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Ferroptosis, a newly identified form of cell death, is characterized by excessive
iron accumulation and lipid peroxidation. Studies indicate a strong association
between ferroptosis and depression; however, the precise signaling pathways and
underlying molecular mechanisms remain unclear. This review summarizes the
role of ferroptosis in depression and its associated signaling pathways. Additionally,
therapeutic approaches for depression based on ferroptosis theory are reviewed,
providing novel targets for the prevention and treatment of depression and laying
a foundation for future research on the relationship between ferroptosis and
depression.
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1 Introduction

Depression is a major global health issue, characterized by pervasive, chronic, and
recurrent episodes of depressed mood and agitation (Du et al., 2023), often accompanied by
symptoms such as negative attitudes, reduced appetite, and pain (Bair et al., 2003). In recent
years, the prevalence of depression has been rising, with incidence in men approximately half
that in women, while the suicide rate in men is 3-4 times higher than in women (Swetlitz,
2021). Depression is also a leading cause of disability worldwide. In 2022, the World Health
Organization (WHO) reported a 25% increase in global cases of anxiety and depression
following the COVID-19 pandemic, affecting approximately 300 million people worldwide
(Lucero-Prisno et al., 2023; Zhou et al., 2021). By 2030, depression is projected to be one of
the primary causes of mortality globally (Tian et al., 2013). Currently, two major challenges
remain in addressing depression. First, there is no definitive cure; international approaches
primarily involve pharmacotherapy and psychological counseling, which are often associated
with delayed effectiveness and significant side effects. Second, the pathogenesis of depression
is still not clearly understood. Multiple factors are believed to contribute to the development
of depression, including neurotransmitter metabolism (Schildkraut et al, 1972),
neuroendocrine function (Min et al., 2012), inflammatory cytokines (Raison et al., 2006),
mitochondrial function (Song et al., 2023), oxidative stress (Bhatt et al., 2020), pyroptosis (Li
etal, 2021), and the perineuronal net (PNN) (Yu et al., 2020) (Figure 1). Therefore, exploring
the pathophysiological mechanisms of depression and identifying effective treatments are
urgent priorities.

In 2012, Dixon et al. (2012) first proposed the concept of “ferroptosis,” an iron-dependent
form of cell death. Ferroptosis is defined by excessive intracellular iron accumulation due to
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FIGURE 1
Mechanisms of depression (5-HT, 5-hydroxytryptamine; DA, dopamine; NE, norepinephrine; GABA, y-aminobutyric acid; Glu, Glutamate; Gln,
Glutamine; NMDA, N-methyl-D-aspartate receptor; TH, thyroid hormone; TRH, thyrotropin-releasing hormone; TSH, thyroid stimulating hormone;
ACTH, adrenocorticotropic hormone; CRH, corticotropin releasing hormone; NLRP3, NLR Family, Pyrin Domain Containing 3; Pro-IL- 1f, Pro-
Interleukin 1p; Pro-IL-18, Pro-Interleukin 18; IL-18, interleukin-18; IL-1, interleukin-1p; TNF-a, tumor necrosis factor-a; ROS, reactive oxygen species;
8-OHdG, 8-hydroxydeoxyguanosine; MDA, malondialdehyde; SOD, superoxide dismutase; F2-iPs, F2-isoprostanes; IL-2, interleukin-2; IL-6,
interleukin-6; GSDMD, gasdermin D; LPS, Lipopolysaccharide; PNNs, perineuronal nets).

metabolic imbalance, where Fe?* generates a large amount of hydroxyl
radicals (OH) through the Fenton reaction (Figure 2). This process
catalyzes the oxidation of polyunsaturated fatty acids (PUFAs) in cell
membranes, producing excess lipid peroxides that cannot be cleared
by an inactivated antioxidant defense system, such as the
Xc-GSH-GPX4 axis. This results in cell membrane damage and
ultimately leads to ferroptosis (Yao et al., 2021). Morphologically,
genetically, and biochemically, ferroptosis is distinct from traditional
forms of cell death, such as apoptosis, necrosis, and autophagy (Xu
S. et al,, 2021). Morphologically, cells undergoing ferroptosis exhibit
shrunken mitochondria with increased membrane density, ruptured
outer membranes, and reduced or absent cristae, impairing
mitochondrial function. Genetically, ferroptosis involves altered
expression of genes regulating iron homeostasis and lipid oxidation.
For instance, activating transcription factor 3 (ATF3) binds to the
solute carrier family 7 member 11 (SLC7A11) promoter, suppressing
SLC7A11 expression, which reduces levels of glutathione (GSH) and
glutathione peroxidase 4 (GPX4) and hinders the reduction of lipid
peroxides. Concurrently, the activity of ACSL4 (acyl-CoA synthetase
long-chain family member 4), a driver of ferroptosis, is increased,
promoting fatty acid metabolism and exacerbating lipid oxidation in
cell membranes (Tang D. et al., 2021). Additionally, the expression of
ferritin heavy polypeptide 1 (FTH1), an iron-storage protein,
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FIGURE 2

