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Abstract: Depression is a globally prevalent, highly disabling mental disorder, and its etiology, pathological mechanisms, and
treatment approaches have long been a focus of intensive research. Programmed cell death (PCD) refers to a process in which cells
actively undergo death to maintain internal homeostasis via specific signals or stimuli. Modern medical studies have demonstrated that
the dysregulation of PCD modalities, including apoptosis, pyroptosis, autophagy, ferroptosis, necroptosis, and cuproptosis, is closely
associated with the onset and progression of depression. Elucidating the molecular mechanisms of PCD in depression could provide
critical insights for an in-depth understanding, prevention, and treatment of this disorder. In recent years, extensive research has been
conducted in the field of traditional Chinese medicine (TCM) that targets PCD for depression treatment, yielding significant phased
achievements. Therefore, this narrative review, covering literature primarily from the past decade, synthesizes preclinical evidence on
six PCD modalities in depression. It further explores the potential mechanisms and current status of TCM interventions that target
these PCD pathways, and discusses the crosstalk between them. By emphasizing mechanistic insights, this work aims to provide
a theoretical foundation and guidance for future clinical prevention, treatment, and research on depression.
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Introduction

Depression is a prevalent and disabling mental disorder characterized by persistent low mood, accompanied by a range of
heterogeneous symptoms such as anhedonia, feelings of worthlessness, decreased appetite, fatigue, sleep disturbances,
impairments in cognitive functions such as attention and memory, and even suicidal tendencies.! Epidemiological data
indicate that depression affects nearly 280 million people worldwide, accounting for 3.8% of the global population, and is
projected to become one of the primary burdens of global disability in the future.' This burden is particularly pronounced
in the Asian region. The 2019 Global Burden of Disease Study revealed that depression is the leading cause of mental
disorders in Asia, accounting for nearly half of the global cases and demonstrating a continuous upward trend.? Although
the age-standardized incidence rate of depression in China is lower than the global average, the ratio of years lived with
disability to incidence is significantly elevated. This indicates that patients face a higher severity of disability and more
substantial functional impairment due to the disease.® The etiology and pathogenesis of depression are extremely
complex and involve multiple domains, such as biochemistry, genetics, psychology, and environmental factors. These
factors interact to collectively generate a series of pathophysiological mechanism hypotheses, including the monoami-
nergic neurotransmitter hypothesis, the hypothalamic—pituitary—adrenal axis hypothesis, the neuroplasticity hypothesis,
the gut-brain axis hypothesis, the liver-brain axis hypothesis, and the inflammation and oxidative stress hypothesis.*

Importantly, these pathological processes not only induce the death of neurons and neuroglial cells, but the cell death they

https://doi.org/10.2147/NDT.S562047 Neuropsychiatric Disease and Treatment 2026:22 562047 |
Received: 23 August 2025 © 2026 Jia et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 22 November 2025 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 14 January 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0001-6631-5553
http://orcid.org/0000-0001-8849-5869
http://orcid.org/0000-0002-8995-1931
http://orcid.org/0000-0001-7618-6022
http://orcid.org/0009-0009-4313-669X
http://orcid.org/0009-0005-5638-2946
http://orcid.org/0009-0004-7077-0024
http://orcid.org/0000-0003-4638-7004
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Jia et al

trigger further amplifies pathological processes such as neuroinflammation and oxidative stress, forming a vicious cycle
that drives disease progression. Cell death plays a crucial role in maintaining physiological homeostasis and regulating
the occurrence and progression of diseases. However, abnormal cell death impairs normal cellular communication and
activity, and promotes disease progression. Based on its regulatory mechanisms and morphological characteristics, cell
death is classified into non-programmed cell death and programmed cell death (PCD). Non-programmed cell death, also
referred to as necrosis, is a passive and accidental cellular death process triggered by uncontrollable external factors. It is
characterized by cellular swelling, membrane rupture, and the release of intracellular contents, which in turn induce
inflammation and tissue damage. Owing to the absence of specific regulatory mechanisms, it is difficult to identify
a therapeutic target.” PCD refers to an active and ordered process of cell death governed by specific genetic programs and
signaling pathways. It serves as the primary mechanism by which an organism eliminates damaged, dysfunctional, or
potentially harmful cells in various ways.® Current studies have definitively demonstrated that PCD is involved in the
pathological process of depression. For instance, research in animal models of depression has shown significantly
elevated levels of pro-apoptotic factors BCL-2—associated X protein (BAX) and cysteine-dependent aspartate-specific
protease-3 (Caspase-3),”® activation of the NOD-like receptor family pyrin domain—containing 3 (NLRP3)
inflammasome,” and accumulation of iron ions and lipid peroxides.'® Furthermore, relevant studies have also revealed

12 cuproptosis,'® and

that depression is accompanied by abnormalities in other PCD types, including autophagy,
necroptosis.'* These PCD types not only function independently but may also jointly regulate their occurrence and
development through interactions. Therefore, investigating the regulatory pathways of PCD in depression is conducive to
elucidating its pathogenesis and providing a basis for the development of new therapeutic strategies.

In the treatment of depression, current approaches still focus primarily on intervening in the levels of central mono-
aminergic neurotransmitters. Commonly used medications include monoamine oxidase inhibitors, tricyclic antidepressants,
selective serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors and atypical antidepressants.'®> Despite
demonstrating symptom alleviation in some patients, these medications present significant limitations: substantial inter-
individual variability in treatment response, suboptimal efficacy rates, considerable adverse effects, high relapse incidence,
poor medication adherence, and severe withdrawal syndrome.'® Furthermore, depression is frequently comorbid with chronic
diseases or other mood disorders, such as pain, epilepsy, cardio-cerebrovascular diseases, gastrointestinal disorders, anxiety,
and posttraumatic stress disorder, which may contribute to suboptimal responses to antidepressant treatment. Traditional
Chinese medicine (TCM) has long been used to treat depression and remains widely applied in clinical practice to this day,
particularly in Asian regions. In TCM theory, depression is categorized under the concept of “Yu Zheng”. There are internal
and external causes for depression, externally because of emotional factors such as worry, fear, and anger, and internally
because the Qi dynamics of the zang-fu organs is easily disturbed. The pathological location is chiefly in the liver, with
involvement of the heart, spleen, and kidneys. The disease mechanism is characterized by Qi stagnation and dysfunction of
the internal organs. Initially, the most of the condition is solid, where Qi stagnation leads to food accumulation, phlegm
coagulation, and blood stasis. As the disease progresses, it transforms from solid to virtual, ultimately resulting in deficiency
of the five zang organs and an imbalance of Yin and Yang.!” Compared with Western medicine, TCM has unique value
owing to its advantages, such as holistic treatment concept, flexible formula composition, multitarget effects, high safety, and
minimal side effects. It has shown remarkable efficacy in alleviating depressive symptoms, improving quality of life, and
enhancing synergistic effects. Therefore, in-depth exploration of the mechanisms underlying TCM in the treatment of
depression and the optimization of clinical application protocols have become important directions in the field of depression
research. In recent years, extensive and fruitful research has been conducted in the field of TCM, focusing on the regulation
of PCD. Accordingly, this review focuses on six types of PCD associated with the pathological mechanisms of depression,
explores their molecular mechanisms and roles in the onset and progression of depression, systematically summarizes TCM
therapies that target PCD to intervene in depression, and discusses the interconnections between different types of PCD. This
study aims to provide references for the prevention, diagnosis, and treatment of depression.

