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1. Introduction

Abstract

Bipolar disorder (BD) has limited proven treatments, and pharmacotherapy in ado-
lescents raises significant safety concerns due to adverse effects such as renal tox-
icity, thyroid dysfunction, and mood switching. Curcumin, the principal polyphe-
nolic constituent of Curcuma longa, has emerged as a promising alternative thera-
peutic intervention, yet its underlying biological mechanisms in BD remain largely
unexplored. In this study, a bipolar disorder-like (BD-like) mouse model was estab-
lished using an amphetamine-induced hyperlocomotion paradigm combined with
chronic unpredictable mild stress (CUMS) to examine whether curcumin exerts
therapeutic effects through the modulation of GPX4/ACSL4-mediated ferroptosis.
Behavioral assessments showed that curcumin alleviated manic-like hyperlocomo-
tion, reduced anxiety-like behaviors, and improved cognitive performance. BD-like
model mice showed ferroptosis-related alterations in the hippocampus, marked by
iron accumulation, elevated malondialdehyde, reduced GPX4, and increased
ACSLA4. Curcumin attenuated these alterations, whereas erastin, a ferroptosis in-
ducer, counteracted both the behavioral and molecular benefits. These findings in-
dicate that curcumin alleviates BD-like behaviors in association with the suppres-
sion of ferroptosis-related alterations, supporting the involvement of the
GPX4/ACSLA4 axis and suggesting a mechanistic link with iron-dependent neuronal
vulnerability and positioning curcumin as a potential adjunctive therapy for bipolar
disorder.
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1.1 The Emerging Burden of Bipolar Disorder in Adolescents

Bipolar disorder (BD) is a mental illness characterized by alternating episodes of mania and depression. During manic
phases, patients experience inflated self-confidence, while during depressive phases they suffer from low mood. BD
typically emerges between the ages of 15 and 25, and early-onset bipolar disorder is particularly prone to deterioration
and may lead to other psychiatric conditions. Even after recovery, relapse remains possible, significantly impairing
academic performance among adolescents pursuing education. Symptoms in adolescent patients are often atypical,
making them difficult for doctors to identify promptly and frequently leading to misdiagnosis with other disorders

DOI: 10.26855/ijcemr.2026.07.015 334

International Journal of Clinical and Experimental Medicine Research


http://www.hillpublisher.com/journals/ijcemr/

Shuhan Jing, Jun Zhou

such as psychosis, depression, or PTSD, thus complicating timely diagnosis and intervention. Over recent decades,
the incidence of bipolar disorder among young people has risen sharply, with disability-adjusted life years (DALY's)
peaking in the 25-29 age group. In China, the epidemiological situation of bipolar disorder is concerning: multiple
studies indicate a lifetime prevalence ranging from 0.11% to 0.50%, a 12-month prevalence of approximately 0.17%,
and a point prevalence of 0.09%. Although these figures are lower than those in Western developed countries, prev-
alence continues to rise over time. Between 1990 and 2019, new cases increased by 22.26%, prevalent cases surged
by 40.73%, and age-standardized prevalence rose by 17.12%, reaching 215.38 per 100,000 population in 2019[1].
Notably, in 2021, China reported the lowest age-standardized incidence rate globally (15.23 per 100,000), but given
its population exceeding 1.4 billion, the absolute disease burden remains substantial.