Mechanism of fenton reaction-induced phospholipid peroxidation: a
schematic representation. The Fenton reaction involves the catalysis
of hydrogen peroxide (H,O,) decomposition by ferrous ions (Fe?*),
generating highly reactive hydroxyl radicals (-OH) and hydroxide ions
(OH"). These hydroxyl radicals are potent oxidants that attack lipid
molecules within cells, abstracting a hydrogen atom and forming lipid
radicals (PUFA-). Lipid radicals react with oxygen to produce peroxyl
radicals (PUFAOQ:-), which subsequently attack neighboring lipid
molecules, initiating a chain reaction of lipid peroxidation, leading to
the formation of lipid hydroperoxides (LOOH). Lipid hydroperoxides
(LOOH) are unstable and can decompose, generating more free
radicals or breaking down into aldehydes (such as malondialdehyde,
MDA), ultimately causing cellular damage and dysfunction.
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decreases, while the tumor suppressor gene p53 accelerates ferroptosis
by transcriptionally inhibiting SLC7A11 expression (Yang et al., 2022).
Biochemically, ferroptosis involves two main components: iron
accumulation and lipid peroxidation. Excess iron generates reactive
oxygen species (ROS) through the Fenton reaction, activating the
mitogen-activated protein kinase (MAPK) pathway, reducing cystine
uptake, depleting intracellular GSH, inhibiting the cystine/glutamate
antiporter System XC-, and increasing nicotinamide adenine
dinucleotide phosphate (NADPH) oxidation. Meanwhile, ROS
oxidizes PUFAs in membrane phospholipids to lipid peroxides,
leading to cell rupture and death (Figure 3).

Ferroptosis is associated with the occurrence and progression of
multiple diseases, including cardiovascular diseases, kidney diseases,
gastrointestinal disorders, cancers, and various neurodegenerative
diseases (Wu et al., 2021; Martin-Sanchez et al., 2020; Xu et al., 2020;
Qiu et al., 2020). Recent studies indicate that ferroptosis plays a
significant role in the pathogenesis of depression. Proteomic analysis
of hippocampal tissue from chronic unpredictable mild stress
(CUMS) mice reveals 47 differentially expressed proteins with
biological functions when compared to control groups. Among
these, receptor-interacting protein 3 (RIP3), phosphorylated mixed
lineage kinase domain-like protein (p-MLKL), and ferritin light

10.3389/fnins.2025.1559597

chain 1 (FTL1) exhibit significant changes in expression and are
associated with ferroptosis (Cao et al, 2021). Furthermore,
ferroptosis-related genes, such as ALOX15B (Arachidonate-15-
Lipoxygenase, Type B) and RPLPO (ribosomal protein lateral stalk
subunit PO), have been identified as potential biomarkers for
diagnosing depression (Chen et al., 2023). Inhibiting ferroptosis has
been shown to alleviate depressive symptoms, suggesting that
ferroptosis may represent a novel therapeutic target for depression
with broad research prospects (Xu et al., 2022; Wang L. et al., 2023).

Therefore, this review focuses on animal models of depression
with a focus on ferroptosis, systematically summarizing the
underlying mechanisms of the disease and existing therapeutic
strategies, with the aim of providing a foundation for future in-depth
investigations and the development of novel therapeutic approaches.

2 The relationship between
GPX4-mediated signaling pathways of
ferroptosis and depression

GPX4, a member of the glutathione peroxidase (GPX) superfamily,
serves as a key regulator of ferroptosis. GPX4 is a lipid-dependent
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Main pathways of ferroptosis. Various pathways promote intracellular lipid peroxidation, leading to cell membrane rupture and subsequent ferroptosis.
The processes associated with the occurrence of ferroptosis include cysteine metabolism, iron metabolism, inhibition of GPX4, suppression of NRF2
activity, and oxidation of polyunsaturated fatty acids (PUFAs) (STEAP3, six transmembrane epithelial antigen of the prostate3; LIP, labile iron pool; DMT1,
divalent metal ion transporter 1; FTH, Ferritin Heavy chain; TfR1, Transferrin receptor 1; ACSL4, acyl-CoA synthetase long-chain family member 4;
CoQ10, coenzyme Q10; DHODH, dihydroorotate dehydrogenase; GPX4, glutathione peroxidase 4; GSH, glutathione; GCL, glutamate-cysteine
ligase;GGC, y-glutamylcysteine; GSSG, glutathione (Oxidized); GSR, glutathione reductase; GSS, glutathione synthetase CoQ10H2, ubiquinol; DHO,
Dihydroorotate; FSP1, ferroptosis suppressor protein 1HO-1, heme oxygenase-1; LPCAT3, lysophosphatidylcholine acyltransferase 3; Nrf2, nuclear
factor erythroid 2-related factor 2; PL-OOH, phospholipid hydroperoxide; PUFA, polyunsaturated fatty acid; PUFA-PL, phospholipid containing
polyunsaturated fatty acid chain; ROS, reactive oxygen species; BSO, buthionine sulfoximine; IPP, isopentenyl pyrophosphate;Keapl, kelch-like ECH-
associated protein 1; FPN, Ferroportin; NCOA4, the nuclear receptor coactivator 4).
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membrane repair enzyme that exists in several isoforms (cGPX4,
GI-GPX, P-GPX, pH-GPX). Among these isoforms, GPX4 is the only
enzyme capable of reducing esterified oxidized fatty acids and
cholesterol hydroperoxides (Conrad and Friedmann Angeli, 2015).
GPX4 plays a critical role in maintaining mitochondrial integrity and
protecting ATP production, being closely related to cellular antioxidant
functions (Yagi et al., 1998). GPX4 reduces phospholipid hydroperoxide
(PL-OORH) to lipid alcohol (PL-OH), thereby decreasing membrane
damage caused by uncontrolled lipid peroxidation.