Patterns of PCD in Depression
The pathological process of depression involves multiple forms of PCD, primarily including apoptosis, pyroptosis,
autophagy, ferroptosis, necroptosis, and cuproptosis (Figure 1).
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Figure |1 Molecular mechanisms of PCD in depression. The extrinsic apoptotic pathway (Caspase-8/10), intrinsic apoptotic pathway (BH3-only proteins), and ER pathway
can all induce apoptosis. The occurrence of pyroptosis depends on the classical pathway, which is mediated by NLRP3-Caspase-|, and the nonclassical pathway, which is
mediated by LPS-Caspase-4/5/11. Ferroptosis is triggered by Fe®* overload, lipid peroxidation (PUFAs), and dysregulation of the antioxidant defense system (System Xc /
GSH/GPX4). Necroptosis is regulated mainly by the RIPKI-RIPK3-MLKL axis. AMPK can induce autophagy either by inhibiting the phosphorylation of mMTORCI or directly
inducing the phosphorylation of the ULK| complex. Cuproptosis in cells can be caused by increased Cu” levels, the accumulation of DLAT, and the loss of Fe-S clusters, all of
which are induced by FDXI. This diagram was created at https://www.biorender.com.

Abbreviations: BH3-only, BCL-2 homology 3 domain-only proteins; BCL-2, B-cell ymphoma-2; BCL-XL, B-cell lymphoma extra-large; BAK, BCL-2 homologous antagonist/
killer; MOMP, Mitochondrial outer membrane permeabilization; ER, Endoplasmic reticulum; ERS, Endoplasmic reticulum stress; PERK, Protein kinase RNA-like endoplasmic
reticulum kinase; IREla, Inositol-requiring enzyme la; ATF6, Activating transcription factor 6; LPS, Lipopolysaccharide; IL-10/18, Interleukin-1p/18; GSDMD, Gasdermin D;
Caspase-1/4/5/11, Cysteinyl aspartate specific proteinase; ROS, Reactive oxygen species; PUFAs, Polyunsaturated fatty acids; GSH, Glutathione; GPX4, Glutathione
peroxidase 4; RIPKI/3, Receptor-interacting serine/threonine-protein kinase 1/3; MLKL, Mixed lineage kinase domain like pseudokinase; AMPK, Adenosine 5'-
monophosphate-activated protein kinase; mTORCI, Mechanistic target of rapamycin complex |; ULKI, UNC-5I1-like kinase |; VPS34, Vesicular protein sorting 34;
ATGI12/15/16LI, Autophagy-related genes 12/15/16L1; LC3, Microtubule-associated protein | light chain 3; FDXI, Ferredoxin |; DLAT, Dihydrolipoamide
S-acetyltransferase; Fe-S, Iron-sulfur proteins.

Apoptosis

Apoptosis, the earliest discovered form of PCD, plays a crucial role in maintaining tissue homeostasis and eliminating
abnormal cells. This mode of cell death is characterized by the activation of Caspases and can be categorized into
extrinsic pathway (also known as death receptor pathway), intrinsic pathway (also referred to as mitochondrial pathway),
and ER pathway on the basis of differences in activation mechanisms. The extrinsic apoptotic pathway is triggered by the
binding of death receptors on the cell surface to their corresponding ligands. Upon binding of cell surface death receptors
—such as tumor necrosis factor receptor 1 (TNFR1), FAS receptor (FAS), and TNF-related apoptosis-inducing ligand
receptor 1 and 2 (TRAIL-R1/R2)—to their corresponding ligands (tumor necrosis factor-a (TNF-a), Fas ligand (FASL),
and TRAIL), conformational changes occur. Through their intracellular death domains, these receptors recruit adaptor
proteins such as FAS-associated protein with death domain (FADD), which further recruit and activate pro-Caspase-8/10,
leading to the formation of a death-inducing signaling complex. This process promotes the activation of Caspase-8 and
Caspase-10, which in turn cleave Caspase-3 and Caspase-7, ultimately triggering apoptosis.'® The intrinsic apoptotic
pathway is driven primarily by MOMP, whose core regulation relies on the BCL-2 protein family. When cells are
subjected to internal stresses such as DNA damage, oxidative stress, or ERS, BH3-only proteins are activated. These
proteins inhibit antiapoptotic proteins and activate the effector proteins BAX/BAK, thereby triggering MOMP.'* MOMP
leads to the release of cytochrome c and second mitochondria-derived activator of caspases (SMAC) from mitochondria
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into the cytoplasm. Cytochrome ¢ then binds to apoptotic peptidase activating factor 1 and pro-Caspase-9 to form an
apoptosome, which promotes the activation of Caspase-9. This in turn activates Caspase-3/7, initiating a Caspase cascade
that induces apoptosis;>®> SMAC promotes the activation of Caspase-9 by binding to inhibitors of apoptosis proteins
(IAPs) and abrogating their inhibitory activity, thereby further amplifying apoptotic signals.>' Additionally, accumulating
evidence indicates that ERS is another crucial pathway that induces apoptosis. ERS is triggered primarily by the
abnormal accumulation of unfolded proteins and can induce apoptosis through the activation of three major unfolded
protein response sensors: PERK, IRE1a, and ATF6* (Figure 2).

Apoptosis constitutes a crucial pathological basis for brain functional impairment. Studies have shown that the
number of apoptotic neurons in the hippocampus and prefrontal cortex (PFC) of depressed rats induced by chronic
unpredictable mild stress (CUMS) is significantly increased,”® accompanied by an imbalance in the expression of
apoptosis-related proteins. This is manifested by elevated levels of the proapoptotic factors BAX and Caspase-3 and
decreased levels of the antiapoptotic factor BCL-2,”* suggesting that apoptosis is one of the important pathological
mechanisms contributing to the development of depression. Microglia are crucial for maintaining brain function. As
resident immune cells in brain tissue, their apoptosis exacerbates neuroinflammation and neuronal damage, thereby
participating in the onset and progression of depression.”* Astrocytes, on the other hand, play a central role in the
pathological mechanisms of depression by regulating neuroinflammation, neural activity, synaptic plasticity, and energy
metabolism.>> When astrocytes undergo apoptosis, the survival and function of neurons are severely impaired, which in
turn exacerbates depressive states. In animal models of depression induced by chronic social defeat stress, the apoptosis

of both astrocytes and microglia is clearly observed,?**¢

suggesting that glial cell damage may be one of the core links in
the pathology of depression. Further studies revealed that in the hippocampus and PFC of mice subjected to CUMS-

induced depression, the expression of TNFR1 was significantly upregulated. Upon binding to TNF-a, TNFR1 can trigger
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Figure 2 Molecular mechanisms of apoptosis. Apoptosis is activated through three pathways: the extrinsic, intrinsic, and ER pathways. The extrinsic apoptotic pathway is
triggered by the binding of death receptors on the cell surface to their corresponding ligands, which activates Caspase-8/10 and subsequently Caspase-3/7 to induce
apoptosis. The core regulation of the intrinsic apoptotic pathway relies on the activation of the BCL-2 protein family, which then activates the proapoptotic proteins BAX
and BAK, inhibits antiapoptotic proteins, promotes the activation of Caspase-9, and further activates Caspase-3/7 to trigger apoptosis. The ER apoptotic pathway induces
apoptosis by inducing ERS, thereby activating PERK, IREl0, and ATF6. This diagram was created at https://www.biorender.com.

