
ARTICLE OPEN

Bone marrow mesenchymal stem cells alleviate neurological
dysfunction by reducing autophagy damage via
downregulation of SYNPO2 in neonatal hypoxic–ischemic
encephalopathy rats
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Neonatal hypoxic-ischemic encephalopathy (HIE) is worsened by autophagy-induced neuronal damage, with SYNPO2 playing a key
role in this process. This study investigates the involvement of SYNPO2 in neuronal autophagy and explores the potential of bone
marrow mesenchymal stem cells (BMSCs) to alleviate HIE-induced dysfunction by inhibiting SYNPO2-mediated autophagy. Using in
vitro and in vivo neonatal HIE models, we observed an upregulation of SYNPO2 expression, accompanied by increased neuronal
injury and aggregation of autophagy-related proteins. Intervention with BMSCs effectively reduced SYNPO2 expression, and
SYNPO2 depression mitigated neuroautophagic damage and improved neurological dysfunctions. Moreover, SYNPO2
overexpression exacerbated neuroautophagy despite BMSC treatment, while SYNPO2 depletion notably reduced neuroautophagic
damage and alleviated cognitive impairments, retaining the neuroprotective efficacy of BMSC treatment. These findings confirm
the role of BMSCs in attenuating HIE injury by suppressing neuroautophagy and provide insights into the mechanistic involvement
of SYNPO2. Ultimately, this study identifies SYNPO2 as a novel therapeutic target for neonatal HIE and supports the clinical potential
of BMSCs in HIE management.
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INTRODUCTION
Hypoxic-ischemic encephalopathy (HIE) is one of the most
common and severe neonatal neurological diseases, caused by
hypoxia, cerebral blood flow reduction, or transient interruptions
in cerebral perfusion [1]. This type of brain damage is closely
associated with chronic neurological impairments, including
motor dysfunction and memory deficits, affecting millions of
newborns annually [2, 3]. Current clinical treatments for HIE, such
as cardiopulmonary bypass and neuroprotective drugs, face
limitations in terms of timing and efficacy [4, 5]. Consequently,
there remains a pressing need to explore highly selective and
precise therapeutic approaches to enhance treatment outcomes
and mitigate neurological damage in children with HIE. The
mechanisms underlying HIE involve multiple pathways, including
oxidative stress [6], apoptosis, and autophagy [7, 8]. Among these,
autophagy is a particularly critical pathological process. While
autophagy serves as a cellular housekeeping mechanism,
excessive autophagy can trigger neuronal injury and apoptosis,
exacerbating inflammation and brain damage [9, 10]. Studies have

shown that neonatal HIE disrupts autophagy flux, intensifying
brain injury and leading to cognitive and memory deficits during
adolescence [11, 12]. As such, autophagy inhibition has emerged
as a potential neuroprotective strategy for addressing neonatal
HIE-induced brain damage [13, 14]. Moreover, pharmacological or
gene therapy-mediated regulation of autophagy has been found
to alleviate HIE-induced neuronal injury and dysfunction [15, 16].
This suggests that targeting genes and proteins involved in
autophagy may offer novel therapeutic opportunities for HIE
treatment.
Recent studies highlight the significant potential of stem cell-

based therapies in ameliorating neurological deficits following HIE
[17, 18]. Various types of multipotent stem cells, including neural
stem cells (NSCs) [19, 20] and mesenchymal stem cells (MSCs)
[21, 22], have shown promising results in preclinical models. Bone
marrow mesenchymal stem cells (BMSCs) are particularly note-
worthy due to their low immunogenicity and lack of ethical
concerns [23]. BMSCs have garnered increasing attention in
regenerative medicine and neurology [21, 24], for their ability to
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enhance the neuronal survival, reduce neuroinflammation caused
by HIE, and repair motor cortical damage [25–27]. Additionally,
BMSCs have been reported to effectively alleviate HIE-related
brain damage by regulating autophagy, suggesting BMSC-based
therapies hold significant therapeutic potential for treating HIE by
regulating autophagy [25, 28, 29]. However, the precise mechan-
isms by which BMSCs regulate autophagy remain unclear.
Synaptopodin-2 (SYNPO2) is a functional protein predominantly

expressed in the heart, smooth muscle, skeletal muscle, and
neurons. SYNPO2 plays a pivotal role in regulating autophagy,
particularly in muscle cells [30, 31], and its homolog synaptopodin
(SYNPO) expressed in the synaptic structure of neurons, was
primarily correlated with neuronal morphology and function
[32–34]. SYNPO2 maintains muscle function under stress via
chaperone-assisted selective autophagy (CASA) [35]. SYNPO2’s
regulatory function of autophagy depends on its PDZ domain,
which enables the recruitment of sequestosome-1 (SQSTM1) and
interaction with Bcl-2-associated athanogene-3 (BAG3) to promote
autophagy [36, 37]. In neurons, SYNPO supports autophagic flux in
the postsynaptic compartments, contributing to the clearance of
phosphorylated microtubule-related protein Tau in dendritic
spines [38]. Although the role of SYNPO2 in HIE-induced
neuroautophagy and neuronal injury remains to be elucidated, it
represents a potential new mechanism and therapeutic target
for HIE.
In this study, we employed SYNPO2 lentiviral infection and

BMSC-based treatments on cortical neurons and animal models of
HIE. Through morphological, molecular, and behavioral experi-
ments, we aimed to elucidate the role of SYNPO2 in HIE-induced
neuroautophagy and neurological impairments, providing a new
therapeutic target and rationale for the clinical application of
BMSCs in HIE management.

MATERIALS AND METHODS
Animal care and grouping
Neonatal Sprague Dawley (SD) rats (both male and female, weighing
10–19 g) were obtained from the Experimental Animal Center of Zunyi
Medical University. Neonatal SD rats were used for different experimental
purposes as follows: 1-day-old rats were used for cortical primary neuron
culture, 3-day-old rats for lentiviral injections, 7-day-old rats for HIE
modeling, and 30-day-old rats for BMSC extraction. Animals were excluded
from the study if they exhibited persistent weight loss after modeling,
failed ligation of the right common carotid artery during the modeling
process, or significant individual variability that resulted in an inability to
replicate the expected pathological features of the HIE model. All animal
experiments were approved by the Experimental Animal Ethics Committee
of Zunyi Medical University ([2020]2-097), and conducted in compliance
with Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health. Animals were housed in cages with ad libitum
access to food and water, under controlled conditions of 26 ± 0.5 °C and
65 ± 5% humidity. To ensure unbiased results, measurements and
observations were repeated three times and performed by researchers
blinded to the group assignments. Sample sizes were estimated by MedSci
Sample Size tools with comparison of the mean of two independent
samples: α= 0.05, power=0.8. Animals were randomly assigned into the
following groups using simple random sampling: Sham, HIE (HIE+ PBS, HIE
+BMSCs, HIE+shNC, HIE+shSYNPO2, HIE+BMSCs+OE-NC, HIE+BMSCs
+OE, and HIE+BMSCs+dPDZ groups. Brain tissues were collected at
24 hours after the hypoxic-ischemic insult for immunostaining experi-
ments, at 39 days after injury for Nissl and HE staining. To minimize bias, all
experiments in this study were conducted in a double-blind manner,
wherein both the researchers performing the procedures and those
analyzing the data were unaware of the group assignments or treatment
conditions.

Primary cortical neuron culture
Cortical tissues were obtained from 1-day-old newborn SD rats, which were
dissected, minced, and digested with 0.25% trypsin for 10–15minutes
(min) at 37 °C. After digestion, the samples were eluted using a basal
medium containing 10% fetal bovine serum (FBS), filtered 3 times with a

70 µm cell sieve, and centrifuged at 1500 rpm for 5min at room
temperature. Afterward, the supernatant was discarded, and the basal
culture medium was added to prepare a single-cell suspension.
Immediately, cells at a density of approximately 5 × 105/ml were seeded
on the poly-L-lysine and laminin-coated coverslips and cultured at 37 °C in
5% CO2 and 95% air. After 4 hours, the basal culture medium was replaced
with a neuron culture medium. The basal culture medium consisted of
high-glucose DMEM (Biosharp, Canada), 10% FBS (Gibco, USA), 1%
penicillin-streptomicin (PS) (Cyagen, USA, California). Neuron culture
medium was composed of Neurobasal-A medium (Gibco, USA), 2% B27
(Gibco, USA), 1% L-glutamin (Cyagen, USA), and 0.5% PS (Cyagen, USA).

Lentiviral infection in vitro and in vivo
On day 3, the neuron culture medium was replaced with a labeling
medium consisting of the neuron culture medium (without PS), transfec-
tion reagent A, and lentivirus. After 8 hours, the labeling medium was
completely replaced with the neuron culture medium (without glutamine).
Fluorescence imaging was performed 4 days post-infection. Lentiviruses
were procured from Shanghai Genechem Co., Ltd. The multiplicity of
infection (MOI) is 5. This study included the following lentivirus: SYNPO2
interference controls (shNC, 5 × 108 TU/mL), SYNPO2 interference
(shSYNPO2, 3 × 109 TU/mL), SYNPO2 overexpression controls (OE-NC,
2.5 × 108 TU/mL), SYNPO2 overexpression (OE, 2.5 × 109 TU/mL), SYNPO2-
dPDZ deletion mutant (dPDZ, 1.5 × 109 TU/mL).
For lentiviral injection in vivo, rats on postnatal day 3 were anesthetized

with isoflurane for lentiviral transplantation. A total of 3 μL of lentivirus
(7.5 × 105 TU) was injected into the lateral ventricle at a speed of 1 μL/min
using the following stereotaxic coordinates: anterior-posterior (AP):
−0.5 mm, medial-lateral (ML): −1.2 mm, and dorsal-ventral (DV):
−2.0 mm. After completing the injection, the micro-syringe was left in
place for 3 min before being carefully withdrawn. The scalp was then
sutured, and the area was disinfected with iodophor. Following the
procedure, the neonatal rats were returned to the cages once they had
fully regained consciousness.