In China, the epidemiological landscape of BD presents both unique challenges and growing concerns. Meta-
analytic estimates indicate that the lifetime prevalence of BD in China ranges from 0.11% to 0.50%, with a 12-month
prevalence of approximately 0.17% and a point prevalence of 0.09% [2]. Although these figures appear lower than
those reported in Western populations, national trend analyses reveal a disturbing upward trajectory: between 1990
and 2019, the number of incident cases increased by 22.26%, while prevalent cases surged by 40.73%, with the age-
standardized prevalence rate rising by 17.12% to reach 215.38 per 100,000 population by 2019[3]. Notably, China
reported the lowest age-standardized incidence rate globally in 2021 (15.23 per 100,000), yet the absolute burden
remains substantial given the country’s vast population of over 1.4 billion. The rise in prevalence is primarily due to
the implementation of the Mental Health Law of the People’s Republic of China in 2013 and the growing awareness
of early diagnosis for bipolar disorder. However, rapid urbanization in China, coupled with slowing economic growth,
has increased employment pressure among young people, intensified social structural contradictions, and placed a
heavy burden on them through mortgage and car loan debts. As a result, mental health conditions such as bipolar
disorder are becoming increasingly prevalent among younger populations.

Beyond the clinical manifestations, Chinese adolescents and young adults with BD face profound psychosocial
consequences that exacerbate their suffering. Stigmatization and discrimination against individuals with BD remain
pervasive in Chinese society, where mental illness is often associated with violence, unpredictability, and moral fail-
ing. A comprehensive scoping review of mental health literacy in China identified BD as one of the most stigmatized
conditions, with affected individuals experiencing anticipated and enacted discrimination across healthcare, educa-
tional, and employment settings. This stigma creates formidable barriers to help-seeking behavior, delays diagnosis,
and promotes social isolation. Tragically, the psychological toll of these intersecting burdens manifests in elevated
suicide risk. Among Chinese adolescent psychiatric patients diagnosed with BD, 20% report suicidality, while com-
munity-based studies of serious mental disorders in Shandong Province revealed that BD patients exhibited signifi-
cantly higher rates of suicidal ideation (61.0%), suicide plans (37.3%), and suicide attempts (37.3%) compared to
other diagnostic categories [4]. The odds ratio for suicidal ideation among BD patients was 11.22 times higher than
among patients with other mental disorders [5]. These findings highlight the lethal intersection of untreated mood
instability, social marginalization, and limited access to specialized care, emphasizing that the burden of BD in Chi-
nese adolescents extends far beyond clinical symptomatology to encompass profound threats to survival and human
dignity.

1.2 Limitations of Conventional Pharmacotherapy for Bipolar Disorder

The pharmacological management of bipolar disorder (BD) has historically relied upon two primary drug classes:
mood stabilizers, with lithium carbonate serving as the prototypical agent, and antidepressants, particularly selective
serotonin reuptake inhibitors (SSRIs). Despite their established efficacy in certain clinical contexts, both therapeutic
modalities present substantial limitations that compromise their utility, particularly in adolescent populations.
Lithium carbonate remains the gold-standard mood stabilizer for BD maintenance treatment, yet its clinical appli-
cation is constrained by a narrow therapeutic window and a substantial burden of adverse effects. A recent population-
based cohort study conducted in Hong Kong, comprising over 7,000 patients with incident BD, demonstrated that
lithium exposure was associated with a significantly increased risk of hypothyroidism and chronic kidney disease
stage 3 or higher compared with non-lithium treatments [6]. Critically, ROC analyses identified serum lithium thresh-
olds as low as 0.5028 mEq/L for hypothyroidism, 0.5034 mEqg/L for hyperthyroidism, and 0.5865 mEq/L for
CKD3+—concentrations that fall below or at the lower boundary of the conventional therapeutic range of 0.60-0.80
mEq/L recommended for maintenance therapy [7]. Furthermore, lithium possesses a low therapeutic index, rendering
it susceptible to potentially fatal toxicity in the context of dehydration, renal impairment, or drug interactions. The
requirement for frequent serum level monitoring, thyroid function tests, and renal function assessment imposes
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considerable logistical and economic burdens on patients and healthcare systems alike. These limitations are partic-
ularly problematic for adolescents, in whom concerns regarding long-term organ toxicity, cognitive effects on neuro-
development, and adherence challenges substantially complicate lithium-based treatment strategies.

