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Abstract
Depression is a common affective mental disorder and constitutes the second
largest health burden worldwide; however, its pathogenic mechanisms remain
to be fully elucidated. Clinical treatment of depression predominantly relies on
conventional pharmacotherapy, yet the suboptimal efficacy, pronounced thera-
peutic lag, and poorly tolerated adverse effects of current medications under-
score the substantial clinical demand for effective and rapidly acting antidepres-
sant agents. Ferroptosis, a recently identified modality of cell death, has been
implicated in the pathological progression of various neurological disorders, in-
cluding depression. Currently, some studies have shifted their focus to targeted
inhibition of ferroptosis as an antidepressant therapeutic strategy, demonstrat-
ing promising efficacy. This article, based on the mechanistic interplay between
depression and ferroptosis and integrating both clinical and preclinical research,
summarizes the involvement of ferroptosis in depression pathogenesis and its
therapeutic potential for the treatment of depression.
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Abstract

Depressive disorder is a common affective mental disorder that currently repre-
sents the second largest health burden worldwide, yet its pathogenesis remains
to be fully elucidated. Clinical treatment of depression primarily relies on West-
ern medications; however, the unsatisfactory efficacy, significant therapeutic lag,
and intolerable adverse effects of current drugs underscore the urgent clinical
need for more effective and rapid-onset antidepressants. Ferroptosis, a novel
form of cell death discovered in recent years, has been implicated in the patho-
genesis of various neurological diseases, including depressive disorder. Some
studies have begun exploring targeted inhibition of ferroptosis as an antide-
pressant strategy, yielding promising results. This review synthesizes clinical
and preclinical evidence to examine the involvement of ferroptosis in depression
pathogenesis and its therapeutic potential for depression treatment.
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1 Iron Deposition in the Central Nervous System (CNS) in
Depression
Depression is a severe mental disorder that profoundly impairs psychosocial
function and quality of life, characterized by persistent low mood, anhedonia,
cognitive impairment, sleep disturbances, appetite loss, and suicidal ideation [1].
Reports indicate that nearly one in four women and one in six men will expe-
rience depression, with up to 65% of patients experiencing recurrent episodes
[2]. The World Health Organization predicts that depression will become the
leading cause of disability worldwide by 2030 [3]. Although the pathogenesis of
depression remains incompletely understood, extensive clinical and preclinical
studies have identified multiple factors that may contribute to its development
(Table 1 ).
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Iron is an essential trace metal element in organisms and the most abundant
transition metal in the brain [4]. As a crucial cofactor, brain iron ions partici-
pate in various physiological processes including myelination, neurotransmitter
synthesis, synaptic development, and energy production [5], playing a vital role
in neural growth and conduction. Conversely, high iron levels lead to accumu-
lation of toxic reactive oxygen species (ROS), interfering with mitochondrial
function, disrupting DNA synthesis, and catalyzing dopamine (DA) oxidation
to produce toxic quinone compounds [6], ultimately causing cell death and neu-
rological disease. Ferroptosis, first described by Stockwell’s group in 2012,
represents a novel cell death modality distinct from traditional programmed
cell death, characterized by unique morphological, biochemical, and genetic fea-
tures including mitochondrial morphological changes, iron deposition, and lipid
ROS accumulation [7].

Recent studies have confirmed that ferroptosis is intimately linked to various
neurological disorders including Alzheimer’s disease [8], Parkinson’s disease [9],
and Huntington’s disease [10]. In both depressed patients and animal models,
significant alterations in iron content and ferroptosis-related genes have been
observed [11], suggesting that abnormal iron metabolism in the brain may rep-
resent a potential pathophysiological factor in depression. This review examines
the intrinsic connections between depression and ferroptosis to provide valuable
insights for depression prevention and treatment.

Trivalent iron ions (Fe3+) entering the CNS first bind to transferrin (Tf) se-
creted in the choroid plexus and cerebrospinal fluid (CSF) [24], then cross the
blood-brain barrier (BBB) via transferrin receptor 1 (TfR1) highly expressed on
endothelial cells to enter brain parenchyma, where they are taken up by neurons
[25]. Within cells, iron ions are converted to ferrous iron (Fe2+) by metalloen-
zymes and released into the cytoplasm to participate in various physiological
processes, while excess Fe2+ is stored as stable Fe3+ or exported via ferroportin
(FPN) (Figure 1 [Figure 1: see original paper]). High Tf and TfR1 expres-
sion in the brain enhances neuronal iron uptake and increases susceptibility to
ferroptosis [26].

