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Aerobic exercise regulates the cGAS/STING signaling pathway and
inhibits ferroptosis to alleviate ischemic stroke
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Abstract. Aerobic exercise at the appropriate intensity alleviates motor dysfunction after ischemic
stroke (IS); however, its regulatory mechanisms remain to be elucidated. In this study, the neuropro-
tective effects of exercise and the related mechanisms were investigated using a rat middle cerebral
artery occlusion (MCAO) model and an HT22/PC12 cell oxygen-glucose deprivation/reperfusion
(OGD/R) model. The rats were subjected to daily exercise training for durations of 3, 7 or 14 days
post-surgery. The results revealed that exercise, particularly the 14-day regimen, significantly reduced
the mNSS and infarct area, restored the number of Nissl bodies, and ameliorated cortical pathology.
Exercise also decreased Fe>*, MDA, and IREB2 levels and increased SOD, GPX4, and SLC7A11
levels, indicating the inhibition of ferroptosis. In addition, the ferroptosis inhibitor Fer-1 attenuated
OGD/R-induced damage in HT22 and PC12 cells. In terms of molecular mechanisms, we revealed
that the cGAS/STING signaling pathway was activated and that knockdown of cGAS or STING
restored cell viability and mitochondrial structure by inhibiting ferroptosis and reducing cell dam-
age. Importantly, exercise also alleviated IS progression in rats by downregulating the expression of
c¢GAS and STING. In conclusion, aerobic exercise inhibits ferroptosis via suppression of the cGAS/

STING pathway, thereby alleviating IS progression.
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Introduction

Stroke is the second leading cause of death and the third
leading cause of disability worldwide, and its prevalence
is increasing rapidly in low- and middle-income countries
(Owolabi et al. 2022). Ischemic stroke (IS) accounts for
approximately 80-85% of all strokes (Cui et al. 2021),
can cause permanent damage to patients that affects their
movement and cognitive communication ability, and may
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cause learning and memory impairment (Knecht 2011;
Zhang et al. 2013). Recent clinical interventions have
focused on blood flow restoration to salvage the ischemic
penumbra, but once blood flow is restored, a condition
known as ischemia-reperfusion (I/R) triggers a series of
rapid neuropathic events, including but not limited to
disorders of cell bioenergetic and redox balance; these
disorders play multifaceted roles in further aggravating
brain injury because the overproduction of reactive oxygen
species (ROS) can induce cell death (Jin et al. 2022). Recent
studies have shown that the use of iron chelators, such as
deferoxamine mesylate (DFO), can prevent the production
of free radicals and reduce the level of superoxide in the
serum of stroke patients (Selim 2010). Interestingly, sele-
nium supplementation after stroke effectively suppresses
ferroptosis by increasing the expression of GPX4 (Alim et
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al. 2019). Therefore, inhibition of ferroptosis may be critical
for the treatment of IS.

As a nondrug treatment, exercise can effectively reduce
the incidence, severity and mortality of IS (Di Raimondo
et al. 2020). Exercise has a variety of potential mechanisms
through which it exerts therapeutic effects on stroke, includ-
ing increasing the levels of neurotrophic factors (especially
brain-derived neurotrophic factor (BDNF), reducing oxida-
tive stress, inhibiting inflammation, and improving cerebral
blood perfusion (Alkadhi 2018). Recent studies have shown
that regular aerobic exercise attenuates IS-induced cognitive
decline, making it a promising intervention for enhancing
cognitive recovery and functional independence in patients
(Choi et al. 2024). Furthermore, previous animal studies
utilizing a middle cerebral artery occlusion (MCAQO) model
have demonstrated that exercise training improves motor
function; alters the expression of plasticity-related proteins
(BDNF and TrkB); and promotes cerebral angiogenesis,
neurogenesis, functional changes in neuronal structure, and
the resistance of hippocampal neurons to injury (Cui et al.
2020). Although the positive effect of exercise on functional
prognosis after stroke has been widely recognized, whether
exercise affects the progression of IS through the regulation
of ferroptosis remains unclear.