Abbreviations: BID, BH3 interacting domain death agonist; tBID, Truncated BID.
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the transformation of astrocytes into the proinflammatory A1 phenotype, promote microglial activation, induce neuroin-
flammation, and ultimately lead to neuronal apoptosis, thereby exacerbating depressive symptoms.*”*® In addition, the
ER pathway has been identified as a crucial driver of the onset and progression of depression. The ER is activated when
cells are exposed to various stressors, and prolonged or severe ERS can trigger apoptotic programs. In CUMS-induced
rats, the expression levels of ERS marker proteins (C/EBP-homologous protein (CHOP), Caspase-12, and c-Jun
N-terminal kinase 1) in the hippocampus are abnormally elevated, which is significantly correlated with an increased
number of apoptotic hippocampal neurons. These findings suggest that the activation of the ER pathway is also an
important mechanism promoting neuronal apoptosis.>’ Therefore, targeted regulation of apoptosis in neurons and glial
cells is expected to become a key entry point for improving depressive symptoms and their associated brain functional
impairments.

Pyroptosis

Pyroptosis is a lytic and inflammatory form of PCD that is typically triggered by inflammasomes, mediated by Caspases,
and executed by Gasdermins. It is characterized by progressive cellular swelling until membrane rupture and the release
of intracellular contents, which in turn activates a robust inflammatory response.”® Currently, pyroptosis is generally
classified into the classical pathway, which is mediated by Caspase-1, and the nonclassical pathway, which is mediated by
Caspase-4/5/11. In the canonical pyroptotic pathway, upon stimulation by pathogenic microorganisms, ROS, or other
stimuli, intracellular pattern recognition receptors (PRRs) recognize pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs). These PRRs then bind to apoptosis-associated speck-like protein
containing a CARD (ASC) and pro-Caspase-1 to assemble into inflammasomes. This complex further activates
Caspase-1; on the one hand, activated Caspase-1 cleaves GSDMD to release the active N-terminal fragment GSDMD-
N, which forms pores in the plasma membrane, induces inflammatory responses, and triggers pyroptosis. On the other
hand, it cleaves pro-IL-1B/18 to generate mature IL-1B/IL-18, which are released extracellularly through pores to amplify
the inflammatory response.’'~? The noncanonical pyroptotic pathway is primarily activated by LPS. LPS specifically
binds to and activates Caspase-4/5/11; activated Caspase-4/5/11 can cleave GSDMD to generate GSDMD-N, thereby
executing pyroptosis. Although they do not directly process pro-IL-1p/IL-18, activated Caspase-4/5/11 triggers K" efflux
via cleavage of GSDMD, which in turn induces the assembly of the NLRP3 inflammasome, a process analogous to the
classical pyroptotic pathway.’'*? In contrast to the canonical pathway, in noncanonical pyroptosis, only the cleavage of
pro-IL-1B/IL-18 is dependent on Caspase-1, whereas the cleavage of GSDMD is executed by other activated inflamma-
tory Caspases. Pannexin-1 represents another critical mediator of pyroptosis induced by noncanonical Caspase-11.
Exposure to LPS activates Caspase-11, which in turn cleaves the Pannexin-1 channel to facilitate ATP efflux, thereby
activating purinergic receptor P2X7 (P2X7) and ultimately mediating the occurrence of pyroptosis.>® In recent years, it
has been discovered that Caspase-3/8 and granzymes can also mediate pyroptosis by cleaving Gasdermins, but the
specific mechanisms require further exploration®**> (Figure 3).

In pyroptosis, inflammasomes are regarded as key therapeutic targets for depression, among which the NLRP3
inflammasome has been the most extensively studied. Research has revealed that in depression models, the NLRP3
inflammasome is highly activated, which in turn induces pyroptosis in the hippocampal neurons of depressed rats in an
NLRP3/Caspase-1/GSDMD-dependent manner. This is accompanied by elevated levels of GSDMD-N, NLRP3, ASC,
active Caspase-1, cleaved IL-1p, and cleaved IL-18, thereby promoting the development of depression.’ Notably, this
NLRP3 inflammasome-driven pyroptotic mechanism not only occurs in neurons but also dominates the death process of
glial cells, further amplifying the pathological damage in depression. Pyroptosis in microglia further confirms the role of
the NLRP3 inflammasome. Microglia promote the activation of Caspase-1 through the activation of the NLRP3
inflammasome, which in turn cleaves GSDMD to generate GSDMD-N. This leads to microglial rupture and the release
of proinflammatory factors such as IL-1f, triggering neuroinflammation, impairing synaptic plasticity in the hippocam-
pus, and inducing depressive behaviors.*®*” Additionally, in depression models, hippocampal astrocytes also exhibit
characteristic pyroptotic changes, manifested by the activation of the NLRP3 inflammasome, elevated expression of
pyroptotic executive proteins such as Caspase-1 and GSDMD-N, and increased release of proinflammatory factors such
as IL-1B. These changes result in a reduction in the number of hippocampal astrocytes, disruption of the neural
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Figure 3 Molecular mechanisms of pyroptosis. In the canonical pyroptotic pathway, intracellular PRRs recognize PAMPs or DAMPs to activate inflammasomes, which in turn
induce the activation of Caspase-|. Activated Caspase-| cleaves GSDMD to generate GSDMD-N and promotes the maturation of IL-1B and IL-18, thereby triggering
pyroptosis. The noncanonical pyroptotic pathway is activated mainly by LPS. LPS binds to and activates Caspase-4/5/11; activated Caspase-4/5/11 cleaves GSDMD to produce
GSDMD-N, which elicits K* efflux and leads to the formation of the NLRP3 inflammasome. Like the classical pyroptotic pathway, this process activates Caspase- |, promotes
the maturation of IL-1f and IL-18, and ultimately induces pyroptosis. This diagram was created at https://www.biorender.com.

microenvironment, and damage to synaptic structures.’®>° Genetic knockout of GSDMD, Caspase-1, or astrocyte-
specific NLRP3 significantly alleviates depressive-like behaviors in mice.”® Therefore, treatments for depression can
target pyroptosis-inhibiting pathways, such as suppressing the activation of the NLRP3 inflammasome, antagonizing the
maturation of inflammatory Caspases, and inhibiting GSDMD cleavage.

Autophagy

Autophagy is a lysosome-dependent cellular degradation process tightly regulated by ATGs. It maintains intracellular
homeostasis by clearing and recycling misfolded or aggregated proteins, damaged organelles, and pathogens.*
Autophagy can be classified into nonselective autophagy and selective autophagy. Nonselective autophagy can be further
divided into macroautophagy, microautophagy, and chaperone-mediated autophagy on the basis of the distinct ways in
which degraded substances are transported to lysosomes. Macroautophagy, the most prominent type, is referred to simply
as “autophagy” in this article.*' Selective autophagy can be further categorized into mitophagy, peroxisome autophagy,
and endoplasmic reticulum autophagy, among others, on the basis of differences in the subcellular locations where
autophagy occurs.** The process of autophagy, from initiation to functional execution, primarily involves three stages:
phagophore formation, autophagosome formation, and degradation. During the phagophore formation stage, AMPK is
activated under nutrient deprivation conditions, which inhibits the downstream negative regulator of autophagy,
mTORCI. This inhibition leads to the dissociation of mTORCI1 from the ULK1 complex (comprising ULK1, ATG13,
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focal adhesion kinase family interacting protein of 200kDa (FIP200), and ATG101), thereby resulting in mTORCI1-
mediated inhibitory phosphorylation of ULK1 and ATG13, allowing their activation. On the other hand, AMPK directly
phosphorylates ULK 1, promoting the activation of the ULK1 complex and the formation of autophagosomal membranes.
This complex subsequently activates the downstream VPS34 complex (Beclin-1-ATG14-VPS15-VPS34), which cata-
lyzes the production of phosphatidylinositol-3-phosphate (PI3P) on autophagosomal membranes, initiating the nucleation
and initial expansion of the phagophore. During the autophagosome formation stage, the phagophore elongates and
closes to form an autophagosome, a process that requires two ubiquitin-like systems. The first system involves the
formation of the ATG12-ATGS5-ATG16L1 protein complex, which acts on the outer membrane of the phagophore and
participates in the elongation of the outer membrane of the phagophore. The second system begins with ATG4 cleaving
LC3 to generate LC3-1. Upon autophagy activation, LC3-I is conjugated with phosphatidylethanolamine (PE) to form
lipid-soluble LC3-II under the action of ATG3, ATG7, and the ATG12-ATG5-ATG16L1 complex. LC3-II interacts with
the ATG12-ATG5-ATGI6L1 protein complex to promote phagophore elongation, enabling it to enwrap autophagic
substrates and form a spherical structure. Finally, with the closure of the pore, a double-membraned vesicle-like
autophagosome is formed. Eventually, the autophagosome is transported to the lysosome, where its outer membrane
fuses with the lysosomal membrane to form an autolysosome, and the contents are degraded*® (Figure 4).