Selective serotonin reuptake inhibitors (SSRIs) present a distinct but equally concerning profile of limitations in
the context of BD. Although SSRIs constitute first-line pharmacotherapy for major depressive disorder in adolescents,
their use in bipolar depression is fraught with the risk of mood destabilization. A systematic review of SSRI-induced
activation and manic/hypomanic switch in children and adolescents revealed a considerable risk of excessive arousal,
behavioral activation, and transition to manic or hypomanic states following SSRI initiation [8]. Treatment-emergent
affective switch—defined as the transition from depression to mania shortly after antidepressant initiation—is esti-
mated to occur in 3% to 10% of adult BD patients, with evidence suggesting that the developing brain may be par-
ticularly vulnerable to these adverse drug reactions [9]. A register-based study identified a particularly elevated risk
of manic conversion in children medicated with SSRIs, raising serious safety concerns given the increasing prescrip-
tion rates of antidepressants in pediatric populations.

Curcumin, the principal polyphenolic constituent derived from the rhizome of Curcuma longa (turmeric), has
emerged as a particularly promising candidate given its multifaceted neurobiological activity and favorable safety
profile. In the specific context of bipolar mania, a randomized double-blind clinical trial investigated the adjunctive
effect of curcumin nanomicelle (40 mg/day) added to sodium valproate in 78 patients with bipolar I disorder during
the acute manic phase [10]. Although the study did not detect statistically significant between-group differences in
Young Mania Rating Scale (YMRS) scores after four weeks, both groups demonstrated significant within-group re-
ductions in manic severity, and the curcumin arm exhibited a numerically higher response rate without any observed
adverse effects. Beyond major depression, curcumin has demonstrated anxiolytic properties across diverse clinical
populations. A systematic review and meta-analysis of eight randomized controlled trials involving 567 participants
demonstrated that curcumin supplementation significantly alleviated anxiety symptoms (SMD: —1.56; 95% CI: —2.48
to —0.64; p < 0.001). In a randomized, double-blind, placebo-controlled study of individuals with major depressive
disorder, eight weeks of curcumin supplementation significantly improved depressive symptoms compared with pla-
cebo [11]. Similarly, in a randomized controlled trial of obese patients with type 2 diabetes, curcumin supplementation
significantly reduced depressive symptoms relative to placebo [12].

1.3 Linking bipolar disorder to Ferroptosis: A Novel Mechanistic Perspective

Emerging evidence has linked bipolar disorder (BD) to ferroptosis, an iron-dependent form of regulated cell death
driven by lipid peroxidation and executed through the enzymatic axis of glutathione peroxidase 4 (GPX4) and acyl-
CoA synthetase long-chain family member 4 (ACSL4) (Figure 1).

Figure 1. Ferroptosis signaling pathway in a cell.
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In BD, elevated glutamate levels upregulate divalent metal transporter 1 (DMT1) via NF-kB/PKC signaling, ex-
panding the labile iron pool (LIP) and promoting Fenton-catalyzed lipid radical formation. Concurrently, mitochon-
drial dysfunction and high dopamine turnover generate overwhelming reactive oxygen species (ROS), while antiox-
idant defenses collapse through downregulation of nuclear factor erythroid 2-related factor 2 (Nrf2), SLC7A11, and
GPX4. This GPX4/ACSL4-mediated ferroptosis inhibition failure is further exacerbated by ACSL4-driven incorpo-
ration of polyunsaturated fatty acids into membrane phospholipids, amplifying lipid peroxide accumulation. Notably,
medication-free manic patients exhibit significantly lower GPX4 activity, and adolescent first-episode BD subjects
display aberrant lipid peroxidation biomarker profiles correlated with manic symptom severity. These findings estab-
lish ferroptosis as a plausible molecular mechanism underlying BD pathogenesis, positioning GPX4 restoration and
ACSL4 suppression as rational therapeutic targets.

1.4 Objective and Research Hypothesis

In summary, ferroptosis, regulated by key molecules such as GPX4 and ACSL4, may be involved in the neuropathol-
ogy of stress-related disorders. Meanwhile, curcumin has shown preliminary benefits in alleviating anxiety and de-
pression, yet its neurobiological mechanisms remain unclear.

