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Abstract

Background: Cerebral ischemia-reperfusion injury (CIRI) represents the most critical pathological event in the evolution of ischemic
stroke (IS). Apoptosis is particularly important in CIRI pathophysiology. The interleukin-7 receptor (IL7R) is involved in various disease
regulatory mechanisms; however, its specific role during CIRI remains unclear. We investigated the mechanistic function of IL7R in
CIRI through a mouse model in vivo and through an astrocyte model in vitro. Methods: C57BL/6 mice were randomly allocated to one
of five groups: (1) sham; (2) transient middle cerebral artery occlusion (tMCAO); (3) tMCAO + IL7R treatment; (4) tMCAO + negative
control (NC); or (5) tMCAO + IL7R + the phosphatidylinositol 3-kinase (PI3K) pathway inhibitor (LY294002) (n = 3–7 per group) to
evaluate the role of IL7R in CIRI. The in vitro study groups were (1) control; (2) oxygen-glucose deprivation/reoxygenation (OGD/R);
(3) OGD/R + IL7R; (4) OGD/R +NC; and (5) OGD/R + IL7R + LY294002 groups. After IL7R overexpression was induced, the resulting
changes in infarct volume, neurological score, cell viability, and expression of apoptosis-related proteins were assessed. Results: IL7R
overexpression significantly attenuated CIRI-induced apoptosis. In vivo, this intervention improved neurological function, alleviated
cerebral edema, and decreased infarct volume in tMCAO mice. In vitro, after the overexpression of IL7R, flow cytometry analysis
revealed a reduction in apoptosis rates post-OGD/R, whereas transmission electron microscopy revealed fewer morphological alterations
associated with apoptosis. In addition, the level of Bcl-2-associated X protein (Bax) and cysteine-dependent aspartate-specific Protease-
3 (caspase-3) were decreased, whereas that of B-cell lymphoma-2 (Bcl-2) was increased; these effects were reversed by LY294002.
Conclusion: Overexpression of IL7R was shown to alleviate CIRI by suppressing apoptosis. These findings indicate IL7R as a novel
target for IS treatment.
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1. Introduction
Cerebrovascular diseases rank as one of the leading

global causes of mortality [1]. Ischemic stroke (IS), an ag-
gressive and widespread subtype of acute stroke [2]. After
ischemia, the resulting restoration of blood supply can para-
doxically worsen brain damage, a condition called cerebral
ischemia–reperfusion injury (CIRI). CIRI is implicated in
relatively high rates of mortality and disability, greatly in-
fluencing both the health of individuals and their quality of
life [3,4]. Given its high incidence, the underlying mecha-
nisms of CIRI remain elusive. The induction of apoptosis is
a key event in CIRI. The reactive oxygen species (ROS) are
rapidly produced after ischemia initiates the processes of
neuronal death, brain edema, and subsequent cellular dam-
age [5]. During reperfusion, ROS and oxidative stress (OS)
can even cause the apoptosis of cells, aggravating brain
damage [6]. Hence, suppressing OS and inhibiting apop-
tosis are essential measures to improve CIRI outcomes, in-
dicating the need to search for possible treatment targets.

Interleukin-7 (IL-7) is a cytokine of four antiparal-
lel alpha-helices that bind to cytokine receptors known as
type I cytokine receptors. Stromal cells constitute the pri-
mary source of IL-7. IL-7 is necessary for the ontogeny
and maintenance of lymphocytes [7], with a role in immune
system homeostasis [8]. IL-7 acts by using the IL-7 re-
ceptor (IL7R), which is a heterodimeric protein compris-
ing an α-chain (IL7Rα, also called CD127) and a γ-chain
[9]. IL7R is involved in several pathological conditions, in-
cluding autoimmune diseases and malignancies [10]. IL7R,
as a protein-coding gene, is involved in cytokine-receptor
activity and antigen binding [11] and orchestrates lympho-
cyte development through multiple convergent signaling
cascades [12,13]. Specifically, the phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt) pathway is implicated
in CIRI and has neuroprotection [14]. In a recent study,
IL7Rwas shown to be involved in disease states such as im-
munodeficiency and multiple sclerosis [15], and its down-
stream signaling cascades are well elucidated [16]. IL-7
has been found to regulate the process of autophagy in lung
carcinoma cells by activating the PI3K/Akt pathway [17].
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IL-7/IL7R signaling has also been shown to be involved
in preventing apoptosis in human non-small cell lung can-
cer (NSCLC) by varying B-cell lymphoma-2 (Bcl-2) and
Bax through the p53 pathway [18]. In subarachnoid hemor-
rhage, temporal differences in IL-7 expression in astrocytes
were found to differ between patients with good and poor
outcomes [19]. Despite these findings, the relationship be-
tween IL7R and CIRI remains unexplored. Considering the
documented involvement of IL7R in apoptotic regulation
and PI3K/Akt pathway activation across various patholo-
gies, we propose that IL7R could suppress neuronal cell
death through this signaling axis, consequently attenuating
CIRI manifestations.

Stroke, a prevalent neurological disorder with sub-
stantial global health implications, continues to demand in-
novative treatment solutions. The present study proposed
an innovative therapeutic strategy for IS through the mod-
ulation of IL7R expression. Through in-vivo and in-vitro
experiments, elevated IL7R expression mitigates CIRI was
revealed through the suppression of apoptosis, which is me-
diated by PI3K/Akt signaling pathway activation. These
results establish IL7R as a viable candidate for developing
targeted interventions against CIRI.

2. Materials and Methods
2.1 Animals

The study design complied with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines
[20]. Male C57BL/6 mice, ranging in weight from 20
to 25 g, were used for this investigation. All Specific
Pathogen Free (SPF)-grademicewere obtained fromLiaon-
ing Changsheng Biotechnology Co., Ltd. (Benxi, Liaon-
ing, China) and were maintained by animal-care proto-
cols established by the First Affiliated Hospital of Harbin
Medical University. Throughout the study, the mice were
housed under strictly regulated conditions with a 12/12-
h photoperiod and an ambient temperature maintained at
23–25 °C. Under anesthesia, the mice were kept at a con-
stant 37 °C. Mice were randomly assigned to the follow-
ing groups: (1) sham; (2) transient middle cerebral artery
occlusion/reperfusion (tMCAO/R); (3) tMCAO/R + nega-
tive control (NC); (4) tMCAO/R + IL7R; and (5) tMCAO/R
+ IL7R + the PI3K pathway inhibitor (LY294002). A to-
tal anesthetic and analgesia were administered during every
surgical procedure. The detailed grouping criteria and the
mice that died or bled are already provided in the Supple-
mentary Table 1, Experiment 1–3.