In the absence of GPX4, the balance between the formation and
reduction of lipid hydroperoxides (LOOH) is disrupted, leading to
an imbalance in the cellular redox state. Unsaturated fatty acids
generate highly reactive lipid peroxides (LPO) through free radical
reactions. As the sole intracellular LPO-reducing enzyme, the lack of
GPX4 results in excessive accumulation of LPO, destabilizing
biological membranes, exacerbating oxidative stress, and ultimately
promoting ferroptosis (Ursini and Maiorino, 2020). When excessive
iron accumulates in the mitochondria, Fe?* generates a large amount
of hydroxyl radicals (-OH) through the Fenton reaction, resulting in
mitochondrial dysfunction and structural damage (Abe et al., 2022).
Increasing GPX4 expression can prevent oxidative stress-induced loss
of mitochondrial membrane potential, enhance ATP production, and
protect mitochondria from oxidative damage (Liang et al., 2007). The
signaling pathways through which ferroptosis affects depression are
predominantly mediated by GPX4.

2.1 PEBP1-GPX4 signaling pathway

Phosphatidylethanolamine-binding protein 1 (PEBP1) binds to
15-lipoxygenase (15-LO) to form the PEBP1/15-LO complex, which
serves as a primary regulator of ferroptosis (Wenzel et al., 2017). During
ferroptosis, the PEBP1/15-LO complex selectively reacts with one of the
polyunsaturated fatty acids (PUFA), ethanolamine plasmalogen of
(ETE-PE),
15-hydroperoxyeicosatetraenoyl-phosphatidylethanolamine
(15-HpETE-PE) that induces cellular ferroptosis (Kagan et al., 2017).
Studies show that the levels of GPX4 mRNA and protein are significantly
reduced in the hippocampus of CUMS mice, while the expression of

eicosatetraenoic  acid producing the peroxide

PEBP1 is upregulated and the levels of Fe and Fe?* are notably increased.
These findings suggest that iron accumulation is likely associated with
CUMS-induced depression. Following treatment with antidepressants,
not only do the depressive symptoms in mice improve significantly, but
GPX4 expression also increases markedly, total iron content decreases,
and PEBP1 levels drop, leading to improved cellular function (Jiao et al.,
2021; Geng et al, 2022). Additionally, injecting adipose-derived
mesenchymal stem cells (ADSC) into chronic mild stress (CMS)-
induced depressed mice results in ameliorated depressive behaviors and
elevated levels of PEBP1 and GPX4 in the hippocampus, indicating that
PEBP1 may serve as a bridge linking the pathogenesis of depression
with ferroptosis. The antidepressant effects of ADSC may be related to
the activation of the PEBP1-GPX4 axis.

2.2 IRF1/SLC7A11/GPX4 signaling pathway

The ferroptosis-related IRF1/SLC7A11/GPX4 signaling pathway
also plays an important role in depression (Tian et al., 2013).
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SLC7AL11 functions as a reverse transporter for glutamate (Glu),
participating in the release of glutamate and promoting the synthesis
of GSH, which is a crucial cofactor for the activity of GPX4 and an
important target for ferroptosis (Bassi et al., 2001). SLC7A11 exhibits
negative feedback regulation on ferroptosis; its downregulation leads
to decreased GSH synthesis, inhibiting GPX4 activity and weakening
the cell's antioxidant capacity, thereby increasing the risk of
ferroptosis (Koppula et al., 2021). IRF1 (interferon regulatory factor
1), a member of the IRF family, plays significant roles in tumor
suppression and immune regulation (Feng et al., 2021). Enhanced
expression of IRF1 inhibits GPX4 activity, exacerbates lipid
peroxidation, and promotes ferroptosis (Xu X. et al., 2021). Yao
constructed a mutant recombinant luciferase reporter gene (pGL3.0-
GPX4-M1) based on pGL3.0-GPX4-P1, discovering that mutations
in pGL3.0-GPX4-P1 block IRF1-mediated fluorescence decay. They
propose that under the stimulation of the pro-inflammatory cytokine
TNEF-q, IRFI can directly bind to the GPX4 promoter region (—1,498
to —1,239), affecting GPX4 transcription. ChIP-PCR assays further
validate this notion (Zhang Y. et al., 2022), suggesting that reducing
IRF1 levels can alleviate the transcriptional repression of GPX4,
thereby inhibiting ferroptosis.