In recent years, a growing body of research has confirmed that dysregulated autophagy is closely associated with
depression. As an intracellular “waste clearance system,” autophagy plays a central role in maintaining neuronal
homeostasis. However, in the complex context of depression, it acts as a “double-edged sword”: both abnormally
elevated and reduced activity can act as key drivers in the development of depression. On the one hand, excessive
autophagy has destructive effects. In neurons, hyperactivated autophagy may significantly reduce the synthesis of brain-
derived neurotrophic factor, directly impairing neuroplasticity and neurogenesis. In glial cells, particularly microglia,

excessive autophagy drives their transformation into a proinflammatory phenotype, leading to the release of large
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Figure 4 Molecular mechanisms of autophagy. AMPK activates autophagy by inhibiting mTORCI or directly phosphorylating the ULK| complex. The activated ULK| complex
further activates the VPS34 complex (Beclin-1-ATG14-VPS15-VPS34), which catalyzes the generation of PI3P to initiate the nucleation and initial expansion of the phagophore. Two
ubiquitin-like systems subsequently drive autophagosome formation: |. The ATG12-ATG5-ATG 6L I complex localizes to the outer membrane of the phagophore to promote its
elongation; 2. LC3-l is conjugated with PE to form membrane-bound LC3-Il under the action of ATG7, ATG3, and the ATG12-ATG5-ATGI6L1 complex. LC3-Il acts synergistically
with the ATGI2-ATG5-ATGI6LI complex to facilitate phagophore elongation, the enclosure of substrates, and closure to form double-membraned autophagosomes. Finally,
autophagosomes fuse with lysosomes to form autolysosomes, and their contents are degraded. This diagram was created at https://www.biorender.com.

Abbreviation: P62, Sequestosome |.
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amounts of proinflammatory cytokines and triggering neuroinflammatory responses. Thus, inhibiting excessive autop-
hagy can exert antidepressant therapeutic effects.''** On the other hand, insufficient autophagic function leads to
cumulative toxicity. In the state of depression, autophagic activity often is insufficient, preventing timely clearance of
damaged proteins and organelles. These substances thus abnormally accumulate within neurons, directly causing
neuronal damage. Therefore, moderate enhancement of autophagy can exert a key neuroprotective effect by eliminating
harmful substances, thereby helping to alleviate depression-related neuronal damage.'*** Notably, dysregulation of
mitophagy has been proven to be deeply involved in the progression of depression. When mitophagic function is
impaired, dysfunctional mitochondria cannot be effectively recognized and cleared, resulting in their massive accumula-
tion in cells, excessive production of reactive oxygen species, and severe oxidative stress. Moreover, as an inflammatory
stimulus, ROS can activate the NLRP3 inflammasome, triggering neuroinflammatory responses and pyroptosis, which
ultimately lead to neuronal damage. Hence, enhancing mitophagic function has been identified as an effective strategy to

ameliorate depressive symptoms.*®*’

Ferroptosis

Ferroptosis is an iron-dependent form of PCD induced by lipid peroxidation. Currently, three major pathways have been
identified as critical in ferroptosis: the iron metabolism dysregulation pathway, the lipid peroxidation pathway, and the
antioxidant defense system failure pathway.*® Under normal circumstances, extracellular iron ions exist in the form of
Fe**, which can enter cells via the transferrin receptor protein 1 (TFR1) transport system and be reduced to Fe*" by six-
transmembrane epithelial antigen of prostate 3 (STEAP3) before being released into the cellular labile iron pool. When
TFR1 is abnormally activated, cells take up excessive iron ions, a phenomenon known as “iron overload,” which triggers
the “Fenton reaction” to generate large amounts of ROS and induce lipid peroxidation damage. Intracellular excess Fe*"
is mainly stored in ferritin, while nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy can specifically
degrade ferritin to release free Fe>*. When ferritinophagy is activated, increased ferritin degradation leads to elevated
intracellular free Fe*" concentrations, ultimately promoting the occurrence of ferroptosis.*’ PUFAs are important
substrates for lipid metabolism in ferroptosis. They are converted to polyunsaturated-fatty-acid—containing phospholipids
(PUFA-PLs) under the action of Acyl-CoA synthetase long chain family member 4 (ACSL4) and lysophosphatidylcho-
line acyltransferase 3 (LPCAT3). Fe*" generates hydroxyl radicals through the Fenton reaction, activating lipoxygenases
(LOXs), which catalyze the oxidation of PUFA-PLs to form lipid peroxides polyunsaturated fatty acid—containing
phospholipid hydroperoxide (PUFA-PL-OOH), leading to ferroptosis.*’ Lipid peroxidation can be inhibited by the
intracellular antioxidant defense system, among which the system Xc /GSH/GPX4 axis has been the most extensively
studied. System Xc , composed of solute carrier family 7 member 11 (SLC7A11) and SLC3A2, is involved in the
extracellular uptake of cystine and the release of glutamate (Glu), promoting the synthesis of GSH.’® GPX4, a major
intracellular antioxidant enzyme, uses GSH to reduce toxic lipid peroxides to nontoxic lipid alcohols while oxidizing
GSH, thereby negatively regulating ferroptosis. The expression and activity of GPX4 during ferroptosis depend on the
presence of GSH.”' Therefore, depletion of intracellular GSH indirectly inhibits GPX4 activity, and decreased GPX4
expression is a key marker of ferroptosis (Figure 5).

Ferroptosis can participate in and influence the pathological process of depression through multiple pathways,
including neuroinflammation, mitochondrial dysfunction, and gut microbiota dysbiosis.’> Ferroptosis-related genes can
also serve as biomarkers for the auxiliary diagnosis of depression.>® Studies have shown that in the hippocampus of LPS-
induced depressed mice, the expression of ferritin heavy chain (FTH1) is significantly lower than that in the normal
control group. FTH1 is an important intracellular iron storage protein; a decrease in its content often leads to abnormal
intracellular iron storage, resulting in iron deposition and overload, generating lipid peroxides. The accumulation of these
peroxides damages DNA and proteins, ultimately inducing ferroptosis.”* Proteomic analysis of CUMS-induced mice
revealed that the ferroptosis marker ferritin light chain 1 and the lipid peroxidation product malondialdehyde (MDA) are
significantly increased, whereas the levels of the antioxidants GSH and GPX4 are significantly decreased,'® suggesting
that CUMS-induced depressive-like behaviors may impair neuronal function by inhibiting the GPX4-GSH axis, exacer-
bating ferroptosis and lipid peroxidation. In addition, a meta-analysis indicates that dietary iron intake is negatively
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Figure 5 Molecular mechanisms of ferroptosis. Ferroptosis involves three key pathways: dysregulated iron metabolism, lipid peroxidation, and failure of antioxidant defense.
In iron metabolism, abnormal activation of TFRI leads to iron overload, triggering the Fenton reaction to generate ROS; NCOA4-mediated ferritinophagy results in the
degradation of ferritin and the release of free Fe?*, which together promote ferroptosis. In the lipid peroxidation pathway, PUFAs are converted to PUFA-PLs via ACSL4 and
LPCAT3; the Fenton reaction activates LOXs, which catalyze the formation of lipid peroxides (PUFA-PL-OOH), directly inducing ferroptosis. The failure of the antioxidant
defense system, however, cannot prevent this process. Among them, System Xc mediates cystine uptake for GSH synthesis; GSH, as an essential substrate, maintains the
activity of GPX4, which is responsible for reducing lipid peroxides. Depletion of GSH or decreased GPX4 expression causes the collapse of this defense system, collectively
leading to cell death. This diagram was created at https://www.biorender.com.

