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Cardiopulmonary resuscitation (CPR) after cardiac arrest (CA) is an important cause of neurological 
impairment and leads to considerable morbidity and mortality. The stability of the blood-brain 
barrier (BBB) is crucial for minimizing secondary neurological damage and improving long-term 
prognosis. However, the precise mechanisms and regulatory pathways that contribute to BBB 
dysfunction after CPR remain elusive. GYY4137 is an innovative hydrogen sulfide slow-release agent 
with excellent properties as a hydrogen sulfide substitute. The aim of this study was to investigate 
the protective effects of GYY4137 on CA/CPR and the underlying mechanisms of BBB protection. 
The effects of GYY4137 on systemic inflammation, BBB integrity, and autophagy were evaluated 
using a mouse CA/CPR model. The underlying mechanisms of occludin changes associated with 
GYY4137 were investigated using oxygen-glucose deprivation / reoxygenation (OGD/R) model. ELISA, 
neurological function and other tests showed that GYY4137 ameliorates systemic inflammation and 
neurological prognosis. Western blotting, transwell migration and tube formation assays showed 
that GYY4137 improves BBB function both in vivo and in vitro. The detection of autophagy flow 
and protein degradation pathways showed the inhibition of occludin reduction by GYY4137 was 
mainly achieved by suppressing autophagy mediated degradation. Taken together, GYY4137 may 
improve BBB dysfunction following CPR by increasing occludin content. This effect was achieved by 
inhibiting autophagic degradation rather than promoting synthesis. GYY4137 also mitigated systemic 
inflammation and improved neurological outcomes after CA/CPR. In summary, our study provides 
valuable insights into protecting the integrity of BBB and improving neurological outcomes after CPR.
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Cardiopulmonary resuscitation (CPR) after cardiac arrest (CA) is the most urgent and dangerous situation 
frequently encountered in the clinic, and it is also one of the major challenges for clinicians. Despite some 
advances in CPR research and training that have improved the success rate of autonomic circulation restoration 
after initial resuscitation, the incidence of secondary neurological impairment remains as a pressing global 
problem1–3. Notably, disruption of the BBB is not only a precursor and frequent primary injury event, but 
also a consequence of central nervous system (CNS) disorders, as this disruption may promote the infiltration 
of leukocytes into the CNS, thereby amplifying lesion progression4. Previous studies have suggested that 
degradation of tight junction-associated proteins in the BBB after CPR may lead to impaired neurological 
function5,6. Suppression of protein degradation of key BBB components after CPR maintains the stability of 
the BBB function and may significantly influence neurological dysfunction after ischemia reperfusion injury7,8.
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Hydrogen sulfide (H2S) is an important gaseous transmitter molecule in living organisms and the third 
gasotransmitter discovered so far. Numerous investigations have revealed the physiological regulatory functions 
of H2S in various organs, including inhibiting inflammation, mediating autophagy, improving oxidative stress 
injuries, promoting angiogenesis, and inducing neutrophil apoptosis9. Within the CNS, H2S can easily traverses 
the BBB without assistance and effectively penetrate cell membranes to execute its corresponding functions, 
which brings significant advantages for the treatment of CNS diseases10. Previous studies have shown that H2S 
has a protective effect on neurological function after CPR, protects the structure and function of the BBB, and 
elevates tight junction proteins6, but the exact mechanism of how H2S regulates tight junction proteins is still 
unclear.

Autophagy is an evolutionarily conserved lysosomal degradation pathway triggered by various pathological 
processes, including organelle elimination and proteolysis11. Previous studies have shown that autophagy 
plays an important role in the progression of ischemia-reperfusion injury, affecting different kinds of neurons, 
microglia, astrocytes, and BBB12,13. In the BBB-related studies, on the one hand, autophagy could protect BBB by 
metabolizing damaged organelles and misfolded proteins; on the other hand, excessive activation of autophagy 
may further aggravate the structural damage and dysfunction of BBB14,15. Previous studies have shown that H2S 
can inhibit autophagy16–18, but the effect and mechanism of H2S on regulation autophagy in BBB structure after 
CPR are not known.

In this study, we investigated the potential protective effects of an innovative H2S donor GYY413719,20, 
including its effects on autophagy, systemic inflammation, neurological deficits, BBB permeability and tight 
junction proteins after CPR and related mechanisms.

Materials and methods
Animals
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Harbin 
Medical University (Heilongjiang, China). Experimental animals were procured from the Animal Experiment 
Center at the Second Affiliated Hospital of Harbin Medical University. Animals were used and treated according 
to the guidelines of the Laboratory Animal Center of Harbin Medical University in this study. All studies 
involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving 
animals21,22.

Reagents
GYY4137 (GYY, a dichloromethane-free, water-soluble sodium salt form of the slow-releasing H2S donor) and 
chloroquine (CQ) were purchased from Sigma-Aldrich (USA). Rapamycin (Rapa) was purchased from Solarbio 
(Bei Jing, China). (R)-MG-132 (MG-132, a proteasome inhibitor, the enantiomer of MG-132) and cycloheximide 
(CHX, a protein synthesis inhibitor) were purchased from MedChemExpress (USA).

Animal grouping and cardiac arrest / resuscitation model in mice
Male C57BL/6 mice weighing 25–28 g and 6–8 weeks old were randomized into different groups: Sham group 
(only oral catheterization and external jugular vein puncture and catheterization), CA/CPR group (CA/CPR 
procedure), CA/CPR + GYY group (intraperitoneal injection of GYY4137 4  mg/kg 1  h after CA/CPR), CA/
CPR + Rapa group (intraperitoneal injection of rapamycin (3  mg/kg) after CA/CPR). In our preliminary 
experiment, we evaluated various dosages of GYY4137 to determine the most appropriate dose (Supplementary 
Fig. 1). Based on the evaluation results, we chose 4 mg/kg of GYY4137 and administered intraperitoneal injection 
to the CA/CPR + GYY group 1 h after CA/CPR.

CA and resuscitation model in mice were established as previously described23,24. Briefly, after anesthetized 
with sevoflurane, 50 ul (0.5 M) ice potassium chloride was injected to induce CA and the mice were removed 
from the ventilator. CPR was performed 6 min after CA, the ventilator was connected, FiO2 = 1.0, intravenous 
injection of epinephrine 0.5-1.0 ml (16 mg/ml), and external chest compressions 300 times/min were performed 
until the return of spontaneous circulation (ROSC). If the duration of CPR exceeded 15 min without ROSC, 
CPR would be stopped. One hour after ROSC and recovery of spontaneous respiration, mechanical ventilation 
was stopped, the tracheal catheter and arteriovenous puncture catheter were removed, and then transferred to 
animal intensive care unit. The timeline of the animal experiment was shown in Supplementary Fig. 2.