2.2 Intracerebroventricular Injection of Recombinant
Adeno-Associated Virus (rAAV)

Hanheng Biological Technology (Shanghai, China)
Co., Ltd. supplied the AAV serotype 9 expressing IL7R
(AAV-IL7R; Titer: 1.5 × 1012 vector genome/mL; Pro-
moter: CMV, 87012638) used in this research. The trans-
fection efficiency was assessed with an AAV encoding

green fluorescent protein (AAV-GFP; Titer: 1.3× 1012 vec-
tor genome/mL, 87012636, Hanheng Biological Technol-
ogy). The negative control was AAV-null (87012637, Han-
heng Biological Technology), which is devoid of IL7R en-
coding. Each mouse was given a 2 µL intraventricular in-
jection of the viral suspension three weeks before tMCAO
induction. The lateral ventricle was injected with AAV-
IL7R, AAV-GFP, or AAV-null 21 days before tMCAO in-
duction. The experimental groups were chosen at random.
The mice were prepared by shaving their heads and dis-
infecting them under anesthesia (1.25% avertin, JT0781,
Jitian Biotechnology Co., Ltd., Beijing, China, i.p.). The
mice were fasted for 4 h before anesthesia to prevent any
incidents during the procedure. Core temperature was con-
tinuously monitored and maintained at 37 ± 0.5 °C. The
mouse’s head was fixed in the stereotaxic instrument while
the mouse was under deep anesthesia (Anesthesia was in-
duced with 1.25% avertin [0.02 mL/g, i.p.]. When a mouse
showed signs of awakening during surgery, an additional
dose of 1/2 or 1/3 of the original anesthetic was admin-
istered.). The skull was exposed. A saline-dipped cotton
swab was used to remove the periosteum, and bregma and
lambda were identified. After this, the injection site was
aseptically exposed and marked (0.5 mm posterior and 1.0
mm lateral to the bregma, at a depth of 2.5 mm) [21]. The
microinjection pump was connected, the air bubbles were
expelled, and the needle was inserted vertically and slowly
to the target depth. AAV (0.5 µL/min) was delivered to the
lateral ventricle using a microsyringe. To ensure optimal
delivery, the needle was left in position for 10 min post-
injection to prevent backflow. An equivalent volume of
AAV-null was administered to the lateral ventricle of the
tMCAO/R + NC mice. Upon completion of the infusion,
the needle was gradually retracted to avoid pulling on the
brain tissue. The skin was sutured. The mouse was placed
on a 37 ℃ heating pad until it regained consciousness.

2.3 Drug Administration

LY294002 (S1737, Beyotime Biological Co., Ltd.,
Shanghai, China) was dissolved in phosphate-buffered
saline containing 25%Dimethyl sulfoxide (DMSO, ST038,
Beyotime Biological Co., Ltd.) at 50 mM. After dilution,
2 µL of the solution was administered by intracerebroven-
tricular injection to each mouse 1 h before tMCAO in-
duction [22]. LY294002 (a concentration of 10 µM) was
supplemented to C8D1A cells (CL-0506, Procell Life Sci-
ence&Technology Co., Ltd., Wuhan, China) 1 h before
oxygen-glucose deprivation/reoxygenation (OGD/R) treat-
ment [23].

2.4 Construction of the tMCAO Model

The middle cerebral artery (MCA) was occluded in an
ischemia model using line embolism. To summarize, anes-
thesia was induced with 1.25% avertin (0.02 mL/g, i.p.).
When a mouse showed signs of awakening during surgery,
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an additional dose of 1/2 or 1/3 of the original anesthetic
was administered. The mouse’s vital parameters were con-
tinuously tracked to ensure successful completion of the
surgery. The procedure involved shaving and sterilizing
the neck in preparation for a midline incision that would
expose the common carotid artery (CCA), internal carotid
artery (ICA), and external carotid artery (ECA). Using sur-
gical thread, the proximal end of the CCA, the distal end of
the ICA, and both ends of the ECAwere ligated. To occlude
the MCA successfully, a tiny incision was made between
the ligatures of the ECA. A line embolism then progressed
into the ICA through the carotid bifurcation until it reached
a mark of approximately 1 cm. After the surgery was com-
pleted, the mouse was placed on a heating pad. The line em-
bolism was removed, and the incision was sutured after 1 h
of tMCAO. After the mouse regained consciousness, it was
placed in an incubator with temperature control for a full
day. The only difference in the protocol of the sham group
was the absence of MCA occlusion. Reducing the wound
size without exposure was the goal of keeping the neck inci-
sion small. To ensure the mouse’s comfort and rapid recov-
ery, it was kept on a heating pad set at 37 °C from the time it
was anesthetized until it regained consciousness [24]. The
mice were randomly divided into each experimental group.
The sham-operatedmice underwent identical surgical expo-
sure without MCA occlusion. The survival rate of the mice
reached 90%, and the mice that died or bled were excluded.

2.5 Neurological-Function-Deficit Scoring of the CIRI
Model After tMCAO

To evaluate neurological impairments in the mice, the
modified Longa score was used. Each mouse underwent
neurological function testing, and a researcher who was
blind to the aim of the experiment assessed the mice. The
scoring systemwas as follows: 0, no abnormalities; 1, trunk
turning to the ipsilateral side when the tail was grasped; 2,
the contralateral forelimb showed incomplete extension; 3,
turning toward the paralyzed side; 4, leaning toward the op-
posite side; 5, inability to walk independently, loss of con-
sciousness, or death. If the score was between 1 and 4, the
tMCAO model was deemed successful [25]. Mouse data
were excluded from the study if (1) the mouse’s score was
0 or 5 at the time of euthanasia; (2) the mouse died before
euthanasia; or (3) the mouse showed signs of subarachnoid
or intraparenchymal hemorrhage.