In recent years, increasing research has focused on the
emerging role of the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) pathway. The
cGAS-STING pathway is a crucial signaling cascade of the
innate immune system that was initially studied extensively
in the context of pathogen infection (Collins et al. 2015;
Thomsen et al. 2016; Gallego-Marin et al. 2018; Domizio
et al. 2022) and is now recognized as a significant factor
in various ischemic diseases (King et al. 2017; Cao et al.
2018). By approximately 2020, its importance in IS began
to gain wider recognition in the scientific literature (Li et al.
2020). Moreover, activation of the cGAS-STING pathway
is related to excessive iron deposition in cells. Studies have
confirmed that excessive activation of the cGAS-STING
pathway during cerebral ischemia leads to NCOA4 over-
expression, resulting in iron accumulation in neurons (Ma
etal. 2023). The increase in the number of intracellular free
iron ions induced by the cGAS-STING pathway is a key fac-
tor in ferroptosis. Notably, existing research suggests that
exercise has the potential to modulate the cGAS-STING
pathway. For instance, studies have shown that aerobic
exercise can alleviate depression-like behaviors in female
mice through the inhibition of the cGAS-STING signaling
pathway (Chunchun et al. 2025). More importantly, the
exercise-induced myokine irisin has been demonstrated
to protect against contrast-induced acute kidney injury by
inhibiting the cGAS-STING pathway (Long et al. 2025). This
collective evidence indicates that exercise, as a physiologi-
cal intervention, can regulate the cGAS-STING pathway.

However, whether exercise can ameliorate ferroptosis after
IS by regulating the cGAS-STING pathway remains to be
elucidated and warrants further investigation.

In summary, this study aimed to investigate whether
aerobic exercise slows the progression of IS by inhibiting
ferroptosis through regulation of the cGAS-STING path-
way, thereby providing a new theoretical basis and potential
intervention target for the prevention and treatment of this
disease.

Materials and Methods

Establishment and treatment of the middle cerebral artery
occlusion (MCAOQ) rat model

Eight-week-old male Sprague-Dawley rats (220-240 g) were
purchased from Beijing Charles River Laboratory Animal
Technology Co., Ltd. The rats were housed in a specific
pathogen-free facility. After one week of acclimatization, the
rats were randomly divided into the following groups: Sham
group, MCAO-3d group, MCAO-7d group, MCAO-14d
group, MCAO+EXE-3d group, MCAO+EXE-7d group,
MCAO+EXE-14d group, MCAO+sh-cGAS group, and
MCAO+EXE+OE-cGAS group, with 5 rats in each group.
After the rats were anesthetized with 4% isoflurane, a midline
incision was made in the neck region to expose the right
common carotid artery and external carotid artery. The distal
end of the external carotid artery was ligated with a 6.0 mm
nylon monofilament. Another suture was passed through
the external carotid artery and tied near the bifurcation of
the common carotid artery. The common carotid artery was
clamped with an arterial clip, and the nylon monofilament
was inserted into the external carotid artery and internal ca-
rotid artery and further advanced into the middle cerebral ar-
tery. After 1.5 h of ischemia, the monofilament was removed
to restore blood flow, and the neck incision was sutured. In
the Sham group rats, the structure of the common carotid
artery was exposed up to the bifurcation, after which the
incision was sutured. No other procedures were performed.
At the end of the experiment, the rats were euthanized by
cervical dislocation, and their brains were collected for the
measurement of relevant indicators.

For the rats in the exercise (EXE) groups, acclimatization
to aerobic treadmill training began 3 days prior to MCAO
modeling. To avoid any impact of exercise preconditioning
on the nervous system, acclimatization training was con-
ducted at a speed of 1-2 m/min for 30 min to familiarize
each rat with the treadmill environment. Formal aerobic
training commenced on the 2nd day post-modeling (24 h
later). The initial formal aerobic training was conducted at
a speed of 6 m/min for 30 min starting from the 2nd day of
training, the speed was adjusted to 12 m/min (Zhang et al.
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2013), while the duration remained 30 min. Depending on
the time point of euthanasia, the rats in the exercise groups
were trained continuously for 3, 7, or 14 days. The training
speed of 12 m/min adopted in this study is based on literature
evidence for rats of the same strain (Fei et al. 2020), which has
confirmed that this speed constitutes an effective “aerobic”
exercise stimulus.

For rats in the cGAS knockdown or overexpression
groups, an adenovirus for cGAS knockdown or overexpres-
sion was injected into the left lateral ventricle via stereotaxic
injection 14 days before MCAO. Before virus injection, the
rats were anesthetized with 4% isoflurane and fixed on a ster-
eotaxic frame (RWD, China). The liquid (5 pl) was slowly
injected into the lateral ventricle at a rate of 0.5 ul/min using
a microinfusion pump (RWD, China), with a virus titer of
1x10"* vg/ml. The stereotaxic coordinates of the injection site
from the bregma were as follows: posterior: 0.9 mm; medial
and lateral: 1.4 mm; and dorsoventral: 3.8 mm.

