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Introduction

Stroke, one of the most common causes of death, contrib-
utes to the high incidence of disability around the world. 
Stroke is associated with significant health and economic 
impacts and consumes significant medical resources. In 
ischemic stroke, which accounts for about 80% of all strokes, 
cerebral ischemic injury is caused by sudden occlusion of 
blood vessels due to thrombus or embolism, leading to a 
shortage of normal energy and nutrients in brain tissue.1,2 
Because cerebral homeostasis and function rely on an ade-
quate oxygenation, recovery of blood supply is essential to 
reverse cerebral ischemic injury. However, in addition to 

the damage caused by blockage of blood flow, reperfusion 
itself can induce many additional complications through 
secondary brain tissue injury.3 Accordingly, the prevention 
and treatment of cerebral ischemia/reperfusion (I/R) injury 
are key strategies for stroke intervention. Impairment of the 
blood–brain barrier (BBB) is a pivotal pathophysiological 
process related to cerebral I/R injury,4 but the underlying 
mechanisms are complex and remain uncertain.

The BBB, which consists of highly specialized microvas-
cular endothelial cells, protects the central nervous system 
(CNS) from infections and toxins.5 Within the BBB, specific 
proteins form close connections, called tight junctions (TJs), 
between adjacent endothelial cells. TJ proteins comprise 
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Impairment of the blood–brain barrier (BBB) is a 
pivotal pathophysiological process related to cer-
ebral ischemia/reperfusion (I/R) injury, but the 
underlying mechanisms are complex and remain 
uncertain. We hypothesized that apelin-13 protects 
cerebral microvascular endothelial cells against 
I/R injury by regulating autophagic activity. Thus, 
we examined whether apelin-13 protects cerebral 
microvascular endothelial cells, which are important 
components of the BBB, from I/R injury by regu-
lating autophagy. The results showed that oxygen–
glucose deprivation/reoxygenation (OGD/R) stress 
can induce autophagic activity in cerebral microvas-
cular endothelial cells, and that apelin-13 protects 
tight junction (TJ) proteins in adjacent cells and cell 
migration capacity by upregulating autophagic activ-
ity induced by OGD/R injury. These observations 
support the idea that apelin-13 could be used to 
develop a novel therapeutic approach to I/R injury.

Experimental Biology and Medicine 2023; 248: 146–156. DOI: 10.1177/15353702221139186

mailto:bbai@mail.jnmc.edu.cn
mailto:jing.chen@warwick.ac.uk


Zhang et al.    Apelin-13 prevents the effects of reperfusion    147

several integral membrane proteins and cytoplasmic acces-
sory proteins such as claudins, occludin, junction adhesion 
molecules, and zonula occludens (ZO) proteins. Occludin, a 
four-transmembrane protein that is constitutively expressed 
in brain endothelial cells, is the main component of TJs and 
plays important roles in the stability and barrier functions 
of these structures.6 ZO proteins are cytoplasmic factors that 
support TJs. TJ proteins play critical roles in maintaining 
the polarity of the barrier and also participate in cellular 
signal transduction. Loss of TJ proteins is associated with 
an increase in BBB permeability.7 I/R disrupts TJ proteins in 
endothelial cells and thus perturbs the integrity of the BBB,8 
while the molecular mechanism underlying BBB breakdown 
following I/R remains elusive.

Autophagy is a catabolic process in which intracellular 
components are broken down in the lysosome. This pro-
cess helps to keep a balance between synthesis, degradation, 
and subsequent recycling of cellular products.9–11 Various 
stress conditions, including hunger, hypoxia, infection, 
aging, and oxidative stress, can activate autophagy.12,13 A 
kinase complex consisting of class III phosphatidylinositol 
3-kinase (PI3K), a myristoylated protein kinase, and beclin 
1 is required for the initial nucleation and assembly of the 
primary autophagosome membrane. Two ubiquitin-like con-
jugated systems mediate further elongation of the isolation 
membrane, and one of them results in conversion of micro-
tubule-associated protein 1 light chain 3 (LC3) from the free 
form (LC3 I) to a lipid-conjugated membrane-bound form 
(LC3 II).14 Accordingly, accumulation of LC3 II is commonly 
used as a marker of autophagy. In addition, mammalian tar-
get of rapamycin (mTOR) inhibits the expression or activity 
of LC3 and beclin-1 proteins, and an abundance of nutri-
ents activates mTOR, leading to suppression of autophagy; 
conversely, stress conditions such as starvation or hypoxia 
inhibit mTOR and activate autophagy.15–17 Several lines of 
evidence show that autophagy plays important roles in 
regulating the disruption of TJ proteins and the integrity 
of BBB.18 Moreover, autophagy is activated during cerebral 
I/R injury, and regulation of autophagy affects the results of 
cerebral I/R injury.19–22 However, the molecular mechanism 
of autophagy involved in the induction of I/R injury has not 
been specifically described.

Apelin is the endogenous ligand for APJ, which is a 
G-protein-coupled receptor.23 The basic signal transduc-
tion mechanism of apelin acting on APJ is determined by 
Gαi activation trigger.24 Apelin acting on APJ can also cause 
Gαo and Gαq activation.25 Apelin is synthesized as a precur-
sor that is cleaved to yield a family of bioactive fragments, 
including apelin-36, apelin-19, apelin-17, apelin-13 (or its 
pyroglutamate analog, [Pyr] 1-apelin-13), and apelin-12, of 
which apelin-13 is the most bioactive.26,27 APJ proteins and 
its endogenous ligand apelin are widely expressed in the 
CNS and peripheral tissues, with the highest levels observed 
in cerebellum, hypothalamus, vascular endothelium, heart, 
lung, and kidney.