2.6 2,3,5-Triphenyl Tetrazolium Chloride (TTC) Staining

The mouse was euthanized, and its brain was removed
and cut into 6 coronal sections, each 1 mm thick, beginning
posterior to the frontal lobe. After 30min of dark incubation
in 2% TTC (G3005, Solarbio, Beijing, China) at 37 °C, the
tissue sections were fixed in 4% paraformaldehyde (SI101-
01, Sevenbio, Beijing, China). We used ImageJ software
(1.53k, National Institutes of Health, Bethesda, MD, USA)
to measure the infarct volume after imaging the brain slices.

The infarct volume measured by TTC staining was cor-
rected for edema using the formula: corrected infarct vol-
ume = volume of the contralateral hemisphere – volume
of the viable tissue in the ipsilateral hemisphere. The in-
farction volume (%) = (contralateral hemisphere volume
– ipsilateral hemisphere viable tissue volume)/contralateral
hemisphere volume × 100%.

2.7 Brain Water Content (BWC) Detection
The brains were obtained without perfusion, immedi-

ately weighed (wet weight). The tissue was dried in an oven
for 12 h and re-weighed (dry weight), and the BWC per-
centage was calculated as: [(wet weight – dry weight)/wet
weight] × 100%.

2.8 Immunofluorescence (IF) Staining
The mice’s brains were harvested 24 h after tMCAO.

After the blood was completely removed by perfusion with
4 °C saline, the mice were perfused with 4% paraformalde-
hyde until they became stiff. Coronal sections (7 µm
thick) prepared using a cryostat (NX50, Thermo Fisher
Scientific, Waltham, MA, USA) underwent immunofluo-
rescence staining. After 20 min permeabilization in 0.5%
Triton X-100 (BL3087A, Biosharp, Jiangsu, China) at
room temperature, sections were blocked with 10% goat
serum (AR0009, BOSTER, Wuhan, China) for 1 h. Pri-
mary antibodies targeting IL7R (1:100, TD6362, Abmart,
Shanghai, China), glial fibrillary acidic protein (GFAP,
1:100, MU184607, Abmart), allograft inflammatory fac-
tor 1 (IBA1, 1:1000, MU146067, Abmart), and neuron-
specific nuclear protein (NEUN, 1:1000, M050661, Ab-
mart) were applied overnight at 4 °C, followed by 1 h in-
cubation with suitable fluorophore-conjugated secondary
antibodies (ZF-0516, ZF-0512 ZSBIO, Beijing, China) at
room temperature under light-protected conditions. Nu-
clear counterstaining was achieved via 4′,6-Diamidino-2-
phenylindole (DAPI, BL739A, Biosharp). Fluorescence
images were captured using a fluorescence microscopy
platform (Nikon Eclipse Ti2, Tokyo, Japan).

2.9 Quantitative Real-Time PCR (RT-qPCR)
RNA isolationwas performed using distinct protocols:

TRIzol reagent (15596026CN, Invitrogen, Thermo Fisher
Scientific) was used for brain tissue samples, and total RNA
extraction reagent (BSC51, Biozol, Hangzhou, China) was
used for C8D1A cells. After RNA isolation, genomic DNA
extraction, and cDNA synthesis were conducted according
to the reverse transcription kit (FSQ301, ToYoBo, Tokyo,
Japan). The sequences of primers used were as follows:
IL7R-F, 5′-ACGATTACTTCAAAGGCTTCTGGAG-3′;
IL7R-R, 5′-AATGGTGACACTTGGCAAGACAG-3′;
Bcl-2-F, 5′-CTACGAGTGGGATGCTGGAGATG-3′;
Bcl-2-R, 5′-GGTTGCTCTCAGGCTGGAAGG-3′; Bax-F,
5′-GGAGACACCTGAGCTGACCTTG-3′; Bax-R, 5′-
GCTCCATATTGCTGTCCAGTTCAT-3′; Caspase3-F,
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5′-GACTGGAAAGCCGAAACTCTTCAT-3′; Caspase-
3-R, 5′-AGTCCCACTGTCTGTCTCAATG-3′; β-actin-F,
5′-GTGCTATGTTGCTCTAGACTTCG-3′; and β-actin-
R, 5′-ATGCCACAGGATTCCATACC-3′. RT-qPCR
analysis was performed on the SLAN-965 system (Hong-
shi Medical Technology Co., Ltd., Shanghai, China) with
SYBR Green Kit reagents (SM143, Sevenbio). Gene
expression quantification was performed by the 2−∆∆Ct

calculation method.

2.10 Western Blot (WB)

At 24 h after ischemia/reperfusion (I/R) induction,
protein samples were obtained from the right hemisphere
and C8D1A cells. Protein concentration was quantified us-
ing a BCA assay kit (P0010S, Beyotime Biological Co.,
Ltd.). Electrophoresis was conducted on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gels (12.5% or 10%) loaded with 30 µg of protein per
sample. After 1 h of blocking with 5% skim milk at am-
bient temperature, the membranes were subjected to pri-
mary antibodies overnight at 4 °C. The secondary anti-
bodies used were goat anti-rabbit (S0001, 1:3000, Affin-
ity, Jiangsu, China) and goat anti-mouse (1:5000, ZB-2305,
ZSBIO) for 1 h. Three Tris Buffered Saline Tween (TBST)
washes preceded chemiluminescent detection using the
BL520AECL substrate (Biosharp). The primary antibodies
used included IL7R (1:1000, TD6362, Abmart), caspase-3
(1:1000, T40044, Abmart), Bax (1:1000, T40051, Abmart),
Bcl-2 (1:1000, T40056, Abmart), PI3K (1:1000, T40115,
Abmart), phosphorylated PI3K (1:1000, T40116, Abmart),
Akt (1:1000, 4691, Cell Signaling Technology, Danvers,
MA, USA), and phosphorylated Akt (1:1000, 4058, Cell
Signaling Technology), with GAPDH (1:150,000, 60004-
1, Proteintech, Wuhan, China) and β-actin (1:1000, TA-09,
ZSBIO) used as loading controls. Band intensity quantifi-
cation was performed with ImageJ software.

