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Abstract

Background: Remote ischemic conditioning (RIC), a novel neuroprotective therapy, has broad potential for reducing the occurrence
and recurrence of cerebrovascular events, yet its mechanisms are not incompletely understood. The aim of this study is to investigate
whether RIC alleviates apoptosis, inflammation, and reperfusion injury in rat models of ischemic stroke by regulating the Elabela
(ELA)-apelin-Apelin receptor (APJ) system. Methods: We established a rat model of middle cerebral artery occlusion (MCAO)
with ischemia-reperfusion injury, and RIC was administered twice daily for 3 days post-MCAO. Cerebral infarct volume was
measured and neuronal damage was assessed. Apoptosis-related caspase-3 expression was detected by Terminal deoxynucleotidyl
Utransferase nick-End Labeling (TUNEL) and Western blotting (WB). WB was also used to measure apelin, signal transducer and
activator of transcription 3 (STAT3), and p-STAT3 protein levels in infarcted brain tissue. ELA miRNA expression was evaluated.
Immunofluorescence was used to detect hypoxia-inducible factor 1o (HIF-1«r) and activating transcription factor 4 (ATF4) expression.
Serum levels of tumor necrosis factor-o (TNF-«) and interleukin-173 (IL-13) were measured using enzyme-linked immunosorbent assay
(ELISA). Results: RIC reduced the cerebral infarct volume and neuronal damage in MCAO rats. Compared with the MCAO group, the
RIC-treated group (MCAO+RIC) presented significantly lower caspase-3, TNF-a, IL-1/3, p-STAT3, HIF-1«, and ATF4 expression (p <
0.05), whereas STAT3 and ELA miRNA expression and apelin protein levels were increased (p < 0.05). While positively correlated with
STAT3 expression, Elabela and apelin levels exhibited a negative correlation with caspase-3 (p < 0.05). Conclusions: RIC mitigates
MCAO-induced neuronal apoptosis, inflammation, and reperfusion injury by modulating the ELA-apelin-APJ system, highlighting its
therapeutic potential for ischemic stroke.
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1. Introduction Remote ischemic conditioning (RIC) entails applying

Data from the 2019 Global Burden of Disease report transient ischemia-reperfusion cycles to distant tissues,
indicate that stroke persists as a major global health ~ conferring protection against subsequent prolonged
burden, ranking as the world’s second most common ischemic insults in remote organs. A study has confirmed
cause of mortality (accounting for 11.6% of all deaths)  that RIC reduces stroke recurrence and improves
and the third primary contributor to combined death and ~ Patient prognosis [5]. Research has demonstrated that
disability (representing 5.7% of total disability-adjusted ~ RIC exerts neuroprotective effects against cerebral
life years (DALYs) [1]. Large vessel occlusion (LVO) ischemia-reperfusion injury, with these effects occurring
accounts for 15-30% of ischemic strokes and demonstrates 11 two distinct phases: an early phase (within 24 h after
disproportionately elevated morbidity and mortality remote ischemic preconditioning) and a late phase (lasting
burdens relative to other ischemic stroke subtypes ~ Up to 7 days or even 2 months after preconditioning) [6].
[2]. Despite constituting the established standard of As a neuroprotective strategy, RIC has been explored
care for LVO-induced acute ischemic stroke, endovascular in vascular recanalization therapies. The RIC-cerebral
thrombectomy (EVT) is associated with death or permanent circulation time (CCT) trial demonstrated that short-term
disability in approximately 50% of successfully reperfused ~ RIC significantly improved cerebral circulation time

patients [3,4]. Improving post-EVT outcomes remains a ~ ©n the stenotic side, reduced contrast medium leakage,
critical clinical challenge. and lowered the incidence of cerebral hyperperfusion

syndrome after carotid artery stenting in patients with
severe internal carotid artery stenosis [7]. Nevertheless,
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the neuroprotective pathways of RIC during vascular
recanalization are not fully elucidated.