The objective of this study was to investigate whether curcumin influences ferroptosis-related pathways in a bipolar
disorder-like (BD-like) mouse model. Specifically, we aimed to explore the potential association between curcumin,
behavioral improvement, and changes in ferroptosis markers, in order to provide initial evidence for ferroptosis as a
possible mechanistic link in non-pharmacological interventions for bipolar disorder.

2. Methods and Materials
2.1 Animals and BD-like Model

Male C57BL/6 mice (8 weeks old, 20-25 g) were purchased from Hubei Zhishu Zhihui Biotechnology Co., Ltd.
(Hubei, China). Animals were housed under controlled conditions (22 = 2 °C; 50-60% humidity; 12 h light/dark cycle)
with free access to food and water. All experimental procedures complied with institutional guidelines and were
approved by the Animal Ethics Committee of Hubei Zhishu Zhihui Biotechnology Co., Ltd. (approval No. 2024-
WHIK-01). The animals were acquired on April 8, 2025, and all experiments were performed between April 2025
and November 2025, with a total study duration of approximately 7 months (including a one-month modeling period
followed by ~6 months of experimental procedures). Mice were randomly allocated to the experimental groups using
a random number table, and group allocation was concealed from the investigators who performed the behavioral
tests, histological evaluations, and data analyses. No animals were excluded from the study; predefined exclusion
criteria included unexpected death or failure of model establishment.

A bipolar disorder-like (BD-like) model mimicking manic-like behaviors was established using an amphetamine-
induced hyperlocomotion paradigm combined with chronic unpredictable mild stress (CUMS). Mice were first al-
lowed to adapt to the open field arena for 20 min with no stimuli. Immediately afterward, they underwent six trials
of d-amphetamine (2.5 mg/kg, i.p.) administration at 24-hour intervals to induce manic-like hyperactivity. Each trial
consisted of a 35-min observation period in the open field following amphetamine injection, with locomotor activity
(total distance traveled, velocity, and rearing counts) recorded via video tracking software. By the second trial, most
mice exhibited significant increases in horizontal and vertical activity compared to baseline, indicating successful
establishment of hyperlocomotor behavior. On the following day, mice were re-exposed (recall test) to the open field
arena without amphetamine administration to assess the persistence of manic-like behavioral sensitization. Stereo-
typy scores, defined as repetitive, purposeless movements including head weaving and circling, were recorded. On
Day 3, mice were placed in a novel environment and again assessed for locomotor activity without drug challenge to
confirm the persistence and generalization of manic-like behavioral patterns. The CUMS regimen lasted 28 consec-
utive days, during which two mild stressors per day were applied in a randomized order, selected from the following:
restraint stress (2 h), cold exposure (4 °C, 1 h), forced swimming in 4 °C water (5 min), wet bedding (12 h), food
deprivation (24 h), water deprivation (24 h), cage tilting at 45° (12 h), and reversal of the light/dark cycle. The same
stressor was not applied on two consecutive days to prevent habituation. Control mice were left undisturbed in their
home cages without amphetamine or stress exposure, whereas mice in the BD, BD + Cur, and BD + Cur + Erastin
groups all underwent the identical amphetamine-plus-CUMS modeling procedure described above.

2.2 Drug Administration

Mice in the Bipolar Disorder + Curcumin (BD+Cur) group were subjected to oral curcumin administration once daily
beginning on Day 10 after BD-like model establishment. Curcumin (200 mg/kg, dissolved in 0.5% carboxymethyl
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cellulose sodium) was delivered by oral gavage. Each administration continued for 14 consecutive days. Control and
BD groups were handled identically but received equal volumes of vehicle (0.5% CMC-Na) without curcumin.