As early as 1995, researchers found elevated plasma TfR1 expression in patients
with psychiatric disorders, particularly schizophrenia and major depressive dis-
order (MDD), compared to healthy controls [27], suggesting that these patients
may have increased iron uptake and deposition. Brain imaging studies in de-
pressed patients have revealed iron deposition in the putamen and thalamic
nuclei, with further research demonstrating that this brain iron deposition cor-
relates with depression severity [28]. These findings align with Yao et al. [29],
who proposed that brain iron deposition may be associated with depression
and could serve as a biomarker for its pathophysiological mechanisms. Chang
et al. [30] used two-dimensional electrophoresis (2-DE) combined with mass
spectrometry to compare Tf and TfR1 levels between normal mice and chronic
unpredictable mild stress (CUMS) mice, revealing significant upregulation of Tf
and TfR1 expression in the liver, blood, and multiple brain regions of CUMS
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mice. Another animal study confirmed elevated TfR1 expression in neurons
of a depression mouse model and demonstrated that excess iron could exacer-
bate neuronal death [25]. Maaroufi et al. [31] found that rats treated with iron
(3 mg/kg) exhibited impaired learning, motor skills, and emotional behaviors,
which the authors attributed to significant iron deposition in the hippocam-
pus and basal ganglia. These studies collectively demonstrate iron deposition
in depressed patients and animal models, linking excess iron accumulation to
depressive-like behaviors and suggesting that targeting iron deposition may rep-
resent a novel antidepressant strategy.

2 Ferroptosis in the CNS in Depression
Iron is indispensable for neuronal survival, influencing myelination, metabolism,
and monoamine neurotransmitter synthesis by assisting in the production of
tyrosine hydroxylase and tryptophan hydroxylase [32-33]. When iron deposi-
tion occurs in neurons, iron ions directly inhibit DA and 5-hydroxytryptamine
(5-HT) synthesis by affecting the activity of these enzymes [34]. Although or-
ganisms possess physiological defense mechanisms against iron toxicity, iron
can transfer electrons and generate harmful hydroxyl radicals through Fen-
ton reactions, leading to DNA oxidation, lipid damage, and accelerated DA
catabolism [11]. During this process, free iron catalyzes the production of per-
oxides from polyunsaturated fatty acids (PUFA) while promoting the release of
inflammatory factors associated with arachidonic acid metabolism [35], trigger-
ing immune-inflammatory responses. These risk factors interact synergistically
to impair brain motor and cognitive functions.

Glutathione peroxidase 4 (GPX4) is a crucial lipid membrane repair enzyme
that reduces lipid hydroperoxides (PL-OOH) to non-toxic lipid alcohols (PL-
OH) and water using two glutathione molecules as electron donors, thereby pro-
tecting cell membranes from free radical damage (Figure 1 [Figure 1: see original
paper]). As a key regulator of ferroptosis, GPX4 deficiency increases suscepti-
bility to oxidative stress-induced neuronal death [36]. Iron deposition has also
been observed in patients with post-stroke depression [37] and multiple sclerosis-
related depression [38]. Patients with more severe depressive symptoms exhibit
lower serum ferritin (FTH) levels, while elevated serum FTH levels positively
correlate with reduced depression rates. In rodent studies examining depression
and iron, Cao et al. [39] used quantitative proteomics to compare hippocam-
pal protein expression between CUMS mice and control mice. Among 4,046
quantified proteins, 47 were differentially expressed, with enrichment analysis
indicating significant activation of neuronal necrosis and ferroptosis in CUMS
mice, suggesting that inhibiting neuronal necrosis and ferroptosis may provide
potential therapeutic targets for depression. Notably, some researchers found
that moderate iron supplementation (12 mg/kg) significantly increased brain-
derived neurotrophic factor (BDNF) expression and reduced immobility time
in CUMS rats, while high-dose iron increased neuronal degeneration and loss
—effects reversible by the iron chelator deferiprone [40]. Conversely, Uzungil
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et al. [41] reported that deferiprone alleviated depressive-like behavior in sero-
tonin transporter (5-HTT) knockout mice without significantly affecting brain
iron levels. These studies confirm that targeting ferroptosis-related mechanisms
can effectively alleviate depression, with recent research showing that another
iron chelator, deferoxamine (DFO), significantly mitigates CUMS-induced dam-
age [42], further underscoring the importance of ferroptosis-related mechanisms
in depression treatment.