The apelinergic system comprises apelin and
Elabela (ELA) peptidergic ligands signaling through
their cognate receptor Apelin receptor (APJ), a G
protein-coupled receptor [8]. Apelin demonstrates
selective neuroanatomical localization within the thalamus,
frontal cortex, and hippocampus, modulated by key
transcriptional regulators, including hypoxia-inducible
factor la (HIF-1«), signal transducer and activator of
transcription 3 (STAT3), and activating transcription
factor 4 (ATF4) [9-11]. Post-stroke neuronal injury
results from interconnected pathological processes,
including the induction of neuronal apoptosis, activation
of the inflammatory cascade, disruption of immune
homeostasis, and breakdown of the blood-brain barrier.
Cerebral ischemia induces apoptotic programmed cell
death, mediated through homeostatic balance between
proapoptotic and antiapoptotic genetic pathways [12]. The
apelinergic system critically mediates poststroke functional
recovery through attenuation of neuronal apoptosis and
neuroinflammation. Under hypoxic conditions, apelin/APJ
expression is upregulated, potentially mediated by HIF-1c,
which binds to hypoxia-response elements (HREs) in
the promoter regions of apelin/APJ genes, driving their
transcriptional activation [13]. In murine models of
ischemic stroke, apelin-13 suppresses proinflammatory
cytokine transcription, significantly reducing tumor
necrosis factor-a (TNF-«) and interleukin-18 (IL-13)
mRNA levels. Apelin-13 treatment increases apelin/APJ
and B-cell lymphoma 2 (Bcl-2) levels while reducing
the activation of caspase-3, a key apoptosis-related gene,
thereby enhancing cerebral blood flow restoration and
promoting sustained functional recovery [14]. ELA,
which is expressed predominantly in neurons surrounding
cerebral infarct areas, suppresses ischemia-reperfusion
(I/R)-induced ferroptosis and lipid peroxidation, mitigating
infarct volume and neuronal degeneration [15]. Exogenous
ELA administration has also been shown to alleviate
direct neurotoxic effects under oxygen-glucose deprivation
conditions [16]. In middle cerebral artery occlusion
(MCAO) models, cerebrovascular endothelial cells exhibit
marked increases in ELA and APJ expression. The
ELA-APJ axis enhances angiogenic activity via the
Yes-associated protein/transcriptional coactivator with
Post-synaptic density protein (PSD95), Drosophila disc
large tumor suppressor (Dlgl), Zonula occludens-1 (ZO-1)
binding motif (PDZ-binding motif) (YAP/TAZ) pathway,
promoting neovascularization and cerebral perfusion
recovery and ultimately attenuating I/R injury [17]. Those
findings collectively underscore the neuroprotective role
of the apelinergic system in cerebral I/R injury. However,
whether RIC, an emerging therapeutic intervention,
mitigates apoptosis, inflammation, and reperfusion injury
in ischemic stroke by modulating the apelinergic system,

remains unexplored. In the present study, therefore, we
hypothesizes that RIC reduces apoptosis, inflammatory
responses, and reperfusion damage in MCAO rats through
the regulation of the apelinergic system (Fig. 1). To
test this hypothesis, we measured the cerebral levels of
apelin, ELA, caspase-3, HIF-1a, ATF4, STAT3, TNF-¢,
and IL-18 in MCAO rats to validate the neuroprotective
mechanisms of RIC.

2. Materials and Methods
2.1 Grouping

Male Sprague-Dawley (SD) rats (n = 27) were
randomized into three groups (n=9/group): Sham-operated
controls, MCAO model, MCAO+RIC intervention.

2.2 Animals

Male specific-pathogen-free (SPF) SD rats (68
weeks old, 235 + 15 g) were purchased from the
Experimental Animal Center, Beijing Huafukang
Biotechnology Joint Stock Co., Ltd. SCXK (Beijing)
2019-0008. Following a 7-day acclimation period with ad
libitum access to standard chow and tap water, animals
were maintained under controlled conditions: 20-26
°C ambient temperature, 40%—-70% humidity, and 12-h
light/dark cycles. Throughout the study, diet and water
access remained unchanged, with routine sanitation of
housing facilities.