Measurement of serum parameters
Serum levels of CRP, TNF-α, IL-18, IL-6, and IL-1β were measured using ELISA kits (Jingmei, China) according 
to the manufacturer’s instructions. Twenty-four hours after CPR, mice blood was collected and centrifuged for 
15 min (3000 g).

Evaluation of neurological function and overall survival rate
The general neurological performance was assessed at 1 d, 3 d, and 7 d after ROSC by one investigator who was 
blinded to the groups using the neurological deficit scores (NDS), which was established in mice undergoing 
CA24. The score ranges from 12 points indicating normal function to 0 representing brain death. Survival rate 
was evaluated during the 14 days after ROSC.

Novel object recognition (NOR)
The Novel Object Recognition test (NOR) was carried out at 7 d after ROSC as previous reported25,26. The mice 
were acclimated in the laboratory for five days before the test. Then, the mice were allowed to explore freely in an 
empty box (50 × 50 × 50 cm) for 10 min. After 24 h, the mice were placed in the same box in which two identical 
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objects were placed and allowed to explore for 10 min. After an hour, the mice were placed in the same box and 
one of the two objects was replaced with a new object. The mice were allowed to explore for five minutes to test. 
For analysis, the recognition (or preference) index was calculated as the ratio of the time spent exploring the new 
objects to the total time spent exploring the new and familiar objects.

Neuronal counts
After 14 days of ROSC, the survival neurons in hippocampal CA1 region was investigated. Mice were deeply 
anesthetized with sevoflurane and perfused with 5 ml 0.1 mol/l phosphate buffered saline and 4% paraformaldehyde 
through the heart. Hippocampal tissue were removed quickly and fixed in 4% paraformaldehyde before paraffin 
embedding. Hematoxylin and eosin (H&E) - stained sections of the hippocampus were examined. Viable 
neurons were defined as cells with a distinct nucleus and nucleolus, while ischemic neurons were recognized by 
the pyknotic or karyorrhectic nuclei lacking a clear nucleolus. An observer who was blinded to the experimental 
protocol counted the numbers of pyramidal neurons in high-power field (× 400). The number of neurons in 
the hippocampal CA1 region was quantitated as the average of three sections per mouse. In each section, the 
number of neurons was averaged from three random different fields of view in the CA1 region27.

Assessment of brain water content
Brain tissue was immediately dissected, weighed, and defined as the wet weight at 24 h after ROSC. Tissues were 
then placed in an oven (105 °C) and dried for 72 h to obtain the dry weight. The water content was calculated by 
the formula: ([wet weight – dry weight] / wet weight) × 100%28.

Evans blue leakage
Twenty-four hours after ROSC, 2% Evans blue (EB; Sigma, USA) was administered intravenously and circulated 
for one hour. Then, mice were perfused intracardially with saline to remove residual EB. To quantitatively 
measure EB leakage, the cerebral cortex was homogenized in 1 ml of trichloroacetic acid and then centrifuged at 
12 000 g for 20 min. The concentration of EB extracted in the supernatant was analyzed spectrophotometrically 
at 620 nm29.

Transmission electron microscopy (TEM)
The anesthetized mice were perfused with 0.9% saline, and 1 mm3 cerebral cortex tissue blocks were taken at 
24 h after ROSC. Next, the fresh tissue blocks were put into 2.5% glutaraldehyde for TEM (Solarbio) at 4 ℃ for 
4 h and then fixed with 1% osmium tetroxide buffer for 2 h at room temperature, followed by dehydration with 
gradient alcohol. Subsequently, the sections were embedded and cut into ultrathin sections (60 nm). Finally, the 
ultrastructure of tight junction was observed using a transmission electron microscope (HITACHI, HT7700, 
Japan).

Cerebral microvessel isolation
The brain microvessels were isolated as previously described with minor adjustments30,31. After processing the 
CA/CPR model for 24 h, the cerebellum and olfactory bulb were removed, the remaining brain was rapidly 
homogenized in 3 ml of cold sucrose buffer (0.32 M sucrose, 5 mM HEPES, pH 7.4). Then, the brain homogenate 
was centrifuged at 1000 g for 10 min. The supernatant containing most of the neuronal components and dense 
white myelin sheath layer at the top of the particles was discarded. Next, the pellets were resuspended in 3 ml 
sucrose buffer and centrifuged at 1000 g for 10 min to remove any remaining myelin sheaths. The 40 g spin was 
used to separate the large blood vessels from capillaries. Finally, wash the remaining particles four times with 
1 ml sucrose buffer, and centrifuge at 350 g for 10 min to obtain the final microvascular precipitate.

Cell culture and oxygen-glucose deprivation / reoxygenation model
The mouse brain microvascular endothelial cells bEnd.3 was purchased from Procell Life Science & Technology 
Co., Ltd (Wu Han, China) and cultured in Dulbecco’s modified Eagle’s medium (Gibco, USA) supplemented 
with 10% fetal bovine serum (Adamas, China), 100 U/ml penicillin and 100 mg/ml streptomycin (New Cell & 
Molecular Biotech, China) at 37 °C in a 5% CO2 humidified incubator.

Oxygen-glucose deprivation / reoxygenation (OGD/R) was reproduced in vitro as reported previously32. 
The bEnd.3 cells were placed in a 37 °C anaerobic chamber (5% CO2, 95% N2) and cultured in glucose-free 
medium for 4 h. After the OGD, the cells were placed in glucose-containing DMEM with 10% FBS and then 
incubated under normoxic conditions for 12 h. Control samples were taken from cells cultured under normal 
conditions. The OGD/R + GYY, OGD/R + CHX, OGD/R + CHX + GYY, OGD/R + MG, OGD/R + CQ and 
OGD/R + GYY + Rapa groups were treated with GYY4137 (50 µM), cycloheximide (20 µg/ml), cycloheximide 
(20 µg/ml) + GYY4137 (50 µM), MG-132 (5 µM), chloroquine (10 µM), GYY4137 (50 µM) + rapamycin (5 ug/
ml) respectively during the reoxygenation period.