Establishment of oxygen-glucose deprivation (OGD) model
On postnatal day 7, primary cortical neurons were subjected to OGD to
mimic hypoxic-ischemic conditions in vitro. According to previous studies
[14], the neuron culture medium (without glutamine) was completely
substituted by the glucose-free DMEM medium. Subsequently, cortical
neurons were placed into a hypoxia chamber with 5% CO2, 95% N2, and
1% O2 at 37 °C for 40min culture. Post-hypoxia, the glucose-free DMEM
medium was replaced with the neuron culture medium and then cultured
in a 37 °C, 5% CO2 cell incubator for 24 hours.

BMSC-conditioned medium (CM) intervention
BMSCs were isolated from 30-day-old SD rats following cervical dislocation
and disinfection in 75% ethanol. The femurs and tibias were carefully
dissected, cleaned, and flushed with a complete BMSC culture medium to
extract bone marrow. The collected bone marrow suspension was cultured
at 37 °C in 5% CO2, with the medium changed 48 hours after initial plating
and subsequently every two days to maintain optimal growth conditions.
CM was prepared from the culture medium of the 2nd–5th generation
BMSCs. The medium was filtered through a 220 nm filter, and then
concentrated with a 3 kDa ultrafiltration tube in the centrifuge at 3000 g
for 1 hour. Immediately after OGD, 2 × CM was added to the primary
cortical neurons of the corresponding group for a 24-hour intervention.

Immunofluorescence staining in vitro
Cortical neurons were harvested 24 hours post-OGD and washed 3 times
with PBS, followed by fixation in 4% paraformaldehyde for 15min.
Afterwards, these cells were washed 3 times with PBS, 5 min/time. Neurons
were permeabilized and blocked with 0.3% TritonX-100 and 5% goat
serum at 37 °C for 30min. Then, primary antibodies were added to
incubate at 4 °C overnight (16–18 hours): P62 (rabbit, 1:200, 8420-1 AP,
Proteintech), LC3B (rabbit, 1:200, 192890, Abcam), Cleaved-caspase3 (C-
cas3, rabbit, 1:100, 9664 s, CST), and TUJ1 (mouse, 1:400, ab78078, Abcam).
Subsequently, the samples were washed and incubated with secondary
antibodies (Goat anti-rabbit IgG 647, 1:400, ab150079, Abcam; Goat anti-
mouse IgG 488, 1:400, A23220, Abbkine) at room temperature for 3 hours.
For TUNEL staining, samples were incubated at 37 °C for 1 hour. The
secondary antibodies for TUNEL staining were prepared by mixing TdT
enzyme and fluorescent labeling solution 647 in a 1:9 ratio. After PBS
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washes, DAPI (Beyotime, 1:3000) was applied for nuclear staining, and the
anti-fluorescence quenching agent was used for sealing. Imaging was
performed with a Leica confocal microscope, and ImageJ software (v.1.8.0)
was used for measuring axon length and indicated positive neurons.
Apoptosis rate (%) was calculated by counting the number of
Tuj1+TUNEL+ or C-cas3+/Tuj1+ cells and normalizing them to the number
of Tuj1+ cells (which marks total neuron count) in the same field of view.
Autophagic neurons (%) were measured by counting the number of
LC3B+/Tuj1+ or P62+/Tuj1+ cells and normalizing them to the number of
Tuj1+ cells (which marks total neuron count) in the same field of view.

Cell viability assay (CCK8)
CCK8 was used to measure cell viability 24 hours after OGD based on the
manufacturer’s instructions. The 96-well plate was prepared with 3 wells
designated as the blank group, containing 90 μL of neuron culture medium
and 10 μL of CCK8 reagent (Bioss, China). For the experiment group, 90 μL
of neuron culture medium and 10 μL of CCK8 solution were added to the
corresponding wells. The plate was incubated at 37 °C for 2 hours, and
then the optical density (OD) was measured at 450 nm. Cell viability was
calculated as: cell viability=OD value of the experimental group-OD value
of control group.

Western blot (WB)
WB was used to detect the levels of target proteins in OGD neurons on
culturing 8 days. Briefly, the total protein was extracted from the cultured
cells and dissolved in 15% SDS-polyacrylamide gel. Then, the protein was
separated into protein bands by electrophoresis buffer at 80 volts for
20min and at 120 volts for 30min. Afterward, the transfer buffer was
added to transfer the protein on the SDS-PAGE gel to the PVDF membrane
at a rate of 350mA for 4 hours. The PVDF membrane was blocked with 5%
skim milk at room temperature for 1–2 hours and then incubated with the
primary antibodies SYNPO2 (rabbit, 1: 1000, 25453-1 AP, Proteintech), P62
(rabbit, 1: 1000, 8420-1 AP, Proteintech), Beclin1 (rabbit, 1: 1000, 207612,
Abcam), AIFM1 (rabbit, 1: 1000, bs0037R, Bioss), ATG12 (rabbit, 1: 1000,
155589, Abcam), LC3B (rabbit, 1: 1000, 192890, Abcam), GAPDH (rabbit, 1:
1000, 6004, Proteintech) and β-actin (mouse, 1:5000, T0022, Affinity) in 3%
BSA at 4 °C overnight. After incubation, the membrane was washed with
TBST (TBS containing 0.2% Tween-20) for 4 times, incubated with
Horseradish peroxidase (HRP) (Goat anti-rabbit, 1:5000, A21020, Abbkine;
Goat anti-mouse, 1:5000, A21010, Abbkine) for 1 hour at room temperature
and then wash with TBST for 4 times. Finally, the A and B luminescent
solutions of the ECL chemiluminescence substrate kit were diluted and
mixed in proportion (1:1) for development, and images were collected in
the gel imaging instrument. ImageJ (v.1.8.0) was used to measure the
gray value.

HIE model in newborn SD rats
Hypoxia-ischemia procedure was conducted as described previously [39].
Briefly, 4 days after being injected with lentivirus at postnatal day 3, rats on
postnatal day 7 were anesthetized with isoflurane, and the skin was cut
longitudinally about 1 cm in the center of the neck to expose the right
common carotid artery (CCA). Then blood vessels were ligated by
electrocoagulation, and the subcutaneous tissue and skin were stitched.
Last, the rats were taken back to their mother to be restored for 1 hour.
Afterwards, the postoperative neonatal rats were put in the anoxic box for
anoxia (8% O2+ 92% N2, temperature: 36.6 °C, humidity: 60–70%, time:
1.5 hours). Rats in the Sham operation group underwent the same
anesthesia and arterial exposure without arterial occlusion and hypoxia.

BMSC transplantation
Thirty min after HIE modeling, rats were transplanted with 2 × 105/5 μL
BMSCs in the lateral ventricle at an injection rate of 1 μL/min. The control
group was transplanted with an equal amount of PBS treatment. The
injection was completed and stayed for 3 min, the micro-syringe was
slowly taken out. Then, the subcutaneous tissue and skin were sutured and

disinfected with iodophor, and put into the cages after waking up. The SD
rats transplanted with BMSCs were intraperitoneally injected with
cyclosporine A (10mg/kg) every day until sampling.

Animal sampling harvest
After the rats were anesthetized with isoflurane, their chest cavity was
opened to expose the heart. A perfusion tube was inserted from the apex
to the ascending aorta. The 0.9% sodium chloride was injected for
perfusion. Afterwards, the rats were perfused with 4% paraformaldehyde
fixative to the body stiffness. The brain tissues were taken out and fixed in
4% paraformaldehyde. After 24–48 hours, the sample was washed with
PBS for 1–2 times. The brain tissues were respectively dehydrated in 10%,
20%, and 30% sucrose solution. It was taken out, dried, and put into liquid
nitrogen for quick freezing. Subsequently, the samples were embedded in
OCT and stored at −80 °C for frozen sectioning. The slices were labeled
with the date of the tissue name and then baked for 2 hours in a 37 °C
warmer. Finally, they were stored in a -20 °C refrigerator. For molecular
biology detection experiments, brain tissues were harvested after
perfusion with 0.9% sodium chloride solution, and stored at -80 °C.

Quantitative real-time PCR (RT-qPCR)
The brain tissues were harvested at 24 hours after HIE modeling and
neurons were collected 24 hours after OGD modeling. Total RNA was
extracted using triazole reagent (Takara, Japan), and then was reverse
transcribed into cDNA using a PCR kit (Takara). RT-qPCR analysis was
performed using a real-time fluorescent quantitative PCR system (Bio-Rad,
USA, California) according to the manufacturer’s instructions. GAPDH was
used as an internal reference. The 2−ΔΔCt method is used for data
processing. Primer sequences are listed in Table 1.