Following one week of acclimatization, rats were
randomly assigned for MCAO modeling. Animals were
anesthetized via intramuscular injection (Sumianxin II
(Dunhua Shengda Animal Husbandry Co., Ltd., Dunhua,
Jilin, China): 28.57 mg/mL; Zoletil (Virbac S.A., Carros,
France): 35.71 mg/mL; 0.2-0.3 mL/kg) and positioned
supinely. After standard skin preparation and disinfection,
a midline cervical incision exposed the right carotid artery.
The external carotid artery was isolated, with proximal
ligation of the common and external carotid arteries.
Following internal carotid artery clamping, a monofilament
was inserted through the common carotid arteriotomy
and advanced into the internal carotid artery for 2-hour
ischemia induction, followed by 22-hour reperfusion after
withdrawal. The MCAO+RIC cohort additionally received
remote ischemic conditioning (right femoral artery isolation
with 5-min occlusion/5-min release cycles repeated 5
times).  Post-procedural assessment included Ludmila
Belayev and neurological deficit scoring, with subsequent
collection of peripheral blood and brain tissue for analysis.

2.3 Hematoxylin-Eosin (HE) Staining

Following fixation in 4%
(PFA) (BL-G002, Nanjing Sunbio Biotechnology
Co., Ltd., Nanjing, Jiangsu, China) brain tissues
were paraffin-embedded, sectioned, and processed for
histological analysis.  Sections underwent sequential
procedures: baking at 60 °C, xylene (33535, Xilong

paraformaldehyde
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Fig. 1. Schematic of how the ELA-apelin-APJ system mediates RIC neuroprotection (Blue arrows: neuronal damage processes;

Green arrows: potential neuroprotective processes elicited by RIC). ELA, Elabela; APJ, apelin receptor; RIC, remote ischemic

conditioning; STAT3, signal transducer and activator of transcription 3; HIF-1a, hypoxia-inducible factor 1a; ATF4, activating

transcription factor 4; TNF-a,tumor necrosis factor-c; IL-18, interleukin-15; ER, endoplasmic reticulum.

Table 1. Primer sequences.

Primer name Forward primer F (5'-3")

Reverse primer R (5'-3")

ELA
GAPDH

CCAGCCCCTTTTTTGGGTATT TGAAGTGAAATGCATCTCCGG
GACAACTTTGGCATCGTGGA

ATGCAGGGATGATGTTCTGG

GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase.

Scientific Co., Ltd., Shantou, Guangdong, China)
dewaxing, hematoxylin (ZLI-9610, Beijing Zhongshan
Jingiao Biotechnology Co., Ltd., Beijing, China) staining
(3-5 min), aqueous rinsing, acid differentiation in 1%
hydrochloric acid-alcohol, bluing with 0.2% ammonia
water, and eosin (G1100, Beijing Solarbio Scientific Co.,
Ltd., Beijing, China) counterstaining (3—5 min). After
ethanol dehydration and xylene clearance, samples were
resin-mounted. Microscopic imaging was performed using
an Olympus BX43 (Olympus Corporation, Tokyo, Japan)
system with bright-field illumination.

2.4 Enzyme-Linked Immunosorbent Assay (ELISA)

Serum levels of inflammatory mediators IL-173
(E-EL-MO0012, Elabscience Biotechnology Co., Ltd.) and
TNF-a (E-EL-2856, Elabscience Biotechnology Co., Ltd.,
Wuhan, Hubei, China) were quantified by ELISA. After
centrifugation at 1000 xg (20 min), supernatants were
analyzed per manufacturer protocols. Optical density (OD)
at 450 nm was determined using a automated microplate
reader (WD-2012B, Beijing Liuyi Biotechnology Co., Ltd.,
Beijing, China).
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2.5 Quantitative Polymerase Chain Reaction (qPCR)
Assay

ELA gene expression in brain tissue was quantified
by qPCR. Total RNA was isolated using TRIzol reagent
(CW05808S, Beijing Kinghawk Biotech Co., Ltd., Beijing,
China), followed by mRNA purification with an RNA
Ultra Pure Extraction Kit (CWO0581M, Beijing Kinghawk
Biotech Co., Ltd., Beijing, China). cDNA synthesis
employed a reverse transcription kit (R223-01, Nanjing
Vazyme Biotech Co., Ltd., Nanjing, Jiangsu, China), and
amplification performed on a Real-Time PCR System
(CFX Connect™, Shanghai Bio-Rad Laboratories Ltd.,
Shanghai, China) under cycling conditions: 95 °C/30
s (initial denaturation); 40 cycles of 95 °C/10 s, 58
°C/30 s, 72 °C/30 s. Relative expression was normalized
to Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
and calculated via the calculated via the 2722C method.
The primer sequences are provided in Table 1.