The apelin/APJ system is involved in the regulation of 
various physiological functions and pathophysiological 
states, including fluid and glucose homeostasis, feeding 
behavior, angiogenesis, cell proliferation, and immunity.28,29 
Apelin protects the brain against I/R injury: in mice, apelin-13 

ameliorates neurological defects, decreases brain infarct 
volume, and reduces brain edema after I/R injury.27,30,31 In 
mechanistic terms, however, it remains unclear how apelin 
is involved in the resistance of I/R intervention. Therefore, 
we assumed that apelin-13 protects cerebral microvascular 
endothelial cells against I/R injury by regulating autophagic 
activity. In this study, we examined whether apelin-13 pro-
tects cerebral microvascular endothelial cells, important com-
ponents of the BBB, from I/R injury by regulating autophagy.

Materials and methods

Culture of bEnd.3 cells

The bEnd.3 (BNCC Cell Bank, Beijing, China) is a line of 
immortalized cerebral microvascular endothelial cell line 
with key characteristics of the BBB phenotype includ-
ing expression of TJ proteins such as ZO, claudins, and 
occludin [4, 24]. bEnd.3 cells were cultured as monolayers 
in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, 
Grand Island, NY, USA) which contained 10% fetal bovine 
serum (FBS, Gibco), 100 μg/mL streptomycin (Gibco), and 
100 U/mL penicillin (Gibco). Cells were cultured at 37°C in 
an incubator containing 5% CO2.

Oxygen–glucose deprivation/reoxygenation  
cell model

An oxygen–glucose deprivation/reoxygenation (OGD/R) 
cell model was used to mimic I/R in vitro. To induce OGD/R 
injury, DMEM was replaced with glucose- and serum-free 
blocker buffer, and the cultures were held at 37°C for 4 h in 
a hypoxic incubator equilibrated with 95% N2 and 5% CO2. 
For reoxygenation, the cells were incubated for 16 h in their 
original medium (containing serum and glucose) in an incu-
bator containing 70% N2, 25% O2, and 5% CO2.

Cytotoxicity assays

Cell viability was evaluated colorimetrically using the Cell 
Counting Kit-8 (CCK-8, Sigma-Aldrich, St. Louis, MO, 
USA). bEnd.3 cells were cultured on 96-well cell culture 
plates (Corning, Corning, NY, USA). Following OGD injury, 
cells were exposed to reoxygenation for various times (0, 4, 
8, 16, or 24 h) in the presence of various concentrations of 
apelin-13 (10−11–10−6M) (Phoenix Pharmaceuticals, Belmont, 
MA, USA). After reoxygenation, 10 µL CCK-8 assay solution 
was added to 100 mL medium, and the cells were incubated 
for an additional 1 h. Optical densities (ODs) at 450 nm were 
measured on a microplate reader.

Immunofluorescence and confocal microscopy

bEnd.3 cells were grown in 12-well plates on glass cover 
slips pretreated with 0.1 mg/mL solution of poly-L-lysine 
(Sigma). Cell monolayers were fixed with precooled etha-
nol for 20 min after OGD/R injury carried out as described 
above. Non-specific binding was blocked by incubation in 
3% BSA (phosphate buffered saline [PBS]) for 1 h at room 
temperature, and the slides were incubated overnight at 4°C 
in a humidified environment with antibodies against LC3 II  
(1:100, Cell Signaling Technology, Danvers, MA, USA) 
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and ZO-1 (1:30, Proteintech Group, Rosemont, IL, USA). 
Cell monolayers were then incubated for 1 h at 37°C with 
Cy3-labeled secondary antibody (1:100, Boster Biological 
Technology, Wuhan, China). Slides were examined under an 
oil immersion objective (63×) on a Leica DMRE laser scan-
ning confocal microscope (Leica, Milton Keynes, UK).

Western blot assays

Cells were lysed with Radio Immunoprecipitation Assay 
lysis buffer (Beyotime, Shanghai, China) supplemented with 
Phenylmethanesulfonyl Fluoride and phosphatase inhibitor 
(Roche). Protein samples were analyzed by SDS-PAGE on 
8–12% gels and transferred to Polyvinylidene Fluoride mem-
branes at 4°C. Membranes were blocked with 5% skim milk in 
TrisBuffered Saline Tween20 for 2 h at room temperature, and 
then incubated at 4°C overnight with the following primary 
antibodies: anti-β-actin (1:5000, Zhongshan Golden Bridge, 
Beijing, China), anti-LC3 II (1:1000, Cell Signaling Technology), 
anti-p62 (1:1000, Cell Signaling Technology), anti-Beclin 
1 (1:1000, Cell Signaling Technology), anti-phospho-AKT 
(1:1000, Cell Signaling Technology), anti-AKT (1:1000, Cell 
Signaling Technology), anti-phospho-mTOR (1:1000, Cell 
Signaling Technology), anti-mTOR (1:1000, Cell Signaling 
Technology), anti-ZO-1 (1:1000, Proteintech Group), and 
anti-occludin (1:1000, Proteintech Group). Membranes were 
washed three times for 15 min, incubated with anti-rabbit or 
anti-mouse secondary antibodies conjugated to Horseradish 
Peroxidase (1:5000, Zhongshan Golden Bridge), and then 
subjected to chemiluminescence assay using the Efficient 
Chemiluminescence reagent kit (MultiSciences, Hangzhou, 
China). OD was quantified using the ImageJ software.

In vitro scratch assays

In vitro scratch assays were performed to assess cell migra-
tion. Briefly, 5 × 105 bEnd.3 cells were seeded in six-well cul-
ture plates and cultured in DMEM with 10% FBS for 24 h until 
confluence reached 85–90%. Using a sterile ruler and a 200-
µL pipette tip, a straight line was carefully scratched into the 
monolayer across the center of every well. A second straight 
line perpendicular to the first was scratched to create a cross-
shaped gap. The pipette tip was kept perpendicular to the 
plate bottom throughout this process. Each well was washed 
twice with 1 mL PBS to remove any detached cells. OGD/R 
injury was carried out as described above, and digital images 
of the gaps were acquired at various time points (0 h [before 
injury], OGD4/R16, OGD4/R24, and OGD4/R36). Gap areas 
were quantitatively evaluated using cellSens Standard soft-
ware (Olympus Life Sciences, Waltham, MA, USA). Healing 
rate = (OGD4h/R(n)h – OGD0h) / OGD0h × 100%.

