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Abstract
Hyperglycemia aggravates cerebral ischemia/reperfusion (I/R) injury, a severe ischemic stroke
complication with few treatments. Selenium exerts neuroprotective effects, yet its molecular
mechanisms in this injury remain unclear. This study explored whether sodium selenite alleviates the
injury via regulating the p53/PUMA apoptotic pathway and the role of selenoprotein H (SelH). In vivo,
Sprague-Dawley rats (including PUMA-knockdown models) were subjected to middle cerebral artery
occlusion/reperfusion; in vitro, HT22 cells (PUMA-knockdown/SelH-overexpressing) were treated with
high glucose and oxygen-glucose deprivation/reoxygenation. Results showed hyperglycemia
exacerbated neurological deficits, infarct volume, neuronal apoptosis and mitochondrial damage in vivo,
and induced ROS overproduction, mitochondrial dysfunction and apoptosis in vitro. Sodium selenite
reversed these injuries, downregulated p53/PUMA pathway-related proteins, upregulated the bcl-2/Bax
ratio, and elevated SelH expression. PUMA knockdown enhanced its neuroprotection, while SelH
overexpression attenuated cell damage by inhibiting the p53/PUMA pathway (not direct oxidative stress
reduction). Thus, sodium selenite mitigates hyperglycemia-aggravated cerebral I/R injury through the
SelH-p53/PUMA pathway, providing novel therapeutic targets for diabetic stroke.

1. Introduction
Ischemic stroke has become one of the greatest threats to human health [1]. Thrombolysis to restore
blood perfusion in the ischemic area is currently the most effective intervention, but it is limited by a
narrow time window (≤4.5 hours), leaving only a small proportion of patients benefiting [2]. Moreover,
reperfusion itself can induce secondary cerebral ischemia/reperfusion (I/R) injury [3].
Diabetes/hyperglycemia, as an independent risk factor for stroke, increases the incidence of stroke by
1.8-6.0 folds [4]. During cerebral I/R, neurons, glial cells (astrocytes, microglia), and endothelial cells
produce large amounts of ROS [5-7], disrupting antioxidant homeostasis and triggering lipid peroxidation
and macromolecular damage [8-9]. The hyperglycemic environment synergistically activates multiple cell
death pathways including apoptosis, necrosis, ferroptosis, and autophagy, leading to neuronal death [10-
12]. Therefore, exploring the mechanisms by which hyperglycemia aggravates cerebral I/R injury is of
great significance for developing preventive and therapeutic strategies for hyperglycemia-exacerbated
cerebral I/R injury.

Apoptosis plays a crucial role in promoting the progression of cerebral I/R injury. Cell apoptosis is tightly
regulated by the p53 (tp53, tp63, tp73) family. p63 can mediate puma expression to regulate
endoplasmic reticulum stress-induced apoptosis [13], while p73 mediates oxidative stress by modulating
the Bax/bcl-2 ratio. Downstream members of the bcl-2 family (Bax/Bak) in the p53 pathway play key
roles in apoptosis, promoting cell death by inducing changes in mitochondrial outer membrane
permeability and caspase cascade reactions [14-16]. This pathway has been validated in intervention
models, where inhibiting puma expression alleviates apoptosis-related damage [17]. Our previous work
has demonstrated that hyperglycemia significantly exacerbates cerebral I/R injury by upregulating
mitochondrial apoptotic factors, including cleaved caspase-3, cleaved caspase-9, and cytochrome c [18].
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However, the specific molecular mechanisms underlying the involvement of the p53/PUMA apoptotic
pathway in hyperglycemia-aggravated cerebral ischemic injury remain largely elusive, which provides a
direction for subsequent research.

Selenium (Se) is an essential trace element in humans with antioxidant properties [19]. Selenium exerts
its biological effects mainly through selenoproteins. Selenoprotein P, glutathione peroxidase 4 (GPX4),
and selenoprotein W are the three most abundantly expressed selenoproteins in the brain, playing core
roles in brain function and participating in various physiological activities such as regulating energy
metabolism, nutrient uptake, and ion balance in neural cells [20]. Previous studies have found that Se
can significantly increase the expression level of selenoprotein H (SelH). Downregulation of SelH is
closely associated with the process of neuronal oxidative damage in diseases such as Alzheimer's
disease and Parkinson's disease [21]. Our previous work demonstrated that selenium alleviates cerebral
I/R injury under hyperglycemic conditions by regulating mitochondrial dynamics and optimizing
mitochondrial function [22]. However, whether selenium exerts protective effects through other
molecular mechanisms remains unclear. Meanwhile, the mechanism of SelH in cerebrovascular
diseases, especially its regulatory role in the apoptotic pathway under hyperglycemic I/R pathological
conditions, lacks systematic research.

In summary, hyperglycemia significantly exacerbates cerebral I/R injury through multiple pathways
including oxidative stress and apoptosis, while the regulatory mechanisms of apoptosis in the
hyperglycemic environment await further clarification. Based on the well-established effects of selenium
in antagonizing oxidative damage and inhibiting apoptosis [22-26], and the central role of the p53/puma
pathway in mediating neural cell death in cerebral I/R injury [27-29], this study aims to systematically
reveal the molecular mechanism by which selenium alleviates hyperglycemia-synergized cerebral I/R
neural injury through targeted regulation of the p53/puma apoptotic signaling pathway, providing a novel
target for the treatment of diabetes mellitus complicated with stroke.

2. Materials and methods
2.1. Animals and grouping

This study was approved by the Animal Ethics Committee of Ningxia Medical University (Approval
Number: IACUC-NYLAC-2023-038). Specific pathogen-free (SPF) male Sprague-Dawley rats were housed
in a pathogen-free environment (humidity 55% ± 5%, 12 h light/12 h dark cycle, room temperature 22℃ ±
2℃) with free access to water and food. The experiment included 7 groups (n=10/group): Sham
operation (Sham), normoglycemic MCAO 30 min/reperfusion 24 h (NG+I/R 24 h), normoglycemic MCAO
30 min/reperfusion 72 h (NG+I/R 72 h), hyperglycemic MCAO 30 min/reperfusion 24 h (HG+I/R 24 h),
hyperglycemic MCAO 30 min/reperfusion 72 h (HG+I/R 72 h), hyperglycemic + Sodium selenite + MCAO
30 min/reperfusion 24 h (HG+Se+I/R 24 h), and hyperglycemic + Sodium selenite + MCAO 30
min/reperfusion 72 h (HG+Se+I/R 72 h). puma gene-knockdown SD rats (Shanghai Model Organisms
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Center, Inc., Approval Number: IACUC-NNYLAC-2023-206) were divided into NG+I/R 24 h, HG+I/R 24 h,
and HG+Se+I/R 24 h groups. 

2.2. Animal model establishment and treatment

The hyperglycemia model and MCAO model were established as described in our previous study [22].
Rats were fasted for 24 h with free access to water before the experiment, and baseline body weight was
measured. Streptozotocin (STZ) solution (1%, 60 mg/kg) was injected intraperitoneally into the left lower
abdomen. After injection, animals were housed in an IVC independent ventilation cage system, with
standard feed and 5% glucose solution provided ad libitum. 72 h after administration, fasting blood
glucose concentration was detected via tail vein blood sampling. Rats meeting the diabetic model
criteria (fasting blood glucose ≥16.7 mmol/L persistently) were randomly assigned to the diabetic model
group and the selenium intervention group.

After successful establishment of the hyperglycemia model, Sodium selenite (#214485, SIGMA-
ALDRICH, USA) was dissolved in normal saline to prepare a 0.04 mg/mL injection, which was
administered intraperitoneally to hyperglycemic rats at a concentration of 0.4 mg/kg/d for 4 consecutive
weeks.

The middle cerebral artery occlusion (MCAO)/reperfusion model was established using the suture
method. After weighing, experimental animals were anesthetized with isoflurane inhalation anesthesia
system (oxygen flow rate 1.5 L/min, induction concentration 3%). During the anesthesia maintenance
period (maintenance concentration 1.5%), animals were fixed in the supine position on the operating
table. A polylysine suture (diameter 0.26 mm) was advanced intracranially through the external carotid
artery incision until slight resistance was encountered. The suture was removed after 30 min of
occlusion to restore blood flow, establishing reperfusion models at 24 h and 72 h time points. For the
Sham group, all surgical procedures were performed except for vascular occlusion. After surgery, all
animals were placed in a constant temperature monitoring system (37 ± 0.5℃) until awakening. 