2.3 FTH1/TFR1/GPX4 signaling pathway

FTHI1 protein is a critical component of ferritin, functioning to
reduce intracellular free iron by storing it (Kong et al., 2021), thereby
regulating cellular iron ion levels and playing an important role in
ferroptosis. Transferrin receptor 1 (TFR1) forms a complex with its
ligand transferrin (TF), jointly regulating cellular iron absorption.
Overexpression of TFRI increases iron uptake, enhancing cellular
sensitivity to ferroptosis, while knockdown of TFR1 improves erastin-
induced ferroptosis. TFR1 can serve as a specific biomarker for
ferroptosis, positively correlating with its occurrence (Lan et al., 2023;
Chen et al.,, 2023). During ferroptosis, levels of FTHI1 and GPX4
decrease while TFR1 levels increase. TFR1, which is localized in the
Golgi apparatus, translocates to the cytoplasmic membrane and
facilitates the transport of extracellular ferritin into the cell, accelerating
the ferroptosis process (Tang L. J. et al., 2021; Lu et al., 2020; Zhao
et al., 2022; Yang and Stockwell, 2008). Zhang M. et al. (2022) observed
the activation of ferroptosis in the nucleus of the nucleus accumbens
of chronic restraint stress (CRS)-induced depressed rats (Proulx et al.,
2014; Lawson et al., 2017). After treatment with amiodarone, they
found significant recovery in the previously reduced expressions of
FTH1 and GPX4, alongside a marked decrease in Trfl expression,
resulting in rapid alleviation of depressive-like symptoms. This
suggests that regulating the FTH1/TFR1/GPX4 signaling pathway may
inhibit ferroptosis as a potential treatment for depression.

2.4 ALKBH5-PRMT2--catenin-GPX4
signaling pathway

The ALKBH5-PRMT2--catenin-GPX4 axis is believed to play an
important role in promoting LPS (lipopolysaccharide)-induced
ferroptosis in microglial cells, providing new insights into the
pathogenesis of depression. ALKBH5-mediated N6-methyladenosine
(m6A) modification enhances the stability of PRMT2 mRNA;
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abnormal m6A modifications are often associated with depressive-like
behaviors. It has been reported that f-catenin can reduce the
production of lipid peroxides, and the B-catenin/TCF4 transcription
complex can directly bind to the promoter region of GPX4 to activate
its transcription, thereby inhibiting ferroptosis (Wang Y. et al., 2022).
PRMT? (protein arginine methyltransferase 2) promotes the arginine
methylation of p-catenin, leading to the degradation of p-catenin
protein and subsequently inhibiting GPX4 transcription. In the
LPS-induced depression model, the demethylation function of
m6A-modified PRMT2 mRNA is inhibited, resulting in increased
expression of PRMT2 in BV2 cells and the hippocampus, while
ALKBHS5, SLC7A11, and GPX4 expressions decrease, facilitating
ferroptosis. When ALKBHS5 is overexpressed, PRMT?2 expression is
inhibited, alleviating ferroptosis. This suggests that ALKBH5 may
alleviate ferroptosis in BV2 cells and improve depressive symptoms by
inhibiting PRMT?2 through the p-catenin-GPX4 axis (Mao et al., 2024).

In summary, various proteins interact with GPX4 to play
significant roles in the process of ferroptosis. GPX4-mediated
ferroptosis-related signaling pathways represent promising targets for
the treatment of depression (Zhang et al., 2024).

3 The relationship between
Nrf2-related signaling pathways in
ferroptosis mechanisms and
depression

Nrf2 (nuclear factor erythroid 2-related factor 2) is a critical
transcription factor that regulates cellular oxidative stress responses.
It mitigates cell damage caused by reactive oxygen species (ROS) and
electrophiles by modulating the expression of a range of antioxidant
genes, serving as a key regulator of the endogenous antioxidant
defense system (Abdalkader et al, 2018). Under non-stress
conditions, low levels of Nrf2 remain in an inactive state primarily
due to proteasomal degradation mediated by Keap1 (Sun et al., 2016;
Fan et al., 2017). However, when intracellular ROS levels increase,
Nrf2 is released from its binding site on Keap1, rapidly translocated
to the nucleus. There, it binds to antioxidant response elements
(ARE) in the promoter regions of target genes, promoting the
transcription of various antioxidant enzymes, regulating ROS
production, enhancing iron storage, reducing cellular iron
absorption, and limiting iron generation. This process balances the
redox state within the body, maintaining intracellular homeostasis
and lowering the risk of ferroptosis (Song and Long, 2020). Many
enzymes that prevent lipid peroxidation and inhibit ferroptosis are
target genes of Nrf2, including FTHI1, GSH, and SLC7A1ll.
Additionally, ferroptosis inducers such as RAS-selective lethal 3
(RSL-3) and Erastin, which inhibit GPX4 activity and the cysteine/
glutamate transport system (xC-/xCT), are also downstream targets
of Nrf2 (Dodson et al., 2019; Wang X. et al., 2022). Nrf2 not only
participates in the regulation of oxidative homeostasis but is also
involved in processes related to neuroinflammation and
mitochondrial dysfunction, both closely linked to the development
of depression (Zuo et al., 2022). Studies reveal a decrease in Nrf2
protein expression in the prefrontal cortex (PFC) of patients with
major depressive disorder (MDD), while Nrf2 knockout mice exhibit
depressive-like behaviors. The use of the Nrf2 activator oltipraz
effectively inhibits the expression of transferrin receptor (TFR) and
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divalent metal transporter (DMT1), which in turn suppresses
ferroptosis and alleviates depressive symptoms (Zeng et al., 2023).