Multiple immunohistochemical staining
Brain tissues were collected at 24 hours after the hypoxic-ischemic insult,
and sections were slowly rewarmed at room temperature and then baked
at 37 °C for 30min and repaired with 1 × sodium citrate high-temperature
antigen for 3 min. After antigen-repairing with sodium citrate, sections were
incubated with H2O2 for 10min and blockaded with 5% goat serum and
0.3% Triton X-100. Subsequently, the sections were supplemented with
primary antibodies against LAMP1 (rabbit, 1:200, ab24170, Abcam), SQSTM1
(rabbit, 1:200, a19700, Abclonal), LC3B (rabbit, 1:200, ab192890, Abcam) for
18 hours at 4 °C. Rinsed in PBST for 8 times, secondary antibodies (Goat anti-
rabbit, MaxVision-HRP, ab150079, Abcam) were added for incubation at
room temperature for 10min, followed by washes with PBST and 10min-
incubation with TSAPlus fluorescent enhancement dye (iF488-Tyramide,
Servicebio, 1:1000). Whereafter, these sections underwent antigen repairing
again with sodium citrate and incubation with H2O2 for 10min, which were
then blocked with 5% goat serum and 0.3% Triton X-100. Primary
antibodies against NEUN (mouse, 1:800, ab104224, Abcam) were added
respectively to be incubated for 18 hours at 4 °C. After that, incubation with
secondary antibodies (Goat anti-mouse, MaxVision-HRP, A23220, Abbkine)
were continued at room temperature for 10min, followed by PBST washes
and 10min-incubation with TSAPlus fluorescent enhancer (iF594-Tyramide,
Servicebio, 1:1000). After counterstaining with DAPI for 10min, sections
were sealed with anti-fluorescent quenching agent. Images were captured
under the two-photon confocal microscope (Leica TCS SP8 DIVE).

Transmission electron microscope (TEM)
Twenty-four hours after the HIE model, the rats were anesthetized with
isoflurane and the brain tissue was harvested. Pre-cooled 500 μL of 3.5%
glutaraldehyde was dripped to the brain tissue for superficial fixation. A 1 ×
1 × 1 cm cerebral cortex was extracted and stored in 1.5 mL of pre-cooled
3.5% glutaraldehyde at 4° C for 7 days. The samples were dehydrated using
a gradient ethanol series and embedded in 618 epoxy resin. Ultrathin
sections were prepared and stained with 2% uranyl acetate and lead
citrate. Autophagy in brain tissue was observed using JEM-1400 Flash TEM
(JEOL, China).

Table 1. Primer sequences.

Gene Species Forward (5’-3’) Reverse (5’-3’)

GAPDH Rat GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT

SYNPO2 Rat TGACAAGTCCCATCCCTGAC TCTCATCGCGGGAAGCTATT
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Forelimb grip test, righting test, geotaxis test, and
climbing test
Behavioral tests were conducted to assess early muscle function and motor
coordination in rats following HIE. Forelimb grip test: At 24 hours and
7 days post-HIE, the forelimb grip strength of the rats was evaluated to
measure their muscle function [14]. Righting test: At 7 days post-HIE, the
time required for the rats to right themselves when placed on their backs
on a flat table was recorded [40]. Geotaxis test: In this test, rats were placed
head down on a 45° incline, and the time taken to turn 180° upward was
measured [41]. Climbing test: Rats were placed face down on a 45° slope,
and the time required to turn 180° upward and climb a designated line
was recorded [39]. These tests provided a comprehensive evaluation of the
motor coordination and muscle functionality of the rats in the early stages
of recovery after brain injury.

Rotarod test
This rotarod test was conducted to assess the coordination and motor
ability of rats after HIE damage [42]. Rats were initially trained on a rotating
tester at a constant speed of 10 revolutions per minute (rpm) for 3
consecutive days, with 3 training sessions per day, each lasting 10min. The
formal experiment was performed the next day after the completion of the
training. During test, rats were placed on the rotarod, which accelerated
from 0 to 30 rpm in 180 seconds. Once the speed reached 30 rpm, it
remained constant, and the time until each rat fell from the rod was
recorded. Each rat underwent 3 consecutive trials, and the average time (in
seconds) was calculated to assess their performance.

Open field test
The open field test [43] was used to evaluate the effects of HIE injury on
the autonomic behavior, exploratory behavior, and tension of rats. The
experimental device consisted of an open field box and an automatic data
acquisition and processing system (SuperMaze V2.0, Xinruan Info Tech Ltd.,
China). Prior to testing, rats were acclimated to an open field environment
over 3 consecutive days (10 min/day). On the testing day, rats were
removed from their cages with their backs toward the experimenter, and
placed in the center of the open field. Video tracking software system
automatically recorded the number of center entries and time spent
grooming during a total of 10-min tests. To ensure the reliability of the
results, the open field box needs to be cleaned with 70% ethanol after
each trial to prevent any residual odors or substances from affecting
subsequent tests. Each animal underwent testing once in the morning,
midday, and evening.

Y-maze test
Y-maze test [44] was used to determine the spatial recognition and memory
ability after HIE. Y-maze consists of 3 arms, each arm forming a 120° angle,
and measuring 30 cm × 8 cm × 15 cm (length × width × height). The
experiment was divided into two periods. Acquisition period: After 24 hours
of fasting, each rat was placed in the starting arm, with the error arm closed
and food placed in the food arm. Rats in each group were allowed to freely
explore in the starting arm and the food arm for 3min per trial. Training was
conducted 12 times for each rat, and during this phase, the number of correct
and incorrect responses was not recorded. Formal experiment: all 3 arms of
the Y-maze were opened, and the animals were free to move for 5min. The
number of entries into the food arm was recorded with a video camera and
analyzed by SuperMaze V2.0 (Xinruan Info Tech Ltd.).

Morris water maze test
Morris water maze was used to assess the effect of brain injury on spatial
learning and memory after HIE [45]. The experiment spanned 6 days,
including 5 days of hidden platform training and 1 day of spatial
exploration experiment. The test was carried out in a circular pool divided
into four equal quadrants, with black ink added to obscure the platform. A
hidden black platform was positioned 1 cm below the water surface in the
third quadrant. During the hidden platform training, rats were placed in
the pool, and their latency to locate the platform was recorded. Each rat
was trained continuously for 5 days, starting from each of the four
quadrants in turn. If a rat failed to find the platform within 90 seconds, they
would be guided to the platform and allowed to remain there for
5 seconds by laboratory staff. On the sixth day, the spatial exploration test
was conducted by removing the platform. Rats were placed in the pool
from the first quadrant, and the number of times they crossed the target
area, the latency to find the platform, along with the trajectory traveled,

were recorded. After each trial, rats were dried and put back into their
cages to ensure comfort and safety.

Hematoxylin and eosin (HE) staining
Brain tissues collected at 39 days after HIE modeling were washed with PBS
and stained with hematoxylin and eosin (Solarbio, China). Afterward, it was
dehydrated with gradient ethanol, soaked with xylene, and finally sealed
with neutral resin. The cerebral neuronal damage was observed and
photographed by an optical microscope (Ningbo Yu Shun, China).

Nissl staining
Brain tissues were harvested at 39 days after HIE modeling for Nissl
staining. The prepared brain sections were washed three times with PBS,
and the Nissl staining solution (Beyotime) was added dropwise. Each brain
tissue was 30–40 μL and allowed to stand at room temperature for 4 min.
The sections were taken out and placed in distilled water for 1 min, then
dehydrated by gradient concentrations of ethanol, soaked with xylene, and
finally sealed with a neutral resin. Neuronal cell death in brain sections on
39 days after HIE was observed and photographed using an optical
microscope (Ningbo Yu Shun, China).

Statistical analysis
Data visualization was performed using GraphPad Prism 8.0 software, and all
statistical analyses were conducted using the Statistical Package for the Social
Sciences (SPSS 26.0). The Shapiro-Wilk test was applied to assess the
normality of the data distribution. For normally distributed data, a two-sided
unpaired independent sample t-test was used to compare two groups, while
two-sided unpaired one-way analysis of variance (ANOVA) followed by Least
Significant Difference (LSD) (equal variances) or Dunnett’s post (unequal
variances) hoc tests were employed for comparisons among multiple groups.
For non-normally distributed data, non-parametric statistical methods were
applied. Specifically, the Mann-Whitney U test was used for comparisons
between two groups, and the Kruskal-Wallis test was applied for comparisons
among three or more groups. If the Kruskal-Wallis test indicated significant
differences, post hoc pairwise comparisons were performed using Dunn’s
method. All numerical variables are presented as mean ± standard deviation
(Mean ± SD). A p-value < 0.05 was considered statistically significant.

RESULTS
CM alleviated autophagic injury in cortical neurons
following OGD
To assess the effects of BMSCs on neuroautophagy, we induced
OGD in cultured cortical neurons and administered CM immedi-
ately after OGD, maintaining the treatment for 24 hours.
Immunofluorescence and quantitative analysis revealed that
apoptosis and axonal injury were significantly increased in the
OGD group compared to the Normal group with a marked
reduction in average axon length (151.962 μm vs. 76.561 μm,
Fig. 1A, B, p < 0.001). However, after CM intervention, the length of
OGD-injured neuronal axons was significantly prolonged
(76.561 μm vs. 121.634 μm, p < 0.001) and neuronal apoptosis
were prominently reduced (Fig. 1A, B, p < 0.001). Cell viability
deceased significantly at 24 hours post-OGD (Fig. 1C, p < 0.001),
but was improved in the CM group compared to the OGD group
(Fig. 1C, p= 0.015). Additionally, RT-qPCR and WB detected a
significant increase in both mRNA and protein levels of SYNPO2 in
the OGD group in comparison to the Normal group (p= 020,
p= 0.028), which were notably declined after CM intervention
(Fig. S1, Fig. 1D, E, p= 0.013, p= 0.016). WB analysis also showed
that the expression of key autophagy-related proteins, P62, AIFM1,
Beclin1, and ratio of LC3B II/I were markedly upregulated in the
OGD group (Fig. S1, Fig. 1F, p= 0.036, p < 0.001, p= 0.008,
p= 0.018), but were significantly downregulated in the CM group
(Fig. S1, Fig. 1F, p= 0.028, p < 0.001, p < 0.001, p= 0.032).