2.6 Western Blotting (WB)

Protein expression of apelin, STAT3, phosphorylated
STAT3 (p-STAT3), and caspase-3 in brain tissue was
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analyzed by WB. Briefly, 50 mg tissue samples were
homogenized in 1 mL RIPA lysis buffer (C1053,
Beijing Applygen Technologies Inc, Beijing, China)
using a CryoMill grinder (CryoMill, Retsch GmbH,
Haan, Germany) followed by centrifugation at 12,000
rpm (4 °C, 10 min).  Supernatants were collected
for protein quantification with a BCA assay.  After
denaturation, proteins underwent SDS-PAGE (1.5 h) and
electrophoretic transfer to PVDF membranes (IPVH00010,
MilliporeSigma, Burlington, MA, USA). Membranes were
blocked with 3% skim milk (RT, 1 h) and probed overnight
at 4 °C with primary antibodies: mouse anti-GAPDH
(1:2000, HC301, TransGen Biotech, Beijing, China), rabbit
anti-apelin (1:1000, df13350, Affinity Biosciences Ltd.,
Nanjing, Jiangsu, China), anti-STAT3 (1:1000, OM 108644,
OmniAb, Inc, Emeryville, CA, USA), anti-p-STAT3
(1:1000, bsm-52210R, Bioss Inc, Beijing, China), and
anti-caspase-3 (1:1000, A0214, ABclonal Technology, Inc,
Wuhan, Hubei, China). After washing, species-matched
HRP-conjugated secondary antibodies were applied (goat

anti-mouse IgG-HRP, 1:2000, GB23301, Servicebio
Technology Co., Ltd., Wuhan, Hubei, China; goat
anti-rabbit IgG-HRP, 1:2000, GB23303, Servicebio

Technology Co., Ltd., Wuhan, Hubei, China) for 2 h at
RT. Protein bands were visualized using ECL substrate
(RJ239676, Thermo Fisher Scientific Inc, Shanghai, China)
on a fully Automated Chemiluminescence Imaging System
(Tanon-5200, Shanghai Tanon Science & Technology Co.,
Ltd., Shanghai, China).

2.7 Nissl Staining

Paraffin sections underwent sequential processing:
baking at 65 °C, deparaffinization in xylene (33535,
Xilong Scientific Co., Ltd., Guangdong, China), Nissl
staining (G1036, Servicebio Technology Co., Ltd., 5 min),
and thorough aqueous rinsing until chromogen clearance.
After blot-drying, sections were oven-desiccated (>4 h
at 65 °C) prior to xylene clearing and neutral balsam
mounting (YZB, Bio-Thera Solutions, Ltd., Guangdong,
China). Histological imaging utilized an Olympus BX43
microscope with bright-field optics.

2.8 Terminal deoxynucleotidyl Utransferase nick-End
Labeling (TUNEL) Staining

Tissue sections underwent sequential
dehydration/rehydration: ethanol (32061, Xilong Scientific
Co., Ltd.) I (3 min), anhydrous ethanol II (3 min), 95%
alcohol (3 min), 80% alcohol (3 min), and purified water
(2 min). After transfer to a humidified chamber, sections
were treated with 50 pg/mL proteinase K (EBY0027J,
Cibio Biotech Co., Ltd., Shanghai, China; 37 °C, 30 min),
followed by three 5-min Phosphate-Buffered Saline (PBS)
washes. Excess PBS was blotted, then TUNEL reaction
mixture (C1090, Beyotime Biotechnology Co., Ltd.,
Shanghai, China) was applied for dark incubation (42 °C, 1

h) with maintained chamber humidity. Post-TUNEL PBS
washes preceded 4’,6-Diamidino-2-Phenylindole (DAPI)
counterstaining (dark, 5 min) and final PBS rinsing. Slides
were blotted dry, mounted with antifade medium, and
imaged using an Olympus BX53 fluorescence microscope.