Statistical analysis

Parametric data are presented as means ± SEM (standard error 
of mean). One-way analysis of variance (ANOVA) followed 
by Tukey test and Student’s t-test (to compare the means of 
two groups) were performed using GraphPad Prism. P < 0.05 
for two-tailed tests was considered statistically significant. 
The number of experimental samples used in each group is 
presented in the corresponding figure legend.

Results

Effect of OGD/R and apelin-13 on cell viability

To detect the effect of reperfusion on cell viability, we used 
the CCK-8 kit to detect changes in cell viability at various 
time points after 4 h of OGD (OGD4h/R(n)h: R0 h, R4 h, R8 h, 
R16 h, and R24 h). As shown in Figure 1(A), relative to the 
control group, mouse cerebral microvascular endothelial cell 
(bEnd.3) viability decreased significantly after OGD4/R0, 
whereas after 4 h of reoxygenation, cell viability gradually 
increased, but decreased after OGD4/R16. To calculate the 
EC50 (concentration for 50% maximal effect) of apelin-13, we 
evaluated cell viability following treatment with a range of 
concentrations (from 10−6 to 10−11 M) of apelin-13. As shown 
in Figure 1(B), the EC50 of apelin-13 was 4.171 × 10−9M. We 
then tested the protective effect of apelin-13 on bEnd.3 after 
OGD4/R16. This treatment significantly decreased cell via-
bility, but apelin-13 alleviated the effects of OGD/R injury 
and increased cell viability (Figure 1(C)).

Apelin-13 protects against OGD/R-induced 
disruption of TJ proteins and cell migration

In normal, extensive TJ proteins laying in the cytoplasmic 
membrane of adjacent endothelial cells and sealing the inter-
cellular cleft with lines were seen (Figure 2(D)). OGD/R 
injury significantly decreased the expression of occludin 
and ZO-1. Because expression of ZO-1 was very low in 
the OGD/R samples, only a few junction points remained 
between adjacent endothelial cells, and no junction line was 
formed by fusion between ZO-1 molecules. Expression lev-
els of occludin and ZO-1, as well as the number of junc-
tion points of ZO-1 between the cytoplasmic membranes of 
endothelial cells, were significantly higher after addition of 
apelin-13 to bEnd.3 cells injured by OGD/R (Figure 2(A) to 
(D)). Apelin-13 protected endothelial cell membrane junction 
proteins from OGD/R injury in a concentration-dependent 
manner, and expression of occludin and ZO-1 increased 
along with apelin-13 concentration (Figure 2(E) and (F)).

Migration is a critical component of endothelial cell angi-
ogenesis. Hence, we next investigated the role of apelin-13 
in migration. In a scratch wound-healing assay, the healing 
rate decreased significantly following exposure to OGD/R, 
but this reduction in healing rate was abolished by treat-
ment with apelin-13 (Figure 2(G) and (I)). This implies that 
OGD/R injury decreases bEnd.3 migration and that ape-
lin-13 protects against this effect.

Apelin-13 promotes OGD/R injury–induced 
autophagy

To explore the mechanism of OGD/R injury and the pro-
tective effect of apelin-13, we examined autophagy. Using 
Western blot assays, we analyzed the expression levels of 
autophagy-related marker proteins LC3 II, beclin 1, and p62. 
As shown in Figure 3(A) to (D), OGD/R induced a significant 
increase in the levels of endogenous LC3 II and beclin 1, as 
well as a significant decrease in the level of p62; in addition, 
when cells were treated with apelin-13 during OGD/R, LC3 
II and beclin 1 were further upregulated and p62 was further 
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downregulated, indicating that OGD/R stress induced an 
increase in autophagy activity in endothelial cells and that 
apelin-13 further increased this induction. To confirm this 
result, we used immunofluorescence to detect expression 
and aggregation of LC3 II (Figure 3(E)). The level of LC3 
II was much higher in the OGD/R group than in the con-
trol, and this effect was amplified in the OGD/R + apelin-13 
group. The results of immunofluorescence analyses were 
consistent with those obtained by Western blotting.

Inhibition of autophagy exacerbates OGD/R injury 
and abolishes the protective effect of apelin-13 on 
TJ proteins

To further understand the role of autophagy in OGD/R-
induced dysfunction in bEnd.3 cells, we applied 3-methyl-
adenine (3-MA), a class III PI3K inhibitor, to block autophagy 
in the early stages of autophagosome formation. As shown in 
Figure 4(A) to (C), pretreatment with 3-MA (5 mM) for 30 min 
exacerbated OGD/R-induced damage to the TJ proteins 
occludin and ZO-1. Moreover, in OGD/R + apelin-13 sam-
ples pretreated with 3-MA, the protective effect of apelin-13 

on TJ proteins was abolished. These data suggested that the 
protective effect of apelin-13 against OGD/R stress is medi-
ated by induction of autophagy.

Involvement of autophagy in cell migration induced 
by apelin-13

To detect the effect of autophagy on cell migration, we meas-
ured the healing rate of endothelial cell scratches before 
reoxygenation (R0 h), and reoxygenation for 4, 16, 24, or 36 h 
after OGD. As shown in Figure 5(A) and (B), the healing rate 
did not differ significantly between groups at OGD4/R0, 
OGD4/R4, and OGD4/R36. At OGD4/R16 and OGD4/R24, 
pretreatment with 3-MA decreased the healing rate relative 
to the OGD/R groups without 3-MA, but the differences 
were not statistically significant. In the OGD/R + apelin-13 
groups, pretreatment with 3-MA significantly decreased the 
healing rate. These results indicated that apelin-13 increased 
the migration capacity of endothelial cells by upregulating 
the autophagic activity induced by OGD/R; however, OGD/
R-induced autophagic activity alone had no effect or was 
insufficient to influence migration.