3 Depression and Mitochondrial Dysfunction in the CNS
Mitochondria are highly dynamic organelles that can alter their function and
structure in response to environmental changes. Iron plays important roles in
mitochondria, including heme biosynthesis, iron-sulfur cluster (ISC) assembly,
and oxidative phosphorylation (OXPHOS) [43]. Mitochondrial iron deposition
can contribute to depression by affecting mitochondrial function and structure.
Under physiological conditions, mitochondrial iron homeostasis is tightly con-
trolled by mitochondrial ferritin (FtMt), a nuclear-encoded mitochondrial iron
storage protein that oxidizes Fe2+ to less redox-active Fe3+ [44], preventing free
iron deposition. When iron deposition occurs in mitochondria, iron promotes
mitochondrial ROS accumulation through Fenton reactions. Additionally, as a
major regulator of OXPHOS, iron makes mitochondria the primary source of
intracellular ROS due to physiological electron leakage during OXPHOS [43].
Multiple factors can cause mitochondrial ROS surge, damaging mitochondrial
structure and ATP production capacity (Figure 1). Neurotransmitter synthesis
and release, neuronal differentiation, and downstream pathway activation all
require sufficient energy from mitochondria. Dysfunctional mitochondria may
not only cause neurotransmission deficits but also impair neuroplasticity in de-
pressed patients. Mitochondria also play critical roles in neurogenesis, neural
stem cell proliferation, and differentiation into new neurons [45-46]. Further-
more, mitochondrial components (N-formyl peptides, cardiolipin, etc.) can pro-
mote inflammatory responses [47].

A meta-analysis evaluating eight oxidative stress markers in bipolar disorder
(BD) patients reported increased lipid peroxidation, DNA/RNA damage, re-
duced mitochondrial electron transport chain protein levels, and elevated carbon
monoxide (CO) markers [48]. Iwamoto et al. [49] performed DNA microarray
analysis on postmortem brain samples from BD and MDD patients, revealing
downregulation of multiple mitochondria-related genes in model groups com-
pared to controls. Cataldo et al. [50] observed significantly shrunken mitochon-
dria with reduced ATP production capacity in neurons of the prefrontal cortex
from BD patients. In another study examining psychiatric comorbidities in
subjects with mitochondrial cytopathies, 54% exhibited depressive symptoms
and 17% showed BD [51]. Preclinical studies also confirmed mitochondrial im-
pairment in rodent depression models. Yuan et al. [52] found significantly fewer
mitochondria in prefrontal cortical and liver cells of CUMS rats, with swollen mi-
tochondria showing disorganized or dissolved cristae, loose matrix, and vacuolar
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degeneration. After antidepressant treatment, mitochondrial numbers increased
markedly and morphological improvements were observed. Rezin et al. [53] ob-
served inhibition of the mitochondrial respiratory chain in the cerebral cortex
and cerebellum of rats exposed to chronic mild stress.

4 Antidepressant Drugs that Exert Effects by Inhibiting
Ferroptosis
The antidepressant effects of certain drugs through ferroptosis inhibition fur-
ther confirm the relationship between depression and ferroptosis. The mech-
anism of fluoxetine extends beyond 5-HT reuptake inhibition to include re-
ducing iron deposition, regulating ferroptosis-related genes [3], promoting au-
tophagosome formation, and enhancing clearance of damaged mitochondria
[54]. The free radical scavenger edaravone ameliorates depressive- and anxiety-
like behaviors in chronic social defeat stress mice by increasing expression of
silent information regulator 1 (SIRT1), nuclear factor E2-related factor 2 (Nrf2),
heme oxygenase-1 (HO-1), and GPX4 [55]. Sodium hydrosulfide (NaHS) allevi-
ates anxiety- and depressive-like behaviors in type 1 diabetes mellitus (T1DM)
mice by reducing iron deposition and oxidative stress while increasing GPX4
and SLC7A11 expression [56]. Network pharmacology analysis revealed that
133 components of the traditional Chinese medicine formula Xiaoyaosan could
regulate 43 ferroptosis-related genes in depression, with animal experiments
confirming that Xiaoyaosan’s antidepressant effects may involve ferroptosis
inhibition [3]. Ketamine [57] exhibits similar effects. The Chinese herbal
monomers baicalin [58] and ginsenoside Rg1 [59] alleviate depression by im-
proving mitochondrial dysfunction. Coenzyme Q10 (CoQ10), an essential co-
factor in mitochondrial electron transport, enhances respiratory chain complex
function, promotes mitochondrial bioenergetics, and exerts neuroprotective ef-
fects [60]. Recent studies suggest CoQ10 participates in ferroptosis regula-
tion through the FSP1-CoQ10 pathway, with exogenous CoQ10 supplemen-
tation protecting membrane lipids from peroxidation and increasing cellular
resistance to ferroptosis [61]. In neurological diseases, BD patients treated
with CoQ10 showed decreased depression severity [62]. Recent research demon-
strates that the mitochondria-targeted antioxidant Mito-TEMPO can rescue
andrographolide-induced ferroptosis [63] and significantly improve lipopolysac-
charide (LPS)-induced mitochondrial superoxide accumulation, increased mito-
chondrial membrane potential, and reduced ATP production, thereby alleviat-
ing depressive states in mice [21]. In summary, excessive iron deposition leads
to reduced neurotransmitter synthesis, lipid peroxide accumulation, mitochon-
drial dysfunction, increased pro-inflammatory factor release, and damage to
DNA and proteins with compromised antioxidant systems—collectively causing
decreased neuroplasticity, delayed synaptic growth and development, impaired
neural network conduction, and neurotoxicity that triggers depression.
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5 Discussion and Outlook
Depression is a common, highly lethal, disabling, and recurrent mental disorder
that poses a global mental health challenge. Despite advances in antidepressant
research, treatment options remain limited and inadequate for many patients
[64]. In addition to numerous side effects and long treatment courses, tradi-
tional antidepressants are ineffective in one-third of patients [1], and recovery
may require multiple medications, suggesting that depression mechanisms may
involve other targets and contributing factors that complicate treatment strate-
gies. Over the past decade, many new targeted interventions have been devel-
oped and tested in clinical trials. This review focuses on research linking iron
homeostasis imbalance and ferroptosis to depression, evaluating their potential
value in depression diagnosis and treatment to stimulate further research in this
field.