Cell viability assay
Cell viability was detected using the Cell Counting Kit-8 (CCK-8) assay kit (New Cell & Molecular Biotech, 
China). The bEnd.3 cells were seeded on 96-well plates at a density of 5 × 103 cells per well and incubated 
overnight. After the OGD/R model establishment and treat with GYY4137 (10 µM, 50 µM, 100 µM), 10 µl CCK-
8 reagent was added into 100 µl culture medium per well and incubated for 1 h. Optical density (OD) value was 
measured at 450 nm.

Scientific Reports |          (2025) 15:905 3| https://doi.org/10.1038/s41598-024-84948-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


RFP-mWasabi-LC3 staining
The RFP-mWasabi-LC3 lentivirus was purchased from Genechem (Shanghai, China). The stably transfected 
bEnd.3 cells were cultured according to the manufacturer’s instructions. After the OGD/R model establishment 
and treat with GYY4137, the cells were viewed under a fluorescence microscope. Green dots indicate 
autophagosomes and red dots indicate autophagosomes and autolysosomes. Yellow dots resulting from the 
merging of the red and green channels indicate autophagosomes, while red dots not overlapping with green 
dots indicate autolysosomes. The number of mWasabi and RFP dots was determined by manual counting of the 
fluorescent dots in five high-power fields (400 ×, Invitrogen).

In vitro BBB model
The bEnd.3 cells were seeded onto the transwell membrane (0.4  mm pore, 11  mm diameter; Corning) at a 
density of 2 × 104 cells. Cultures were maintained for four days to reach confluence. To assess paracellular 
permeability, FITC-dextran (40 kDa; Sigma, USA) was added into the luminal chamber at a concentration of 1 
µM in 400 µl medium. Fluorescence intensity was measured one hour later using 100 µl medium from the lower 
chamber. The diffusion rate of tracers from the luminal to the abluminal chamber was determined and expressed 
as pmol·mm2·min− 1.

Transwell migration assays
For cell migration assays, 5 × 104 cells suspended in medium without serum were seeded in the upper chamber 
(BD Biosciences, USA)33. Then, 600 µl medium with 10% FBS was added into the lower chamber. After 24 h, 
cells on the top surface were removed and the underside of the membrane was fixed in 4% paraformaldehyde for 
30 min and stained with 0.1% crystal violet. Then, cells were quantified under a microscope (100 ×).

Tube formation assay
For the tube formation assay, 96-well plates were coated with 50 µl/well Matrigel (Corning, USA) and incubated 
to polymerize for 1 h. Cells were re-seeded in Matrigel matrix-coated plates (3 × 104 cells/well) for 4 h. Tubular 
structures were photographed using a microscope (100 ×), and quantified by measuring the total tube length 
with ImageJ software.

Western blotting
Western blotting was performed as previously described34. In brief, 24  h after ROSC, cerebral microvessels, 
cerebral cortex, or cells were homogenized in protein lysis buffer containing protease inhibitors (Beyotime, 
China) and phosphatase inhibitors (Roche, China), and debris was removed by centrifugation. Samples were 
resolved on polyacrylamide sodium dodecyl sulfate gels and electrophoretically transferred to polyvinylidene 
difluoride membranes. Membranes were blocked with 5% skim milk and incubated with primary antibodies 
against Occludin (Proteintech Group), Claudin-5 (Wanleibio), ZO-1 (Proteintech Group), LC3B II/I (CST), 
ATG5 (Proteintech Group), p62 (CST), Albumin (Wanleibio) and horse-radish peroxidase-conjugated 
secondary antibodies (1 : 2000, ZSGB-BIO). The dilution of the above primary antibodies was 1 : 1000. Protein 
bands were visualized using the highly sensitive ECL detection reagents. β-actin (1:2000, Santa Cruz, USA) was 
used as the protein control.

Real-time polymerase chain reaction analysis
Real-time quantitative polymerase chain reaction was used to analyze the mRNA levels of Occludin, 
Claudin-5 and ZO-1 in cerebral microvessels and cells at 24 h after ROSC35. Total RNA was extracted using 
an RNA Extraction Kit (Invitrogen, USA) and converted to first-strand cDNA according to the manufacturer’s 
instructions (Toyobo, China). Real-time PCR was performed using a SYBR® Prime-Script™ RT-PCR Kit in a 
LightCycler System (Roche Diagnostics, UK). The primer sequences were designed by Primer 5.0 and purchased 
from Invitrogen. The following are PCR primer sequences: Occludin (Ocln): sense, 5′-​A​A​G​T​C​A​A​C​A​C​C​T​C​
T​G​G​T​G​C​C-3′ and anti-sense, 5′-​T​T​C​C​T​G​C​T​T​T​C​C​C​C​T​T​C​G​T​G-3′; Claudin-5 (Cldn5): sense, 5′-​C​A​T​C​G​T​
T​G​T​C​C​G​C​G​A​G​T​T​C​T-3′ and antisense, 5′-​A​C​T​T​G​A​C​C​G​G​G​A​A​G​C​T​G​A​A​C-3′; ZO-1 (Tjp1): sense, 5′-​C​G​
G​C​C​G​C​T​A​A​G​A​G​C​A​C​A​G-3′ and antisense, 5′-​C​T​T​C​A​G​C​T​G​G​C​C​C​T​C​C​T​T​T​T-3′; β-actin: sense, 5′-​G​G​A​C​
C​T​G​A​C​A​G​A​C​T​A​C​C​T​C​A​T-3′ and antisense, 5′-​G​C​T​C​G​A​A​G​T​C​T​A​G​A​G​C​A​A​C​A​T​A​G-3′. Amplification was 
performed with the cycles: 95 °C for 30 s, followed by 40 cycles of denaturing at 95 °C for 5 s and annealing 
at 60 °C for 20 s. All reactions were performed in triplicate. Data analysis was performed using the 2−△△CT 
method, β-actin was used as the reference gene.

Statistical analysis
Data are presented as mean ± SD or median (interquartile range) and were analyzed using SPSS 28.0 for Windows 
(SPSS Inc., Chicago, IL). The Shapiro-Wilk normality test was used to test the normality of the continuous data. 
One-way analysis of variance (ANOVA) followed by Bonferroni’s test was used for multiple comparison when 
data satisfied for normal distribution and homogeneity of variance. The data with a non-normal distribution 
were analyzed by Kruskal-Wallis and Mann-Whitney U test. Kaplan-Meier survival curves were compared using 
the log-rank test. P < 0.05 was considered statistically significant.