2.9 Immunofluorescence Monostaining

Brain sections underwent baking, dewaxing, and
hydration followed by citrate-based antigen retrieval.
After permeabilization with 0.5% Triton X-100 (RT,
20 min, GC204003, Servicebio Technology Co.) and
three 5-min PBS washes, residual buffer was blotted.
Sections were blocked with 5% BSA (37 °C, 30 min)
prior to overnight incubation at 4 °C with primary
antibodies: rabbit anti-HIF-1a (1:200, aF1009, Affinity
Biosciences Ltd., Nanjing, Jiangsu, China), anti-GFAP
(1:200, DF6040, Affinity Biosciences Ltd.), anti-ATF4
(1:200, 10835-1-AP, Proteintech Group, Inc, Rosemont,
IL, USA), and anti-NeuN (1:200, 26975-1-AP, Proteintech
Group, Inc).  Post-rewarming, slides received three
3-min PBS washes. Cy3-conjugated secondary antibody
(1:200, AS007, ABclonal Technology, Inc) was applied
for 37 °C incubation in humidified chamber (30 min).
Nuclear counterstaining employed DAPI (dark, 3 min) with
subsequent PBS rinsing. After tap water wash (1 min),
slides were mounted in antifade medium and imaged on an
Olympus BX53 fluorescence microscope.

2.10 TTC Staining

After euthanasia via anesthetic overdose (Sumianxin
I, 28.57 mg/mL and Zoletil, 35.71 mg/mL, administered
via intramuscular injection at a dose of approximately
0.4-0.6 mL/kg), the brains were immediately harvested.
Fresh brain samples were placed in a culture dish and
flash-frozen at —20 °C for 20-30 min. After partial
thawing, the brains were sliced coronally into five
evenly spaced sections (2-3 mm thickness per slice).
The tissue sections were immersed in pre-warmed (37
°C) 2% 2,3,5-triphenyltetrazolium chloride (TTC, C0652,
Beyotime Biotechnology Co., Ltd.) solution and incubated
in a 37 °C incubator (temperature strictly maintained below
40 °C) for 30 min under light-protected conditions. During
incubation, the tissue was gently agitated every 5 min to
ensure uniform staining. Upon color development, the
TTC solution was decanted, and tissue was fixed in 4%
paraformaldehyde to terminate the reaction and preserve
morphology. Images were captured 24 h post-fixation for
infarct-volume analysis.

2.11 Statistical Analyses

Statistical analyses employed GraphPad Prism 8.0
(GraphPad Software, LLC, Shanghai, China). Quantitative
data are presented as mean &= SD. Multi-group comparisons
used one-way ANOVA with Tukey’s post hoc testing.
Pearson’s correlation assessed variable associations.
Significance was defined as two-sided p < 0.05.
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Fig. 2. Ludmila Belayev and NDS scores (*p < 0.05 vs. the MCAO group). NDS, Neurological Deficit Score; MCAO, middle

cerebral artery occlusion.
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Fig. 3. TTC staining and infarct size: The brain tissues in the sham group presented uniform red coloration, whereas that in the
MCAO group presented distinct pale/white regions in the ischemic area. TTC, triphenyltetrazolium chloride.

3. Results and MCAO-RIC. Postmodeling behavioral evaluations
using the Ludmila Belayev and NDS scales revealed
that the MCAO+RIC group presented significantly lower
scores than did the MCAO group on both the Ludmila
Following 7-day acclimatization, rats were  Belayev scale (8.22 4 1.92 vs. 8.67 & 1.73) and the NDS
randomized into three cohorts (n = 9/group): sham, MCAO, (1.44 £ 0.53 vs. 1.78 = 1.09) (p < 0.05) (Fig. 2).