Modified neurological severity score (mNSS)

The mNSS was determined according to the methods of
Zhao et al. (2025). The mNSS is a comprehensive index of
motor, sensory, reflex, and balance tests. Neurological func-
tion was graded according to 0-18 points, where 0 points
indicated a normal level and a total score of 18 points in-
dicated severe deficit.

2,3,5-Triphenyltetrazolium chloride (TTC) staining

After the animals were sacrificed, the brains were quickly
removed and cut into 2 mm thick sections. The sections
were then placed in 2% TTC solution (Beyotime, China)
and stained at 37°C for 30 min, after which the container
was gently shaken every 5 min. to allow sufficient staining.
After staining, the sections were photographed to determine
the ischemic infarct volume.

Nissl staining

The obtained paraffin-embedded brain tissue sections were
dewaxed with xylene, hydrated through a graded alcohol
series, and rinsed with distilled water. The samples were
subsequently stained with Nissl staining solution (Beyotime,
China) for 5 min, followed by two additional rinses with
distilled water. The stained brain tissue was then observed
under a microscope (Nikon, Japan).

Hematoxylin and eosin (H&E) staining

Brain tissue sections embedded in paraffin were stained
with the reagents provided in an HE staining kit (Solar-
bio, China). Briefly, the sections were dewaxed in xylene,

hydrated in a gradient series of alcohol solutions, stained
with hematoxylin staining solution for 5 min, and then
washed with distilled water to remove floating stains. Af-
terward, differentiation solution was added dropwise for
30 s, and the cells were subsequently washed twice with
tap water. Next, they were stained with eosin solution for
1 min and then dehydrated and cleared by immersion in
a gradient series of alcohol solutions and xylene. Finally,
after the samples were sealed with neutral resin, they were
observed and photographed using a light microscope
(Olympus, Japan).

Cell culture and transduction

Mouse hippocampal neuronal HT22 cells and rat adrenal
pheochromocytoma PC12 cells (differentiation) were pur-
chased from Wuhan Procell Life Technology Co., Ltd. HT22
cells were cultured in DMEM (Gibco, USA), and PC12 cells
were cultured in RPMI-1640 medium (Gibco, USA). Both
media were supplemented with 10% fetal bovine serum
(Gibco, USA) and 1% penicillin/streptomycin (Gibco,
USA). The cells were routinely maintained in an incuba-
tor at 37°C with 5% CO,. To establish an oxygen-glucose
deprivation/reperfusion (OGD/R) model, HT22 and PC12
cells were cultured in 6-well plates until they reached 80%
confluence. OGD was then performed using glucose-free
and serum-free medium in a hypoxic chamber (1% O, 5%
CO,,94% N,). After 3 h of OGD, the cells were returned to
normal culture conditions and incubated for an additional
24 h. To investigate the role of ferroptosis, varying concen-
trations (1.25 uM, 2.5 uM, 5 uM, 10 uM, and 20 pM) of
the ferroptosis inhibitor ferrostatin-1 (Fer-1, HY-100579,
MCE, USA) were added to the culture medium of the HT22
and PC12 cells at the onset of reperfusion. To explore the
role of the cGAS-STING signaling pathway in OGD/R-
induced cell injury, HT22 and PC12 cells were seeded in
6-well plates. When the cells reached approximately 50%
confluence, they were infected with lentiviral vectors (Ge-
nePharma, Shanghai, China) carrying sh-STING, sh-cGAS,
OE-STING, or the corresponding negative control at a titer
of 1x10® TU/ml (MOI = 100) for 14 h. Subsequently, the
medium was replaced with complete culture medium. At
72 h post infection, cells were selected with 4 ug/ml puro-
mycin (HY-K1057; MCE, USA) to establish stably infected
cell lines, and the infection efficiency was validated by
Western blotting.

CCK-8 assay

HT22 and PC12 cells (5x10° cells/well) were seeded in
96-well plates and cultured at 37°C in a 5% CO, incubator
for 24 h. The cells in each group were treated according to
their groupings and then added to each well after treatment.
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A total of 10 pl of CCK-8 reagent (Beyotime, China) was then
added for another 2 h. The absorbance value of each well

was measured at 450 nm using a microplate reader (Thermo
Fisher Scientific, MA, USA).