For the BD + Cur + Erastin group, erastin (10 mg/kg, intraperitoneal injection) was administered once daily from
Day 20 to Day 24 (corresponding to Days 10-14 of curcumin intervention). This schedule was designed to probe the
involvement of ferroptosis in the effects of curcumin. Control, BD, and BD + Cur groups received equal volumes of
vehicle injections (DMSO diluted in normal saline, 1:9 v/v) during this period.

2.3 Open-field Test

The open-field test was performed to evaluate locomotor activity and anxiety-like behavior. Mice were individually
placed in the center of a square open-field arena (50 x 50 x 40 cm) and allowed to explore freely for 5 min. The
apparatus was cleaned with 70% ethanol between trials. Locomotor activity (total distance traveled) and anxiety-
related behavior (time spent in the central zone) were recorded and analyzed using a video tracking system (e.g.,
ANY-maze, Stoelting, USA).

2.4 Elevated Plus Maze

Anxiety-like behavior was further assessed using the elevated plus maze. The apparatus consisted of two open arms
(30 x 5 cm) and two closed arms (30 x 5 cm, with 15 cm high walls) extending from a central platform (5 x 5 cm)
and elevated 50 cm above the floor. Each mouse was placed on the central platform facing an open arm and allowed
to explore for 5 min. The time spent and the number of entries into open arms were recorded by a video tracking
system. The maze was cleaned with 70% ethanol between tests.

2.5 Novel Object Recognition

Cognitive performance was evaluated using the novel object recognition task. On Day 1 (habituation), mice were
allowed to freely explore the empty arena (50 x 50 x 40 cm) for 5 min. On Day 2 (familiarization), two identical
objects were placed in the arena, and mice were allowed to explore for 5 min. After a 24 h retention interval, one
familiar object was replaced with a novel object of different shape and texture. Exploration time directed toward each
object was recorded for 5 min. The recognition index was calculated as the percentage of time spent exploring the
novel object over the total object exploration time. Objects and arenas were cleaned with 70% ethanol between trials.

2.6 Immunohistochemistry

Paraffin-embedded hippocampal sections (5 um) were prepared after fixation in 4% paraformaldehyde. After depar-
affinization, antigen retrieval was performed in citrate buffer (pH 6.0). Sections were blocked with 5% BSA and
incubated overnight at 4 °C with anti-GPX4 antibody [EPNCIR144] (ab125066, Abcam, 1:200) or anti-ACSL4 an-
tibody [EPR8640] (ab155282, Abcam, 1:200). After washing, sections were incubated with HRP-conjugated second-
ary antibody and visualized with DAB, followed by hematoxylin counterstaining. Images of the hippocampal CA
regions were acquired using a light microscope, and staining intensity was quantified with Imagel.

The Allred scoring system was applied for semi-quantitative evaluation. Staining intensity was graded as 0 (none),
1 (weak), 2 (moderate), or 3 (strong), and the percentage of positive stained area was scored as 0 (none), 1 (<1%), 2
(1-10%), 3 (10-33%), 4 (33-66%), or 5 (>66%). The final IHC score was obtained by summing intensity and propor-
tion scores. All sections were scored independently by two blinded observers, and the mean values were used for
analysis. The two observers were blinded to group allocation; as described in the Animals section, animals were
randomly assigned to the experimental groups, and behavioral testing and data analyses were likewise conducted
under blinded conditions.

2.7 PerI’s Staining

Perl’s Prussian blue staining was used to assess iron deposition in hippocampal sections. Paraffin-embedded slices (5
um) were processed with 2% potassium ferrocyanide and 2% hydrochloric acid solution (Sigma-Aldrich, USA),
counterstained with nuclear fast red, and imaged under a light microscope. Positive staining areas were semi-quanti-
tatively analyzed using ImageJ software.

2.8 Measurement of Malondialdehyde

Malondialdehyde (MDA) content in hippocampal tissue was determined with a TBARS assay kit (Nanjing Jiancheng
Bioengineering Institute, China) following the manufacturer’s protocol. Absorbance was measured at 532 nm, and
values were normalized to protein concentration.