2.3. 2,3,5-triphenyltetrazolium chloride (TTC) staining and neurological deficit evaluation

Cerebral infarct volume was quantified by TTC staining. Serial coronal sections (thickness 2 mm) were
prepared with a pre-cooled microtome and placed in 12-well cell culture plates. Sections were
completely immersed in 2% TTC solution (pH 7.4). Infarcted areas appeared pale white, while normal
brain tissue appeared bright red. Images of whole brain sections were captured, and infarct volume was
scanned and calculated using ImageJ software.

Neurological function of MCAO model rats was quantitatively evaluated using the Bederson scoring
system. Standardized behavioral tests were performed 24 h after 30 min of occlusion followed by
reperfusion, with a score ≥1 as the criterion for successful model establishment. Scoring criteria: 0
points, no neurological deficit; 1 point, flexion and adduction of the contralateral forelimb when
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suspended by the tail; 2 points, combined with decreased resistance in the contralateral push test; 3
points, spontaneous circling towards the ischemic side on the basis of the above. 

2.4. Hematoxylin-eosin (HE) staining and Nissl staining

Brain tissues fixed with 4% paraformaldehyde and embedded in paraffin were cut into 4 μm serial
coronal sections. After baking, sections were deparaffinized with xylene and gradient ethanol
sequentially. For HE staining (G1129, Solarbio, China), sections were dehydrated and cleared, then
mounted with neutral balsam. Whole sections were scanned to count the proportion of pyknotic neurons
for evaluating cell apoptosis. For Nissl staining, another batch of sections was deparaffinized similarly,
incubated with Nissl staining solution (G1430, Servicebio, China), rinsed gently, dehydrated with gradient
ethanol, cleared with xylene, and mounted with neutral balsam. Nissl-positive cells were observed and
counted under a fluorescence microscope, and mean optical density was measured to quantify Nissl
body abundance, reflecting neuronal protein synthesis activity and damage degree. 

2.5. Transmission electron microscopy

Immediately after reperfusion, the brain was removed by decapitation on ice, and 1 mm³ brain slices
from the junction of the right infarct focus were collected. Samples were fixed with 2.5% glutaraldehyde
at 4℃ overnight, rinsed with phosphate buffer, and post-fixed with 1% osmium tetroxide. After gradient
dehydration with acetone, transition with propylene oxide, infiltration and polymerization with Epon-812
resin, the embedded blocks were trimmed. Sections were double-stained with uranyl acetate and lead
citrate, rinsed with deionized water, and dried. Mitochondria, nuclear membrane, and cytoplasmic
structures were observed using an HT7800 electron microscope at 80 kV, and images were captured
randomly. 

2.6. Cell culture and drug treatment

Mouse hippocampal neuronal HT22 cell line (Hysigen, China, Cat.#TCM-C821), puma-knockdown HT22
stable cell line (sipuma-HT22, Species: Mouse; GeneBank: NM_133234), and SelH-overexpressing HT22
stable cell line (SelH-HT22, Species: Mouse; GeneBank: NM_001033166) were purchased from
Guangzhou Jingrui Biotechnology Co., Ltd. HT22 cells were cultured in DMEM/F12 medium (#C3130-
0500, VivaCell, China) supplemented with 10% fetal bovine serum (A5669701, Thermo Fisher, China) and
1% penicillin/streptomycin (#03-031-5B, Biological Industries, Israel) in an incubator at 37℃ with 5%
CO₂. A concentration of 50 mmol/L was used as the high glucose medium to treat cells. Healthy HT22
cells were seeded into culture flasks or 6-well plates under optimal growth conditions. After cell
adhesion, the medium was replaced with HG medium for 24 h to establish a high glucose environment. A
concentration of 100 nmol/L was used as the high selenium medium to pretreat HT22 cells for 24 h. 

2.7. Oxygen-glucose deprivation/reoxygenation (OGD/R) model and experimental cell grouping

An in vitro model was established to simulate the pathological process of I/R. According to experimental
design requirements, the culture medium was replaced with glucose-free DMEM medium, and cells were
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transferred to a tri-gas incubator (1% O₂, 5% CO₂, 94% N₂) for 4 h of continuous hypoxia exposure. After
terminating hypoxia intervention, the initial culture system corresponding to each experimental group
was restored, and cells were cultured under normoxic conditions for another 24 h to establish the in vitro
reperfusion injury model.

puma-knockdown HT22 stable cells were divided into four groups: Vector group (cultured in high
selenium and normal glucose medium for 24 h, followed by OGD for 4 h and reoxygenation for 24 h);
NG+Se group (cultured in high selenium and normal glucose medium for 24 h, followed by OGD for 4 h
and reoxygenation for 24 h); HG+Se group (sipuma-HT22 cells cultured in high glucose and high
selenium medium for 24 h, followed by OGD/R); HG+Se+Ipatasertib group (cultured in high glucose and
high selenium medium supplemented with puma activator Ipatasertib for 24 h, followed by OGD for 4 h
and reoxygenation for 24 h).

SelH-HT22 cells were divided into five groups: Control group (cultured in normal glucose medium for 24
h, followed by OGD/R); HG group (cultured in high glucose medium for 24 h, followed by OGD for 4 h and
reoxygenation for 24 h); HG+Ipatasertib group (cultured in high glucose medium supplemented with
Ipatasertib for 24 h, followed by OGD for 4 h and reoxygenation for 24 h); HG+CLZ-8 group (cultured in
high glucose medium supplemented with puma inhibitor CLZ-8 for 24 h, followed by OGD for 4 h and
reoxygenation for 24 h); HG+CLZ-8+Ipatasertib group (cultured in high glucose medium supplemented
with both CLZ-8 and Ipatasertib for 24 h, followed by OGD for 4 h and reoxygenation for 24 h). 

2.8. CCK-8 assay for cell viability

Cells were seeded into 96-well plates and cultured normally until adhesion. According to the
experimental grouping, each group had 6 replicate wells. After corresponding treatments, 10 μL of CCK-8
solution (CK04, DOJINDO, Japan) was added to each well, followed by incubation at 37℃ in the dark for
2 h. The absorbance (OD value) was measured using a microplate reader. 

2.9. Tunel staining

After completing cell climbing and paraffin section interventions according to grouping, paraffin sections
were treated with proteinase K for 20 min, and cell climbing slices were fixed with 4% paraformaldehyde
for 10 min. Permeabilization was performed with 0.5% Triton X-100 for 5 min. Each slice was added with
200 μL Equilibration Buffer and incubated at room temperature for 30 min. After discarding the buffer, 50
μL TdT incubation buffer was added, and incubation was carried out at 37℃ in the dark for 1 h. Hoechst
33342 was added to counterstain cell nuclei, and images were observed under a microscope. 

2.10. Western blot

Cerebral ischemic penumbra tissues or cells were lysed with RIPA buffer, homogenized, and centrifuged
at 12,000 r/min at 4℃ to collect the supernatant. Protein concentration was determined by BCA assay.
Samples were denatured at 95℃, separated by 8-12% SDS-PAGE, and transferred to PVDF membranes
(Millipore, USA) at 400 mA for 23 min. Membranes were blocked with 5% non-fat milk for 1 h, then
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incubated overnight with primary antibodies against puma (1:500, #24633, CST, USA), bcl-2 (1:1000,
Rabbit, #sc-7382, Santa, USA), p-p53 (1:1000, #2526, CST, USA), p53 (1:1000, #2524, CST, USA), cleaved
caspase-3 (1:1000, Rabbit, #9661, CST, USA), caspase-3 (1:1000, #9662, CST, USA), cleaved caspase-9
(1:500, #9509, CST, USA), Bax (1:1000, Rabbit, #41162, CST, USA), and β-actin (1:5000, #bs-0061R,
Biosynthesis, China). Membranes were then incubated with goat anti-mouse IgG (H+L) secondary
antibody (1:50000, #abs20040, Absin, China) or goat anti-rabbit IgG (H+L) secondary antibody (1:50000,
#S0002, Affinity, USA) at room temperature for 2 h. ECL development was performed, and bands were
analyzed using ImageJ software. 