BMSCs attenuated autophagy to improve neurological
dysfunction in HIE rats
We next investigated the role of BMSCs (2 × 105/5 μL) in regulating
autophagy in cerebral neurons using HIE rats. The results of
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Fig. 1 CM suppressed neuronal autophagic injury in OGD neurons. A Immunofluorescence double staining of cortical neurons with Tuj1
(green) and TUNEL (red) in the Normal, OGD, OGD+CM groups. Scale bar= 100 μm. Blue, DAPI-stained nuclei. aMagnified view of neuronal axons
indicated by white arrows. b Magnified view of apoptotic neurons indicated by white arrows. Scale bar = 25 μm (a, b). B Quantitative bar graph of
apoptotic rate and neuronal axon length in the Normal, OGD, OGD+CM groups. C Quantitative bar graph showing cell viability in neurons from
Normal, OGD, OGD+CM groups. D RT-qPCR detected relative expression of SYNPO2 in neurons 24 hours after OGD. E. WB detected expression of
SYNPO2 in neurons 24 hours after OGD. F. Expression of autophagy-related proteins, P62, AIFM1, Beclin-1, LC3B, and ATG12 in the Normal, OGD, and
OGD+CM groups. Bar graphs display mean ± SD of independent biological replicates. n= 3–6 wells, two-sided unpaired one-way ANOVA. All
experiments were repeated three times independently, with similar results. OGD oxygen-glucose deprivation; CM BMSC-conditioned medium.
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immunofluorescence staining and TEM showed that the autop-
hagy and its markers (LAMP1, LC3B, and SQSMT1) were
significantly increased in HIE rats, accompanied by neuronal
damage in the brain tissues of HIE rats (Fig. 2A, B). In contrast, HIE
rats transplanted with BMSCs showed an obvious decrease in
autophagy markers and evidence of neuronal repair (Fig. 2A, B).
The protective effects of BMSCs on neurons was further assessed
by HE staining and Nissl staining, which showed that tissue

defects, disordered cell arrangement, and widespread neuronal
death were present in the HIE group (Fig. 2C, D). Whereas, BMSC-
treated HIE rats exhibited a significant increase in the number of
normal neurons and Nissl bodies, as well as improvement in the
right hemisphere defects (Fig. 2C, D). To evaluate functional
recovery, we performed several behavioral tests, including
forelimb grip test, rotarod test, righting test, geotaxis test, and
climbing test. We found that compared to Sham group, neonatal

Fig. 2 BMSCs alleviated brain autophagic injury and neurological dysfunction in HIE rats. A Immunofluorescent double-labeling staining
of brain tissues with NEUN (red) and autophagic markers (green) in HIE rats. Scale bar = 50 μm, 25 μm (magnified view). Blue, DAPI-stained
nuclei. B TEM images showing autophagy in the brain tissue of HIE rats, with red arrows indicating autophagic vesicles. Scale bar = 500 nm.
Nissl staining (C) and HE staining (D) of coronal brain sections from HIE rats in the Sham, HIE+ PBS, HIE+BMSCs groups. Scale bar = 2mm
(panoramic view), 500 μm (magnified view). Forelimb grip test (E), rotarod test (F), righting test (G), geotaxis test (H), and climbing test (I) were
used to evaluate the muscle strength and coordination in HIE rats. J Spatial exploration and autonomous behavior of HIE rats were detected
by the Y Maze. K The number of entries into the center of the open field (left) and grooming time (right). L The latency to target and the
number of platform crossings in the Sham, HIE, HIE+BMSCs groups. M RT-qPCR verified the expression of SYNPO2 in the Sham, HIE+ PBS, HIE
+BMSCs groups. Bar graphs display mean ± SD of independent biological replicates. n= 4-8 rats, two-sided unpaired one-way ANOVA. All
experiments were repeated three times independently, with similar results. HIE+ PBS, rats were given PBS before HIE modeling as control; HIE
+BMSC, rats were infused with BMSCs before HIE modeling; TEM transmission electron microscope.
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HIE rats presented significant impairments in grip strength and
rotarod performance (Fig. 2E, F, p < 0.001, p= 0.001), as well as
delayed recovery time in the righting, geotaxis, and climbing tests,
indicated by the prolonged time they were taken to reverse 180°
upward and climb to the set line when compared to the Sham
group (Fig. 2G-I, p= 0.002, p < 0.001, p= 0.007). However, BMSC
treatment significantly improved strength and coordination
deficits (Fig. 2E-I, p= 0.045, p < 0.001, p < 0.001, p < 0.001,
p= 0.006). To evaluate cognitive functions, we conducted open
field, Y-maze, and water maze experiments. HIE rats exhibited
reduced spatial exploration and increased grooming behavior
(Fig. 2J, K, p= 0.008, p= 0.011, p= 0.003, Fig. S2A, B), but BMSC
treatment significantly enhanced exploratory activity and
depressed anxious behavior (Fig. 2J, K, p < 0.001, p= 0.003,
p= 0.038, Fig. S2A, B). Similarly, the water maze test revealed
impaired spatial memory in HIE rats, as evidenced by a significant
reduction in the number of rats crossing the platform (Fig. 2L,
p= 0.021, Fig. S2C), which was markedly improved after BMSC
treatment (Fig. 2L, p= 0.002, Fig. S2C). Additional RT-qPCR
detection revealed that SYNPO2 was highly expressed in the
cortical and hippocampus of HIE rats (Fig. 2M, p= 0.045,
p < 0.001), but significantly decreased in the BMSC group
(Fig. 2M, p= 0.007, p= 0.003), indicating that SYNPO2 was
specifically expressed in the CNS after HIE. These results
demonstrated that BMSC treatment significantly attenuated
autophagy-related dysfunction, suppressed SYNPO2 expression,
and enhanced neuronal survival and functional recovery following
HIE injury. The neuroprotective effects of BMSCs appear to be
closely linked to their ability to modulate autophagy and mitigate
neuronal damage.

Interference with SYNPO2 ameliorates autophagic damage in
OGD neurons
To explore the role of SYNPO2 in neuronal autophagy, primary
cortical neurons were infected with shNC and shSYNPO2 lentivirus
in vitro (Fig. S3). Immunofluorescence staining revealed that
autophagy-related markers LC3B and P62 were significantly
elevated in cortical neurons 24 hours after OGD but were reduced
following SYNPO2 interference (Fig. 3A, B, p < 0.001, p= 0.037).
Besides, neuronal viability assessed by CCK8 assay showed a
significant increase in the shSYNPO2 group compared to shNC
group after OGD (Fig. 3C, p= 0.033). In addition, WB analysis
demonstrated the expression of autophagy-related proteins, P62,
Beclin1, ATG12, AIFM1 and ratio of LC3B II/I, were significantly
decreased in OGD neurons with shSYNPO2 interference (Fig. S1,
Fig. 3D, p= 0.014, p= 0.013, p= 0.031, p < 0.001, p= 0.042,
p= 0.047). These data suggest that interference with SYNPO2
inhibits the activation of autophagy and alleviates neuronal
damage induced by OGD.

Interference with SYNPO2 attenuated neuronal autophagy
and improved neurological dysfunction in HIE rats
To explore the role of SYNPO2 in HIE, rats on postnatal day 3 were
injected with shSYNPO2 and shNC lentivirus into the lateral
ventricle. Four days later, HIE models were constructed to
investigate the potential relationship between SYNPO2 and HIE
pathology. Firstly, RT-qPCR detection confirmed significantly lower
SYNPO2 expression in cerebral cortex of HIE rats after SYNPO2
interference (Fig. 4A, p= 0.007). Immunofluorescence staining
showed reduced expression of neuronal autophagy-related
molecules in HIE rats treated with shSYNPO2 compared to shNC
group (Fig. 4B). TEM assay further demonstrated increased
autophagy (red arrowheads), destroyed cell structure and
disrupted nucleolus boundary (white dotted lines) in the brain
cortex of HIE rats in shNC group, while SYNPO2 interference
alleviated these autophagic and structural damages (Fig. 4C). Nissl
and HE staining exhibited that compared with the shNC group,
the HIE rats in the shSYNPO2 group had preserved brain tissue

integrity, increased Nissl-positive neurons, and restored cell
structure (Fig. 4D, E).
Behavioral tests highlighted improved neurological function in

shSYNPO2-treated rats. Grip strength and rotarod performance
time were markedly extended, while righting test time was
shortened compared to shNC-treated rats (Fig. 4F-H, p= 0.016,
p= 0.031, p= 0.020). Similarly, geotaxis and climbing test time
was significantly reduced in comparison with shNC rats, indicating
restored muscle strength and coordination in shSYNPO2-treated
HIE rats (Fig. 4I, J, p= 0.003, p= 0.042). Additionally, shSYNPO2
HIE rats exhibited more entries into the food arm of the Y-maze,
augmented time spent in the center of the open field, and
decreased platform crossings in the water maze test, in
comparison with shNC group (Fig. 4K-M, Fig. S4, p= 0.002,
p= 0.001, p= 0.034, p= 0.046), indicating exploratory behavior
was significantly enhanced, and anxious behavior was effectively
alleviated. These outcomes indicated that SYNPO2 is involved in
the regulation of neuroautophagy injury and neurological
dysfunction in HIE rats. Suppressing SYNPO2 expression effectively
alleviates autophagy-related neuronal injury and improves beha-
vioral outcomes.