Abbreviations: PUFA-CoA, polyunsaturated fatty acid—coenzyme A.

associated with depression risk.>® These studies provide important clues and evidence for the involvement of ferroptosis

in the pathological process of depression.

Roles of Other Types of PCD in Depression

In addition to the four types of PCD mentioned above, the roles of necroptosis and cuproptosis in depression have
gradually been discovered. Necroptosis is a process of self-destruction that occurs when apoptosis is blocked.
Morphologically similar to necrosis, it is characterized by membrane rupture, organelle swelling, and the release of
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intracellular contents. Necroptosis can be activated by various stimuli, among which the RIPK1/RIPK3/MLKL pathway
is the most classic and extensively studied.’® Necroptotic signaling is triggered by death receptors, such as TNFRI,
TRAIL-R, FAS, and Toll-like receptors 3/4 (TLR3/4).>” For example, upon stimulation by necrotic signals, TNF-a binds
to the TNFR1 receptor and recruits RIPK1, tumor necrosis factor receptor-associated death domain protein (TRADD),
cellular inhibitor of apoptosis proteins 1/2 (cIAP1/2), and TNF receptor associated factor 2/5 (TRAF2/5) to form
complex I on the cell membrane. After complex I formation, RIPK1, TRADD, Caspase-8, and FADD form complex
I under the action of deubiquitinases. When Caspase-8 activity is inhibited, the necroptotic pathway is initiated, inducing
the phosphorylation of RIPK1. Phosphorylated RIPK1 binds to RIPK3 to form a necrosome; RIPK3 then undergoes
autophosphorylation, followed by phosphorylating MLKL and inducing its oligomerization. MLKL subsequently
translocates to the cell membrane, increasing Na* and Ca®" influx to alter membrane permeability, form membrane
pores, and disrupt membrane integrity, ultimately leading to necroptosis.’® (Figure 6) Proteomic analysis of the
hippocampus of CUMS rats revealed that the necroptosis pathway is significantly activated, with increased levels of
RIPK3 and p-MLKL.' In a corticosterone-induced depressed rat model, hippocampal RIPK3 expression is elevated;
knockdown of RIPK3 or inhibition of its activity can ameliorate depressive-like behaviors by reducing oxidative stress,
restoring synaptic function, and decreasing neuronal death.'* Taken together, these findings indicate that necroptosis is
involved in the pathogenesis of depression and that targeted inhibition of the RIPK1/RIPK3/MLKL axis may serve as
a novel strategy for the treatment of depression.

Cuproptosis is a novel form of programmed cell death triggered by copper and was first proposed by Science in
2022.%° Copper, an essential trace element in the human body, plays a crucial role in biological processes such as
mitochondrial respiration, antioxidant defense, and neurotransmitter production. However, excessive copper can be toxic
to cells or tissues, leading to copper overload or copper poisoning.®® Cuproptosis depends on intracellular copper levels
and the lipoylation status of tricarboxylic acid cycle enzymes and is mediated by two mitochondrial protein toxicity stress
pathways. When cells are exposed to the copper ionophore elesclomol, copper homeostasis regulated by the copper
transporters SLC31A1 and ATPase copper transporting alpha/beta (ATP70/B) is disrupted, resulting in intracellular
copper accumulation.*’ Mitochondrial matrix reductase FDX1 catalyzes the reduction of Cu?" to Cu” and increases
mitochondrial Cu" availability.***" FDX1 also acts as a novel acylation effector, contributing to the accumulation of
lipoylated DLAT.***! Cu" binds to lipoylated DLAT and promotes disulfide bond-dependent aggregation of lipoylated
DLAT, thereby leading to the accumulation of toxic acylated DLAT.** Concurrently, the loss of Fe-S protein induces
proteotoxic stress, ultimately resulting in cuproptosis (Figure 6). Research indicates elevated levels of copper ions in the
serum of depressed animals."” This disruption of copper homeostasis may be involved in the pathogenesis of depression
by inducing oxidative stress and inflammatory responses.®? In summary, cuproptosis is a newly discovered pattern of
PCD; however, research on this mechanism in the field of depression is still in its infancy and urgently requires in-depth
verification.

Connections Between Different Types of PCD

Apoptosis, pyroptosis, autophagy, ferroptosis, necroptosis, and cuproptosis are involved in the pathophysiological
progression of depression, with each mode exhibiting unique cell biological, morphological, and biochemical character-
istics. In depression, multiple types of PCD may coexist and interact through complex mechanisms.

As a key regulatory molecule, Caspase-8 connects apoptosis, pyroptosis, and necroptosis. It serves as a core initiator
of the extrinsic apoptotic pathway and inhibits the RIPK3/MLKL-mediated necroptotic pathway. However, when the
enzymatic activity of Caspase-8 is lost and necroptosis is blocked, its expression triggers ASC formation, Caspase-1
activation, and IL-1p release, thereby initiating pyroptosis.®® This “molecular switch” property suggests that Caspase-8
could serve as a therapeutic target for integrating multiple forms of PCD. Ferroptosis and cuproptosis, as metal ion-
dependent forms of PCD, are interconnected through the action of GSH. As a core antioxidant, GSH plays dual roles in
both ferroptosis and cuproptosis. It can inhibit ferroptosis by reducing lipid peroxides via the GSH/GPX4 pathway,”' and
can also chelate excessive intracellular Cu” to reduce its aggregation of lipoylated proteins and damage Fe-S protein,
thereby blocking cuproptosis.”’® GSH depletion not only enhances ferroptosis sensitivity but also leads to Cu" accumula-
tion. The latter can degrade SLC7A11 by increasing ROS levels, preventing cystine from entering cells, further inhibiting
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Figure 6 Molecular mechanisms of necroptosis and cuproptosis. Necroptosis is triggered by death receptors. For example, the binding of TNF-o to TNFRI first promotes
the assembly of Complex | at the plasma membrane, which contains RIPKI. Subsequently, upon deubiquitination of RIPKI, this membrane-associated complex dissociates
and reforms in the cytosol as Complex Il, which contains RIPKI, caspase-8, FADD, and other components. When the activity of Caspase-8 is inhibited, the necroptosis
pathway is initiated: RIPK1 is phosphorylated and binds to RIPK3 to form necrosomes; phosphorylated RIPK3 then phosphorylates MLKL, leading to its oligomerization and
translocation to the cell membrane; and oligomerized MLKL alters membrane permeability by increasing Na* and Ca®" influx, forming membrane pores, and ultimately
disrupting membrane integrity, triggering necroptosis. Cuproptosis is triggered by excessive copper, and its occurrence depends on intracellular copper accumulation and the
lipoylation state of mitochondrial tricarboxylic acid cycle enzymes. When the copper ionophore Elesclomol disrupts copper homeostasis regulated by the copper
transporters SLC3IAI/ATP7a/p, it leads to intracellular copper accumulation; the mitochondrial matrix reductase FDXI reduces Cu** to Cu® and releases it into
mitochondria, whereas FDXI, as an acylation effector, promotes the accumulation of lipoylated DLAT proteins. Cu* binds to lipoylated DLAT, triggering disulfide bond-
dependent aggregation to form toxic aggregates, accompanied by the loss of iron—sulfur cluster proteins, ultimately inducing proteotoxic stress and leading to cell death. This
diagram was created at https://www.biorender.com.