3.1 BDNF/Nrf2 signaling pathway

Brain-derived neurotrophic factor (BDNF) is closely associated
with clinical changes in depression, as indicated by meta-analyses
linking BDNF levels to depressive disorders (Brunoni et al., 2008).
Decreased BDNF levels in the hippocampus lead to an increase in the
frequency of depressive behaviors, with fluctuations observed
throughout the progression of the disease (Martinowich et al., 2007).
In the brains of MDD patients, BDNF expression is reduced, resulting
in neurodevelopmental abnormalities and a significant decrease in
neuron numbers in the cerebral cortex, hippocampus, and dorsal
thalamus. Magnetic resonance imaging (MRI) also reveals damage to
gray and white matter, indicating that BDNF may serve as a potential
biomarker for depression (Peng et al., 2018; Belleau et al., 2019).
Furthermore, low levels of BDNF inhibit the effective translocation of
Nrf2 to the nucleus, impairing Nrf2 pathway functionality and
limiting the activation of antioxidant mechanisms, ultimately resulting
in persistent oxidative stress (Bouvier et al., 2017). This state of
oxidative stress not only contributes to the onset of depressive
behaviors but also promotes the progression of ferroptosis.
Electroconvulsive therapy (ECT) is one of the effective methods for
treating MDD by suppressing ferroptosis in hippocampal neurons.
Following ECT treatment in CUMS rats, an increase in hippocampal
neuron numbers, along with elevated expression of GPX4 and FTH1
and reduced expression of ACSL4, is observed, along with increased
protein levels of BDNF and Nrf2, thereby inhibiting ferroptosis and
alleviating depressive symptoms. However, administration of the Nrf2
inhibitor all-trans retinoic acid (ATRA) results in downregulation of
SLC7A11, GPX4, and FTH1, along with increased levels of Fe** and
MDA, indicating the loss of ECT’s inhibitory effect on ferroptosis in
hippocampal neurons. This suggests that the inhibitory effect of ECT
on ferroptosis depends on BDNF-mediated activation of Nrf2 (Li
X. etal., 2023). Moreover, studies have shown that isochlorogenic acid
A (ICAA) can alleviate lead-induced anxiety-like behaviors. ICAA
enhances levels of Nrf2, HO-1, and BDNF in the brain by suppressing
the expression of TNF-a and IL-6, thus activating the BDNF/Nrf2/
GPX4 axis. This effectively improves neuroinflammation and inhibits
ferroptosis, reducing anxiety-like behaviors (Guo et al., 2024). These
findings indicate that the BDNF/Nrf2 pathway is a promising target
for treating depression and anxiety disorders.

3.2 Sirtl, Sirt6/Nrf2/HO-1/GPX4 signaling
pathway

The Sirtl/Nrf2/HO-1/GPX4 axis exhibits antidepressant and
anxiolytic effects (Dang et al., 2022). Sirtl (silent information regulator
1) is an NAD"-dependent deacetylase involved in regulating cellular
metabolism, oxidative stress, and inflammatory responses. It protects
neurons by improving mitochondrial biogenesis and counteracting
apoptosis. Studies demonstrate that modulating the Sirtl-mediated
signaling pathway can reduce ferroptosis in hippocampal neurons
(Wang et al., 2023a). Heme oxygenase-1 (HO-1), one of two different
HO isoforms in mammals, acts as a critical downstream protein of
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Nrf2. The cytoprotective role of HO-1 during oxidative stress relies on
its interaction with Nrf2 (Biswas et al., 2014); a reduction in Nrf2
significantly decreases HO-1 expression. Expression levels of Sirtl,
Nrf2, HO-1, and GPX4 are markedly reduced in mice subjected to
chronic social defeat stress (CSDS), leading to varying degrees of
mitochondrial and neuronal damage. Edaravone (EDA), a free radical
scavenger with antioxidant and anti-inflammatory properties, increases
expression levels of Sirtl, Nrf2, HO-1, and GPX4 in CSDS rats,
inhibiting ferroptosis and alleviating neuronal damage, which
consequently improves depressive symptoms. After administering the
Sirtl inhibitor EX527 to CSDS mice, levels of Nrf2, HO-1, and GPX4
decrease, suggesting that Sirtl may enhance antidepressant effects via
the Nrf2/HO-1/GPX4 pathway. Further inhibition of Nrf2 does not
significantly alter Sirt1 expression, indicating that Nrf2 is a downstream
target of Sirtl. Lastly, blocking GPX4 abolishes the antidepressant
effects of EDA, confirming the regulatory role of the Sirt1/Nrf2/HO-1/
GPX4 signaling pathway in ferroptosis, with GPX4 serving as a crucial
component in the treatment of depression and anxiety via ferroptosis
mechanisms (Dang et al., 2022). Melatonin (MLT), an endogenous
hormone produced and secreted by the pineal gland, plays an important
role in regulating circadian rhythms and is closely linked to various
mechanisms associated with neurotransmitters, their receptors, and the
release of inflammatory factors in depression (Hickie and Rogers, 2011;
Tonon etal., 2021). Research indicates that MLT may inhibit ferroptosis
through the Sirt6/Nrf2/HO-1 pathway, thus exerting antidepressant
effects. Sirt6, a member of the NAD*-dependent deacetylase family,
produces antidepressant effects when inhibited (Hu et al., 2023),
mediating MLT’s suppression of cellular ferroptosis. Treatment of
LPS-induced depressive mice with MLT results in decreased
concentrations of ROS, MDA, and Fe?*, alongside reduced ACSL4 levels
and elevated SOD, GSH, GPX4, and FSP1 levels, leading to improved
depressive symptoms. In these mice, reduced expression of Sirt6 is
accompanied by significant activation of Nrf2/HO-1 as downstream
targets of Sirt6. The use of the Nrf2 inhibitor ML385 results in the loss
of MLT’s inhibitory effects on ferroptosis, highlighting the essential role
of the Sirt6/Nrf2/HO-1 pathway in MLT’s inhibition of ferroptosis and
improvement of depressive symptoms (Su et al., 2024).