Figure 1.  Oxygen–glucose deprivation/reoxygenation (OGD/R) decreases cell viability, and apelin-13 alleviates OGD/R injury and increases cell viability.  
(A) OGD4/R0 decreased cell viability and transiently increased cell viability following reoxygenation; however, 16 h after reoxygenation, cell viability decreased  
again; ***P < 0.05 versus control. (B) bEnd.3 cells were pretreated with various apelin-13 concentrations prior to OGD4/R16. The EC50 of apelin-13 was determined 
to be 4.171 × 10−9 M. (C) OGD4/R16 decreased cell viability (***P < 0.0001 versus control), whereas apelin-13 (1 × 10−8 M) attenuated this decrease in viability 
(###P < 0.0001 versus OGD4 h/R16 h). Data are shown as means ± SD (n = 6).
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Apelin-13 promotes OGD/R-induced activation of 
autophagy by inhibiting the AKT/mTOR signaling 
pathway

Finally, we sought to identify the signaling pathway respon-
sible for induction of autophagy by OGD/R and apelin-13. 
Because the AKT–mTOR signaling pathway plays important 
roles in regulating autophagy, we examined phosphorylation 
of AKT and mTOR. Relative to the control group, OGD/R 
significantly decreased the levels of phosphorylated AKT 
and mTOR, and apelin-13 treatment drove a further decrease 

in both levels. These results suggest that OGD/R and ape-
lin-13 induce autophagy by inhibiting the AKT–mTOR sign-
aling pathway (Figure 6).

Discussion

Apelin-13 has a protective effect on brain I/R injury. Apelin-13 
effectively ameliorates neurological defects, decreases brain 
infarct volume, and reduces brain edema; in addition, it 
significantly attenuates apoptosis by downregulating Bax, 
caspase-3, and cleaved caspase-3 and upregulating Bcl-2.28 

Figure 2.  Apelin-13 alleviates the effects of OGD/R on TJs and cell migration. (A) Representative Western blot analysis of occludin and ZO-1. Densitometric analysis 
was used to quantify the levels of occludin (B) and ZO-1 (C). Values were normalized against β-actin. Data are shown as means ± SD, n = 3. **P < 0.05 versus control; 
&&P < 0.05 versus OGD4/R16. (D) Representative images showing the effect of OGD4/R16 and apelin-13 on the expression of ZO-1. Scale bars represent 25 μm. 
(E to G) Representative Western blot analysis of occludin and ZO-1 (E) and densitometric analyses demonstrating that protection of occludin (F) and ZO-1 (G) is 
dependent on the concentration of apelin-13. *P < 0.05 versus OGD/R0. (H) Representative images showing that OGD/R-induced cell migration injury in monolayer-
cultured bEnd.3 cells was abolished by pretreatment with apelin-13. Scale bars represent 100 μm (I) Quantification of the healing rate from three independent 
experiments. *P < 0.05 versus control; &P < 0.05 versus OGD4/R16. 
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Previously, we showed that intracerebroventricular (ICV) 
injection of apelin-13 decreases the volume of cerebral infarc-
tion and ameliorates inflammation in rats.30,32 Disruption of 
the BBB, together with the subsequent brain edema, neuroin-
flammation, and free radical–mediated damage, contributes 
to the development of many neurodegenerative disorders, 
including Alzheimer’s, Parkinson’s, and Huntington’s, and 
is associated with poor clinical outcomes. Most studies on the 
protective effect of apelin-13 against cerebral I/R injury have 
focused on the nervous system.33–36 In this study, we used 
an OGD/R model, a classical model of cerebral ischemia, to 
test the protective effect of apelin-13 on TJs in bEnd.3 cells 
treated with OGD/R. Our goal was to characterize the abil-
ity of apelin-13 to attenuate disruption of the BBB following 
cerebral I/R injury.

Mounting evidence suggests that elevated BBB permeabil-
ity is an important factor in the initiation of cerebrovascular 

disease and diabetic stroke.37 The physiological function of 
Cerebral microvascular endothelial cells may be impaired 
during I/R. Accordingly, in this study, we employed bEnd.3 
as an in vitro BBB model to investigate the role of apelin-13. 
The core structures of the BBB consist of TJs, which are in 
turn composed of transmembrane proteins and many mem-
brane-related cytoplasmic proteins.38 Occludin and ZO-1 
play key roles in regulating the integrity and proper func-
tions of the BBB. Cerebral I/R can cause the destruction and 
redistribution of both proteins, damaging the integrity of the 
BBB and increasing its permeability.39,40 Our data showed 
that OGD/R decreased the expression levels of occludin and 
ZO-1 and disrupted the continuity of TJ protein staining, 
resulting in significant gaps; these observations are consist-
ent with previous reports. Most important of all, our data 
showed that apelin-13 can attenuate the disruption of TJ pro-
teins following OGD/R injury in bEnd.3 cells. Chu et al.41 

Figure 3.  Apelin-13 promotes OGD/R injury–induced autophagy in bEnd.3 cells. (A) Western blot analysis of autophagy-related marker proteins LC3 II, beclin 
1, and p62. OGD4/R16 upregulated endogenous LC3 II and beclin 1 and promoted degradation of p62; apelin-13 increased all of these effects. Bar charts show 
quantification of endogenous LC3 II (B), beclin 1 (C), and p62 (D). *P < 0.05 versus control; #P < 0.05 versus OGD4 h/R16 h. (E) Representative confocal images 
showing that LC3 II puncta in the OGD/R group accumulated to a greater extent in the apelin-13–treated group. Scale bars represent 25 μm. 
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reported that apelin-13 protects multiple components of 
BBB; by monitoring morphology and function with elec-
tron microscopy, they showed that apelin-13 suppresses 
widening of the perivascular space widening, opening of 
TJs, swelling of capillary endothelial cells, and elevated BBB 
permeability to macromolecules following middle cerebral 
artery occlusion (MCAO). At the molecular level, our study 
shows that apelin-13 not only protects cerebral microvascu-
lar endothelial cells from damage caused by anoxia and lack 
of glucose, but it also enables cells to resist the inevitable 
secondary damage caused by the recovery of oxygen and 
sugar supply.