2.11. Immunofluorescence staining

After preparing cell climbing slices and completing interventions according to grouping, cells were fixed
with 4% paraformaldehyde for 10 min and permeabilized with 0.5% Triton X-100 for 5 min. Blocking was
performed with goat serum at 37℃ for 30 min. Primary antibodies against puma (1:200), p53 (1:200),
bcl-2 (1:200), and bax (1:500) were added and incubated at 4℃ overnight. Corresponding species-
specific fluorescent secondary antibodies (goat anti-rabbit or goat anti-mouse, 1:1000) were added and
incubated at 37℃ in the dark for 2 h. Hoechst 33342 was added to counterstain nuclei, and images were
captured using a confocal microscope (Olympus). 

2.12. DHE fluorescent probe

5 mg of DHE was dissolved in 1.58 mL of DMSO to prepare a 10 mmol/L stock solution, which was
stored at -20℃ in the dark. After completing interventions on cell climbing slices in 24-well plates, 1 mL
of medium and 10 μL of DHE stock solution were added to each well, followed by incubation at 37℃ for
30 min. Climbing slices were taken out and inverted on glass slides, and images were captured using a
slice fluorescence scanner. 

2.13. Mitochondrial membrane potential

Working solution was prepared by adding 5 μL JC-1 (200×) to 1 mL buffer. 1 mL of medium and 1 mL of
JC-1 working solution were added to each well of a 24-well plate, followed by incubation at 37℃ for 20
min. Slices were washed twice with JC-1 buffer, counterstained with Hoechst 33342, inverted on glass
slides, and observed under a fluorescence microscope for image capture. 

2.14. Statistical analysis

Experimental data were analyzed using SPSS Statistics 27.0, and visualization was performed using
GraphPad Prism 10. Quantitative data were expressed as mean ± standard deviation. Independent
samples t-test was used for comparisons between two groups; one-way analysis of variance (ANOVA)
was used for comparisons among multiple groups, and LSD post-hoc test was performed for pairwise
comparisons if significant differences existed among groups. The significance level was set at α = 0.05,
and P < 0.05 was considered statistically significant.
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3. Results
3.1. Sodium selenite alleviates infarct volume and neurological dysfunction in hyperglycemia-aggravated
cerebral I/R injury in vivo

In vivo evaluations of infarct volume and neurological dysfunction were performed in rats of each group.
Morphological results (Fig. 1A) and body weight changes (Fig. 1B) showed that the diabetic model group
exhibited typical diabetic signs such as withered yellow fur and nutritional metabolic disorders after STZ
induction, with progressive weight loss, in contrast to the gradual weight gain in the NG group. Although
Sodium selenite intervention did not significantly reverse weight loss, fur condition and activity were
improved compared with the model group. Final body weights were 322.9 ± 10.25 g in the NG group,
236.0 ± 2.646 g in the HG group (P < 0.05), and 244.0 ± 8.718 g in the HG+Se group (P < 0.05). Blood
glucose levels were detected subsequently (Fig. 1C). After successful model establishment, blood
glucose was significantly elevated in the diabetic model groups (29.17 ± 1.710 mmol/L in the HG group
and 26.87 ± 3.758 mmol/L in the HG+Se group), showing significant differences compared with the NG
group (7.033 ± 0.3215 mmol/L, P < 0.05). Although Sodium selenite intervention did not significantly
improve glucose metabolism, all model groups maintained persistent hyperglycemia (>16.7 mmol/L),
meeting experimental requirements. TTC staining was used to evaluate changes in cerebral infarct area
(Fig. 1D and 1E). The NG+I/R group showed well-demarcated pale white infarcts, while the HG+I/R group
had a significantly larger infarct area compared with the NG+I/R group (P < 0.05). In contrast, the
HG+Se+I/R group showed a significant reduction in infarct area compared with the HG+I/R group (P <
0.05).

Neurological behavioral scoring using the Berderson scale (Fig. 1F) showed that compared with the
Sham group (0 points, no neurological abnormalities), the HG+I/R model group had a significantly higher
neurological function score than the NG+I/R model group (P < 0.05), indicating that hyperglycemia
exacerbates neurological damage after cerebral ischemia. Notably, the hyperglycemic model group
supplemented with Sodium selenite had a significantly lower neurological function score than the
untreated hyperglycemic model group (P < 0.05).

Transmission electron microscopy results (Fig. 1G) further showed that neurons in the Sham group had
intact structures, regular nuclear morphology, elliptical mitochondria with clear cristae. After 24 h of I/R,
the NG+I/R 24h group exhibited damage characteristics such as nuclear shrinkage, chromatin
dissolution, mitochondrial swelling, and decreased cristae. In the NG+I/R 72h group, nuclear pyknosis
was alleviated, and some mitochondrial morphology was restored. The HG+I/R 24h group showed the
most severe damage, including significant nuclear pyknosis, mitochondrial vacuolization, and loss of
cristae, with no significant improvement at 72 h. In the HG+Se+I/R group, intact nuclear morphology and
well-preserved mitochondrial structures with clear cristae were observed at both 24 h and 72 h time
points.

Tunel assay was used to evaluate brain tissue apoptosis (Fig. 1H). Only a small number of apoptotic
cells were observed in the Sham group. After 24 h of I/R (Fig. 1I), cell apoptosis increased significantly
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(P < 0.05), and the proportion of apoptotic cells further increased in the HG+I/R 24h group (P < 0.05),
while the number of apoptotic neurons was significantly reduced in the HG+Se+I/R 24h group compared
with the HG+I/R 24h group (P < 0.05). After 72 h of I/R (Fig. 1J), brain tissue apoptosis increased, and
the HG+I/R 72h group had more apoptotic cells than the NG+I/R 72h group (P < 0.05), while the
HG+Se+I/R 72h group had significantly fewer apoptotic neurons than the HG+I/R 72h group (P < 0.05).
These results suggest that Sodium selenite can effectively inhibit neuronal ultrastructural damage and
cell apoptosis induced by hyperglycemia-aggravated cerebral I/R.

3.2. Sodium selenite attenuates tissue edema and neuronal apoptosis in hyperglycemia-aggravated
cerebral I/R injury in vivo

HE staining and Nissl staining were used for systematic pathological evaluation of neurons in the
penumbral cortex and deep medulla of both ischemic and non-ischemic brain tissues. Fig. 2A shows
neuronal damage in the penumbral cortex and deep medulla of the ischemic side. HE staining results
(Fig. 2C and 2G) showed that neurons in the Sham group had uniformly stained cytoplasm and intact
nuclear membranes. After 24 h of I/R, the NG+I/R group exhibited changes such as pale cytoplasm,
loose extracellular matrix, and condensed nuclear chromatin (P < 0.05). The HG+I/R group showed
further aggravated damage, characterized by irreversible changes including wrinkled neuronal nuclear
membranes and extensive nuclear fragmentation and dissolution (P < 0.05). In the HG+Se+I/R group,
cerebral edema was alleviated, and the number of pyknotic neurons was significantly reduced compared
with the HG+I/R group (P < 0.05). After 72 h of cerebral I/R, the change trends in each group were similar
to those at 24 h after I/R (P < 0.05), but the degree of brain tissue damage in each group was recovered
compared with 24 h after I/R (Fig. 2D and 2H).

Neuronal functional status was evaluated by Nissl staining. These basophilic granules are mainly
enriched in rough endoplasmic reticulum-ribosome complexes, and changes in their density can reflect
neuronal metabolic activity. In the Sham group, deeply stained Nissl granules were uniformly distributed
in cortical and medullary neurons, indicating that cells maintained normal protein synthesis function.
After 24 h of I/R (Fig. 2E and 2I), the proportion of neurons containing Nissl bodies was significantly
reduced in the NG+I/R group (P < 0.05). Pathological damage was exacerbated in the HG+I/R model
group, with a further decrease in the proportion of neurons containing Nissl bodies (P < 0.05), confirming
that hyperglycemia can synergistically aggravate post-ischemic neuronal dysfunction. In the HG+Se+I/R
group, the proportion of neurons containing Nissl bodies was higher than that in the HG+I/R group, and
cell function was improved (P < 0.05). After 72 h of cerebral I/R, Nissl bodies in the penumbral cortex
and medulla of each group were significantly recovered compared with 24 h (Fig. 2F and 2J).