Determination of MDA, SOD, and Fe** levels

Thelevels of malondialdehyde (MDA), superoxide dismutase
(SOD), and ferrous iron (Fe*") in rat brain tissue or in HT22
and PC12 cells were evaluated according to the instructions
of an MDA assay kit (A003-4-1; Nanjing Jiancheng Bioengi-
neering Institute, China), a SOD assay kit (A001-3; Nanjing
Jiancheng Bioengineering Institute, China), and an iron ion
assay kit (BC5415; Solarbio, China), respectively.

ROS detection

HT22 and PC12 cells in each group were seeded into 6-well
plates at 2x10° cells per well, cultured in a cell culture incuba-
tor with 5% CO, for 24 h, and then centrifuged. The medium
was discarded. The cells were subsequently resuspended
in D-Hanks solution. For each sample, 500 pl of D-Hanks
solution containing 20 ul of DCFH-DA (Beyotime, China)
was added, and the mixture was incubated in the incubator
in the dark for 30 min. The mixture was fully combined and
shaken once every 5 min. After centrifugation at 300xg for
5 min, the samples were washed twice with D-Hanks solu-
tion. The cells were subsequently resuspended in D-Hanks
solution again, and the ROS level in the cells was detected
via fluorescence microscopy (NiKon, Japan).

Western blot analysis

Total protein was isolated from rat brain tissue or from
HT22 and PC12 cells using RIPA lysis buffer (Beyotime,
China) supplemented with protease phosphatase inhibitor
cocktail (Beyotime, China), and the protein concentration
was determined using a BCA protein concentration assay kit
(Beyotime, China). Equal amounts of protein were then sepa-
rated by SDS-PAGE and transferred to PVDF membranes.
After the membrane was blocked with PBS containing 5%
skim milk for 1 h at room temperature, the membrane was
incubated with primary antibodies against STING (1:2000;
ab288157; Abcam, UK), cGAS (1:1000; PA5-141097; Thermo
Fisher Scientific, USA), IREB2 (1:1000; PA5-19158; Thermo
Fisher Scientific, USA), GPX4 (1:1000; ab125066; Abcam,
UK), SLC7AL11 (1:2000; ab307601; Abcam, UK), and B-actin
(1:1000; ab8227; Abcam, UK) at 4°C overnight and then
incubated with the corresponding secondary antibodies for
2 h at room temperature. Detection was performed using
a Super Enhanced Chemiluminescence (ECL) detection kit
(Thermo Fisher Scientific, USA), and analysis was conducted
using Image] software.

Statistical analysis

All experimental data in this study are presented as the
mean * standard deviation (SD). For the animal experi-
ments, each group contained 5 biological replicates (n =
5). For the cell experiments, each assay was independently
performed three times (n = 3). Data analysis and graphing
were performed using GraphPad Prism 8 software. Prior to
parametric testing, all the data were assessed for normality
using the Shapiro-Wilk test. For normally distributed data,
comparisons between two groups were conducted using
a two-tailed Student’s t test, while comparisons among
multiple groups were performed using one-way analysis of
variance (ANOVA), followed by Tukey’s test for post hoc
pairwise comparisons. A p value < 0.05 was considered to
indicate statistical significance.

Results

Exercise alleviates ischemic stroke through the inhibition of
ferroptosis

We first investigated the effects of different durations of ex-
ercise training on IS in rats. The mNSS results revealed that
compared with the model group at each corresponding time
point, rats that underwent 3, 7, or 14 days of exercise train-
ing after MCAO exhibited significantly lower neurological
deficit scores (Fig. 1A). TTC staining revealed that exercise
training markedly reduced the cerebral infarct volume (Fig.
1B). Nissl staining revealed that exercise alleviated neuronal
edema, increased the number of neurons with normal mor-
phology, and increased the quantity of Nissl bodies in the
ischemic cortex (Fig. 1C). H&E staining further confirmed
that exercise training ameliorated cellular structural disarray
and neuronal damage in the ischemic cortex (Fig. 1D). In
addition, studies have shown that ferroptosis plays important
roles in the occurrence and development of stroke (Alim et
al. 2019). Therefore, to explore whether exercise regulates
ferroptosis, we examined relevant indicators. The results
revealed that exercise significantly reduced the Fe>* content
and MDA levels but increased the activity of SOD in the brain
tissue (Fig. 1E). Western blot analysis indicated that exercise
downregulated the expression of IREB2 and upregulated the
expression of GPX4 and SLC7A11 (Fig. 1F). These results
suggest that exercise training alleviates neurological injury
after IS by inhibiting ferroptosis.