DOI: 10.26855/ijcemr.2026.07.015 338 International Journal of Clinical and Experimental Medicine Research



Shuhan Jing, Jun Zhou

2.9 Statistical Analysis

All data are presented as mean + standard deviation (SD). Normality of data distribution was verified using the
Shapiro-Wilk test. For comparisons between two groups, unpaired Student’s t-test was applied. For comparisons
among three or more groups, one-way analysis of variance (ANOVA) was performed followed by Tukey’s post hoc
test. Each group included six independent biological replicates (n = 6). Exact P values, group means, standard devi-
ations, mean differences with 95% confidence intervals, and effect sizes (Cohen’s d for t-tests; partial n? for one-way
ANOVA) were calculated and are reported for all comparisons. Statistical analyses were conducted using SPSS 22.0
(IBM, USA) and GraphPad Prism 10.0 (GraphPad Software, USA). A value of P < 0.05 was considered statistically
significant.

3. Results
3.1 Erastin Counteracts the Effects of Curcumin on Hyperlocomotion in BD-like Model Mice

To investigate whether ferroptosis is involved in the behavioral effects of curcumin, a bipolar disorder-like (BD-like)
model was established and subjected to subsequent interventions. BD-like model mice exhibited significantly in-
creased manic-like hyperlocomotion compared with controls. Curcumin treatment markedly reduced hyperlocomotor
responses, whereas erastin administration counteracted this improvement. Together, these results demonstrate that
erastin counteracted the beneficial effects of curcumin on manic-like behaviors in BD-like model mice.

3.2 Erastin Counteracts the Effects of Curcumin on Anxiety and Cognition-related Behaviors

In the open-field test, locomotor activity did not differ among groups, but BD-like model mice spent less time in the
center; curcumin treatment increased this time, and erastin counteracted the improvement (Figure 2A). In the elevated
plus maze, BD-like model mice exhibited decreased time spent in open arms relative to controls, which was improved
by curcumin but counteracted by erastin (Figure 2B). Similarly, BD-like model mice showed fewer open-arm entries
and a lower recognition index, both improved by curcumin but counteracted by erastin. Curcumin significantly in-
creased the recognition index, whereas erastin counteracted this effect (Figure 2C). Analysis of exploration time
showed that control and curcumin-treated mice spent more time exploring the novel object, while BD and BD +
erastin groups failed to show such preference. Together, these findings indicate that erastin counteracted the beneficial
effects of curcumin on anxiety- and cognition-related behaviors in BD-like model mice.
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Figure 2. Behavioral performance in open-field, elevated plus maze, and novel object recognition tests. (A) Representative tra-
jectories and quantification of total distance traveled and time spent in the center zone in the open-field test. (B) Representative
trajectories and quantification of time spent in the open arms and open arm entries in the elevated plus maze. (C) Representa-
tive trajectories and quantification of recognition index and exploration time for familiar vs. novel objects in the novel object
recognition test.

Notes: Data are presented as mean = SD (n = 6 per group). *P <0.05, **P < (.01, *** P <0.001.

DOI: 10.26855/ijcemr.2026.07.015 339 International Journal of Clinical and Experimental Medicine Research



Shuhan Jing, Jun Zhou

3.3 Erastin Counteracts the Ferroptosis-Suppressing Effects of Curcumin in the Hippocampus

To further investigate whether ferroptosis mediates the effects of curcumin, hippocampal sections were subjected to
immunohistochemistry for GPX4 and ACSL4, Perl’s Prussian blue staining, and biochemical detection of MDA.