Due to its unique redox properties, iron serves as a cofactor for enzymes and
structural proteins in numerous enzymatic reactions [65], playing important
roles in multiple cellular biological processes. As a double-edged sword, both
iron deficiency and excess can cause pathological damage. In depression, iron is
essential for myelin production and maintenance, neuroplasticity, and synaptic
development, and serves as a necessary cofactor for aromatic acid hydroxylases
(key enzymes for DA, noradrenaline (NE), and 5-HT synthesis) [24]. Iron defi-
ciency can thus cause delayed neural network conduction and neurotransmitter
depletion, triggering depression, with literature reporting the promoting effect
of iron deficiency in depression [66]. Conversely, excess iron can affect nor-
mal neural transmission, promote lipid peroxide generation, and disrupt redox
systems while impairing mitochondrial function, driving depression progression.
This review primarily focuses on the effects of excess iron in depression.

Ferroptosis, defined as iron-dependent accumulation of lipid peroxides, is a
newly identified cell death modality. Extensive research has revealed its in-
volvement in the pathophysiology of various neurological diseases. In depressed
patients and animal models, iron deposition and altered ferroptosis-related genes
have been observed [27,30]. These findings have spurred recent therapeutic re-
search targeting iron metabolism disturbances in depression. Iron chelators such
as deferiprone [41] and DFO [42] can improve behavioral and cognitive impair-
ments in ferroptosis-induced depression models. The antidepressant efficacy of
some drugs has also been linked to ferroptosis modulation, including the free
radical scavenger edaravone [55], ketamine [57], fluoxetine, and the traditional
Chinese medicine Xiaoyaosan [3]. Although current research on ferroptosis and
antidepressant effects remains limited and primarily focused on animal studies,
the promising results provide a foundation and confidence for future targeted
therapies.

This review summarizes and discusses the potential involvement of ferroptosis
in depression pathogenesis, demonstrating that iron deposition may participate
in depression progression and that iron metabolism pathways represent poten-
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tial therapeutic targets. Targeting ferroptosis in depression could significantly
improve treatment efficacy; however, practical applications face numerous chal-
lenges. First, as a mental disorder with strong subjective components, depres-
sion research is complicated by variability in study subjects, duration, and liv-
ing environments, increasing instability and complexity. Second, depression
involves intricate neural network abnormalities, and brain iron homeostasis is
precisely regulated by multiple factors, with different cells expressing distinct
iron regulatory genes. Consequently, the causal relationship and mechanisms
linking depression and ferroptosis remain unclear. Nevertheless, existing evi-
dence demonstrates that iron deposition-induced ferroptosis plays an important
role in depression development. Further investigation into depression-ferroptosis
mechanisms will provide scientific basis for developing effective antidepressants.
Finally, both iron deficiency and iron accumulation can promote depressive-like
behaviors. Accurately balancing iron levels to meet physiological needs without
inducing disease requires deeper understanding of depression-ferroptosis mecha-
nisms.
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