Once autophagy is initiated, microtubule-associated pro-
tein 1 LC3 (light chain 3) in the cytosol is cleaved to soluble 
LC3 I, which is then converted to the lipid-bound form LC3 II. 
This process is associated with the formation of autophago-
somes. One of the key regulators of autophagosome forma-
tion by membrane recruitment is beclin 1; accordingly, in 
addition to accumulation of LC3 II, beclin 1 was also chosen 

as a hallmark of upregulation of autophagy. We observed 
stimulation of autophagy (reflected by elevated levels of LC3 
II and beclin 1) in our OGD/R cell model, in good agreement 
with the previous reports.42,43 We also observed formation 
and accumulation of LC3 puncta. During the physiologi-
cal process of autophagosome maturation, p62 is delivered 
to autophagosomes, leading to the degradation of trapped 
substrates (including p62) by lysosomal enzymes; this phe-
nomenon is referred to as autophagic flux.42,44 The increase 
in the levels of LC3 II and beclin 1 might be due to bona fide 
induction of autophagy, but might also be due to accumula-
tion of autophagosomes caused by the disrupted autophagic 
flux. Therefore, in our experiments, we chose the p62 as a 
negative marker of autophagic induction, along with LC3 II 
and beclin 1. Our data revealed that p62 levels significantly 
decreased in OGD/R-treated bEnd.3 cells, in good agreement 
with previous reports. Notably in this regard, apelin-13 fur-
ther increased OGD/R-induced autophagic flux, reflected by 
upregulation of LC3 II and beclin 1 and degradation of p62.

Figure 4.  Involvement of autophagy in bEnd.3 cells in OGD/R injury and the protective effect of apelin-13. (A) Representative Western blots showing the effect of the 
autophagy-specific inhibitor 3-MA on ZO-1 and occludin levels. Densitometric analyses of ZO-1 (B) and occludin (C) from three independent experiments. *P < 0.05 
versus OGD4/R16; #P < 0.05 versus OGD4/R16 + apelin-13. 
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Autophagy has long been seen as a double-edged sword: 
an appropriate physiological level of autophagy is protective 
and helps to maintain basal homeostasis, whereas excessive 
autophagy can be detrimental to BBB integrity.45 Zeng et al.46 
reported that I/R injury induces p65/beclin 1–dependent 
autophagy, leading to autophagic death, in human umbili-
cal vein endothelial cells (HUVECs). Similarly, excessive 

activation of autophagy in obese/hypertensive rats causes 
endothelial cell dysfunction.47 However, recent studies 
showed that autophagy in cerebral microvascular endothelial 
cells is activated in diabetic rats with permanent occlusion 
of middle cerebral artery (pMCAO), and that chloroquine, 
an autophagy inhibitor, aggravates pMCAO-induced BBB 
leakage.48 In addition, upregulation of autophagy in brain 

Figure 5.  Involvement of autophagy in the protective effect of apelin-13 on migration in OGD/R-injured bEnd.3 cells. (A) Representative images depicting the effect 
of 3-MA on cell migration. (B) Quantification of the healing rate from three independent experiments. In OGD4/R16: NS P = 0.9455 versus OGD/R; #P = 0.0136 versus 
OGD/R + apelin-13. In OGD4/R24: NS P = 0.3525 versus OGD/R; #P = 0.0274 versus OGD/R + apelin-13. Scale bars represent 100 μm. 



154   Experimental Biology and Medicine   Volume 248   January 2023

microvascular endothelial cells (BMVECs) during I/R has 
a potential protective effect on BBB integrity.49 Our data 
showed that the reduction in TJ protein expression was 
related to the increase in OGD/R-induced autophagy. 
However, treatment with the autophagy-specific inhibitor 
3-MA further decreased expression of ZO-1 and occludin, 
indicating that the increase in OGD/R-induced autophagy in 
bEnd.3 cells can alleviate degradation of TJ proteins caused 
by OGD/R injury. Apelin-13 upregulated the expression of 
TJ proteins in bEnd.3 cells treated with OGD/R, but after 
pretreatment with 3-MA, the protective effect of apelin-13 
was abolished. This implies that apelin-13 protects cerebral 
microvascular endothelial cells from OGD/R injury by 
boosting autophagic activity. Mounting evidence supports 
the idea that apelin-13 attenuates BBB injury induced by 
I/R damage. Apelin-13 protects the BBB from disruption by 
cerebral ischemia both morphologically and functionally,41 

and also protects the BBB from hemorrhagic damage.50 
Our data showed that apelin-13 protects TJ proteins from 
disruption caused by OGD/R injury by enhancing OGD/ 
R-induced autophagic activity. Thus, autophagy represents 
new targets for drug development and treatment of various 
diseases including ischemic stroke. Moreover, although rep-
erfusion can interfere with cellular homeostasis, upregula-
tion of autophagy can alleviate reperfusion injury, making 
cells better able to survive.