GSH synthesis, and triggering ferroptosis.®* Furthermore, ferroptosis and necroptosis are linked through ROS and lipid
metabolism. ROS are key factors that induce necroptosis; iron overload activates necroptosis by increasing ROS levels
and stimulating the opening of the mitochondrial permeability transition pore (MPTP).®> MLKL may inhibit ferroptosis
by altering PUFA-containing phospholipids, while the overexpression of ACSL4, a key enzyme in ferroptosis, can
downregulate GPX4 and weaken the cellular membrane response to MLKL, thereby inhibiting necroptosis.®® Conversely,
knockdown of ACSL4 suppresses ferroptosis and activates necroptosis.®”

Autophagy serves as a core regulatory node in the PCD network, interacting extensively with other death modalities.
Autophagy and apoptosis can influence each other through mitochondrial function, antiapoptotic proteins, and the
mammalian target of rapamycin (mTOR) signaling pathway. The antiapoptotic proteins BCL-2/BCL-XL prevent the
formation of the autophagy-initiating complex between Beclin-1 and VPS34 by binding to Beclin-1, a key autophagic
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molecule, while also inhibiting apoptosis by suppressing proapoptotic proteins such as BAX/BAK.®” In contrast, BH3-
only proteins competitively bind to BCL-2/BCL-XL, relieving the inhibition of both Beclin-1 and BAX/BAK, thereby
coordinately activating autophagy and apoptosis.®® mTOR is a core inhibitor of autophagy. Ablation of Raptor, a positive
regulator of mTORCI, can activate Caspase-3, induce mitochondrial dysfunction, and promote both apoptosis and
autophagy.®® Mitophagy can inhibit apoptosis by degrading mitochondria with increased permeability, preventing the
release of apoptosis-inducing factors such as cytochrome c into the cytoplasm.’® The relationship between autophagy and
necroptosis remains controversial. Studies have shown that necroptosis is often accompanied by autophagy activation,
and its inhibitor necrostatin-1 can reduce the level of the autophagy marker LC3-II and block autophagy.”' However, the
activated necroptotic effector protein MLKL is partially retained in autophagosomes, interfering with the fusion and
degradation of autophagosomes and lysosomes and thereby inhibiting the completion of autophagy.”” In addition,
mitophagy can regulate intracellular ROS levels, trigger the opening of the MPTP, and induce necroptosis through the
RIP1/RIP3/MLKL pathway.”> There is also a complex bidirectional regulatory relationship between autophagy and
pyroptosis. On the one hand, autophagy can activate Caspase-3 through activating the intrinsic Caspase-9 and extrinsic
Caspase-8 apoptotic pathways and then cleave GSDME to promote pyroptosis.”* On the other hand, it can degrade the
NLRP3 inflammasome and inhibit Caspase-1 activity to suppress pyroptosis.”> Conversely, IL-1p released by pyroptosis
can induce autophagy, whereas activated NLRP4 inhibits the initiation of autophagy by binding to Beclin-1.”° Ferroptosis
and cuproptosis also interact with autophagy. Ferroptosis is regulated mainly by iron homeostasis and oxidative stress,
with iron homeostasis partially controlled by ferritin. During ferroptosis, autophagy induces the release of intracellular
free iron through NCOA4-mediated ferritinophagy, triggering the Fenton reaction.’®’” Inhibiting NCOA4 or disrupting
autophagy can eliminate the accumulation of Fe*" and ROS caused by ferroptosis.”’” Additionally, Beclin-1 can bind to
SLC7AL11, reducing GSH synthesis and thereby triggering ferroptosis.”” Cu" induces autophagy by generating ROS
through the Fenton reaction. Excessive ROS can overactivate autophagy, accelerating cell death by selectively degrading
damage-resistant or antioxidant proteins.”® Excess copper can also promote autophagy by increasing ATG expression,
regulating the AMPK/mTOR pathway, activating transcription factor EB, and binding to ULK1/2.”°

The aforementioned research indicates that different modes of PCD do not exist in isolation during the development
and progression of depression. Instead, they may form an intricate interactive network that collectively regulates its
pathological process, underscoring the complexity and significance of cell death in depression. Shifting the focus from
single pathways to multi-pathway interactive networks will not only contribute to a comprehensive understanding of the
pathogenesis of depression but may also provide a theoretical basis for developing multi-target therapeutic strategies.

Research on TCM Targeting PCD for the Treatment of Depression

The dysregulation of PCD has been identified as a core pathological mechanism of depression, and TCM, with its
therapeutic characteristics of multiple components and multiple targets, has shown significant advantages in the precise
regulation of the PCD network.

Apoptosis

Targeting apoptosis is a key strategy for alleviating neural damage in depression, with mechanisms involving the
intrinsic, extrinsic, and ER pathways. TCM can effectively ameliorate depressive symptoms by regulating the afore-
mentioned networks to reduce apoptosis. Berberine is a natural isoquinoline alkaloid extracted from Chinese medicinal
materials such as Curcuma longa L., Coptis chinensis Franch. and Phellodendron chinense. It has multiple pharmaco-
logical effects, including anti-inflammatory, antioxidant, and antibacterial properties. Studies have confirmed that it can
ameliorate depressive symptoms by activating the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/cyclic
adenosine monophosphate-response element binding protein (CREB)/brain-derived neurotrophic factor (BDNF) signal-
ing pathway, inhibiting inflammatory responses, downregulating the expression levels of the proapoptotic proteins BAX
and Caspase-3, and increasing the expression of the antiapoptotic protein BCL-2.*" In addition to its anti-inflammatory,
bacteriostatic, antiviral, and antioxidant effects, syringa oblata Lindl. can exert antidepressant effects by regulating the
cyclic adenosine monophosphate-protein kinase A/CREB/BDNF pathway, reducing the levels of BAX and Caspase-3,
increasing the level of BCL-2, alleviating neuronal apoptosis, and promoting the recovery of neuroplasticity.®' Gastrodin,
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an extract from the dried rhizomes of Gastrodia elata, has been shown in network pharmacology-based animal
experiments to increase the levels of serotonin, dopamine, and norepinephrine and ameliorate depressive-like behaviors
in CUMS rats via a mechanism involving the inhibition of the Caspase-3-mediated apoptotic pathway.®* Rehmannioside,
the main active component of Rehmannia glutinosa, exerts antidepressant effects by inhibiting the expression of BAX,
Caspase-3, and ERS-related proteins such as glucose regulated protein 78kDa, X-box binding protein 1, ATF6, ATF4,
and CHOP, increasing the level of BCL-2, and simultaneously inhibiting the excessive activation of the mitogen-
activated protein kinase signaling pathway.®® Arctigenin, the main pharmacologically active component of Arctium
lappa L., possesses various biological properties, such as anti-inflammatory and antiviral effects. It can regulate extrinsic
apoptosis by modulating the TNF-o/TNFR1/nuclear factor kappa-B (NF-kB) signaling pathway and inhibiting microglial
activation and neuroinflammation, thereby exerting antidepressant effects.”® According to studies on Chinese herbal
compounds, Baihe Dihuang decoction can alleviate depressive symptoms by regulating the silent information regulator
sirtuin 1 (SIRT1)/high mobility group box 1 protein signaling pathway, inducing M2 polarization of microglia, and
reducing neuroinflammation and neuronal apoptosis.® Additionally, in the field of acupuncture therapy, acupuncture at the
Shangxing (GV23) and Fengfu (GV16) acupoints can activate the extracellular regulated protein kinases (ERK) signaling
pathway, regulate the expression of apoptosis-related proteins (upregulating BCL-2 and downregulating BAX and
Caspase-3), reduce hippocampal neuronal apoptosis, and produce antidepressant effects.” Therefore, targeting apoptotic
pathways can serve as an effective strategy for depression intervention and provide novel combinatorial targets for
subsequent multimodal combination therapies.