Stroke not only directly damages the ischemic brain tissue but may also indirectly affect the non-
ischemic brain tissue through neural plasticity and inflammatory responses. Fig. 2B shows neuronal
damage in the penumbral cortex and deep medulla of the non-ischemic side. HE staining results (Fig. 2K,
2L, 2O, and 2P) showed that in the cerebral cortex and medulla after 24h and 72h of I/R, the NG+I/R
group had pale-stained brain tissue and a small number of pyknotic cells (P < 0.05). The HG+I/R group
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had more neurons with nuclear pyknosis and mild edema (P < 0.05). In the HG+Se+I/R group, cerebral
edema was alleviated, and the number of pyknotic cells was reduced compared with the HG+I/R group
(P < 0.05). Nissl staining results (Fig. 2M, 2N, 2Q, and 2R) showed that in the non-ischemic side of rat
brain tissue, after 24h and 72h of I/R, cells in the NG+I/R group were vacuolated, and Nissl bodies were
slightly reduced (P < 0.05). In the HG+I/R group, the number of Nissl bodies in brain tissue was
significantly less than that in the NG+I/R group (P < 0.05). In the HG+Se+I/R group, Nissl bodies were
more abundant than those in the HG+I/R group, and cell function was improved (P < 0.05). In summary,
Sodium selenite can improve the morphology and function of neurons on both ischemic and non-
ischemic sides 24h and 72h after I/R, help maintain cell status, and thereby alleviate hyperglycemia-
aggravated cerebral I/R injury.

3.3. Sodium selenite regulates the p53/puma apoptotic signaling pathway to inhibit hyperglycemia-
aggravated cerebral I/R injury in vivo

GO function enrichment and KEGG pathway enrichment analyses were performed on differentially
expressed proteins. KEGG pathways were mainly enriched in p53 signaling pathway, cytoplasmic DNA
sensing pathway, extrinsic apoptotic signaling pathway, autophagosome assembly, type 2 diabetes
mellitus pathway, insulin resistance pathway, Alzheimer's disease pathway, axon guidance pathway, and
gonadotropin-releasing hormone signaling pathway (Fig. 3A). GO functional terms were mainly involved
in oxidative stress, cellular response to DNA damage, regulation of tyrosine kinase signaling,
mitochondrial calcium import, positive regulation of locomotion, response to inorganic substances, and
regulation of cell population proliferation (Fig. 3B). In this study, immunofluorescence (Fig. 3C, 3D) and
Western blot (Fig. 3K) were used to systematically observe changes in the expression of apoptotic
factors such as p53/puma and bcl-2/Bax in the cerebral ischemic penumbra of rats after I/R. At 24 h
after cerebral I/R (Fig. 3E, 3G, and 3I), the relative fluorescence intensities of puma and p53 in neurons
were significantly higher in the NG+I/R 24h and HG+I/R 24h groups than in the Sham group (P < 0.05),
while the fluorescence intensity ratio of bcl-2/Bax was significantly lower (P < 0.05). In the HG+Se+I/R
24h group, the relative fluorescence intensities of puma and p53 were significantly decreased (P < 0.05),
and the fluorescence intensity ratio of bcl-2/Bax was significantly increased (P < 0.05). At 72 h after I/R,
the fluorescence intensities of puma, p53, and bcl-2/Bax showed similar trends to those at 24h after
cerebral I/R (Fig. 3F, 3H, 3J). Western blot results further verified the above findings (Fig. 3L, 3M, 3N, 3O,
and 3P): compared with the Sham group, the expressions of puma, p-p53/p53, cleaved caspase-9, and
cleaved caspase-3/caspase-3 were significantly increased (P < 0.05), and the bcl-2/Bax ratio was
significantly decreased (P < 0.05) in all I/R groups. Compared with the NG+I/R 24h group, the
expressions of puma, p-p53/p53, cleaved caspase-9, and cleaved caspase-3/caspase-3 were
significantly increased (P < 0.05), and the bcl-2/Bax ratio was significantly decreased (P < 0.05) in the
HG+I/R 24h group. After Sodium selenite intervention, compared with the HG+I/R 24h group, the
expressions of puma, p-p53/p53, cleaved caspase-9, and cleaved caspase-3/caspase-3 were
significantly decreased (P < 0.05), and the bcl-2/Bax ratio was significantly increased (P < 0.05) in the
HG+Se+I/R 24h group. At the 72h I/R time point, compared with the HG+I/R 72h group, the expressions
of puma and p-p53/p53 were still significantly decreased (P < 0.05), and the bcl-2/Bax ratio was
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significantly increased (P < 0.05) in the HG+Se+I/R 72h group, while the expressions of cleaved caspase-
3/caspase-3 and cleaved caspase-9 showed no significant changes. These results indicate that
hyperglycemia can exacerbate changes in the expression of apoptosis-related proteins after I/R injury,
while Sodium selenite exerts long-term neuroprotective effects by continuously inhibiting the p53/puma
pathway and restoring the balance of bcl-2/Bax, thereby significantly reducing neuronal apoptosis.

3.4. Sodium selenite attenuates high glucose-OGD/R-induced HT22 cell damage in vitro

The protective effect of Sodium selenite pretreatment against OGD/R-induced neuronal damage was
evaluated (Fig. 4A, 4B). Compared with the Control group, cell viability was significantly decreased in all
intervention groups (P < 0.05). Under normal glucose conditions, cell viability was significantly higher in
the NG+Se+OGD/R group than in the NG+OGD/R group (P < 0.05). The high glucose environment
exacerbated OGD/R damage, as evidenced by a further decrease in cell viability in the HG+OGD/R group
compared with the NG+OGD/R group (P < 0.05). Cell viability was significantly improved in the Sodium
selenite intervention group compared with the HG+OGD/R group (P < 0.05).

Semi-quantitative analysis of neuronal ROS levels using DHE probe (Fig. 4A, 4C) showed that after
OGD/R treatment, ROS levels were significantly increased in all groups (P < 0.05). ROS levels were
significantly higher in the HG+OGD/R group than in the NG+OGD/R group (P < 0.05). ROS levels were
significantly lower in the NG+OGD/R+Se group than in the NG+OGD/R group (P < 0.05), and significantly
lower in the HG+OGD/R+Se group than in the HG+OGD/R group (P < 0.05). These results indicate that
high glucose can enhance ROS production in OGD/R neurons, while Sodium selenite intervention can
inhibit ROS production in high glucose-OGD/R neuronal cells.

JC-10 staining was used to detect mitochondrial membrane potential levels (Fig. 4D, 4E). After OGD/R
treatment, mitochondrial membrane potential levels were significantly decreased in all groups compared
with the Control group (P < 0.05). Mitochondrial membrane potential levels were significantly lower in the
HG+OGD/R group than in the NG+OGD/R group (P < 0.05). After Sodium selenite intervention,
mitochondrial membrane potential levels were significantly increased in the NG+OGD/R+Se group (P <
0.05), and significantly higher in the HG+OGD/R+Se group than in the HG+OGD/R group (P < 0.05).