Currently, research on the role of Nrf2 in the ferroptosis
mechanisms associated with depression is limited, and its specific
pathways remain unclear. Clinical applications of Nrf2 activators, such
as fumaric acid, are currently under exploration with promising
efficacy. Therefore, investigating the Nrf2-mediated ferroptosis
mechanisms related to depression holds significant potential and may
provide valuable research directions for the treatment of depression.

4 The relationship between other
ferroptosis-related regulators and
depression

Research indicates that the onset of depression is influenced by
multiple factors, including genetic, epigenetic, and environmental
components, and is closely associated with the expression of small
non-coding RNAs (sncRNAs), such as miRNAs and tsRNAs. Changes
in the expression levels of non-coding small RNAs have been observed
in various regions of the brains of patients with depression, including
miR-484-5p, miR-26b-5p, miR-30d-5p, and miR-197-3p in the BA9
region; miR-34c-5p, miR-139-5p, and miR-124-3p in the BA44 region;
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and miR-323a-3p in the anterior cingulate cortex (ACC) (Zurawek and
Turecki, 2021). Currently, novel tsRNAs derived from tRNA are
receiving increased attention as potential targets for early diagnosis and
treatment of diseases such as Alzheimer’s disease and cerebral
hemorrhage. One study found that in CUMS mice, the expression of
tsRNA-3029b was upregulated, resulting in a significant increase in
reactive oxygen species (ROS) levels in the blood and a decrease in the
content of SLC7A11 and GPX4. Conversely, silencing tsRNA-3029b
reversed these results and inhibited ferroptosis. In cortisol (CORT)-
induced impaired neurons, silencing tsSRNA-3029b promoted neuronal
regeneration. These findings suggest that tsRNA-3029b serves as a
critical tsRNA that inhibits neuronal regeneration, promotes ferroptosis,
and contributes to depressive symptoms, potentially serving as a
therapeutic target for CUMS-induced depression (Li E. et al., 2023).
Furthermore, long non-coding RNA taurine up-regulated gene 1
(TUG1) induces ferroptosis in hippocampal neurons by promoting the
ubiquitin-mediated degradation of dual specificity phosphatase 14
(DUSP14), thereby inhibiting GPX4 levels. This mechanism is associated
with depressive-like behaviors and holds significant clinical implications
for diagnosing major depressive disorder (MDD) (Mei et al., 2024). P53,
a key tumor suppressor gene, not only inhibits cancer by regulating the
cell cycle and inducing apoptosis but also modulates cellular metabolism,
autophagy, and oxidative status, participating in various complex
physiological and pathological processes. P53 promotes ferroptosis by
reducing SLC7A11 expression and inhibiting GPX4 activity, leading to
iron accumulation and increased ROS levels (Brady and Attardi, 2010).
Di Huang Yin Zi (DHYZ) is a traditional Chinese herbal formula
composed of multiple herbs, including Rehmannia glutinosa, Cornus
officinalis, and Dendrobium nobile, and it exhibits promising therapeutic
effects in preventing and treating neurological disorders. Research has
demonstrated that DHYZ extract can enhance P53 ubiquitination and
degradation in rats with post-stroke depression, leading to the
upregulation of GPX4 and SLC7A11 protein expression. This suggests
that DHYZ may alleviate depressive symptoms while inhibiting
ferroptosis by modulating the P53/SLC7A11/GPX4 signaling pathway
in brain tissue, consequently reducing the levels of reactive oxygen
species (ROS) and malondialdehyde (MDA) (Yang et al., 2024).
However, due to the multi-component synergistic nature of traditional
Chinese herbal formulas, the specific active components responsible for
these effects remain to be further investigated.

Recent studies suggest that the regulation of gene expression may
be a crucial mechanism underlying the occurrence of ferroptosis in
depression, particularly highlighting the significant relationship of
stress-related miRNAs as potential biomarkers for depression and
antidepressant treatment (Chen et al., 2024). Additionally, regulatory
factors such as TUGI and P53 play important roles in the ferroptosis
mechanism of depression, but further research is needed to validate
these findings.