Results
GYY4137 ameliorated systemic inflammation and neurological prognosis after cardiac arrest 
and resuscitation
To investigate the effect of GYY4137 on systemic inflammation, ELISA was used to evaluate inflammatory 
factors, including CRP, TNF-α, IL-18, IL-6, and IL-1β in the serum of mice. As depicted in Fig. 1A, 24 h after CA/
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CPR, the levels of inflammatory factors in the serum of the CA/CPR group were significantly higher than those 
of the Sham group. Notably, the levels of these factors in the CA/CPR + GYY group were reduced, indicating 
a suppressive effect on the inflammation. To elucidate the effect of GYY4137 on the neurological function in 
CPR mice, a comprehensive assessment involving neurological scoring, NOR experiments, and histological 
examination of neurons in the hippocampal CA1 region were conducted. As shown in Fig. 1B, on the first day 
following CA/CPR, the neurological scores of the CA/CPR group significantly decreased compared with the Sham 
group. Conversely, the CA/CPR + GYY group demonstrated substantial improvement in NDS compared with 
the CA/CPR group. However, on days 3 and 7 after resuscitation, both the CA/CPR group and CA/CPR + GYY 
group exhibited decreased NDS compared with the Sham group, with no significant differences between the two 
groups. On the seventh day after resuscitation, NOR experiment was performed to assess cognitive memory 
function. As shown in Fig. 1C, the CA/CPR group and the CA/CPR + GYY group displayed reduced exploration 
time of novel objects in comparison to the Sham group. Remarkably, the CA/CPR + GYY group exhibited 
significantly increased exploration time compared with the CA/CPR group. In order to detect the potential effect 
of GYY4137 on the cognitive function after CA/CPR, H&E staining was performed in hippocampal CA1 region 
at the 14-day after CA/CPR. The neurons in the Sham group displayed orderly arrangement, whereas those in the 
CA/CPR group and CA/CPR + GYY group presented sparser arrangement and decreased counts, with unclear 
neuronal cell outlines that were counted and tallied. In Fig. 1D, quantitative analysis confirmed a substantial 
reduction in the neuron number in CA1 region in the CA/CPR group compared with the Sham group. The 
number of neurons in the CA/CPR + GYY group was significantly increased compared to the CA/CPR group. 
Furthermore, as shown in Fig. 1E, the survival rate at 14 days after CPR was decreased in both the CA/CPR and 
CA/CPR + GYY groups compared with the Sham group, while the survival rate was significantly increased in 
the CA/CPR + GYY group compared with the CA/CPR group. These results suggested that GYY4137 not only 
attenuated the systemic inflammation at the early stage after CA/CPR, but also improved the survival rate and 
neurological prognosis of mice.

GYY4137 improved BBB function at the early stage after CA/CPR
To evaluate the function of the BBB after CA/CPR, immunoblotting experiments were conducted on cerebral 
microvascular endothelial cell proteins at 24  h after CPR. The levels of tight junction proteins including 
occludin, claudin-5, and ZO-1 were evaluated (Fig. 2A and B). The levels of these tight junction proteins were 
significantly decreased in the CA/CPR group compared with the Sham group. However, tight junction proteins 
were significantly higher in the CA/CPR + GYY compared with the CA/CPR group. Tight junctions are critical 
functional units for maintaining BBB permeability. Therefore, the TEM analysis was performed to investigate the 
ultrastructure of tight junctions in the cerebral cortex. As shown in Fig. 2D, the tight junctions in the CA/CPR 
group demonstrated a disorganized and diffuse structure with severe localized endothelial damage. However, the 
structure of tight junction was significantly improved with clarity and integrity after GYY4137 treatment. The 
relative mRNA expression of claudin-5 and ZO-1 was significantly reduced in the CA/CPR and CA/CPR + GYY 
groups compared with the Sham group. Impressively, the levels of mRNA expression of claudin-5 and ZO-1 
were significantly increased in the CA/CPR + GYY group compared with the CA/CPR group. Interestingly, the 
mRNA expression of occludin remained relatively stable in all three groups (Fig. 2C). The function of BBB was 
further evaluated through EB leakage experiments at 24 h after resuscitation. The graphical representation of 
brain EB leakage (Fig. 2E) and the quantification of EB content (Fig. 2F) both indicated increased EB content in 
the CA/CPR group and CA/CPR + GYY group compared with the Sham group. However, compared with the 
CA/CPR group, the EB content was decreased in the CA/CRP + GYY group, indicating that GYY4137 alleviated 
BBB damage and EB leakage. Cerebral edema was also assessed by analyzing the dry-to-wet weight ratio of brain 
at one day after resuscitation. As shown in Fig. 2G, the brain water content was elevated in the CA/CPR group 
and CA/CPR + GYY group compared to the Sham group. However, compared with the CA/CPR group, those 
receiving GYY4137 treatment showed a significant decrease in brain water content, highlighting GYY4137’s 
ability to reduce cerebral edema in the early stage after resuscitation. Albumin, which is usually not present in 
the brain, is another indicator of BBB function. One day following CA/CPR, albumin was detected in the mice 
brain (Fig.  2H and I). Compared with the CA/CPR group, the albumin levels in the CA/CRP + GYY group 
decreased, indicating that GYY4137 alleviated the leakage of albumin into the brain after CA/CPR. In summary, 
these findings collectively demonstrated that GYY4137 not only increased the content of tight junction proteins 
in the early stage after resuscitation, but also reduced cerebral edema and improved BBB function.