Both thrombosis and vascular recanalization involve 
damage to vascular endothelial cells. Endothelial cell migra-
tion plays important roles in angiogenesis, wound healing, 
and endothelial injury healing.45,51,52 Therefore, we stud-
ied the effects of OGD/R and apelin-13 on endothelial cell 
migration. In the early stage of reperfusion (R16 h and R24 h), 
OGD/R decreased the migration capacity of cells, suggest-
ing that reperfusion injury prevents migration by endothelial 

Figure 6.  OGD/R and apelin-13 inhibit the AKT–mTOR signaling pathway. (A) Western blots for AKT, mTOR, and the corresponding phosphoproteins. Densitometric 
analysis was used to quantify the phosphorylation levels of AKT (B) and mTOR (C). Values are expressed as means ± SD (n = 3). *P < 0.05 versus control; #P < 0.05 
versus OGD/R. 
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cells at the early stage. However, the inhibition of autophagy 
by 3-MA in the OGD/R group did not alleviate the loss of 
migration capacity, that is, OGD/R-induced autophagy 
could not or was insufficient to alleviate the loss of migra-
tion capacity caused by OGD/R. However, the autophagy 
induced by apelin-13 increased the migration capacity of 
vascular endothelium cells. In the late stage of reperfusion 
(R36 h), apelin-13 did not affect the migration capacity of 
endothelial cells, probably because the vascular endothelium 
had returned to normal by this time. Similarly, apelin-13 had 
no effect on proliferation and angiogenesis in normal vascu-
lar endothelial cells.

Apelin-13 may protect the BBB from damage after cere-
bral ischemia by activating ERK and PI3K/AKT pathways in 
astrocytes.41 In addition, Yang et al.31 showed that ICV injec-
tion of apelin-13 protects the mouse brain against I/R injury 
by activating the PI3K/AKT and ERK1/2 signaling path-
ways. However, our data showed that OGD/R can downreg-
ulate the AKT/mTOR pathway in cultured bEnd.3 cells, and 
that apelin-13 treatment can strengthen this effect. Multiple 
signaling molecules, including MAPKs, mTOR, and class III 
PI3Ks, have been implicated in regulation of autophagy.53,54 
The PI3K/AKT pathway can negatively regulate autophagy 
via phosphorylation of mTOR, potentially explaining why 
we observed downregulation of AKT and mTOR, leading to 
an increase in autophagic activity. Our results showed that 
OGD/R and apelin-13 could inhibit AKT/mTOR, thereby 
upregulating autophagy activity and protecting bEnd.3 cells 
from OGD/R injury.

Conclusions

We have shown that OGD/R stress can induce autophagic 
activity in cerebral microvascular endothelial cells. In addi-
tion, we found that apelin-13 protects TJ proteins in adja-
cent cells and cellular migration capacity by upregulating 
autophagic activity induced by OGD/R injury. These obser-
vations support the idea that apelin-13 could be used to 
develop a novel therapeutic approach to I/R injury.

Authors’ Contributions

Conceptualization and methodology: JC and BB; data curation 
and writing – original draft preparation: RZ; writing – review 
and editing: JC, FW, and RZ; supervision: BC; project administra-
tion: CW; funding acquisition: BB, RZ, FW, and CW. All authors 
have read and agreed to the published version of the manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this 
article: This work was supported by the National Natural 
Science Foundation of China (grant number 81870948), the 
Natural Science Foundation of Shandong Province (grant 
numbers ZR2020QC080, ZR2019PC007, ZR2020MH136), Tai-
Shan scholars’ program (Nos. 2019.10 and ts20190979), and 

Lin He’s Academician Workstation of New Medicine and 
Clinical Translation in Jining Medical University (grant number 
JYHL2021MS16).

ORCID iD

Jing Chen  https://orcid.org/0000-0002-9636-9034

References

	 1.	 Papanagiotou P, White CJ. Endovascular reperfusion strategies for 
acute stroke. JACC Cardiovasc Interv 2016;9:307–17

	 2.	 Chiu BY, Chang CP, Lin JW, Yu JS, Liu WP, Hsu YC, Lin MT.  
Beneficial effect of astragalosides on stroke condition using PC12 cells 
under oxygen glucose deprivation and reperfusion. Cell Mol Neurobiol 
2014;34:825–37

	 3.	 Pan J, Konstas AA, Bateman B, Ortolano GA, Pile-Spellman J. Reperfu-
sion injury following cerebral ischemia: pathophysiology, MR imaging, 
and potential therapies. Neuroradiology 2007;49:93–102

	 4.	 Venkat P, Chopp M, Chen J. Blood-brain barrier disruption, vascular 
impairment, and ischemia/reperfusion damage in diabetic stroke. J Am 
Heart Assoc 2017;6:e005819

	 5.	 Zhao Z, Nelson AR, Betsholtz C, Zlokovic BV. Establishment and 
dysfunction of the blood-brain barrier. Cell 2015;163:1064–78

	 6.	 Sandoval KE, Witt KA. Blood-brain barrier tight junction permeability 
and ischemic stroke. Neurobiol Dis 2008;32:200–19

	 7.	 Wang Q, Luo W, Zheng W, Liu Y, Xu H, Zheng G, Dai Z, Zhang W, 
Chen Y, Chen J. Iron supplement prevents lead-induced disruption of 
the blood-brain barrier during rat development. Toxicol Appl Pharmacol 
2007;219:33–41

	 8.	 Manthari RK, Tikka C, Ommati MM, Niu R, Sun Z, Wang J, Zhang J, 
Wang J. Arsenic induces autophagy in developmental mouse cerebral 
cortex and hippocampus by inhibiting PI3K/Akt/mTOR signaling 
pathway: involvement of blood-brain barrier’s tight junction proteins. 
Arch Toxicol 2018;92:3255–75

	 9.	 Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular 
mechanisms. J Pathol 2010;221:3–12