Meanwhile, Tunel kit was used for cell apoptosis staining to detect cell apoptosis levels (Fig. 4F, 4G).
There were few apoptotic cells in the Control group. After OGD/R treatment, the apoptotic rate of cells in
each group showed a significant upward trend (P < 0.05). The number of apoptotic cells was
significantly increased in the NG+OGD/R and HG+OGD/R groups compared with the Control group (P <
0.05), significantly lower in the NG+OGD/R+Se group than in the NG+OGD/R group (P < 0.05), and
significantly fewer in the HG+OGD/R+Se group than in the HG+OGD/R group (P < 0.05). These results
suggest that high glucose can increase ROS production, decrease mitochondrial membrane potential,
and promote cell apoptosis, while Sodium selenite can reduce apoptosis of high glucose-OGD/R
neurons.
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3.5. Sodium selenite reduces high glucose-OGD/R-induced HT22 cell damage by inhibiting the p53/puma
apoptotic pathway in vitro

Immunofluorescence labeling of p53, puma, bcl-2, and Bax was used to observe the relative fluorescence
intensities of high glucose-OGD/R HT22 cells. Immunofluorescence results of p53 and puma (Fig. 5A,
5B, and 5C) and bcl-2 and Bax (Fig. 5D, 5E) showed that neurons in the Control group exhibited uniform
spatial distribution, good cell morphology, low staining levels of p53 and puma, and a relatively high bcl-
2/Bax ratio. After OGD/R, the relative fluorescence intensities of p53 and puma were significantly
increased (P < 0.05), and the bcl-2/Bax ratio was decreased (P < 0.05) in the NG+OGD/R and HG+OGD/R
groups. Compared with the NG+OGD/R group, the relative fluorescence intensities of p53 and puma
were significantly decreased (P < 0.05), and the bcl-2/Bax ratio was significantly increased (P < 0.05) in
the NG+OGD/R+Se group. Compared with the HG+OGD/R group, the relative fluorescence intensities of
p53 and puma were significantly decreased (P < 0.05), and the bcl-2/Bax ratio was significantly
increased (P < 0.05) in the HG+OGD/R+Se group.

Western blot was also used to detect changes in apoptosis-related proteins such as puma, p-p53/p53,
cleaved caspase-9, cleaved caspase-3/caspase-3, and bcl-2/Bax in each group (Fig. 5F). As shown in
Fig. 5H, 5I, 5J, and 5K, the expressions of puma, p-p53/p53, cleaved caspase-9, and cleaved caspase-
3/caspase-3 were low in the Control group. After OGD/R, the expressions of puma, p-p53/p53, cleaved
caspase-9, and cleaved caspase-3/caspase-3 were increased to varying degrees (P < 0.05). Compared
with the NG+OGD/R group, the expressions of puma, p-p53/p53, cleaved caspase-9, and cleaved
caspase-3/caspase-3 were significantly increased (P < 0.05) in the HG+OGD/R group. Compared with the
NG+OGD/R group, the NG+OGD/R+Se group showed decreased expressions of puma, p-p53/p53,
cleaved caspase-9, and cleaved caspase-3/caspase-3 (P < 0.05); similarly, these expressions were
decreased in the HG+OGD/R+Se group compared with the HG+OGD/R group (P < 0.05). Notably, the
expression ratio of bcl-2/Bax showed an opposite trend to the above pro-apoptotic factors (Fig. 5G). The
expression of bcl-2/Bax was higher in the Control group, but significantly decreased in all groups after
OGD/R intervention (P < 0.05). Compared with the HG+OGD/R group, the expression of bcl-2/Bax was
significantly increased in the HG+OGD/R+Se group (P < 0.05). These results indicate that high glucose
can significantly enhance neuronal apoptosis in the OGD/R model. Sodium selenite pretreatment can
inhibit the expressions of p53 and puma, specifically regulate the balance of bcl-2/Bax protein
expression, and effectively reverse the apoptotic cascade induced by hyperglycemia-synergized I/R.

3.6. Puma downregulation attenuates high glucose-OGD/R-induced HT22 cell damage in vitro

To evaluate the effects of high glucose-OGD/R and puma knockdown on HT22 cells, puma-knockdown
stable cell lines were used. Western blot was used to detect puma protein levels in cells (Fig. 6A, 6B) to
verify puma downregulation. Cell status was observed under an inverted microscope, and CCK-8 assay
was used to detect the viability of HT22 cells in each group after puma knockdown (Fig. 6C, 6G). In the
Vector group, the number of cells was reduced, and some cell processes were shortened or disappeared.
In the NG+Se group, cells were uniformly distributed, spindle-shaped, in relatively good condition, and
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cell viability was significantly enhanced (P < 0.05). In the HG+Se group, the number of cells was
significantly decreased, nuclear structures were blurred, the proportion of pyknotic cells was significantly
increased, cell growth status was poor, and cell viability was significantly lower than that in the NG+Se
group (P < 0.05). In the HG+Se+Ipatasertib group, cell damage was further aggravated, the number of
cells was further reduced, and cell viability was further decreased (P < 0.05).

DHE probe was used to detect ROS levels in puma-knockdown HT22 cells after OGD/R in each group
(Fig. 6D, 6H). Compared with the control group (Vector), the NG+Se group significantly inhibited ROS
production (P < 0.05), while the HG+Se group significantly promoted ROS generation (P < 0.05). In
addition, Ipatasertib intervention further exacerbated ROS accumulation (P < 0.05).

JC-1 was used to detect mitochondrial membrane potential (Fig.s 6E, 6I). Mitochondrial membrane
potential was significantly increased in the NG+Se group (P < 0.05), inhibited in the HG+Se group (P <
0.05), and further decreased after Ipatasertib intervention (P < 0.05).

Tunel kit was used to detect cell apoptosis (Fig. 6F, 6J). There were more apoptotic cells in the Vector
group. After puma knockdown, the number of apoptotic cells was significantly reduced in the NG+Se
group (P < 0.05). The number of apoptotic cells in the HG+Se group after high glucose intervention was
significantly higher than that in the NG+Se group (P < 0.05). After Ipatasertib intervention, the number of
apoptotic cells in the HG+Se+Ipatasertib group was significantly higher than that in the HG+Se group (P
< 0.05). These results suggest that high glucose-OGD/R leads to decreased cell viability, increased ROS
production, decreased mitochondrial membrane potential, and cell apoptosis. puma deficiency reduces
such damage, while the use of the activator Ipatasertib increases the damage caused by high glucose-
OGD/R.

3.7. Puma downregulation reduces high glucose-OGD/R-induced HT22 cell damage by inhibiting the
p53/puma apoptotic pathway in vitro

Immunofluorescence was used to observe the expressions of p53, puma (Fig. 7A, 7C, and 7D), and bcl-
2/Bax (Fig. 7B, 7E) in puma-knockdown cells. In the Vector group, the expressions of p53 and puma were
relatively obvious, and the bcl-2/Bax ratio was low. In the puma-knockdown NG+Se group, the
expressions of p53 and puma were significantly decreased (P < 0.05), and the bcl-2/Bax ratio was
significantly increased (P < 0.05). Compared with the NG+Se group, the expressions of p53 and puma
were significantly increased (P < 0.05), and the bcl-2/Bax ratio was significantly decreased (P < 0.05) in
the HG+Se group. After Ipatasertib intervention, the expressions of p53 and puma were further increased
(P < 0.05), and the bcl-2/Bax ratio was further decreased (P < 0.05) in the HG+Se+Ipatasertib group.

Western blot was used to detect the protein expressions of puma, p-p53/p53, cleaved caspase-9,
cleaved caspase-3/caspase-3, Bax, and bcl-2 (Fig. 7F). Quantitative results are shown in Fig. 7H, 7I, 7J,
and 7K. In the Vector group, the expressions of puma, p-p53/p53, and cleaved caspase-9 were relatively
high, while the expression of cleaved caspase-3/caspase-3 was low. In the NG+Se group, the
expressions of puma, p-p53/p53, and cleaved caspase-9 were significantly decreased (P < 0.05).
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Compared with the NG+Se group, the expressions of puma, p-p53/p53, cleaved caspase-3/caspase-3,
and cleaved caspase-9 were significantly increased (P < 0.05) in the HG+Se group. The expressions of
puma, p-p53/p53, cleaved caspase-3/caspase-3, and cleaved caspase-9 in the HG+Se+Ipatasertib group
were significantly higher than those in the HG+Se group (P < 0.05). The expression level of bcl-2/Bax
showed dynamic changes opposite to the above pro-apoptotic factors (Fig. 7G). Experimental results
indicate that decreased puma can also reduce p53 expression, suggesting that p53 not only regulates
puma expression but also puma may reversely affect p53 expression levels.

3.8. Critical role of puma downregulation in sodium selenite-alleviated hyperglycemic cerebral I/R injury
in vivo

Puma gene-knockdown rats were used. HE staining showed (upper row of Fig. 8A) that neurons in
NG+I/R group had basically intact structures with only mild pale cytoplasm. The HG+I/R group had
increased numbers of neurons with nuclear pyknosis and cytoplasmic vacuolization. In the Sodium
selenite intervention group, cell morphology was restored, and the number of pyknotic neurons was
reduced. Nissl staining results (lower row of Fig. 8A) showed that in NG+I/R group, neurons were
arranged neatly, cell bodies were plump, and Nissl bodies in the cytoplasm were abundant and uniformly
distributed. In HG+I/R group, the degree of Nissl body loss was significantly increased. In the Sodium
selenite intervention group, neuronal morphology was further restored, and the number of Nissl bodies in
the cytoplasm was significantly increased.