GYY4137 augmented the function of endothelial cell tight junctions after OGD/R
The viability of bEnd.3 cell after OGD/R was conducted using CCK-8 assay. Firstly, different concentrations 
of GYY4137 were administered to determine the most suitable concentration for subsequent experiments. As 
depicted in Fig. 3A, cell viability significantly decreased in all groups except the Control group. Compared with 
the OGD/R group, cell viability increased in both the OGD/R + 50 µM GYY group and the OGD/R + 100 µM 
GYY group. However, the difference between these two groups lacked statistical significance, so a concentration 
of 50 µM GYY4137 was chosen for subsequent experiments. Subsequently, we conducted immunoblotting 
experiments on BBB-related tight junction proteins to assess their content in endothelial cells (Fig.  3B and 
C). Compared with the control group, the levels of occludin, claudin-5, and ZO-1 proteins in the OGD/R and 
OGD/R + GYY groups were significantly reduced. Compared with the OGD/R group, the OGD/R + GYY group 
demonstrated a considerable increase. The barrier function of bEnd.3 cells was evaluated by dextran permeation 
assay (Fig. 3D). The leakage of FITC-dextran from the lower compartment was significantly increased in both 
the OGD/R group and the OGD/R + 50 µM GYY group compared with the Control group. However, dextran 
leakage was significantly improved in the OGD/R + 50 µM GYY group compared with the OGD/R group. The 
migratory ability was detected using the transwell assay (Fig. 3E and F). Compared with the Control group, the 
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cell migration ability was significantly reduced in the OGD/R and OGD/R + GYY groups. Compared with the 
OGD/R group, the cell migration ability of the OGD/R + GYY group was greatly enhanced. The tube formation 
ability was assessed using the tube formation assays (Fig. 3G and H). Compared with the Control group, the 
total tube length in OGD/R group and OGD/R + GYY group was significantly reduced. Compared with OGD/R 
group, the total tube length in OGD/R + GYY group significantly increased. These results once again confirmed 
that GYY4137 improved BBB function by enhancing the extent of endothelial cell tight junctions in the in vitro 
OGD/R model.
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GYY4137 inhibited autophagy in BBB endothelial cells in the early stage after resuscitation; and autophagy 
mediated the regulation of occludin protein content
In the early stage after CA/CPR in mice, GYY4137 showed a regulatory effect on endothelial cells within the BBB. 
GYY4137 not only constrained the intensity of autophagy, but also regulated occludin through the autophagy 
pathway, which has been confirmed both in vivo and in vitro. Specifically, GYY4137 not only augmented the 
content of occludin, but also exerted influence over autophagic process. The autophagy-associated markers 
including LC3B II, ATG5, and p62 were evaluated in Fig.  4. Compared with the Sham group, significant 
autophagy enhancement was observed in cerebral microvessels of the CA/CPR group. In contrast, the autophagy 
intensity showed a significant decrease in the CA/CPR + GYY group compared with the CA/CPR group (Fig. 4A 
and B). Similarly, in the in vitro experiment, a significant increase of autophagy intensity was observed in both 
the OGD/R and OGD/R + GYY groups compared with the Control group. Remarkably, the OGD/R + GYY 
group displayed a significant decrease in autophagy intensity compared with the OGD/R group (Fig. 4C and D). 
The RFP-mWasabi-LC3 staining can be used to localize and assess autophagic flux, which is not limited by pH 
changes in the cellular environment. Therefore, we generated a lentiviral vector carrying RFP-mWasabi-LC3 to 
assay autophagic flux, autophagosome biogenesis, maturation, and lysosomal degradation. As shown in Fig. 4E 
and F, both the mWasabi/RFP and RFP dots were significantly increased in the OGD/R and OGD/R + GYY 
groups, indicating the enhancement of autophagic flow. Treatment with GYY4137 decreased LC3 incorporation 
into autolysosomes but increased LC3 incorporation into autophagosomes. Clearly, these data demonstrated 
that treatment with GYY4137 reduced the accumulation of autolysosomes as well as inhibited autophagy at 
late stage, which may limit autophagy mediated protein degragation. These results collectively revealed that 
inhibition of autophagy by GYY4137 was associated with the subsequent increase in occludin protein levels.

To investigate whether the effect of GYY4137 on occludin acts through autophagic modulation, we performed 
the experimental design in Fig. 5. Rapamycin (Rapa) was used to enhance autophagy intensity, and the content 
of occludin were detected in the extracted brain microvessels. The results showed that, the levels of occludin 
were significantly decreased in the other three groups compared with Sham group. However, compared the 
CA/CPR group, the CA/CPR + GYY group demonstrated a marked increase in occludin content. Intriguingly, 
in the CA/CPR + Rapa group, autophagy was enhanced while the content of occludin in cerebral microvessels 
remained unchanged. This observation suggested that the enhancement of autophagy after CA/CPR did not 
significantly impact the occludin protein content in the cerebral microvessels (Fig. 5A and B). To evaluate BBB 
function, the quantification of EB and cerebral edema were conducted (Fig. 5C and D). Compared with CA/CPR 
group, the BBB function in the CA/CPR + Rapa group did not change significantly. Taken together, these data 
suggested that GYY4137 involved in the inhibition of autophagy in cerebral endothelial cells after CA/CPR in 
mice, concurrently leading to the augmentation of occludin.

Autophagy mediated protein degradation is the predominant mechanism behind the reduction of occludin 
following OGD/R
Based on the findings presented in figures above, it could be deduced that GYY4137 enhanced the protein levels 
of occludin, claudin-5, and ZO-1 in brain microvessels after CA/CPR. Moreover, at the mRNA level, GYY4137 
was also confirmed to upregulate the mRNA of claudin-5 and ZO-1, which is consistent with changes in protein 
levels. Nevertheless, as illustrated in Fig. 2C, the occludin mRNA remained relatively unchanged in the Sham 
group, CA/CPR group, and CA/CPR + GYY group. This discrepancy between occludin protein and mRNA 
content could be attributed to potential fluctuations in both translation efficiency and protein degradation rate. 
To investigate whether the changes in occludin content were attributed to translation or degradation, the mRNA 
levels in endothelial cells were assessed in the in vitro experiments (Fig. 6A). Similar to the in vivo results, there 
was no significant difference in the relative expression of occludin mRNA among the Control group, OGD/R 
group, and OGD/R + GYY group. To discern whether alterations in mRNA translation influenced changes in 
protein content, we used a protein synthesis inhibitor CHX to block ribosome binding to mRNA. Results in 
Fig. 6B and C illustrated a substantial reduction in occludin protein in the OGD/R + CHX group compared 
with the OGD/R group, while occludin increased remarkably in the OGD/R + CHX + GYY group. Notably, 
the occludin within the OGD/R + CHX + GYY group surpassed that of the OGD/R + CHX group. This result 
suggested the impact of GYY4137 on occludin was not predominantly mediated through modulation of mRNA 