3.1 Behavioral Assessments: Ludmila Belayev Score and
Neurological Deficit Score (NDS)
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Fig. 4. HE and Nissl staining: shrunken neuronal cells (yellow arrows), nuclear pyknosis and hyperchromasia (black arrows),

vacuolar degeneration (red arrows). HE, Hematoxylin-Eosin. The scale bar = 100 um.
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Fig. 5. Immunofluorescence staining (*p < 0.05 vs. sham; #p < 0.05 vs. MCAOQO). The scale bar = 100 um.

3.2 RIC Reduced the Cerebral Infarct Volume in MCAO
Rats

Cerebral infarct areas were assessed via TTC staining
across groups (Fig. 3). The brain tissue in the sham
group presented uniform red coloration, whereas that in
the MCAO group presented distinct pale/white regions in
the ischemic area. Compared with the sham group, the
MCAO group presented significant necrotic ischemic areas
(p < 0.05). In contrast, the MCAO+RIC group presented a
markedly lower cerebral infarct volume than did the MCAO
group (p < 0.05).

3.3 RIC Attenuated Neuronal Damage in MCAO Rats

HE staining revealed shrunken neuronal cells (yellow
arrows on Fig. 4), widespread nuclear pyknosis and
hyperchromasia (black arrows), vacuolar degeneration and

necrosis (red arrows) in the cerebral cortex of the MCAO
group, indicating severe neuronal injury. In contrast,
the MCAO+RIC group exhibited only scattered nuclear
pyknosis (black arrows) and markedly reduced neuronal
damage. Nissl staining revealed a loss of Nissl bodies,
morphological abnormalities, and extensive vacuolation
(red arrows) in the cortical neurons of the MCAO group.
Conversely, the MCAO-+RIC group presented significantly
fewer morphological aberrations in Nissl bodies, increased
neuronal cell density, and attenuated cortical damage.
These findings from HE and Nissl staining collectively
indicate that RIC substantially ameliorates neuronal injury

(Fig. 4).

Immunofluorescence analysis of NeuN (neuronal
nuclear antigen) revealed significantly reduced expression
in the MCAO group versus sham controls (p < 0.05).
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Fig. 6. TUNEL staining and caspase-3 Western blot (WB) (*p < 0.05 vs. sham; #p < 0.05 vs. MCAO). TUNEL, Terminal
deoxynucleotidyl Utransferase nick-End Labeling. The scale bar = 100 um.
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Fig. 7. qPCR for ELA and western blot (WB) for apelin (*p < 0.05 vs. sham; #p < 0.05 vs. MCAO). qPCR, quantitative polymerase

chain reaction.

@B IMR Press 7


https://www.imrpress.com

IL-1p TNF-a
800+ 100+
: *
= =)
S % .ig 80+ 4
g 600 4 E
£ § é 60-
2 E 400 S E
o & o &
o = o = 404
= 7
200+ =
'JI Z 204
- =
0- 0- N
< & ©°
& & S F & &
¥ > 9
c}' C
& S
Fig. 8. TNF-« and IL-13 (ELISA) (*p < 0.05 vs. sham; #p < 0.05 vs. MCAO). ELISA, enzyme-linked immunosorbent assay.
STAT3 p-STAT3
1.0 3
p-sTATs [ W0 | t .
2 0.8 @
stars (W O W] £ :
S 0.6 - % 27
apelin | 0 B | £ o
petin . % 0.4 "E
- E 1_
GAPDH \m "§ 0.2_ 'E
& o0 ¢ ¢ 3
%‘& K XQ'\" * 0.0- e
> QY"O &0 o 0-
& Fr & o L
N * & o & & &
& & &
S &

Fig. 9. Apelin, STAT3, and p-STAT3 (WB) (*p < 0.05 vs. sham; #p < 0.05 vs. MCAO).

Conversely, the MCAO+RIC group exhibited markedly
increased NeuN levels compared to MCAO animals (p <
0.05) (Fig. 5).