2.11 Cell Culture and Oxygen-Glucose
Deprivation/Reoxygenation (OGD/R) Induction

The C8D1A (CL-0506, Procell Life Science & Tech-
nology Co., Ltd., Wuhan, China ) astrocyte cell line has un-
dergone STR identification and mycoplasma testing, which
confirmed that the quality of the C8D1A cell line is cor-
rect and there is no mycoplasma contamination. It was cul-
tured in complete medium consisting of Dulbecco’s modi-
fied Eagle’s medium (DMEM, CM-0506, Procell Life Sci-
ence&Technology Co., Ltd.) supplemented with 10% fetal
bovine (CM-0506, Procell Life Science&Technology Co.,
Ltd.) serum and 1% penicillin/streptomycin [26]. The cell
lines were authenticated using DNA short tandem repeat
analysis. Cultured cells were placed in a tri-gas incuba-
tor with 5% CO2, 1% O2, and balanced N2 for 3 h af-
ter being cultured in glucose-free DMEM (NaHCO3, glu-
tamine, sodium pyruvate, serum-free, pH: 7.2–7.4) to in-
duce OGD/R [27]. The cells were then cultivated for 2,

6, 12, 24, or 48 h under normoxic conditions (95% air,
5% CO2) after restoration of complete medium. The cells
that were used as controls were those that were kept un-
der anoxic conditions. This study divided the cells into
5 groups: (1) control; (2) OGD/R; (3) OGD/R + NC; (4)
OGD/R + IL7R; and (5) OGD/R + IL7R + LY294002.

2.12 Construction of Stable IL7R-Overexpression Cell
Lines by Lentivirus

A lentivirus with a titer of 108 TU/mL was gener-
ated by cloning the coding sequence of the target gene
into the LV5 vector. Gemma Gene Co., Ltd. (Suzhou,
Jiangsu, China) generated the lentiviral construct and over-
saw its synthesis. To measure the success of transfection,
a virus that did not express any GFP was used as a neg-
ative control [28]. Once the transfection efficiency sur-
passed 70%, stable cell line selection was initiated. After
lentiviral transfection, stably transfected cells, also known
as mixed clones, were selected with puromycin (G04010,
Genepharma, Suzhou, China) as a selection factor. The
cells were grown and expanded after selection. After that,
RNAwas taken from the overexpression group and the neg-
ative control group for RT-qPCR.

2.13 Cell Counting Kit-8 (CCK-8) Assay
C8D1A astrocytes (4500 cells/well, 96-well plates)

were subjected to transfection and OGD/R [29], then incu-
bated with 10 µL CCK-8 (C0037, Beyotime Biological Co.,
Ltd.) for 1 h. Cell viability was quantified by absorbance
at 450 nm on a microplate reader integrated with an opti-
cal density detection system (EPOCH, BioTek, Winnsboro,
VT, USA).

2.14 Flow Cytometry (Fc)
The rate of neuronal cell apoptosis was measured us-

ing the Fc method. After induction of OGD/R and lentivi-
ral transduction, the C8D1A cells were harvested. The
cells were assessed by Fc from an Annexin V-APC/7-AAD
Apoptosis Detection Kit (abs50008, Absin Biotechnology
Co., Ltd., Shanghai, China) [30].

2.15 Transmission Electron Microscopy (TEM)
Observation

The C8D1A cell samples were fixed, embedded, de-
hydrated, and cut into thin slices (60–70 nm). An imag-
ing TEM microscope (H-7700, Hitachi, Tokyo, Japan) was
used to examine and photograph these slices.

2.16 Statistical Analysis
Data analysis was conducted with GraphPad Prism

version 8.0 software (GraphPad Software, San Diego, CA,
USA), and the experimental results are expressed as the
means ± standard deviation (SD). The data in each of
the experiments were independently obtained at least three
times. When the datawere normally distributed and showed
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Fig. 1. IL7R protein levels are suppressed at multiple post-tMCAO time points. (A) IL7R protein levels were detected byWB (n = 7
per group). (B) The quantitative analysis of IL7R protein in different groups. Data are shown as mean± SD. The data were analyzed by
one-way ANOVA followed by Dunnett posttests. **: p< 0.01; ***: p< 0.001; IL7R, interleukin-7 receptor; tMCAO, transient middle
cerebral artery occlusion; SD, standard deviation; ANOVA, one-way analysis of variance; tMCAO/R, transient middle cerebral artery
occlusion/reperfusion.

equal variances, one-way analysis of variance (ANOVA)
was performed; otherwise, the Kruskal-Wallis test was per-
formed, with subsequent application of either Dunnett’s or
Tukey’s post hoc tests for multiple comparisons. Statistical
significance was considered to be p < 0.05. The following
thresholds were established for significance markers: *p <
0.05; **p < 0.01; ***p < 0.001, with ns indicating non-
significant differences.

3. Results
3.1 Downregulation of IL7R Expression and the Time
Course of IL7R in the Mouse Brain After tMCAO

To explore the involvement of IL7R in CIRI, we
conducted temporal expression profiling of this receptor
in the right cerebral hemisphere after tMCAO. Compared
with controls, IL7R expression was significantly down-
regulated following I/R injury. WB analysis revealed a
time-dependent reduction in the IL7R protein level, with
the lowest expression observed at 24 h postinjury (Fig. 1A).
A marked reduction in IL7R expression was detected at 24
h post-tMCAO (p < 0.001), with expression levels starting
to recover at 48 h (Fig. 1B, p< 0.01). On the basis of these
findings, subsequent experiments were conducted 24 h af-
ter CIRI induction. These results suggested that IL7R plays
a certain role in CIRI.

3.2 IL7R Was Detected in Mouse Brain Astrocytes but not
in Neurons or Microglia

In normal brain tissue supplied by the middle cere-
bral artery of the mice, we performed double IF staining
of IL7R with specific markers for astrocytes (GFAP), mi-
croglia (IBA1), and neurons (NEUN) (Fig. 2A). IL7R was
colocalized with astrocytes, and IL7R was expressed in as-
trocytes. IL7Rwas hardly expressed in microglia (Fig. 2B).
IL7R was rarely expressed in neurons (Fig. 2C). The Pear-
son correlation coefficients for these three groups of data
were calculated with ImageJ software (Fig. 2D); |r| >0.5
was taken to indicate a clear association (closer to 1 =
stronger, closer to 0 = weaker). The Pearson correlation co-
efficient of the GFAP group was the highest, leading to the
conclusion that IL7R is abundantly expressed in astrocytes
but rarely expressed in microglia and neurons. In summary,
IL7R is detected in astrocytes rather than in neurons or mi-
croglia in the mouse brain.