In the hippocampus, BD-like model mice exhibited enhanced iron deposition as shown by increased Perl's Prussian
blue staining (Figure 3A) and elevated MDA levels (Figure 3B). Immunohistochemistry further revealed decreased
GPX4 expression and increased ACSL4 expression in BD-like model mice (Figure 3C). Curcumin treatment signif-
icantly attenuated these alterations, increasing GPX4, reducing ACSL4, and alleviating iron overload and oxidative
stress. However, these ferroptosis-suppressing effects of curcumin were counteracted by erastin administration. To-
gether, these findings indicate that erastin counteracted the inhibitory effects of curcumin on ferroptosis-related alter-

ations in the hippocampus of BD-like model mice.
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Figure 3. Effects of curcumin and Erastin on ferroptosis-related markers in the hippocampus of BD-like model. (A) Repre-
sentative Perl’s Prussian blue staining images and quantification of iron-positive area in the hippocampus. (B) Quantification
of MDA levels in hippocampal tissue. (C) Representative immunohistochemistry images and semi-quantitative analysis of
GPX4 and ACSL4 expression in the hippocampus. Data are presented as mean + SD (n = 6 per group).

Notes: *P <0.05, **P < 0.01, *** P <0.001.
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4. Discussion

Bipolar disorder (BD) remains a major clinical challenge, particularly in adolescents, where current treatments are
largely limited to pharmacological interventions such as lithium carbonate and selective serotonin reuptake inhibitors
(SSRIs). Although these agents can alleviate symptoms, their adverse effect profiles—including renal toxicity, thy-
roid dysfunction, and risk of mood switching—and uncertain long-term safety highlight the urgent need for safer,
alternative therapeutic strategies. Curcumin, the principal polyphenolic constituent of Curcuma longa, has been rec-
ognized as a promising candidate due to its multimodal neurobiological activity and favorable safety profile; however,
the precise mechanisms underlying its therapeutic effects in BD remain poorly understood. In this study, we estab-
lished a bipolar disorder-like (BD-like) mouse model and demonstrated that curcumin not only alleviated core be-
havioral deficits, including manic-like hyperlocomotion, anxiety-like behaviors, and impaired cognition, but also
modulated ferroptosis-related markers in the hippocampus, supporting the involvement of GPX4 and ACSL4. These
findings suggest a potential mechanistic link between curcumin and the regulation of iron-dependent neuronal vul-
nerability in BD.

Beyond the general therapeutic promise outlined above, increasing evidence highlights the potential of curcumin
in alleviating BD-related symptoms and associated affective disturbances. A recent systematic review and meta-anal-
ysis of randomized controlled trials demonstrated that curcumin significantly reduced depressive symptoms com-
pared with placebo, with efficacy comparable to standard antidepressants in certain populations, although the overall
certainty of evidence remained moderate due to heterogeneity in dosing and formulation [13]. From a neurobiological
perspective, BD is characterized by prefrontal-limbic circuit dysfunction, hippocampal neuroplasticity deficits, mi-
tochondrial dysfunction, and dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis. Curcumin interven-
tions have been shown to counteract these abnormalities by enhancing neurogenesis and neuroplasticity, restoring
mitochondrial function, reducing neuroinflammation, and improving emotional and cognitive functions [13]. Exper-
imental studies further support these effects: in a rat model of mania induced by ketamine, curcumin pretreatment
prevented hyperlocomotion—a well-established animal model of manic-like behavior—and reversed associated ox-
idative stress parameters in the prefrontal cortex and hippocampus, underscoring a mechanistic link between curcu-
min exposure and neural redox homeostasis [ 14]. Similarly, in a major depressive disorder model, curcumin alleviated
depression-like behaviors by reducing oxidative stress, suppressing proinflammatory cytokines, and preserving syn-
aptic integrity in the hippocampus and prefrontal cortex [15]. Consistent with these findings, our study demonstrated
that curcumin improved manic-like hyperlocomotion, reduced anxiety-like behaviors, and improved cognitive per-
formance in BD-like model mice. While prior work emphasized the roles of neuroplasticity, BDNF, inflammation,
and oxidative stress, our results extend these observations by suggesting that modulation of GPX4/ACSL4-mediated
ferroptosis may represent an additional mechanism through which curcumin exerts its beneficial effects in BD.