Pyroptosis

Currently, the core mechanism by which TCM intervenes in the pyroptosis process to improve depression lies in the
inhibition of the NLRP3-mediated pyroptosis pathway. Saikosaponin, derived from the roots of Bupleurum scorzoner-
ifolium Willd., possesses pharmacological properties such as anti-inflammatory and antibacterial effects. Studies have
shown that it can target and bind to the P2X7 receptor, downregulate its expression, and suppress activation of
downstream pyroptosis-related proteins such as NLRP3, Caspase-1, and GSDMD, thereby reducing microglial pyropto-
sis, repairing the morphology of hippocampal neurons, and ultimately ameliorating depressive-like behaviors.?’
Salidroside, an active extract from Rhodiola rosea L., has antioxidant and immunomodulatory effects. This component
exerts antidepressant effects by downregulating the expression of proteins related to the P2X7/NF-kB/NLRP3 signaling
pathway and simultaneously increasing hippocampal BDNF levels.** Isoliquiritin, a major flavonoid glycoside extracted
from licorice, possesses pharmacological activities such as antiangiogenic, antineurotoxic, and antitumor effects. It exerts
antidepressant effects by upregulating MicroRNA-27a and targeting and inhibiting spleen tyrosine kinase gene transcrip-
tion, thereby blocking the NF-kB-mediated NLRP3 pyroptotic cascade, reducing the release of inflammatory factors,
inhibiting neuronal pyroptosis.85 Paeoniflorin, the main active component of Radix Paeoniae Rubra and Radix Paeoniae
Alba and it exhibits anti-inflammatory and sedative effects. It can reduce the levels of proinflammatory cytokines in the
hippocampus, inhibit excessive activation of microglia and neuronal damage, and simultaneously ameliorate depressive
symptoms by upregulating SIRTI protein expression and downregulating the levels of pyroptosis-related proteins.®
Additionally, acupuncture at Shangyang (LI1) and Fengfu (GV16) can inhibit the NLRP3-mediated pyroptotic pathway
in the hippocampus, alleviate neuroinflammation and neuronal damage, and exert antidepressant effects.®® In summary,
TCM can effectively inhibit the activation and expression of pyroptosis-related proteins by targeting the NLRP3
inflammasome and its regulatory network, ultimately improving depressive-like behaviors. This provides an important
target for the clinical treatment of depression on the basis of TCM theory.

Autophagy

In terms of exerting antidepressant effects, Chinese medicine monomers and compounds promote mainly autophagy.
Saffron is a TCM with anti-inflammatory and antibacterial properties. Studies have shown that kaempferol-3-O-sophoro-
side, an extract from saffron petals, can specifically bind to AMPK, activate its downstream pathways, promote BDNF-
mediated neuroplasticity, and induce enhanced autophagy—characterized by an increased LC3-II/LC3-I ratio, upregu-
lated Beclin-1 expression, and downregulated p62 expression—thereby ameliorating depressive symptoms.'”
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Ginsenoside Rbl, an active component of the Chinese herb ginseng, has multiple effects, such as anti-inflammatory,
antitumor, and antibacterial properties. It clears damaged mitochondria by activating mitophagy, reduces ROS produc-
tion, inhibits NF-kB pathway-mediated NLRP3 activation, alleviates astrocyte pyroptosis, protects hippocampal neurons,
and improves synaptic plasticity.® Gypenosides, triterpenoid saponins extracted from Gynostemma pentaphyllum
(Thunb.) Makino, have antitumor, anti-aging, and antioxidant effects. Studies have confirmed that gypenosides can
activate SIRT1, enhance the mitochondrial PTEN-induced putative kinase 1/Parkin pathway, and promote mitophagy,
thereby inhibiting oxidative stress and neuroinflammation and ameliorating depressive-like behaviors.®” Resveratrol,
a natural polyphenolic phytoalexin, reshapes mitochondrial dynamics by activating the SIRT1/Peroxisome prolilerator-
activated receptor y coactivator lalpha/SIRT3 pathway, promotes mitophagy, alleviates inflammatory responses and
neuronal apoptosis, and relieves depressive symptoms.®® The Chinese herbal compound Xiaoyaosan can enhance
microglial autophagy by inhibiting the activation of the PI3K/AKT/mTOR pathway, thereby suppressing M1 polarization
and neuroinflammation and ultimately ameliorating LPS-induced depressive-like behaviors.®® In contrast, acupuncture
therapy mainly inhibits excessive autophagy. Electroacupuncture at Baihui (GV20) and Governor Vessel can improve
CUMS-induced depressive-like behaviors by inhibiting the autophagy in the hippocampus. However, it primarily
downregulates LC3-1I/LC3-I ratio to inhibit autolysosome formation, with little effect on Beclin-1, suggesting that its
action may be independent of the Beclin-1 pathway.”® Therefore, regulating the bidirectional balance of autophagic
function is an important approach to improve depressive-like behaviors, which provides a more comprehensive

perspective for TCM in the treatment of depression.

Ferroptosis

Ferroptosis is an important link in the pathogenesis of depression, and TCM has shown significant effects in regulating
ferroptosis to improve depression. Resveratrol, a natural polyphenolic substance, has antioxidant, anti-inflammatory,
anticancer, and cardiovascular protective effects. Studies have shown that resveratrol can effectively inhibit lipid
peroxidation and iron overload by activating the AKT/nuclear factor erythroid 2-related factor 2 (NRF2) pathway and
increasing the expression of antioxidant and iron metabolism-related molecules such as heme oxygenase-1 (HO-1),
GPX4, SLC7AI11, and FTHI, thereby blocking the ferroptosis process and ameliorating depressive-like behaviors.”'
Asiaticoside, a triterpenoid compound extracted from Centella asiatica, has multiple pharmacological effects, such as
antitumor, anti-inflammatory, and antifibrotic properties. This component can exert antidepressant effects by activating
the BDNF/NRF2/GPX4 signaling pathway to inhibit ferroptosis in hippocampal neurons while repairing mitochondrial
damage and alleviating neuroinflammation.”® Hydroxysafflor yellow A, a natural flavonoid compound isolated from
safflower, can activate the SIRT1/NRF2/NF-kB signaling pathway to promote the recovery of GPX4 and SLC7All
protein expression, reduce the hippocampal Fe?* concentration, block ferroptosis, simultaneously inhibit excessive
activation of microglia, alleviate neuroinflammation, and ameliorate depressive symptoms.”® Saikosaponin B2 has
been shown to upregulate the levels of GPX4, SLC7Al11, and FTHI1; downregulate the levels of ACSL4 and TFR1;
reduce the intracellular Fe*" concentration and ROS levels; and inhibit iron-dependent lipid peroxidation. Moreover,
saikosaponin B2 can alleviate depression through dual regulation of inflammatory responses: it inhibits the TLR4/NF-xB
pathway; reduces excessive activation of microglia and the release of IL-1B, IL-6, and TNF-a; and increases IL-10
levels.”* The Chinese herbal compound Xiaoyaosan can improve depressive-like behaviors in CUMS model mice by
inhibiting phosphatidylethanolamine binding protein 1-GPX4-mediated ferroptosis, regulating the ERK signaling path-
way, and modulating the functions of neuroglial cells.”® In acupuncture therapy, acupuncture at the Shangxing (GV23)
and Fengfu (GV16) acupoints inhibits ferroptosis by activating the hippocampal SIRT1/NRF2/HO-1/GPX4 pathway,
suppressing the TLR4/NF-kB pathway, reducing glial cell activation, decreasing the hippocampal Fe** content, and thus
relieving ferroptosis-induced depressive-like behaviors.”® TCM regulates ferroptosis-related processes, highlighting its
multidimensional antidepressant effects and indicating that targeting ferroptosis has important research value and

application prospects in the treatment of depression.
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Necroptosis and Cuproptosis