3.3 Verification of Successful Overexpression of IL7R in
tMCAO/R Mouse Brain Tissue

AAV-IL7R was injected into the lateral ventricle of
mice to induce IL7R overexpression. In mouse brain sec-
tions of theMCA supply area treated with AAV-GFP (AAV-
ZsGreen, 1.3 × 1012 vector genome/mL), green fluores-
cence was detected by microscopy, confirming the success
of AAV-mediated transduction. We found that GFP green
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Fig. 2. IF double–staining of IL7R, GFAP, IBA1, and NEUN in mouse brain tissue. (A) Representative images of double-IF staining
showing the colocalization of IL7R (red)/GFAP (green)/DAPI (blue). (B) Representative images of double-IF staining showing the
colocalization of IL7R (red)/IBA1 (green)/DAPI (blue). (C) Representative images of double-IF staining showing the colocalization
of IL7R (red)/NEUN (green)/DAPI (blue). (Scale bar = 50 µm for Fig. 2A–C). (D) The Pearson correlation coefficients for these three
groups (n = 3 per group). Data are shown as mean± SD. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. ns:
not significant; ***: p < 0.001. IF, Immunofluorescence; GFAP, glial fibrillary acidic protein; DAPI, 4′,6-Diamidino-2-phenylindole;
IBA1, allograft inflammatory factor 1; NEUN, neuron-specific nuclear protein.

fluorescence was widely expressed in the brain tissue sur-
rounding the lateral ventricle of the mice (Fig. 3A). Subse-
quently, colocalization of IL7Rwith GFAPwas assessed by
IF double staining. The experimental data indicated that the
levels of IL7R and GFAP in the brain tissue of the mice sub-
jected to tMCAO were significantly reduced (Fig. 3C, p <

0.05). Comparable levels were maintained between the tM-
CAO and tMCAO + NC groups. Notably, the experimental
group with IL7R overexpression demonstrated substantial
increases in both IL7R and GFAP expression in the brain
specimens (Fig. 3C, p < 0.05). These findings confirmed
the localization of IL7R in astrocytes. After tMCAO/R, the
level of IL7R decreased, and IL7Rwas successfully overex-
pressed. We reached the same conclusion in the RT-qPCR
data, and the results confirmed that IL7R was successfully
overexpressed after pretreatment with AAV-IL7R (Fig. 3D,
p< 0.001). Furthermore, immunofluorescence triple stain-
ing was conducted to verify that IL7R was expressed on
the membrane of astrocytes after overexpression of IL7R
(Supplementary Fig. 1).

3.4 Overexpression of IL7R Reduced CIRI in Mice After
tMCAO

In our previous studies, we observed minimal IL7R
expression at 24 h post-tMCAO (Fig. 1A), which prompted
us to harvest brain tissues at this time point. To de-
termine whether IL7R overexpression mitigates CIRI, we
conducted TTC staining (Fig. 4A). Mice treated with
IL7R-AAV presented smaller cerebral infarction volumes
(Fig. 4A,B, p < 0.001). Neurological deficit scores were
also assessed, and the results are shown in Fig. 4C. The
IL7R-treated group presented lower neurological function
scores (Fig. 4C, p < 0.01). Additionally, we measured
BWC to evaluate cerebral edema induced by tMCAO.
BWC was elevated in the tMCAO group (Fig. 4D, p <

0.001). However, in the mice treated with IL7R, the BWC
was reduced (p < 0.01).

3.5 Overexpression of IL7R Reduced Apoptosis After
tMCAO

Apoptosis is a critical process in CIRI. Therefore, we
investigated the effects of IL7R on apoptosis. The RT-
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Fig. 3. Verification of successful overexpression of IL7R in tMCAO/Rmouse brain tissue. (A) Representative IF image of AAV-GFP-
transfected brain sections frommice. (Scale bar = 50 µm). (B) Representative images of double-IF staining showing the colocalization of
IL7R (red)/GFAP (green)/DAPI (blue). (Scale bar = 50 µm). (C) Statistical results of IF staining for IL7R in the groups (n = 3 per group).
(D) Relative mRNA levels of IL7R in the sham, tMCAO/R, tMCAO/R + NC, and tMCAO/R + IL7R groups (n = 3 per group). Data are
shown as mean ± SD from at least three independent experiments. Data were analyzed by one-way ANOVA followed by Tukey’s post
hoc test. ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001. AAV, Adeno-Associated Virus; NC, negative control; GFP,
Green Fluorescent Protein.

qPCR data revealed substantial elevation in the mRNA lev-
els of caspase-3 (Fig. 5C, p< 0.001) and Bax (Fig. 5B, p<
0.01), whereas Bcl-2mRNA expression was reduced in tM-
CAO/R mice (Fig. 5A, p< 0.001). IL7R treatment reduced
caspase-3 (Fig. 5C, p< 0.001) and Bax (Fig. 5B, p< 0.01)
mRNA levels and increased Bcl-2 mRNA levels (Fig. 5A,
p < 0.001) after tMCAO/R. WB results confirmed these
findings. The overexpression of IL7R elevated the protein
level of Bcl-2 (Fig. 5D,E, p< 0.001) and decreased the pro-
tein expression of Bax (Fig. 5F,G, p < 0.01) and caspase-3
(Fig. 5H,I, p < 0.01). These effects were reversed by the
LY294002 (Fig. 5D–I). Additionally, LY294002 treatment
worsened neurological deficits (Fig. 5J, p < 0.01) and ex-
acerbated brain edema (Fig. 5K, p < 0.05). Together, these
results suggested that IL7R reduced CIRI by activating the
PI3K/Akt pathway to partially regulate apoptosis.