Fig. 1.  GYY4137 ameliorated systemic inflammation and neurological prognosis after cardiac arrest and 
resuscitation. (A) The levels of CRP, TNF-α, IL-18, IL-1β, and IL-6 in peripheral blood samples harvested 
from the mice subjected to Sham, CA/CPR, CA/CPR + GYY were spectrophotometrically measured. (A: CRP: 
P < 0.0001, F = 44.87; TNF-α: P = 0.0002, F = 16.44; IL-18: P = 0.0002, F = 16.52; IL-6: P < 0.0001, F = 28.07; 
IL-1β: P = 0.0004, F = 14.03). (B) Neurological deficit score at 1 d, 3 d and 7 d after ROSC. Scale 12 indicates 
a functionally normal; scale 0 represents brain death. (B: 1d: P < 0.0001, F = 142.2; 3d: P < 0.0001, F = 61.81 
; 7d: P < 0.0001, F = 28.36). (C) Representative motion trajectory (left) and the recognition index (right) of 
novel objection recognition at 7 d after ROSC. The green line represents the trajectory of the mice during the 
exploration period, indicating movement path. The yellow circle denotes familiar objects, while green circle 
indicates novel objects introduced during the testing phase. The red dot marks the initial position of the mouse 
at the beginning of the trial, and the blue dot represents the position of the mouse at the end of the trial. 
(C: P < 0.0001, F = 29.43). (D) Representative images (400 ×) of H&E staining in the CA1 region of mouse 
hippocampus (left) and the number of viable neurons in the CA1 region (right). Scale bar indicates 50 μm. (D: 
P < 0.0001, F = 48.13). (E) Survival rate after ROSC within 14 days. (E: P < 0.0001 Chi square = 26.90). The data 
are the means ± SD. n ≥ 3. #P < 0.05 versus CA/CPR. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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translation. Proteins are mainly degraded and replaced through two pathways, namely the ubiquitin-proteasome 
system and autophagy pathway. To investigate whether alterations in occludin after OGD/R were associated 
with the ubiquitin-proteasome system or autophagy pathway, the proteasome inhibitor MG-132 and autophagy 
inhibitor CQ were employed. Results depicted in Fig. 6D and E demonstrated that the OGD/R + MG group 
exhibited marginal alterations in occludin compared with the OGD/R group. In contrast, the OGD/R + CQ 
group exhibited significant increase in occludin content. This differences between the relative occludin mRNA 
content and protein content suggested the autophagy degradation pathway played an important regulatory role in 
this process. To further assess whether GYY4137 modulated occludin by influencing the autophagy degradation 
pathway, we validated this hypothesis in in vitro experiments (illustrated in Fig. 6F and G). The occludin protein 
content significantly decreased in OGD/R group, OGD/R + GYY group and OGD/R + GYY + Rapa group when 
compared with Control group. Occludin exhibited a significant increase in the OGD/R + GYY group compared 
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with the OGD/R group. However, in the OGD/R + GYY + Rapa group, although rapamycin enhanced autophagy, 
failed to exhibit a similar result of increased occludin content, highlighting that rapamycin-mediated autophagy 
enhancement diminished the protective effect of GYY4137 on occludin. Collectively, these in vitro and in vivo 
results suggest that the protective effect of GYY4137 on BBB following CA/CPR is mainly achieved by inhibiting 
autophagy mediated degradation of occludin protein.

Discussion
BBB plays an important role in maintenance of brain health, its function is closely related to various neurological 
diseases, including postoperative cognitive dysfunction, ischemic brain injury, and so on36–40. Previous studies 
have confirmed that H2S could reduce the systemic inflammation, improve the prognosis of neurological 
function, and protect the BBB function after CA/CPR41–43. However, the specific regulatory mechanism 
is not yet clear. In this investigation, we found that GYY4137 could alleviate systemic inflammation, inhibit 
autophagy mediated degradation of occludin protein in the BBB, maintain BBB function, and improve long-
term neurological prognosis after CA/CPR.

Several studies have confirmed that H₂S can exert autophagy regulation through multiple molecular 
mechanisms16,18,44–46. H₂S donors have been shown to reduce the upregulation of lactate dehydrogenase B 
induced by platelet-derived growth factor-BB (PDGF-BB), thereby diminishing the interaction between lactate 
dehydrogenase B and ATP6V1A (a key component of lysosomal acidification) and inhibiting autophagy44. 
In uremic cardiomyopathy and traumatic brain injury, H₂S donors activate the PI3K/AKT/mTOR signaling 
pathways to inhibit autophagy and protect cells18,45. In a ventilator-induced lung injury model, H₂S suppresses the 
PERK/eIF2α/ATF4/GADD34 pathway, thereby inhibiting autophagy46. In addition, in sleep deprivation animals, 
H₂S donor inhibits excessive autophagy in the hippocampus through a Sirt-1-dependent mechanism, leading 
to improved cognitive outcomes16. In our study, we demonstrated that GYY4137 reduced the inflammation, 
inhibited autophagy, and improved neurological outcomes after CA/CPR. These findings strongly support the 
role of GYY4137 in autophagy regulation, but the exact molecular pathway of its action remains to be explored 
further.

The BBB is an important biological interface formed primarily by brain microvascular endothelial cells 
with tight junctions and supported by astrocytes, pericytes, and perivascular microglia. Previous studies have 
demonstrated that disruption of BBB following CA/CPR is closely related to the decrease in occludin, claudin-5, 
and ZO-1, and that inhibition of the reduction of these tight junction proteins can improve BBB function6,40. 
In our study, we observed that GYY4137 consistently upregulated the protein and mRNA levels of claudin-5 
and ZO-1, which is consistent with previous findings47,48. However, it is still unclear how GYY4137 regulates 
the transcription of Claudin-5 and ZO-1. It has been shown that in a mouse model of ethanol-induced cerebral 
microvascular endothelium injury (bEnd.3), H₂S reduce the methylation of CpG islands in the promoter of ZO-
1, thereby enhancing its mRNA expression; however, such an effect was not observed for claudin-5, suggesting 
that there may be different regulatory mechanisms of H2S on ZO-1 and Claudin-549. We speculate that 
GYY4137, which acts as an H2S donor, may also regulate Claudin-5 and ZO-1 transcription through epigenetic 
modifications. An interesting result in this experiment is that GYY4137 increased the protein content of occludin 
without a corresponding rise in its mRNA levels, indicating that the upregulation of occludin protein may be 
mediated through mechanisms other than transcription. Therefore, the mechanisms of GYY4137 regulation of 
ZO-1, claudin-5 and occludin after CA/CPR are complex and not identical, and the exact mechanism remains 
to be further clarified.