5 Depression treatment under the
theory of ferroptosis

5.1 Antidepressant compounds
Currently, the treatment of depression includes commonly used

medications such as selective serotonin reuptake inhibitors (SSRIs)
and norepinephrine reuptake inhibitors, as well as certain compounds
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and traditional Chinese medicine therapies that exhibit antidepressant
effects (Kent, 2000). Hydrogen sulfide (H,S) is a gaseous signaling
molecule involved in regulating various physiological and pathological
processes in the central nervous system, demonstrating antidepressant
properties (Kang et al., 2021). Patients with type 1 diabetes (DM) are
particularly susceptible to anxiety and depression due to
environmental and personal factors. Research shows that H,S not only
alleviates depressive behaviors in DM mice but also reduces iron
deposition in the prefrontal cortex (PFC) of these mice, increases the
expression of GSH, GPX4, and SLC7A11, and decreases levels of MDA
and ROS in the blood, thereby inhibiting ferroptosis. Additionally, H,S
inhibits the activation of microglia and the release of pro-inflammatory
cytokines, enhances Sirt6 expression, and promotes the interaction
between Sirt6 and histone H3 lysine 9 (H3K9ac), ultimately reducing
H3K9ac protein and Notchl receptor expression to alleviate
inflammatory responses. These findings suggest that H,S may mitigate
depressive-like behaviors in DM animals by reducing inflammation
and inhibiting ferroptosis (Wang et al., 2021; Tang et al., 2015).
Sestrin2 (SESN2) is a protein that protects cells from stress and
age-related damage. The promotion of SESN2 protein expression in
CUMS mice significantly improves depressive symptoms while
reducing levels of pro-inflammatory cytokines TNF-a, IL-6, IL-1f, and
Iba-1 in the hippocampus, alleviating microglial activation and
inflammation. SESN2 also decreases iron deposition and reverses the
elevated expression of ACSL4 and TFR1 while enhancing the expression
of SCL7A11 and GPX4, thereby inhibiting ferroptosis. This effect has
also been observed in LPS-induced BV-2 cells in mice (Ma et al., 2024).
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
are bioactive compounds found in fish oil. Although EPA is present
in smaller amounts in the brain, its antidepressant and anti-
inflammatory capabilities surpass those of DHA (Peng et al., 2020).
Wang utilized a pentylene tetrazole (PTZ)-induced depression mouse
model, revealing that EPA and DHA alleviate depressive behaviors in
mice by inhibiting inflammation and ferroptosis. In the PTZ model,
total iron and Fe®" levels increase, with significant upregulation of
iron regulatory proteins IRP1, IRP2, and TfR1, along with a decrease
in ferroportin 1 (FPN1) and FTHI, and reduced GSH levels
accompanied by increased MDA content. The expression of GPX4,
xCT, HO-1, and p-Nrf2 proteins decreases, leading to heightened
ferroptosis of hippocampal neurons. Treatment with EPA and DHA
reverses these changes, with the EPA group exhibiting higher levels
of p-Nrf2, xCT, and HO-1 expression, as well as reduced iron
accumulation. Moreover, EPA and DHA can inhibit the expression of
pro-IL-1p, IL-1pB, and TNF-a, with EPA specifically reducing the
binding of NLRP3 and apoptosis-associated speck-like protein
containing a CARD (ASC), thereby inhibiting NLRP3 inflammasome
activation. Therefore, it is concluded that EPA and DHA effectively
alleviate cellular inflammatory responses, inhibit ferroptosis, and
ultimately improve depressive behaviors in mice (Wang X. et al., 2022).

5.2 Therapies derived from traditional
Chinese medicine

Traditional Chinese medicine (TCM) has a history spanning
several millennia and offers unique advantages in the treatment of
depression. Various extracts from traditional Chinese herbs
demonstrate significant efficacy in alleviating depressive symptoms.
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Gallic acid (3,4,5-trihydroxybenzoic acid), found in the galla
chinensis, exhibits anti-inflammatory and antioxidant properties.
Yang applied gallic acid in a treatment regimen for rats with chronic
constriction injury (CCI) combined with chronic unpredictable mild
stress (CUMS). The results indicated a reduction in levels of ROS,
MDA, and iron in the blood, an increase in the expression of GSH
and GPX4, and alleviation of oxidative stress-induced mitochondrial
damage in the spinal cord. Furthermore, ferroptosis was inhibited,
depressive symptoms were alleviated, and the expression of the P2X7
receptor, which is involved in depression, was suppressed. This
suggests that gallic acid’s alleviation of depressive-like behavior in rats
by inhibiting spinal microglia ferroptosis may be achieved through
modulation of the P2X7-ROS signaling pathway (Yang et al., 2023).
Furthermore, as an iron chelator, gallic acid’s iron-chelating ability
itself may also contribute to ferroptosis inhibition (Strlic et al., 2002).