Inhibition of ferroptosis can relieve OGD/R-induced neuro-
nal injury

To investigate the role of ferroptosis in neuronal cell injury in
vitro, HT22 and PC12 cells were treated with various concen-
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trations (1.25,2.5, 5, 10, and 20 uM) of the ferroptosis inhibi-
tor Fer-1. The results revealed that 10 uM Fer-1 most strongly
restored cell viability in OGD/R-treated HT22 cells, whereas
2.5 uM Fer-1 exerted the strongest restorative effect on cell vi-
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Figure 1. Exercise alleviates ischemic stroke through the inhibition of ferroptosis. A. Rat mNSS score. B. Cerebral infarct area in rats
detected by TTC staining. C. Neuronal injury in the ischemic cortices of rats detected by Nissl staining. D. Pathological changes in
the ischemic cortices of rats detected by H&E staining. E. The levels of Fe**, MDA, and SOD in rat brain tissue were measured using
commercial kits. F. Western blot detection of the expression of the ferroptosis-related proteins IREB2, GPX4, and SLC7AL11 in rat brain

tissue. * p < 0.05,** p < 0.01, *** p < 0.001.
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the HT22 and PC12 cells significantly increased, the SOD
level significantly decreased, and the addition of Fer-1 partly
attenuated the induction effect of OGD/R (Fig. 2B-D). The
results of the immunofluorescence analysis revealed that
OGDI/R significantly increased the levels of ROS, whereas

the addition of Fer-1 inhibited ROS production (Fig. 2E).
Detection of the expression of ferroptosis-related proteins
via Western blotting revealed that OGD/R increased the
expression of IREB2 and decreased the expression of GPX4
and SLC7A11; the expression of these related proteins was
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Figure 2. Inhibition of ferroptosis attenuated OGD/R-induced neuronal injury. A. CCK-8 assay for determining the viability of the HT22
and PC12 cells. B. Fe?* content of the HT22 and PC12 cells measured using commercial kits. C. MDA content of the HT22 and PC12
cells measured using commercial kits. D. SOD content of the HT22 and PC12 cells measured using commercial kits. E. ROS content in
the HT22 and PCI12 cells detected by immunofluorescence. F. Western blot detection of the expression of the ferroptosis-related pro-
teins IREB2, GPX4, and SLC7A11 in the HT22 and PC12 cells. G. The mitochondrial ultrastructures of the HT22 and PC12 cells were
examined by TEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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partially attenuated after the addition of Fer-1 (Fig. 2F). Fi-
nally, transmission electron microscopy (TEM) analysis of
mitochondrial ultrastructure revealed that OGD/R induced
mitochondrial shrinkage, mitochondrial rounding, cristae
loss, and occasional vacuolization in HT22 and PC12 cells. In
contrast, Fer-1 treatment partially reversed these alterations,
as evidenced by increased mitochondrial size, clearer cristae
structures, reduced shrinkage, and restored morphologi-
cal integrity (Fig. 2G). These results indicate that OGD/R
induces neural injury by promoting ferroptosis.

Knocking down STING expression can alleviate nerve cell
damage by inhibiting ferroptosis

STING not only is associated with IS but also regulates the
activation of ferroptosis (Ma et al. 2023). Therefore, we
examined the expression of STING in IS and found that
STING expression was upregulated in MCAO model rats
and in HT22 and PC12 cells subjected to OGD/R (Fig. 3A,B).
To verify the effect of STING, we knocked down STING in
HT22 and PC12 cells, and the expression level of STING
was significantly reduced in the sh-STING group (Fig. 3C).
The results of the CCK-8 assay revealed that knocking down
STING expression could partially restore the viability of
the HT22 and PC12 cells (Fig. 3D). Biochemical assay and
immunofluorescence assays revealed that compared with
the OGD/R+sh-NC group, the groups in which STING was
knocked down had significantly lower Fe** levels, MDA
levels, and ROS levels but higher SOD levels in HT22 and
PC12 cells (Fig. 3E-H). Moreover, knocking down STING
decreased the expression of IREB2 and increased the expres-
sion of GPX4 and SLC7A11 (Fig. 31). Finally, TEM revealed
that compared with those in the OGD/R+sh-NC group, some
mitochondria in the STING knockdown group exhibited
normal morphology, clearly visible cristae (Fig. 3]). These
results indicate that STING expression is upregulated in
IS and that knocking down STING expression can relieve
neuronal injury through the inhibition of ferroptosis.