To further verify our hypothesis, we used a protein synthesis inhibitor (CHX), which can inhibit protein 
synthesis by inhibiting mRNA binding to ribosomes50. After CHX administration, we found that occludin content 
was decreased in the OGD/R + CHX group, but occludin content was still increased in the OGD/R + CHX + GYY 
group compared with the OGD/R group. This further confirmed that the upregulation of occludin protein by 
GYY4137 in the early stage after CPR was not achieved by enhancing its mRNA translation process. We know 
that the relative protein content mainly depends on DNA transcription, RNA translation, protein degradation 
and other processes. In the present study, the relative expression of occludin mRNA was unchanged, but its 

Fig. 2.  GYY4137 improved BBB function at the early stage after CA/CPR. (A) Representative immunoblot 
images and (B) quantitation of occludin, claudin-5 and ZO-1 expression in cerebral microvessels of mice in 
Sham, CA/CPR, CA/CPR + GYY groups at 24 h after ROSC. β-actin was used as the protein loading control. 
The images of western blot data derived from triplicate blots conducted as three independent experiments. 
(B: occludin: P < 0.0001, F = 279.7; claudin-5: P = 0.0014, F = 23.62; ZO-1: P < 0.0001, F = 249.1). (C) Relative 
mRNA expression of occludin, claudin-5, ZO-1 in cerebral microvessels harvested from the mice described 
above. (C: occludin: P = 0.9846, F = 0.01559; claudin-5: P = 0.0006, F = 33.34; ZO-1: P = 0.0008, F = 28.88). 
(D) Representative electron micrographs showing the tight junction structure of BBB. The black arrow points 
to the tight junctions between endothelial cells, indicating the integrity of the BBB. The red square marks the 
location of a red blood cell within the capillary. The blue triangle represents the vascular lumen, while the 
yellow circle indicates the basement membrane surrounding the endothelial cells. Scale bar indicates 5 μm. 
(E) Representative brain images of EB leakage experiment and (F) BBB permeability evaluated using EB at 
24 h after ROSC. (F: P < 0.0001, F = 27.91). (G) Brain water content of mice in Sham, CA/CPR, and CA/
CPR + GYY groups at 24 h after ROSC. (G: P < 0.0001, F = 30.72). (H) Representative immunoblot images and 
(I) quantitation of albumin in cerebral cortex harvested from the mice described above. The images of western 
blot data derived from triplicate blots conducted as three independent experiments. (I: P < 0.0001, F = 496.6). 
The data are the means ± SD. n ≥ 3. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 3.  GYY4137 augmented the function of endothelial cell tight junctions after OGD/R. (A) The brain 
endothelial cell line bEnd.3 was exposed to OGD for 4 h and reperfusion for 12 h. The cell viability of Control, 
OGD/R, OGD/R + 10 µM GYY, OGD/R + 50 µM GYY and OGD/R + 100 µM GYY groups was examined 
by CCK-8 assay. (A: P < 0.0001, F = 20.12). (B) Representative immunoblot images and (C) quantitation of 
occludin, claudin-5 and ZO-1 expression in bEnd.3 cells from Control, OGD/R, and OGD/R + 50 µM GYY 
groups. β-actin was used as the protein loading control. The images of western blot data derived from triplicate 
blots conducted as three independent experiments. (C: occludin: P < 0.0001, F = 544.3; claudin-5: P < 0.0001, 
F = 63.74; ZO-1: P < 0.0001, F = 170.5). (D) The diffusion rates of FITC-dextran (40 kDa) in bEnd.3 cells 
as described in Fig. 3B. (D: P < 0.0001, F = 46.30). (E) Representative images (100×) of transwell migration 
assay. Cells were stained with 0.1% cresyl violet to visualize migrated cells. Scale bar indicates 100 μm. (F) 
Quantitative analysis of migration cells from the Control, OGD/R, and OGD/R + GYY groups. (F: P = 0.0003, 
F = 41.29). (G) Representative images (100×) of transwell migration assay and (H) quantitative analysis of total 
tube length from the Control, OGD/R, and OGD/R + GYY groups. Scale bar indicates 100 μm. (H: P < 0.0001, 
F = 108.6). The data are the means ± SD. n ≥ 3. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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protein content was significantly increased. Therefore, we speculate that the upregulation of occludin protein by 
GYY4137 might be achieved by inhibiting its protein degradation.

We further validated this speculation using the proteasome inhibitor MG-132, which inhibits proteasomes 
involved in ubiquitination degradation51–53, and the autophagy inhibitor CQ, which inhibits the binding of 
autophagosomes and lysosomes54. As shown in Fig. 5D, the content of occludin protein did not increase after 
MG-132 treatment but increased after CQ treatment, suggesting that the reduction of occludin content in 
the early stage after CA/CPR might be mainly mediated through the protein autophagy pathway to enhance 
its protein degradation, rather than through ubiquitin-proteasome degradation pathway. To further validate 
this possible regulatory mechanism, we used autophagy enhancer rapamycin, which promotes the binding of 
autophagosomes and lysosomes55. We confirmed that endothelial cells experienced a significant decrease in 
occludin after OGD/R. Treatment with GYY4137 inhibited the decrease of occludin, accompanied by a decrease 
in the expression of autophagy-related proteins. In addition, the upregulation of occludin by GYY4137 was 
reversed after enhancement of autophagy with rapamycin. The above results suggest the increased occludin by 
GYY4137 might be regulated by inhibiting autophagic degradation pathway. Compared with previous studies, 
this study provides more insight into the mechanism of BBB injury in the early stage after CA/CPR (illustrated 
in Supplementary Fig. 3). While CA/CPR caused a reduction in claudin-5 and ZO-1 mRNA expression as well 
as a corresponding decrease in claudin-5 and ZO-1 protein expression, the decrease in occludin protein did not 
occur in this manner but rather through increased autophagy-related degradation of occludin. The upregulation 
of occludin by GYY4137 was also confirmed to exert a protective effect by inhibiting autophagy meditated 
degradation of occludin.