3.6 Construction of the OGD/R Model and the IL7R
Overexpression Model in Mouse Astrocytes

IF staining for IL7R andGFAP in brain tissue revealed
that IL7R and GFAP expression were reduced after tM-
CAO, whereas GFAP expression was increased upon IL7R
overexpression. These results confirmed that IL7R was
colocalized with astrocytes (Fig. 3B), leading us to select
the C8D1A cell line for further in vitro validation. Cell vi-
ability was assessed in vitro at various time points during

OGD. Cell viability significantly decreased as the duration
of OGD increased. To achieve a cell survival rate of approx-
imately 50%, OGD was set to 3 h (Fig. 6A). In the OGD/R
model, IL7R mRNA levels were markedly down-regulated
by RT-qPCR, particularly after 24 h of OGD/R (Fig. 6B,
p < 0.001). We applied 3 h of OGD and 24 h of reperfu-
sion to simulate the OGD/R model in C8D1A cells. IL7R
overexpression was successfully established in stable trans-
formants. This was indicated by the green fluorescence
signal, seen under a fluorescence microscope, in C8D1A
cells transfected with lentivirus-green fluorescent protein
(LV-GFP) (Fig. 6C). The RT-qPCR analysis confirmed the
successful establishment of the IL7R overexpression model
(Fig. 6D, p < 0.001).

3.7 Overexpression of IL7R Reduced Apoptosis After
OGD/R In Vitro

Fc assessment was employed to determine the rela-
tionship between IL7R and apoptosis in vitro. The results
revealed that C8D1A cells exposed to OGD/R exhibited a
pronounced elevation in apoptotic rate, indicating substan-
tial cellular damage. However, IL7R overexpression sig-
nificantly reduced apoptosis (Fig. 7A,B; p < 0.001). Fur-
thermore, OGD/R markedly reduced cell viability relative
to control conditions, but it was notably improved after
IL7R overexpression (Fig. 7C, p < 0.001). TEM analysis
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Fig. 4. Overexpression of IL7R enhanced cerebral protection by reducing infarct volume, BWC, and neurological deficit scores
in vivo. (A) TTC staining of brain tissues after tMCAO/R. (Scale bar = 5 mm). (B) Statistical analysis of the TTC staining results (n
= 6 per group). (C) Neurological deficit scores of the mice post-tMCAO/R (n = 6 per group). (D) BWCs in the cerebral hemisphere
were measured using the wet and dry weight method (n = 6 per group). Data are shown as mean ± SD. Data were analyzed by one-way
ANOVA followed by Tukey’s post hoc test. ns: not significant; **: p < 0.01; ***: p < 0.001. TTC, 2,3,5-Triphenyl Tetrazolium
Chloride; BWC, brain water content.

revealed various morphological alterations, such as DNA
fragmentation and early apoptotic body formation, in the
OGD/R and OGD/R + NC groups. These morphological
changes were significantly less in the OGD/R + IL7R group
(Fig. 7D). Collectively, these results suggested that IL7R
exerts protective effects by inhibiting apoptosis in an in
vitro model of CIRI.

3.8 IL7R may Regulate Apoptosis via PI3K/Akt-Axis
Activation

To investigate the mechanism of IL7R-mediated neu-
roprotection via PI3K/Akt signaling in CIRI, pharmacolog-
ical inhibition was implemented using LY294002, preced-
ing IL7R overexpression and OGD/R induction. The RT-
qPCR data revealed a marked reduction in Bcl-2, in par-
allel with elevated Bax and caspase-3 expression, in the
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Fig. 5. The overexpression of IL7R improved the cerebral-protective effects by reducing apoptosis after tMCAO in vivo. (A–C)
Relative mRNA levels of (A) Bcl-2, (B) Bax, and (C) caspase-3 in the sham, tMCAO/R, tMCAO/R + NC, and tMCAO/R + IL7R groups
(n = 3 per group). (D–I) WB and quantitative analysis of Bcl-2, Bax, and caspase-3 protein levels in the sham, tMCAO/R, tMCAO/R +
NC, tMCAO/R + IL7R, and tMCAO/R + IL7R + LY294002 groups (n = 7 per group). (J) Neurological deficit scores of each group of
mice (n = 6 per group). (K) BWC of each group of mice (n = 6 per group). Data are shown as mean± SD from at least three independent
experiments. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. ns: not significant; *: p< 0.05; **: p< 0.01;
***: p < 0.001. WB, western blot; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; LY294002, PI3K pathway inhibitor.
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Fig. 6. Generation of an OGD/R model and an IL7R overexpression model in mouse brain astrocytes. (A) Cell viability analysis
via CCK-8 assays after various durations of OGD (1, 2, 3, 4, 5, or 6 h), followed by 24 h of reoxygenation (n = 3 per group). (B) IL7R
expression was significantly downregulated in OGD/R-exposed C8D1A cells. RT-qPCR analysis confirmed the significant decreasing
in IL7R mRNA levels at 24 h of OGD/R (n = 3 per group). (C) Representative IF images of LV-IL7R and GFP-transfected C8D1A cells
under normal and fluorescence microscopy. (Scale bar = 50 µm). (D) Relative mRNA levels and quantitative analysis of IL7R (n = 3 per
group). Data are shown as mean ± SD from at least three independent experiments. The data of B were analyzed by one-way ANOVA
followed by Dunnett posttests, and the rest of the data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. ns: not
significant; **: p < 0.01; ***: p < 0.001. OGD/R, oxygen-glucose deprivation/reoxygenation; CCK-8, Cell Counting Kit-8; LV-IL7R,
lentivirus-IL7R.

OGD/R model. The overexpression of IL7R counteracted
these alterations, resulting in significant enhancement of
the Bcl-2 mRNA level and concurrent suppression of the
Bax and caspase-3 mRNAs. Conversely, pharmacologi-
cal PI3K inhibition with LY294002 abolished the antiapop-
totic effects mediated by IL7R overexpression (Fig. 8A–C,
p< 0.05), indicating the involvement of the PI3K/Akt path-
way. Subsequent WB analysis corroborated these observa-
tions, revealing increased Bcl-2, phosphorylated PI3K (p-
PI3K), and activated Akt (p-Akt) protein expression cou-
pled with decreased Bax and caspase-3 levels post–OGD/R
treatment in the IL7R-overexpressing groups (Fig. 8D–M).
Additionally, LY294002 reversed the protective effects of

IL7R overexpression, as indicated by reduced cell viabil-
ity (Fig. 8N) and decreased levels of Bcl-2 (Fig. 8D,E), p-
PI3K (Fig. 8J,K), and p-Akt (Fig. 8L,M) but increased Bax
(Fig. 8F,G) and caspase-3 (Fig. 8H,I) protein levels (all p<
0.05). Together, the data pinpoint PI3K/Akt signaling as the
operative route through which IL7R suppresses apoptosis.