CM ameliorated autophagy impairment in OGD neurons by
downregulating SYNPO2 expression
To further explore whether BMSCs regulate neuroautophagy
through SYNPO2, we infected primary cortical neurons with
lentiviruses overexpressing SYNPO2 (OE), overexpression SYNPO2-
NC (OE-NC) and SYNPO2-dPDZ deletion mutant (dPDZ) (Fig. S5).
CM was added immediately after neuronal OGD and maintained
for 24 hours. Immunofluorescence staining showed increased
number of C-cas3-positive neurons, and axonal rupture in OGD
neurons overexpressing SYNPO2 (Fig. 5A, B, p= 0.003). In contrast,
these neuronal injuries were significantly rescued in OGD neurons
with dPDZ mutation (Fig. 5A, B, p < 0.001). Neuronal viability
increased significantly in CM+dPDZ group compared to CM+OE-
NC and CM+OE groups (Fig. 5C, p < 0.001, p= 0.038), indicating
that SYNPO2 deletion enhanced the beneficial effects of CM on
damaged neurons. Additionally, WB confirmed a significant
increase in protein levels of SYNPO2 in the CM+OE group in
comparison to the NC group (p < 0.047), which were notably
declined in CM+dPDZ group (Fig. 5D, Fig. S1, p= 0.045). In the WB
outcomes, the expression of P62, Beclin1, and ratio of LC3B II/I in
OGD neurons overexpressing SYNPO2 was markedly elevated with
addition of CM (Fig. 5E, Fig. S1, p= 0.014, p= 0.042, p < 0.001),
while autophagic activation was significantly inhibited in OGD
neurons with SYNPO2-dPDZ mutation after CM intervention,
indicated by the prominent decrease of ATG12, P62, Beclin1 and
ratio of LC3B II/I (Fig. 5E, Fig. S1, p= 0.027, p= 0.013, p= 0.005,
p < 0.001). These findings confirmed that CM could alleviate
autophagy-induced neuronal damage by downregulating SYNPO2
expression.

BMSCs downregulated SYNPO2 to alleviate neuroautophagy
and improve dysfunction in HIE rats
We next validated the role of SYNPO2 in the neuroprotective
effects of BMSCs by transfecting HIE rats with SYNPO2 over-
expression and depletion mutant lentivirus (Fig. 6A). RT-qPCR
detection identified an increase of SYNPO2 expression in the
cortex of HIE rats in SYNPO2-OE group (Fig. 6B, p= 0.002), and
decreased expression in the cortex and hippocampus of SYNPO2-
dPDZ group (Fig. 6B, p < 0.001, p= 0.017). One day after HIE
induction, rats were subjected to multiple immunofluorescence
staining and TEM. The results showed enhanced levels of SQSTM1,
LAPM1, LC3B, and obvious autophagic vesicles (red arrow), along
with neuronal damage in the brain tissue of rats with SYNPO2
overexpression (Fig. 6C, D). Whereas, in the SYNPO2-dPDZ group,
BMSC treatment reduced expression of autophagy markers and
alleviated neuronal damage (Fig. 6C, D). Meanwhile, Nissl and HE
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Fig. 3 Changes of autophagy-related proteins in cortical neurons infected with shSYNPO2 lentivirus. A Immunofluorescent staining of
cortical neurons with Tuj1 (green)/LC3B (red) and Tuj1 (green)/P62 (red) in OGD+shNC and OGD+shSYNPO2 groups. Scale bar = 25 μm.
B Quantification of LC3B and P62-positive neurons from immunofluorescent staining. C Cell viability of neurons in OGD+shNC and OGD
+shSYNPO2 groups. D WB detection of SYNPO2 and autophagy-related protein expression (P62, Beclin1, ATG12, AIFM1 and LC3B II/I) in the
OGD+shNC and OGD+shSYNPO2 groups. Bar graphs display mean ± SD of independent biological replicates. n= 3–6 wells, two-sided
unpaired independent sample t-test. All experiments were repeated three times independently, with similar results. OGD+shNC, cortical
neurons infected with control lentivirus overexpressing SYNPO2 before OGD; OGD+shSYNPO2, cortical neurons infected with shSYNPO2
lentivirus before OGD.
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staining results confirmed that rats in the SYNPO2-dPDZ group
with BMSC treatment exhibited less disruption in tissue integrity
disruption and neuronal damage compared to SYNPO2-OE rats
with BMSC treatment(Fig. 6E, F).
In addition, behavioral tests revealed that SYNPO2 overexpres-

sion impaired muscle strength and coordination in BMSC-treated

HIE rats compared to the OE-NC group (Fig. 6G–J, p= 0.002,
p= 0.001, p < 0.001, p= 0.014), whereas rats in the SYNPO2-dPDZ
group exhibited improved neurological function in HIE rats with
BMSC treatment (Fig. 6G-J, p= 0.013, p= 0.001, p= 0.004,
p= 0.020). These results indicated that SYNPO2 overexpression
reversed the ameliorative effects of BMSCs on neurological
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dysfunction in HIE rats, whereas SYNPO2 deletion restored the
therapeutic effects of BMSCs. Similarly, in the Morris water maze
assay, BMSC-treated HIE rats with SYNPO2 overexpression
exhibited reduced number of platform crossings and impaired
memory in compared to OE-NC group (Fig. 6K, Fig. S6, p= 0.012).
However, in SYNPO2-dPDZ HIE rats, learning and memory
impairments were significantly alleviated with BMSC treatment
(Fig. 6K, Fig. S6, p < 0.001). These results suggested that BMSCs
might regulate SYNPO2 expression to depress autophagy, thereby
ameliorating neurological damage and dysfunction in HIE rats.

DISCUSSION
In this study, we observed increased SYNPO2 expression, and
heightened autophagy and neuroautophagy impairment in OGD
neurons and HIE rats. Treatment with BMSCs attenuated
autophagic injury and neuronal dysfunction both in vitro and
in vivo. Similarly, interference with SYNPO2 reduced autophagy
and mitigated neurological damage, suggesting that SYNPO2
plays a critical role in regulating neuroautophagic damage
following HIE. Furthermore, overexpression of SYNPO2 depressed
the neuroprotective effects of BMSCs on HIE-induced autophagic
injury, while neuroprotective efficacy of BMSCs were retained
when SYNPO2-dPDZ deletion mutation were applied. These
findings demonstrate that SYNPO2 contributes to autophagic
injury induced by HIE. By downregulating SYNPO2 expression,
BMSCs effectively reduce autophagy, thereby improving neuronal
autophagic injury and dysfunction.

BMSCs prevent autophagy and improve neurological
deficiency
HIE is a leading cause of neonatal disability and mortality, with an
urgent need for novel treatment strategies and an improved
understanding of underlying mechanisms [46, 47]. Preclinical
studies can improve outcomes in HIE through mechanisms such
as reducing inflammation, promoting neurogenesis, and repairing
neural damage [17, 48]. In recent years, studies have found that
stem cells play an important role in maintaining cell survival and
attenuating cell damage by regulating autophagy [49–51]. For
instance, MSCs have been shown to suppress excessive autophagy
and alleviate tissue damage in various conditions, including
myocardial ischemia and ischemic stroke [52]. Similarly, human
umbilical cord mesenchymal stem cells (hUC-MSCs) alleviate
excessive autophagy of ovarian granulosa cells and improve
ovarian function through the VEGFA/PI3K/AKT/mTOR pathway
[53]. In our study, OGD neurons exhibited increased autophagy-
related proteins, axonal rupture, and reduced cell viability. BMSC-
CM intervention reduced axonal damage, diminished neuro
autophagic injury, and improved cell viability. Similarly in previous
studies, adipose-derived stem cells (ADSCs) reduced autophagy in
stroke mice, thereby inducing neuroprotection effects [54]. MSCs
transplantation inhibited autophagy in hippocampal neurons of
HIE rats and effectively improves their memory function [55].
Autophagy and neurological damage are blocked and

neurological recovery is promoted in ischemic stroke animals
after MSCs treatment [56]. In our HIE model, neuroautophagy
impairment and elevated cortical hippocampal SYNPO2 expres-
sion were associated with deficits in muscle strength, coordina-
tion, and memory. BMSC intervention reduced autophagy,
downregulated SYNPO2 expression, and mitigated these neuro-
logical dysfunctions. These findings align with prior research,
further supporting the neuroprotective effects of BMSCs via
autophagy regulation. Our study provides new evidence for the
therapeutic potential of BMSCs in HIE and highlights SYNPO2 as a
key target in this process.

SYNPO2 regulated neuroautophagy damage
SYNPO2 is a structural protein ubiquitously expressed in muscle
tissues, where it plays roles in microfilament assembly, cancer
progression, and autophagy regulation [57, 58]. Chaperone-
assisted selective autophagy (CASA), in which SYNPO2 interacts
with BAG3, was identified as a tension-induced autophagy
pathway [36]. The autophagosome-promoting function of SYNPO2
relies on its PDZ structural domain, which recruits the autophagy
ubiquitin receptor SQSTM1. In this process, molecular chaperones
such as Hsc70, HspB8, and BAG3 form a CASA complex, and the
WW domain of BAG3 interacts with the PDZ domain of SYNPO2 to
promote autophagosome membrane fusion, triggering autophagy
[31, 37]. Under cellular stress, the expression of SYNPO2 is
upregulated, and its PDZ motif binds to autophagy-related
proteins, thereby affecting the occurrence of CASA [59, 60].
Besides, SYNPO2 contributes to protein quality control by
degrading unfolded or damaged proteins via autophagy, while
its deficiency disrupts myofiber stability and autophagy regulation
in muscle tissues [31, 61]. However, its role in neuronal autophagic
damage remains underexplored. Our study revealed that interfer-
ing with SYNPO2 attenuated autophagy, ameliorated neuronal
damage, enhanced neuronal activity, and repaired neurological
dysfunction in HIE rats. This aligns with findings on SYNPO, a
homolog of SYNPO2, which is involved in the structural and
functional plasticity of dendritic spines and plays a crucial role in
the ability of neurons to undergo a long-term calcium storage-
related capacity [32, 62, 63]. Moreover, SYNPO affects autophagic
flux in mature neurons by interacting with BAG3 and inhibits
autophagosome membrane extension when interfering with
SYNPO expression [35, 38]. These observations, together with
our results, suggest that SYNPO2 is a key regulator of autophagic
apoptosis in neurons following neonatal HIE.