3.4 After RIC, the Protein Expression of Caspase-3,
TNF-a, IL-103, p-STAT3, HIF-1a, and ATF4 in MCAO
Rats Decreased, Whereas the Protein Expression of
STAT3, the ELA Gene, and Apelin Increased

Neuronal apoptosis was assessed via caspase-3
expression (TUNEL/WB), while apelin, STAT3, and
p-STAT3 protein levels in infarcted tissue were quantified
by WB. ELA miRNA expression was measured by qPCR,
with HIF-1«v and ATF4 detected via immunofluorescence.
Proinflammatory cytokines (TNF-q«, IL-1/3) were analyzed
using ELISA. Compared to sham controls, the MCAO
group exhibited significantly elevated caspase-3, TNF-a,

IL-15, p-STAT3, HIF-1a, and ATF4 protein levels (p <
0.05), but reduced STAT3, ELA, and apelin expression (p
< 0.05). RIC intervention (MCAO+RIC group) reversed
these alterations: expression of caspase-3, TNF-q, IL-13,
p-STAT3, HIF-la, and ATF4 decreased (p < 0.05 vs.
MCAO), while STAT3, ELA, and apelin were upregulated
(» < 0.05) (Figs. 6,7,8,9,10). All original WB figures
in Fig. 6 and Fig. 9 are provided in the Supplementary
Material.

3.5 Correlations of the Expression Levels of the ELA and
Apelin With Those of Caspase-3 and STAT3

The present study investigated the correlations
between ELA miRNA expression/apelin protein expression
and Caspase-3/STAT3 expression. The results showed
that apelin protein expression was significantly positively
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Fig. 11. Correlations between ELA miRNA expression, apelin protein expression and caspase-3 and STAT3 expression.

correlated with STAT3 expression (R? = 0.66, p < 0.05)
but negatively correlated with caspase-3 expression (R? =
0.76, p < 0.05). ELA miRNA expression was significantly
positively correlated with STAT3 expression (R? = 0.81, p
< 0.05) but negatively correlated with caspase-3 expression
(R?=0.88, p < 0.05) (Fig. 11).
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4. Discussion

Using MCAO modeling, this study defined
the neuroprotective mechanisms of RIC in cerebral
ischemia-reperfusion. The findings demonstrated that
(1) RIC treatment significantly reduced the cerebral
infarct volume and alleviated neuronal damage in
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MCAO-induced I/R rats. (2) RIC attenuated the
inflammatory response, cellular apoptosis, and reperfusion
injury in MCAO-induced I/R rats, possibly through the
apelinergic system.

EVT is a therapeutic approach that utilizes
endovascular interventional techniques to directly remove
thrombi obstructing cerebral arteries, thereby restoring
blood flow. Its core objectives are rapid revascularization,
reducing disability, and lowering of mortality rates.
Clinical-trial data indicated that EVT is safe and effective
for anterior circulation stroke patients with low alberta
stroke program early CT score (ASPECTS) scores
within 6 h of stroke onset [18]. However, successful
revascularization does not fully correlate with favorable
clinical outcomes, and improving prognoses for patients
undergoing endovascular therapy remains a major focus
for clinicians [19].

RIC, a low-cost, accessible, safe, noninvasive
neuroprotective strategy, has been explored in combination
with revascularization therapies. In 2018, Zhao et al.
[20] demonstrated that RIC application in acute ischemic
stroke patients undergoing EVT was safe and feasible.
The RIC-CCT study further confirmed that short-term
RIC significantly improved cerebral circulation time on
the stenotic side, reduced contrast agent extravasation,
and decreased the incidence of cerebral hyperperfusion
syndrome after carotid artery stenting in patients with
severe internal carotid artery stenosis [7]. Nevertheless, the
neuroprotective mechanisms of RIC in revascularization
therapy have remained unclear.  The present study
aimed to investigate the neuroprotective mechanisms
of RIC during ischemia-reperfusion using an MCAO
ischemia-reperfusion model. To align with clinical practice,
RIC treatment was administered post-reperfusion in MCAO
rats.