OGD/R induction promotes ferroptosis in neuronal cells by
activating the cGAS/STING signaling pathway

Furthermore, as an upstream regulator of STING, cGAS
effectively activates STING expression, and the cGAS/
STING signaling pathway has been shown to promote is-
chemic brain injury (Ma et al. 2023). Therefore, we further
investigated the role of this signaling pathway in neuronal
ferroptosis. First, Western blot analysis revealed that cGAS
expression was also upregulated in MCAO model rats and
in OGD/R-treated HT22 and PC12 cells (Fig. 4A,B). To
investigate the role of the cGAS/STING signaling pathway
in neuronal ferroptosis, we knocked down cGAS or over-
expressed STING in HT22 and PC12 cells. The knockdown

and overexpression efficiencies were validated by Western
blot analysis (Fig. 4C,D). The results of the CCK-8 assay
revealed that compared with OGD/R, knocking down cGAS
expression significantly increased the viability of HT22 and
PCI12 cells, and further overexpression of STING reduced
cell viability (Fig. 4E). Biochemical assay and immuno-
fluorescence assays revealed that compared with OGD/R,
cGAS knockdown significantly reduced the Fe*" content,
MDA level, and ROS level but increased the SOD level in
HT22 and PC12 cells. Moreover, further overexpression of
STING partially abolished the effects of cGAS knockdown
(Fig. 4F-I). Moreover, knocking down cGAS decreased the
expression of IREB2 and increased the expression of GPX4
and SLC7A11. STING overexpression partially attenu-
ated the effect of cGAS knockdown (Fig. 4]). Finally, TEM
observations of mitochondrial ultrastructure revealed that
the beneficial effect of cGAS knockdown on mitochondrial
structure could be weakened by STING overexpression (Fig.
4K). These results suggest that OGD/R-induced ferroptosis
in neuronal cells is promoted through the activation of the
c¢GAS/STING signaling pathway.

Exercise alleviates ischemic stroke by inhibiting ferroptosis
through regulation of the cGAS/STING signaling pathway

To improve the scientific rigor and accuracy of the experi-
ments, we validated whether exercise alleviates IS by regu-
lating the cGAS/STING signaling pathway in a rat model.
The mNSS results revealed that compared with the MCAO
(3 d) group, both the exercise (14 d) group and the cGAS
knockdown group had significantly lower neurological
deficit scores. However, overexpression of cGAS in exercised
rats partially reversed the protective effects of exercise, lead-
ing to increased mNSS score (Fig. 5A). The tissue staining
results demonstrated that compared with the MCAO group,
both the exercise group and the cGAS knockdown group
had significantly reduced cerebral infarct volume, increased
numbers of Nissl bodies, and ameliorated pathological dam-
age in the ischemic cortex. However, overexpression of cGAS
in exercised rats partially abrogated these exercise-induced
protective effects on brain tissue (Fig. 5B-D). Furthermore,
Biochemical assay results revealed that exercise or cGAS
knockdown significantly reduced the Fe** contentand MDA
levels but increased the SOD level in brain tissue. However,
overexpression of cGAS in exercised rats increased Fe**
content and MDA levels and decreased SOD levels (Fig.
5E). Western blot analysis revealed that, compared with the
MCAO group, exercise or cGAS knockdown significantly up-
regulated the expression of GPX4 and SLC7A11 and down-
regulated IREB2, cGAS, and STING expression. Notably,
cGAS overexpression in exercised rats partially attenuated
the regulatory effects of exercise on these proteins (Fig.
5EG). Taken together, these findings indicate that exercise
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Figure 3. Knocking down STING expression can alleviate nerve cell damage by inhibiting ferroptosis. A. The expression level of STING in rat brain tissue detected by Western

blot analysis. B. The expression level of STING in HT22 and PC12 cells detected by Western blot analysis. C. The transduction efficiency of STING in HT22 and PC12 cells was

detected by Western blot analysis. D. CCK-8 assay to determine the viability of HT22 and PC12 cells. E. Fe >* content of HT22 and PC12 cells measured using commercial kits. E.

MDA content of HT22 and PC12 cells measured using commercial kits. G. SOD content of HT22 and PC12 cells measured using commercial kits. H. Immunofluorescence detec-

tion of ROS levels in HT22 and PC12 cells. I. Western blot detection of the expression of the ferroptosis-related proteins IREB2, GPX4, and SLC7A11 in HT22 and PCI12 cells. J.

The mitochondrial ultramicroscopic structure of HT22 and PCI12 cells detected via TEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

alleviates IS by inhibiting ferroptosis through modulation
of the cGAS/STING signaling pathway.