The use of Bupleurum in the treatment of depression has a
history of over a thousand years. Studies reveal that the active
component extracted from Bupleurum, Sasycosaponin B2 (SSB2),
significantly improves depressive symptoms by reducing levels of
ROS and Fe* in microglia, enhancing the transcription levels of
GSH, SLC7A11, FTH, GPX4, and Nrf2, while downregulating ACSL4
and Tfrl to inhibit lipid peroxidation and cellular ferroptosis.
Additionally, it modulates the TLR4/NF-xB pathway to inhibit
microglial activation, reduce neuroinflammation, and ameliorate
cellular damage, ultimately improving depressive behaviors in mice
(Wang et al., 2023b).

Lycium barbarum polysaccharides (LbGp), derived from the goji
berry, exhibit protective effects on hippocampal neurons in
depressed rats and exert antidepressant and anxiolytic effects in
psychiatric disorders (Soytiirk et al., 2023). Dai et al. (2023)
demonstrated that LbGp enhances the activity of superoxide
dismutase (SOD), reduces MDA and 4-hydroxynonenal (4-HNE)
levels, and increases GPX4 expression, thereby alleviating oxidative
stress and lipid peroxidation in the medial prefrontal cortex (mPFC).
This inhibition of ferroptosis, resulting from GPX4 knockout,
effectively mitigates anxiety and depressive behaviors under chronic
restraint stress.

Chrysophanol (CNS), an antioxidant flavonoid extract from
honeysuckle, shows potential in treating LPS-induced depressive
models. After CNS treatment, a decrease in intracellular Fe?* and
MDA levels (Stockwell, 2022) and a reduction in IRF1 expression were
observed, while SLC7A11, GPX4, and GSH levels increased, leading
to notable improvements in depressive-like behaviors in mice.
Furthermore, transcriptomic analysis indicates that CNS may inhibit
LPS-induced cellular ferroptosis through the IRF1/SLC7A11/GPX4
pathway, effectively improving depressive states.

Quercetin has also been shown to alleviate breast cancer-related
depression (BCRD). Zhu et al. (2024) investigated the effects of
quercetin on the expression of genes associated with ferroptosis and
lipid metabolism in neurons of BCRD mice. Through PPI network
and MCODE clustering analysis, key lipid metabolism genes were
identified. Post-treatment with quercetin, significant reductions were
noted in the expression of IL-6, AKT1, IL-1p, and PTGS2, particularly
in prostaglandin-endoperoxide synthase 2 (PTGS2) expression, which
correlates with increased total Fe, Fe**, MDA, and ROS levels.
Moreover, inhibition of PTGS2 expression by quercetin enhanced the
survival rate of hippocampal neurons and upregulated levels of 5-HT,
DA, and NE in BCRD mice, alleviating depressive symptoms. This
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indicates that quercetin targets PTGS2 to reduce ferroptosis in
neurons, thereby mitigating depressive symptoms.

Acupuncture, regarded as one of the most prominent treasures
of traditional Chinese medicine, also plays a significant role in
treating depression. Research shows that acupuncture at the Fengfu
(GV16) and Shangxing (GV23) points in CUMS mice results in
decreased levels of ROS and MDA in serum, while enhancing the
expression of SOD, GSH, and GSH-PX. Furthermore, mRNA levels
of Sirtl, Nrf2, HO-1, and GPX4 in the hippocampus increase post-
acupuncture. Additionally, activation of microglia and astrocytes is
significantly reduced, and the expression of inflammatory factors
IL-1p and TNF-a decreases. It is suggested that acupuncture may
modulate ROS levels in the brain, mitigate cellular damage, alleviate
neuroinflammation, and inhibit ferroptosis through the stimulation
of the Sirtl/Nrf2/HO-1/GPX4 pathway, ultimately improving
depressive symptoms (Shen et al., 2024).

6 Summary and outlook

This article summarizes the signaling pathways related to
ferroptosis in depression and discusses how regulatory factors, such
as non-coding RNAs, influence depression by modulating
ferroptosis. Additionally, it introduces potential medications and
methods for treating depression based on the principles of
ferroptosis. The findings suggest that inhibiting ferroptosis can
significantly alleviate depressive symptoms, positioning it as a
promising avenue for future research in depression treatment.

Moreover, many currently developed therapeutic agents originate
from active compounds in traditional Chinese medicine (TCM)
formulas or herbal extracts, which are abundant in raw materials and
exhibit significant efficacy. Acupuncture, characterized by its
convenience and low cost, is gradually gaining acceptance and can
be combined with pharmacological treatments in clinical settings for
enhanced effectiveness. Therefore, alongside the intensified research
and development of Western pharmaceuticals, the rational utilization
of traditional Chinese medical approaches should also be emphasized.

Additionally, current research remains limited in scope.
Questions persist regarding whether ferroptosis regulates
neurotransmitters and their receptors, subsequently affecting
neuroendocrine function and the development of depression.
Furthermore, studies investigating TCM treatments for depression
based on the ferroptosis framework are scarce, primarily focusing on
depressive animal models, with a lack of supportive clinical trial
results. Future research should prioritize addressing these issues to
further elucidate the role of ferroptosis in depression and provide

targets for the development of new antidepressant medications.
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