	10.	 Wu YT, Tan HL, Shui G, Bauvy C, Huang Q, Wenk MR, Ong CN, 
Codogno P, Shen HM. Dual role of 3-methyladenine in modulation of 
autophagy via different temporal patterns of inhibition on class I and 
III phosphoinositide 3-kinase. J Biol Chem 2010;285:10850–61

	11.	 Azad MB, Chen Y, Gibson SB. Regulation of autophagy by reactive 
oxygen species (ROS): implications for cancer progression and treat-
ment. Antioxid Redox Signal 2009;11:777–90

	12.	 Mizushima N, Yoshimori T. How to interpret LC3 immunoblotting. 
Autophagy 2007;3:542–5

	13.	 Klionsky DJ. Autophagy: from phenomenology to molecular under-
standing in less than a decade. Nat Rev Mol Cell Biol 2007;8:931–7

	14.	 Kim KA, Shin D, Kim JH, Shin YJ, Rajanikant GK, Majid A, Baek SH, 
Bae ON. Role of autophagy in endothelial damage and blood-brain 
barrier disruption in ischemic stroke. Stroke 2018;49:1571–9

	15.	 Choi KC, Kim SH, Ha JY, Kim ST, Son JH. A novel mTOR activating 
protein protects dopamine neurons against oxidative stress by repress-
ing autophagy related cell death. J Neurochem 2010;112:366–76

	16.	 Stipanuk MH. Macroautophagy and its role in nutrient homeostasis. 
Nutr Rev 2009;67:677–89

	17.	 Zhang M, Jiang M, Bi Y, Zhu H, Zhou Z, Sha J. Autophagy and apop-
tosis act as partners to induce germ cell death after heat stress in mice. 
PLoS One 2012;7:e41412

	18.	 Li H, Gao A, Feng D, Wang Y, Zhang L, Cui Y, Li B, Wang Z, Chen G. 
Evaluation of the protective potential of brain microvascular endothe-
lial cell autophagy on blood-brain barrier integrity during experimen-
tal cerebral ischemia-reperfusion injury. Transl Stroke Res 2014;5:618–26

	19.	 Yu M, Jiang Y, Feng Q, Ouyang Y, Gan J. DRAM1 protects neuroblas-
toma cells from oxygen-glucose deprivation/reperfusion-induced 
injury via autophagy. Int J Mol Sci 2014;15:19253–64

	20.	 Liu X, Tian F, Wang S, Wang F, Xiong L. Astrocyte autophagy flux 
protects neurons against oxygen-glucose deprivation and ischemic/
reperfusion injury. Rejuvenation Res 2018;21:405–15

https://orcid.org/0000-0002-9636-9034


156   Experimental Biology and Medicine   Volume 248   January 2023

	21.	 Qin H, Tan W, Zhang Z, Bao L, Shen H, Wang F, Xu F, Wang Z. 
15d-prostaglandin J2 protects cortical neurons against oxygen-glucose 
deprivation/reoxygenation injury: involvement of inhibiting autoph-
agy through upregulation of Bcl-2. Cell Mol Neurobiol 2015;35:303–12

	22.	 Mo ZT, Fang YQ, He YP, Zhang S. beta-Asarone protects PC12 cells 
against OGD/R-induced injury via attenuating beclin-1-dependent 
autophagy. Acta Pharmacol Sin 2012;33:737–42

	23.	 Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, Zou MX, 
Kawamata Y, Fukusumi S, Hinuma S, Kitada C, Kurokawa T, Onda H, 
Fujino M. Isolation and characterization of a novel endogenous pep-
tide ligand for the human APJ receptor. Biochem Biophys Res Commun 
1998;251:471–6

	24.	 Masri B, Lahlou H, Mazarguil H, Knibiehler B, Audigier Y. Apelin (65-77) 
activates extracellular signal-regulated kinases via a PTX-sensitive G 
protein. Biochem Biophys Res Commun 2002;290:539–45

	25.	 Bai B, Jiang Y, Cai X, Chen J. Dynamics of apelin receptor/G protein 
coupling in living cells. Exp Cell Res 2014;328:401–9

	26.	 Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii R, Hinuma S, 
Nishizawa N, Kitada C, Onda H, Nishimura O, Fujino M. Molecular 
properties of apelin: tissue distribution and receptor binding. Biochim 
Biophys Acta 2001;1538:162–71

	27.	 Pitkin SL, Maguire JJ, Bonner TI, Davenport AP. International Union of 
Basic and Clinical Pharmacology. LXXIV. Apelin receptor nomencla-
ture, distribution, pharmacology, and function. Pharmacol Rev 2010;62: 
331–42

	28.	 Khaksari M, Aboutaleb N, Nasirinezhad F, Vakili A, Madjd Z.  
Apelin-13 protects the brain against ischemic reperfusion injury and 
cerebral edema in a transient model of focal cerebral ischemia. J Mol 
Neurosci 2012;48:201–8

	29.	 Lv SY, Yang YJ, Chen Q. Regulation of feeding behavior, gastrointesti-
nal function and fluid homeostasis by apelin. Peptides 2013;44:87–92

	30.	 Yan XG, Cheng BH, Wang X, Ding LC, Liu HQ, Chen J, Bai B. Lateral 
intracerebroventricular injection of Apelin-13 inhibits apoptosis after 
cerebral ischemia/reperfusion injury. Neural Regen Res 2015;10:766–71

	31.	 Yang Y, Zhang X, Cui H, Zhang C, Zhu C, Li L. Apelin-13 protects the 
brain against ischemia/reperfusion injury through activating PI3K/
Akt and ERK1/2 signaling pathways. Neurosci Lett 2014;568:44–9

	32.	 Xin Q, Cheng B, Pan Y, Liu H, Yang C, Chen J, Bai B. Neuroprotective 
effects of Apelin-13 on experimental ischemic stroke through suppres-
sion of inflammation. Peptides 2015;63:55–62