Tunel assay showed (Fig. 8B) that there were very few apoptotic cells in the NG+I/R group, a slight
increase in apoptotic positive cells in the HG+I/R group, and a decrease in the number of apoptotic
positive cells in the HG+Se+I/R group. Fluorescence staining results (Fig. 8C, 8D) showed that the
fluorescence intensities of p53 and puma were weak in the NG+I/R group, with strong bcl-2 signal and
weak Bax signal, and a high bcl-2/Bax ratio. In the HG+I/R group, the fluorescence intensities of
p53/puma were significantly enhanced, and the bcl-2/Bax ratio was significantly decreased. In the
HG+Se+I/R group, the fluorescence intensities of p53/puma were decreased, and the bcl-2/Bax ratio was
increased again.

Western blot was used to detect the protein expressions of puma, p-p53/p53, cleaved caspase-9,
cleaved caspase-3/caspase-3, Bax, and bcl-2 (Fig. 8E). Fig. 8I shows that in the expression of p-p53/p53,
the Vector group had the lowest expression, the HG+I/R group had a significant increase (P < 0.05), and
the HG+Se+I/R group was significantly lower than the HG+I/R group (P < 0.05). Fig.s 8G, 8H, and 8J
show that the expressions of puma, cleaved caspase-3/caspase-3, and cleaved caspase-9 were low in
the NG+I/R group, significantly higher in the HG+I/R group than in the NG+I/R group (P < 0.05), and
significantly lower in the HG+Se+I/R group than in the HG group (P < 0.05). The trend of bcl-2/Bax was
opposite to the above apoptotic factors (Fig. 8F). The expression of bcl-2/Bax was low in the Vector
group, significantly increased in the NG+I/R group (P < 0.05), significantly lower in the HG+I/R group than
in the NG+I/R group (P < 0.05), and significantly lower in the HG+Se+I/R group than in the HG+I/R group
(P < 0.05). These results indicate that puma downregulation can significantly reduce neuronal apoptosis
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induced by hyperglycemic I/R. Sodium selenite amplifies the anti-apoptotic effect by downregulating
p53, puma, cleaved caspase-9, and cleaved caspase-3 and upregulating the bcl-2/Bax ratio, thereby
significantly reducing neuronal damage induced by hyperglycemic cerebral I/R.

3.9. SelH overexpression attenuates high glucose-OGD/R-induced HT22 cell damage by regulating puma
in vitro

The antioxidant effect of sodium selenite is one of the key factors for its upregulation of SelH
expression. Western blot was used to detect the expression of SelH (Fig. 9A, 9B). The expression level of
SelH in the NG+Se group was significantly higher than that in the NG group. Therefore, SelH-
overexpressing HT22 cells were constructed for experiments. The status of SelH-overexpressing HT22
cells was observed under an inverted microscope (Fig. 9C), and CCK-8 assay was used to detect the
viability of SelH-overexpressing HT22 cells (Fig. 9D). The normal glucose OGD/R group (Control) had
abundant cells in good condition. In the HG+OGD/R group, the number of cells was slightly reduced, the
number of pyknotic cells was slightly increased, cell growth status was poor, and there was no
significant difference in cell viability. In the HG+OGD/R+Ipatasertib activator group, cell damage was
further aggravated, and the number of cells was further reduced (P < 0.05). In the HG+OGD/R+CLZ-8
inhibitor group, the number of cells was significantly increased, cell status was significantly improved,
and morphology tended to be normal (P < 0.05). In HG+OGD/R+CLZ-8+Ipatasertib group, the number of
cells was between that of the HG+Ipatasertib group and the HG+CLZ-8 group, morphology was good,
and cell viability was decreased compared with the HG+CLZ-8 group (P < 0.05).

For ROS levels (Fig. 9E, 9F), ROS expression in the HG group was slightly higher than that in the Control
group, and significantly higher in the HG+Ipatasertib group than in the HG group (P < 0.05). In contrast,
ROS expression was significantly lower in the HG+CLZ-8 group (P < 0.05). ROS levels in the HG+CLZ-
8+Ipatasertib group were significantly higher than those in the HG+CLZ-8 group (P < 0.05).

Mitochondrial membrane potential detection results (Fig. 9G, 9H) showed that the membrane potential
level in the HG group was significantly lower than that in the Control group (P < 0.05), Ipatasertib further
decreased the membrane potential (P < 0.05), while CLZ-8 intervention significantly increased the
membrane potential level in the HG+CLZ-8 group (P < 0.05).

Tunel kit was used to detect apoptosis (Fig. 9I, 9J). There were few apoptotic cells in the Control group,
and no significant difference between the HG group and the Control group. The number of apoptotic
cells in the HG+Ipatasertib group was significantly higher than that in the HG group (P < 0.05), while the
number of apoptotic cells in the HG+CLZ-8 group was significantly lower than that in the HG group (P <
0.05). These results indicate that Sodium selenite can upregulate SelH expression. SelH overexpression
itself has limited effects on inhibiting ROS production and protecting mitochondrial membrane potential,
suggesting that the protective effect of SelH is achieved through regulating the p53/PUMA apoptotic
pathway rather than reducing oxidative stress.
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3.10. SelH overexpression reduces HT22 cell apoptosis by inhibiting p53/puma and increasing the bcl-
2/Bax ratio in vitro

p53/puma immunofluorescence (Fig. 10A, 10B, and 10C) and bcl-2 and Bax immunofluorescence (Fig.
10D, 10E) were used to observe the apoptosis of SelH-overexpressing cells. In the Control group, the
expressions of p53 and puma were low, and the bcl-2/Bax ratio was low. In the HG group, the
expressions of p53 and puma were increased to a certain extent compared with the Control group (P <
0.05), and there was no statistical difference in the expression of bcl-2/Bax compared with the Control
group. After Ipatasertib intervention, the expressions of p53 and puma were further increased (P < 0.05),
and the bcl-2/Bax ratio was further decreased (P < 0.05) in the HG+Ipatasertib group. In contrast, after
CLZ-8 intervention, the expressions of p53 and puma were significantly decreased (P < 0.05), and the bcl-
2/Bax ratio was significantly increased (P < 0.05) in the HG+CLZ-8 group. This indicates that SelH
overexpression can reduce the decrease in p53 and puma expressions and the decrease in the bcl-2/Bax
ratio caused by high glucose-OGD/R, protect cell status, and reduce apoptosis.

4. Discussion
Under hyperglycemic conditions, cerebral I/R injury is significantly exacerbated. In animal models,
hyperglycemic rats exhibit severe neurological deficits, significantly enlarged cerebral infarct volume, and
histomorphological damage. In cell models, Sodium selenite not only improves the decreased viability of
HT22 cells in the high glucose-oxygen deprivation group. Studies have confirmed that selenium can
effectively alleviate cerebral I/R injury under hyperglycemic conditions [22]. In our study, the Sodium
selenite intervention group indeed improved the neurological function score, reduced the infarct volume,
and alleviated brain tissue damage in hyperglycemic rats. Sodium selenite improved the decreased
viability of high glucose-HT22 cells, thereby verifying the protective effect of selenium against cerebral
ischemic injury under hyperglycemic conditions.

