mechanisms of Action
of Resveratrol in Prevention and Therapy for Mental Disorders. J. Nutr. Biochem. 2023, 121, 109435. [CrossRef]

Tabassum, S.; Misrani, A.; Huang, H.X.; Zhang, Z.Y.; Li, Q.W.; Long, C. Resveratrol Attenuates Chronic Unpredictable Mild
Stress-Induced Alterations in the Sirtl/Pgcla/Sirt3 Pathway and Associated Mitochondrial Dysfunction in Mice. Mol. Neurobiol.
2023, 60, 5102-5116. [CrossRef]

Ye, S.; Fang, L.; Xie, S.; Hu, Y.; Chen, S.; Amin, N.; Fang, M.; Hu, Z. Resveratrol Alleviates Postpartum Depression-Like Behavior
by Activating Autophagy Via Sirtl and Inhibiting Akt/Mtor Pathway. Behav. Brain Res. 2023, 438, 114208. [CrossRef]

Hosseini, K.; Cediel-Ulloa, A.; Al-Sabri, M.H.; Forsby, A.; Fredriksson, R. Assessing the Neurodevelopmental Impact of Fluoxetine,
Citalopram, and Paroxetine on Neural Stem Cell-Derived Neurons. Pharmaceuticals 2024, 17, 1392. [CrossRef]

Gedek, A.; Modrzejewski, S.; Materna, M.; Szular, Z.; Wichniak, A.; Mierzejewski, P.; Dominiak, M. Efficacy and Safety of Agomelatine
in Depressed Patients with Diabetes: A Systematic Review and Meta-Analysis. Int. ]. Mol. Sci. 2024, 25, 12631. [CrossRef]

Hetrick, S.E.; McKenzie, J.E.; Bailey, A.P.; Sharma, V.; Moller, C.I.; Badcock, P.B.; Cox, G.R.; Merry, S.N.; Meader, N. New
Generation Antidepressants for Depression in Children and Adolescents: A Network Meta-Analysis. Cochrane Database Syst. Rev.
2021, 5, Cd013674.

Shu, X.; Sun, Y.; Sun, X.; Zhou, Y,; Bian, Y.; Shu, Z.; Ding, J.; Lu, M.; Hu, G. The Effect of Fluoxetine on Astrocyte Autophagy Flux
and Injured Mitochondria Clearance in a Mouse Model of Depression. Cell Death Dis. 2019, 10, 577. [CrossRef]

Wang, H.; He, Y.; Sun, Z; Ren, S.; Liu, M.; Wang, G.; Yang, J. Microglia in Depression: An Overview of Microglia in the
Pathogenesis and Treatment of Depression. J. Neuroinflamm. 2022, 19, 132. [CrossRef] [PubMed]

Fang, S.; Wu, Z,; Guo, Y.; Zhu, W.; Wan, C.; Yuan, N.; Chen, J.; Hao, W.; Mo, X.; Guo, X,; et al. Roles of Microglia in Adult
Hippocampal Neurogenesis in Depression and Their Therapeutics. Front. Immunol. 2023, 14, 1193053. [CrossRef] [PubMed]

Jia, X.; Gao, Z.; Hu, H. Microglia in Depression: Current Perspectives. Sci. China Life Sci. 2021, 64, 911-925. [CrossRef]

Liang, L.; Wang, H.; Hu, Y;; Bian, H.; Xiao, L.; Wang, G. Oridonin Relieves Depressive-Like Behaviors by Inhibiting Neuroinflammation
and Autophagy Impairment in Rats Subjected to Chronic Unpredictable Mild Stress. Phytother. Res. 2022, 36, 3335-3351. [CrossRef]
Park, S.H.; Lee, Y.S.; Yang, H.].; Song, G.J. Fluoxetine Potentiates Phagocytosis and Autophagy in Microglia. Front. Pharmacol.
2021, 12, 770610. [CrossRef]

Hwang, H.Y.; Shim, J.S.; Kim, D.; Kwon, H.J. Antidepressant Drug Sertraline Modulates Ampk-Mtor Signaling-Mediated
Autophagy Via Targeting Mitochondrial Vdacl Protein. Autophagy 2021, 17, 2783-2799. [CrossRef]