4. Discussion
Our results observed that IL7R level was downregu-

lated in the cerebral I/R model. Furthermore, IL7R overex-
pression protected against CIRI. Our results demonstrated
that IL7R overexpression reduced cerebral edema, con-
ferred better neurological outcome, and limited both in-

10

https://www.imrpress.com


Fig. 7. IL7R overexpression reduced apoptosis after OGD/R in vitro. (A,B) Fc and quantitative analysis of apoptosis rates in C8D1A
cells across different groups (n = 3 per group). (C) Cell viability analysis with the CCK-8 assay (n = 3 per group). (D) Representative
TEM images of C8D1A cells (Scale bar = 5.0 µm). Data are shown as mean ± SD from at least three independent experiments. Data
were analyzed by one-way ANOVA followed by Tukey’s post hoc test. ns: not significant; ***: p < 0.001. Fc, Flow Cytometry; TEM,
Transmission Electron Microscopy.

farct expansion and apoptosis after I/R. The overexpres-
sion of IL7R led to decreased Bax and caspase-3 expres-
sion and elevated Bcl-2 levels. LY294002 largely reversed
IL7R-mediated protection against CIRI, confirming that
PI3K/Akt signaling partially drives the beneficial effect
(Fig. 9).

Globally, IS ranks among the foremost causes of long-
term disability and death. Vascular recanalization therapy
has become widely applied clinically, with early reperfu-
sion considered to be the most effective treatment for IS
[31]. However, reperfusion itself can trigger additional
pathological mechanisms that worsen brain damage [32].
IL-7 is a crucial homeostatic cytokine that supports the per-
sistence and viability of T-cell and other lymphoid popula-
tions [33]. IL-7 is associated with inflammation, autoim-
mune conditions, neoplastic diseases, and various biologi-
cal processes [34]. IL-7 transcripts are detectable in both
lymphoid and non-lymphoid tissues, which are essential
for biological barriers [35]. IL7R is likewise indispens-
able for the ontogeny and continued survival of multiple
immune-cell lineages and is involved in diseases linked to
lymphatic dysfunction [36]. Furthermore, IL7R is involved
in neurodegenerative-disease pathology, including Parkin-
son’s disease and multiple sclerosis [37,38]. The IL-7/IL7R
signaling pathway influences inflammation after intracere-
bral hemorrhage and may be a new immunotherapy target
in the pathophysiological mechanism of intracerebral hem-
orrhage treatment [39]. The reduced expression of IL7R

has been correlated with delayed myelination [40]. IL-7
also has trophic properties in the developing brain, suggest-
ing its potential as a growth factor for neurons of physio-
logical value [41]. These observations suggest a potential
neuroprotective function for IL7R. The result of a porcine
femoral artery I/R study indicated that dynamic changes oc-
curred in gene expression after I/R. These changes may be
closely related to T-cell activation. During T-cell activation,
increased IL7R potentially orchestrates I/R injury [42]. In
the myocardial I/Rmodel, IL-7 intensified cardiac injury by
modulating macrophage infiltration and polarization. Con-
trolling the level of IL-7 may help alleviate myocardial I/R
injury [43]. However, the role of IL7R in CIRI has yet to
be explored. We found that IL7R expression was downreg-
ulated after IS and inversely correlated with infarct size and
neurological deficits, indicating that IL7R may be a critical
player in CIRI and a potential therapeutic target. However,
the exact molecular basis of IL7R action requires further
exploration.

Previous studies have shown that certain protein-
coding genes orchestrate apoptosis control; whether IL7R
participates in a regulatory network with these genes re-
mains to be explored. Future research can explore the
specific mechanisms of these proteins in different disease
states. Silent Information Regulator1 (SIRT1) suppresses
apoptotic signaling, curbs neuro-inflammation by reduc-
ing pro-inflammatory cytokine release, and preserves mito-
chondrial integrity, thereby conferring broad neuroprotec-
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Fig. 8. LY294002 reversed the ability of IL7R to inhibit apoptosis after CIRI. (A–C) Relative mRNA levels and quantitative analysis
of Bcl-2, Bax, and caspase-3 (n = 3 per group). (D–M) Representative WB images and quantitative analysis of Bcl-2 (D,E), Bax (F,G),
caspase-3 (H,I), p-PI3K/PI3K (J,K), and p-Akt/Akt (L,M) protein levels in C8D1A cells of different groups (n = 3 per group). (N) Cell
viability of C8D1A cells in different groups (n = 5 per group). Data are shown as mean± SD from at least three independent experiments.
Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. ns: not significant; *: p < 0.05; **: p < 0.01; ***: p <

0.001. CIRI, Cerebral ischemia-reperfusion injury; p-PI3K, phosphorylated phosphatidylinositol 3-kinase; PI3K, phosphatidylinositol
3-kinase; p-Akt, phosphorylated protein kinase B; Akt, protein kinase B.
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Fig. 9. The mechanism by which IL7R may attenuate astrocyte apoptosis through PI3K/Akt pathway activation after cerebral
I/R. Figdraw provided the material for drawing (https://www.figdraw.com/). I/R, ischemia/reperfusion.

tion against CIRI [44–46]. These pleiotropic effects make
SIRT1 a promising therapeutic target in stroke. Emerg-
ing evidence has suggested that SIRT1 may also govern
IL7R expression. In NSCLC, SIRT1 modulated IL7R lev-
els on immune cells, shaping tumor prognosis [47], and
loss of SIRT1 paralleled down-regulated IL7R and subse-
quent T-cell dysfunction in COVID-19 [48]. Although a
direct SIRT1–IL7R axis has not yet been validated in CIRI,
their complementary cytoprotective and immunomodula-
tory roles imply that an interaction could influence is-
chemic outcome. Future studies should therefore determine
whether SIRT1 regulates IL7R after stroke and whether co-
targeting both molecules might augment recovery. Further-
more, small extracellular vesicles derived from mesenchy-
mal stromal cells have recently been shown to markedly en-
hance neural recovery and brain remodeling in both young
and aged rats after permanent distal MCAO [49], under-
scoring their therapeutic promise for elderly stroke patients.
Estrogen additionally confers cerebrovascular protection,
emphasizing that advanced age and female sex are critical
determinants of CIRI severity and outcome. However, our
present work did not stratify animals by age or sex, a limi-
tation that will be addressed in follow-up studies designed

to dissect how these variables modulate CIRI pathobiol-
ogy and to translate the findings into sex- and age-tailored
strategies for human stroke prevention and rehabilitation.