The pathological mechanism of hyperglycemia combined with cerebral I/R injury is complex, involving a
complex regulatory network of energy metabolism disorders [30], oxidative stress [31,32], inflammatory
cascade reactions [33,34], apoptosis [35], and ferroptosis [36]. Previous studies have reported that
chronic hyperglycemia induces the activation of advanced glycation end products (AGEs) and RAGE
receptors, exacerbating blood-brain barrier damage and neuroinflammatory responses [37]. This study
innovatively designed a bidirectional control research paradigm to systematically compare the
spatiotemporal differential pathological changes in the cortex and medulla of ischemic and non-
ischemic brain tissues during the acute phase (24h) and recovery phase (72h) of reperfusion. Increased
proportion of nuclear pyknosis and discretization of Nissl bodies were observed in both ischemic and
non-ischemic brain tissues after hyperglycemic cerebral ischemia. These results confirm the global
damage effect of AGEs, providing new evidence for clarifying the spatiotemporal-specific mechanism by
which hyperglycemia aggravates cerebral I/R injury. Secondly, in the hyperglycemic environment,
intracellular metabolism is disrupted, NADH/FADH supply is significantly increased, leading to excessive
load on the mitochondrial electron transport chain, thereby triggering explosive accumulation of reactive
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oxygen species (ROS) [38]. Hyperglycemia can also activate the protein kinase C (PKC) pathway,
enhance NADPH oxidase activity, and further amplify ROS burst [39]. In this study, ROS production was
significantly increased in the high glucose culture group compared with the normal glucose culture
group in HT22 cell, providing supplementary evidence for this mechanism. Excessive ROS have strong
oxidizing properties and can cause severe damage to mitochondrial structure and function. In this study,
transmission electron microscopy results showed that mitochondrial cristae disappeared and
vacuolization occurred in nerve cells after hyperglycemic cerebral ischemia, and mitochondrial
membrane potential decreased. The decrease in mitochondrial membrane potential is an early event of
apoptosis, reflecting the loss of inner mitochondrial membrane integrity and ATP synthesis disorders
[40]. In addition, impaired autophagic flux caused by diabetes leads to the accumulation of abnormal
proteins, weakening the ability of neurons to clear ischemic damage [41]. These mechanisms interact to
form a cascade reaction network of diabetic cerebral ischemic injury. Sodium selenite intervention can
effectively antagonize the neuroinjury cascade induced by high glucose metabolism disorders, protect
brain tissue, and alleviate hyperglycemia-aggravated cerebral I/R injury.

Accumulation of ROS in the hyperglycemic cerebral ischemic environment directly activates the
p53/puma apoptotic axis [42]. Elmore S et al. first discovered the specific activation of p53 in diabetic
cerebral ischemia [42]. Similarly, in this study, the p-p53/p53 ratio was significantly increased in the
hyperglycemic I/R 24h group, and the expression of puma, a key downstream effector molecule of p53,
was also significantly increased, driving Bax translocation to mitochondria, inducing increased
mitochondrial outer membrane permeability, releasing cytochrome c, and activating the caspase-9/3
cascade reaction. In HT22 cells, after high glucose OGD/R, ROS levels were significantly increased,
mitochondrial membrane potential was decreased, the proportion of Tunel-positive cells was increased,
and the expressions of apoptotic factors such as p53, puma, and caspase 3 were increased.
Mitochondrial damage further exacerbates ROS release, forming a positive feedback loop of "ROS-p53-
puma-mitochondrial damage-ROS", which becomes the core mechanism by which hyperglycemia
aggravates cerebral ischemic injury. In this study, Sodium selenite blocks this cycle by scavenging ROS,
thereby alleviating hyperglycemia-aggravated cerebral I/R injury.

In cerebral I/R injury and other diseases, puma, as a pro-apoptotic protein downstream of p53, induces
cell apoptosis through the mitochondrial pathway [43-48]. This study found that the high glucose
environment significantly exacerbates the upregulation of puma expression induced by I/R or OGD/R,
and further amplifies its pro-apoptotic effect by activating p53 phosphorylation (increased p-p53/p53
ratio), while Sodium selenite treatment can significantly inhibit the expressions of both. Notably, puma
downregulation not only reduces its own protein level but also unexpectedly inhibits p53 expression and
phosphorylation, suggesting a possible bidirectional regulatory relationship between them. This finding
updates the traditional understanding of the "p53 regulates puma" unidirectional pathway. A possible
mechanism is that mitochondrial damage caused by hyperglycemic cerebral ischemia leads to increased
ROS production during puma-mediated cell apoptosis, thereby affecting p53 expression [49]. The pro-
apoptotic effect of puma is mainly reflected in the activation of the mitochondrial pathway [50]. Its
upregulation leads to a significant decrease in the bcl-2/Bax ratio, promoting mitochondrial membrane
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potential collapse. These results reveal the dual destructive effect of the high glucose environment on
mitochondrial homeostasis through enhancing the p53/puma pathway, which not only exacerbates ROS
burst but also accelerates energy metabolism failure through membrane potential hyperpolarization.
Sodium selenite blocks this process by inhibiting puma expression, providing a new explanation for the
specific injury mechanism in patients with diabetes mellitus complicated with cerebral ischemia.

Sodium selenite, as a biologically active form of selenium, has dual roles in regulating redox
homeostasis and apoptotic signals. The biological functions of Sodium selenite are mainly achieved
through selenoproteins, which play a core role in the antioxidant defense system. The brain is highly
dependent on selenium to maintain neural function. Selenoprotein P, GPX4, and selenoprotein W are the
most abundantly expressed selenoproteins in the central nervous system [51]. Glutathione peroxidases
(GPX1-4) can efficiently scavenge peroxides [52], and selenoprotein K, selenoprotein P, etc., regulate
redox balance through selenocysteine residues [53]. Studies have shown that Sodium selenite
pretreatment improves cerebral infarction volume, reduces DNA oxidation, and protects glutamate-
induced hippocampal HT22 neuronal cells [54]. Recent studies have found that Sodium selenite induces
apoptosis of cervical cancer cells through the mitochondrial ROS-activated AMPK/mTOR/FOXO3a
pathway [55]. Combined with in vivo and in vitro models, this study found that Sodium selenite can
improve the neurological function score, reduce the infarct volume of hyperglycemic rats, improve the
decreased viability of high glucose-HT22 cells, reduce ROS production, increase mitochondrial
membrane potential, reduce apoptosis, and protect against cerebral ischemic injury under hyperglycemic
conditions.

As a nuclear selenoprotein, SelH directly binds to DNA through the KUGU domain. Under oxidative stress,
it can activate the Nrf2/ARE pathway to enhance the expression of antioxidant enzymes and participate
in DNA damage repair [56,57]. In the results of this study, supplementation with Sodium selenite can
increase SelH expression. In the SelH-overexpressing HT22 cell model, the expressions of pro-apoptotic
proteins such as puma and p-p53/p53 were significantly decreased, while the expression of the anti-
apoptotic protein bcl-2 and the bcl-2/Bax ratio were increased. This study also found that SelH
overexpression did not inhibit ROS or protect mitochondrial membrane potential, indicating that the
protective effect of SelH is achieved through regulating the p53/PUMA apoptotic pathway rather than
reducing oxidative stress. It is suggested that Sodium selenite may reduce oxidative stress through other
selenoproteins or other mechanisms, which may be related to the enhanced selenium-dependent GPX
activity [58]. Notably, the protective effect of SelH may be puma-dependent. The puma activator
Ipatasertib can completely offset the protective effect of SelH by upregulating puma. This is consistent
with the research by Regina Brigelius-Flohé et al., which concluded that normal selenium intake inhibits
oxidation-driven programmed cell death cascades by eliminating death signals and inhibits hydrogen
peroxide-induced inflammatory cascades [59-60]. Therefore, the breakthrough of this study is to clarify
the specific role of the SelH-puma axis in hyperglycemic cerebral ischemia, providing a theoretical basis
for the development of SelH-targeted neuroprotective agents for diabetes mellitus.
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In summary, this study systematically reveals the cascade reaction network of cerebral I/R injury under
diabetic hyperglycemic conditions, and innovatively clarifies the molecular mechanism by which Sodium
selenite exerts neuroprotective effects through the SelH-puma axis. This not only provides a new
perspective for understanding diabetes-related neurological complications but also lays an experimental
foundation for the development of puma-targeted selenium-based neuroprotective agents, with
significant clinical transformation potential.