Previous randomized controlled trials have
demonstrated that pharmacotherapy combined with
RIC, administered after acute cerebral infarction, can
reduce cerebral infarct volume, improve functional
outcomes, prevent stroke recurrence, and attenuate
cognitive impairment [21]. In MCAO animal models, RIC
has been shown to mitigate infarct size and ameliorate
neurological deficits [22,23], which is consistent with the
findings of our present study.

The pathophysiology of ischemic brain
involves the activation of detrimental signaling
cascades, including hypoxia, endoplasmic reticulum
stress, glucose deprivation, inflammatory responses, and
apoptotic pathways [24]. A study has suggested that the
ELA-apelin-APJ system is implicated in ischemic stroke,
critically protecting against ischemia-induced apoptosis
and neurological deficits, highlighting its therapeutic
potential [25]. Research has demonstrated that apelin-13
protects against oxidative damage in ischemic stroke
via the AMP-activated protein kinase/glycogen synthase

injury
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kinase-3 beta/nuclear factor erythroid 2-related factor
2 (AMPK/GSK-33/Nrf2) pathway [26]. Additionally,
different apelin isoforms inhibit neuronal apoptosis
through distinct mechanisms [27,28]. In rat models, apelin
also modulates inflammatory responses by suppressing
proinflammatory mediators including IL-18, TNF-q,
and intercellular adhesion molecule 1 (ICAM-1) [29].
Notably, RIC shares neuroprotective mechanisms with the
ELA-apelin-APJ system, as RIC mitigates neuronal injury
via anti-apoptotic, anti-inflammatory, and antioxidant
pathways [30]. These findings led us to hypothesize that
RIC alleviates inflammation, apoptosis, and reperfusion
injury in MCAO rats by modulating the apelinergic system.

The relationship between RIC and the
ELA-apelin-APJ system in the field of ischemic stroke
remains unexplored. A previous study has demonstrated
that in renal I/R injury models, RIC can mitigate
ischemia-induced renal damage by modulating apelin
expression [31]. Our research has demonstrated that in the
MCAO model, after treatment with RIC, the expression
of apelin and ELA is increased, the volume of cerebral
infarction is reduced, and neuronal damage is alleviated.
This indicates that RIC can alleviate brain injury caused by
ischemia by regulating the expression of apelin and ELA.
Our results further demonstrated that in the MCAO+RIC
group, RIC significantly upregulated STAT3 and ELA
expression, along with apelin levels, while concurrently
downregulating the expression of caspase-3, TNF-q,
IL-18, phosphorylated STAT3 (p-STAT3), HIF-1a, and
ATF4. These molecular alterations exhibited significant
linear correlations. Collectively, these data indicated that
RIC ameliorates neuronal injury and attenuates apoptosis
and neuroinflammation through coordinated mechanisms,
including the correction of ischemic hypoxia (reflected by
HIF-1« reduction), alleviation of endoplasmic reticulum
stress (indicated by ATF4 decrease), and suppression
of the inflammatory response (evidenced by diminished
p-STAT3, TNF-a, and IL-13). It is important to note
that our findings suggest that the ELA-apelin-APJ system
serves as a key upstream mediator of these multifaceted
neuroprotective effects conferred by RIC.

A key limitation of this study is the absence of
pharmacological interventions using activators or inhibitors
targeting the ELA-apelin-APJ system.  This finding
precludes definitive conclusions regarding whether RIC
alleviates neuronal apoptosis and inflammation in the
MCAO-induced ischemia-reperfusion model via a specific
pathway or through synergistic interactions of multiple
mechanisms. Future studies will incorporate these
tools to dissect the precise contributions of individual
signaling components within the ELA-apelin-APJ axis and
clarify the mechanistic hierarchy underlying RIC-mediated
neuroprotection.
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5. Conclusion

The focus of the present study was to explore
the neuroprotective effects of RIC and the possible
mechanisms underlying its effect after reperfusion injury
in ischemic stroke. These findings support the hypothesis
that RIC alleviates neuronal apoptosis and inflammation
in an MCAO-induced ischemia/reperfusion model by
modulating the ELA-apelin-APJ system. These findings
suggest that the mechanism by which RIC alleviates
ischemic stroke may involve the modulation of the
ELA-apelin-APJ system.
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