BMSCs down-regulated SYNPO2 to reduce autophagy and
alleviated neurological dysfunction in HIE rats
BMSCs are well-documented to ameliorate ischemic injury in
different tissues. In acute myocardial infarction induced by
ischemia and hypoxia, BMSCs inhibit autophagy through mTOR
signaling pathway to improve myocardial damage. Mechanisti-
cally, extracellular vesicles from BMSCs deliver miR-144-3p to
ischemic and hypoxic cardiomyocytes, targeting ROCK1 and
activate the PI3K/AKT/mTOR pathway to inhibit ischemia and

Fig. 4 Suppression of SYNPO2 in HIE rats alleviated neuroautophagic damage and neurological dysfunction. A RT-qPCR results showing
the expression levels of SYNPO2 in the cortex and hippocampus of HIE rats. B Immunofluorescent double-labeling staining of brain tissues of
HIE rats with NEUN (red) and autophagic markers (green). Scale bar = 50 μm, 25 μm (magnified view). Blue, DAPI-stained nuclei. C TEM images
showing autophagy in the brain tissue of HIE rats, with red arrows indicating autophagic vesicles. Scale bar = 500 nm. Nissl staining (D) and
HE staining (E) of coronal brain sections from HIE rats in the HIE+shNC and HIE+shSYNPO2 groups. Scale bar = 2mm (panoramic view),
500 μm (magnified view). Evaluation of muscle strength and coordination ability of rats by forelimb grip test (F), rotarod test (G), righting test
(H), geotaxis test (I), and climbing test (J). The spatial exploration, autonomous behavior, and anxiety performance in HIE rats were detected
by the Y maze (K) and open field test (L). M. The latency to target and the number of platform crossings in the HIE+shNC and HIE+shSYNPO2
groups. Bar graphs display mean ± SD of independent biological replicates. n= 4–8 rats, two-sided unpaired independent sample t-test. All
experiments were repeated three times independently, with similar results. HIE+shNC, rats injected with control interfering lentivirus before
HIE modeling; HIE+shSYNPO2, rats injected with SYNPO2 interfering lentivirus before HIE modeling; TEM, Transmission electron microscope.
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hypoxia-induced apoptosis and autophagy in cardiomyocytes [64].
Similarly, BMSC-CM protects H9c2 cardiomyocytes from hypoxia/
reoxygenation-induced injury by modulating notch2/mTOR/
autophagy signaling pathway [65], while BMSC-derived exosomal
miRNA-29c attenuates cardiac ischemia/reperfusion injury by
inhibiting excessive autophagy via PTEN/Akt/mTOR signaling

pathway [66]. Although the molecular mechanisms by which
BMSCs modulate ischemia-hypoxia-induced neuroautophagic
injury remain to be elucidated, studies have shown that MSC
transplantation reduces p-AMPK expression in hippocampal
neurons, decreases autophagy via the AMPK/mTOR pathway,
and improves memory function in HIBD rats [28]. Recent evidence

Fig. 5 CM reduced OGD-induced neuronal damage and autophagy by downregulating SYNPO2 expression. A. Immunofluorescence
staining of cortical neurons with TUJ1 (green) and C-cas3 (red) in the CM+OE-NC, CM+OE and CM+dPDZ groups. Scale bar = 50 μm. White
arrows indicate apoptotic neurons. Blue, DAPI-stained nuclei. B Quantification of C-cas3-positive neurons from CM+OE-NC, CM+OE and CM
+dPDZ groups. C Cell viability of neurons in CM+OE-NC, CM+OE and CM+dPDZ groups. D WB detection of SYNPO2 expression in the OGD
+shNC and OGD+shSYNPO2 groups. E WB detection of autophagy-related protein expression (ATG12, P62, Beclin1 and LC3B II/I) in the
neurons from CM+OE-NC, CM+OE and CM+dPDZ groups. Bar graphs display mean ± SD of independent biological replicates. n= 3–5 wells,
two-sided unpaired one-way ANOVA. All experiments were repeated three times independently, with similar results. dPDZ, cortical neurons
infected with the SYNPO2-dPDZ deletion mutant lentivirus before OGD and treated with BMSC-conditioned medium; CM+OE-NC, cortical
neurons infected with SYNPO2 overexpressing control lentivirus before OGD and subjected to BMSC treatment; CM+OE, cortical neurons
infected with SYNPO2 overexpressing lentivirus before OGD and with BMSC infusion.
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Fig. 6 SYNPO2 downregulation by BMSC treatment ameliorated autophagy and neurological dysfunction in HIE rats. A Lentiviral vector
constructs of SYNPO2-dPDZ used in this study. B RT-qPCR results showing the relative expression levels of SYNPO2 in the cortex and
hippocampus of HIE rats. C Immunofluorescent double-labeling staining of brain tissues of HIE rats with NEUN (red) and autophagic markers
(green) in HIE rats. Scale bar = 50 μm, 25 μm (magnified view). Blue, DAPI-stained nuclei. D TEM images showing autophagy in the brain tissue
of HIE rats, with red arrows indicating autophagic vesicles. Scale bar = 500 nm. Nissl staining (E) and HE staining (F) of coronal brain sections
from HIE rats in the BMSCs+OE-NC, BMSCs+OE, BMSCs+dPDZ groups. Scale bar = 2mm (panoramic view), 500 μm (magnified view). The
muscle strength and coordination ability of rats in the BMSCs+OE-NC, BMSCs+OE, BMSCs+dPDZ groups were tested by rotarod test (G),
righting test (H), geotaxis test (I), and climbing test (J). K The latency to target and the number of platform crossings in water maze test. Bar
graphs display mean ± SD of independent biological replicates. n= 4-6 rats, two-sided unpaired one-way ANOVA. All experiments were
repeated three times independently, with similar results. BMSCs+OE-NC, rats injected with SYNPO2 overexpressing control lentivirus before
HIE model establishment and BMSCs treatment; BMSCs+OE, rats injected with SYNPO2 overexpressing lentivirus before HIE model
establishment and BMSCs treatment; BMSCs+dPDZ, rats injected with SYNPO2-dPDZ deletion mutant lentivirus before HIE model
establishment and BMSCs treatment; TEM transmission electron microscope.
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also highlights SYNPO2 as a key regulator of autophagy in
different cellular processes [52, 60]. In our study, we found that
BMSC treatment down-regulated SYNPO2 expression, reduced
apoptotic neurons, suppressed expression levels of autophagy
markers (ATG12, P62, Beclin1, LC3B), and improved neurological
dysfunction in HIE rats. Meanwhile, interference with SYNPO2
produced neuroprotective effects similar to BMSC treatment.
Further investigations demonstrated that overexpression of
SYNPO2 reversed the beneficial effects of BMSCs, while SYNPO2-
dPDZ deletion mutations preserved the neuroprotective efficacy
of BMSCs. These findings suggest that SYNPO2 is involved in
neuroautophagy regulation, and its down-regulation by BMSCs
represents a novel mechanism to ameliorate neuroautophagic
damage and neurological dysfunction in HIE.

CONCLUSIONS
Our study demonstrated that SYNPO2 plays a critical role in
neuronal autophagy following neonatal HIE and that BMSCs can
modulate autophagy via SYNPO2 to alleviate HIE symptoms. These
findings highlight SYNPO2 as a potential therapeutic target and
provide a novel mechanism for stem cell-based treatments for
neonatal HIE. This work paves the way for the development of
more precise therapeutic strategies targeting neuronal autophagy
in neonatal HIE.

REFERENCES
1. McIntyre S, Nelson KB, Mulkey SB, Lechpammer M, Molloy E, Badawi N. Neonatal

encephalopathy: Focus on epidemiology and underexplored aspects of etiology.
Semin Fetal Neonatal Med. 2021;26:101265.

2. Burnsed J, Skwarzyńska D, Wagley PK, Isbell L, Kapur J. Neuronal circuit activity
during neonatal hypoxic-ischemic seizures in mice. Ann Neurol. 2019;86:927–38.

3. Pappas A, Shankaran S, McDonald SA, Vohr BR, Hintz SR, Ehrenkranz RA, et al.
Cognitive outcomes after neonatal encephalopathy. Pediatrics. 2015;135:e624–34.

4. Yang L, Zhao H, Cui H. Treatment and new progress of neonatal hypoxic-ischemic
brain damage. Histol Histopathol. 2020;35:929–36.

5. Ophelders D, Gussenhoven R, Klein L, Jellema RK, Westerlaken RJJ, Hütten MC,
et al. Preterm brain injury, antenatal triggers, and therapeutics: timing is key.
Cells. 2020;9.