The pathogenesis of IS is multifaceted and in-
volves disturbances in energy metabolism, inflammatory
responses, and apoptosis [50,51]. Inflammation and apop-
tosis induced by the activation of astrocytes are central
pathological mechanisms in CIRI. The neuroprotective ef-
fects observed during CIRI are due to the inhibition of as-
trocyte apoptosis [52]. The study has revealed that CIRI
has protective effects against neuronal damage via the in-
hibition of apoptosis [14]. Apoptosis constitutes the main
driver of neuronal death after ischemia. Therefore, atten-
uating apoptosis is essential for improving the outcome of
CIRI [53]. IL7R has been shown to regulate apoptosis in
other diseases. Liu and colleagues [18] demonstrated that
IL-7/IL7R signaling suppresses apoptosis in NSCLC cells
by modulating Bcl-2 and Bax through the p53 pathway.
IL7R also triggers the Janus kinase1 (JAK1)/STAT5 path-
way to increase Bcl-2 expression in pancreatic-duct adeno-
carcinoma [54], as IL7R has been implicated in demyeli-
nation and the process of oligodendrocyte apoptosis [37].
These results collectively emphasize the antiapoptotic ef-
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fects of IL7R in various diseases. However, the specific
relationship between IL7R and apoptosis in CIRI had not
previously been explored. Therefore, we actively inves-
tigated whether IL7R functions in regulating apoptosis in
CIRI. Our study explored whether IL7R regulated apopto-
sis in CIRI; results revealed that IL7R does protect against
apoptosis in CIRI. Specifically, the overexpression of IL7R
resulted in a decreased infarct volume and enhanced neuro-
logical outcomes (Fig. 4), decreased level of proapoptotic
proteins, and a reduced rate of apoptosis while increasing
the level of the antiapoptotic protein (Fig. 5). We found that
IL7R canmediate neuroprotection by exerting antiapoptotic
effects, which aligns with earlier reports. Our findings con-
firmed that IL7R protects against CIRI through antiapop-
totic mechanisms and provide a foundation for the develop-
ment of IL7R-based therapies for ischemic brain diseases.

The PI3K/Akt signaling cascade is central to the
pathobiology of CIRI and has well-documented neuropro-
tective characteristics [55]. Catalpol administration en-
hanced the neurovascular unit in an IS model by acti-
vating the PI3K/Akt [56]. Colin has antiapoptotic ef-
fects on cardiomyocytes by regulating the PI3K/Akt [57].
Resveratrol administration alleviated apoptosis in stroke
models through the PI3K/Akt pathway [58]. IL7R af-
fects hematopoiesis and immune responses through the
JAK-STAT and PI3K/Akt pathways [12]. IL-7 activates
the autophagy process in lung cancer cells through the
PI3K/Akt [17]. Our data revealed that IL7R, through the
PI3K/Akt pathway, is involved in the modulation of apop-
tosis. To substantiate the pathway-specific neuroprotec-
tion hypothesis, we used pharmacological PI3K inhibi-
tion with LY294002 and effectively attenuated the IL7R-
mediated protective effects (Fig. 5). Although gene knock-
out or co-immunoprecipitation methods can increase the
specificity of the pathway, LY294002 has been widely rec-
ognized for this application [59]. These cumulative re-
sults establish PI3K/Akt signaling as an essential media-
tor of the therapeutic potential of IL7R in CIRI manage-
ment; however, whether the mitogen-activated protein ki-
nase (MAPK), JAK-STAT, and other specific regulatory
mechanisms are involved in this process requires further ex-
ploration in the future.

Our study had several limitations. First, the animal
sample in some experiments was not large, which was a de-
cision made to minimize animal use, according to NIH rec-
ommendations. Although this approach enhanced the ethi-
cal standard of the research, it limited the statistical power
for detecting more subtle effects. Second, for the experi-
ments involving the PI3K inhibitor LY294002, a separate
vehicle-control group was not included. Instead, compar-
isons were made against the standard model control group.
Although the effects of the solvent DMSO were expected
to be minimal based on common practice and previous lit-
erature, the absence of a dedicated control group meant that
we could not entirely rule out its potential contribution to

the observed effects. It is noteworthy that the assessment
of neurological function in this study was conducted using
the modified Longa score, a well-validated tool for global
deficit evaluation. Future studies incorporating more spe-
cialized tests for motor coordination, balance, and strength
will be valuable in order to delineate the specific facets
of functional recovery influenced by IL7R overexpression.
In addition, the precise contribution of the IL-7 ligand re-
mains undefined; the upstream and the downstream regu-
latory networks controlled by IL7R require further explo-
ration. Consequently, clinical translation of IL7R-based in-
terventions will demand extensive additional investigation.

Overall, this study provided new insights and poten-
tial therapeutic avenues for treating CIRI. Our observations
suggested that the overexpression of IL7R diminishes apop-
tosis levels by modulating the interactions of proteins as-
sociated with apoptosis, thereby mitigating CIRI, proba-
bly consequent to PI3K/Akt activation. Nevertheless, ad-
ditional research is essential to elucidate, comprehensively,
the precise pathway mechanisms associated with molecules
both upstream and downstream of IL7R.

5. Conclusion
Collectively, our experimental data demonstrate that

IL7R administration confers neuroprotection against cere-
bral damage and apoptotic processes through stimulation of
the PI3K/Akt. Our results identify IL7R as a candidate tar-
get for CIRI therapy. Although its precise molecular actions
remain to be fully defined, the approach holds clear trans-
lational promise and offers a fresh direction for developing
effective CIRI interventions.
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