Discussion

IS a major global health problem that is characterized by
interruption of the blood supply to the brain, resulting in
various neurological dysfunctions (Zhu et al. 2025). In this
study, we revealed that exercise effectively reduced the mNSS,
decreased the cerebral infarct area, restored the number of
Nissl bodies, and ameliorated pathological damage to the
ischemic cortices of MCAO model rats through the inhibi-
tion of ferroptosis. With respect to the underlying molecular
mechanism, the expression of cGAS and STING was upregu-
lated in MCAO-induced rats and OGD/R-induced HT22 and
PC12 cells. Exercise protected against the development of IS
by inhibiting the activation of the cGAS/STING signaling
pathway, thereby suppressing ferroptosis.

In the treatment of stroke, exercise is a simple and widely
used method with neuroprotective effects in humans and
animals. A study comparing three groups of patients (ex-
ercise, social enrichment and control groups) revealed that
exercise can improve cognitive function in elderly patients
with chronic stroke in a cost-effective manner (Adjetey et
al. 2023). Similarly, increasing and continuing light-intensity
physical activity in the subacute stage after stroke can im-
prove functional recovery at 6 months (Buvarp et al. 2023).
Furthermore, in animal studies, exercise has been shown to
enhance neuroprotection and neurogenesis, stimulate nerve
repair, and promote functional recovery after IS (Cheng et
al. 2020). Moreover, exercise can have therapeutic effects
both before and after stroke. Wang et al. (2014) reported
that treadmill exercise before ischemia could reduce cer-
ebral infarct volume, cerebral edema, and neurological
deficits in rats and alleviate brain injury after IS. Zhao et al.
(2017) reported that in adult rats after IS, treadmill exercise
can improve neurological recovery in ischemic rats by in-
creasing the proliferation, migration and differentiation of
infraventricular zone-derived neural stem cells (NPCs) in
the ischemic penumbra. In this study, we explored mainly
the effects of exercise training after IS on the progression of
IS in rats. We found that continuous exercise for 3, 7, and 14
days reduced the mNSS and decreased the infarct area, with
the 14-day exercise group showing the greatest improvement.
Previous studies and our study both proved that exercise can
protect against IS. However, some studies have reported that
neuronal death is the leading cause of the progression of IS
(Tani et al. 2023). Therefore, our research focused on how
exercise regulates neuronal death.

A previous study revealed that neuronal necrosis and
apoptosis play important roles in acute cerebral ischemia
(Gilgun-Sherki et al. 2002). However, clinical experiments
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Figure 5. Exercise alleviates ischemic stroke by inhibiting ferroptosis through regulation of the cGAS/STING signaling pathway. A. Rat mNSS
score. B. Cerebral infarct area in rats detected by TTC staining. C. Neuronal injury in the ischemic cortices of rats detected by Nissl staining.
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by Western blot analysis. G. Western blot detection of the expression of cGAS and STING in rat brain tissue. * p < 0.05, ** p < 0.01, *** p < 0.001.
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targeting neuronal necrosis and apoptosis caused by cerebral
ischemia have failed, indicating that other forms of neuronal
death may also play key roles (Fricker et al. 2018; Hribljan et
al. 2019). Ferroptosis, a newly discovered type of regulated
cell death, is defined as an iron dependent, lipid peroxide-
driven form of cell death that differs from other types of cell
death processes (Tal and Brent 2018; Matthew et al. 2019).
InIS, iron accumulation and redistribution, glutamate accu-
mulation, oxidative stress, lipid peroxidation, and epigenetic
regulation are the key driving factors of ferroptosis, making
it a core mechanism in stroke pathology and neuronal death
(Bu et al. 2021). Studies have shown that ferroptosis inhibi-
tors can protect neurons from ischemia-reperfusion injury,
strongly indicating that the inhibition of neuronal ferroptosis
is a key therapeutic target for the treatment of IS and reperfu-
sion injury (Liu et al. 2024). Huang et al. (2025) reported that
Buyang Huanwu decoction inhibited ferroptosis through the
Nrf2/GPX4 pathway, thus exerting its neuroprotective effect
on IS. Similarly, Li et al. (2024) reported that caffeic acid
inhibited ferroptosis through the Nrf2 signaling pathway,
thereby attenuating IS injury in rats. Here, we also exam-
ined the changes in ferroptosis-related indicators in IS rats
and reported that after MCAO modelling, the levels of Fe**
and MDA as well as the expression of IREB2 significantly
increased, whereas the levels of SOD and the expression of
GPX4 and SLC7A11 significantly decreased. Exercise par-
tially counteracted the effects of MCAO and inhibited the
occurrence of ferroptosis. Furthermore, treatment of HT22
and PC12 cells with the ferroptosis inhibitor Fer-1 similarly
attenuated the effects of OGD/R, resulting in increased cell
viability, restored mitochondrial structure, and inhibition of
ferroptosis. Our study is the first to indicate that poststroke
exercise can alleviate the progression of ischemic stroke by
inhibiting ferroptosis.