Tjahjono, E.; Pei, J.; Revtovich, A.V.; Liu, T.E.; Swadi, A.; Hancu, M.C,; Tolar, ].G.; Kirienko, N.V. Mitochondria-Affecting Small
Molecules Ameliorate Proteostasis Defects Associated with Neurodegenerative Diseases. Sci. Rep. 2021, 11, 17733. [CrossRef]
Alcocer-Gémez, E.; Casas-Barquero, N.; Williams, M.R.; Romero-Guillena, S.L.; Canadas-Lozano, D.; Bullén, P.; Sinchez-Alcazar,
J.A.; Navarro-Pando, ].M.; Cordero, M.D. Antidepressants Induce Autophagy Dependent-Nlrp3-Inflammasome Inhibition in
Major Depressive Disorder. Pharmacol. Res. 2017, 121, 114-121. [CrossRef]

Li, G.; Sherchan, P; Tang, Z.; Tang, J. Autophagy & Phagocytosis in Neurological Disorders and Their Possible Cross-Talk. Curr.
Neuropharmacol. 2021, 19, 1912-1924.

Fleming, A.; Bourdenx, M.; Fujimaki, M.; Karabiyik, C.; Krause, G.J.; Lopez, A.; Martin-Segura, A.; Puri, C.; Scrivo, A.; Skidmore,
J.; et al. The Different Autophagy Degradation Pathways and Neurodegeneration. Neuron 2022, 110, 935-966. [CrossRef]
Filippone, A.; Esposito, E.; Mannino, D.; Lyssenko, N.; Pratico, D. The Contribution of Altered Neuronal Autophagy to
Neurodegeneration. Pharmacol. Ther. 2022, 238, 108178. [CrossRef] [PubMed]

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

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

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


https://doi.org/10.1155/2022/2847672
https://doi.org/10.3389/fmed.2021.813047
https://doi.org/10.3892/mmr.2019.10541
https://www.ncbi.nlm.nih.gov/pubmed/31432123
https://doi.org/10.3892/mmr.2019.10491
https://www.ncbi.nlm.nih.gov/pubmed/31322238
https://doi.org/10.1016/j.jep.2023.116659
https://doi.org/10.1016/j.jnutbio.2023.109435
https://doi.org/10.1007/s12035-023-03395-8
https://doi.org/10.1016/j.bbr.2022.114208
https://doi.org/10.3390/ph17101392
https://doi.org/10.3390/ijms252312631
https://doi.org/10.1038/s41419-019-1813-9
https://doi.org/10.1186/s12974-022-02492-0
https://www.ncbi.nlm.nih.gov/pubmed/35668399
https://doi.org/10.3389/fimmu.2023.1193053
https://www.ncbi.nlm.nih.gov/pubmed/37881439
https://doi.org/10.1007/s11427-020-1815-6
https://doi.org/10.1002/ptr.7518
https://doi.org/10.3389/fphar.2021.770610
https://doi.org/10.1080/15548627.2020.1841953
https://doi.org/10.1038/s41598-021-97148-z
https://doi.org/10.1016/j.phrs.2017.04.028
https://doi.org/10.1016/j.neuron.2022.01.017
https://doi.org/10.1016/j.pharmthera.2022.108178
https://www.ncbi.nlm.nih.gov/pubmed/35351465

	Introduction 
	Overview of Autophagy 
	Macroautophagy 
	Chaperone-Mediated Autophagy (CMA) 
	Microautophagy 
	Mitophagy 

	Molecular Mechanisms of Autophagy and Its Abnormalities in Depression 
	Autophagy Dysfunction in Depression 
	Autophagy Dysfunction in Patients with Depression 
	Autophagy Dysfunction in Models of Depression 

	Autophagy Regulatory Pathways 
	mTOR-Dependent Pathways 
	mTOR-Independent Pathways 

	Autophagy Markers and Depression 
	p62 
	Neighbor of BRCA1 Gene 1 (NBR1) 
	Mitophagy-Specific Markers (e.g., PINK1/Parkin) 


	Interaction Between Autophagy and Pathological Mechanisms of Depression 
	Autophagy and Neuroinflammation in Depression 
	Autophagy and Neurogenesis in Depression 
	Autophagy and Gut Microbiota in Depression 
	Autophagy and HPA Axis Dysregulation in Depression 

	Autophagy Modulation as a New Strategy for the Treatment of Depression 
	mTOR Pathway Modulators 
	Rapamycin and Its Analogs 
	Natural Products 

	Mechanisms of Autophagy Regulation by Antidepressant Drugs 

	Conclusions and Outlook 
	References