Currently, research on improving depression through targeting necroptosis and cuproptosis is in its infancy. For the
regulation of necroptosis, studies have focused mainly on inhibiting the activation of the RIPK1/RIPK3/MLKL pathway.
Xiaoyaosan can downregulate the expression levels of hippocampal RIPK1, RIPK3, MLKL, and p-MLKL, inhibit
excessive activation of microglia, reduce hippocampal neuroinflammation, and thus relieve depressive-like
behaviors.”” Notably, copper homeostasis imbalance and copper-mediated cuproptosis are also considered potential
mechanisms involved in the pathogenesis and progression of depression. Studies have confirmed that electroacupuncture
at Baihui (GV20), Cuanzhu (BL2), Fenglong (ST40), and Taichong (LR3) can effectively reduce serum copper levels,
accompanied by the relief of depressive symptoms.'® Given that both pathways are still in the early stages of research,
future studies should further clarify their activation characteristics and crosstalk with apoptosis, ferroptosis, and
autophagy to construct more targeted combined intervention strategies.

Conclusion

Depression is a multifactorial psychiatric disorder, whose pathogenesis involves the dysregulation of multiple PCD
pathways. These aberrant PCD processes drive core pathological changes such as neuroinflammation, oxidative stress,
and impaired synaptic plasticity, thereby forming a crucial pathophysiological basis for depression. Notably, different
PCD pathways exhibit extensive crosstalk at the molecular level and can even be co-activated under specific conditions,
forming a complex regulatory network. Therefore, in-depth investigation into the molecular mechanisms and interactions
of PCD in depression is of great significance for unraveling the complex etiology of the disease and expanding effective
therapeutic strategies. The complexity and interconnectivity of PCD in depression highlight the limitations of single-
target therapies, while underscoring the unique value of the holistic perspective and multi-target therapeutic concept of
TCM. Current studies have achieved substantial progress in describing how TCM monomers, formulae, and acupuncture
regulate specific PCD pathways. By targeting core signaling pathways, TCM enables the precise regulation of PCD,
providing abundant candidate regimens and therapeutic targets for clinical practice. However, several obvious limitations
remain. First, existing studies are predominantly focused on classical pathways such as apoptosis and autophagy, whereas
the regulatory mechanisms of newer forms of PCD (e.g., cuproptosis and necroptosis) in depression remain poorly
understood and lack experimental validation. Research on how TCM influences these novel PCD types is also scarce.
Furthermore, there is a lack of studies exploring the interactions among different PCD pathways in depression from the
perspective of shared molecular mechanisms and how TCM may exert multi-target regulatory effects across these
pathways. In the future, on the basis of clarifying the mechanisms of various PCD pathways and conducting balanced
TCM-related research, more attention should be paid to the crosstalk between different PCD modes. Additionally, large-
scale clinical studies are required to validate the diagnostic value of PCD biomarkers in patients with depression, and to
further clarify the efficacy of TCM in improving patients’ clinical symptoms and quality of life through regulating these
biomarkers. Second, variations in dosage, purity, and formulation exist in preclinical experiments, which affect the
reproducibility and reliability of study results. Future efforts should strengthen the standardization of TCM intervention
protocols to ensure the scientific rigor of research findings and their clinical applicability. Finally, current studies mainly
focus on verifying the regulatory effects of TCM on PCD, with almost no “head-to-head” comparisons between TCM
and conventional antidepressants in terms of their impact on PCD modulation, nor relevant analyses of their combined
application. Strengthening research on the synergistic and complementary mechanisms between TCM and modern
antidepressants will not only help optimize clinical treatment strategies but also provide new scientific evidence for
personalized therapy and nursing interventions, thereby better improving patients’ prognosis and quality of life.
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200 kD; FTH1, Ferritin heavy chain; Glu, Glutamate; GPX4, Glutathione peroxidase 4; GSH, Glutathione; GSDMD,
Gasdermin D; HO-1, Heme oxygenase-1; IAPs, Inhibitors of apoptosis proteins; IL-1B/18/6/10, Interleukin-13/18/6/10;
IREloq, Inositol-requiring enzyme la; LC3, Microtubule-associated protein 1 light chain 3; LOXs, Lipoxygenases;
LPCAT3, Lysophosphatidylcholine acyltransferase 3; LPS, Lipopolysaccharide; MDA, Malondialdehyde, MLKL,
Mixed lineage kinase domain like pseudokinase; MOMP, Mitochondrial outer membrane permeabilization, MPTP,
Mitochondrial permeability transition pore; mTORC1, Mechanistic target of rapamycin complex 1; mTOR, mammalian
target of rapamycin; NCOA4, Nuclear receptor coactivator 4; NF-kB, Nuclear factor kappa-B; NLRP3, NOD-like
receptor family pyrin domain—containing 3; NRF2, Nuclear factor erythroid 2-related factor 2; P62, Sequestosome 1;
P2X7, Purinergic receptor P2X7; PAMPs, Pathogen-associated molecular patterns; PCD, Programmed cell death; PE,
Phosphatidylethanolamine; PERK, Protein kinase RNA-like endoplasmic reticulum kinase; PFC, Prefrontal cortex;
PI3K, Phosphoinositide 3-kinase; PI3P, Phosphatidylinositol-3-phosphate; PRRs, Pattern recognition receptors; PUFA-
PLs, Polyunsaturated fatty acid-phospholipids; PUFAs, Polyunsaturated fatty acids; PUFA-PL-OOH, Polyunsaturated
fatty acid—containing phospholipid hydroperoxide; PUFA-CoA, polyunsaturated fatty acid—coenzyme A; RIPK1/3,
Receptor-interacting serine/threonine-protein kinase 1/3; ROS, Reactive oxygen species; SIRT1/3, Silent information
regulator sirtuin 1/3; SLC7A11, Solute carrier family 7 member 11; SLC3A2, Solute carrier family 3 member 2;
SLC31A1, Solute carrier family 31 member 1; SMAC, Second mitochondria-derived activator of caspases; STEAP3,
Six-transmembrane epithelial antigen of prostate 3; tBID, Truncated BID; TCM, Traditional Chinese medicine; TFR1,
Transferrin receptor protein 1; TLR3/4, Toll like receptor 3/4; TNF-a, Tumor necrosis factor-a; TNFR1, Tumor necrosis
factor receptor 1; TRADD, Tumor necrosis factor receptor-associated death domain protein; TRAF2/5, TNF receptor
associated factor 2/5; TRAIL, TNF-related apoptosis-inducing ligand; TRAIL-R1/R2, TNF-related apoptosis-inducing
ligand receptor 1/2; ULK1, UNC-51-like kinase 1; VPS34/15, Vesicular protein sorting 34/15.
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