Beyond its psychological and neuroplastic effects, accumulating evidence suggests that ferroptosis, an iron-de-
pendent form of regulated cell death, may contribute to mood disorder psychopathology. Transcriptome-wide analysis
of peripheral blood from patients with post-traumatic stress disorder identified differential expression of ferroptosis-
related genes, including ACSL4 and GPX4, implicating ferroptosis and associated inflammatory pathways in stress-
related psychopathology [16]. Although no clinical or preclinical studies have directly examined curcumin in relation
to ferroptosis in BD, converging data from other psychiatric and neurological disorders support a role for this pathway.
In chronic stress-induced depression models, ferroptosis activation was observed in the hippocampus, contributing
to neuronal loss and behavioral deficits [17]. Pharmacological inhibition of ferroptosis has shown therapeutic poten-
tial: cynaroside alleviated depression-like and anxiety-like behaviors by enhancing GPX4 signaling and suppressing
lipid peroxidation [18], while hydrogen sulfide alleviated anxiety-like and depressive-like behaviors in type 1 diabetic
mice by inhibiting inflammation and ferroptosis [19]. Similarly, in traumatic brain injury, ferroptosis was prominently
activated in the hippocampus, and overexpression of GPX4 ameliorated cognitive deficits and neuroinflammation
[20]. Consistent with these findings, our study demonstrated that BD-like model mice exhibited ferroptosis-related
alterations, including reduced GPX4, elevated ACSL4, iron accumulation, and increased MDA levels. Importantly,
curcumin suppressed these changes and improved behavioral outcomes, whereas erastin administration counteracted
these effects. Taken together, our results provide experimental evidence consistent with the involvement of ferroptosis
in BD-like pathophysiology and support the involvement of GPX4/ACSL4-related ferroptosis inhibition in the ther-
apeutic action of curcumin.

5. Limitations and Future Prospects

Several limitations of this study should be acknowledged. First, our ferroptosis readouts were limited: we did not
directly quantify ROS, Fe*", or SLC7A1l, nor examine a broader panel of lipid peroxidation and iron-handling
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markers. Accordingly, the findings of this study are described as ferroptosis-related alterations, or evidence consistent
with ferroptosis, rather than definitive proof of ferroptosis activation. Second, we did not causally manipulate ferrop-
tosis (e.g., genetic gain/loss of GPX4/ACSL4/SLC7A11) or conduct cell-level mechanistic assays. Third, the up-
stream regulators linking curcumin administration to ferroptosis modulation remain undefined, leaving the signaling
hierarchy unresolved. Future studies should therefore expand ferroptosis profiling, incorporate genetic and cell-based
approaches, and investigate upstream signaling pathways to better delineate how curcumin interacts with neuronal
vulnerability. Ultimately, integrating these mechanistic insights with clinical research will be essential to determine
whether modulating GPX4/ACSL4-related ferroptosis can enhance the translational potential of curcumin as an ad-
junctive therapy for bipolar disorder.

6. Conclusion

In summary, this study demonstrates that curcumin alleviates core behavioral deficits in a bipolar disorder-like (BD-
like) mouse model, including manic-like hyperlocomotion, anxiety-like behaviors, and cognitive impairment, while
concurrently suppressing ferroptosis-related alterations in the hippocampus through GPX4/ACSL4 modulation. Im-
portantly, pharmacological induction of ferroptosis with erastin counteracted these benefits, supporting the involve-
ment of ferroptosis inhibition in the therapeutic effects of curcumin. To our knowledge, this is the first experimental
evidence linking curcumin to GPX4/ACSL4-mediated ferroptosis modulation in a bipolar disorder-like model,
providing a novel mechanistic perspective for natural compound-based interventions. These findings not only enrich
our understanding of bipolar disorder pathophysiology but also highlight the GPX4/ACSL4 ferroptosis axis as a
promising target for developing safer, mechanism-based adjunctive therapies for this debilitating mood disorder.
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