6. Zhao J, Le M, Li J, Huang Q, Chen H, Zhang W, et al. LINC00938 alleviates hypoxia
ischemia encephalopathy induced neonatal brain injury by regulating oxidative
stress and inhibiting JNK/p38 MAPK signaling pathway. Exp Neurol. 2023;367:114449.

7. Alonso-Alconada D, Álvarez FJ, Goñi-de-Cerio F, Hilario E, Álvarez A Cannabinoid-
mediated Modulation of Oxidative Stress and Early Inflammatory Response after
Hypoxia-Ischemia. Int J Mol Sci. 2020;21.

8. Przepiórska K, Wnuk A, Beyer C, Kajta M. Amorfrutin B protects mouse brain
neurons from hypoxia/ischemia by inhibiting apoptosis and autophagy processes
through gene methylation- and miRNA-dependent regulation. Mol Neurobiol.
2023;60:576–95.

9. Stavoe AKH, Holzbaur ELF. Autophagy in Neurons. Annu Rev Cell Dev Biol.
2019;35:477–500.

10. Chu CT. Mechanisms of selective autophagy and mitophagy: Implications for
neurodegenerative diseases. Neurobiol Dis. 2019;122:23–34.

11. Uchiyama Y, Koike M, Shibata M. Autophagic neuron death in neonatal brain
ischemia/hypoxia. Autophagy. 2008;4:404–8.

12. Xu Y, Tian Y, Tian Y, Li X, Zhao P. Autophagy activation involved in hypoxic-
ischemic brain injury induces cognitive and memory impairment in neonatal rats.
J Neurochem. 2016;139:795–805.

13. Ginet V, Spiehlmann A, Rummel C, Rudinskiy N, Grishchuk Y, Luthi-Carter R, et al.
Involvement of autophagy in hypoxic-excitotoxic neuronal death. Autophagy.
2014;10:846–60.

14. Zhang ZB, Xiong LL, Xue LL, Deng YP, Du RL, Hu Q, et al. MiR-127-3p targeting
CISD1 regulates autophagy in hypoxic-ischemic cortex. Cell Death Dis.
2021;12:279.

15. Zhang H, Tian Y, Yu W, Tong D, Ji Y, Qu X, et al. TMEM175 downregulation
participates in impairment of the autophagy related lysosomal dynamics fol-
lowing neonatal hypoxic-ischemic brain injury. J Cell Physiol. 2023;238:2512–27.

16. Xue H, Wu Z, Xu Y, Gao Q, Zhang Y, Li C, et al. Dexmedetomidine post-
conditioning ameliorates long-term neurological outcomes after neonatal
hypoxic ischemia: The role of autophagy. Life Sci. 2021;270:118980.

17. Luo BY, Zhou HS, Sun YF, Xiao QX, Chen L, She HQ, et al. The fate and prospects
of stem cell therapy in the treatment of hypoxic-ischemic encephalopathy. Eur J
Neurosci. 2023;58:2384–405.

18. Li Y-Q, Li P-F, Tao Q, Abuqeis IJA, Xiyang Y-B. Role and limitation of cell therapy in
treating neurological diseases. Ibrain. 2024;10:93–105.

19. Huang L, Zhang L. Neural stem cell therapies and hypoxic-ischemic brain injury.
Prog Neurobiol. 2019;173:1–17.

20. Yang X-Y, Zhang X, Cao J-F, Wu M, Chen S-Y, Chen L. Routes and methods of
neural stem cells injection in cerebral ischemia. Ibrain. 2023;9:326–39.

21. Hou K, Li G, Zhao J, Xu B, Zhang Y, Yu J, et al. Bone mesenchymal stem cell-
derived exosomal microRNA-29b-3p prevents hypoxic-ischemic injury in rat brain
by activating the PTEN-mediated Akt signaling pathway. J Neuroinflammation.
2020;17:46.

22. Fu J, Chen X, Liu X, Xu D, Yang H, Zeng C, et al. ELABELA ameliorates hypoxic/
ischemic-induced bone mesenchymal stem cell apoptosis via alleviation of
mitochondrial dysfunction and activation of PI3K/AKT and ERK1/2 pathways.
Stem cell Res Ther. 2020;11:541.

23. Chu DT, Phuong TNT, Tien NLB, Tran DK, Thanh VV, Quang TL, et al. An update on
the progress of isolation, culture, storage, and clinical application of human bone
marrow mesenchymal stem/stromal cells. Int J Mol Sci. 2020;21.

24. Shen M, Zheng R, Kan X. Neuroprotection of bone marrow-derived mesenchymal
stem cell-derived extracellular vesicle-enclosed miR-410 correlates with HDAC4
knockdown in hypoxic-ischemic brain damage. Neurochem Res. 2022;47:3150–66.

25. Sakai T, Sasaki M, Kataoka-Sasaki Y, Oka S, Nakazaki M, Fukumura S, et al.
Functional recovery after the systemic administration of mesenchymal stem cells
in a rat model of neonatal hypoxia-ischemia. J Neurosurg Pediatr.
2018;22:513–22.

26. Cameron SH, Alwakeel AJ, Goddard L, Hobbs CE, Gowing EK, Barnett ER, et al.
Delayed post-treatment with bone marrow-derived mesenchymal stem cells is
neurorestorative of striatal medium-spiny projection neurons and improves
motor function after neonatal rat hypoxia-ischemia. Mol Cell Neurosci.
2015;68:56–72.

27. Li T, Zhu G-H. Research progress of stem cell therapy for ischemic stroke. Ibrain.
2021;7:245–56.

28. Yang M, Sun W, Xiao L, He M, Gu Y, Yang T, et al. Mesenchymal stromal cells
suppress hippocampal neuron autophagy stress induced by hypoxic-ischemic
brain damage: the possible role of endogenous IL-6 secretion. Neural Plast.
2020;2020:8822579.

29. Gu Y, He M, Zhou X, Liu J, Hou N, Bin T, et al. Endogenous IL-6 of mesenchymal
stem cell improves behavioral outcome of hypoxic-ischemic brain damage
neonatal rats by supressing apoptosis in astrocyte. Sci Rep. 2016;6:18587.

30. Lohanadan K, Assent M, Linnemann A, Schuld J, Heukamp LC, Krause K, et al.
Synaptopodin-2 Isoforms have specific binding partners and display distinct,
muscle cell type-specific expression patterns. Cells. 2023;13.

31. Lohanadan K, Molt S, Dierck F, van der Ven PFM, Frey N, Höhfeld J, et al. Isoform-
specific functions of synaptopodin-2 variants in cytoskeleton stabilization and
autophagy regulation in muscle under mechanical stress. Exp Cell Res.
2021;408:112865.

32. Vlachos A, Korkotian E, Schonfeld E, Copanaki E, Deller T, Segal M. Synaptopodin
regulates plasticity of dendritic spines in hippocampal neurons. J Neurosci.
2009;29:1017–33.

33. Aloni E, Verbitsky S, Kushnireva L, Korkotian E, Segal M. Increased excitability of
hippocampal neurons in mature synaptopodin-knockout mice. Brain Struct
Funct. 2021;226:2459–66.

34. Dubes S, Soula A, Benquet S, Tessier B, Poujol C, Favereaux A, et al. miR-124-
dependent tagging of synapses by synaptopodin enables input-specific
homeostatic plasticity. EMBO J. 2022;41:e109012.

35. Ulbricht A, Eppler FJ, Tapia VE, van der Ven PF, Hampe N, Hersch N, et al. Cellular
mechanotransduction relies on tension-induced and chaperone-assisted autop-
hagy. Curr Biol. 2013;23:430–5.

36. Ulbricht A, Gehlert S, Leciejewski B, Schiffer T, Bloch W, Höhfeld J. Induction and
adaptation of chaperone-assisted selective autophagy CASA in response to
resistance exercise in human skeletal muscle. Autophagy. 2015;11:538–46.

37. Zheng Z, Song Y. Synaptopodin-2: a potential tumor suppressor. Cancer Cell Int.
2023;23:158.

38. Ji C, Tang M, Zeidler C, Höhfeld J, Johnson GV. BAG3 and SYNPO (synaptopodin)
facilitate phospho-MAPT/Tau degradation via autophagy in neuronal processes.
Autophagy. 2019;15:1199–213.

39. Xiong LL, Chen J, Du RL, Liu J, Chen YJ, Hawwas MA, et al. Brain-derived neu-
rotrophic factor and its related enzymes and receptors play important roles after
hypoxic-ischemic brain damage. Neural Regen Res. 2021;16:1453–9.

40. Vincent KF, Mallari OG, Dillon EJ, Stewart VG, Cho AJ, Dong Y, et al. Oestrous cycle
affects emergence from anaesthesia with dexmedetomidine, but not propofol,
isoflurane, or sevoflurane, in female rats. Br J Anaesth. 2023;131:67–78.

L.L. Xue et al.

13

Cell Death and Disease          (2025) 16:131 



41. Xiao J, Cai T, Fang Y, Liu R, Flores JJ, Wang W, et al. Activation of GPR40
attenuates neuroinflammation and improves neurological function via PAK4/
CREB/KDM6B pathway in an experimental GMH rat model. J Neuroinflammation.
2021;18:160.

42. Zhang J, Zhang N, Lei J, Jing B, Li M, Tian H, et al. Fluoxetine shows neuropro-
tective effects against LPS-induced neuroinflammation via the Notch signaling
pathway. Int Immunopharmacol. 2022;113:109417.

43. Wang JY, Zhang Y, Chen Y, Wang Y, Li SY, Wang YF, et al. Mechanisms underlying
antidepressant effect of transcutaneous auricular vagus nerve stimulation on
CUMS model rats based on hippocampal α7nAchR/NF-κB signal pathway. J
Neuroinflammation. 2021;18:291.