The significant correlation between puma expression and cerebral infarct volume suggests that it can be
used as a prognostic biomarker for diabetic stroke. Dynamic monitoring of its level changes helps
evaluate the degree of brain injury and prognosis. In terms of treatment strategies, administration of
Sodium selenite in the acute phase can effectively block the "puma-ROS" positive feedback loop,
providing a key time window reference for clinical treatment. Meanwhile, the development of small
molecule inhibitors targeting puma (such as CLZ-8) and SelH agonists has potential therapeutic value
and may become neuroprotective agents for patients with diabetic cerebral ischemia. The synergistic
therapeutic strategy of puma knockout combined with Sodium selenite significantly reduces the
apoptotic rate and improves the neurological function score, providing a new combined treatment idea
for clinical practice. However, this study still has limitations. The specific molecular mechanism by which
SelH regulates puma (such as transcriptional or post-transcriptional regulation) has not been fully
elucidated, and further exploration in transgenic animal models is needed in the future.
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Figure 1

Sodium selenite improves neurological function and tissue damage after hyperglycemia-aggravated
cerebral I/R in rats. (A) Representative images of rat posture. (B) Rat body weight change curve. (C)
Dynamic monitoring of rat blood glucose levels. (D) Representative images of TTC staining. (E)
Statistical analysis of relative infarct volume (n=3). (F) Neurological deficit score. (G) Transmission
electron microscopy images of the cortical area in the ischemic penumbra (bar = 10 μm). (H) Tunel
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staining images (bar = 50 μm). (I) Statistical analysis of the number of apoptotic neurons at I/R 24 h. (J)
Statistical analysis of the number of apoptotic neurons at I/R 72 h. *P < 0.05 vs. Sham; #P < 0.05 vs.
NG+I/R; &P < 0.05 vs. HG+I/R

Figure 2

Sodium selenite alleviates histopathological damage of cerebral I/R aggravated by hyperglycemia. (A)
HE and Nissl staining of the cortical and medullary areas on the ischemic side (bar = 50 μm). (B) HE and
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Nissl staining of the corresponding areas on the contralateral side (bar = 50 μm). (C–J) Statistical
analysis of the proportion of pyknotic neurons and the proportion of neurons containing Nissl bodies in
the ischemic penumbra. (K–R) Statistical analysis of the proportion of pyknotic neurons and the
proportion of neurons containing Nissl bodies in the corresponding contralateral areas. *P < 0.05 vs.
Sham; #P < 0.05 vs. NG+I/R; &P < 0.05 vs. HG+I/R

Figure 3
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Sodium selenite inhibits hyperglycemia-aggravated neuronal apoptosis via the p53/puma pathway. (A)
KEGG pathway enrichment. (B) GO function enrichment. (C) Co-immunofluorescence labeling of p53 and
puma in brain tissue (bar = 50 μm, bar = 10 μm). (D) Co-immunofluorescence labeling of bcl-2 and Bax in
brain tissue (bar = 50 μm, bar = 10 μm). (E–H) Statistical analysis of relative fluorescence intensities of
p53 and puma. (I–J) Statistical analysis of the fluorescence intensity ratio of bcl-2/Bax. (K) Western blot
bands. (L–P) Quantitative statistical analysis of corresponding proteins. *P < 0.05 vs. Sham; #P < 0.05
vs. NG+I/R; &P < 0.05 vs. HG+I/R

Figure 4

Sodium selenite attenuates high glucose-OGD/R-induced HT22 cell damage. (A) Representative images
of cell morphology and ROS (bar = 50 μm). (B) CCK-8 assay for cell viability. (C) Statistical analysis of
relative ROS fluorescence intensity. (D) Mitochondrial membrane potential (JC-1) images (bar = 50 μm).
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(E) Statistical analysis of the mitochondrial membrane potential (JC-1) ratio. (F) Tunel staining images
(bar = 50 μm). (G) Statistical analysis of apoptotic cell ratio. *P < 0.05 vs. Control; #P < 0.05 vs.
NG+OGD/R; &P < 0.05 vs. HG+OGD/R

Figure 5

Sodium selenite reduces high glucose-OGD/R-induced cell apoptosis via the p53/puma-bcl-2/Bax axis
(A) Double immunofluorescence labeling of p53 and puma (bar = 50 μm, bar = 10 μm). (B–C) Statistical
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analysis of fluorescence intensities of p53 and puma. (D) Co-immunofluorescence labeling of bcl-2 and
Bax (bar = 50 μm, bar = 10 μm). (E) Statistical analysis of the fluorescence intensity ratio of bcl-2/Bax.
(F) Western blot bands. (G–K) Quantitative statistical analysis of apoptosis-related proteins. *P < 0.05
vs. Control; #P < 0.05 vs. NG+OGD/R; &P < 0.05 vs. HG+OGD/R

Figure 6
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PUMA downregulation attenuates high glucose‑OGD/R‑induced injury in HT22 cells. (A) Western blot
bands of PUMA knockdown. (B) Quantitative analysis of Western blot results. (C) Representative images
of cellular morphology (scale bar = 50 μm). (D) Representative images of ROS staining (scale bar = 50
μm). (E) Representative images of JC‑1 staining (scale bar = 50 μm). (F) Representative images of
TUNEL staining (scale bar = 50 μm). (G) Cell viability detected by CCK‑8 assay. (H) Relative fluorescence
intensity of ROS. (I) Mitochondrial membrane potential (JC‑1) ratio. (J) Quantitative analysis of apoptotic
rate. *P < 0.05 vs. Vector group; #P < 0.05 vs. NG+Se+OGD/R group; &P < 0.05 vs. HG+Se+OGD/R group
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Figure 7

PUMA downregulation reduces cell apoptosis via the p53/PUMA and Bcl‑2/Bax signaling pathways. (A)
Immunofluorescence co‑staining of p53 and PUMA (scale bar = 50 μm, scale bar = 10 μm). (B)
Immunofluorescence co‑staining of Bcl‑2 and Bax (scale bar = 50 μm, scale bar = 10 μm). (C–E)
Quantitative analysis of fluorescence intensity. (F) Western blot bands of apoptotic‑related proteins. (G–
K) Quantitative analysis of apoptotic protein expression levels. *P < 0.05 vs. Vector group; #P < 0.05 vs.
NG+Se+OGD/R group; &P < 0.05 vs. HG+Se+OGD/R group
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Figure 8

PUMA knockout synergizes with sodium selenite to alleviate hyperglycemia‑exacerbated cerebral I/R
injury in vivo. (A) HE staining and Nissl staining (scale bar = 50 μm). (B) Representative images of TUNEL
staining (scale bar = 50 μm). (C) Immunofluorescence co‑staining of p53 and PUMA (scale bar = 50 μm,
scale bar = 10 μm). (D) Immunofluorescence co‑staining of Bcl‑2 and Bax (scale bar = 50 μm, scale bar =
10 μm). (E) Western blot bands of apoptotic‑related proteins. (F–J) Quantitative analysis of apoptotic
protein expression levels. *P < 0.05 vs. Vector group; #P < 0.05 vs. NG+Se+I/R group; &P < 0.05 vs.
HG+Se+I/R group
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Figure 9

SelH overexpression mitigates high glucose‑OGD/R‑induced cellular injury by regulating PUMA
expression. (A) Western blot bands of SelH protein. (B) Quantitative analysis of SelH overexpression
efficiency. (C) Representative images of cellular morphology (scale bar = 50 μm). (D) Cell viability
detected by CCK‑8 assay. (E) Representative images of ROS staining (scale bar = 50 μm). (F) Relative
fluorescence intensity of ROS. (G) Representative images of JC‑1 staining (scale bar = 50 μm). (H)
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Mitochondrial membrane potential (JC‑1) ratio. (I) Representative images of TUNEL staining (scale bar =
50 μm). (J) Quantitative analysis of apoptotic rate. *P< 0.05 vs. Control group; #P < 0.05 vs. HG+OGD/R
group; &P < 0.05 vs. HG+CLZ‑8+OGD/R group

Figure 10

SelH overexpression inhibits cell apoptosis through the p53/PUMA and Bcl‑2/Bax signaling axes. (A)
Immunofluorescence co‑staining of p53 and PUMA (scale bar = 50 μm, scale bar = 10 μm). (B–C)
Quantitative analysis of p53 and PUMA fluorescence intensity. (D) Immunofluorescence co‑staining of
Bcl‑2 and Bax (scale bar = 50 μm, scale bar = 10 μm). (E) Quantitative analysis of Bcl‑2/Bax fluorescence
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intensity ratio. *P < 0.05 vs. Control group; #P < 0.05 vs. HG+OGD/R group; &P < 0.05 vs.
HG+CLZ‑8+OGD/R group
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