Although the present study focused on the effects of GYY4137 on the BBB after CA/CPR, it should be noted 
that H2S and GYY4137 can exert protective effects on neurons, astrocytes, and microglia in CNS diseases56–58. 
In the model of Alzheimer’s disease, GYY4137 was found to preserve hippocampal neurons by slowly releasing 
H₂S56. In addition, GYY4137 has been shown to prevent oxidative stress-induced astrocyte death in studies 
involving spontaneously hypertensive rats57; and in a model of LPS-induced microglial injury, GYY4137 reduced 
the increase of phosphorylated checkpoint kinase 1 (p-Chk1) and γ-H2AX levels, alleviating neuroinflammation 
and anxiety-like behavior58. These findings suggest that the protective effects of GYY4137 is multifaceted 
and may involve regulation of neurons, astrocytes, microglia, and other nerve cells. In the present study, we 
confirmed the protective effect of GYY4137 on the BBB after CA/CPR through in vivo and in vitro experiments, 
which adds new evidence for further comprehensive understanding the protective effects of GYY4127 and H2S.

Our study has certain limitations. First, our study used a mouse model, and although mice are physiologically 
and genetically similar to humans, there are many differences. Therefore, it remains to be investigated whether 
the protective effects of GYY4137 observed in mice are applicable to humans. Second, the CA/CPR model 
employed replicates some of the pathophysiologic changes of cardiac arrest in humans but does not include all 
clinical scenarios. Experimental conditions such as drug dosage and time of administration may differ from 
clinical practice, which may affect the generalizability of our findings. To enhance the translational potential 
of our findings, future studies should evaluate the effects of GYY4137 in other animal models, especially those 
with physiological structures more similar to humans. In addition, further in-depth investigation of the specific 
molecular mechanisms by which GYY4137 inhibits autophagy and protects the BBB is essential to elucidate its 
mechanism of action.

Conclusion
In conclusion, our study demonstrated that GYY4137 could exert neuroprotective effects by reducing systemic 
inflammation and improving BBB dysfunction in the early stage after CA/CPR. GYY4137 can improve BBB 
function by increasing the content of occludin, which is achieved by inhibiting autophagy meditated occludin 
degradation rather than promoting its synthesis. These findings broaden the understanding of the molecular 
mechanisms involved in maintaining BBB function and elucidate the regulatory mechanism of GYY4137 on 
BBB protection after CA/CPR.
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Fig. 4.  GYY4137 inhibited autophagy in BBB endothelial cells in the early stage after resuscitation; and 
autophagy mediated the regulation of occludin protein content. (A) Representative immunoblot images 
and (B) quantitation of LC3B II, ATG5 and p62 in cerebral microvessels of mice in Sham, CA/CPR, CA/
CPR + GYY, and CA/CPR + Rapa groups at 24 h after ROSC. β-actin was used as the protein loading control. 
The images of western blot data derived from triplicate blots conducted as three independent experiments. 
(B: LC3B II: P < 0.0001, F = 63.68; ATG5: P = 0.0002, F = 52.14; p62: P = 0.0010, F = 26.98). (C) Representative 
immunoblot images and (D) quantitation of LC3B II, ATG5 and p62 in bEnd.3 cells from Control, OGD/R, 
and OGD/R + GYY groups. β-actin was used as the protein loading control. The images of western blot data 
derived from triplicate blots conducted as three independent experiments. (D: LC3B II: P = 0.0001, F = 60.76; 
ATG5: P < 0.0001, F = 118.6; p62: P < 0.0001, F = 269.2). (E) The bEnd.3 cells were transfected with flag-tagged 
RFP-mWasabi-LC3 lentiviral vector in Control, OGD/R, and OGD/R + GYY groups. Representative images 
of fluorescent LC3 dots are shown. (F) Mean number of autophagosomes (dots with both red and green color; 
i.e., dots with yellow color in merged images) and autolysosomes (dots with only red but not green color; i.e., 
dots with red color in merged images) per cell. Scale bar indicates 20 μm. (F: red: P < 0.0001, F = 186.4; yellow: 
P < 0.0001, F = 28.39). The data are the means ± SD. n ≥ 3. #P < 0.05 versus OGD/R. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.

◂

Scientific Reports |          (2025) 15:905 13| https://doi.org/10.1038/s41598-024-84948-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 5.  Rapamycin did not further exacerbate the decrease of occludin protein and BBB damage in mice after 
CA/CPR. (A) Representative immunoblot images and (B) quantitation of occludin, LC3B II, ATG5 and p62 
in cerebral microvessels of mice in Sham, CA/CPR, CA/CPR + GYY, and CA/CPR + Rapa groups at 24 h after 
ROSC. β-actin was used as the protein loading control. The images of western blot data derived from triplicate 
blots conducted as three independent experiments. (B: occludin: P < 0.0001, F = 51.56; LC3B II: P < 0.0001, 
F = 56.67; ATG5: P < 0.0001, F = 189.9; p62: P < 0.0001, F = 285.6). (C) BBB permeability evaluated using 
EB at 24 h after ROSC. (C: P < 0.0001, F = 35.97). (D) Brain water content of mice in Sham, CA/CPR, CA/
CPR + GYY, and CA + Rapa groups at 24 h after ROSC. (D: P < 0.0001, F = 23.62). The data are the means ± SD. 
n ≥ 3. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Data availability
Data is provided within the manuscript or supplementary information files.
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Fig. 6.  Autophagy mediated protein degradation is the predominant mechanism behind the reduction 
of occludin following OGD/R. (A) Relative mRNA expression of occludin in bEnd.3 cells from Control, 
OGD/R, and OGD/R + GYY groups. (A: P = 0.4837, F = 0.8216). (B) Representative immunoblot images and 
(C) quantitation of occludin in bEnd.3 cells from Control, OGD/R, OGD/R + GYY, OGD/R + CHX, and 
OGD/R + CHX + GYY groups. (C: P < 0.0001 F = 66.22). (D) Representative immunoblot images and (E) 
quantitation of occludin in bEnd.3 cells from Control, OGD/R, OGD/R + MG, and OGD/R + CQ groups. The 
images of western blot data derived from triplicate blots conducted as three independent experiments. (E: 
P < 0.0001, F = 441.8). (F) Representative immunoblot images and (G) quantitation of occludin in bEnd.3 cells 
from Control, OGD/R, OGD/R + GYY, and OGD/R + GYY + Rapa groups. The images of western blot data 
derived from triplicate blots conducted as three independent experiments. (G: P = 0.0003, F = 21.59). β-actin 
was used as the protein loading control. The data are the means ± SD. n ≥ 3. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.
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