44. Yoshizaki K, Asai M, Hara T. High-fat diet enhances working memory in the
Y-maze test in male C57BL/6J mice with less anxiety in the elevated plus maze
test. Nutrients. 2020;12.

45. Xiong LL, Xue LL, Du RL, Niu RZ, Chen L, Chen J, et al. Single-cell RNA sequencing
reveals B cell-related molecular biomarkers for Alzheimer’s disease. Exp Mol Med.
2021;53:1888–901.

46. Douglas-Escobar M, Weiss MD. Hypoxic-ischemic encephalopathy: a review for
the clinician. JAMA Pediatr. 2015;169:397–403.

47. Bonifacio SL, Hutson S. The term newborn: evaluation for hypoxic-ischemic
encephalopathy. Clin Perinatol. 2021;48:681–95.

48. Bruschettini M, Romantsik O, Moreira A, Ley D, Thébaud B. Stem cell-based
interventions for the prevention of morbidity and mortality following hypoxic-
ischaemic encephalopathy in newborn infants. Cochrane Database Syst Rev.
2020;8:Cd013202.

49. Qin C, Bai L, Li Y, Wang K. The functional mechanism of bone marrow-derived
mesenchymal stem cells in the treatment of animal models with Alzheimer’s
disease: crosstalk between autophagy and apoptosis. Stem cell Res Ther.
2022;13:90.

50. Zhuge R, Li Z, He C, Ma W, Yan J, Xue Q, et al. Bone marrow mesenchymal stem
cells repair hexavalent chromium-induced testicular injury by regulating autop-
hagy and ferroptosis mediated by the AKT/mTOR pathway in rats. Environ Tox-
icol. 2023;38:289–99.

51. Wang Z, Shi Y, Chen W, Wei H, Shang J. Mesenchymal stem cells repair bone
marrow damage of aging rats and regulate autophagy and aging genes. Cell
Biochem Funct. 2020;38:792–800.

52. Xiao C, Wang K, Xu Y, Hu H, Zhang N, Wang Y, et al. Transplanted mesenchymal
stem cells reduce autophagic flux in infarcted hearts via the exosomal transfer of
miR-125b. Circ Res. 2018;123:564–78.

53. Dai W, Yang H, Xu B, He T, Liu L, Ma X, et al. Human umbilical cord-derived
mesenchymal stem cells (hUC-MSCs) alleviate excessive autophagy of ovarian
granular cells through VEGFA/PI3K/AKT/mTOR pathway in premature ovarian
failure rat model. J Ovarian Res. 2023;16:198.

54. Kuang Y, Zheng X, Zhang L, Ai X, Venkataramani V, Kilic E, et al. Adipose-derived
mesenchymal stem cells reduce autophagy in stroke mice by extracellular vesicle
transfer of miR-25. J Extracell Vesicles. 2020;10:e12024.

55. Koike M, Shibata M, Tadakoshi M, Gotoh K, Komatsu M, Waguri S, et al. Inhibition
of autophagy prevents hippocampal pyramidal neuron death after hypoxic-
ischemic injury. Am J Pathol. 2008;172:454–69.

56. Tan N, Xin W, Huang M, Mao Y. Mesenchymal stem cell therapy for ischemic
stroke: Novel insight into the crosstalk with immune cells. Front Neurol.
2022;13:1048113.

57. Kai F, Fawcett JP, Duncan R. Synaptopodin-2 induces assembly of peripheral actin
bundles and immature focal adhesions to promote lamellipodia formation and
prostate cancer cell migration. Oncotarget. 2015;6:11162–74.

58. OuYang C, Xie Y, Fu Q, Xu G. SYNPO2 suppresses hypoxia-induced proliferation
and migration of colorectal cancer cells by regulating YAP-KLF5 axis. Tissue cell.
2021;73:101598.

59. Salim C, Muders H, Jäger A, Konermann A. Role of chaperone-assisted selective
autophagy (CASA) in mechanical stress protection of periodontal ligament cells. J
Orofac Orthoped. 2022;83:1–12.

60. Lin X, Ruiz J, Bajraktari I, Ohman R, Banerjee S, Gribble K, et al. Z-disc-associated,
alternatively spliced, PDZ motif-containing protein (ZASP) mutations in the actin-
binding domain cause disruption of skeletal muscle actin filaments in myofibrillar
myopathy. J Biol Chem. 2014;289:13615–26.

61. Klimek C, Jahnke R, Wördehoff J, Kathage B, Stadel D, Behrends C, et al. The
Hippo network kinase STK38 contributes to protein homeostasis by inhibiting
BAG3-mediated autophagy. Biochim et Biophys Acta Mol cell Res.
2019;1866:1556–66.

62. Czarnecki K, Haas CA, Bas Orth C, Deller T, Frotscher M. Postnatal development of
synaptopodin expression in the rodent hippocampus. J Comp Neurol.
2005;490:133–44.

63. Deller T, Korte M, Chabanis S, Drakew A, Schwegler H, Stefani GG, et al.
Synaptopodin-deficient mice lack a spine apparatus and show deficits in synaptic
plasticity. Proc Natl Acad Sci USA. 2003;100:10494–9.

64. Wang W, Peng X, Zhao L, Zhao H, Gu Q. Extracellular vesicles from bone marrow
mesenchymal stem cells inhibit apoptosis and autophagy of ischemia-hypoxia
cardiomyocyte line in vitro by carrying miR-144-3p to inhibit ROCK1. Curr stem
cell Res Ther. 2023;18:247–59.

65. Li X, Xie X, Yu Z, Chen Y, Qu G, Yu H, et al. Bone marrow mesenchymal stem cells-
derived conditioned medium protects cardiomyocytes from hypoxia/reox-
ygenation-induced injury through Notch2/mTOR/autophagy signaling. J Cell
Physiol. 2019;234:18906–16.

66. Li T, Gu J, Yang O, Wang J, Wang Y, Kong J. Bone marrow mesenchymal stem cell-
derived exosomal miRNA-29c decreases cardiac ischemia/reperfusion injury
through inhibition of excessive autophagy via the PTEN/Akt/mTOR signaling
pathway. Circ J. 2020;84:1304–11.

ACKNOWLEDGEMENTS
This work was supported by National Natural Science Foundation of China (No.
82001604, No. 82060243), Guizhou Provincial Higher Education Science and
Technological Innovation Team (No. [2023]072), Guizhou Province Distinguished
Young Scientific and Technological Talent Program (No. YQK[2023]040), Zunyi
Medical University 12345 Future Talent Training Program-Technology Elite (No. ZYSE-
2021-03), Talent Research Startup Fund from the First People’s Hospital of Zunyi (to
Liu-Lin Xiong) and Wang Wenyuan Expert Workstation Project of Yunnan Provincial
Science and Technology Talent and Platform Program (No. 202205AF150013).

AUTHOR CONTRIBUTIONS
LLXiong, YQH and THW conceived, designed, and supervised the study. LLXue, JC,
and BYL contributed to data collection, analysis, and interpretation. RLD, BYL, QXX,
HSZ and CYH carried out in vitro experiments. HQS, SFW, TBC, and LLXue performed
in vivo animal investigations. LLXue and BYL drafted the article. LLXiong, THW, CL
and YQH critically revised the manuscript. All authors have approved the final version
of this manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL
All animal experiments were approved by the Experimental Animal Ethics Committee
of Zunyi Medical University ([2020]2-097), and conducted in compliance with Guide
for the Care and Use of Laboratory Animals published by the National Institutes of
Health.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-07439-w.

Correspondence and requests for materials should be addressed to Yu-Qi He,
Ting-Hua Wang or Liu-Lin Xiong.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

L.L. Xue et al.

14

Cell Death and Disease          (2025) 16:131 

https://doi.org/10.1038/s41419-025-07439-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Bone marrow mesenchymal stem cells alleviate neurological dysfunction by reducing autophagy damage via downregulation of SYNPO2 in neonatal hypoxic–ischemic encephalopathy rats
	Introduction
	Materials and methods
	Animal care and grouping
	Primary cortical neuron culture
	Lentiviral infection in vitro and in vivo
	Establishment of oxygen-glucose deprivation (OGD) model
	BMSC-conditioned medium (CM) intervention
	Immunofluorescence staining in vitro
	Cell viability assay (CCK8)
	Western blot (WB)
	HIE model in newborn SD rats
	BMSC transplantation
	Animal sampling harvest
	Quantitative real-time PCR (RT-qPCR)
	Multiple immunohistochemical staining
	Transmission electron microscope (TEM)
	Forelimb grip test, righting test, geotaxis test, and climbing test
	Rotarod test
	Open field test
	Y-maze test
	Morris water maze test
	Hematoxylin and eosin (HE) staining
	Nissl staining
	Statistical analysis

	Results
	CM alleviated autophagic injury in cortical neurons following OGD
	BMSCs attenuated autophagy to improve neurological dysfunction in HIE rats
	Interference with SYNPO2 ameliorates autophagic damage in OGD neurons
	Interference with SYNPO2 attenuated neuronal autophagy and improved neurological dysfunction in HIE rats
	CM ameliorated autophagy impairment in OGD neurons by downregulating SYNPO2 expression
	BMSCs downregulated SYNPO2 to alleviate neuroautophagy and improve dysfunction in HIE rats

	Discussion
	BMSCs prevent autophagy and improve neurological deficiency
	SYNPO2 regulated neuroautophagy damage
	BMSCs down-regulated SYNPO2 to reduce autophagy and alleviated neurological dysfunction in HIE rats

	Conclusions
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