In the process of exploring the downstream mechanisms
of exercise-regulated IS ferroptosis, some studies have
shown that the STING pathway can promote ferroptosis
in septic heart dysfunction, pancreatic cancer and acute
kidney injury (Li et al. 2021; Kong et al. 2022; Jin et al.
2023). STING is a transmembrane homodimer located in
the endoplasmic reticulum (Li and Chen 2018). A recent
study revealed that the absence of TAKI in liver cells
caused oxidative stress-driven ferroptosis and accelerated
the activation of STING macrophages, resulting in liver
injury and liver fibrosis (Su et al. 2023). Other studies have
shown that STING induces the release of free ferrous ions
by interacting with NCOA4 in the cytoplasm and that the
massive accumulation of ferrous ions triggers ferroptosis
in macrophages, thereby promoting multiorgan damage in
sepsis (Wu et al. 2022). Importantly, STING may also be
involved in the development of IS (Ma et al. 2023). In this
study, we revealed that STING expression was upregulated
in IS and that STING knockdown reduced Fe*" and MDA

levels as well as IREB2 expression while increasing SOD
levels and the expression of GPX4 and SLC7A11, thereby
inhibiting ferroptosis and alleviating OGD/R-induced in-
jury in HT22 and PCI2 cells. In addition, as an upstream
regulatory factor of STING, cGAS functions as a sensor
of double-stranded DNA that triggers the activation of
the STING pathway and downstream signaling pathways
through the recognition of unbound DNA fragments in
the cytoplasm (Zhang et al. 2024). Previous studies have
shown that iron treatment increases the expression of cGAS,
STING, and their downstream targets (Li et al. 2022). They
reported that the cGAS-STING pathway regulates iron
metabolism and exacerbates cerebral ischemic injury in
mice by activating NCOA4-mediated siderophilin activity.
Interestingly, inhibition of the cGAS-STING pathway also
attenuated the brain injury caused by IS (Liu et al. 2023;
Zhu et al. 2023). Here, we also detected the expression of
c¢GAS and reported that cGAS expression was upregulated
in IS and that the inhibitory effect of cGAS knockdown on
ferroptosis in HT22 and PCI12 cells was attenuated by the
overexpression of STING. Additionally, we found through
animal experiments that knocking down cGAS could relieve
IS in rats through the inhibition of ferroptosis, whereas
the overexpression of cGAS in exercising rats promoted
the development of IS in rats. Our study demonstrated the
mechanism by which exercise alleviates ischemic stroke in
rats through the cGAS-STING ferroptosis signaling path-
way. Notably, as a cytosolic DNA sensor, cGAS is typically
activated by mitochondrial DNA (mtDNA) leaked from
damaged mitochondria (Tsutomu et al. 2025). Mitochon-
dria are not only key regulators of ferroptosis but also
primary adaptive targets of exercise training. Studies have
shown that exercise training can inhibit aberrant cGAS
activation by maintaining mitochondrial homeostasis and
reducing mtDNA leakage into the cytoplasm (Xin et al.
2025). Therefore, we speculate that exercise likely exerts
its effects by preserving mitochondrial integrity and pre-
venting mtDNA leakage. This provides a novel upstream
mechanistic perspective on the neuroprotective eftects of
exercise, although the precise regulatory mechanisms war-
rant further investigation.

Opverall, our study revealed for the first time that exercise
inhibits ferroptosis by suppressing the cGAS-STING signal-
ing pathway, thereby slowing the progression of IS. However,
several limitations in the present study should be acknowl-
edged. First, the sample size per group was relatively modest
for behavioral and infarct volume assessments. Future stud-
ies with larger sample sizes and formal power calculations
are needed to validate and extend our findings. Second, the
optimal timing and duration of exercise intervention (acute
stage or recovery stage) have not yet been determined, and
further investigations are required to establish the most ef-
fective exercise protocol for ischemic stroke.
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