	33.	 Shintani T, Klionsky DJ. Autophagy in health and disease: a double-
edged sword. Science 2004;306:990–5

	34.	 Krueger JM, Nordli DR Jr. Ketone bodies mediate antiseizure effects. 
Pediatr Neurol Briefs 2015;29:67

	35.	 Battey TW, Karki M, Singhal AB, Wu O, Sadaghiani S, Campbell BC, 
Davis SM, Donnan GA, Sheth KN, Kimberly WT. Brain edema predicts 
outcome after nonlacunar ischemic stroke. Stroke 2014;45:3643–8

	36.	 Cao Y, Zhang L, Sun S, Yi Z, Jiang X, Jia D. Neuroprotective effects of 
syringic acid against OGD/R-induced injury in cultured hippocampal 
neuronal cells. Int J Mol Med 2016;38:567–73

	37.	 Li W, Qu Z, Prakash R, Chung C, Ma H, Hoda MN, Fagan SC, Ergul A. 
Comparative analysis of the neurovascular injury and functional out-
comes in experimental stroke models in diabetic Goto-Kakizaki rats. 
Brain Res 2013;1541:106–14

	38.	 Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in 
health and disease. Pharmacol Rev 2005;57:173–85

	39.	 Janyou A, Wicha P, Jittiwat J, Suksamrarn A, Tocharus C, Tocharus J. 
Dihydrocapsaicin attenuates blood brain barrier and cerebral damage 

in focal cerebral ischemia/reperfusion via oxidative stress and inflam-
matory. Sci Rep 2017;7:10556

	40.	 Shi Y, Zhang L, Pu H, Mao L, Hu X, Jiang X, Xu N, Stetler RA, Zhang 
F, Liu X, Leak RK, Keep RF, Ji X, Chen J. Rapid endothelial cytoskeletal 
reorganization enables early blood-brain barrier disruption and long-
term ischaemic reperfusion brain injury. Nat Commun 2016;7:10523

	41.	 Chu H, Yang X, Huang C, Gao Z, Tang Y, Dong Q. Apelin-13 protects 
against ischemic blood-brain barrier damage through the effects of 
aquaporin-4. Cerebrovasc Dis 2017;44:10–25

	42.	 Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H,  
Overvatn A, Bjorkoy G, Johansen T. p62/SQSTM1 binds directly to 
Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates 
by autophagy. J Biol Chem 2007;282:24131–45

	43.	 Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, 
Kominami E, Ohsumi Y, Yoshimori T. LC3, a mammalian homologue 
of yeast Apg8p, is localized in autophagosome membranes after pro-
cessing. EMBO J 2000;19:5720–8

	44.	 Mizushima N, Hara T. Intracellular quality control by autophagy: how 
does autophagy prevent neurodegeneration? Autophagy 2006;2:302–4

	45.	 Zhu T, Yao Q, Wang W, Yao H, Chao J. iNOS induces vascular endo-
thelial cell migration and apoptosis via autophagy in ischemia/
reperfusion injury. Cell Physiol Biochem 2016;38:1575–88

	46.	 Zeng M, Wei X, Wu Z, Li W, Zheng Y, Li B, Meng X, Fu X, Fei Y. Simu-
lated ischemia/reperfusion-induced p65-Beclin 1-dependent autophagic 
cell death in human umbilical vein endothelial cells. Sci Rep 2016;6:37448

	47.	 Dong Q, Xing W, Su F, Liang X, Tian F, Gao F, Wang S, Zhang H. 
Tetrahydroxystilbene glycoside improves microvascular endothelial 
dysfunction and ameliorates obesity-associated hypertension in obese 
ZDF rats via inhibition of endothelial autophagy. Cell Physiol Biochem 
2017;43:293–307

	48.	 Fang L, Li X, Zhong Y, Yu J, Yu L, Dai H, Yan M. Autophagy protects 
human brain microvascular endothelial cells against methylglyoxal-
induced injuries, reproducible in a cerebral ischemic model in diabetic 
rats. J Neurochem 2015;135:431–40

	49.	 Li Y, Guo S, Liu W, Jin T, Li X, He X, Zhang X, Su H, Zhang N, Duan C. 
Silencing of SNHG12 enhanced the effectiveness of MSCs in alleviat-
ing ischemia/reperfusion injuries via the PI3K/AKT/mTOR signaling 
pathway. Front Neurosci 2019;13:645

	50.	 Bao H, Yang X, Huang Y, Qiu H, Huang G, Xiao H, Kuai J. The neuro-
protective effect of Apelin-13 in a mouse model of intracerebral hemor-
rhage. Neurosci Lett 2016;628:219–24

	51.	 Zhang Y, Wu Y, Zhou X, Yi B, Wang L. Estrogen receptor beta inhibits 
the proliferation, migration, and angiogenesis of gastric cancer cells 
through inhibiting nuclear factor-kappa B signaling. Onco Targets Ther 
2019;12:9153–64

	52.	 Wang X, Xue X, Wang H, Xu F, Xin Z, Wang K, Cui M, Qin W.  
Quercetin inhibits human microvascular endothelial cells viability, 
migration and tube-formation in vitro through restraining microRNA-
216a. J Drug Target 2020;28:609–16

	53.	 Kumar D, Shankar S, Srivastava RK. Rottlerin induces autophagy and 
apoptosis in prostate cancer stem cells via PI3K/Akt/mTOR signaling 
pathway. Cancer Lett 2014;343:179–89

	54.	 Wang R, Zhang Q, Peng X, Zhou C, Zhong Y, Chen X, Qiu Y, Jin M, 
Gong M, Kong D. Stellettin B induces G1 arrest, apoptosis and autoph-
agy in human non-small cell lung cancer A549 cells via blocking PI3K/
Akt/mTOR pathway. Sci Rep 2016;6:27071

(Received May 4, 2022, Accepted October 10, 2022)


